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Abstract 

The goal of this study was to evaluate the technical potential of Microbial Fuel Cells 

(MFCs) for harvesting bio-electricity from municipal and hospital wastewaters, as well 

as the effects of key parameters like biofilm growth rate, substrate dilution, and 

catalyst addition on COD removal efficiency and electricity generation in both open 

and closed circuit Microbial Fuel Cells. The study looked at MFC performance for 

organic matter removal from brewery and domestic wastewater as a function of biofilm 

growth rate at MFC start-up for open circuit and closed circuit in a double chamber 

MFC to investigate biofilm growth rate and its effect on MFC performance. In the 

second experiment, the impact of biofilm formation and optimum acclimation time in 

an MFC fed with both diluted and undiluted domestic and brewery wastewaters was 

investigated. The third and fourth experimental works synthesized and examined the 

electrocatalytic behavior of MnO2/rGO as an oxygen reduction reaction catalyst in 

MFC applications for power generation in the treatment of selected industrial 

wastewaters. The analysis of the biofilm growth rate and biofilm growth constant 

revealed new information about substrate degradation pathways and microbial 

interactions. The addition of sludge to beer brewery wastewater reduces electron 

transfer ability at low external resistance, and external resistance was found to be 

highly proportional to anode colonization during biofilm production, as well as other 

MFC parameters such as current generation, microbial activity, biofilm growth rate, 

and power generated. The COD of the effluent was also evaluated as a function of 

external resistance, and it was discovered that as external resistance was increased, the 

COD of the effluent decreased, meaning that the substrate consumed by 

microorganisms increased. When the external resistance was increased, the MFC's 

remedial capacity was also increased. Finally, the results indicate that the low activity 

of the MnO2/rGO catalyst in domestic wastewater fed MFCs may be attributed to 

catalyst toxicity, which reduces catalyst activity. Variations in bacterial yield or the 

presence of electron acceptors may also explain the lower performance of the catalyst 

coated cathode MFC in domestic wastewater fed MFCs. The MnO2/rGO catalyst 

demonstrated higher ORR activity than plain cathode MFCs in brewery wastewater, 

making it more appropriate for brewery wastewater treatment rather than domestic 

wastewater treatment. 
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Chapter 1: Introduction 1 

Chapter 1: Introduction 

In today's world, economic and social sustainability is linked to transforming and 

adapting human behaviors and practices to future demands. Meanwhile, in South 

Africa, one of the most important economic and social driving factors, the water 

market, is currently at its most vulnerable due to increased water demand from growing 

human populations and industrial activities (Department of Water and Sanitation, 

South Africa, 2019). South Africa's water resource profile is currently under stress due 

to low water levels in major water supply sources, as previously stated (Strategic 

Overview of the Water Services Sector in South Africa, 2015). The study also 

describes South Africa's water supply profile as scarce, owing to erratic rainfall of 450 

mm per year, compared to a global average of 860 mm per year. Inadequate 

infrastructure maintenance and investment in water systems, as well as recurrent 

drought and declining water quality, have been described as major contributors to 

South Africa's water crisis (Department of Water and Sanitation, South Africa, 2015). 

Since only 56% of wastewater treatment facilities are operating, 35% of households 

do not have access to clean drinking water, and only 63% have reliable water supply 

service. However, water security has remained steady at 98%, and annual water 

demand is expected to be 15 billion m3, with 68% of the water supply coming from 

surface water, 13% from groundwater, 13% from return flows, and 6% from other 

sources including desalination. 

Table 1.1 South Africa’s annual water usage (Source: Strategic overview of the water services sector 

in South Africa, DWA,2015) 

Sector Usage (%) 
Agriculture 62 
Municipal 27 
Energy and Afforestation  5 

Mining and Industrial  6 

 

There is a need to develop effective rainwater harvesting mechanisms while also 

intensifying wastewater recycling and remediation (e.g. effective sanitation and 

controlled effluent discharges). This would contribute to pollution control and 

increased water security. 
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1.1 WASTEWATER RECYCLING AND REMEDIATION 

 

Some of the previous studies report exorbitant costs for pollutant removal in 

wastewater treatment as one of the major challenges in wastewater recycling and 

remediation, e.g. the USA alone needs 3-4% of its total annual electrical load each 

year to sustain its wastewater treatment capacity (McCarty et al., 2011; Wang et al., 

2008). Some industrial operations have been documented to generate and discharge 

massive quantities of effluents on a yearly basis, for example, a typical beer brewery 

plant produces 3 to 5 litres of waste effluent per litre of beer generated, while requiring 

15 litres of water to produce 1 litre of beer (Parawira et al., 2005; Braeken et al., 2004; 

Koroglu et al., 2014; Winkler, 2005). Other studies also shown that existing 

wastewater treatment costs are unsustainable due to units like the aeration unit, whose 

maintenance costs are over half of the plant's operating costs; for example, the United 

States processes over 126 billion litres of wastewater every day at a cost of over $25 

billion a year (Liu et al., 2004). Energy is also a key driver in South Africa's wastewater 

treatment sector; for example, in the City of Johannesburg alone, electricity costs in 

wastewater treatment were projected to reach R300 million per year by 2020, up from 

R97 million per year, which if not met could have devastating consequences for the 

city's economy, environment, health services, and social activities (Water Research 

Commission, South Africa, 2018). Global energy security and environmental concerns 

are justifiable due to the dependence on limited sources such as fossils which face 

foresable depletion as well as their environmental unfriendly nature of CO2 emission 

to the environment (Wen et al., 2009). A study findings report the global energy 

demand rising to 722 quadrillion BTUs by 2030 (Khanal, 2011) in addition to the 0.5-

2 kWh/m3 demand from the current typical wastewater treatment processes (Gude et 

al., 2015 (a)). Sludge treatment methods have been reported to use 21 billion kWh of 

electricity annually in the United States, with pumping and aeration units accounting 

for 21% and 30-55 percent of total treatment energy demand, respectively, while the 

United Kingdom has been reported to spend 3-5% of its annual national total electricity 

demand on wastewater treatment (Oh et al., 2010; DTI, 2005). The South African 

government recently released a survey outlines of the Department of Energy’s (DoE) 

Integrated Resource Plan of 2010, which indicates that South Africa needs to increase 
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its capacity by 45000 MW by 2030 excluding Eskom’s present capacity expansion 

projects (Department of Energy, South Africa 2018). 

Previous research results have shown that energy can be found in wastewater in three 

forms: (i) organic matter (1.79kWh/m3), (ii) nutritional elements such as nitrogen and 

phosphorus (0.7kWh/m3), and (iii) thermal energy (7kWh/m3) (McCarty et al., 2011). 

Furthermore, this energy in wastewater can be further classified as chemical energy 

(26%), available as carbon (measured as COD) and nutrients compounds (Nitrogen 

and Phosphorus) as well as thermal energy which holds approximately 74% of the 

energy potential (Gude, 2016). It was also discovered that, while chemical energy can 

be easily harvested, thermal energy can only be harvested using a heat pump and is 

subject to the temperature of the wastewater source (Gude, 2016). Burton et al., (2009) 

reported that the equivalent of 7% of Eskom's energy is available in South Africa's 

wastewaters (i.e. approximately 10 GWth of energy). A 2009 survey by the South 

African Water Research Commission on the quality and quantity of wastewaters listed 

the following three sectors as possible energy recovery sources: formal and informal 

animal husbandry (cows, pigs, and chickens); fruit and beverage industries (distillery, 

brewery, winery, fruit juicing and canning); and domestic backwater sewage (Water 

Research Commission, South Africa, 2018). The examples of South Africa's 

wastewaters and their future usable energy are shown in Table 1.2. 
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Table 1.2: Energy potential of various wastewaters produced in South Africa (Source: 

www.ee.co.za/wpcontent/uploads/legacy/Energize_2013/09_AT_03_Electricity.pdf) 

Source  Energy Potential 
(MWth) 

Domestic Wastewater  500-800 

Animal Husbandry Cattle 

Rural Cattle 
Piggeries 

Poultry Farms 
Abattoirs 

80-125 

1200-3500 
120 

20-70 
1-55 

Petrochemical  50 

Fruit Production  70 

Wineries and Distillers  73 

Breweries  20 

Textile Industries  25 

Pulp and Paper  50-100 

 

 

Furthermore, as a result of stringent environmental legislation and rising demand for 

water and sanitation, South Africa's energy consumption rises as a result of wastewater 

treatment. Recycling energy from usable energy in wastewater can be used to turn 

South Africa's water sector to low energy consumption. A wastewater treatment 

technology that is energy self-sufficient will provide a novel solution to the wastewater 

treatment and energy sectors. In this case, wastewater treatment plants are converted 

from energy consumers to power generators. Wastewaters are estimated to contain 3-

10 times more energy than the energy needed to treat them (Gude, 2015(a); Logan, 

2004). Wastewater is regarded as a valuable energy resource, with a capacity for 

energy harvesting of 3.8kWh/g COD (McCarty et al., 2011). However, potential 

methods for extracting energy from wastewater, such as methane recovery through 

anaerobic digestion, are said to be environmentally hazardous due to the possibility of 

inefficient methane gas collection, which could result in methane release into the 

atmosphere (Smith et al., 2013). Global climate change, as well as water and sanitation 

issues, have highlighted the urgent need to implement energy-efficient and 

environmentally sustainable wastewater treatment methods. Harvesting value-added 

products such as energy from wasteawater offers environmental as well as human 
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health and survival benefits as it contributes to water conservation, climate change 

mitigation, water pollution control and green energy production. 

Even though investing in public wastewater treatment plants is important, it is difficult 

because they produce no revenue. According to reports, the United States spends about 

$2 billion a year on domestic wastewater treatment and needs another $300 billion to 

expand publicly owned treatment facilities (USEPA, 2008). A standard domestic 

wastewater treatment plant is said to use 0.6kWh of energy per m3 of wastewater 

treated using aerobic activated sludge treatment and anaerobic sludge digestion 

technology (McCarty et al., 2011). Other systems, such as lagoons, use 0.09 to 

0.05kWh of energy per m3 of wastewater, trickling filters use 0.18 to 0.42kWh of 

energy per m3, activated sludge uses 0.33 to 0.60kWh of energy per m3, and advanced 

wastewater treatment uses 0.31 to 0.40kWh of energy per m3 of treated wastewater 

(Logan, 2008). In comparison to traditional systems, other studies have shown that 

direct conversion of waste into renewable power, high value oil, or chemical products 

is a viable energy supply alternative because it avoids additional waste sources and 

energy challenges (Logan, 2008; Logan and Rabaey,2012). With global problems such 

as fossil-fuel depletion, deforestation, water scarcity, and other valuable resource 

shortages, practices such as ‘valuable resource recovery from pollutant removal 

processes,' which results in minimum energy usage and maximum energy recovery, 

are required (Gude, 2016). 

Biological processes, such as the Bioelectrochemical method (BES), which can 

transform chemical energy (in the form of organic substances in wastewater) into 

electrical energy or other high-value products (Kumar et al., 2012), provide a novel 

and fascinating alternative. In microbial fuel cells (MFCs), BES uses indigenous 

exoelectrogenic bacteria to extract renewable energy from waste organic sources in 

the form of bio-electricity (Lovley, 2006). As a result, microbial fuel cells (MFCs) are 

seen as a promising renewable energy technology that can remove pollutants while 

still producing electricity in wastewater treatment processes (Qiao et al., 2010; Kim et 

al., 1999; Chaudhuri and Lovley, 2003; Rabaey et al., 2003; Liu et al., 2004; Min and 

Logan, 2004). And it's because of this one-of-a-kind capability that they continue to 

pique the attention of researchers working on self-sufficient energy systems for 

wastewater treatment (Feng et al., 2008).  



 

Chapter 1: Introduction 6 

1.2 PROBLEM STATEMENT 

 

Though there have been numerous successful investigative study findings on microbial 

fuel cells (MFCs) for simultaneously treating wastewater effluents and generating 

electricity (Min and Angelidaki, 2008; Rozendal et al., 2006; You et al., 2008; 

Venkata-Mohan et al., 2008a, b; Kargi and Eker, 2007), there have been very few on 

harvesting electricity from real wastewater effluents. As a result, the majority of 

published studies (over 5000 scientific papers performed in the lab) used synthetic 

wastewaters based on glucose, acetate, sucrose composition, and other factors that do 

not reflect the composition or diversity of real wastewaters (WOS 2016; Menicucci et 

al., 2006; Freguia et al., 2007; Kargi and Eker, 2007; Liu and Li, 2007; Venkata-

Mohan et al., 2008b; You et al., 2008; etc.). As a consequence, the restricted 

availability of qualitative data on wastewater remediation and electricity generation in 

microbial fuel cell (MFC) technology from real industrial effluents is of particular 

concern (WOS 2016; Menicucci et al.,2006; Freguia et al.,2007; Kargi and Eker,2007; 

Liu and Li, 2007; Venkata-Mohan et al.,2008b; You et al.,2008; etc.). Furthermore, 

little consideration has been given to using microbial fuel cells in their current state 

for other useful purposes, such as incorporation into existing wastewater treatment 

systems and the manufacture of high-value products. 

1.3 RESEARCH QUESTIONS 

 

Several key knowledge areas still need further interrogation and investigations in order 

to determine if microbial fuel cells can be economically and socially beneficial as well 

as environmentally sustainable. Some of these knowledge gaps will be addressed in 

this research, viz: 

• Is it feasible to develop a MFC for South Africa’s wastewater remediation 

in terms of treatment efficiency (COD removal) while harvesting sufficient 

energy? 

• What are the areas of MFC optimization for effective real wastewater 

treatment purposes? 
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•  What is the potential of MFC for other beneficial and value added purposes 

such as sanitation in remote areas? 

1.4 RESEARCH AIM AND OBJECTIVES 

 

The aim of this research is to look into harvesting electricity from actual industrial 

wastewater using microbial fuel cell technology. The efficiency of COD removal and 

electricity generation by an MFC from real wastewater are central to this goal 

(Domestic and Brewery wastewaters). As a result, the following objectives are crucial 

to this research: 

• To assess the potential (techno-economic) of MFCs that can treat real 

wastewater (to minimize additional costs of diluents and to minimize risk of 

adding toxins). 

• To identify and optimize the influential parameters in order to harvest 

sufficient electricity from real wastewaters (this would simplify the 

treatment process as real wastewaters are readily available). 

1.5 THESIS STATEMENT 

 

Earlier studies have successfully examined beer brewery and domestic wastewaters 

for electricity generation in MFCs using wastewaters diluted by glucose and sucrose 

with fixed pH of 6, 7 and 8. Research findings also show insignificant power output 

from MFCs and in this regard, this thesis will further investigate the feasibility of using 

MFCs primarily for COD removal. The success of such an investigation would reveal 

if MFCs can i) be cost-effective as compared to aeration procedures when treating 

wastewaters, ii), satisfy COD removal standards, and iii) offer solution to pollution 

solution in relation to sanitation problems. 
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Chapter 2: Literature Review 

Over the last century, life dynamics have evolved and so has technology to a point 

where development has transformed to beyond boundaries of life. Evolved has life 

where humans sometimes exploit bacterial capabilities for innovative development. In 

this regard, the world has seen a multitude of future development approaches that rely 

on living microorganisms (Abrevaya et al., 2010). Microbiology and chemical 

engineering have recently put radical thinking on microorganisms' capacities, forcing 

a shift in the research world's attention to the potential of Microbial Fuel Cells 

technology (Loveley; 1988; Lovley, 1991; Nealson & Myers, 1992; Caccavo, 1994; 

Lovley, 1993). The remarkable microbial ability to harvest power during a reduction 

reaction in the anode of an MFC is fascinating. As a result, there is a move away from 

environmentally damaging combustion processes and towards biofriendly biocatalysts 

and fuel cell technology (Bullen et al., 2006; Picioreanu et al., 2010). As a result, using 

microbial fuel cells technology, it is now possible to directly extract renewable energy 

from waste remediation. 

Studies have successfully shown that power can be harvested from diverse complex 

organics, e.g. Bond et al. (2002) reports 16mW/m2 power density harvested from 

marine sediments, while others have reported power density in the range 216.4-

971mW/m2 harvested from swine wastewater, landfill leachate and corn stover 

hydrolysates using a single chamber MFC (Min et al., 2005; You et al., 2006; Zuo et 

al., 2006). MFC studies have also successfully generated power from pure compounds 

such as acetate (Bond and Lovley, 2003), glucose (Rabaey et al., 2003), sucrose (He 

et al., 2006), amino acid (cysteine; Logan et al., 2005), or a protein (bovine serum 

albumin; Heilmann and Logan, 2006). As shown in table 2.1, MFCs tests on these pure 

compounds yielded high power densities as compared to MFCs tests on actual 

wastewaters. 
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Table 2.1: Comparison of MFC power harvested from pure and mixed compounds (Fe et al., 2008). 

MFC 
configuration 

Substrate: 
single 
chemical 

Power 
density 
(W/m3) 

Substrate: 
wastewater  

Power 
density 
(W/m3) 

Reference 

Single 

chamber  

Glucose  12.4 Domestic 3.7 Liu and Logan 

(2004) 

Swine 6.5 Min et al. 
(2005) 

Corn stover 
hydrolysates 

9.3 Zuo et al. 
(2006) 

Acetate 12.7 Biohydrogen 
reactor 

effluent 

9.3 Liu et al. 
(2005b); Oh 

and Logan 
(2005b) 

Butyrate 7.6 

Propionate  1.7 

 Bovine serum 
albumin 

8.9 Meat packing  2.0 Heilmann and 
Logan (2006) 

Two chamber 
MFC 

Cysteine 0.35 Cereal  0.59 Logan et al. 
(2005); Oh and 

Logan (2005) 

Baffled MFC Glucose 37 Maple syrup 

with M9 
medium 

49 Rabaey et al. 

(2005a) 

Tubular MFC Acetate  58 Digester 
effluent  

5 Rabaey et al. 
(2005b) 

 

The innovative coupling of biological systems and electrical systems was discovered 

by Galvani in 1791 who applying electrical current to severed frogs’ legs observed a 

twitch (Piccolino, 1998; Shukla et al., 2004; Bullen et al., 2006). And later on, 

inventions by Potter in 1911 also further revealed the potential to harvest power from 

the decomposition of organic matter during growth of species Saccharomyces 

cerevise, Escherichia coli and Bacillus sp. (Potter, 1911). Cohen published the first 

measurable MFC results in 1931, when he harvested 35V from a serial MFC using 

platinum electrodes (Aghababaie et al., 2015). Unfortunately, this ability of 

microorganisms to harvest energy in an MFC was not recognized until the 1970s, when 

the NASA research program investigated the possibility of simultaneous waste 

disposal and electricity production in an MFC (Rabaey and Verstraete, 2005; Bullen 

et al., 2006). And, as Rohrback et al. (1962) previously mentioned, NASA's research 

program looked into producing hydrogen from glucose fermentation in a fuel cell fed 

with Clostridium butyricum biocatalyst (Berk and Canfield, 1964; Shukla et al., 2004; 

Bullen et al., 2006). Berk and Canfield investigated the use of photosynthetic species 

in greater depth using microorganisms for bio-electricity generation from an MFC with 
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Ocillatoriaceae in the cathode chamber and Rhodospirillum rubrum in the anode 

chamber, and their findings reported insignificant power generation (Berk and 

Canfield, 1964). Davis and Yarborough's previous research looked at microbial fuel 

cells fed by E. coli and Norcadia sp, as well as glucose-fed enzymatic fuel cells (Davis 

and Yarborough, 1962). 

Despite their potential, findings from earlier studies show that there was little 

commercial interest in biological fuel cells in the 1960s as compared to less expensive 

alternatives like photovoltaics (Shukla et al., 2004; Rabaey and Verstraete, 2005; 

Bullen et al., 2006; Lovley, 2006). Other report studies, however, show a resurgence 

of interest in biogological fuel cells in the 1970s and 1980s, as advocated by Bennetto 

and co. (Stirling et al., 1983; Bennetto et al., 1985; Bennetto, 1993; Shukla et al., 2004; 

Bullen et al., 2006). It was reported that a Tokyo Institute of Technology research 

group looked into immobilized C.butyricum cells as well as the use of microbial fuel 

cells as BOD sensors (Karube et al., 1977). During the 1970s and 1980s, one of the 

most troubling aspects of MFC research was the use of expensive mediators to allow 

electron transfer from microbes to the anode; however, later studies were able to 

produce MFCs that did not require mediators (Kim et al., 1999a; Kim et al., 1999b). 

Microbial fuel cells are not yet commercially feasible, but their research-based success 

demonstrates a desire and drive for clean green energy technology, which is also a 

climate change mitigation initiative (Katz et al., 2003; Prescott, 2009).  

2.1 MICROBIAL FUEL CELLS 

A microbial fuel cell (MFC) is a fuel cell that utilizes microorganisms as biocatalysts 

to directly convert chemical energy present in organic matter to energy in contrast to 

an enzymatic cell that utilizes enzyme and catalytic fuel cells that depend on inorganic 

molecules for energy generation (Rismani-Yazdi, 2008). Previous studies have found 

that electricity is generated in a microbial fuel cell as a result of electrons produced 

from the decomposition of organic matter by anaerobic microorganisms as depicted 

by equation 2.1 (Logan et al., 2006; Rabaey & Verstraete, 2005; Shukla et al, 2004; 

Yuan et al., 2017). Glucose is illustrated as an electron donor in the equation: 

 

!!""##! +	6"## → 6!## + 24"$ + 24*%(,& = 0.0141)………… . .2.1 
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The electrons generated within the anode chamber are transferred to an insoluble 

electrode (i.e. anode electrode) instead of a dissolved terminal electron acceptor such 

as oxygen, nitrate or sulphate due to the high electrode potential (Logan et al., 2006; 

Rabaey & Verstraete, 2005). The transfer of electrons to the anode electrode may occur 

directly or indirectly by mediators to the anode and through an external circuit to the 

cathode (Bennetto et al., 1985; Allen & Bennetto, 1993; Shukla et al., 2004; Rabaey 

& Verstraete, 2005; Bullen et al., 2006; Lovley, 2006). During the catabolic process, 

protons are also generated which propagate to the cathode through a selective 

membrane to the cathode where they react with oxygen by the oxygen reduction 

reaction (ORR) to generate water as indicated by equation 2.2 (Yuan et al., 2017; 

Shukla et al, 2004): 

 

6## + 	24"$ + 24*% → 12"##	(,& = 1.231)………………… .2.2 

The overall reaction in a microbial reactor can be defined as the breakdown of the 

substrate to carbon dioxide and water while generating electricity in the process (equ. 

2.3) (Yuan et al., 2017): 

 

Overall reaction: !!""##! + 6## → 6!## + 6"## + *5*6789697:… .… .2.3 

 

In a microbial fuel cell, a proton exchange membrane or a salt bridge that is selective 

towards protons separates the anode and cathode chamber (Min et al., 2005). The 

anodic compartment contains substrate/fuel/wastewater while the cathode 

compartment employs oxidizing agent such as dissolved oxygen or ferricyanide (Yuan 

et al., 2017) (figure 2.1). 
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Fig 2.1: Schematic outline of a dual chamber microbial fuel cell and its components (Cameron, 2016).
  

Figure 2.2 further gives another illustration of an overall process occurring in a single 

chamber or Air-cathode MFC during power generation based on a carbon cloth anode 

and cathode electrodes where the cathode is coated with a manganese oxide-nanotubes 

(MnO2-NTs) catalyst and the two-compartment separated by a Nafion 117 membrane 

(Khilari et al., 2013). 

 

Fig. 2.2 A schematic single chamber MFC during the power generation process. (Khilari et al., 2013). 
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Research studies have also identified various factors that affect the efficiency of a 

MFC and these are summarized in figure 2.3. 

 

Fig 2.3. Summary of factors influencing the efficiency of a MFC (Aghababaie et al., 2015). 

 

2.2 TYPES OF MFCS 

 

Niessen et al., 2004; Schröder, 2007) investigated mediator-free MFCs in some 

studies. According to these studies' findings, electricity was produced when microbes 

(EABs) used the substrate during the inoculation phase (Niessen et al., 2004; Schröder, 

2007). These microbes are said to pass electrons either directly or indirectly via 

membrane-bound proteins such as pili, c-type cytochromes, and filaments (Wang and 

Ren, 2013). It has been discovered that bacteria that generate electricity, such as 

Geobacter, form pili and c-type cytochromes Omcs (Bond and Lovley, 2003) and 

Shewanella, form bacterial nanowires (Gorby et al., 2006), allowing them to mediate 

electron transfer (Tharali et al., 2016). Moon et al. (2006) achieved 0.56W/m2 power 

density in a mediator-less MFC using artificial wastewater, while Gil et al. (2003) 

found pH of 7, NaCl buffered solution, lower resistance, and improved aeration rate to 

be the best operating parameters for a mediator-less MFC (Moon et al., 2006; Gil et 

al., 2003). 

The membrane-less MFC is another form of MFC that has been studied. Jang et al. 

(2004), Du et al. (2007), Ghangrekar and Shinde (2006), Jadhav et al. (2013), Tharali 

et al. (2016), and others have documented these forms of MFCs. Though Du et al. 
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(2007) reported a reduction in ohmic losses in electrolytes by reducing electrode 

spacing, Ghangrekar and Shinde (2006) claimed to have achieved 10.9 mW/m2 and 

10.16 mW/m2 power density with a membrane-less MFC at 20cm electrode spacing, 

and Jadhav et al. (2013) claimed to have achieved 3.8 mA/m2 current density and 0.52 

mW/m2 power density with a (Tharali et al., 2016). 

Walter et al. (2019) explored the effects of various electrode immersion heights in a 

self-stratified membrane-less MFC that was fed with human urine. They used an 

advanced design known as a self-stratifying membrane-less microbial fuel cell (SSM-

MFC) in their study, which is said to be versatile in size scalability, exhibit negligible 

power density losses, and have a configuration with a number of cathodes in the upper 

layers of the electrolyte and a number of anodes in the lower layers of the electrolyte 

(Walter et al., 2017; Walter et al., 2016; Walter et al., 2018; Jiang et al., 2011). The 

anolyte was human urine, and the cathode was made with an activated carbon-based 

substance as a catalyst. They looked into the effects of cathode immersion height on 

power production and catalyst durability in their research. At various catholyte heights 

of 1/4, 1/2, 3/4, and completely submerged, the cathode was immersed in the catholyte. 

When 34% submerged, the analysis achieved a maximum power output of 3.0mW, 

while stability tests for the 34% submersion yielded a maximum power output of 

3.5mW. 

 

2.3 EXOELECTROGENS IN MFCS 

Exoelectrogens, electroactive bacteria (EAB), anode-respiring bacteria (ARB), or 

electricigens are anaerobic microorganisms that can produce electricity from waste 

matter decomposition, according to previous research findings (Varanasi and Das, 

2018). The electrons produced in the anode chamber have been recorded to be 

transferred to the anode through shuttles or electron medators. Pseudomonas, 

Enterobacter, Proteus spp., and E. coli (Kim et al., 2000; Park & Zeikus 2002; 

Ieropoulous et al., 2005; Rabaey et al., 2004; Rabaey & Verstraete, 2005; Kim et al., 

2006) are just a few examples. Exoelectrogens include species such as Shewanella 

putrefaciens, Geobacter sulfurreducens, Geobacter metallireducens, and Rhodoferax 

ferrireducens (Liu et al., 2004; Bond & Lovley 2002; Holmes et al., 2006) and 
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Desulfuromonas acetoxidans (Bond et al., 2003), as well as Shewanella species such 

as S. 

 

 

Table 2.2 summarizes the various electroactive bacteria identified as biocatalysts in 
various MFCs studies for power generation and they occur either as pure cultures or 

mixed cultures. 
 

 Table 2.2. Electroactive bacteria used in MFCs (Varanasi and Das, 2018) 

 

 

  

Biocatalysts Electron donor MFC type Power 
density(mW/
m2) 

References 

 
Pure Cultures 
Escherichia coli Complex medium Single 

chamber 
600 Zhang et al.(2006) 

Shewanella oneidensis Lactate Miniature  3000 Ringeisen et 
al.(2006) 

Geobacter 
sulfurreducens 

Acetate  H-type 13 Bond and 
Lovley(2003) 

Clostridial isolate Complex medium Two-
chamber 

n.a Prasad et al.(2006) 

 
Mixed cultures 
Activated sludge Landfill leachate H-type n.a You et al.(2006b) 

-do- Glucose  H-type 115.6 You et al.(2006a) 

Domestic wastewater 

biofilm 

Glucose  Single 

chamber  

766 Cheng et al.(2006a) 

-do- Glucose  Single 
chamber  

1540 Cheng et al.(2006b) 

-do- Domestic 
wastewater 

Single 
chamber 

464 -do- 

Thermophilic effluent 
from anaerobic digestion 

of brewery wastewater 

Acetate Two-
chamber 

1030 Jong et al.(2006) 

Activated sludge Glucose, 

glutamate 

Two-

chamber 

560 Moon et al.(2006) 

Granular anaerobic 

sludge 

Sucrose Up-flow n.a. He et al.(2006) 

Fly ash leachate Fermentation 

effluent 

Two-

chamber 

85.07 Varanasi et al.(2015) 



  

Chapter 2: Literature Review 21 

2.4 ELECTRON TRANSFER MECHANISMS 

 

Previous study findings indicate that electron transfer to the anode may occur either 

through exogenous mediators such a thionine or neutral red; mediators produced by 

bacteria; or by direct electron transfer from respiratory enzymes such as Cytochromes 

to the electrode (Liu et al., 2004; Niessen et al., 2004). 

 

Mediated MFCs 

According to studies, mediators trap electrons from the respiratory chain, which are 

then reduced for electron transfer to the electrode through the outer cell membrane 

(Reed and Nagodawithana, 1991). Kim et al. (2004) discovered a variety of inhibitors 

within the respiratory chain that can prevent electrical current from being produced in 

a microbial fuel cell (Kim et al., 2004). Other studies have identified processes that 

use oxidative phosphorylation as an electron transport mechanism, resulting in high 

energy efficiencies of up to 65 percent; for example, consortia containing 

Pseudomonas aeruginosa, Enterococcus faecium (Rabaey et al., 2004), Rhodoferax 

ferrireducens (Rabaey et al., 2004). (Chaudhuri and Lovley, 2003). Extracellular 

electron transfers to the electrode are often found to be mediated by a physical 

transport mechanism, which can take the form of (i) soluble electron shuttles (Roller 

et al.,1984 Delaney et al.,1984) or (ii) membrane-bound electron shuttling compounds 

(Roller et al1984). (Vandevivere and Verstraete, 2001; Kostka et al.,2002). Previous 

research has shown that compounds in the respiratory chain use the oxidative 

membrane associated electron transfer mechanism (Rabaey and Verstraete, 2005), 

which has been related to bacteria like Geobacter metallireducens (Vandevivere and 

Verstraete, 2001), Aeromonas hydrophila (Pham et al., 2003), and Rhodeferax 

ferriducens (Rabaey and Verstraete, 2005). (Chaudhuri and Lovley, 2003). Kim et al. 

(2004) discovered that electrons can be transported through NADH dehydrogenase, 

ubiquinone, coenzyme, or cytochrome (Champine et al., 2000; Beliaev, 2001; Nevin 

and Lovley, 2002) with NADH dehydrogenase, Fe/S (Iron/Sulphur) proteins, and 

quinones as electron carriers (Champine et al., 2000; (figure 2.4). Although some 

fermentative species have been confirmed to have hydrogenase, such as Clostridium 

butyricum (Park et al., 2001) and Enterococcus faecium (Rabaey et al., 2004). 
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Fig 2.4: Electron transport with NADH dehydrogenase acting as electron carrier (Rabaey and 
Verstraete, 2005). 

 

It is also stated that a good mediator must have the following characteristics: i) be able 

to easily cross the cell membrane, (ii) be able to grab electrons from the electron 

carriers of the electron transport chain, (iii) have a high electrode rate, (iv) have good 

solubility in the anolyte, (v) be non-degradable and non-toxic to microbes, and (vi) be 

of low toxicity. (Ieropoulos and colleagues, 2005a). Dyes and metallorganics such as 

neutral red (NR0), methylene blue (MB), thionine, meldola's blue (MelB), 2-hydroxy-

1,4-naphthoquinone (HNQ), and Fe (III)EDTA are examples of artificial mediators. 

Park and Zeikus, 2000; Tokuji and Kenji, 2003; Veag and Fernandez, 1987; Allen and 

Bennetto, 1993; Ieropoulos et al., 2005a.The key issue with exogenous mediators 

(artificial/synthetic mediators) is their toxicity and volatility, which restricts their use 

in MFCs (Aghababaie et al., 2015). 

 

Mediator-less MFCs 

A mediator-less MFC is one that includes exoelectrogenic bacteria that transfer 

electrons using electrochemically active redox enzymes on their outer membranes 

rather than exogenous chemicals (Lithgow et al., 1986). Exoelectrogens with the 

ability to directly transfer electrons to the anode in an MFC should be anodophiles 

whose outer layers do not contain non-conductive lipid membranes, peptididoglycans, 

or lipopolysaccharides that obstruct direct electron transfer to the anode, according to 

the inoculum was anaerobic sludge [10,15], indicating that
the bacteria do not use the anode. If no sulphate, nitrate or
other electron acceptors are present, fermentation will be
themain process when the anode potential remains low. For
example, during fermentation of glucose, possible reactions
can be: C6H12O6C2H2O/4H2C2CO2C2C2H4O2 or
C6H12O6/2H2C2CO2CC4H8O2 [16]. This shows that a
maximum of one-third of a hexose substrate electrons can
theoretically be used to generate current, whereas two-
thirdsremain in theproduced fermentationproducts suchas
acetateandbutyrate [17].Theone-thirdof the total electrons
are possibly available for electricity generation because the
hydrogenases, which generally use the electrons to produce
hydrogen gas, are often situated at places on the membrane

surface [18] that are accessible from outside by mobile
electron shuttles [19] or that connect directly to the
electrode. As repeatedly observed, this metabolic type can
imply a high acetate or butyrate production. Several
organisms that are known to produce fermentationproducts
and belong to the genus Clostridium, Alcaligenes, Entero-
coccus, have been isolated from MFCs [7,20]. This pathway
is further substantiated by the significant hydrogen pro-
duction observed when MFC enriched cultures are incu-
bated anaerobically in a separate fermentation test [7].

Fermentation products such as acetate can be oxidized
at low anode potential by anaerobic bacteria such as
Geobacter species, which is capable of withdrawing
electrons from acetate in MFC conditions [62].

Table 1. Bacterial species identified in microbial fuel cells and their possible metabolism and pathway of electron transfer

Metabolic type Transfer type Examples of organisms Terminal bacterial electron
shuttle

Added redox
shuttle

Refs

Oxidative
metabolism

Membrane-driven Rhodoferax ferrireducens Unknown [14]

Geobacter sulfurreducens 89 kDa c-type cytochromea [61]
Aeromonas hydrophila c-type cytochromea [23]

Mediator-driven Escherichia coli Hydrogenase Neutral red [18]
Shewanella putrefaciens Quinonesa [28,55–58]
Pseudomonas aeruginosa Pyocyanin, phenazine

carboxamide
[31]

Erwinia dissolvens Unknown Fe(III)CyDTA
(an iron chelator)

[59]

Desulfovibrio desulfuricans S2K [60]
Fermentative
metabolism

Membrane driven Clostridium butyricum Cytochromesa [20]

Mediator driven Enterococcus faecium Unknown Pyocyanin [31]
aPutative.
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previous studies (Du et al., 2007; Davis and Higson, 2007). As a consequence, 

microorganisms that undergo electrogenesis can directly move electrons from the 

substrate to the anode using endogenous mediators or nanowires or pillis, as shown in 

figure 2.5 (Aghababaie et al., 2015), and thus can be used in mediator-free MFCs. 

 

Fig 2.5 Electron transfer characteristics of electrogenesis bacteria (Aghababaie et al., 2015) 

 

Electrogenesis bacteria are also electrochemically active and have the ability to reduce 

Fe (III) due to the presence of cytochromes in their outer membranes, according to 

studies (Kim et al., 2002; Gil et al., 2003). As a result, microorganisms like Shewanella 

and Geobacter have been discovered to produce highly conductive nanowires and form 

biofilms on the anode surface, as shown in figure 2.5. (Gorby et al., 2006). The MFC 

based on species that use their natural sulphate/sulphide mediating potential, i.e. MFC 

containing anodophilic species Geobacter sulfurreducens without a soluble mediator 

and the sulphate reducing species Desulfovibrio desulfuricans, performed better than 

the MFC based on synthetic mediators combined with E.coli (Ieropoulos et al.,2005). 

Species that can directly transfer electrons to the anode, such as Shewanella 

putrefaciens (Kim et al., 2002), Geobacteraceae sulferreducens (Bond and 

Lovley,2003), Geobacter metallireducens (Min et al.,2005a), and Rhodoferax 

ferrireducens (Chaudhuri and Lovley,2003), have been recorded as stable (Kim et al., 

1999a; Chaudhuri and Lovley, 2003). 
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2.5 MICROBIAL ACTIVITY 

 

Exoelectrogens' growth capacity is influenced by essential factors such as substrate 

alkalinity and temperature, nutrient availability, type of electron acceptor, and so on, 

according to previous study findings (Varanasi and Das, 2018). Furthermore, each 

exoelectrogens bacterial species is said to have its own set of characteristics that are 

tailored to the environment. Various environmental/substrates conditions that are 

conducive to microbial growth are listed below. 

 

2.5.1 pH of the substrate 

 

The pH of the substrate is one of the environmental factors that influences 

exoelectrogen growth and substrate metabolism, and research has found that the pH 

impact on MFC output is dependent on microbial activity and substrate composition 

(Kaushik and Chetal, 2013). Studies have shown that the pH range of 6.5 to 7.5 is ideal 

for bacterial development (Patil et al., 2011). According to reports, this pH range 

maintains the intracellular pH of microbes and prevents the development of weak acid 

compounds as a result of pH drops during metabolism (He et al., 2008). Puig et al. 

(2010) discovered that raising the substrate/anolyte pH improves MFC efficiency, 

while Kaushik and Chetal (2013) discovered that the optimum pH for bacterial growth 

in an MFC is between 7 and 9. It's also been documented that the microbial community 

is highly sensitive to pH changes in the substrate (Varanasi and Das, 2018). 

 

2.5.2 Temperature of the substrate 

 

The kinetic and thermodynamic properties, as well as the nature of microbial 

communities, have been found to be influenced by changes in substrate temperature 

(Larrosa-Guerrero et al., 2010). Exoelectrogens were found to be less susceptible to 

temperature change than other bacteria, as they can respond to psychrophilic 

temperatures (20oC) and thermophilic temperatures (>50oC), whereas enzymes 

involved in biochemical reactions performed best at optimum pH and electrochemical 
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reaction rates were found to be directly proportional to temperature (Michie et al., 

2011). Wastewater-fed MFCs and biosensors are examples of psychrophilic 

temperature MFCs, while thermophilic MFCs are said to have higher electrogenic 

activity, increased feed solubility, lower mass transfer limits, and a lower risk of 

contamination (Dopson et al., 2016). Wrighton et al. (2008) investigated a 

thermophilic MFC, studying the microbial culture of Firmicutes and found that 80% 

of the population was responsible for electricity generation (Wrighton et al., 2008). 

High temperature sludge has been identified as a possible source of thermophilic 

inocula in an MFC, according to Dopson et al. (2016). Thermophilic MFCs are being 

considered as possible solutions for handling high-temperature industrial wastewaters 

such as distillery effluents, petroleum refineries, pulp and paper mills, chemical plants, 

and so on (Varanasi and Das, 2018). 

 

2.5.3 Type of substrate 

 

Another factor that has been documented to affect exoelectrogen growth is the type of 

substrate used in an MFC. The form of medium used in an MFC has an effect on the 

dominant exoelectrogens species as well as the MFC's maximum power density and 

coulombic efficiency (Chae et al., 2009). Pant et al., 2010 discovered that the varying 

existence of substrates used in MFCs, such as simple carbohydrates and complex 

organic matters, at various operating conditions makes it difficult to make a definitive 

finding on which substrate yields the best MFC efficiency. Long-term MFC 

investigations are expected to fully comprehend microbial activity in various 

substrates. 

2.5.4 Electrode material and membranes 

 

Electrode material and membranes have been found to influence the electrochemical 

properties of an MFC, but there have been few studies on their impact on microbial 

activity (Varanasi and Das, 2018). Different electrode materials have different porosity 

and conductivity, which can affect bacterial adhesion on the surface, which is required 

for biofilm formation on the anode for electron transfer from bacteria to anode, 

according to Baranitharan et al. (2015). (Baranitharan et al., 2015; Varanasi and Das, 
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2018). Carbon-based materials such as graphite rod, carbon paper, carbon felt, carbon 

fabric, and other carbon-based materials are used as electrodes in MFC research 

(Mashkour and Rahimnejad, 2015). 

2.5.5 Biofilms 

 

Biofilms and biofilm formation mechanisms have piqued MFC researchers' interest. 

They were discovered to allow direct electron transfer between microorganisms 

(electron donor) and the anode (electron acceptor), resulting in increased current 

generation (Picioreanu et al., 2007). A biofilm's composition may also be made up of 

a single species or several microorganisms that use different metabolic pathways (Kim 

et al., 2006). Previous research has also suggested that investigations into microbial 

physiology be conducted in order to enhance MFC efficiency (Picioreanu et al., 2007). 

Biofilms are said to develop on a surface via cell attachment, which is aided by the 

expression of exopolymers that bind to the surface, and cell growth, which is aided by 

the dispersion of microbial cells detached from the biofilm layer and attached to 

another part of the surface (Gottenbos et al., 1999; Davies et al., 1998). Biofilm growth 

is the result of detachment and attachment from and to the surface, which results in an 

increase in biofilm thickness. A growing biofilm in an MFC increases the anode 

surface area for electron transfer, increasing the MFC performance in terms of current 

generation (Picioreanu et al., 2007). A thicker biofilm that can preserve MFC 

effectiveness has been found to be efficient because it protects the dormant layer of 

bacteria by continuously restoring any dead or removed cells (Mah and O'Toole, 

2001). Natural biofilms have been discovered to have a unique feature of intermediate 

group metabolism, in that they enable multiple microbes, such as Archaea and 

Bacteria, to form a microbial community in which one species' products serve as 

substrates for another (Hall-Stoodley et al., 2004). MFC biofilms, in this case, are 

bacteria that enable electron transfer to the anode and thus produce current. Geobacter 

species have also been found to be favored in previous studies due to their metabolic 

pathway, which lowers iron and metal oxides extracellularly as the terminal electron 

acceptor (Lovley, 2006; Logan, 2009). A mixed biofilm outperforms a single species 

biofilm in terms of MFC output (e.g., a mixed biofilm of Pelotomaculum 

thermopropionicum, Methanothermobacter thermautotrophicus, and Geobacteraceae 
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generates a substantial potential difference than a film of only Geobacteraceae 

colonies) (Kim et al., 2006); Logan, 2009; Gottenbos et al., 1999). 

 

2.6 FACTORS INFLUENCING EXOELECTROGENS PERFORMANCE IN 
MFC  

 

Mass transfer limitations, bacterial metabolism losses, activation losses, and other 

factors that have been found to increase the overall potential at bioanode have also 

been identified as factors that affect the performance of exoelectrogens in MFCs 

(Pham et al., 2009). 

2.6.1 Mass transfer limitations 

 

Mass transfer limitations are simply limitations in proton transfer caused by the 

accumulation of protons in the anodic chamber during the inoculation process, i.e. 

formation of biofilm at the anode and this affects the activity of exoelectrogens (Pham 

et al., 2009; Varanasi and Das, 2018). These limitations can also result in a pH gradient 

and as reviewed in the previous section, microbial community is very sensitive to pH 

change (Varanasi and Das, 2018). Furthermore, these limitations also promote 

concentration losses in MFC leading to limitations in the release of redox species to or 

from the electrode surface and there maybe an increased electrode potential caused by 

the increase in the ratio between the oxidized and the reduced species at the electrode 

surface. 

 

2.6.2 Bacterial metabolism losses 

 

Exoelectrogen output in MFCs has also been shown to be affected by bacterial 

metabolism in studies. Microorganisms have been discovered to obtain energy with 

the aid of the electron transport chain by transferring electrons from a low-potential 

substrate to a high-potential electron acceptor, such as oxygen (Varanasi and Das, 

2018; Pham et al., 2009). As a result, the anode electrode is the terminal electron 

acceptor, and its potential is directly proportional to bacteria's energy gain. A large 
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difference between the redox potentials of the substrate and the anode results in a large 

bacterial metabolic energy gain. Low anode potentials are needed for high MFC 

performance; however, anode potentials should not be too low because this triggers 

fermentative pathways, which inhibit electron transfer due to high energy gained by 

fermentative pathways. 

 

2.6.3 Activation losses 

 

It has been stated that bacteria must overcome energy barriers in order to undergo 

redox reactions (Varanasi and Das, 2018), and that there are kinetic limitations in the 

transfer of electrons from the bacteria to the electrode surface during redox reactions, 

resulting in activation losses. Exoelectrogens also improve their metabolic energy gain 

by improving their electron transfer strategies, which contributes to a reduction in 

activation losses. Using biocompatible electrode surfaces to enhance bacterial-

electrode interactions is said to improve electron transfer from the bacteria to the anode 

(Varanasi and Das, 2018). 

2.6.4 Electron-quenching reactions 

 

Studies have found that applications of MFCs using complex substrates such as real 

industrial or domestic wastewaters as compared to simple sugars such as glucose 

requires one to consider the mixed microbial communities present in the substrate and 

apart from exoelectrogens, there are other species of bacteria present competing for 

the substrate which may result in electrons being redirected to non-electrogenic 

pathways such as fermentation or methanogens (Varanasi and Das, 2018). Some of the 

electrons being transferred to the electrode surface are lost leading to low efficiency 

in the conversion of substrate to electrical current. It is further recommended that while 

operating MFCs, one should also consider the type of microbes, community 

composition, interactions between microbes to achieve high MFC performance 

(Varanasi and Das, 2018). 
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2.7 METHODS FOR STUDYING EXOELECTROGENS 

 

The Zhi et al. (2014) devised microbiological and electrochemical methods to assist in 

the investigation of exoelectrogens (Zhi et al., 2014). 

Electrochemical methods such as polarization techniques, cyclic voltammetry (CV), 

and electrochemical impedance spectroscopy (EIS) are used in studying the kinetics 

of single electrode reactions and can also be used to describe microbial reactions and 

electron transfer mechanisms in MFC studies (Zhi et al., 2014). Accordingly, these 

techniques are said to contribute to MFC research in the following ways: i) 

Polarization techniques provide insight into the various Overpotentials experienced by 

the MFC system; (ii) EIS, Nyquist, and Bode plots are used to determine the most 

influential resistance in an MFC system; (iii) and CV is a tool used in MFC 

investigations into redox processes, electron discharge patterns over time, metabolic 

changes, and the carriers involved during electron transport (Zhi et al., 2014).al. 

2.8 MFC ELECTROCHEMISTRY 

 

The main reaction in the cathodic chamber is the oxidation reduction reaction (ORR) 

which occurs via either a high energy conversion efficiency four-electron pathway to 

form water or via a two electron process to form hydrogen peroxide as a result of the 

absence of a platinum catalyst (equation 2.4) (Yuan et al., 2017). In a four-electron 

pathway the electron acceptor in the cathode, i.e. oxygen is converted to water in the 

presence of a platinum catalyst that eliminates overpotential during the reduction of 

oxygen (Oh et al., 2004). 

;' + <=% + <>$ → ?>';	(@ = +A. BC<	D()*)……………… .2.4. 

In a two electron pathway, oxygen is reduced on carbon-based electrodes producing 

hydrogen peroxide (H2O2) as a product (equation 2.5) (Fu et al., 2010). 

;' + ?=% + ?>$ → >';'			(@ = +A. <EAD()*) …………………2.5. 

H2O2 cannot be further oxidized at a faster rate and therefore no further reduction 

reaction occurs and as a result H2O2 is the final product. 
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Previous research into the cathode kinetics of an MFC has shown that the cathode 

kinetics are guided by the oxidation reduction reaction, which occurs by either a four-

electron pathway or a two-electron pathway depending on the type of catalyst and pH 

of the catholyte solution, as previously stated (Kinoshita, 1988; Kinoshita, 1992; 

Artyushkova et al., 2015; Shao et al., 2016). Other research findings have identified 

cathode kinetics as one of the output limiting factors in MFCs, owing to the low 

concentration of H+ and OH- in neutral solutions (Rismani-Yazdi et al., 2008; 

Madjarov et al., 2017; Erable et al., 2012; Kinoshita, 1988; Kinoshita, 1992; 

Artyushkova et al., 2015; Shao et al., 2016). It was also discovered that under acidic 

conditions, the ORR generates H2O from O2 reduction through the four-electron 

pathway (direct 4e-), as shown in equation 2.4. (Oh et al., 2004; Yuan et al., 2017; 

Kodali et al.,2018) As shown in equation 2.5, the ORR occurring through the two 

electron pathway (direct 2e-) has been found to produce H2O2 from O2 reduction (Fu 

et al., 2010). It was also discovered that in alkaline medium, ORR occurring via a four-

electron pathway (direct 4e-) generates OH-, while ORR occurring via a two-electron 

pathway (direct 2e-) generates HO2- and OH- (Kinoshita, 1988; Kinoshita, 1992; 

Artyushkova et al.,2015; Shao et al.,2016; Kodali et al.,2018). One of the many 

limiting factors in the efficiency of microbial fuel cells has been stated to be cathodic 

limitations (Rismani-Yazdi, 2008). The continuous supply of substrate in an ideal 

MFC results in constant current generation while maintaining steady voltages 

(Rismani-Yazdi et al., 2008). Moreover, the Nernst equation in this case can be used 

to estimate the MFC theoretical ideal voltage, Ethermo (V) as follows: 

,,-./01 = ,& − 23
45 ln(П)…………………………… . . ……… . .2.6. 

where ,& is the standard cell potential (V), R is the ideal gas constant (8.314J.mol-1K-

1), T is the temperature (K), n is the number of electrons transferred in the reaction, F 

is the faraday’s constant (96485 C mol-1) and П is the chemical reactivity of products 

divided by the chemical reactivity of reactants (Rismani-Yazdi et al.,2008). However, 

it has also been found that due to irreversible losses (i.e. Overpotentials within the cell) 

such as activation losses, ohmic losses and mass transport losses, the actual cell voltage 

output is practically less than the predicted thermodynamic ideal voltage as illustrated 

by figure 2.6 (Rismani-Yazdi et al., 2008). These losses are defined as the voltage 

required compensating for the current loss due to electrochemical reactions, charge 

transport and mass transfer processes taking place in the anode as well as the cathode 
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compartments (O’Hayre et al., 2005). The actual cell voltage output (i.e. real 

operational voltage output, Vop) can be thermodynamically predicted by the following 

equation: 

116 = ,,-./01 − [(K78, + K1-098 + K8148)87,-1:. + ((K78, + K1-098 +

K8148)741:.]……………………………………………………………2.7 

where Ethermo is the thermodynamically predicted voltage, ηact is the activation losses 

due to reaction kinetics, ηohmic is the ohmic losses due to ionic and electronic 

resistances and ηconc is the concentration losses due to mass transport limitations 

(Rismani-Yazdi et al., 2008). According to equation 2.7, optimizing both the anode 

and cathode can reduce the irreversible losses and as a result improve the MFC 

performance. 

 

    

Fig. 2.6 (A) Schematic potential losses for a cathodic reaction displaying activation, ohmic, mass 
transport and parasitic regions. (B) A typical power–current curve (Rismani-Yazdi et al., 2008). 

Studies on MFC performance investigations have found that the kinetics of the cathode 

oxidation reduction reaction (ORR) affects electricity generation and this is due to an 

activation energy barrier that hinders the conversion of the oxidant into a reduced form 
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(O’Hayre et al., 2005). And the activation energy barrier is overcome when some of 

the cathode potential is lost during current transfer from the cell and this cathode 

potential loss is what is termed cathodic activation loss (ηact) cathode. And in figure 

2.6 above, a current-voltage curve illustrates how the activation losses cause 

characteristic and exponentially formed loss at low current densities. An increase in 

activation loss results in lower cell potential due to more current drawn from the MFC 

(Larminie and Dicks, 2003). The kinetic performance can be improved by reducing 

the activation energy barrier and increasing the reaction interface area, temperature or 

oxidant concentration (Rismani-Yazdi et al., 2008). 

These are irreversible losses that are caused by internal resistance and they are defined 

as voltage lost to accomplish the electron and proton transfer processes and this loss 

follows the Ohm’s law as described by equation 2.8 (Rismani-Yazdi et al., 2008): 

K;-098 = 9M;-098 …………………………2.8. 

where i is the current (A) and Rohmic is the Ohmic resistance (Ω) of the system. 

The ohmic resistance is defined as a combination of both the ionic and electronic 

resistances as shown by equation 2.9. 

M;-098 = M91498 + M.<.8………………… 2.9. 

It has also been reported that the internal resistance of the cell (Rint) is dominated by 

the electrolyte resistance due to electrical conductivity of the electrode being of higher 

magnitude than the ionic conductivity (O’Hayre et al., 2005). The ohmic resistance of 

the electrolyte is expresses by equation 2.10: 

M914 =
<
=>  ……………. ………………….2.10. 

where l is the distance (cm) and A is the cross-sectional area (cm2) over which the 

ionic conduction occurs, and K is the specific conductivity (Ω.cm)-1 of the electrolyte 

(Larminie and Dicks, 2003). And according to the current-voltage curve in figure 2.6, 

the Ohmic losses are noticeable at medium current density and obeying Ohm’s law 

(equation 2.8) which indicates that the voltage decreases linearly with current increase. 

 

Studies have also found that at the cathodic chamber of a MFC, mass transport drives 

the oxidants supply and product removal and inadequate mass transport may result in 
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reactant depletion or product accumulation (Rismani-Yazdi et al., 2008). And as such 

the MFC performance is reduced as a result of the effects of reactant depletion on the 

Nernstian cell voltage and the reaction rates. The mass transport losses also known as 

cathodic concentration losses (ηconc) cathode are defined as the voltage required to 

drive mass transport process at the cathode and according to fig 2.6, they occur at high 

current density and they increase with increasing current density (O’Hayre et al., 2005; 

Rismani-Yazdi et al., 2008). It has also been stated that mass transport limitations in 

the anode compartment are marginal, and that only cathodic oxidant transport 

limitations should be considered in MFCs because they are more serious than those in 

the anode compartment (Rismani-Yazdi et al., 2008). 

Cathodic limitations have been studied as a result of a slow oxygen reduction rate at 

the cathode electrode surface, especially on graphite/carbon electrodes, which 

stimulates a high reduction overpotential and thus affects MFC output (Gil et al., 

2003). Different methods, such as the use of mediators, electrode modification with 

catalysts, and cathodic compartment operating conditions optimization, have been 

used in studies to increase cathodic reaction rates through reducing cathodic oxygen 

overpotentials (Zhao et al., 2006; Morris et al., 2007). 

Cathodic overpotentials have been identified as one of the key limiting factors in 

microbial fuel cells, and as a result, some studies have looked at using mediators 

instead of oxygen because the reduction rate of mediators at the electrode surface has 

been found to be much faster than that of oxygen, potentially reducing cathodic 

overpotentials (Rismani-Yazdi et al., 2008). However, it has been reported that hiring 

mediators is still a problem because mediators need to be replaced on a regular basis 

and are thus impractical for long-term applications (Logan and Regan, 2006). Due to 

its high redox potential and faster reduction kinetics, ferricyanide is the most widely 

used mediator for cathodic reactions, and the ferricyanide solution concentration is 

stated to be unaffected by solubility (Rismani-Yazdi et al., 2008). Equations 2.11 and 

2.12 illustrate the reversible redox reactions of ferricyanide in cathode kinetics. 

[O*(!P)!]?% + *% → [O*(!P)!]@%		(	,A& = 0.358) ………..….2.11. 

			## + 4[O*(!P)!]@% + 4"$ → [O*(!P)!]?% + 2"##…………… . . . .2.12. 
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Jang et al. (2004) found that ferricyanide acts as an electron acceptor rather than as 

mediator due to the slow re-oxidation rate by oxygen (equ 2.11) (Jang et al., 2004). Oh 

et al. (2004) observed a 50-80% maximum power density increase when using 

ferricyanide as compared to that achieved when using oxygen or a platinum coated air-

cathode MFC and this is due to the ferricyanide solution having a high open circuit 

potential as compared to that of dissolved oxygen (Oh et al., 2004). Investigations from 

Oh and Logan (2006), Ringeisen et al. (2006), Liu and Li (2007) all observed similar 

findings to Oh et al. (2004). Even though ferricyanide exhibits faster reduction kinetics 

than oxygen, its low regeneration rate by oxygen remains a challenge as it requires 

regular restoration which makes it unsustainable in long-term applications and it has 

also been found to be poisonous and can potentially diffuse through membranes in 

long-term applications (Logan and Regan, 2006). 

Other studies have also explored the use of metal oxides as mediators in cathode 

kinetics and their findings revealed improved electron transfer kinetics resulting in 

improved MFC performance (Park and Zeikus, 2003). Alternatively, other 

investigative studies such as Heijne et al. (2006) explored the use of redox couple 

Fe3+/Fe2+ as mediators due to its fast redox reaction rate and high standard potential 

(E0=0.77V) and findings revealed a reduced cathode overpotential (Heijne et al., 

2006). However, other studies have observed that applications of ferric ions in cathode 

kinetics is limited by their low solubility at high pH (>2.5) as many of the substrate 

have pH higher than 2.5 (Rismani-Yazdi et al., 2008). You et al. (2006) explored the 

use of permanganate as a cathodic oxidant under acidic conditions (equation. 2.13) and 

their findings revealed power density of 4.5 and 11 times higher than that of 

ferricyanide and oxygen respectively (You et al., 2006). However, other investigative 

study findings revealed that the application of permanganate as cathodic oxidant is 

hindered by its dependence on pH, low performance at alkaline conditions and the 

need to replenish it due to depletion (You et al., 2006). 

RS#@
% + 4"$ + 3*% → RS## + 2"##	(,&=1.70, pH=1.0).….. 2.13. 

In order to speed up the overall reaction and boost the cathode kinetics of an MFC, 

research into platinum group metals (PGM) (e.g. platinum (Pt), ruthenium (Ru), 

palladium (Pd), rhodium (Rh), Osmium (Os), and iridium (Ir)) and platinum group 

non-metals (PGM-free) (e.g. carbon-based materials and transition metals) has (Yang 

et al.,2017; Antolini,2016; Antolini, 2015; Yuan et al., 2016; Wang et al., 2014; 
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Arbizzani et al.,2006). Researchers favor the use of PGM-free catalysts in MFC 

applications due to their low costs and resistance to poisoning from organics and 

pollutants in wastewater, despite their high costs and susceptibility to poisoning from 

organics and pollutants in wastewater (Santoro et al., 2015; Santoro et al., 2016, 

Minachev et al., 1952). Research studies have intensified efforts into investigating the 

applicability of PGM-free based catalysts as cathode catalysts in MFCs, with findings 

revealing that carbon-based materials such as activated carbon (AC), carbon nanotubes 

(CNT), carbon nanofibres, graphene nanosheets, and others perform poorly in MFCs 

when compared to transition metals such as Fe, Mn, Co, and Ni (Gratti). Burkitt et al., 

2016 ; Jiang et al., 2017 ; Rojas-Carbonell et al., 2017 ; Kumar et al., 2016 ; Hou et 

al., 2016 ; Huang et al., 2015 ; Modi et al., 2016). Carbon-based materials have been 

found to be effective as a catalyst support material rather than as a catalyst. 

Other studies have looked at using catalysts to minimize cathodic activation 

overpotential, and chemical and biological catalysts have been used in MFC systems 

(O'Hayre et al., 2005). Due to their low overpotential for oxygen reduction, precious 

metals such as Pt (Logan et al., 2005; Cheng et al., 2006) and Au (Kargi and Eker, 

2007) have been tested as cathodic catalysts, with results showing improved MFC 

efficiency (Logan et al.,2005; Cheng et al., 2006; Kargi and Eker, 2007). Other studies 

have looked into the use of non-precious metals as cathode catalysts, such as the use 

of PbO2-coated electrodes, and although the results showed improved power 

production as compared to Pt-coated electrodes, PbO2 is regarded as a potential danger 

in the event of cathode leaching, so its use is limited (Zhao et al., 2006; Morris et al., 

2007). Other studies have suggested using a binding material to boost catalyst stability, 

and Cheng et al. (2006) investigated the use of Nafion and polytetrafluoroethylene 

(PTFE) as a Pt binder, finding a 12 percent increase in cathode potential and a 14 

percent increase in maximum power density with the Nafion binder (Cheng et al., 

2006). 

Zhao et al. (2006) and Oh et al. (2004) investigated the use of an iron-based material, 

pyrolyzed-Fe(II) phthalocyanine (Pyr-FePc), and a cobalt-based material, cobalt-

tetramethylphenylporphyrin (CoTMPP), as cathode catalysts, and found that their 

findings were similar to that of a Pt-coated electrode (Zhao et al., 2006; Oh et al., 

2004). Chen et al. (2006) investigated the use of CoTMPP coated electrodes in an air-

cathode MFC and Zuo et al. (2007) investigated the use of CoTMPP coated electrodes 
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in a catalytic tubular membrane cathode, and these experiments yielded similar 

findings to Zhao et al. (2006) and Oh et al. (2004). Other research findings have shown 

that metal-based catalysts are susceptible to high cathodic pH, prompting Zhao et al. 

(2006) to investigate the effects of catholyte composition on iron and cobalt-based 

oxygen reduction catalysts. And their findings show that at pH 3.3, reducing the 

phosphate buffer (catholyte) concentration from 500 to 50 mM reduced pyr-FePc 

coated electrode output by 40%, while increasing pH from 2.4 to 7 at a 500mM 

phosphate buffer concentration resulted in an 80% reduction in oxygen reduction by a 

CoTMPP coated electrode. Zhao et al. (2006) stated that increasing catalyst loading 

can boost cathodic efficiency by compensating for the unfavorable low pH and low 

buffering ability (Zhao et al., 2006). Other research has looked into the possibility of 

cathode modification to reduce the cathodic activation overpotential by increasing the 

cathode surface region (Oh et al., 2004; Zuo et al., 2007; Freguia et al., 2007). More 

ORR reaction sites are given in this way, which improves cathode kinetics. Oh and 

Logan (2006) conducted this type of research, and their results showed that increasing 

the cathode surface area by 11-fold at a fixed anode surface area in a double chamber 

MFC increased maximum power density (Oh and Logan, 2006). Investigations by Oh 

et al., 2004; Kargi and Eker, 2007; Zuo et al., 2007; Fan et al., 2007) found similar 

results. However, since raising reactor volume to accommodate electrodes with large 

surface areas has proven difficult, studies have looked into the use of various electrode 

materials and designs to increase the number of available reaction sites while 

minimizing specific surface area (Logan and Regan, 2006; Rismani-Yazdi et al., 

2008). The use of electrode materials such as woven graphite felt, woven graphite mat, 

granular graphite, and reticulated vitreous carbon, as well as tubular cathodes, was 

investigated, with results pointing to large-scale MFC applications (Gil et al., 2003; 

Park and Zeikus, 2003; Ringeisen et al., 2006; Zuo et al., 2007; Freguia et al., 2007; 

Rabaey et al., 2005; He et al., 2005). 

Other research into cathode overpotential reduction has revealed how increasing the 

oxidant concentration affects MFC performance, as evidenced by the Nernst equation 

and reduction reaction kinetics (Srinivasan, 2006). The Nernst equation (equation 2.6) 

states that the optimal thermodynamic voltage is defined by the concentrations of 

reactants and products at the reaction site, but other experiments have found low 

thermodynamic gain as oxidant concentrations rise due to the logarithmic structure of 
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the Nernst equation, which compares with increased reaction rates, which improve 

cathode kinetics. Srinivasan (2006). 

T# + *% → UM………………………………………………2.14. 

where O and R are the oxidant and reduced species respectively, while a and b are the 

corresponding stoichiometric coefficients and the reaction rate can be calculated by 

equation 2.15 below (O’Hayre et al., 2005): 

8 = V[#]7 ……………………………………………….... 2.15. 

where [O] is the concentration of an oxidant and k is the rate constant. 

The effect of operating temperature on oxidant reduction kinetics, as well as mass and 

proton transfer, has also been studied in MFC systems (Amirinejad et al., 2006). 

Further research from Liu et al. (2005) using a single chamber membrane-less MFC 

achieved a 9% increase in power density with an increase in operating temperature 

from 200C to 320C, due to increased cathodic potential (Rismani-Yazdi et al., 2008). 

MFC efficiency is also harmed by cathodic ohmic losses, which can be minimized by 

increasing the conductivity of electrolyte materials used as catholyte and proton 

exchange membranes, as well as reducing electrode spacing (Rismani-Yazdi et al., 

2008). Optimizing catholyte composition and concentration will increase MFC 

efficiency by reducing ohmic resistance caused by low proton concentration at neutral 

pH and catholyte's low ionic conductivity (Jang et al., 2004; Zhao et al., 2006). An 

improvement in current production can be achieved by improving cathodic proton 

transfer as a result of an increase in catholyte ionic power, according to reports (Jang 

et al., 2004; Gil et al., 2003). In the study Liu and Logan (2004), an improvement in 

electrolyte ionic strength from 100 to 400 mM with NaCl addition resulted in an 85 

percent increase in power output in a single chamber MFC, and this increase in power 

output was due to a reduction in ohmic resistance (Liu and Logan, 2004). 

 

Oh and Logan (2006) found that adding 0.4M KCl to a double chamber MFC reduced 

ohmic resistance by 42% (from 1087 W to 625 W), resulting in an increase in 

electrolyte conductivity from 10 to 60 mS/cm (Oh and Logan, 2006). Zhao et al. (2006) 

reported a 53 percent increase in power output at neutral pH double chamber MFC due 

to an increase in phosphate buffer (catholyte) ionic strength from 50 to 500mM, 
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resulting in decreased catholyte resistance to proton transfer (Zhao et al., 2006). It has 

also been stated that the catholyte's extremes of ionic strength and pH can negatively 

affect metal catalyst and biocatalyst activity, so research into catalyst tolerance to ionic 

strength and pH in MFC is critical (Rismani-Yazdi et al., 2008). 

 

Physical properties and membrane type optimization, according to O'Hayre et al. 

(2005), will reduce the inherent resistance to proton transport and, as a result, reduce 

ohmic losses (O'Hayre et al., 2005). Oh and Logan (2006) investigated the effects of 

increasing membrane surface area from 3.5cm2 to 30.6cm2 in a double chamber MFC 

with fixed anode and cathode surface areas (22.5 cm2), and their results revealed an 

improved power density output of 190 mW/m2, up from 45 mW/m2, owing to a 

reduction in internal resistance from 1110 W to 89 W. Other experiments have 

discovered that increasing the membrane surface area to the MFC's total volume 

increases proton transfer across the membrane (He et al., 2005; Rabaey et al., 2005). 

 

Other research works have looked into electrode spacing to improve MFC efficiency, 

and Liu et al. (2005) found that reducing electrode spacing to 2cm from 4cm resulted 

in a 67 percent increase in power density in a membrane-less MFC, with the power 

increase due to the lower ohmic resistance (Liu et al., 2005). Others have looked into 

the effects of electrode spacing and found similar results to Liu et al (2005). However, 

in a membrane-less MFC, oxygen diffusion from the cathode to the anode has been 

recorded as a result of too small electrode spacing, which stimulates aerobic respiration 

rather than anaerobic respiration in the anode, resulting in a lower coulombic 

performance (Rismani-Yazdi et al., 2008). In an MFC with continuous advective flow 

from anode to cathode, Cheng et al. (2006) observed decreased oxygen diffusion and 

increased power production (Cheng et al., 2006). Fan et al. (2007) reported an 

increased Coulombic efficiency from 35 to 71 percent in a membrane-less MFC 

compared to an MFC without J-cloth at electrode spacing of 1.7cm (Fan et al. 2007). 

The increased power production in this case is due to oxygen diffusion. 

 

Cathodic mass transport is one of the factors leading to lower MFC performance. It 

has been discovered that cathodic mass transport is influenced by convection and 
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diffusion, with convection influencing bulk catholyte mass transport and diffusive 

transport influencing mass transport at the cathode surface (Rismani-Yazdi et al., 

2008). By maintaining high bulk concentrations and ensuring an even distribution of 

oxidant such as oxygen through the cathode compartment, as well as optimizing MFC 

parameters such as operating conditions, electrode material, and cathode compartment 

geometry, mass transport losses can be reduced. 

 

Gil et al. (2003) discovered that the concentration of dissolved oxygen in the catholyte 

influences the power output of a double chamber MFC. However, the study discovered 

that increasing dissolved O2 concentrations were limited by its solubility in water. As 

a result, increasing oxygen flux to the cathode can be accomplished by stirring and 

flushing the catholyte with air or pure O2, as well as recirculating the catholyte. Jang 

et al. (2004) recorded a two-fold increase in current production after raising the 

cathode aeration rate by four times, and Jong et al. (2006) investigated the thermophilic 

MFC performance dependence on the retention time of air-saturated catholyte on a 

continuous flow between the anode and cathode compartments. Their findings 

indicated a two-fold increase in current output when retention time was reduced from 

2.7min to 0.7min, although further decreases in retention time had little effect on 

current output, and MFC efficiency at retention times less than 0.7min was unaffected 

by oxygen availability, according to Jong et al. (2006). (Jong et al., 2006). 

 

He et al. (2007) used an exogenous supply of sucrose as substrate to form a rotating 

cathode in a bench-scale sediment MFC in order to increase oxygen flux from the air 

to the underlying water column. They discovered that when half of the rotating cathode 

was submerged in water and the other half was exposed to air, the cathodic potential 

increased, which they attribute to O2 limitation of the cathodic reaction. They also 

found an improvement in anodic potential as a result of O2 diffusion in the anode (He 

et al., 2007). 
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Studies have shown that O2 competing for electrons with the anode in the anolyte 

results in a decrease in current performance and low coulombic efficiency, which is 

due to an increase in oxygen diffusion to the anode as a result of the external supply 

of oxygen (Liu and Logan, 2004; Biffinger et al., 2007; He et al., 2007). 

Cathode electrode design and material selection, according to Rismani-Yazdi et al. 

(2008), remain a mystery due to a lack of literature data. Cathode electrode design 

research should look into the effects of thickness, porosity, composition, structure, and 

the electrode's high specific area on reducing mass transport losses. It has been 

suggested that the hydrodynamic flow can be increased, allowing mass transport and 

thus preventing water accumulation in the cathode (Rismani-Yazdi et al., 2008). 

Overpotential losses in the cathode compartment design are a source of concern, as 

they are said to reduce MFC efficiency. A double chamber MFC with aqueous 

catholyte, for example, is said to have mass transport limitations due to a lack of 

hydrodynamic flow and oxygen's low solubility in water (Rismani-Yazdi et al., 2008). 

Due to biofilm formation on the cathode, oxidant transfer to the cathode is limited in 

the double chamber MFC. Such limitations are said to become more widespread as the 

biofilm thickness thickens over time. Chemicals that provide catholyte buffering 

capacity and ionic conductivity, which reduces active reactive sites on the electrode 

and limits catalyst activity, are said to have an impact on cathode performance (Jang 

et al., 2005). Some research switched to air-cathode compartment design to avoid the 

problems associated with double chamber compartment MFCs, and investigations 

based on air-cathodes yielded lower mass transport losses (Park and Zeikus, 2003; Liu 

and Logan, 2004; Liu et al., 2004; Jang et al., 2005). Air-cathodes are said to have an 

advantage over double-chamber MFCs because they don't need any energy for oxygen 

supply and don't include catholyte, which removes all catholyte-related issues 

(Rismani-Yazdi et al., 2008). Jang et al. (2005) discussed issues with membrane-less 

air-cathodes, such as (i) decreased catalyst activity due to salt accumulation from 

cations and anions permeation through the membrane, and (ii) cathode flooding, which 

results in cathode mass transfer losses due to slow oxidation replenishment through 

diffusion (Jang et al., 2005). Cheng et al. (2006) proposed coating the air-side with 

polytetrafluoroethylene to reduce cathode flooding, but the study also suggested 

changing the coating material and thickness to control oxygen flux while reducing 

cathode flooding (Cheng et al., 2006). Parasitic losses are those that occur as a result 
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of substrate crossing and unintended reactions in the cathode (fig. 2.6). Zuo et al., 

2007; Liu and Logan, 2004; Biffinger et al., 2007; Kim et al., 2007) These crossovers 

are said to occur as a result of molecular diffusion and electro-osmosis in membrane-

less MFCs because there is no physical barrier separating the anode and cathode 

compartments (Jiang and Chu, 2004). Substrate crossover is said to have a number of 

negative effects on cathode production, including lowering cell potential below the 

thermodynamically expected value, decreasing coulombic efficiency due to substrate 

use away from the anode, and poisoning of the cathode catalyst (Rismani-Yazdi et al., 

2008). Improvements in membrane materials, cathode catalysts, and electrode 

materials may be able to reduce substrate crossover and its negative effects on cathode 

performance. 

 

The potential of MFCs to generate electricity in bioremediation processes provides a 

specific and systematic approach to waste management and energy generation. Large-

scale applications of microbial fuel cells, however, remain a challenge due to the low 

power output offered by these devices. Researchers have increased their efforts in this 

area to improve microbial fuel production for large-scale applications. Because of their 

high power output, MFCs could be used in industries like manufacturing, municipal, 

and agricultural waste remediation. 

 

Although the materials used to create a microbial fuel cell differ, some studies have 

used glass, polycarbonate, or plexiglass for MFC construction (Rhoads et al., 2005), 

and electrode materials such as carbon cloth, carbon paper, graphite rod, and graphite 

felt are commonly used (Zhang et al., 2011; Zhou et al., 2011 Wei et al., 2011; 

Sangeetha & Muthukumar, 2013). Others planned single-chamber MFCs with only the 

anodic chamber connected to an air-cathode, while others concentrated on two-

chamber MFCs (Du et al., 2007). Table 2.3 lists some of the single chamber MFC 

designs that have been released. 
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Table 2.3: Examples of some of the single chamber MFC designs (Tharali et al., 2016). 

Design  Anode  Cathode  Reference 

Rectangular 

Cylindrical 

Mn4+graphite 

anode. 
Carbon paper 

without wet 
proofing. 

Fe3+ graphite 

cathode. 
Carbon 

electrode/PEM 
assembly or rigid 

carbon paper 
without PEM. 

Park and Zeikus 

(2003) 
Liu and 

Logan(2004); 
Cheng et al. 

(2005); Grot et al. 
(2005); Cheng et 

al. (2006) 

Tubular 

Concentric design 

Granular graphite 

matrix. 
Graphite  

Ferricyanide 

solution. 
Air porous made 

up of carbon/Pt.  

Rabaey et al. 

(2005) 
Liu et al.(2004) 

Flate plate Carbon paper Carbon cloth Min and Logan 
(2004) 

 

Over the years’ studies have utilized various complex organic substrates for electricity 

generation in microbial fuel cells. Some of the organic substrates utilized in microbial 

fuel cells include domestic wastewater (Choi & Ahn, 2013); swine wastewater (Min 

et al., 2005); Oil wastewater (Jiang et al., 2013; Choi & Liu, 2014) Waste sludge (Ge 

et al., 2013; Choi & Ahn, 2014); Fruit & vegetable wastes (Logrono et al., 2015); 

Although some studies have reported using basic substrates such as glucose, acetate, 

propionate, and butyrate, others have reported using food waste leachate (Ahn & 

Logan, 2010). 

Although PEM contributes positively to the activity of an MFC, literature has also 

identified challenges associated with PEM, such as internal resistance, which limits 

power output due to a PEM's electrode surface area being smaller than the electrode 

surface area of an MFC (Oh and Logan, 2006; Tharali et al., 2016). Various PEMs 

used in MFCs have also been reported in the literature. Nafion (Bond & Lovley, 2003), 

Ultrex (Rabaey et al., 2005; Taskan et al., 2014), and salt-bridge are some of the most 

well-known (Nair et al., 2013). A sulfonated tetrafluroethylene copolymer with a 

hydrophobic fluorocarbon backbone (-CF2-) bound to hydrophilic sulfonate groups 

(SO3-) is the chosen Nafion (Mauritz & Moore, 2004). Catholyte pH increase and 

decrease in anolyte pH effectively decreasing MFC output efficiency are some of the 

challenges faced when using Nafion membranes (Gil et al., 2003). The key cause of 

such pH variations is the accumulation of cations and increased conductivity in the 

cathodic chamber as a result of the membrane's preference for cationic species other 
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than protons (Rozendal et al., 2006). The thermally less stable chitosan membranes 

(Mukoma et al., 2004), sulfonated polyimides (Genies et al., 2001), BAM, and 

sulfonated styrene-ethylene-butylene-styrene (SEBS) membranes have all been 

documented in the literature (Hickner et al., 2004). Water absorption and conductivity 

are two recorded characteristics of a good membrane; however, water absorption has 

been found to influence the mechanical properties of a membrane, even though it 

facilitates proton transport through the membrane (Tharali et al., 2016; Hickner et al., 

2004). Cation exchange membranes (CEM) and anion-exchange membranes have also 

been discussed in the literature (AEM). CEMs are separators with negatively charged 

groups such as –PO3-, COO-, and C6H4O- that are selective towards positive ions and 

inhibit the flow of negative ions through them, according to Rahimnejad et al. (2015). 

(Rahimnejad et al., 2015). Peighambardoust et al. (2010) characterize AEMs as 

membranes with positively charged groups attached to the membrane matrix, such as 

NH3+, NHR2+, NR2H+, NR3+, PR3+, and SR2+, that are selective towards negatively 

charged ions while inhibiting the flow of positive ions through them (Rahimnejad et 

al., 2015). The research Kim et al. (2007) compared the efficiency of AEM, CEM, and 

three different ultrafiltration membranes with different molecular cut-offs, and found 

that AEMs were more efficient in terms of power density, which they attribute to the 

phosphate ions facilitating protons transport across the membrane and the low internal 

resistance (Kim et al., 2007). Other studies have used salt-bridges as separators in MFC 

studies, such as Sevda and Sreekrishnan (2012), who achieved a power density of 

84.99mW/m3 with a salt bridge containing 5% salt, and Nair et al. (2013), who 

researched the optimum concentration of agarose and found 10% agarose to be the 

optimum concentration for electricity generation (Tharali et al., 2016). As shown in 

the studies of Nair et al. (2013) and Sevda and Sreekrishnan, a salt-bridge can be used 

as an alternative to mediators in MFCs (2012). 

 

2.9 RECENT DEVELOPMENTS IN MFC STUDIES 

 

Recent research findings on MFC architecture (Logan 2010; Logan et al., 2006; 

Shimoyana et al., 2008), electron transfer mechanisms (Debabov, 2008; Reguera et al., 

2005; Torres et al., 2010), and anode and cathode materials ( Kang et al., 2003; Logan 
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et al., 2007; Rizzo et al., 2010) have increased (Jadhav and Ghangrekar, 2009). This 

section will go through some of the most recent developments in some of the 

parameters that are crucial to the MFC's performance. 

Microbial fuel cells' low power output is a major barrier to their use in industry, 

prompting a number of research efforts to increase MFC performance (Pant et al., 

2010). One of the parameters to consider is the impact of external resistance on MFC 

efficiency, and studies have looked into the role of external resistance in MFC for 

maximum power output. For example, Woodward et al. (2010) reports absolute control 

of external resistance (Rext) as one of the ways to harness maximum power output from 

a microbial fuel cell (Woodward et al., 2010). (2005, Fuel Handbook) Pinto et al. 

(2011) state that Rint is dependent on parameters such as temperature, pH, influent 

strength, and influent composition, and that it is crucial to control and use the correct 

Rext while running a microbial because the continuous metabolic method affects some 

of these parameters (Pinto et al., 2011). 

Pasternak et al. (2018) investigated the impact of external resistance on the 

development of anode biofilms and their findings indicated a reliable MFC operation 

as well as an optimum start-up time for maximizing the power output of a microbial 

fuel cell (Pasternak et al., 2018). They (Pasternak et al. (2018)) tested a human-urine-

fed microbial fuel under various external resistances ranging from 50W to 10kW and 

discovered that lower external resistance MFCs performed better for biofilm 

maturation than higher external resistance MFCs, which suffered from ohmic losses 

and poor performance. In their study, Pasternak et al. (2018) observed changes in 

biofilm behavior during maturation at various external resistances. The initial 

conditions of biofilm maturation, it has been noted, have a long-term effect on its 

structure, properties, and activity. 

 

 

 

Studies into the effect of anode modification on microbial fuel cell production have 

been conducted, such as Hou et al. (2013), who investigated a carbon cloth anode 

coated with reduced graphene oxide and polyaniline and achieved a maximum power 

density of 1390mW/m2, which is three times higher than an MFC with a plain carbon 
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cloth anode. Enhanced electron transfer efficiency as well as bacterial film loading are 

due to graphene oxide's high conductivity as well as the large surface area it offers for 

polyaniline (Hou et al., 2013). Hou et al. (2013) prepared and fabricated reduced 

graphene oxide on carbon cloth using an electrochemical synthesis method before 

coating the carbon cloth surface with polyaniline nano-fibres. Lin et al. (2019) 

investigated the effect of anode modification on biofilm formation and electrogenic 

activity using a carbon cloth fabricated with reduced graphene and polyaniline, and 

they discovered high power output with accelerated electrogenic biofilm formation 

and improved electrogenic bacterial colonization (Lin et al., 2019). The graphene and 

polyaniline modified anode was said to take 2.4 times less time to acclimate than the 

plain anode electrode when inoculated with wastewater (Lin et al., 2019). 

 

Microbial fuel cell research is still looking into and exploring more critical factors that 

affect MFC performance, with improving Coulombic efficiency being one of the most 

important areas of study (Kim et al., 2008; Logan et al., 2006; Rabaey and Verstraete, 

2005). In such investigations, researchers try to figure out what causes electron losses 

as measured by Coulombic efficiency. There are concerns about the amount of 

electrons released from substrate by microbes in the anode chamber that are efficiently 

used for electricity generation, and although electrons are transmitted through the 

circuit, other electron loss sources have been found, including microbial growth on the 

anode, gas production, and metabolite production (Kim et al., 2011). As a result, 

researchers have tried to classify electron pathways from subsequent microbial 

metabolism under different conditions, as well as using electron balances to assess 

electron losses. However, it's said to be difficult to generalize electron balances as a 

norm since different ecosystems have different microbial behaviors, resulting in 

different electron pathways (Freguia et al., 2007; Lee et al., 2008a). In addition to the 

electron balances method, other research identified methane production as a 

contributing factor to electron losses and proposed suppressing methane generation in 

the anode chamber to improve the Coulombic efficiency in microbial fuel cells (Chae 

et al.,2009a; Rabaey and Verstraete, 2009; Freguia et al.,2008; Wagner et al.,2009). 

To investigate the Coulombic efficiency improvement, Kim et al. (2011) proposed and 

developed a dual anode electrode glucose-fed microbial. Initial tests on a single-anode 

glucose-fed MFC yielded a 15% Coulombic efficiency with major electron losses, 
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which were due to the formation of a glucose metabolite called residual propionate. 

As a result, Kim et al. (2011) carried out additional research on a dual anode microbial 

fuel cell (DAMFC) with two separate anodes, each filled with glucose and propionate, 

to improve Coulombic performance. The results showed that both propionate and 

glucose could be used effectively in a DAMFC, raising the Coulombic efficiency from 

around 33% to around 59%. 

 

Despite recent developments in microbial fuel cell technology, one of the main focus 

areas for improving power output in microbial fuel cells has been research into cathode 

performance enhancement, due to the significance of scaling up for realistic 

applications (Logan,2010; Santoro et al.,2017; Rinaldi et al., 2018). As a result, 

research has focused on improving the cathode's various aspects, such as catalyst 

development, cathode material, and so on. Research efforts into improving cathode 

efficiency have increased in recent years as a result of low cathode performance caused 

by cathode overpotential and kinetic limitations of ORR. One of the most important 

research areas of MFC production has been the discovery of new ORR catalysts. 

Previously, platinum-group metal-based catalysts were the preferred ORR catalysts in 

MFCs, but their high costs and susceptibility to poisoning by various organics and 

pollutants in wastewaters necessitate the development of new catalysts that are 

functional, robust, reliable, and cost-effective. As a result, a wide range of materials 

are being investigated and tested as potential ORR catalysts, with many of them 

showing promise as oxygen reduction rection catalysts in MFCs. 

Manganese dioxide (MnO2), a possible cathode catalyst in MFCs, has recently been 

the subject of study. Zhang et al. (2009) developed three manganese dioxide catalysts, 

namely b-MnO2, g-MnO2, and a-MnO2, and tested them in an MFC as cathode 

catalysts (Zhang et al., 2009). These were created to replace Pt, as well as the highly 

toxic lead dioxide and the toxicity of transition metal macrocycles and pthalocyanines. 

As a result, in a neutral medium MFC, the performance of manganese oxide as a 

cathode catalyst was evaluated and compared to that of Pt. Zhang et al. (2009) found 

that all three manganese dioxide catalysts (b-MnO2, g-MnO2, a-MnO2) had strong 

ORR activity, with b-MnO2 having the best catalytic activity in comparison to the 

others due to its large BET surface region. The study was able to achieve a maximum 
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power density of 373mW/m2 with b-MnO2, while also recommending that higher 

catalyst loading be used to increase power output. 

 

In order to increase ORR activity in MFCs, Woon et al. (2015) investigated the use of 

MnO2/CNT as a cathode catalyst. Carbon-based catalysts have been reported to have 

good conductivity, stability, and cost, while manganese oxide has been reported as a 

promising electrocatalyst with good ORR activity (Woon et al., 2015; Khan et al., 

2015; Trogadas et al., 2014). To produce MnO2/CNT, the researchers synthesized a 

MnO2 catalyst and modified it by inducing it with carbon nanotubes (CNT) using a 

sonochemical-coprecipitation process. At 28.57mg/cm2 catalyst loading, the analysis 

achieved a maximum power density of 215.57mW/m3 and a COD removal efficiency 

of 22%. 

 

Due to the high cost of Pt, Fe, and Co related macrocyclic complexes, Xia et al. (2018) 

developed cobalt oxides as an alternative. The ORR activity of a cobalt oxide cathode 

in an MFC was investigated because the other alternative manganese oxide produces 

unsatisfactory MFC ORR activity (Xia et al., 2018). With a cobalt oxide loading of 

5mg/cm2, Xia et al. (2018) obtained a maximum power density of approximately 

1220mW/m2, compared to 1360mW/m2 with a Pt/C cathode. The study achieved a 

maximum power density of 1540mW/m2 with a cobalt oxide loading of 30mg/cm2, 

which was stated to be 13 percent higher than the power achieved by Pt/C. The 

research also discovered that the toughness of cobalt oxides is virtually equal to that 

of Pt/C, but the costs of Pt/C are considerably higher. 

 

Other studies have looked at ferrous-based materials and found that they have strong 

catalytic activity (Xia et al., 2013; Birry et al., 2011; Zhao et al., 2005; Tang et al., 

2010; Toda et al., 1999; Zhang et al., 2011; Lowy et al., 2006; Wu et al., 2012; Zhang 

et al., 2009a; Cheng and Wu, 2013). In a study by Fu et al. (2015), a modified activated 

carbon air-cathode coated with non-stoichiometric nano Fe3O4 was prepared and tested 

as a microbial fuel cell alternative. The study achieved a maximum power density of 

1430mW/m2, an improvement of 83.3 percent over a plain cathode, while also finding 

a decrease in external resistance. The research discovered non-stoichiometric nano 
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Fe3O4 as a promising cathode catalyst material in MFCs. Yuan et al. (2017) used a 

combination of a microbial fuel cell and a catalytic oxidation reactor to explore the 

feasibility of using iron phthalocyanine as a cathode catalyst for Congo red 

degradation. The study found that the overall power density was 808.3mW/m3, and 

that Congo red was decomposed into less and more degradable organics including 

malonic acid and maleic acid, suggesting a promising alternative to pollutant removal. 

 

Iron aminoantipyrine (Fe-AAPyr), graphene nanosheets (GNSs), and their physical 

mixture Fe-AAPyr-GNS, as well as activated carbon, were formed by Kodali et al. 

(2018), and their performances as MFCs cathode catalysts for oxidation reduction 

reactions were compared. The ORR activities of the catalysts were investigated using 

the rotating ring disk electrode (RDDE) at various loadings and in an air-cathode. 

According to the results, Fe-AAPyr had a maximum power density of around 

218W/cm2, 150W/cm2 for GNS, and 235W/cm2 for Fe-AAPyr-GNS, while activated 

carbon had a maximum power density of around 104W/cm2. The amount of hydrogen 

peroxide found in AC and GNS suggested a possible two electron pathway (direct 2e-

), while only a small amount of hydrogen peroxide was detected in Fe-AAPyr, 

suggesting a possible 2x2e- transfer mechanism (Kodali et al., 2018). 

 

According to previous research, porous catalysts have strong ORR activity because 

they have additional active sites for oxygen, enhancing ORR activity (Ge et al., 2016). 

Kumar et al. (2016) investigated the potential of previously successfully tested cobalt 

oxide as a cathode catalyst to improve ORR kinetics in order to develop an effective 

low cost electrochemical catalyst that would result in a high ORR rate (Hou et al., 

2016; Li et al., 2016; Liu et al., 2014; Song et al., 2015; Xu et al., 2012; Yang et al., 

2016). Using a hydrothermal process and cobalt oxide as a possible ORR catalyst, the 

analysis synthesized varying concentrations of porous Co3O4 nanorods and 

investigated the possibility of using porous Co3O4 as cathode catalysts in a double 

chamber MFC. Researchers discovered improved cathode ORR kinetics, with a 

maximum power density of 503mW/m2, owing to the porous property of the 

nanomaterial (Kumar et al., 2016). The study also suggested that porous catalysts be 

combined with other highly active ORR active catalysts as cathode catalysts in MFCs. 
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Recent interest in composite nanomaterials as potential ORR catalysts for improving 

MFC efficiency reflects recent developments in ORR catalysts in MFC. Jadhav et al. 

(2017), for example, investigated the possibility of using palladium-substituted-

zirconium oxide and palladium-substituted-manganese oxide as cathode catalysts in a 

single chamber MFC. Electrochemical findings showed that these composite catalysts 

had higher ORR activity than single metal oxide cathode catalysts like MnO2 and ZrO2, 

indicating improved MFC power generation (Jadhav et al., 2017). Cao et al., 2016a 

evaluated a nitrogen/iron co-doped carbon (N/ Fe–C) composite cathode catalyst with 

a three-dimensional porous structure, which achieved a maximum power density of 

745 mW/m2 (11 percent higher than platinum) while also providing a lower charge 

transfer resistance (Cao et al., 2016a). Tian et al. (2017) investigated the use of a 

porous Cu3(BTC)2 [BTC = 1, 3, 5-benzene tricarboxylate acid] metal framework as a 

possible novel type ORR catalyst in MFCs (Tian et al., 2017). The study achieved a 

power density of 1772 mW/m2, nearly double that of a plain activated carbon cathode, 

while also revealing a higher BET surface area of 2159.7 m2g-1 containing several 

pores that revealed divalent copper in the extended 3D frameworks and may have been 

the ORR redox centres (Tian et al., 2017). 

 

There have also been studies that suggest creating mesoporous morphologies to 

improve ORR behavior (Gnana Kumar et al., 2014; Guerrini et al., 2015; Huang et al., 

2015). The ORR activity is increased as a result of the availability of additional ORR 

active sites that enable electrolyte diffusion through the inner surface of the catalysts, 

as provided by the porous architecture of the catalysts (Ahn et al., 2014; Liu et al., 

2015). Kumar et al. (2018) explored the use of novel mesoporous MnCo2O4 and Co3O4 

nanorods as ORR catalysts in their research. In a neutral pH medium MFC, their output 

was investigated, with MnCo2O4 achieving a maximum power density of 587mW/m2 

(29 percent higher than Co3O4) and a current density of 6.01A/m2 (12.4 percent higher 

than Co3O4) (Kumar et al., 2018). MnCo2O4's improved MFC efficiency as an ORR 

catalyst is attributed to improved ORR kinetics and increased electro-conductivity as 

a result of its high BET surface area due to the presence of positively charged ions 

such as Co2+/Co3+ and Mn3+/Mn4+ on its surface. Low diffusion resistance (Rd), 

activation resistance (Ra), and ohmic resistance (Rohm) were also observed in the study, 
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indicating that improved ORR kinetics resulted in improved MFC efficiency. As a 

result, the use of MnCo2O4 nanorods as cathode catalysts has potential in the 

production of MFCs. 

Manganese and cobalt oxide are said to be more durable, cost-effective, and 

environmentally friendly than platinum metals (Wen et al., 2012; Zhang et al., 2015). 

When using MnO2/CNT as an MFC cathode catalyst, Zhang et al. (2011) achieved 

210mW/m2 maximum power density, compared to 229mW/m2 when using platinum 

as a cathode catalyst. In contrast, by using manganese-polypyrrole-carbon nanotube 

coated air-cathode in a single chamber MFC, Lu et al. (2013) achieved 213mW/m2 

maximum power density when compared to platinum catalyst. During MFC power 

generation, the manganese-polypyrrole-carbon catalyst exhibits long-term stability, 

according to the report (Lu et al., 2013). Similarly, Yu et al. (2015) studied the cobalt 

and nitrogen-doped carbon coated cathode MFC and found that the cathode had a 

higher electrocatalytic efficiency and power density than the platinum catalyst (Yu et 

al., 2015). In this case, combining highly electroactive cobalt oxide and manganese in 

a mesoporous structure improves cathode ORR operation. 

Su et al. (2013) used a simple hydrothermal process to create Co3O4/N-G, a 

nanocomposite of cobaltosic oxide and nitrogen-doped graphene. The catalyst was 

also found to be highly active and stable in linear sweep voltammetry studies. MFC 

tests based on Co3O4/N-G coated cathodes achieved a maximum power density of 

approximately 1340mW/m2, which was found to be four times higher than that of the 

plain cathode but lower than that of a Pt/C coated cathode (Su et al (2013). The study 

concluded that the catalyst could be used in future MFC applications based on their 

results. 

Jiang et al. (2017) contrasted the efficiency of graphite/MnO2 and MoS2 

nanocomposites as ORR catalysts in an MFC. Jiang et al. (2017) contrasted the 

efficiency of graphite, b-MnO2, and MoS2 mixtures with different weight proportions, 

such as 20:1:1, 30:1:2, and 30:2:1. A cathode catalyst made of graphite, b-MnO2, and 

MoS2 are measured at weight proportions of 20:1:1, as well as a cathode catalyst made 

of graphite,b-MnO2 at weight proportions of 10:1. Without ultra-sonication, the 

analysis achieved a maximum power density of 120mW/m2 with a mixture of graphite, 

b-MnO2, and MoS2 at weight proportions of 20:1:1, while ultra-sonication increased 

the maximum power density to 183mW/m2. 
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However, the catalyst prepared with graphite, b-MnO2, and MoS2 at weight ratios of 

20:1:1 obtained a maximum power density of 158mW/m2, which is higher than the 

catalyst prepared with graphite, b-MnO2, and MoS2 at weight ratios of 20:1:1. 

 

Overall, Jiang et al. (2017) discovered the following pattern in terms of catalyst 

efficiency in long-term operations, in decreasing order: (ß-MnO2) > 20:1:1 (ultra-

sonicated b-MnO2) > 10:1 (ß-MnO2) > 30:2:1 (b-MnO2) > 30:1: According to the 

results, the best catalyst is one made with graphite, ß-MnO2, and MoS2 in a 20:1:1 ratio 

(Jiang et al). (2017). 

 

Khilari et al. (2013) investigated MFC efficiency in a single chamber microbial fuel 

cell using graphene sponsored a-manganese dioxide nanotubes (α-MnO2/CNTs) as a 

cathode catalyst. The researchers used a hydrothermal process to prepare a a-

MnO2/CNTs catalyst with graphene as a support (a-MnO2/CNTs/graphene), -

manganese dioxide nanotubes supported on multi-walled carbon nanotubes (a-

MnO2/CNTs/MWCNTs), and a-manganese dioxide nanotubes supported on Vulcan 

XC (a-MnO2-NTs/Vulcan XC. The catalysts were tested on a single chamber MFC 

with a fixed catalyst loading of 0.3 mg/cm2, and the effects of each carbon help on the 

a-MnO2/CNTs were compared to that of Pt/C. The maximum power density for a-

MnO2/CNTs/graphene was 4.68 W/m3, 3.94 W/m3 for a-MnO2/CNTs/MWCNTs, 2.2 

W/m3 for a-MnO2/CNTs/Vulcan XC, and 5.67 W/m3 for Pt/C catalyst in the analysis 

(Khilari et al., 2013). In addition, when compared to a-MnO2/CNTs/MWCNTs and a-

MnO2/CNTs/Vulcan XC, the a-MnO2/CNTs/graphene showed strong ORR catalytic 

activity and improved performance in terms of Coulombic efficiency (CE), COD 

elimination, and exhibited reduced resistance. It met the Pt/C benchmark, and as a 

result, it is considered a viable alternative candidate for large-scale MFC operations 

(table 2.4) (Khilari et al., 2013). 

 

Table 2.4 Effect of different carbon supports on α-MnO2/CNTs as compared to the Pt/C benchmark 

based on a single chamber MFC at fixed catalyst loading of 0.3mg/cm2 (Khilari et al., 2013). 



  

Chapter 2: Literature Review 52 

sMFC with 
different cathode 

Catalyst-
free 

α-MnO2/CNTs 
/Vulcan XC 

α-MnO2/CNTs 
/MWCNTs 

α-MnO2/CNTs 
/graphene 

Benchmark 
ptc 

Maximum 
OCP(mV) 

677 754 793 812 839 

Max. Power 
density(W/m3) 

0.57 2.2 3.94 4.68 5.67 

Max. coulombic 
efficiency  

5.0 8.4 11.0 11.5 12.6 

COD removal 
efficiency (%) 

69.23 78.7 82.9 83.7 84.37 

Internal 
resistance(Ω) 

172 108 97 85 75 

 

Due to its specific structural, physicochemical, and mechanical properties, graphene-

based materials have also been investigated as a catalyst support material in MFC 

applications (Ghorbani et al., 2015). (Zhang et al., 2017). Park and Ruoff (2009) 

published on some of graphene's properties, including high Young's modulus 

(1100GPa), strong fracture strength (125GPa), good thermal conductivity (5000W/m. 

K), good charge mobility (200, 000 cm2/V.s), very high specific surface area 

(theoretical value of 2630 m2/g), magnetism, and interesting transport phenomena 

(Park and Rouff, 2009). Rutter et al. (2007) discovered that carboxyl, hydroxyl, or 

epoxy groups bonded to graphene, as well as other atomic lattice defects that serve as 

strong scattering centers, can alter the graphene electronic structure and thus affect the 

electrical transport (Rutter et al., 2007). Li et al. (2007) investigated the possibility of 

reducing graphene oxide (GO) to obtain reduced graphene oxide (rGO) in order to 

restore the material's conjugated network and electrical conductivity (Li et al., 2007). 

Because of its simplicity, scalability, and low defect content, Li et al. (2007) used a 

hydrothermal conversion method to make reduced graphene oxide (rGO). Due to their 

remarkable properties, Interest in using graphene-based materials in mechanical, 

optoelectronic, capacitor, and sensing applications was stated by Avouris and 

Dimitrakopoulos (2012). Yang et al. (2011) looked into the electrochemical properties 

of graphene oxide-MnO2 nanocomposites with graphene oxide aid. They used 

different graphite materials to make MnO2 supported graphene oxide to use as a 

supercapacitor electrode material (Yang et al.,2 011). 

2.10 AREAS OF APPLICATIONS OF MFCS 
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MFCs have been shown to have both economic and environmental advantages. This 

section outlines some of the areas of MFC applications, such as bio-electricity 

generation, bio-hydrogen generation, and wastewater management, among others, 

since the literature has recorded a wide range of MFC applications. 

Despite the fact that the literature supports MFCs as a novel alternative to power 

generation, it is mentioned that implementing MFCs is difficult due to their low power 

output and high material costs, recent studies have shown improvements in power 

output, such as Logan (2004), who achieved maximum power outputs of up to 

50mW/m2 and 500mW/m2 with domestic wastewater and gluconic acid, respectively 

(Logan, 2004). Rabaey et al. (2003) achieved a power density of 3.6W/m2 using 

glucose as a substrate and a mixed consortium of microbial communities (Rabaey et 

al., 2003). Bio-electricity is a reality with MFCs, and efforts to make them operate on 

a large scale should be increased. 

When an external potential is applied to the cathode of an MFC, however, it can be 

modified to generate hydrogen instead of electricity (Rabaey et al.,2004). Despite 

achieving hydrogen yields of 43%, Rabaey et al. (2004) discovered that electricity and 

hydrogen cannot be generated simultaneously in an MFC because hydrogen 

production falls below the detection limit as electron transfer increases (Rabaey et al., 

2004). 

The preceding sections addressed developments in research into the use of MFCs in 

industrial and urban wastewater treatment effluent for waste removal and electricity 

generation. In both energy production and wastewater treatment, MFCs have proved 

to be a novel alternative to existing approaches. Maximum power density, Coulombic 

efficiency, and COD have all been listed in the literature as measuring parameters for 

MFC efficiency (Tharali et al., 2016).  

2.11 CHALLENGES AND PROSPECTS OF MFCS RESEARCH 

 

The microbial populations and microbial behaviors are at the heart of microbial fuel 

cell research. Awareness and understanding of exoelectrogen characteristics (i.e. 

chemical, physiological, and electron transfer mechanism) are crucial to MFC research 

(Varanasi and Das, 2018). As a result, a breakthrough in exoelectrogens populations 

and operation will provide a novel and integrative solution to carbon-free wastewater 
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treatment and energy production processes that lead to environmental emission 

mitigation and waste reduction while still generating value-added goods. 

Over the last decade, research into microbial fuel cells has accelerated, and progress 

has been made toward commercial application; however, large-scale implementations 

are still hindered by the low power production. Our research is also looking into the 

potential of microbial fuel cells in the sense of wastewater treatment in South Africa. 

The study is divided into four chapters: the first and second chapters look into the 

potential for electricity generation and pollutant removal from beer brewery and 

domestic wastewater as a measure of growth rate constant, while the third and fourth 

chapters look into MnO2/rGO as an alternative catalyst for MFCs. 
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Chapter 3: Research Methodology 

This section outlines the methodologies employed throughout the experimental work 

of the research study. In this regard, a similar catalyst previously prepared, 

characterized and tested elsewhere (Nie et al., 2012; Wang et al.,2015) was  also 

prepared for this study. 

 

3.1 CATALYST PREPARATION 

3.1.1 Catalyst synthesis 

 

A non-metal-based catalyst MnO2/rGO (Nie et al., 2012; Wang et al., 2015) was 

prepared using the Hummers and Offemann’s method shown in figure 3.1. 

 

3.1.1a. Materials/ Chemicals 

The chemicals used in the experimental work for GO synthesis were graphite flakes, 

sulfuric acid (99%), hydrogen peroxide, potassium permanganate, sodium nitrate, 

hydrochloric acid and were supplied by Sigma Aldrich (South Africa). The chemicals 

used for MnO2/rGO were also analytical grade and were used as obtained without 

further purification. Natural flake graphite with purity 99.95% and BS mesh 500, 

KMnO4, concentrated sulphuric acid (purity of 98%) and MnSO4.H2O (purity no less 

than 99%) were purchased from Sigma Aldrich (South Africa). Deionized water made 

by the reverse osmosis system was used throughout. 

 

3.1.1. Methods 

The method used to prepare GO was also used elsewhere (Nie et al.2012). GO was 

prepared by oxidation of graphite according to the Hummers and Offemann’s method 

found elsewhere (Nie et al.2012). 10.0 g of graphite powder was mixed with to 5.0 g 

of sodium nitrate and added to 230 ml of concentrated sulfuric acid under constant 

stirring for 1hour at 00C, i.e. in an ice-bath. After an hour, 30.0 g of potassium 
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permanganate was slowly added to the above solution with vigorous stirring. After 

removing the ice-bath, the above solution was heated to a temperature of 350C, and the 

solution temperature was maintained for 30 minutes. 460ml of distilled water was then 

added slowly into the solution and the temperature was raised to 980C. After an hour, 

1.4litres of warm water was added to the solution and also treated with 3 % hydrogen 

peroxide aqueous solution. Finally, the resulting suspension was filtered and washed 

with 5 % HCl aqueous solution. 

The hydrothermal method was used for the preparation of the nanocomposite 

MnO2/rGO as derived from a previous study (Wang et al.,2015). In this synthesis, 

1.5mmol of manganese sulfate monohydrate (MnSO4.H2O) and 1mmol of potassium 

permanganate (KMnO4) powders as well as GO with a mass ratio of KMnO4 and GO 

equalling to 15:1 were dissolved in 40 ml deionized water successively under strong 

stirring at room temperature for about 30minutes to obtain purple aqueous solution. 

The resulting solution was then transferred into a 50ml Teflon lined stainless steel 

autoclave. The hydrothermal process was carried out in an oven at 900C for 12 h. After 

being cooled down to room temperature, the product samples were each rinsed 3 times 

with deionized water for 10 minutes via centrifuge at a rotation rate of 8000 rpm and 

the obtained powder was dried in a vacuum oven at 800C for 12 hours. 

 

3.1.2 Characterization 

 

The prepared samples, i.e., GO, and MnO2/rGO characterized by the methods listed 

below. The morphology of each sample was studied using the FESEM (HITACHI, S-

4800).  

 
Fig 3.1 HITACHI, S-4800FESEM analyser:  
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The surface areas were measured by the BET method were N2 absorption at 77K was 

applied and Carlo Erba Sorptometer was used.  

 
Fig 3.2 Carlo Erba Sorptometer: BET analsyser. 

 

FT-IR spectra of KBr powder pressed pellets were recorded on a Bruker VECTOR 22 

spectrometer.  

 
Fig 3.3 Bruker VECTOR 22 spectrometer: FT-IR analyser. 

 

3.2 ELECTROCHEMISTRY 

 

The cyclic voltammetric (CV) measurements were performed with an Auto-lab 

potentiostat (model PGSTAT 30) with a three-electrode system (Ecochemie, 

Netherlands). The glass carbon electrode (GCE, with a diameter 3.0mm) coated by 

catalyst severs as the working electrode, while a Pt wire and Ag/AgCl (sat. KCl, 

222mV versus SHE) were used as the counter and reference electrodes, respectively. 
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The CV measurements were performed from -1.5V to 1.5V at scan rates of between 

0.5 to 100mV/s in 0.1M KOH and electrolyte. The electrolyte solution is bubbled with 

O2 or N2 to establish aerobic or anaerobic environment, respectively, for 30min prior 

to each scan series and 3min between every two scans. 

Fig 3.4 Auto-lab potentiostat (model PGSTAT 30): used for cyclic voltammetric (CV) measurements. 

 

3.3 MICROBIAL FUEL CELL ANALYSIS   

 

3.3.1 Wastewater samples 

 

Beer brewery wastewater was collected from Inbev Inc Breweries in Alrode, Alberton, 

Johannesburg South Africa and stored in a refridgerator at 00C under anaerobic 

condition. 

The domestic wastewater was collected from ERWAT wastewater treatment works in 

Eikenhof, Johannesburg, South Africa illustrated in figure 3.5. These samples were 

also stored in a refridgerator at 00C under anaerobic condition.  

 Raw wastewaster (brewey or domestic) samples (neither diluted nor treated) with a 

total volume of 350-400ml were randomly taken and fed to the anodic chamber of each 

MFC for each defined experiment. 
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Fig 3.5 ERWAT wastewater water treatment work, Ekurhuleni South Africa 

 

 

Preparation of the cathode electrodes 

The catalyst ink formulation method was utilised for the cathode electrode fabricated 

as follows: 1 mg of catalyst was dispersed in 1 mL of a solvent mixture of Nafion (5 

wt %) and anhydrous ethanol (1:9, v:v) for 0.5−1 h under sonication. An ink dispersion 

method was used to fabricate the cathode electrodes tips with 10µl of the MnO2/rGO 

catalyst solution. 

 

3.3.2 Microbial Fuel Cell construction  

 

Double chamber MFCs were constructed from plexiglass with a total volume of 500ml 

and working volume of 400ml. Both the anode and cathode chambers were separated 

by a Nafion 117 membrane, Merck. The electrodes for each MFC consisting of either 

plain graphite anode (L=75mm, d=3mm) and MnO2/rGO coated graphite cathode 

(L=75mm, d=3mm) or plain graphite anode (L=75mm, d=3mm) and plain graphite 

cathode (L=75mm, d=3mm) were used in this study. Both electrodes (anode and 

cathode) were connected to a digital multimeter using a copper wire. The anodic 

chambers were fed with 400ml of sample from each wastewater while the cathodic 

compartment employed dionised water as catholyte utilising atmospheric oxygen as 

the electron acceptor for the electrode. The cathode chamber was operated at aerobic 

conditons while the anodic compartment was operated at anaerobic conditions as 

illustrated by figure 3.6. 
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Fig 3.6 A figure showing a double chambered microbial fuel cells reactors and a Fluke 

17B+ digital multimeter. 

 

The double chamber MFCs were operated at open and closed circuit. For each MFC 

unit, the anode chamber was fitted with a plain anode electrode made of graphite 

(Merck), and the cathode chamber fitted with a graphite cathode electrode containing 

a 20µg/cm2 MnO2/rGO catalyst.  

Before each experimental run, each anode chamber is filled and inoculated with a 

defined wastewater sample for a defined period of time. The composition for each 

influent sample is also measured and recorded.  
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3.4 MEASUREMENTS AND ANALYSIS 

 

3.4.1 Current 

 

A Fluke 17B+ digital multimeter was used to test the voltage on microbial fuel cells, 

with voltage readings taken at intervals at open and closed circuits.  

The Current (I) was calculated using Ohm’s law(equ.3.1): 

W(XY) =
1(X1)
M(Z)

…………………3.1 

where V (V) is the measured-cell voltage and R is the external resistance (Z) of the 

cell. 

3.4.2 Current density 

 

Current density was calculated as in equ. 3.2: 

9(
XY
6X#) =

,
M. Y

………………………3.2 

where E (mV) is the cell-measured voltage, R (Z) is the external resistance and A 

(cm2) is the projected surface area of the cathode electrode. 

3.4.3 Power 

 

The overall performance of an MFC is evaluated in many ways, but principally through 

power output and Coulombic efficiency. Power is calculated as the voltage measured 

across a fixed external resistor (Rext), while the current is calculated from Ohm’s law. 

Thus, power is usually calculated asin equ.3.3: 

[(\) =
,#6*55
M.B,

…………………… . .3.3. 

3.4.4 Power density 

The power density was calculated according to equ. 3.4: 

[ ]
X\
X# ^ = 109, ………………3.4 

where 10 is needed for the given units. 
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Power is often normalized to some characteristic of the reactor in order to make it 

possible to compare power output of different systems. The power density (PAn, W/m2) 

is therefore calculated on the basis of the area of the anode (AAn) as in equ. 3.5: 

[=4(
\
X#) =

,#6*55
Y=4M.B,

………………………3.5 

Alternatively, the area of the cathode (ACat) can alternatively be used to obtain a power 

density (PCat). The power is normalized to the reactor volume as shown in equ.3.6: 

[C ]
\
X?^ =

,#6*55
1M.B,

………………… . .3.6 

where Pv is the volumetric power (W/m3) and v is the total reactor volume (i.e., the 

empty bed volume). The use of the total bed reactor volume is consistent with a 

tradition in environmental engineering to use the total reactor size as a basis for the 

calculation. A comparison on the basis of total reactor volume, however, is not always 

level when comparing two- and single-chambered reactors because there is no “second 

chamber” for an open air-cathode. In such cases it is useful to compare reactors on the 

basis of the total anode compartment volume.  

3.4.5 COD measurements 

 

COD measurements were conducted according to the ALPHA standard protocol, 1998 

and with a spectrophotometer (UV-VIS Spectrophotometer, Merck, Germany).  

 
 
Fig 3.7 COD analysis using the UV-VIS Spectrophotometer-320.  
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The pH was measured using a benchscale 700 Eutech instrument and the experimental 

investigations were carried out at ambient temperature of 180C -250C. 

3.4.6 Coulombic efficiency 

 

The coulombic efficiency (CE) was calculated by the ratio of the total coulombs 

obtained in the experiment (Cp) to the theoretical amount (CT) available from complete 

siubstrate oxidation (Liu et al, 2004) as in equ. 3.7 and 3.8: 

!, =
!6
!3
× 100%………………… . .3.7 

=
W × 7

O × S × ∆c × 1
×R………… . . .3.8 

Where I represents the current (A); t is the time interval (s); F is the Faraday constant 

=96,485 C/mol; n is the number of moles of electrons produced per mol of substrate 

(n =4 for oxygen reduction on cathode); ∆c is the absolute removal amount of COD 

(mg/L); V is the volume of anolyte (L); M is the molecular weight of the substrate (32 

g/mol for oxygen). 

 

3.4.7 Treatment efficiency 

 

MFCs have been proposed as a wastewater treatment system, so it's critical to assess 

their overall efficiency in terms of biochemical oxygen demand (BOD), chemical 

oxygen demand (COD), and total organic carbon (TOC) elimination. Other factors, 

such as soluble versus particulate removal and nutrient removal, may also be 

significant. We'll look at MFC output in terms of COD removal because it's a common 

way to evaluate wastewater treatment efficiency, and COD removal is necessary for 

Coulombic and energy calculations. The ratio between the removed and influent COD 

can be used to measure COD removal efficiency (COD). This parameter indicates how 

much of the available "fuel" in the MFC has been transformed, either into electrical 

current (via Coulombic efficiency) or biomass (via growth yield), or through 

competitive reactions with alternative electron acceptors (e.g., oxygen, nitrate, and 

sulfate). Since the MFC influent can contain both dissolved and particulate COD, 
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determining which fraction of the effluent particulate COD was due to biomass 

generated in the reactor versus untreated COD in the reactor influent can be difficult. 
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Chapter 4: Microbial Fuel Cell Start-Up 
Performance at Open –Circuit 
and Closed Circuit: Effect of 
External Resistance 

4.1 BACKGROUND 

Controlling the critical factors that have the greatest effect on process efficiency is 

needed to achieve maximum results. In MFCs, the cell's external resistance has 

previously been identified as one of the parameters that influences the MFC's 

efficiency. Biofilm growth is also important for efficient MFC efficiency, and several 

studies have found that it is influenced by the MFC's external resistance, for example. 

The study Zhang et al. (2011) investigated biofilm formation in the ohmic range of 

10W–1000W, documenting optimal biofilm formation conditions at 50W external 

resistance and maximum current generation at 10W external resistances (Zhang et al., 

2011). Jung and Regan (2011) investigated methane production and biofilm activity 

after maturation phasing. According to their findings, operating the MFC at external 

resistance (Rext) equal to internal resistance (Rint) results in maximum power efficiency 

and repression of methanogen formation (Jung and Regan, 2011). Aelterman et al. 

(2008) investigated fuel supply and biofilm activity after the maturation phase and 

found that operating the MFC at external resistance (Rext) equal to internal resistance 

(Rint) results in optimum biofilm activity (Aelterman et al., 2008). Larrosa-Guerrero et 

al. (2010) investigated microbial diversity as a feature of current generation and anode 

content on a brewery wastewater-MFC, where biofilm activity was measured at open 

circuit and under external load. They discovered that the anode material had a greater 

influence on biofilm formation in open circuit than in closed circuit, and that the anode 

material had a greater influence on current generation than on biofilm formation in 

closed circuit (Larrosa-Guerrero et al., 2010). With an external resistance of 300 k, the 

analysis achieved an average voltage output of 0.6 V in closed circuit and 0.75 V in 

open circuit. The aforementioned studies, as well as others (Jung and Regan, 2011; 

Rismani-Yazdi et al., 2011; Katuri et al., 2011), have all found that an MFC's external 

resistance is an important factor in its success. 
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On the other hand, MFCs treatment of wastewaters containing sugars and 

carbohydrates has been found to generate many metabolites during the anaerobic 

digestion of glucose by microbes (Freguia et al., 2007; Lee et al., 2008a, b). And these 

metabolites are said to cause low coulombic efficiency (Huang and Logan, 2008; 

Torres et al., 2007). Some studies have shown that glucose-fed MFCs have lower 

coulombic efficiency than acetate-fed MFCs, as shown in table 4.1 derived from Kim 

et al. (2011). 

 

Table 4.1: Coulombic efficiencies and power densities in MFCs with different electron donors (Kim et 

al., 2011) 

Electron donor Coulombic 
efficiency (%) 

Power density 
(mW/m2) 

MFC type References 

Acetate 82 14 Two chamber Bond et al.,2002 
Acetate  61 1970 Single chamber Cheng and Logan,2007 
Butyrate 43 51.4 Two chamber Chae et al.,2009b 
Ethanol 10 488 Single chamber Kim et al.,2007 
Glucose  45 Not mentioned Two chamber Freguia et al.,2008 
Glucose 15 156 Two chamber Chae et al.,2009b 
Wastewater 28 28 Single chamber Liu and Logan,2004 
Wastewater 8 182 Single chamber Min et al.,2005 

 

 

Hallenbeck and Ghosh (2009) established a two-stage method that can potentially 

harness the full amount of energy from the degradation of sugars and carbohydrates, 

as well as their metabolites, in order to remove the effects of metabolites on coulombic 

performance and they were able to get the most energy out of sugars and carbohydrates 

through dark fermentation and the use of fermentative metabolites. Kim et al. (2011) 

established a glucose-fed MFC and observed incomplete propionate degradation in 

their sample, which they attribute to hydrogen partial pressure inhibition, acetate 

inhibition, and pH due to the undissociated propionic acid (Boone and Xun, 1987; 

Fukuzaki et al., 1990). Kim et al. (2011) went on to construct glucose-fed dual-anode 

MFCs (DAMFCs), one open circuit and one closed circuit. Their Coulombic efficiency 

performances were compared by evaluating electron balances from studies of induced 

gas and metabolites. They also observed an improved coulombic efficiency from 

reduced electrons as a result of the effective use of glucose and propionate, and in this 

regard, they identified DAMFC as a potential alternative MFC configuration in MFCs 
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fed with hard-biodegradable organic compounds (Kim et al., 2011). The effects of 

external resistance on coulombic efficiency as a function of biofilm growth rate have 

rarely been documented. Analysis of the effects of external resistance on coulombic 

efficiency as a function of biofilm growth may reveal previously unknown microbial 

interactions as well as optimal operating conditions. By examining the effects of 

external resistance on MFC start-up output in both open and closed circuits, this 

chapter aims to analyze the biofilm growth rate as a useful technique for analyzing the 

coulombic quality. And, to date, systematic reporting on MFC success as a feature of 

biofilm growth rate is scarce. Expressing MFC start-up performance for wastewater 

treatment as a feature of biofilm growth rate can provide an important insight into 

MFC start-up performance when reporting on anodic biofilm enrichment. The ability 

to understand biofilm growth rate and its effect on MFC efficiency will be useful for 

the development of such systems. 

4.2 MATERIALS AND METHIODS 

The chemical oxygen demands (COD) measurements of the wastewater (beer brewery) 

were conducted with a spectrophotometer (UV-VIS Spectroquant 320, Merck) as 

reported in section 3.4. 

6 double chambered MFCs with 400 ml total volume were used in this study. The 

chambers for each MFC were separated by a 25cm diameter Nafion membrane. The 

anode and cathode electrodes were each made of 3mm diameter and 75mm long 

graphite rods (Merck, South Africa). The MFCs were operated at ambient temperature, 

i.e., average of 240C. Brewery wastewater was collected from SAB/INBEV beer 

brewery and stored at 00C on the same day until use. All chemicals and reagents used 

were of analytical grade. The four MFCs (i.e. MFC-1, MFC-2, MFC-3 and MFC-4) 

were fed with pure beer brewery wastewater effluent while two more MFCs (MFC-5 

and MFC-6) were fed with pure domestic wastewater. The initial composition of the 

wastewaters is represented by table 4.2. 
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Table 4.2. Initial wastewater composition 

 

 

 

The investigative study work was performed at open circuit and closed circuit. Each 

MFC operation was maintained long enough to ensure a steady state performance 

which was assessed based on manual measurements of the output current. 

Steady state current(If) tests were performed for each MFC with random current 

measurements over a period of 7days. The resulting current and time values were used 

to construct current versus time curves where the MFC’s steady state current can be 

estimated. The slope of the current versus time curve determines the biofilm growth 

rate constant by the exponential relationship, 

5S ]1 −
D!
D"
^ =

"
E 79  ………………………………4.1 

Where Ii (µA) is the current measured at a time ti(hrs), If (µA) is the steady state 

current achieved in a MFC and τ (hrs) is the biofilm growth rate constant for a given 

MFC. For each MFC, COD measurements were also performed. 

The coulombic efficiency (CE) was calculated by the ratio of the total coulombs 

obtained in the experiment (Cp) to the theoretical amount (CT) available from 

complete substrate oxidation (Liu et al, 2004): 

 

!, =
!6
!3
× 100% 

=
W × 7

O × S × ∆c × 1
×R………… . . .4.2 

Where I represents the current (A); t is the time interval (s); F is the Faraday constant 

=96,485C/mol; n is the number of moles of electrons produced per mol of substrate (n 

=4 for oxygen reduction on cathode); ∆c is the absolute removal amount of COD 

(mg/L); V is the volume of anolyte (L); M is the molecular weight of the substrate 

(32g/mol for oxygen). 

 

Wastewater COD (mg/L) pH 

Beer brewery 3246 8.40 

Domestic 825 8.05 
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4.3 RESULTS AND DISCUSSION 

 

4.3.1 Comparative study analysis of MFC start-up performance at varying 
external resistance: current generation and COD removal 

 

Previous studies have reported on limited current flow from anode to cathode as a 

result of high external resistance affecting anode colonization by microbes (Lyon et 

al., 2010; Ren et al., 2011). Figures 4.1 and 4.2 illustrate the results depicting current 

generation across the resistors of each MFC (i.e. MFC-1 to MFC-4). Figure 4.1 shows 

results for MFC-1 (operated at 33kΩ external resistor), MFC-2(operated at open 

circuit), MFC-3 (operated at 2.2 kΩ) and MFC-4 (operated at 51 kΩ) and all fed with 

beer brewery wastewater effluent. Figure 4.2 shows steady state current reached by 

MFC-1 as 6.7µA after 87hrs of start-up, 17.5 µA after 87hrs by MFC-2, 5.1 µA after 

25hrs by MFC-3, and 9.2 µA after 25hrs by MFC-4. The trends in figure 4.1 show 

higher current generation for high external resistance MFC (i.e. MFC-4 operated at 

51kΩ) and lowest current generation for MFC-1 operated at 33kΩ. The trends in figure 

4.1 further indicate low external resistance (i.e. MFC-3 operated at 2.2kΩ) as favorable 

to higher current generation as compared to MFC-1 and MFC-2 operated at 33kΩ and 

open circuit respectively. 

 

 

Figure 4.1 Steady state current during MFC start-up period for brewery wastewater at varying external 
resistance. 
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Figure 4.2 shows results for MFC-5 (operated at 2.2kΩ external resistor) and MFC-6 

(operated at 51kΩ) fed with domestic wastewater. In the figure 4.2, steady state current 

is reached by MFC-5 at 31.3µA after 111hrs and by MFC-6 at 36.5 µA after 140hrs). 

The trends in figure 4.2 show higher current generation for MFC-5 operated at 2.2kΩ 

as compared to MFC-6 operated at 51kΩ.  

 

 

Figure 4.2 Steady state current during MFC start-up period for domestic wastewater at varying 
external resistance. 
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Regan, 2011; Zhang et al., 2011). Figures 4.1 and 4.2 should illustrate indirect 

proportionality between current and external resistance, but only figure 4.1 reveals a 

marginally meaningful relationship between and external resistance. On the other side, 

the high external resistance MFC, i.e. MFC-4, and open circuit MFC, i.e. agree with 
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factors restricting significant current generation in a microbial fuel cell as a function 

of biofilm growth rate is external resistance. 

Previous research discovered that high external resistance has a substantial negative 

effect on anode colonization because it restricts current flow from the anode to the 

cathode (Lyon et al., 2010; Ren et al., 2011). The results of this study show that anode 

colonization is minimal, as seen in figures 4.1 and 4.2. Table 4.3 further indicate that 

for low external resistance MFC, steady-state conditions result in the fastest biofilm 

growth rate (i.e. brewery wastewater fed MFC-3). In terms of domestic wastewater fed 

MFCs, high external resistance MFCs exhibit the highest biofilm growth rate (i.e 

MFC-4). The biofilm growth rate method results from figures 4.3 and 4.4, as well as 

table 4.3, indicate no significant association between current generation and external 

resistance, which contradicts previous findings (Freguia et al., 2008; Jung and Regan, 

2011; Zhang et al., 2011). 

 

 

Figure 4.3 Slope determination for brewery wastewater samples. 
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Figure 4.4 Slope determination for domestic wastewater samples. 
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Table 4.3 steady state current and biofilm growth rate constant for each MFC 

 MFC-1 MFC-2 MFC-3 MFC-4 MFC-5 MFC-6 
If(µA) 6.7 17.5 31.3 36.5 5.1 9.2 
Time(hrs) 87 87 111 140 25 25 
Biofilm 
growth rate 
!
" ("#

#!) 
0.003 0.0019 0.0184 0.0156 0.0027 0.0099 

Biofilm 
growth rate 
constant τ ( 
hrs) 333.3333 526.3158 54.34783 64.10256 370.3704 101.0101 

 

Figures 4.5 and 4.6 show that high COD removal occurs at low external resistance and 

low COD removal occurs at high external resistance. Low anode potential results from 

high external resistance, resulting in altered metabolic activities of the anodic 

microbial population. MFCs with low external resistance have the potential to 

eliminate contaminants from wastewater treatment during and after MFC start-up, 

which is attributed to high MFC current generation, which encourages COD 

elimination. Sajana et al. (2014) discovered high COD removal when running a single 

chamber microbial fuel cell with low external resistance. 

 

Figure 4.5 COD removal measurements for brewery wastewater-fed MFC at 2.2kΩ, 33kΩ, 51kΩ 
external resistance and open circuit. 
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Figure 4.6 COD removal measurements for domestic wastewater-fed MFC at 2.2kΩ and 33kΩ 
external resistance 

 

MFC performance, as calculated by coulombic efficiency, is a bottleneck in the use of 

MFCs in large-scale operations. Previous research discovered that the coulombic 

efficiency is highly dependent on the biocatalysts present in organic matter as well as 

the carbon content of organic matter (Franks and Nevin, 2010). Lanthier et al. (2008) 

obtained a coulombic efficiency of 56.2 percent due to the incomplete oxidation of the 

lactate (i.e. substrate) by the biocatalysts (i.e. Shewanella oneidensis) and losing 

unutilized electrons as waste products such as acetate during the oxidation of organic 

matter. Rabaey et al. (2003) recorded columbic efficiencies from wastewater ranging 

from 65 to 89 percent (Rabaey et al., 2003). 

Other previous studies have discovered that low coulombic efficiencies suggest an 

unfavorable anodic reaction due to inadequate potential difference between the anode 

and cathode electrodes, resulting in insufficient assistance for electron transfer, which 

is consistent with the findings of this research as shown in figures 4.7 and 4.8.  
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Figure 4.7 Effects of external resistance on coulombic efficiency as a function of time (Brewery 
wastewater). 

 

Figure 4.8 Effects of external resistance on coulombic efficiency as a function of time (Domestic 
wastewater) 

 

Wei et al. (2010) stated that the upper potential of an organism's terminal electron 

donor limits the amount of energy an organism can obtain from a redox reaction 

(2010). Previous research has shown that high external resistance has a negative effect 

on coulombic efficiency because it reduces the election transfer rate to the anode, 

resulting in lower current generation (Freguia et al., 2008; Harnisch & Schroder,2010). 
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Tables 4.6 and 4.7 summarize the optimum COD removal and highest COD removal 

efficiency as determined by figures 4.9 and 4.10. They also show that the effect of 

external resistance on COD removal was positive. The biofilm growth rate and biofilm 

growth constant experiments contributed significantly to the investigation of microbial 

efficiency and yielded additional useful knowledge about substrate degradation 

pathways and microbial interactions. The experiment also showed evidence of 

correlating results close to global norm methods of investigating MFCs, as well as 

conflicting findings. 

 

Figure 4.9 effect of external resistance on COD removal on brewery wastewater fed MFCs. 

 

Figure 4.10 effect of external resistance on COD removal on domestic wastewater fed MFCs. 
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Table 4.6 Optimal COD removal for brewery wastewater-fed MFC at 2.2kΩ, 33kΩ, 51 kΩ external 

resistance and open circuit. 

 MFC-1 MFC-2 MFC-3 MFC-4 

Optimum I(µA) 6.7 17.5 31.3 36.5 

Biofilm growth rate 
1/τ(hr-1) 0.003 0.0019 0.0184 0.0156 
τ ( hrs) 333.3333 526.3158 54.34783 64.10256 
Optimum COD(mg/L) 296.1 43.98 372 188 

Highest COD 
removal(%) 

96.73 98.65 96.36 94.21 

Table 4.7 Optimal COD removal for domestic wastewater-fed MFC at 2.2 kΩ and 51kΩ external 

resistance. 

 MFC-5 MFC-6 

Optimum I(µA) 5.1 9.2 

Biofilm growth rate 
1/τ(hr-1) 

0.0027  0.0099 

τ ( hrs) 
370.3704 101.0101 

Optimum COD(mg/L) 98 249 

Highest COD removal (%) 93.70 99.23 

   

 

4.4 CONCLUSIONS 

 

Biofilm activity was measured in both open and closed circuits, as well as with 

and without an external resistance. The findings of this analysis show that high external 

resistance MFCs (operated at 51k) generate more current in closed circuit and low 

external resistance MFCs (operated at 2.2k) generate more current in open circuit. In 

this regard, our results contradict previous findings (Freguia et al., 2008; Jung and 

Regan, 2011; Zhang et al., 2011), since we predicted indirect proportionality between 

current and external resistance, but only figure 4.1 indicates a slightly relevant 

interaction between the two. 

Figures 4.1 and 4.2, on the other hand, demonstrate that external resistance is 

one of the factors limiting major current generation in a microbial fuel cell as a function 

of biofilm growth rate. High external resistance, according to previous studies, has a 
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major negative influence on anode colonization because it limits current flow from the 

anode to the cathode (Lyon et al., 2010; Ren et al., 2011). Table 4.3 shows that steady-

state conditions result in the highest biofilm growth rate for MFCs with low external 

resistance (i.e. brewery wastewater fed MFC-3). High external resistance MFCs have 

the fastest biofilm growth rate when fed domestic wastewater (i.e MFC-4). Figures 4.3 

and 4.4, as well as table 4.3, reveal that there is no substantial connection between 

current generation and external resistance, which confirms previous results (Freguia et 

al., 2008; Jung and Regan, 2011; Zhang et al., 2011). Figures 4.9 and 4.10 from the 

report also indicate that external resistance has a beneficial impact on COD exclusion. 
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Chapter 5: Analysis of Microbial Fuel Cell 
Start-Up: Biofilm formation  

5.1 INTRODUCTION 

 

Microbial fuel cell technology has received a lot of research attention in the last 

decade, and as a result, there have been a lot of studies looking at microbial activity 

factors including the formation of an efficient exoelectrogenic biofilm, anodic and 

cathodic surface property, electrogenic conductivity, and biocompatibility (Logan, 

2009; Kumar et al., 2013; Yong et al., 2012; Pasupuleti et al., 2016). The study of 

biofilms and biofilm forming processes has piqued the attention of MFC researchers. 

They were discovered to allow direct electron transfer between microorganisms 

(electron donor) and anodes (electron acceptor), resulting in higher current generation 

(Picioreanu et al., 2007). Biofilms are formed on a surface through cell attachment, 

which is assisted by the expression of exopolymers that bind to the surface, and then 

by cell growth, which is caused by the dispersion of microbial cells detached from the 

biofilm layer and attached to another part of the surface, according to previous research 

findings (Gottenbos et al., 1999; Davies et al., 1998). Biofilm growth is the result of 

detachment and attachment from and to the surface, which results in an increase in 

biofilm thickness. A growing biofilm in an MFC increases the anode surface area for 

electron transfer, increasing the MFC performance in terms of current generation 

(Picioreanu et al., 2007). A thicker biofilm that can preserve MFC effectiveness has 

been found to be efficient because it protects the dormant layer of bacteria by 

continuously restoring any dead or removed cells (Mah and O'Toole, 2001). A natural 

biofilm has been discovered to have a special feature of intermediate population 

metabolism, which allows multiple microbes, such as Archaea and Bacteria, to form a 

microbial community in which one species' products are the substrates for another 

(Hall-Stoodley et al., 2004). MFC biofilms, in this case, are bacteria that enable 

electron transfer to the anode and thus produce current. Other studies have shown that 

a mixed biofilm of Pelotomaculum thermopropionicum, Methanothermobacter 

thermautotrophicus, and Geobacteraceae produces better MFC output than a single 

species biofilm (e.g., a mixed biofilm of Pelotomaculum thermopropionicum, 
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Methanothermobacter thermautotrophicus, and Geobacteraceae generates better 

potential difference than a film of only Geobacteraceae A biofilm's composition may 

also be made up of a single species or several microorganisms that use different 

metabolic pathways (Kim et al., 2006). 

Also, biofilm formation is critical for microbial fuel cell electrogenic performance, 

prompting some researchers to investigate the impact of anode modification on MFC 

performance, due to poor MFC performance observed in carbon-based materials such 

as pain carbon cloth anode, which have a limited specific surface area and poor 

electrical conductivity (Yao et al., 2012). Due to their high surface area and electrical 

conductivity, some studies suggest using supported or improved conductive polymers 

and nanostructured materials to improve the surface characteristics, electrical 

conductivity, and biocompatibility of carbon-based anodes (Kumar et al.,2013; Zhou 

et al.,2011). Due to its high specific surface area and electrical conductivity, graphene 

is a material of interest for anode modification; however, its antibacterial effect has 

been found to have the potential to damage bacterial cell walls due to its anti-biofilm 

character (Zhu et al., 2010; Batzill, 2012; ElMekawy et al., 2017). While polyaniline 

was found to have good biocompatibility and be less costly by Yan et al. (2010), it 

does have limitations due to its limited specific surface area and electrical 

conductivity. Later studies proposed combining graphene and polyaniline for anode 

modification (Yong et al., 2012; Huang et al.,2016; Hou et al.,2013), but the effect of 

anode modification on the rate of biofilm formation, acclimation time, electrogenic 

bacterial enrichment, and performance remained a mystery (Lin et al.,2019). By 

inoculating carbon cloth anodes modified with graphene and polyaniline and plain 

carbon cloth anodes with varying percentages of domestic wastewater, Lin et al. (2019) 

investigated the effects of anode modification on rate of biofilm formation, acclimation 

time, electrogenic bacterial enrichment, and efficiency. Biofilm formation was 

continuously monitored on both modified and unmodified anodes, and scans from 

confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM) 

were compared (SEM). As compared to unmodified electrodes, the modified anodes 

had a 1.9-fold higher maximum power output, a 2.4-fold shorter acclimation time, a 

2.4-fold faster electrogenic biofilm growth, and a better electrogenic bacteria 

colonization. 
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Biofilm growth activity has been identified in other studies. According to the findings 

of Aelterman et al. (2008), optimum anodic biofilm growth and activity occur at 

potentials of 200 mV vs Ag/AgCl electrode (Aelterman et al., 2008). Wei et al. (2010) 

investigated biofilm formation at potentials ranging from 0 to 400 mV vs SHE 

(standard hydrogen electrode), and discovered that these conditions were optimal for 

biofilm development, resulting in maximum power density and reduced MFC start-up 

time, and were dominated by Geobacter sulfurreducens anaerobic exoelectrogens (Wei 

et al., 2010). Zhu et al. (2013) investigated the effects of biofilm formation with 

positive potentials and found that MFC power output improved, which they attributed 

to the decay of the power overshoot phenomenon (Zhu et al., 2013). 

 

Others have looked into strategies for enriching electrochemically active bacteria on 

an electrode (Kim et al., 2005). By inoculating the anode with an inoculum (usually 

anaerobic sludge), these electrochemically active bacteria are enriched, resulting in 

biofilm maturation at the anode (Kim et al., 2005). Others have discovered that biofilm 

production enhances anode electrochemical activity (Wang et al., 2009; Ramasamy et 

al., 2008; Scully et al., 1993), while others have recorded increased power output with 

increased biofilm density (Wang et al., 2009; Ramasamy et al., 2008; Scully et al., 

1993). (Rabaey et al., 2007). Larrosa-Guerrero et al. (2010) investigated anodic 

biofilm enrichment at open and closed circuits to report on MFC results. They looked 

at microbial diversity as a feature of current and anode content in their research. Their 

findings showed that the anode had an impact on bacterial community formation in 

open circuit, but that the anode content had a greater impact on current flow in closed 

circuit. The study also found that closed circuit with an average voltage output of 0.6V 

at an external resistance of 300k removed 95% of organic matter, while open circuit 

yielded 0.75V average voltage. 

 

The aim of this research is to learn more about the impact of biofilm formation and the 

best acclimation time from a graphite rod electrode-based MFC that is fed with both 

diluted and undiluted domestic and brewery wastewaters. Ample research into the 

effect of external resistance on MFC efficiency using undiluted real wastewater and 

wastewater is still missing, resulting in a paucity of data in the literature.  
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5.2 MATERIALS AND METHODS 

The chemical oxygen demands (COD) measurements of the wastewater (beer brewery) 

were with a spectrophotometer (UV-VIS Spectrophotometer, Merck). 8 double 

chamber MFCs were constructed, i.e. MFC-1, MFC-2, MFC-3 and MFC-4, MFC-5, 

MFC-6, MFC-7 and MFC-8. The two chambers for each MFC were separated by a 

25cm diameter Nafion membrane. Each chamber had a total substrate volume of 

approximately 400ml. The anode electrodes were made of 3mm diameter and 75mm 

long graphite rods (Merck, South Africa). The cathode electrodes were made of 3mm 

diameter and 75mm long graphite rods (Merck, South Africa). The MFCs were 

operated at ambient temperature, i.e. average of 240C. 

Brewery wastewater was collected from SAB/INBEV beer brewery and stored at -00C 

on the same day until use. The domestic wastewater sludge was collected from 

ERWAT wastewater treatment works plant and stored at 00C as well until use. All 

chemicals and reagents used were of analytical grade. 8 MFCs were fed with beer 

brewery wastewater samples. Four MFCs (i.e. MFC-1, MFC-2, MFC-3 and MFC-4) 

were fed with beer brewery wastewater diluted with 20% domestic wastewater sludge 

(COD-1 sample) and the other four MFCs (i.e. MFC-5, MFC-6, MFC-7 and MFC-8) 

were fed with pure beer brewery wastewater effluent (COD-2 sample). The wastewater 

was also further diluted with 20% deionized water in each MFC reactor. 

The investigative study work was performed at open circuit and closed circuit. MFC-

1 and MFC-8 were operated at 51kΩ external resistance, MFC-2 and MFC-7 were 

operated at 33kΩ external resistance, MFC-3 and MFC-6 were operated at 1.5kΩ 

external resistance and MFC-4 and MFC-5 were operated at open circuit voltage. Each 

MFC operation was maintained long enough to ensure a steady state performance 

which was assessed based on manual measurements of the output voltage. 

Steady state voltage and current tests were performed for each MFC with random 

voltage and current measurements over a period of 7days. The resulting voltages, 

current and time values were used to construct voltage versus time and current vs time 

curves where the MFC’s steady state conditions (i.e. Vf and If) can be estimated. 

The slope of the voltage versus time curve can be used to estimate the biofilm growth 

rate constant by the linear relationship, 
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5S ]1 −
C
C"
^ = −

"
E 7 ………………………………5.1 

Where V (V) is the voltage measured at a time t(s), Vf (V) is the steady state voltage 

achieved in a MFC, 
"
E		is the biofilm growth rate (hr-1) and τ (hrs) is the biofilm growth 

rate constant. 

The slope of the current versus time curve can also be used to estimate the biofilm 

growth rate constant by the linear relationship, 

 

5S ]1 −
D
D"
^ = −

"
E 7 ………………………………5.2 

Where I (A) is the current measured at a time t(s), If (A) is the steady state voltage 

achieved in a MFC, 
"
E		is the biofilm growth rate (hr-1) and τ (hrs) is the biofilm growth 

rate constant. Voltage and current on the microbial fuel cells were measured at random 

time intervals by a Fluke 17B+ digital across open circuit cell, 2.2kΩ and 33kΩ 

external resistances. 

Where Ecell (V) is the measured-cell voltage and Rext is the external resistance (Z) 

of the cell. 

Current density was calculated as: 

9(
XY
6X#) =

,8.<<
M.B, . Y

………………………5.3 

Where Ecell (mV) is the cell-measured voltage, Rext (Z) is the external resistance 

and A (cm2) is the projected surface area of the cathode electrode. 

Power density was calculated as: 

[(
XY
6X#) =

,#8.<<
M.B, . Y

………………………5.4 

Where Ecell (mV) is the cell-measured voltage, Rext (Z) is the external resistance 

and A (cm2) is the projected surface area of the cathode electrode.For each MFC, 

COD measurements were also performed. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Evaluation of substrate dilution on microbial fuel cell start-up 
performance: analysis of biofilm growth rate 

Previous studies have reported on limited current flow from anode to cathode as a 

result of high external resistance affecting anode colonization by microbes (Lyon et 

al., 2010; Ren et al., 2011). This subsection analyses steady state voltages during the 
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maturation phase of MFC at varying fixed resistance over diluted or undiluted 

substrate. 

Figures 5.1 to 5.11 illustrate the results depicting voltage generation across the 

resistors of each MFC (i.e. MFC-1 to MFC-8). Fig 5.1 shows results for MFC-1 

(operated at 51kΩ external resistor) fed with beer brewery wastewater diluted with 

20% domestic wastewater sludge (COD-1 sample) and MFC-8 (operated at 51kΩ) fed 

with pure beer brewery wastewater effluent (COD-2 sample). Figure 5.1 shows steady 

state voltage (Vf) reached at voltage 144.9mV at time 99hrs by MFC-8 while steady 

state voltage (Vf) was observed at voltage 98.6mV at time 117hrs for MFC-1. Steady 

state voltages were observed earlier for MFC-8 than for MFC-1 as shown in figure 5.1 

 

Figure 5.1 Steady state voltage (Vf) during MFC start-up period at 51kΩ external resistance. 

 

Figs 5.2 shows results for MFC-2 (operated at 33kΩ external resistor) fed with beer 

brewery wastewater diluted with 20% domestic wastewater sludge (COD-1 sample) 

and MFC-7 (operated at 33kΩ) fed with pure beer brewery wastewater effluent (COD-

2 sample). Figure 5.2 shows voltage steady state reached at voltage 83.8mV at time 

120hrs by MFC-2 while steady state voltage was observed at voltage 168.1mV at time 

116hrs for MFC-7. Steady state voltages were observed earlier for MFC-7 than for 

MFC-2 as shown in figure 5.2. 
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Figure 5.2 Steady state voltage during MFC start-up period at 33kΩ external resistance. 

Likewise, Fig 5.3 shows results for MFC-3 (operated at 1.5kΩ external resistor) fed 

with beer brewery wastewater diluted with 20% domestic wastewater sludge (COD-1 

sample) and MFC-6 (operated at 1.5kΩ) fed with pure beer brewery wastewater 

effluent (COD-2 sample). Figure 5.3 shows voltage steady state reached at voltage 

3.7mV at time 95.9hrs by MFC-3 while steady state voltage was observed at voltage 

9.3mV at time 116hrs for MFC-6. Steady state voltages were observed earlier for 

MFC-3 than for MFC-6 as shown in figure 5.3. 

 

Figure 5.3 Steady state voltage during MFC start-up period at 1.5kΩ external resistance. 
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Fig 5.4 shows results for MFC-4 (operated as an open circuit cell) fed with beer 

brewery wastewater diluted with 20% domestic wastewater sludge (COD-1 sample) 

and MFC-5 (operated as an open circuit cell) fed with pure beer brewery wastewater 

effluent (COD-2 sample). Voltage steady state for figure 5.4 was observed at voltage 

251.7mV at time 95.hrs by MFC-4 while steady state voltage was observed at voltage 

413mV at time 123hrs for MFC-5. Steady state voltages were observed earlier for 

MFC-4 than for MFC-6 as shown in figure 5.4. 

 

 

Figure 5.4 Steady state voltage during MFC start-up period for open circuit cells. 

 

Figures 5.5 and 5.6 below are calculated from equation 4.1.1 wherein the slope of each 

curve,	
F
G is the biofilm growth rate. The biofilm growth constant, τ relates to 63.3% 

biofilm having been formed on the anode electrode. The results are summarized in 

table 5.1 
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Figure 5.5 Slope determination for sludge diluted wastewater samples 

 

Figure 5.6 Slope determination for the undiluted wastewater samples 

For the diluted wastewater, MFC-1 has a growth rate of 0.128hr-1 with growth rate 

constant of 7.83hrs, while MFC-2 shows a biofilm growth rate of 0.062hr-1 with a 

biofilm growth rate constant of 16.2hrs, MFC-3 shows the biofilm growth rate of 

0.185hr-1 with a growth rate constant at 5.4hrs, MFC-4 shows a biofilm growth rate of 

0.119hr-1 with a growth rate constant at 8.4hrs. The undiluted wastewater shows a 

growth rate of 0.044hr-1 with growth rate constant of 22.3hrs for MFC-5, while MFC-

6 shows a biofilm growth rate of 0.152hr-1 with a biofilm growth rate constant of 

6.6hrs, MFC-7 shows the biofilm growth rate of 0.093hr-1 with a growth rate constant 

at 10.8hrs, MFC-8 shows a biofilm growth rate of 0.130hr-1 with a growth rate constant 

at 7.7hrs. 
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Therefore, MFC-1 and MFC-8 which are both operated at 51kΩ and MFC-2 and MFC-

7 which are operated at 33kΩ indicate higher value of biofilm formation rate and low 

values of biofilm growth constant for the undiluted wastewater-fed MFCs as compared 

to the diluted wastewater fed MFCs which indicate low value of biofilm formation rate 

and high values of biofilm growth constant. On the contrary, MFC-3 and MFC-6 which 

are both operated at 1.5kΩ and MFC-4 and MFC-5 which are both open circuit indicate 

higher value of biofilm formation rate and low values of biofilm growth constant for 

the diluted wastewater-fed MFCs as compared to the undiluted wastewater fed MFCs 

which indicate low value of biofilm formation rate and high values of biofilm growth 

constant. 

Table 5.1 summary of steady state voltage conditions for each MFC 

 

5.3.2 Steady state current 

The steady state current (If) was also investigated as a function of biofilm formation 

rate. In this case, a method similar to that used to calculate steady state voltage was 

used to calculate steady state current. Figures 5.7 to 5.8 show the results depicting 

current generation across the resistors of MFC-2, MFC-4, MFC-5 and MFC-7.  

 

Fig 5.7 shows results for MFC-2 (operated at 33kΩ external resistor) fed with beer 

brewery wastewater diluted with 20% domestic wastewater sludge (COD-1 sample) 

and MFC-7 (operated at 33kΩ) fed with pure beer brewery wastewater effluent (COD-

2 sample). Figure 5.7 shows steady state current reached at current 35.4µA at time 

111hrs by MFC-2 while steady state current was observed at current 6.7µA at time 

Parameter MFC-1 MFC-2 MFC-3 MFC-4 MFC-5 MFC-6 MFC-7 MFC-8 

Vf(V) 98.6 83.3 3.7 251.7 413 9.3 168.1 144.9 

Time(hrs) 117 120 95 95 123 116 116 99 

Biofilm growth 
rate,!" ("#

#!) 

0.127714 0.061728 0.185185 0.119048 0.044843 0.151515 0.092593 0.12987 
Biofilm growth rate constant 
τ(hrs) 

7.83 
 

16.2 
 

5.4 
 

8.4 
 

22.3 
 

6.6 
 

10.8 
 

7.7 
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87hrs for MFC-7. Steady state current was observed earlier for MFC-7 than for MFC-

2 as shown in figure 5.7. 

 

Figure 5.7 Steady state current during MFC start-up period at 33kΩ external resistance. 

 

MFC-4 (operated at open circuit) fed with beer brewery wastewater diluted with 20% 

domestic wastewater sludge (COD-1 sample) and MFC-5 (operated at open circuit) 

fed with pure beer brewery wastewater effluent are shown in Fig 5.8 (COD-2 

sample). Figure 5.8 indicates that MFC-4 reached steady state current of 35.5µA at 

time 140 hours, while MFC-5 reached steady state current of 17.5µA at time 87 

hours. As shown in figure 5.7, steady state current was observed earlier for MFC-5 

than for MFC-4. 

 

Figure 5.8 Steady state current during MFC start-up period at open circuit. 
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Similarly, equation 5.2 was used to estimate the biofilm growth rate and biofilm 

growth rate constant and table 5.2 below summaries the results of the calculations 

from equation 5.2. 

 

 

Figure 5.9 Slope determination for the 33kΩ external resistance MFCs 

 

 

 

Figure 5.10 Slope determination for the open circuit MFCs 

 

 

 

-0,5

0

0,5

1

1,5

2

2,5

3

3,5

4

0 50 100 150 200

ln
((

1-
(I

/I
f)

)

Time(hrs)

33kΩ external resistance

MFC-2

MFC-7

-1

-0,5

0

0,5

1

1,5

2

2,5

3

3,5

0 50 100 150 200

ln
((

1-
(I

/I
f)

)

time(hrs)

Open circuit

MFC-4

MFC-5



  

Chapter 5: Analysis of Microbial Fuel Cell Start-Up: Biofilm formation 125 

Table 5.2 summary of steady state current conditions for each MFC 

Parameter MFC-2 MFC-4 MFC-5 MFC-7 

If(µA) 35.4 35.5 17.5 6.7 

Time(hrs) 111 140 87 87 

Biofilm growth 
rate,FG (de

%F) 
0.0013 0.0034 0.0111 0.006 

Biofilm growth 
rate constant 
τ(hrs) 

769.2 294.1 90.1 166.7 

 

The addition of sludge to the wastewater at low resistance indicates that voltage rises 

with time for open circuit cells, while voltage increases with an increase in external 

resistance for closed circuit cells. As demonstrated by the pure wastewater-fed MFCs' 

consistently higher current generation as compared to the sludge-diluted wastewater-

fed MFCs. Sludge addition to beer brewery wastewater decreases the electron transfer 

power at low external resistance. Ghangrekar and Shinde (2007) reported similar 

results, observing an increase in cell voltage as external resistance increased from 0 to 

4,000 Ω and they achieved a maximum voltage of 358 mV at an external resistance of 

4,000 Ω while Menicucci et al. (2006) observed a decrease in cell voltage when 

external resistance decreased from 0.125 to 6KΩ. 

 

5.3.3 Effect of external resistance on microbial fuel cell start-up performance: 
biofilm growth rate 

Tables 5.1 and 5.2 show trends that are similar to those stated by Ghangrekar and 

Shinde (2007) and Rismani-Yazdi et al. (2011), who found that cell voltage is directly 

proportional to external resistance, i.e. the voltage generated decreases as the MFC's 

external resistance decreases. And the electrode reaction kinetics limitation, mass 

transfer losses, and charge transfer process limitations at one of the two electrodes that 

exhibits the slower charge transfer kinetics are reportedly all to blame for the voltage 

drop when external resistance drops (the current-limiting electrode). 
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5.4 CONCLUSION 

MFCs run at 51k and 33k show a higher value of biofilm formation rate and a lower 

value of biofilm growth constant than diluted wastewater feeding MFCs, which show 

a low value of biofilm formation rate and a high value of biofilm growth constant. 

MFCs 1.5k and open circuit, on the other hand, show a higher value of biofilm 

formation rate and a lower value of biofilm growth constant for diluted wastewater-

fed MFCs than undiluted wastewater-fed MFCs, which show a low value of biofilm 

formation rate and a high value of biofilm growth constant. In this respect, the addition 

of sludge to wastewater at low resistance means that voltage rises with time for open 

circuit cells and voltage rises with an increase in external resistance for closed circuit 

cells. As shown by the consistently higher current generation of pure wastewater-fed 

MFCs relative to sludge-diluted wastewater-fed MFCs. The addition of sludge to beer 

brewery wastewater reduces electron transfer capacity at low external resistance. 

External resistance is directly proportional to anode colonization during biofilm 

formation, and it affects other MFC parameters such as current generation, microbial 

activity, biofilm growth rate, and power produced. As a consequence, in this case, 

running an MFC at maximum external resistance for high MFC power output is 

critical. In contrast, steady-state current results from MFC-2 and MFC-7, both operated 

at 33k, and MFC-4 and MFC-5, both operated at open circuit, show higher values of 

biofilm formation rate and lower values of biofilm growth constant for the undiluted 

wastewater-fed MFCs than for the diluted wastewater-fed MFCs, which show low 

values of biofilm formation rate and high values of biofilm growth constant. 

Wastewater dilution tends to influence the rate of biofilm formation as well as the 

growth rate constant, and therefore the effects of steady state voltage and steady state 

current relations to biofilm formation show that sludge addition to beer brewery 

treatment in a microbial fuel cell can impact microbial activity. 
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Chapter 6: Impact of External Resistance 
on MnO2/rGO Coated Cathode 
MFC Start-Up 

6.1 INTRODUCTION 

Some recent studies on the effect of external resistance on microbial fuel efficiency 

have demonstrated the importance of regulating an MFC's external resistance. 

Woodward et al. (2010) developed an online method known as Maximum Power Point 

Tracking (MPPT) to monitor the external resistance using an acetate-fed MFC, and in 

their investigations, they used various non-model real-time MPPT methods to trace an 

optimum Rext (Woodward et al., 2010). Despite their performance, their investigations 

were focused on short-term MFC activity and thus do not expose MFC actions for 

long-term operation at optimal Rext. Pinto et al. (2010a, b, c) used a model-based 

simulation of a microbial population to investigate the impact of external resistance on 

MFC performance, and their results revealed that MFC performance decreases when 

external resistance deviates significantly from optimum resistance. Pinto et al. (2011) 

studied the best external resistance for long-term MFCs using MPPT on acetate or 

synthetic wastewater. They were able to observe high power output and less methane 

production when Rext was equal to Rint as compared to when Rext>>Rint or Rext<<Rint. 

They also achieved average Coulombic efficiencies of 57% and 29% on acetate and 

synthetic wastewater, respectively at optimum resistance. They also suggested real-

time optimal control as one of the crucial ways to achieve optimum power output, 

which should also be used in developing stacked MFCs for simultaneous wastewater 

treatment and electricity generation. 

As a result, real wastewater (beer brewery and domestic) is used in this study to 

investigate the effect of external resistance on a MnO2/rGO catalyst coated cathode 

electrode MFC during anode colonization.  

6.2 MATERIALS AND METHODS 

Experiments were perfomed over a MnO2/rGO catalyst coated cathode electrode MFC 

as well as a plain cathode electrode MFC. Undiluted wastewaters were used in all tests. 

The raw domestic wastewater had 1710mg/l COD while raw brewery wastewater had 
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COD of 5789 mg/l. All chemicals and reagents used were of analytical grade. 

Wastewaters were collected on the same day and stored at 00C until use. Each anodic 

chamber was inoculated with 100ml of anaerobic sludge from a domestic wastewater 

treatment plant and 300ml of fuel, i.e. domestic or brewery wastewater. 

8 double chamber MFCs were constructed, i.e. MFC-1, MFC-2, MFC-3 and MFC-4 

were brewery wastewater fed and MFC-5, MFC-6, MFC-7 and MFC-8 were domestic 

wastewater fed and the two chambers for each MFC were separated by a 25cm 

diameter Nafion membrane. Each chamber had a total volume of approximately 

400ml. The anode electrodes were made of 3mm diameter and 75mm long graphite 

rods (Merck, South Africa). The cathode electrodes were made of 3mm diameter and 

75mm long graphite rods (Merck, South Africa). The cathode electrodes for MFC-3, 

MFC-4, MFC-5 and MFC-6 were coated with MnO2/rGO catalyst with 0.2mg.cm2 

loading while MFC-1, MFC-2, MFC-7 and MFC-8 were operated with plain cathodes. 

The MFCS were operated at winter ambient temperature, i.e. average of 160C. 

Each MFC’s external resistance was individually connected and controlled by an 

external resistor which was manually controlled at resistor variation range of 33kΩ 

and 51kΩ. MFC-1, MFC-4, MFC-5 and MFC-8 were operated at a fixed external 

resistance of 51kΩ while MFC-2, MFC-3, MFC-6 and MFC-7 were operated at a fixed 

external resistance of 33kΩ. In order to account for process variability, each mode of 

operation was maintained long enough to ensure a steady state performance which was 

assessed based on manual measurements of the output voltage. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Catalyst characterisation 

 

A hydrothermal method was used to synthesize a nano-structured MnO2 which was 

precipitated at room temperature. The results from the SEM images in figure 6.1 

display a nano-structured MnO2 with platelike morphology. 
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Figure 6.1 SEM image of nano-structured MnO2 

 

Figure 6.2 shows a SEM image of MnO2/rGO catalyst depicting the surface 

morphology of MnO2/rGO catalyst. Results from the image indicate consistent 

macropores indicating that the catalyst has good adsorption capacity. 

 

 

 

Figure 6.2 SEM image of MnO2/rGO 
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The Brunauer-Emmett-Teller (BET) method was used to calculate the specific surface 

area obtained as 73.21 m2/g with a total pore volume of 0.2570 cm3/g. The high surface 

area of the catalyst suggested the organic substrate's ability to adsorb on the cathode 

electrode, resulting in high oxygen absorption and electron acceptance on the catalyst's 

surface.  

The functional group within the catalyst composite was investigated by the FT-IR 

spectrum as shown in figure 6.3. Results from the figure show a stretching frequency 

at 3205.3cm-1 indicating a broad band adsorption peaks for adsorbed water (H-O-H). 

It can also be seen that the angular deformation of the adsorbed water molecules band 

appeared at 1624.8cm-1 and 1126.13/cm-1 while the bands at 705cm-1 and 510 cm−1 

correspond to the characteristic peaks of the metal oxide which shows the formation 

of MnO2/rGO. 

 

 

Figure 6.3 FT-IR spectrum of the MnO2/rGO catalyst 

 

6.3.2 MFC operation 

The results of this research show that MFCs can produce electricity from both raw 

brewery wastewater and raw domestic wastewater. For four days, each MFC reactor 

was inoculated with anaerobic sludge and no voltage measurements were taken. The 
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experiemental tests entailed two varying external resistance (33kΩ and 51kΩ) in a 

series of MFC reactors fed with real wastewaters. During the first seven days (324hrs) 

of the experimental study after the inoculation period, a digital voltmeter was 

employed as a measuring instrument to monitor the voltage across the resistors. 

Figures 6.4 to 6.7 illustrate the results depicting measured voltage across the resistors 

of each MFC (i.e. MFC-1 to MFC-8). Fig 6.4 shows results for MFC-1 (operated at 

51kΩ external resistor) and MFC-2 (operated at 33kΩ) and were fed with beer brewery 

wastewater and consisted of plain cathode electrodes. Fig 6.5 shows results for MFC-

4 (operated at 51kΩ external resistor) and MFC-3 (operated at 33kΩ) and were fed 

with beer brewery wastewater however these reactors consisted of MnO2/rGO catalyst 

coated cathode electrodes. Likewise, Fig 6.6 shows results for MFC-5 (operated at 

51kΩ external resistor) and MFC-6 (operated at 33kΩ) however were fed with 

domestic wastewater and consisted of plain cathode electrodes. Fig 6.7 shows results 

for MFC-8 (operated at 51kΩ external resistor) and MFC-7 (operated at 33kΩ) and 

also were fed with domestic wastewater and however consisted of MnO2/rGO catalyst 

coated cathode electrodes. 

Fig 6.4 shows maximum voltage of 0.516V achieved by MFC-1 as compared to 

0.338V achieved by MFC-2. MFC-1 shows more oscillatory microbial activity than 

MFC-2 during the operation period between 24hrs to 96hrs.  

 

Figure 6.4 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 
51kΩ (MFC-1) (Plain cathode MFCs). 
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Fig 6.5 shows maximum voltage of 0.535V achieved by MFC-3 as compared to 

0.505V achieved by MFC-4 however MFC-4 displays more oscillatory microbial 

activity than MFC-3 between period 24hrs and 84hrs.  

 

Figure 6.5. Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-3) and 
51kΩ (MFC-4) (MnO2/rGO catalyst coated cathode MFCs). 

The results of figure 6.6 indicate a maximum voltage of 0.445V achieved by MFC-8 

as opposed to 0.363V achieved by MFC-7, but the two MFC exhibit identical 

oscillatory microbial behavior at operation periods ranging from 2hrs to 192hrs. 

 

Figure 6.6. Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-7) and 
51kΩ (MFC-8) (Plain cathode MFCs). 
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Figure 6.7 shows a maximum voltage of 0.327V achieved by MFC-5 as compared to 

0.259V achieved by MFC-6 however MFC-6 displays more oscillatory microbial 

activity than MFC-5 at operation period between 24hr and 192hrs. 

 

Figure 6.7. Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-6) and 
51kΩ (MFC-5) (MnO2/rGO catalyst coated cathode MFCs). 

Comparison of trends in figures 6.4 to 6.7 indicate that cell voltage is directly 
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Menicucci et al. (2006) which analysed the MFC performance at low external 

resistances between 6 to 0.125 kΩ.  This chapter further evaluated the start-up MFC 
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this behaviour to limitations imposed on electrode reaction kinetics, mass transfer, and 

charge transfer processes at one of the two electrodes that exhibits the slower charge 

transfer kinetics (the current-limiting electrode). Similar findings were also reported 

by Ghangrekar and Shinde (2007) and Rismani-Yazdi et al. (2011). In their study 

Ghangrekar and Shinde (2007) performed their investigation at external resistance 

from 0 to 4,000Ω and achieved a 358 mV maximum voltage at an external resistance 

of 4,000Ω. 
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6.3.3 COD removal at varying cell external resistances 

 

 

Figure 6.16. Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 
51kΩ (MFC-1) (Plain cathode MFCs). 

 

Figure 6.17. Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 
51kΩ (MFC-1) (MnO2/rGO catalyst coated cathode MFCs). 
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Figure 6.18. Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 
51kΩ (MFC-1) (Plain cathode MFCs) 

 

Figure 6.19. Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 
51kΩ (MFC-1) (MnO2/rGO catalyst coated cathode MFCs). 
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electricity production decreased, it is clear that greater consumption of organic matter 

was not caused by the improvement in the behaviour of electrogenic microorganisms. 

Thus, at the anodic compartment, there were other microorganisms (not electrogenics) 

that degraded organicmatter of wastewater 

6.4 CONCLUSIONS 

Findings from this study have shown that cell voltage is directly proportional to 

external resistance, i.e. the voltage generated decreases as the MFC's external 

resistance decreases. These results corroborate that of Menicucci et al. (2006), who 

investigated MFC efficiency at low external resistances ranging from 6 to 0.125 k. 

This chapter went on to examine the start-up MFC output at high external resistances 

of 33 k and 51 k, and it discovered high voltage yield at high external resistance MFCs. 

Menicucci et al. (2006) related this behavior to constraints placed on electrode reaction 

kinetics, mass transfer, and charge transfer processes at one of the two electrodes with 

slower charge transfer kinetics (the current-limiting electrode). External resistance 

influences anode potential and current, as well as other variables in an MFC such as 

microbial diversity, biofilm morphology, power produced, coulombic efficiency, and 

MFC stability. As a result, selecting the right external resistance to achieve maximum 

performance in the MFC is critical. It is vital to note that changes in operating 

conditions, such as electrode adjustment, will modify internal resistance and, as a 

result, MFC efficiency. Based on the findings, it is also possible to conclude that 

external resistance selects the microbial population that grows in the anodic chamber 

of the MFC. Comparing the current study results to other existing literature would be 

difficult because working temperature, configuration used, and substrate structure are 

all different and can influence MFC performance. More study is required to determine 

the effects of the MnO2/rGO catalyst on MFC production. The effect of various 

temperature levels on the action of the MnO2/rGO catalyst against ORR should be 

studied further. This is expanded upon in the study's investigations in Chapter 7. 
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Chapter 7: Analysis of Microbial Fuel Cells 
for Treating Selected South 
African Industrial domestic and 
brewery wastewaters: 
MnO2/rGO as an Alternative 
Catalyst 

7.1 INTRODUCTION 

 

Recent advances in microbial fuel cell science suggest an improvement in cathode 

electrochemical studies (Logan, 2010; Santoro et al., 2017; Rinaldi et al., 2008). The 

cathode has been documented to suffer from kinetic limitation of the oxidation 

reduction reaction (ORR), which impacts the efficiency of microbial fuel cells, and as 

a result, some studies have used catalysts in the cathode to accelerate the oxidation 

reduction reaction (Baudler et al.,2015; Erable,2017; Guerrini et al.,2014; Guo et 

al.,2015; Rismani et al., 2008; Madjarov et al.,2017; Kinoshita,1988; Kinoshita,1992; 

Erable,2012; Antolini,2015; Yuan et al.,2016; Wang et al.,2014). Recent research 

trends suggest a move toward the use of non-platinum group metal (PGM-free) based 

catalysts such as Fe, Mn, Co, and Ni, as well as carbon-based catalysts, due to lower 

costs, improved efficiency, and stability when compared to platinum (PGM) based 

catalysts, which are costly and prone to poisoning from contaminated environments 

(Antolini,2015; Yuan et al.,2016;Wang et al.,2014;Minachev et al.,1952; Santoro et 

al.,2013; de Oliveira et al.,2017; Kodali et al., 2017; Santoro et al.,2018; Santoro et 

al.,2017; Wang et al.,2017). 

Activated carbon (AC) is currently the most favored carbon-based material due to its 

low costs and abundant availability, as well as its high strength in long-term operations 

and improved performance in neutral substrates (Merino-Jimenez et al.,2016; Zhang 

et al.,2014; Santini et al.,2017). Other research have used stainless steel mesh pasted 

with AC mixed with polytetrafluoroethylene (PTFE) as a cathode catalyst and 

discovered a low-cost stable catalyst with good results (Wang et al.,2017; Walter et 

al.,2018). 
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Manganese dioxide (MnO2) has recently attracted research attention as a potential 

cathode catalyst in MFCs, and studies such as Zhang et al. (2009) examined 

manganese dioxide as a potential cathode catalyst in MFCs, e.g. b-MnO2, g-MnO2, a-

MnO2 (Zhang et al., 2009). According to Zhang et al. (2009), these were developed as 

a replacement for Pt, as well as the highly toxic lead dioxide (PbO2) and the instability 

of transition metal macrocycles and pthalocyanines. The catalytic activity of these 

manganese oxide catalysts was evaluated in a neutral medium MFC, and when 

compared to Pt as a cathode catalyst, their results yielded good ORR activity, with -

MnO2 exhibiting good catalytic activity in comparison to the others due to its high 

BET surface area. Zhang et al. (2009) also achieved a maximum power density of 

1373mW/m2 with b-MnO2, while also suggesting higher catalyst loading to improve 

power output. 

Studies have shown also that carbon-based catalysts have good conductivity, are 

highly stable, and are inexpensive, and manganese oxide is a promising electrocatalyst 

with ORR activity (Woon et al., 2015; Khan et al., 2015; Trogadas et al., 2014). Woon 

et al. (2015) investigated the use of MnO2/CNT as a cathode catalyst in MFC to 

improve ORR activity. The researchers created a MnO2 catalyst and changed it by 

inducing carbon nanotubes (CNT) using sonochemical-coprecipitation to produce 

MnO2/CNT, achieving a maximum power density of 215.57mW/m3 with a COD 

removal efficiency of 22 percent at 28.57mg/cm2 catalyst loading (Woon et al., 2015). 

 

Due to the high costs of Pt, Fe, and Co-based macrocyclic complexes, Xia et al. (2018) 

synthesized cobalt oxides as an alternative cathode catalyst. The other alternative 

manganese oxide cathode catalyst was stated to produce unsatisfactory MFC ORR 

activity (Xia et al., 2018), so the analysis looked into the ORR activity of a cobalt 

oxide cathode in an MFC. Xia et al. (2018) obtained a maximum power density of 

approximately 1220 mW/m2 with a cobalt oxide loading of 5mg/cm2 in their analysis, 

compared to 1360 mW/m2 with a Pt/C cathode. However, at a cobalt oxide loading of 

30 mg/cm2, Xia et al. (2018) obtained an increased maximum power density of 1540 

mW/m2, which was 13% higher than the power achieved by Pt/C. The study 

discovered that the toughness of cobalt oxides is almost comparable to that of Pt/C, 

despite the fact that the costs of Pt/C are considerably higher. 
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Other studies examined ferrous-based materials as possible cathode catalysts in MFCs, 

and their results indicated that these materials had strong catalytic activities (Xia et al., 

2013; Birry et al., 2011; Zhao et al., 2005; Tang et al., 2010; Toda et al., 1999; Zhang 

et al., 2011; Lowy et al., 2006; Wu et al., 2012; Zhang et al., 2009a; Cheng and Wu, 

2013). Fu et al. (2015) developed and tested a modified activated carbon air-cathode 

coated with non-stoichiometric nano Fe3O4 as an alternative in microbial fuel cells in 

their research. Fu et al. (2015) found non-stoichiometric nano Fe3O4 to be a promising 

cathode catalyst material in MFCs, achieving 1430mW/m2 maximum power density, 

an improvement of 83.3 percent over that achieved with a plain cathode. Yuan et al. 

(2017) explored the feasibility of using iron phthalocyanine as a cathode catalyst for 

Congo red degradation using a microbial fuel cell and a catalytic oxidation reactor. 

Yuan et al. (2017) demonstrated a maximum power density of 808.3mW/m3 as well as 

the decomposition of Congo red into fewer and more degradable organics such as 

malonic acid and maleic acid, suggesting a promising alternative to pollutant removal. 

Kodali et al. (2018) created Iron aminoantipyrine (Fe-AAPyr), graphene nanosheets 

(GNSs), and their physical mixture Fe-AAPyr-GNS, as well as activated carbon, and 

contrasted their performances as MFC cathode catalysts for oxidation reduction 

reactions. The rotating ring disk electrode (RDDE) was used to examine the catalysts' 

ORR activities at various loadings as well as in an air-cathode, and results showed 

power densities of around 218W/cm2 for Fe-AAPyr, 150W/cm2 for GNS, and 

235W/cm2 for Fe-AAPyr-GNS, while activated carbon achieved a maximum power 

density of around 104W/cm2 (Kodali et al., 2018). Due to the amount of hydrogen 

peroxide found, the study discovered a possible two electron pathway (direct 2e-) in 

AC and GNS, while only a small amount of hydrogen peroxide was detected in Fe-

AAPyr, suggesting a possible 2x2e- transfer mechanism (Kodali et al., 2018). 

 

A few studies have published on manganese oxide as possible cathode catalysts for 

MFCs (Clauwaert et al., 2007; Zhang et al., 2009). As a result, Clauwaert et al. (2007) 

compared the performances of a graphite felt cathode coated manganese oxide catalyst 

to a non-coated cathode and found that both cathodes performed similarly. Manganese 

oxides have been discovered to be strong cathode catalysts in MFCs due to their ability 

to inhibit peroxide formation and facilitate its decomposition (Klapste et al., 2002; 
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Mao et al., 2003). Therefore, this chapter aims to further investigate the performance 

of manganese oxide as a potential cathode catalyst for MFCs in real industrial 

wastewater effluents treatment. As a result, the aim of this chapter is to look into the 

performance of manganese oxide as a possible cathode catalyst for MFCs used to treat 

real industrial wastewater effluents. To the best of our knowledge, research into 

MnO2/rGO as a cathode catalyst in psychrophilic MFCs is still lacking, so the aim of 

this study is to synthesize and further investigate the electrocatalytic activity of 

MnO2/rGO as an ORR catalyst in MFC applications for power generation in industrial 

wastewater treatment. 

7.2 MATERIALS AND METHODS 

Eight double chambered MFCs (i.e. MFC-1, MFC-2, MFC-3, MFC-4, MFC-5, MFC-

6, MFC-7 and MFC-8) with 400 ml volume each were used in the study. The two 

chambers for each MFC were separated by a 25cm diameter Nafion membrane. MFC-

1, MFC-2, MFC-3 and MFC-4 contained MnO2/rGO catalyst coated cathodes with 

catalyst loading of 0.25mg/cm2 while MFC-5, -6, MFC7 and MFC-8 contained plain 

cathode electrodes. The anode electrodes were made of 3mm diameter and 75mm long 

graphite rods (Merck, South Africa). The cathode electrodes were made of 3mm 

diameter and 75mm long graphite rods (Merck, South Africa). The MFCs were 

operated at ambient temperature, i.e. average of 140C. 

Brewery wastewater was collected from SAB/INBEV beer brewery and stored at 00C 

on the same day until use. MFCs (i.e. MFC-1, MFC-2, MFC-5 and MFC-6) were fed 

with pure beer brewery wastewater effluent. MFC-3, MFC-4, MFC-7 and MFC-8 were 

fed with raw domestic wastewater collected from ERWAT wastewater treatment 

works and which was stored at 0oC on the same day until use. All chemicals and 

reagents used were of analytical grade. The initial composition of the wastewater is 

represented by table 7.1. 
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Table 7.1 Initial wastewater composition 

 

 

 

The investigative study work was performed at open and closed circuit. In the first 

phase of the experiment, MFC-1, MFC-3, MFC-5 and MFC-7 were operated at 33kΩ 

external resistance while MFC-2, MFC-4, MFC-6 and MFC-8 were all operated at 

51kΩ. And on the second phase of the experiment, similar experiments were repeated 

at open circuit. 

Voltage outputs from microbial fuel cells were measured at random time intervals by 

a Fluke 17B+ digital multimeter across closed circuit cell, i.e. 33 kΩ and 51 kΩ 

resistances. 

The Current (I) was calculated using Ohm’s law as: 

W(XY) =
,8.<<(X1)
M.B,(Z)

…………………7.1 

where Ecell (V) is the measured-cell voltage and Rext is the external resistance (Z) of 

the cell. 

 

Current density was calculated as: 

9(
XY
6X#) =

,8.<<
M.B, . Y

………………………7.2 

Where Ecell (mV) is the cell-measured voltage, Rext (Z) is the external resistance and 

A (cm2) is the projected surface area of the cathode electrode. 

 

7.3 RESULTS AND DISCUSSIONS 

 

Wastewater COD (mg/L) 

Beer brewery 3246 

Domestic 825 
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7.3.1 Effects of MnO2/rGO catalyst on microbial fuel performance at 
psychrophilic temperatures 

Figure 7.1 shows voltage generation for two MFCs treating raw brewery wastewater 

one containing a cathode coated with a MnO2/rGO catalyst and the other containing a 

plain cathode run at 33kΩ external resistance. The results show higher voltage 

generation for the microbial fuel cell containing a catalyst coated cathode.  

 

 

Figure 7.1Voltage generation for brewery wastewater-fed MFCs with catalyst coated and plain 
cathode electrodes at 33kΩ external resistance. 

Figure 7.2 depicts the voltage generation for two MFCs treating raw domestic 

wastewater with one containing a cathode coated with a MnO2/rGO catalyst and the 

other containing a plain cathode run at 33kΩ external resistance. These findings, 

however, are in contrast to those in figure 7.1, as they indicate that an MFC with a 

plain cathode generates higher voltage. 
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Figure 7.2 Voltage generation for domestic wastewater-fed MFCs with catalyst coated and plain 
cathode electrodes at 33kΩ external resistance. 

Similar experimental runs were repeated for the above brewery and domestic 

wastewater fed MFCs at 51kΩ external resistance and their results are shown by 

figures 7.3 and 7.4.  

 

Figure 7.3 Voltage generation for brewery wastewater-fed MFCs with catalyst coated and plain 
cathode electrodes at 51kΩ external resistance. 

Similar patterns can be seen here, where MFCs with a MnO2/rGO catalyst have higher 

voltage generation for brewery wastewater fed MFCs than MFCs with plain cathode, 

whereas MFCs fed with domestic wastewater have higher voltage generation than 

MFCs with a MnO2/rGO catalyst. 
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Figure 7.4 Voltage generation for brewery wastewater-fed MFCs with catalyst coated and plain 
cathode electrodes at 51kΩ external resistance. 

 

In domestic wastewater fed MFCs for voltage generation, plain cathode MFCs 

outperformed catalyst coated MFCs, while catalyst coated MFCs outperformed plain 

cathode MFCs in brewery wastewater fed MFCs for voltage generation (figures 7.1 to 

7.4). Similarly, in domestic wastewater fed MFCs, the power curves indicate higher 

power generation for plain cathode MFCs, suggesting low MFC output from catalyst 

coated graphite rod electrode MFCs as compared to brewery wastewater fed MFCs 

(figure 7.5 to 7.8). 
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Figure 7.5 Power generation for brewery wastewater-fed MFCs with catalyst coated and plain cathode 
electrodes at 33kΩ external resistance. 

 

 

Figure 7.6 Power generation for brewery wastewater-fed MFCs with catalyst coated and plain cathode 
electrodes at 51kΩ external resistance. 
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Figure 7.7 Power generation for domestic wastewater-fed MFCs with catalyst coated and plain 
cathode electrodes at 33kΩ external resistance. 

 

 

Figure 7.8 Power generation for brewery wastewater-fed MFCs with catalyst coated and plain cathode 
electrodes at 51kΩ external resistance 

 

Every MFC's power peak decreases over time (figs. 7.5 to 7.8), likely due to biological 

growth on the cathode as well as a negative interaction between the catalyst and 

contaminants in the wastewater (Kodali et al., 2017). In this case, low MnO2/rGO 

catalyst activity in domestic wastewater-fed MFCs may be due to catalyst poisoning, 

which decreases catalyst activity. 
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Another explanation for the catalyst coated cathode MFC's lower output in domestic 

wastewater fed MFCs (fig 7.2) may be variations in bacterial yield or the existence of 

electron acceptors such as such as P#?
% and c#@

#%. While the study by Zhang et al. 

(2009) achieved a maximum power density of 1373mW/m2 with β-MnO2 they also 

recommended a higher catalyst loading in order to increase the power output. 

Modifying the catalyst can improve MFC efficiency, as demonstrated by Woon et al. 

(2015), who synthesized a MnO2 catalyst and modified it by inducing carbon nanotube 

(CNT) via a sonochemical-coprecipitation method to generate MnO2/CNT and as such 

obtained an improved maximum power density (Woon et al., 2015). Cobalt-based 

catalysts can provide an alternative, as demonstrated by the study Xia et al. (2018), 

which synthesized cobalt oxides as an alternative cathode catalyst to boost ORR 

catalyst operation (Xia et al., 2018). Low temperatures could have harmed the 

microbial or ORR behavior of catalyst coated cathode MFCs in domestic wastewater 

fed MFCs more than plain cathode MFCs. 

7.3.2 Effects of MnO2/rGO catalyst on substrate pH at psychrophilic 
temperatures 

The MnO2/rGO catalyst was less active in domestic wastewater-fed MFCs than in 

brewery wastewater-fed MFCs, as previously discussed. As a result, the impact of the 

MnO2/rGO catalyst on the pH of each MFC fed with raw brewery and domestic 

wastewaters is examined in this subsection (figure 7.9 to 7.12). Figure 7.9 shows that 

catalyst coated MFCs have a higher pH increase over time than plain cathode MFCs, 

while figure 7.10 shows that catalyst coated MFCs have a marginally higher pH 

increase than plain cathode MFCs. 
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Figure 7.9 Effects of MnO2/rGO catalyst on substrate pH at 33kΩ external resistance (brewery and 
Domestic wastewater fed MFCs). 

 

Figure 7.10 Effects of MnO2/rGO catalyst on substrate pH at 33kΩ external resistance (Domestic 
wastewater fed MFCs). 

 

In domestic wastewater fed MFCs, plain cathode MFCs display a slightly higher pH 

increase than catalyst coated MFCs (Figures 7.11 and 7.12). The results in figures 7.9 

to 7.12 show that MFC performance improves as substrate pH increases, which is 

consistent with the findings of Puig et al. (2010), who found that a high 

substrate/anolyte pH results in improved MFC performance, and Kaushik and Chetal 

(2013), who recorded an optimum pH for bacterial growth in an MFC in the range of 

7 to 9, and this review. The rise in pH had a positive effect on power production in this 
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case. The findings also show that the substrate composition may limit catalyst 

efficiency in MFC. 

 

 

Figure 7.11 Effects of MnO2/rGO catalyst on substrate pH at 51kΩ external resistance (Domestic 
wastewater fed MFCs). 

 

 

Figure 7.12 Effects of MnO2/rGO catalyst on substrate pH at 51kΩ external resistance (Domestic 
wastewater fed MFCs). 
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7.4 CONCLUSIONS 

The performance of the MnO2/rGO catalyst in different mediums at different external 

resistances in a double chamber MFC under pyschrophilic conditions was assessed 

(i.e. operating temperature below 20oC). The power peak of every MFC reduces with 

time, most likely due to biological development on the cathode and a detrimental 

association with the catalyst and toxins in the wastewater (Kodali et al., 2017). Low 

MnO2/rGO catalyst activity in domestic wastewater-fed MFCs may be attributed to 

catalyst toxicity, which inhibits catalyst activity. Another possible reason for the lower 

performance of the catalyst coated cathode MFC in domestic wastewater fed MFCs 

may be differences in bacterial yield or the presence of electron acceptors such as NO3- 

and SO4-2. As shown by Woon et al. (2015), who synthesized a MnO2 catalyst and 

modified it by inducing carbon nanotube (CNT) via a sonochemical-coprecipitation 

process to produce MnO2/CNT and thus obtained an improved maximum power 

density, modifying the catalyst will boost MFC performance (Woon et al., 2015). As 

shown by the study Xia et al. (2018), which synthesized cobalt oxides as an alternate 

cathode catalyst to improve ORR catalyst activity, cobalt-based catalysts may provide 

an alternative (Xia et al., 2018). Low temperatures may have also had a greater impact 

on the microbial activity or ORR action of MnO2/rGO catalyst coated cathode MFCs 

in domestic wastewater fed MFCs than plain cathode MFCs. Furthermore, the 

MnO2/rGO catalyst was less involved in domestic wastewater-fed MFCs than in 

brewery wastewater-fed MFCs, and the effect of the MnO2/rGO catalyst on the pH of 

each MFC fed with raw brewery and domestic wastewaters was investigated. The pH 

of each MFC increased as a result of the results, indicating that catalyst coated MFCs 

had a slightly higher pH increase than plain cathode MFCs. Data from domestic 

wastewater fed MFCs, on the other hand, show that simple cathode MFCs have a 

slightly higher pH rise than catalyst coated MFCs. In this regard, the results in indicate 

that MFC performance improves as substrate pH increases, which is consistent with 

the observations of Puig et al. (2010), who found that a high substrate/anolyte pH 

results in enhanced MFC performance, and Kaushik and Chetal (2013), who 

discovered an optimal pH for bacterial growth in an MFC in the range of 7–9, as well 

as this analysis. In this situation, the increase in pH has a positive impact on power 

generation. The findings also suggest that the substrate composition can restrict the 

efficiency of the catalyst in MFC. The MnO2/rGO catalyst performed better in the 
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brewery wastewater fed MFCs than in the domestic wastewater fed MFCs, according 

to the findings. In addition, the results showed a proportional relationship between the 

pH of the substrate and the MFC production. In terms of ORR activity, the MnO2/rGO 

catalyst outperformed plain cathode MFCs, rendering it more suited for brewery 

wastewater treatment than domestic wastewater treatment. Catalyst loading, catalyst 

alteration, and alternative catalysts can boost MFC efficiency under similar conditions. 
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Chapter 8: Overall Conclusion 

1. Dilution of wastewater has an effect on biofilm formation rate and growth rate 

constant, meaning that adding sludge to beer brewery treatment in a microbial 

fuel cell may affect microbial activity rate.  

2. External resistance had a positive effect on COD elimination  

3. At low external resistance, sludge addition to beer brewery wastewater reduces 

electron transfer capability. 

4. External resistance was found to be highly proportional to anode colonization 

during biofilm production, as well as other MFC parameters like current 

generation, microbial activity, biofilm growth rate, and power produced.  

5. Increase in external resistance resulted into decrease in the effluent COD due 

to absorption of more substrate by the microorganisms.  

6. The MnO2/rGO catalyst had a higher ORR activity than plain cathode MFCs, 

making it better suited to brewery wastewater treatment than domestic 

wastewater treatment.  
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Chapter 9: Recommendations 

1. Further research into MnO2/rGO catalyst tolerance to ionic strength is 

recommended. This is due the findings that indicated extremes of ionic strength 

and pH in the catholyte were shown to negatively affect metal catalyst and 

biocatalyst activity.  

2. Further research into the effects of the MnO2/rGO catalyst on pH, as well as 

the effects of the MnO2/rGO catalyst on MFC efficiency and substrate pH.  

3. Further research on the effects of temperature conditions on the action of the 

MnO2/rGO catalyst against ORR .  
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Chapter 10: Appendices  

Appendix A: Tables 

 

Title: Microbial Fuel Cell Start-Up Performance at Open –Circuit and Closed 

Circuit: Effect of External Resistance 

 

Table 4.4 Summary of Coulombic efficiencies at varying external resistance 

 
Coulombic efficiency 

    
 

MFC-1 MFC-2 MFC-3 MFC-4 MFC-5 MFC-6 
t(hrs) 

      

0 0 0 0 0 0 0 
25 2.6029E-06 6.81608E-13 3.048E-19 1.1094E-25 5.9301E-33 5.3292E-40 
45 4.3223E-06 1.28176E-12 4.27E-19 1.359E-25 2.2739E-32 3.643E-39 
72 2.9748E-05 2.3652E-10 1.4508E-16 1.062E-22 7.7923E-29 2.5146E-35 
93 1.8526E-05 8.04475E-12 4.3498E-18 2.967E-24 4.7945E-30 2.8539E-36 
140 0.00014784 7.15937E-11 2.633E-17 3.07E-23 4.8077E-29 4.863E-35 
164 6.6101E-05 2.0722E-11 5.7822E-18 1.0692E-22 5.7288E-28 2.2424E-33 

 

Table 4.5 COD removal efficiency at varying external resistances as a function of time. 

 

 

 

 

COD removal Efficiency 
  

  
 

 
MFC-1 MFC-2 MFC-3 MFC-4 MFC-5 MFC-6 

t(hrs) 
  

   
 

0 0 0 0 0 0 0 
25 73.01 76.83 8.01 2.65 71.34 36.49 
45 58.78 78.25 50.00 20.28 72.85 38.42 
72 90.88 98.65 80.59 45.78 88.12 69.80 
93 77.88 73.38 88.54 66.42 88.38 69.80 
140 96.73 85.89 88.79 76.96 92.48 86.42 
164 94.45 90.02 96.36 94.21 93.70 99.23 
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Appendix B: Graphs 

Title: Analysis of Microbial Fuel Cell Start-Up: Biofilm formation 

 

 

Fig 6.8 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (Plain cathode MFCs). 

 

 

Fig 6.9 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (MnO2/rGO catalyst coated cathode MFCs). 
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Fig 6.10 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (Plain cathode MFCs). 

 

 

Fig 6.11 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (MnO2/rGO catalyst coated cathode MFCs). 
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Fig 6.12 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (Plain cathode MFCs). 

 

 

Fig 6.13 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (MnO2/rGO catalyst coated cathode MFCs). 
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Fig 6.14 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (Plain cathode MFCs). 

 

 

Fig 6.15 Effects of external resistance MFC start-up at external resistance of 33kΩ (MFC-2) and 51kΩ 
(MFC-1) (MnO2/rGO catalyst coated cathode MFCs). 
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