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Abstract 

Microbial fuel cells (MFCs) hold great promise for the simultaneous treatment of 

wastewater and electricity production. However, the electricity recovery needs 

improvement if MFCs are to compete with already established technologies e.g. 

anaerobic digestion. The aim of this study was to investigate ways of enhancing 

electricity recovery from (synthetic) industrial wastewater. Initial studies investigated the 

use of defined cocultures as a way of improving turnover of substrate and hence 

electricity produced by exploiting mutualistic relationships such as syntrophy or ability of 

facultative microoganisms (Saccharomyces cerevisiae) to consume residual oxygen from 

the anode. A coculture of Shewanella oneidensis and Clostridium beijerinckii, 

investigated here for the first time, gave a power production of 87 mW m-2 compared to 

48 mW m-2 for S. oneidensis alone or 60 mW m-2 for C. beijerinckii alone. Substrate 

degradation was also improved significantly from 20% (S. oneidensis alone) to 67% 

using the coculture. Similar improvements were observed for novel cocultures of G. 

sulfurreducens, S. cerevisiae and C. beijerinckii as well as cocultures of C. beijerinckii, S. 

oneidensis and S. cerevisiae. To improve electricity recovery from MFCs, mechanisms of 

electron transfer need to be understood. The contribution of direct electron transfer 

mechanisms to overall electron transfer was investigated for the first time by restricting S. 

oneidensis cells close to or away from an anode electrode. A maximum power output of 

114 mW m−2 was obtained when cells were retained close to the anode. This was 3.5 

times more than when the cells were separated away from the anode. This result was 

corroborated by another study where S. oneidensis cells were entrapped in alginate 

gels. To further investigate the contribution of the c-type cytochromes forming the Mtr 

pathway to extracellular electron transfer, Rapid DNA Prototyping Assembly was used 

for the first time to assemble Mtr-pathway coding genes individually or as operons. The 

different constructs were overexpressed in S. oneidensis and heterologously expressed 

in E. coli and power production compared with the wild type strains. The best power 

generated was from the mtrAB S. oneidensis strain (144 mW m-2) and from the mtrCAB 

E. coli strain (24 mW m-2). Since electricity production is linked to exoelectrons forming a 

biofilm on the anode, ways of enhancing biofilm formation were sought. The quorum 

sensing molecule N (-3-oxodecanoyl)-L-homoserine lactone of different concentrations 

was for the first time exogenously added to MFCs and its effect on biofilm formation and 

power production determined. The results were compared with control experiments 
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without N (-3-oxodecanoyl)-L-homoserine lactone. The results indicated that power 

production of 184 mW m-2 
, the highest obtained of all approaches taken in this 

investigation, could be obtained when 10 uM of the chemical was added compared to 56 

mW m-2 for the control, with significant increases in biofilm density. Taken together, these 

results highlight the importance of using defined cocultures (e.g. for bioaugmentation of 

working MFCs), direct electron transfer mechanisms, overexpression of the Mtr-pathway 

and need to increase biofilm density on anode surfaces, for enhancing electricity 

recovery in microbial fuel cells. 
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Chapter 1  

General Introduction  

 

1.1 Energy use in wastewater treatment 

Modernization and development are characterised by economic expansion, rapid 

pace of global urbanisation, high rate of population growth and rapid rise in 

industrialization (Wu and Tan, 2012). Water that is used in industrial processes such 

as for cooking, washing, cooling, heating, and extraction is inevitably changed by the 

process (Ng and Tjan, 2006).  Industrial wastewaters are effluents produced from 

human activities associated with raw-materials processing and manufacturing. The 

wastewaters can come from chemical, pharmaceutical, electrochemical, electronics, 

petrochemical, breweries, and food processing industries. Industrial wastewaters 

have varied composition depending on the industry, type and materials processed 

(Karman et al., 2015; Ng and Tjan, 2006). Some of these wastewaters contain very 

high concentrations of organic compounds with chemical oxygen demand (COD) of 

40-60 g L-1 that are easily biodegradable e.g. carbohydrate in wastewaters from 

cheese-producing industries (Gavala et al., 1999), while some contain total ammonia 

nitrogen above 2.5 g L-1 which is inhibitory to both mesophilic and thermophilic 

stages of anaerobic digestion processing (Sutaryo et al., 2014). Some wastewaters 

are associated with pH values beyond the range of 6-9. The total suspended solids 

(TSS), biological oxygen demand (BOD) and chemical oxygen demand (COD) can 

be in tens of thousands mg L-1 (Ng and Tjan, 2006); requiring BOD reduction to 400 

mg L-1 before discharge (Goel et al., 2005). Hence, industrial wastewater treatment 

is very important and often requires treatment to remove the pollutants to protect 

public health and environment (Karman et al., 2015; Longo et al., 2016). The range 

of industrial wastewater volumes to be treated varies from factory to factory within an 

industry. This can range from as small as 3.6 m3 d-1 (41g L-1 COD) from starch 

extracted wastewater to as large as 27240 m3 d-1 (5 g L-1 COD) produced from paper 

mills (Ng and Tjan, 2006).   
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 A significant amount of money is spent treating large volumes of wastewater 

because traditional methods of wastewater treatment are energy intensive and 

hence costly (Table 1.1).  

Table 1.1: Energy needs of wastewater treatment (Logan 2008, cost of 1 kWh = 

ca.15 p): 

Treatment method Energy requirement (kWh m-3) Cost (millions of £) /year* 

Trickling filter 0.12  2.3 

Activated sludge 0.28 – 0.31  5.4-5.9 

Membrane bioreactor 2.4  46 

*For a wastewater treatment plant treating 350,000 m3 of wastewater/day 

corresponding to 800,000 persons equivalents. 

An example of data from Spain showed that approximately 12,800,974 m3 of 

wastewaters were reported to be treated daily with a corresponding energy demand 

accounting for about 1% of total energy consumption of the country (Escapa et al., 

2014). Similar patterns of energy consumption have been reported in Germany as 

well as in Italy (Longo et al., 2016). In the USA, the United States EPA estimated 3-

4% of electricity generated is spent on wastewater treatment which is approximately 

110 TWh year-1, or equivalent to 9.6 million households’ annual electricity use 

(Logan and Rabaey, 2012; Daw et al., 2012).  

As the number of wastewater treatment plants increases worldwide and quality 

requirements of wastewater treatment plants (WWTP) becomes more demanding, 

the issue of energy efficiency has become important. Wastewater is increasingly 

being considered as a sustainable resource from which energy (and other resources) 

can be extracted. Typical example of 1 kg of glucose contaminated wastewater 

corresponding to 1.06 kg of chemical oxygen demand (Harwani, 2013) can 

potentially generate 3.56 KWh energy (Horan et al., 2011).  By using conventional 

WWTPs processes, little energy can be derived by bioconversion of glucose, as this 

energy is difficult to be harvested and captured within the microbial metabolism. This 

is eventually released as water and carbon dioxide (CO2) that contain no useful 

energy (equation 1) 
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Equation 1:     C6H12O6 + 6O2 → 6CO2 + 6H2O    ∆G°=-2843 kJ mol-1 

Conventional methods such as activated sludge, membrane reactors, and anaerobic 

digestion to treat wastewater require high energy consumption (e.g. 0.3 KWh m-3 for 

aeration) and their adverse environmental impact have made these technologies 

unsuitable for sustainability as energy-efficient methods of wastewater treatment 

(Logan, 2008).  

1.2 Capturing energy from wastewater treatment plants. 

 

Wastewater could be used as a resource saving energy and money as wastewater 

contains organic matter containing stored energy in the bonds of atoms and 

molecules that hold the particles together. This can be oxidized by biochemical 

processes through bio-decomposition to generate electricity and energy-rich fuels 

(e.g. bio-ethanol), while at the same time cleaning up the wastewater (Guerrero-

Lemus and Shephard, 2017; Logan, 2008).  It is estimated that wastewater contains 

9 to 10 times more energy than the energy required for its treatment (Dannys et al., 

2016, Equation 2&3 - Harnisch et al., 2011). Why not recover all the energy? There 

is potential to make the treatment process at least self-sufficient from an energy 

perspective. 

Equation 2: Power consumption due to aeration 

P = 350,000 (
𝑚3

𝑑
) x 0.2 (

𝐾𝑔𝐵𝑂𝐷5

𝑚3 ) x 0.9 
𝐾𝑔𝐵𝑂𝐷5 𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝐾𝑔𝐵𝑂𝐷5
 x1.3 (

𝐾𝑔𝑂2

𝐾𝑔𝐵𝑂𝐷5𝑟𝑒𝑚𝑜𝑣𝑒𝑑
) x 

1 𝐾𝑊ℎ

1.5𝐾𝑔𝑂2
 x 

3600 
𝐾𝐽

𝐾𝑊ℎ
      x

 1 𝑑𝑎𝑦

96400𝑠
 = 2275 kW ≈ 2.3 MW 

  

Equation 3: Power that can be recovered at 100% recovery could be possible 

P = 350,000 (
𝑚3

𝑑
) x 0.4 (

𝐾𝑔𝐶𝑂𝐷

𝑚3 ) x 14.7 x 103 
𝐾𝐽

𝐾𝑔𝐶𝑂𝐷
  x 

 1 𝑑𝑎𝑦

86400𝑠
 = 23,819 kW ≈ 24 MW 

 

Anaerobic digestion has been used to treat and recover energy (as biogas) from 

industrial wastewater but the technology is unsuitable for dilute streams (COD < 1 

kg/m3) due to external energy required (usually the source from the bioenergy 
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harvested) to heat up the systems for the mesophilic to thermophilic temperature 

required to achieve sufficient turnover/treatment. In addition, it is unsuitable for 

wastewater with high nitrogen-rich feedstocks due to release of ammonia-nitrogen 

which causes inhibition of microbial degradation processes. Recently, 

bioelectrochemical systems were suggested as viable ways of treating wastewater 

sustainably while at the same time producing electricity (Harnisch et al., 2011; 

Moestedt et al., 2016 ; Demirel et al., 2005 ; Fernando et al., 2012).  

1.3 History of bio-electrochemical systems. 

The concept that bacteria have the capabilities to transport electrons beyond their 

cell wall, hence, electrically interacting with their environment has been widely 

popular since early 1960s. NASA (National Aeronautics and Space Administration, 

USA) was curious about using algae and bacteria to generate electricity from waste 

in the closed system of a space shuttle (Ieropoulos et al, 2005). In 1911, M.C Potter 

observed electrical current production from organic compounds with the aid of 

platinum electrode by a fermentative culture of Saccharomyces cerevisiae and 

Escherichia coli in a bioelectrochemical system (Potter 1911).  This work was 

regarded to be the first biochemical fuel cell studied where the concept of MFCs was 

experimentally demonstrated (Logan, 2008). In the early 1980s, the intense debate 

on looming energy crises and associated environmental damage occurring due to 

industrialization and excessive fossil fuel burning, motivated much interest to 

environmentally cleaner and more sustainable alternatives for energy generation and 

environmental remediation. Hence, research on BESs received great interest due to 

its promising way of environmental remediation and simultaneously electricity 

generation (Fernando et al., 2012). 

 

1.4. Overview of bio-electrochemical systems  

Bio-electrochemical systems, also called Microbial Electrochemical Technologies 

(METs) are rapidly developing technologies that utilize microbes capable of 

converting the chemical energy from biodegradable organic wastes (ranging from 

low strength to lignocellulosic) present in wastewater to electricity. Diverse ways of 

application of microorganisms in METs, either on anode or cathodes or on both 

anode and cathode have allowed inventions of different varieties of METs performing 
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distinct functions and purposes. Several types of METs (see Table 1.2) are usually 

identified by using variations on an MxC theme, where x denote specific application 

of this technology. For example, in MFCs technologies, x is replaced with F. 

Variations of MFCs are microbial electrolysis cells (MECs) which utilise a small 

external power source (typically 0.6 V) to bias the thermodynamics of the reactions 

occurring in the anode and cathode. MECs may be useful in terms of recovering 

alternative energy forms e.g. hydrogen or other chemicals (Kyazze et al., 2010). 

MECs in the form of Microbial Reverse-Electrodialysis can utilize methanogenic 

bacteria for methane production (Conrad, 1999) while in the form of Microbial 

Electrodialysis Cell can be used for desalination and hydrogen gas production 

(Mehanna et al., 2010). These innovative technologies are promising technologies 

that can be operated under mild conditions and can utilize inexpensive cathodes 

based on activated carbon catalyst (Logan et al., 2015).   
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Table 1.2: Examples of different variations of Microbial Electrochemical Technologies derivatives (adapted from Logan et al., (2015)

  

 

MxC Full name Comments 

MDC Microbial desalination cells It integrates microbial fuel cell processes and electrodialysis for wastewater treatment (Saeed et 

al., 2015) 

MEC Microbial Electrolysis Cell Typically designed for catalysing hydrogen gas production in the cathode chamber and also 

designed for metal reduction (Jeremiasse et al., 2010; Logan et al., 2015). 

MEDCC Microbial Electrolysis Desalination and Chemical Production Cell Novel technology used to desalinate salty water (Chen et al., 2012) 

MES Microbial Electrosynthesis System An MEC designed for production of soluble organics such as acetate (Logan et al., 2015) 

MFC Microbial Fuel Cell Typically designed for electrical power production (Logan et al., 2015) 

MxC-MBR MFC with cathode membrane The cathode serves a dual function of reduction and filtration of water using either MFCs or MECs 

(Logan et al., 2015) 

MMC Microbial methanogenesis cell Typically designed for methane production from the cathode by addition of voltage. Reverse 

electro dialysis is placed between anode with electrogenic microorganisms and a methanogenic 

biocathode (Luo et al., 2014). 

MREC Microbial Reverse Electrodialysis electrolysis Cell Typically used for hydrogen production (Song et al., 2016) 

MREEC Microbial Reverse Electrolysis and Chemical Production Cell An MEDCC having a Reverse Electro-dialysis stack used for production of acid and bases; can be 

used for carbon capture, hydrogen gas production and also used for desalination. 
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1.5. Mode of action of microbial fuel cells. 

MFCs are electrochemical devices that utilise micro-organisms such as Shewanella, 

Geobacter, Rhodoferax and yeasts predominantly found in subsurface habitats such 

as aquatic sediments and pristine deep aquifer and are considered candidates for 

bioremediation of subs-surface metal contaminated because of their ability to 

metabolically reduce metals (Abboud et al., 2005; Lai et al., 2007; Coates et al., 

1996 ). The fundamental principle of this technology is that it comprises of two 

electrodes, an anode, and a cathode, in the presence of electrolyte. The two 

electrodes are usually separated by a proton exchange membrane and catalyses an 

oxidation reaction on the anode by releasing electrons, and reduction reaction by 

using oxygen or other electron acceptors at cathode electrode. Active biocatalyst 

collectively called electroactive or electrogenic bacteria can oxidize organic substrate 

and produce protons and electrons. The electrons produced are conveyed through 

the wire, while the protons are conducted through the proton exchange membrane to 

the cathode along with parallel reduction of oxygen to water (Chouler and Di 

Lorenzo, 2015 ; Rahimnejad et al., 2015).  

This process can produce renewable bioenergy and water (or other reduced 

compounds) when connected to a load/resistor via an external circuit (Figure 1.1). 

Theoretically, MFCs has good operational stability with low cost operation compared 

to conventional method of treating wastewater. It can operate over a broad range of 

temperatures from ambient (15-35℃) to elevated temperature range (50-60℃ ). 

However, despite theoretical advances of this technology, the application of MFCs is 

still far from successful in real-world large-scale wastewater treatment (Liu and 

Cheng, 2014). The limitations of MFCs include cost (platinum often used to speed up 

the reactions at the cathode can be quite expensive), technical issues limiting the 

upscale, and factors limiting the performance of the anodic (e.g. biological limitation 

and processes that do not generate current such as biomass production) and 

cathodic electron transfer (Pham et al., 2006; Qu et al., 2012 ). The ideal 

performance of MFCs also depends on the electrochemical reactions differences 

occurring between the organic matter at a low potential and the final acceptor such 

as oxygen at a high potential. (Du et al., 2007). 
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Figure 1.1. Schematic of a microbial fuel cell. 

 

1.6. MFCs Configurations 

Configuration of MFCs have been considered as an approach toward MFCs scale 

up. Although MFCs current and power density are relatively limited compared to 

chemical fuel cell or batteries, it has been reported that configuration and substrates 

used in MFCs (either chemically synthesized or the real wastewater) are the key 

factors involved in power production. Conventional MFCs configurations are 

operated as single-chambered, dual-chambered, and stacked MFCs (Leech 2015). 

Single Chamber MFCs (an example depicted in Figure 1.2) are typical one-

compartment MFC without definite cathode compartment. They are economically 

simple to design and are considered as the easiest to scale-up for practical 

application. They are constructed by putting a cathode at the open end of a tube, 

with the anode inside the tube. The cathode electrode has one side in contact with 

the liquid, while the other side is directly exposed to air for oxygen diffusion into the 

single chamber. The single chambered MFCs provide advantages over two-

chambered MFCs because it is easy to scale-up and requires no liquid aeration, 

hence, saving energy and money (Leech, 2015; Logan 2008). The first application 
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employing a novel tubular-type single-chambered air cathode successful removed 

80% of the COD and generated 26 mW m-2 from wastewater (Logan 2008). 

Problems with single chambered systems are possibility of oxygen entering the 

anode side which can lead to substrate loss due aerobic degradation of substrate by 

the oxygen diffusing through the cathode electrode (Logan et al., 2006; Nimje et al., 

2012). 

 

Figure 1.2. Schematic of single chamber MFCs. 

Double chamber MFCs traditionally called H-type configuration (example depicted in 

Figure 1.3) consist of two compartments (the anode and cathode) and are widely 

used and inexpensive MFC design (Logan et al., 2006) .The anode chamber is kept 

oxygen free, in-order for anaerobic breakdown processes to occur. The two separate 

compartments are connected by putting a cation exchange membrane (made of Gel 

Polystyrene cross linked with divinylbenzene) in the separator (Logan et al., 2006; 

Karmakar et al., 2010). The cation membrane sometimes called proton exchange 

membrane has a structure which enables any cation to pass through. The important 
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properties of a proton exchange membrane (PEM) are high proton conductivity, low 

electronic conductivity, low fuel and oxidant permeability, and adequate 

electrochemical and chemical stability i.e. should have adequate good thermal and 

hydrolytic stability (Kraytsberg and Ein-Eli, 2014). Double chambered MFCs systems 

are considered acceptable for use in the laboratory for research to examine power 

production. (Leech 2015).  

 

 

Figure 1.3. A schematic of a double chamber MFC. 

Stacked MFCs consist of multiple small sized units MFCs connected together 

(Figure 1.4) in series or in parallel and could be used to obtain higher voltage and 

power output (Xinmin et al., 2016). Connection of 6 MFC units in series and in 

parallel have been reported to increase voltage (up to 2.02V) and current up to 255 

mA. Although stacked MFCs can potentially generate useful energy, voltage reversal 

occurs during stack connection as a result of cases such as fuel starvation and 

insufficient oxygen at the cathode in one or more cells leading to voltage in the cell 

or cells abruptly reversing polarity.  (Oh and Logan, 2007; Watanabe, 2008). 

Parameters for measuring MFCs performance are shown in Table 1.3.  
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Figure 1.4. Schematic diagram of MFCs stacked in series. 
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Table 1.3: Parameters for evaluating MFCs Performance (Watanabe, 2008). 

 

 

Parameter   Unit Description 

Effluent quality treatment efficiency (% 

COD removal) 

     % or kg 

m-3 

Concentration of organics (COD) in an effluent discharged from the anode chamber also known as COD removal efficiency estimated by 

dividing the COD concentration in the effluent by the influent. 

Power density (per unit area of 

electrode) 

W m-2 A power output (Pmax) is the time rate of energy transfer normalised per anode electrode surface area. It is calculated from the power curve 

(current versus power) and is the maximum power output that can be produced normalised by an electrode surface area. 

Current density (per unit area of 

electrode) 

A m-2 This is the amount of current flow normalised per anode electrode surface area. The higher the current density the greater the flux of protons in 

the system.   

Open-Circuit Voltage V A voltage measured between the anode and cathode measured in the absence of current. A difference between the total electromotive force 

(E.M.F; the OCV in the presence of current) and the OCV is regarded as the total potential loss. 

Coulombic efficiency (CE) % This is the percentage of electrons recovered (coulomb) as current versus the total coulomb contained in a substrate (estimated from the total 

COD value). These values diminish based on other electron acceptors in the anode chamber competing for electron transfer to the anode. 

Internal resistance Ω This is used to evaluate the total internal resistance of an MFCs and is obtained from the slope of a polarization curve (see Figure 3.2).  
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1.7. Fundamentals of voltage generation in MFCs 

In MFCs organic substrates or feedstocks such as glucose and acetate are oxidised 

by microorganisms in the anode compartment to generate electrons and protons. As 

shown, 24 molecules of electrons are liberated per mole of glucose and 8 molecules 

are liberated from acetate. These electrons released are transferred to the cathode 

chamber where they react with chemical species with high redox potential such as 

oxygen or ferricyanide. Reduction by atmospheric oxygen usually used in MFCs is 

shown in one of the following reactions below. 

 C6H12O6 + 6H2O → 24e- + 24H+ + 6CO2 (∆G0 = -1438 KJ mol-1) 

 C2H3O2
- + 2H2O → 8e- + 7H+ +2CO2 (∆G0 = -375 KJ mol-1) 

           O2 + 4e- + 4H+ → 2H2O 

To speed up the reaction in the cathode, various oxygen reduction catalysts among 

them platinum have been employed in MFCs. However, due to high cost of platinum, 

alternative cheaper catalysts have been recommended for MFCs application such as 

use of biomass-derived carbon material (Chouler et al., 2017 ). Those demonstrated 

to have low cost, high surface area, high electrical conductivity, high durability and 

high biocompatibility for enhanced bacteria attachment e.g. using activated carbon 

and activated carbon nanofibers; some others are inorganic catalysts of transition 

metals e.g., cobalt tetramethylphenylporphyrin (CoTMPP) and metal phthalocyanine 

(PC) derivatives (Schaetzle et al., 2009; Santoro et al., 2015).  

 

For electricity to be generated in MFCs, the overall chemical reaction must be 

thermodynamically favourable. The Gibbs free energy (dependent on the redox 

potential differences ∆𝐸 of all reactions between electron donor and acceptor) can 

be used to measure the feasibility of MFCs to produce its maximal energy (Kracke et 

al., 2015). This is calculated as shown in equation 4. 

 

                                  Equation 4: ∆𝐺𝑟  =  ∆𝐺0
𝑟  +  𝑅𝑇𝐼𝑛∏                                                         
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Where ∆Gr is the Gibbs free energy (J) of the reaction at specific conditions; ∆G0
r 

is the Gibbs free energy (J) at standard conditions (273.15 K, 1 bar pressure, 1M 

concentrations of all chemical species), R is the universal gas constant (8.31 J 

mol-1 K-1), T (Kelvins) is the absolute temperature and ∏ is the equilibrium 

constant. 

Gibbs free energy can also be related to the electromotive force (𝐸𝑒𝑚𝑓) of the 

system (equation 5) where 𝐸𝑒𝑚𝑓 is defined as the potential difference between 

the anode and cathode of an electrochemical cell (equation 5). 

 

                                            Equation 5:  𝐸𝑒𝑚𝑓 =  
−∆𝐺𝑟

𝑛𝐹
 

Where, n is the number of electrons transferred per reaction and F is the Faraday 

constant (9.65 X 104 Cmol-1).  

Under standard conditions, E0
emf (V) is the EMF at standard conditions; shown in 

equation 6. 

                                           Equation 6: 𝐸0
emf = 

−∆𝐺0𝑟

𝑛𝐹
 

Therefore, from equation 4 and 5 the overall reaction can be rewritten as equation 7 

Equation 7:  𝐸𝑒𝑚𝑓  =  𝐸°𝑒𝑚𝑓 – (
𝑅𝑇

𝑛𝐹
) 𝐼𝑛(∏) 

We get equation 8, when individual anode and cathode half cells of MFCs are 

considered: 

                                Equation 8: 𝐸𝑒𝑚𝑓 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒  – 𝐸𝑎𝑛𝑜𝑑𝑒 

It is widely accepted that if O2 is the TEA, the theoretical electromotive force or open 

circuit potential (OCV) can never exceed 1.1 V. This is illustrated by considering an 

MFC operating under standard conditions utilizing 5 mM acetate pH 7 as the sole 

electron donor in the anode and oxygen in the cathode as the sole electron acceptor 

at atmospheric pressure (pO2 = 0.2) at pH7 are represented in the following 

reactions below: 
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        2HC𝑂3
−

 + 9H+ + 8𝑒− → CH3CO𝑂− + 4H2O; 𝐸𝑎𝑛𝑜𝑑𝑒  = -0.296 V                                

 

       O2 + 4𝑒− + 4𝐻+ → 2H20; 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒  = 0.805 V                                                            

Therefore, the 𝐸𝑒𝑚𝑓of the MFC of the reactions is represented below: 

= 0.805 V – (-0.296) V = 1.106 V. 

In an ideal MFC the open circuit potential would be equal to the thermodynamic 

𝐸𝑒𝑚𝑓  value calculated using potentials of anode and cathode half cells. However, 

the real or actual cell potential is always lower than its ideal value due to various 

irreversible potential losses (Figure 1.5) known as overpotentials and categorised 

into four fundamental categories: Activation losses, ohmic losses, bacterial 

metabolic losses, and concentration losses. Therefore, possible measures to 

minimize them to achieve the ideal potential by selection of new microbes, 

substrates, mediators, modification of MFCs design, and a good knowledge of 

details of the internal losses are needed (Logan et al., 2006; Logan, 2008; 

Rabaey and Verstraete, 2005). 

 

Figure 1.5: Voltage-current density profiles depicting regions of overpotentials or 

energy losses used for assessing factors affecting MFCs performance: Zone-1- 

activation losses, zone-2- ohmic losses, zone-3- concentration losses (adapted from 

Rabaey et al., 2005). 

Ohmic losses also known as ohmic polarisation are due to ionic and electronic 

conduction. These are the resistances to the flow of electrons through the 

electrodes, external circuit, and inter-connections; it is also the resistance to the flow 
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of ions through the cation exchange membrane (CEM), anodic and cathodic 

electrolytes. Primarily, it has been shown that ohmic losses can be reduced by 

increasing the ionic conductivity of the electrolyte solution tolerable to bacteria and 

reducing electrode spacing; other ways involve using membranes with lower 

resistance, and thoroughly checking all contacts (Logan, 2008; Sekar and 

Ramasamy, 2013). 

Activation losses also called activation polarization are related to activation energy 

needed for an oxidation/reduction reaction to occur. These could be related to 

compounds undergoing oxidation at the anode where microbially catalysed electron 

transfer occurs, or at the cathode, where electrons are coupled with a final electron 

acceptor. Phenomena involving adsorption and desorption of reactant species, 

nature of the electrode and transfer of electrons all contribute to activation 

polarization. Increasing the electrode surface area, adding mediator to minimise the 

energy barrier especially where microbes do not readily release electrons to the 

anode, increasing operating temperature, and enriching established biofilm on the 

electrode(s) are general strategies used to circumvent the adverse effect of 

activation losses on MFCs performance (Ren et al., 2012). 

Bacterial metabolic losses are related to metabolic energy gain by bacteria during 

electron transport through a redox potential gradient. Bacteria transport electrons 

from a substrate at a low potential (e.g. acetate -0.296 V) through the electron 

transport chain to the final electron acceptor such as oxygen or nitrate in the 

cathode. In an MFC, the anode potential determines the energy gain for the bacteria. 

The higher the difference between the redox potential between the substrate and the 

anode potential, the higher the possible metabolic energy gain for the bacteria and 

but this however lowers maximum attainable MFC voltage. Therefore, to maximize 

the MFC voltage, the potential of the anode must be kept as low (negative) as 

possible. However, under very low anode potentials, bacteria may seek alternative 

terminal electron acceptors in the anolyte solution, hence, the electrons may be 

diverted to fermentative or methanogenic metabolic pathways (Logan et al., 2006; 

Ren et al., 2012). 
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Concentration losses also known as concentration polarization occur mainly due to 

inability to maintain the initial substrate concentration in the bulk fluid perpendicular 

to the plane of the electrode and thus, limiting current production. This occurs at high 

current densities due to limited mass transfer of chemicals species by simple 

diffusion. When sufficient mixing of the surrounding electrolyte is absent, the process 

of simple diffusion becomes inadequate for efficiently transporting reactants to the 

electrode and products away from the electrodes due to limited mass transfer of 

chemicals species by simple diffusion. Hence, this leads to the formation of 

concentration gradients of reactants and products and is a major contribution to 

concentration losses in MFCs. Therefore, adequate mixing of the bulk electrolyte is 

necessary for minimising concentration losses in MFCs. (Logan, 2008; Oliveira et al., 

2013).  

 

1.8. Background information on Shewanella oneidensis, Clostridium 

beijerinckii, Geobacter sulfurreducens, Saccharomyces cerevisiae and 

Escherichia coli. 

1.8.1. Shewanella oneidensis. 

S. oneidensis (MR-1) ability to reduce metals such as manganese (Wright et al., 

2016) and hexavalent chromium makes it an important bacterium considered for 

bioremediation purposes (Abboud et al., 2005). It was firstly isolated in New York 

State from sediments of Lake Oneida and belongs to the phyllum proteobacteria 

(Kouzuma et al., 2015a; Venkateswaran et al., 1999). It mediates transfer of 

electrons to electrode (Kouzuma et al., 2015b). It has ability to adapt between low 

temperatures to mesophilic condition (Abboud et al., 2005). It is a free living 

facultative anaerobic bacterium with diverse respiratory capabilities (Carpentier et 

al., 2005). During aerobic respiration, MR-1 utilizes oxygen as terminal electron 

acceptor (Abboud et al., 2005). However, in an anaerobic environment MR-1 has 

capabilities of respiring by utilizing metals such as iron (III) oxides, fumarate and 

nitrate as alternative terminal electron acceptors (Carpentier et al., 2005; Heidelberg 

et al., 2002). It is a mesophilic bacterium and has an optimal growth temperature of 

30℃. At room temperature (approximately 22℃) MR-1 has a growth doubling time of 

about 40 minutes. At 3℃ environmental temperature, it displayed a prolonged lag 

phase (100 h) with a doubling time of approximately 67 h. It develops pilus-like 
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structures when transited from 3℃  to 22℃ (Abboud et al., 2005).  Its genome is 

made of 4,969,803 base pairs (bp). The protein-encoding reading frame (CDSs) is 

made up of 4,758CDSs, among which 54.4% were classified as having biological 

function while 22.2% has no known function matching predicted coding sequences 

from other organisms (known as conserved hypothetical CDSs) while 23.4% were 

found unique to S. oneidensis (Heidelberg et al., 2002). 

Genome sequence analyses of S. oneidensis have been used to predict the carbon 

source metabolism by S. oneidensis (Heidelberg et al., 2002). S. oneidensis can 

utilize many carbon sources and prefers fermentative end products or low-molecular-

weight organic acids including acetate, pyruvate, and lactate as carbon sources 

(Tang et al., 2007). It possibly possesses multiple pathways for the utilization of 

three- carbon carbohydrates, and utilization of amino acids as carbon and energy 

source is also present (Serres and Riley, 2006). The presence of a complete 

pentose phosphate pathway and a glycolytic pathway indicates that glucose could 

potentially be utilized by this organism (Heidelberg et al., 2002). 

 

S. oneidensis generates ATP by substrate-level phosphorylation during anaerobic 

respiration. Examination of central metabolism and flux analyses by S. oneidensis 

indicated that acetate is the major product under anaerobic condition (Hunt et al., 

2010). The general anaerobic model of S. oneidensis (Figure 1.6, Entner-Doudoroff 

glycolysis pathway) yield 2 molecules of pyruvate. However, under aerobic condition 

pyruvate facilitates the reduction of NAD+ to NADH before being completely oxidized 

to carbon dioxide in the tricarboxylic cycle. Anaerobically, pyruvate oxidation to 

acetyl CoA yields formate before the pyruvate is converted to acetyl phosphate by 

the enzyme phosphate acetyltransferase (Pta) and to Acetate by acetate kinase 

(whose deletion results in the inability of S. oneidensis to use glucose or lactate as 

the electron donor. (AckA). Formate is subsequently oxidized to carbon dioxide 

(Hunt et al., 2010). 
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Figure 1.6: The glycolytic pathway of S. oneidensis (adapted from Hunt et al., 2010). 

 

1.8.2. Clostridium beijerinckii 

Clostridium beijerinckii is a primarily interesting bacterium because of its acetone-

butanol-ethanol (ABE) fermentations (Noar et al., 2014). It is Gram-positive, 

saccharolytic, mesophilic, motile, rod shaped with oval sub-terminal spores and an 

obligately anaerobic solventogenic organism. During the growth cycle, the ABE 

metabolic pathway generates acidic and butyric acids which are later converted into 

solvents.  Since the late 19th century, biobutanol (C4H9OH) and ethanol produced by 

C. beijerinckii have been predicted as a possible replacement for fossil fuels 

(Sandoval-Espinola et al., 2015; Visioli et al., 2015). The economic benefit of 

biobutanol production is however, dependent on the cost of fermentation substrate. 

Hence, using cheap renewable substrate could enhance ABE fermentation. C. 

beijerinckii was unable to utilize Cellulose abundantly present in agricultural and 

industrial effluent such as pulp/paper (Gomez-Flores et al., 2017). However, when 

co-cultured with Clostridium termitidis enhanced hydrogen production was achieved 

(Gomez-Flores et al., 2017). 
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1.8.3. Escherichia coli 

Escherichia coli is an enteric (found in the intestines) rod shaped Gram-negative 

bacterium having a genome of 4.6 Mb. It is considered as a model organism for 

molecular genetic studies because it has rapid growth rate, ease of transformability 

and genetic manipulation. It has ability to grow on chemically defined media. During 

exponential phase it doubles every 20-30 minutes with overnight culture yielding 1-2 

billion cells per millilitre of liquid media (Casali and Preston, 2003). 

1.8.4. Geobacter sulfurreducens 

G. sulfurreducens is a non-fermentative Gram-negative obligate anaerobic bacterium 

(Kracke et al., 2015; Caccavo et al., 1994) and require electron acceptors for 

respiration (Zacharoff et al., 2016). It has a rod shape and is commonly found 

associated with sediments of hydro-carbon contaminated environment (Caccavo et 

al., 1994). G. sulfurreducens is considered as a model organism for investigating 

electroactive bacteria (Kracke et al., 2015). It utilizes other organism such as 

fermentative organism such as Clostridium pasteurianum to produce metabolites for 

its growth. This potential to interact with fermentative organism or a facultative 

organism such as E. coli has been exploited in MFCs to enhance electricity from 

fermentation products (Moscoviz et al., 2017) or to maintain complete anaerobic 

condition in MFCs (Qu et al., 2012). Two commonly utilizable substrates by G. 

sulfurreducens is hydrogen and acetate (Coppi, 2005). 

1.8.5. Saccharomyces cerevisiae 

Saccharomyces cerevisiae is an old word terminology for beer, often called baker’s 

yeast or brewer’s yeast (Duina et al., 2014). It is a single-celled eukaryote, classified 

as a fungus or mould. It is non-pathogenic (Ostergaard et al., 2000) and one of the 

few yeast capable of growing either at aerobic or anaerobic conditions (Verduyn et 

al., 1990; Permana et al., 2015). It divides through a process called budding, ones 

every 90 minutes under optimal laboratory conditions. The optimum growth is at 

ambient temperature around 300C (Permana et al., 2015). They are recognized by 

the ability to ferment sugar to ethanol and carbon dioxide. It can ferment other 

sources of sugar such as grains, malts or other plant materials to produce alcoholic 

beverages (Duina et al., 2014). They are easy to grow in the laboratory and prefer 
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mono- and disaccharide to other carbon sources. Yeast can grow on acetate, 

ethanol, and D-glucose (Chu et al., 1981).  Glucose is the primary source of energy 

for yeast (Chu et al., 1981). When yeast is grown on a mixture of glucose and other 

carbon sources, it exhibits diauxic growth i.e. glucose is used up first before other 

source of carbon are utilized. In MFCs application it requires mediators such as 

thionine and neutral red to transfer electrons (Permana et al., 2015). Sugar does not 

freely permeate through the cellular membrane, hence, facilitated diffusion is used 

for cellular uptake (Lagunas, 1993). Media glucose yeast extract is the most 

optimum growth medium for yeast (Fan and Xue, 2016).  

1.9. Growth phases in batch cultures. 

Batch culture is a closed culture system characterised by limited concentration of 

nutrient (Stanbury et al., 2013). Microbial growth culture can be categorised into four 

phases after inoculation into a nutrient medium. The first stage called the lag phase 

considered as a time of adaptation associated with no bacteria growth (Figure 1.7). 

 

Figure 1.7: Bacteria growth phases (adapted from Stanbury et al., 2013). 

The second phase called exponential phase is associated with growth with constant 

maximum growth rate called specific growth rate (µ) described in equation 9.  At a 
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certain period, growth ceases and the cells enter the so called stationary phase. 

After a period of time the viable cells decline in a phase called the death phase. 

Similarly, the growth behaviour of microorganism has been associated with products 

formed at various stages of growth curve. During the log phase, metabolic products 

produced are amino acids, nucleotides, proteins, lipids, and carbohydrate which are 

essential for the growth of the microorganism. These products are referred to as 

primary products of metabolism and are of considerable economic importance. 

During the stationary phase, filamentous bacteria and fungi synthesized compounds 

with no obvious function in cell metabolism but have pharmacological properties 

such as antimicrobial properties and enzyme inhibitors (Stanbury et al., 2013). 

Equation 9: 
𝑑𝑥

𝑑𝑡
 = µx 

Where x is the concentration of microorganism, t is the time (in hours) and µ is the 

specific growth rate in hours-1.  

 

1.10. Organisation of Mtr-pathway genes in S. oneidensis. 

 

The discovery of bacteria ability to take up DNA dates far back in 1928 when Griffith 

observed transformation in Streptococcus pneumonia. The transforming factor 

unknown until Avery and Co-workers in 1944 demonstrated the transformation 

principle of DNA (Lorenz and Wackernagel, 1994). Since the discovery of phage and 

plasmids as mobile genetic elements, there have been an advancement in molecular 

biology which has directly contributed enormously in many fields such as biology and 

biotechnology.   

One common mechanism of controlling gene expression among bacteria is the 

organisation of genes into operons. Operons are strings or clustered genes in a 

common pathway or mediating a common biological function which are co-

transcribed together in a single polycistronic mRNA. An example of these found in E. 

coli is the lactose operon which controls the metabolism of lactose. Linkage of genes 

in operon results in the production of a single mRNA whose expression level 

depends on the structure of the operon (Wang et al., 2004).  In S. oneidensis there is 

evidence that showed that the four genes encoding the protein comprising OM-
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cytochrome in the Mtr-pathway (mtrC, mtrA, mtrB) are co-transcribed as an operon. 

The finding is consistent with the biochemical data that mtr gene products form a 

complex (the MtrCAB complex) with 1:1:1 stoichiometry. This could be regulated by 

changing the promoter strengths or ribosomal strengths of the gene cluster encoding 

the proteins of the pathway. The transcription start site has been located upstream of 

mtrC (Kouzuma et al., 2015a). 

 

1.11. Biocontainment of genetically modified organisms obtained via 

synthetic biology. 

Biosafety has become a code of practice in microbiological and biomedical 

laboratories (Burnett et al., 2009). This discipline involves the handling of hazardous 

biological materials and containment of infectious microorganism from unintended 

proliferation in the environment (Burnett et al., 2009). This has become so important 

because the concern of potential escape of synthetically modified organism or their 

genes away from the realms of intended laboratory habitat into the environment 

could potentially cause environmental disruption (Wright et al., 2013; Simon and 

Ellington, 2016). The mechanism of escape could be by horizontal gene transfer and 

mutagenesis (Mandell et al., 2015). Effective biocontainment must protect against 

mutagenic drift, enviromental supplementation and horizontal gene transfer (Mandell 

et al., 2015).  Biocontainment strategies reported involve strategies to make the 

organism inability to synthesize a vital synthetic molecule/compound (auxotroph) by 

altering the genetic code of synthetic organism to require specific synthetic 

compounds such as unnatural amino acids for growth and which can be acquired 

from the growth media or the environment (Torres et al., 2016). Another strategy 

involves engineering synthetic organisms with abilities to utilize exogenously 

supplied specific molecules/compounds or engineering particular genetic information 

that represses toxins expression. These are called kill switches (Simon and 

Ellington, 2016; Torres et al., 2016). Therefore, when the organism gets to the 

environment it expresses the toxin genes, thus killing itself (Simon and Ellington, 

2016). However, the standard method of biocontainment implemented for the 

industrial scale production of microorganism which is the biosafety used in this 

present study, is by design of physical barriers (Torres et al., 2016) for constraining 

genetic modified organisms within the laboratory (Wright et al., 2013). 
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1.12. Statement of the problem 

MFCs are a promising technology for electricity production (Chaturvedi and Verma, 

2016; Rahimnejad et al., 2015; Gajda et al., 2015). However, the problem with MFCs 

is that they are still technically very far from attaining acceptable levels of power 

output. Several studies have been done on treatment of various wastewater types 

including brewery wastewater, azo-dye-containing wastewater, potato starch 

processing wastewater, phenol-containing wastewater etc., but electrical energy 

recovery from these systems was very poor, generally less than 150 W/m3 of the 

anode volume (Logan, 2008; Oliviera et al., 2013). For example, previous attempts 

at treating phenol in microbial fuel cells (Luo et al., 2009; Song et al., 2014) 

produced a power density of only 9.1 W m-3. For cost-effectiveness, the energy 

recovery needs to reach 1000 W m-3, an energy output that would be competitive 

with anaerobic digesters. There is need to increase substrate turnover rate which 

may be dependent on biofilm thickness and/or nature of microorganisms in the 

anode biofilm, as well as need to increase our understanding of electron transfer 

processes within and from electrochemically active bacteria to anode electrodes.  

1.13. Hypothesis, aims and objectives  

Defined co-cultures, exogenous addition of quorum sensing molecules, and genetic 

engineering of E. coli and S. oneidensis with the Mtr-pathway can be used to improve 

electron transfer in microbial fuel cells thereby increasing the energy recovery from 

waste streams such as from industrial wastewater. Therefore, the overall aims were 

to enhance the energy (electricity) recovery from MFCs treating industrial wastewater. 

Hence, to achieve the overall aims, the following objectives were investigated: 

 (a) To enhance extracellular electron transfer in MFCs via use of co-cultures of exo-

electrogens with other fermentative microorganisms as a way of improving substrate 

turnover rate and hence rate of electrons generated.  

(b) To investigate the contribution of direct electron transfer mechanisms to electricity 

production in MFCs by physically retaining S. oneidensis cells close to or away from 

the anode electrode. 

(c) To employ synthetic biology to overexpress the genes: mtrA (periplasmic 

membrane cytochrome), mtrB (outer membrane β-barrel protein) and mtrC (outer 



25 
 

membrane decaheme cytochrome) in S. oneidensis and heterologous expression in 

E. coli for enhanced electron transfer capabilities and hence electricity production. 

(d) To enhance biofilm formation in S. oneidensis, thought to be directly linked to 

amount of electricity that can be recovered from MFCs, by exogenous addition of 

quorum sensing molecules. 
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Chapter 2 

Use of co-cultures as a way of increasing substrate turn-

over and hence electricity production in microbial fuel 

cells. 

 

2.1. Introduction. 

An alternative form of energy that can address the growing problem of fossil fuel 

depletion is bioenergy production. In this context, MFCs hold immense potential as 

green and carbon-neutral technology that directly converts organic compound into 

electricity. (Chouler et al., 2016). The electricity production in MFCs was shown to 

increase when glucose was replaced with its metabolic intermediates such as 

acetate and butyrate (Zhao et al., 2017). The electrical current recovery in MFCs 

might be enhanced by using co-cultures. Cleverly defined co-cultures might show 

synergistic properties that can be exploited in microbial fuel cells and for 

bioremediation (Bader et al., 2010). For example, by-products of one type of 

bacterium could be used as a substrate by another bacterium (Figure 2.1) hence, 

generating more electrons that can be harvested on electrodes. Ren et al., (2007) 

studied a co-culture MFC of G. sulfurreducens and Clostridium cellulolyticum with 

cellulose as a substrate and showed that while maintaining similar overall COD 

removal to a wastewater sludge inoculate MFC, the co-culture had significantly 

higher coulombic efficiency (39%) compared to 22% for the sludge inoculated MFC. 

Similar observations were made by Qu et al., (2012) who showed that a co-culture of 

G. sulfurreducens and E. coli improved electricity production relative to that of a pure 

culture of G. sulfurreducens in an MFC and attributed this to consumption of oxygen 

leaking into the anode chamber from the cathode chamber.   
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Figure 2.1. Interaction of Clostridium species and S. oneidensis during the 

mineralisation of organic carbon in the anode section of MFCs. 

On the other hand, Bourdakos et al., (2013) using the same combination of 

microorganisms as Qu et al., (2012) in a membrane-less MFC found the co-culture 

produced less power (63 mW m-2) than the pure culture of G. sulfurreducens (128 

mW m-2) attributing this to production of reduced end-products e.g. succinate thus 

reducing current production in the co-culture MFCs. Defined co-cultures have been 

used successfully in aerobic treatment of toxic water used by industry to cool 

machinery. Van der Gast et al., (2003) investigated the effectiveness of a defined 

consortium (composed of five non-pathogenic microbes) for treating metal working 

fluids (consisting of a range of oils which are rich in carbon, and water used to cool 

metal work pieces when they are being machined) and contrasted its performance 

(COD reduction) with that of undefined inocula from sludge. The defined consortium 

was 50% more effective than that of the undefined consortium from activated sludge. 

The performance of the defined consortium was more reproducible as well. 

However, the limitations of co-culture for real world applications is that it might be 

prone to virus attack, may not be applicable to widely changing substrate types or 

concentrations. The key questions about co-culture work in MFCs are: What informs 

the choice of microorganisms? How are the different nutritional requirements of the 

microorganisms catered for? How does the community dynamics evolve? What is 

the mechanism of any observed synergistic/inhibitory/additive effects? Since S. 

oneidensis prefers fermentative end products or low-molecular-weight organic acids 
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including acetate, pyruvate, and lactate as carbon sources. Hence, we hypothesised 

that by coculturing S. oneidensis with a fermentative organism such as C. beijerinckii 

or S. cerevisiae it will lead to more complete turnover of glucose in industrial 

wastewater initially to other metabolic intermediates such as ethanol, butyric acid, 

and acetic acid that can then be easily utilized by electrogenic microorganisms for 

electricity generation in MFCs. Previous study by Bourdakos et al., 2014; and Ren et 

al., 2007 have also recommended the use of defined co-culture to reduce the 

interaction of complex microbial communities so as to easily predict the biochemical 

pathways for bioelectricity production. Many MFCs have used undefined mixed 

cultures. Undefined mixed cultures have the following advantages: resistance to 

phage, robustness to changing substrates, no need for sterilisation, higher current 

densities than pure cultures. However, they have disadvantages such as batch to 

batch variability, difficult to probe roles of the different microorganisms involved with 

respect to electricity production as the microorganisms are unknown or simply too 

many and poor controllability. Defined cocultures could be used to bioaugment 

microbial fuel cells which are underperforming and are very useful in probing 

microbial interactions with a view of understanding the roles played by 

microorganisms in electricity production. Their limitations are susceptibility to phages 

and the wastewater stream may need sterilisation. 

Therefore, this study, for the first time, investigated the use defined co-cultures of 

fermentative organism with electrogenic organism for enhancing glucose conversion 

and phenol remediation to electricity production in MFCs. 

 

2.2. Materials and Methods 

2.2.1. Chemicals 

QIAquick PCR purification kit was purchased from Qiagen; Pierce TM BCA Protein 

Assay Kit, qPCR master mix, Corning Costa 6 well plates SYBRGreen, Ficodox 

PlusTM mixed COD reagent, ROX dye, and TAE Buffer 50X (Tris-acetate-EDTA) for 

running and separation buffer were purchased from Thermofisher Scientific. 

Bacterial Genomic DNA Extraction Kits and Riboflavin were purchased from Sigma 

Aldrich; PCR Master Mix was purchase from New England Biolab. Ethanol, butyric 

acid, acetic acid, sulphuric acid and glucose (purity ≥ 96%) were purchased from 
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Sigma Aldrich (UK). All chemicals were of analytical grade and were used without 

further purification. The water used for making up solutions was deionised water (DI).   

2.2.2. Bacterial strains, maintenance, and culture. 

S. oneidensis strain 700550 and G. sulfurreducens strain 51573 were purchased 

from ATCC, C. beijerinckii strain 6444 was purchased from the National Collection of 

Industrial and Marine Bacteria (NCIMB). S. cerevisiae was obtained from the culture 

collection at the University of Westminster, Department of Life Sciences. 

Cryopreserved stock cultures were maintained at -80℃. Strains were first sub-

cultured in Luria-Bertani broth medium (LB medium) containing (per litre) 10 g of 

tryptone, 5 g of yeast extract and 5 g of NaCl grown at 300C for 48 hours; later sub-

cultured in minimal salt medium supplemented with 500 mg L-1 glucose. MSM 

contains essential salts, nitrogen, trace elements, phosphorous, vitamins and 

carbohydrates and supports growth of a large number of microorganisms which is 

important when growing cells as cocultures. MSM is also useful in increasing the 

conductivity of the anolyte which is useful for improving MFC performance. This last 

sub-cultured was used to inoculate the MFCs. Before inoculation of the MFCs, the 

strains were grown in LB medium supplemented with 15 g L-1 agar and plated for 

enumeration (section 2.2.6.3).  

2.2.3. Investigation 1: Experimental design for using pure culture(s) and co-

culture(s) of S. oneidensis and C. beijerinckii for the maximization of glucose 

and phenol conversion to electricity production. 

The experiments involving use of pure cultures and co-cultures are schematically 

described in Figure 2.2 – 2.4. The first study (Figure 2.2) investigated influence of 

co-culture and pure cultures of S. oneidensis and C. beijerinckii on the maximization 

of conversion of 500 mg L-1 glucose-containing synthetic wastewater to power 

generation in MFCs.                         

 The experiment was run for 15 days due to time limitation and was studied under 

strictly anaerobic-anodic conditions in two-chambered MFCs as described in section 

2.2.4. The inoculum was either S. oneidensis or C. beijerinckii or both and made up 

of 10% (v v-1) of the anode working volume (S. oneidensis was 3.4 x 109 CFU mL-1, 

while C. beijerinckii was 6.8 x 109 CFU mL-1).  The power vs current density data 

were collected on the 3rd day when the voltage productions of the tests were in a 
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pseudo-steady state. The MFCs mixtures were conditioned at the start to pH7 for the 

co-culture and test cultures by using phosphate buffer without any adjustment 

throughout the experiment. The controls for the co-culture were MFCs with no 

microorganisms (C-closed). Another control involved the co-culture under open 

circuit conditions (C-open). The experiment was replicated three times and the 

results were expressed as means from the three runs. The temporal dynamics of the 

strains was also investigated to determine the interactions of the microorganisms 

(section 2.2.6.4).  

 

Figure 2.2. Scheme showing the anode chamber only of double-chambered MFCs 

used for studying co-cultures of S. oneidensis and C. beijerinckii for the maximization 

of conversion of 500 mg L-1 of glucose to electricity production. 

The second study (Figure 2.3) investigated the influence of co-cultures and pure 

cultures of C. beijerinckii, G. sulfurreducens and S. cerevisiae on the maximization of 

conversion of 500 mg L-1 Glucose-containing synthetic wastewater (MSM) 

supplemented with modified Luria Bertani broth (10 g L-1 Tryptone and 5 g L-1 Yeast 

Extract) to power production in MFCs. 
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Figure 2.3. Scheme showing the anode section of double-chambered MFCs used for 

studying co-cultures of S. cerevisiae, C. beijerinckii and G. sulfurreducens for the 

maximization of conversion of 500 mg L-1 of glucose to electricity production. 

The experiment was run for 10 days due to time limitation and studied under strictly 

anaerobic-anodic conditions in two-chambered MFCs as described in section 2.2.4. 

The inoculum was either C. beijerinckii or G. sulfurreducens or S. cerevisiae or each 

of their various possible combinations and made up of 10% (v v-1) of the anode 

working volume (C. beijerinckii was 18 x 108 CFU, while G. sulfurreducens was 10 

x108 CFU). The control for these studies were MFCs with no microorganism and the 

experiment was replicated three times and the results were expressed as means 

from their three runs. The temporal dynamics of the strains were also investigated in-

order to determine the interaction of the microorganisms (section 2.2.6.4).  

The third study (Figure 2.4) investigated influence of co-cultures and pure cultures of 

C. beijerinckii, S. oneidensis, and S. cerevisiae on the maximization of the 
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remediation of 500 mg L-1 phenol-containing synthetic wastewater (MSM) 

supplemented with modified Luria Bertani broth (10 g L-1 Tryptone and 5 g L-1 Yeast 

Extract) for power production.  

 

Figure 2.4.  Scheme showing the anode section of double-chambered MFCs used 

for studying co-cultures of S. cerevisiae, C. beijerinckii, and S. oneidensis for the 

maximization of remediation of 500 mg L-1 of phenol and for electricity production. 

The experiment was run for 35 days under strictly anaerobic-anodic conditions in 

two-chambered MFCs as described in section 2.2.4. The inoculum was either C. 

beijerinckii or S. oneidensis or S. cerevisiae or each of their various possible co-

culture combinations and made up of 10% (v v-1) of the anode working volume. The 

control was MFCs with no microorganisms. The experiment was replicated three 

times. 

The fourth study (Figure 2.5) investigated the influence of exogenous addition of 

Riboflavin of varying concentrations (20, 30 and 40 µM) on the remediation of 500mg 
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L-1 phenol-containing synthetic wastewater (MSM) supplemented with modified Luria 

Bertani broth (10 g L-1 Tryptone and 5g L-1 Yeast Extract) using S. oneidensis cells.  

 

Figure 2.5. Scheme showing the experimental design for double-chambered MFCs 

studied using pure culture of S. oneidensis for the maximization of remediation of 

500 mg L-1 of phenol-contaminated wastewater modified at different concentration of 

Riboflavin: 20, 30, and 40 µM concentrations for electricity production. 

The experiment was run for 9 days due to time limitation under strictly anaerobic-

anodic conditions in two-chambered MFCs as described in section 2.2.4. The control 

was MFCs with S. oneidensis with no exogenous Riboflavin addition. The 

experiment was replicated three times. 

2.2.4. MFC setup and operation 

H-type MFCs (see Figure 2.6) were constructed with two identical Duran bottles and 

were held together with an external metal clip. The anode and cathode 

compartments were separated with a cation-exchange membrane (CMI-7000, 
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membranes International USA). One rubber gaskets were used to ensure a seal at 

the anode chamber. The electrodes were constructed from carbon cloth.  

 

Figure 2.6. A Typical two-chambered MFC used for these investigations. 

The co-culture and pure cultures experiments as described in section 2.2.3 were 

studied using cathodes coated with Pt catalyst layer with a loading rate of 0.5 mg cm-

2. Briefly, Pt powder for the cathode was mixed with carbon black powder (Sigma 

Aldrich, UK) to a concentration of 10% w w-1. The mixture was suspended in 6.67 

µLmg-1 nafion ionomer solution (sigma Aldrich) for every 1mg of 10% Pt/C and the 

suspension was applied at a uniform coating on the cathode electrodes using a paint 

brush. The cathode and the anode electrodes made of carbon cloth had a projected 

geometric surface area of 25 cm2.  

For all the experiments, electrode connections with insulated copper wires were 

done using lead solder. An external load of 1000 Ω was utilised for all experiments 

and the potential difference (voltage) across the resistors were recorded using the 

Picolog ADC-24 (Pico Technology, U.K.) online data logging system. 

For all the experiments, anolyte Minimal Salts Medium (MSM) was used, and it was 

adapted from Fernando et al., 2012 and modified (see Table 2.1). 
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Table 2.1. Components of Modified Minimal Salts Medium used in this study. 

Component                                                                        Concentration (g L-1)    

NH4Cl                0.46 

KCl                                                                                                  0.225 

MgSO4.7H2O                                                                                   0.117 

NaH2PO4                                                                                            2.5 

Na2HPO4                                                                                           4.11 

(NH4)2SO4                                                                                          0.225 

                                                 

with addition of 1% trace elements stock solution (see table 2.2 for description of 

components). 
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Table 2.2. Components of the trace elements stock solution used in this study. 

Component                                                                                Concentration (mg L-1) 

Nitrilotriacetic acid (NTA)                                                                    1500 

MnCl2.4H2O                                                                                          100 

FeSO4.7H2O                                                                                         300 

CoCl2.6H2O                                                                                          170 

ZnCl2                                                                                                               170 

CuSO4.5H2O                                                                                          40 

AlK(SO4)2.12H2O                                                                                     5 

H2BO4                                                                                                                                                         5 

NaMoO4                                                                                                                                                   90 

NiCl2                                                                                                       120 

NaWO4.2H2O                                                                                         20 

NaSeO4                                                                                                                                                   100 

 

and 1% vitamins mix stock solution (see table 2.3 for description of components).  
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Table 2.3. Components of the vitamin mix stock solution used in this study. 

Component                                                                                Concentration (mg L-1) 

P-aminobenzoic acid (PABA)                                                                    50 

L-ascorbic acid                                                                                         100 

Folic acid                                                                                                   50 

Riboflavin                                                                                                  10 

Nicotinic acid                                                                                            100 

Pantothenic acid                                                                                       100 

Thiamine hydrochloride                                                                             10 

Biotin                                                                                                         100 

 

2.2.5. Modification of anolyte minimal salts medium used for the investigation 

of co-culture studies. 

The anolyte MSM was generally supplemented with 500 mg L-1 glucose for all the 

studies except for the phenol remediation studies.  

However, the anolyte MSM for the co-cultures studies (schematically demonstrated 

in Figure 2.3 and Figure 2.4) was further modified with Luria Bertani broth (10 g L-1 

Tryptone and 5 g L-1 Yeast Extract), trace element stock solution (x1) and vitamin 

stock solution (x1).   

The anolyte MSM for co-cultures experiments (schematically demonstrated in Figure 

2.4 and 2.5) was further modified with 500 mg L-1 phenol and supplemented with 

modified Luria Bertani broth (10 g L-1 Tryptone and 5 g L-1 Yeast Extract).  

For all the studies (schematically demonstrated in Figure 2.2 – 2.5) the catholyte was 

50 mM phosphate buffer solution pH 7 aerated at a rate of 100 mLminute-1 using an 

aquarium pump. During the start-up operation, the anodes were seeded with actively                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
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growing C. beijerinckii (6.8 x 109 CFU 20 mL-1) or with S. oneidensis (3.4 x 109 CFU 

20 mL-1) for the pure cultures while the co-culture had both pure strains in the 

inoculum in equal proportion by volume (Figure 2.2). Each anode of the set-ups of 

co-cultures studies (Figure 2.3) was seeded with the individual of the pure cultures 

and co-cultures of S. oneidensis, C. beijerinckii, S. cerevisae and G. sulfurreducens. 

Each anode of the set-ups of co-cultures studies (Figure 2.4) was seeded with the 

individual of the pure cultures and co-cultures of C. beijerinckii, S. oneidensis and S. 

cerevisae. The anode of pure culture studies (Figure 2.5) was seeded with S. 

oneidensis.  

For all set-ups the volume of inoculum used was 10% v v-1 of the total anolyte 

volume. The anode chambers with the contained mixtures were stripped of dissolved 

oxygen by sparging nitrogen gas for 5 minutes before setup.  

All experiments were replicated three times and studied at 300C using a temperature-

controlled Stuart 160 incubator (Fisher Scientific, U.K.). Results were expressed as 

mean of replicates ± standard deviation 

For all set-ups, the volume of inoculum used was 10% v v-1 of the total anolyte 

volume. The anode chambers with the contained mixtures were stripped of dissolved 

oxygen by sparging nitrogen gas for 5 minutes before setup.  

 

2.2.6. Analytical Procedures. 

 

2.2.6.1. COD removal 

Chemical oxygen demand removal was determined by using the closed reflux 

titrimetric method based on the chemical biochemical oxidation of tested samples by 

refluxing sulphuric acid and potassium dichromate as described in the Environment 

Agency (UK) standard method 5220D (Westwood, 2007). Briefly, appropriately 

diluted 1 mL sample (so resulting COD < 500 mgL-1) were used for each 

determination. The COD removal was calculated by the expression in Equation 10: 
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Equation 10:  𝐶𝑂𝐷 (
𝑚𝑔

𝐿
) = (𝑉𝑏 −  𝑉𝑠) × 𝐷𝐹 × 𝑀 × 4000 

where COD (mg L-1) is the amount of dichromate reduced and represents the 

amount of oxygen consumed per litre of sample. This can be determined by titration 

with standardized iron (II) ammonium sulphate solution. Vb and Vs are ferrous 

ammonium sulphate (FAS) titrant volumes for the blank and the sample respectively, 

DF is the sample dilution factor and M is the molarity of FAS titrant. 

 The percentage COD removal was calculated by Equation 11:     

Equation 11: Percentage removal =     
(𝐶𝑂𝐷𝑖−𝐶𝑂𝐷𝑡)×100 

𝐶𝑂𝐷𝑖
 

Where CODi and CODt are initial and final COD values of samples at the beginning 

and end of the investigation respectively. The COD is a measure of the total quantity 

of oxygen required to oxidize all organic materials in a few hours as against BOD 

that measures only biologically available organic matter, which usually takes place 

within five days. (Di Lorenzo et al., 2009).  

2.2.6.2. Detection of degradation products using Gas Chromatography. 

Anaerobic degradation products of glucose, namely: ethanol, acetic acid, and butyric 

acid were identified using gas chromatography (GC) with flame ionisation detection 

(Appendix 1). Briefly, experimental samples (1.5 mL) for analyses were centrifuged 

at 15,000 g for 30 minutes using a micro-centrifuge. Thereafter, supernatant from 

each sample was transferred into a 2 mL vial tube and run on a Varian 3900 GC 

system. The mobile phase consisted of a carrier gas (helium) with a flow rate of 2 mL 

min-1; injector temperature was 260℃. The oven was initially set at 35℃ for 5 

minutes and then ramped up to 170℃ for the subsequent 10 minutes. Detector 

temperature was 250℃. The presence of degradation metabolites ethanol, acetic 

acid, and butyric acid was confirmed using the retention time of the respective 

standard compounds. 

 

2.2.6.3. Quantification of C. beijerinckii, S. oneidensis and G. sulfurreducens 

cells in the sub-cultured medium. 

The concentration of cells in the volume of sub-cultured medium, used for inoculation 

of the experimental systems, at the start of the co-culture investigation was 

determined by serially diluting the unknown concentration 106 times. Cells for each 
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strain were aseptically plated in triplicate on LB agar medium and thereafter, 

incubated at 30℃  for S. oneidensis and G. sulfurreducens, 37℃  for C. beijerinckii 

for 24 hours to determine colony forming units (CFU) present in the undiluted 

samples used for inoculation of the plates. The number of CFUs in the undiluted 

samples was determined by the expression in Equation 12. 

Equation 12: 𝐶𝐹𝑈(𝑝𝑒𝑟 𝑚𝐿) =  
𝑁𝑐∗𝐷

𝑉
                                                                                                 

where Nc is the average number of colonies counted on triplicate plates, D is the 

dilution factor (106) and V is the volume (mL) of aliquot of diluted cells added to each 

plate.  

2.2.6.4. Relative abundance test by Real-Time PCR analysis. 

Real time PCR is used to monitor the amplification of targeted DNA molecule during 

amplification. Therefore, real time PCR was used to target the DNA of the 

microorganisms in the co-culture experiment for the analysis of their relative 

abundance. This method was used because of the morphology similarities between 

S. oneidensis, C. beijerinckii and G. sulfurreducens – shape, size, and appearance 

on cultured plates.  DNA was extracted from the known concentration sample of 

each of the bacteria (described in Figure 2.2 and G. sulfurreducens in Figure 2.3) 

using Bacterial Genomic DNA kits (Sigma Gen EluteTM). The DNA extracts purity 

were checked using the A260/A280 ratio (~1.8) to minimise PCR inhibition (by protein, 

RNA and reagent contaminations) and concentration determined using Nanodrop 

spectrophotometer. These were amplified using Primers that are specific for 

proteobacteria and firmicutes that specifically target the 16S rRNA genes (Fierer et 

al., 2005). The forward primer used for C. beijerinckii was Lgc353 with sequences: 

GCA GTA GGG AAT CTT CCG and its corresponding reverse primer was Eub518:  

ATT ACC GCG GCT GCT GG. The primer used for S. oneidensis or G. 

sulfurreducens was Eub 338, ACT CCT ACG GGA GGC AGC AG, and its 

corresponding reverse primer: Alf685, TCT ACG RAT TTC ACC YCT AC. The PCR 

reaction mixture (50 µL) contained the following assay mixture: 25 µL of X2 PCR 

master mix (New England Biolabs), 22 µL Nuclease free water, 1 µL each of 

Forward and Reverse primers, and 1µL of template whole genomic DNA. The PCR 

(Bio-Rad PCR system MJ-Mini (UK) was performed under the following conditions: 

initial denaturation at 950C for 4 minutes, followed by 30 cycles of 950C for 1 
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minutes, 0.5 minutes at the annealing temperature of 600C, and 720C for 1 minutes 

for the extension. Each of the samples was three replicates reaction and with 

appropriate set of standards. The amplified DNAs were checked on agarose gel 

electrophoresis. The DNA bands formed were recovered using a Genomic DNA 

Purification kit. The purified DNAs were diluted tenfold serially in triplicate alongside 

with the DNA of the tests samples. The real-time amplification of each of the 

standards was undertaken to determine the efficiency of the real time-PCR system 

(Figure 2.11). The DNA extracted from the tests samples (A260/A280 ratio ~1.8) were 

run alongside the known standard DNA on qPCR. The qPCR reaction assay was 

conducted in strip tubes of 100 µL volume capacity each. Each 25 µL reaction 

contained the following assay mixture: 12.5 µL of Absolute qPCR Master Mix 

(ABgene), 1.25 µL of each primer (10 µM; Invitrogen), 25µL bovine serum albumin 

(10 mg ml-1; Promega), 1.0 µL SYBRGreen dye (16000- fold dilution in H2O), ROX 

dye (80-fold dilution in H2O; ABgene) for normalization of fluorescence intensity of 

qPCR reporter dye, 0.5 µL nuclease free water and 5 µL of purified DNA from the 

samples. Real Time-PCR amplification was conducted using a Quiagen Rotor-Gene 

system under the following conditions: initial denaturation condition was 4 min at 

950C, followed by 40 cycles of 950C for 1 min, annealing temperature at 600C for 0.5 

min, and elongation temperature at 720C for 1 min according to the method of Fierer 

et al., 2005. Samples were run in triplicate, and results were quoted as cycle time vs 

log concentration of purified DNA. The fluorescence at a specific geometry phase 

was picked for all the runs and were normalised with the known starting DNA 

concentrations of each bacterium. The limitation about this method is that both dead 

and live cell’s DNA will be enumerated. 

 

2.2.6.5. Quantitation of phenolic compound using spectrophotometric method. 

Quantification of residual phenol is important in-order to determine the extent of 

degradation of the phenol. Phenolic materials react with 4-amino antipyrine in the 

presence of potassium ferricyanide at a pH of 10 to form a stable reddish-brown 

coloured antipyrine dye. The amount of colour produced is a function of the 

concentration of phenolic compound. Briefly, 2 mL of Amino-antipyrine (AAP) 

solution (containing 2 g of 4-AAP diluted to 100 mL) and 2 mL of Potassium 

ferricyanide (K3Fe(CN)6) solution (containing 8 g of K3Fe(CN)6 diluted to 100 mL) 

were added to each set of 100 mL phenol standards 0, 50, 100, 200, 500 µg L-1 and 
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test samples adjusted to pH10 ± 2 using 2 mL aliquot buffer (containing 16.9 NH4Cl 

in 143 mL concentrated NH4OH diluted to 250 mL with distilled water), vortexed and 

absorbance at 510 nm taken after 15 minutes. 

 

2.2.6.6. Quantification of S. oneidensis biofilm using confocal microscope. 

Confocal microscope is a valuable tool for studying biofilm matrix as it allows real-

time visualisation of fully hydrated specimens. It provides three-dimensional optical 

sectioning of fluorescently labelled sample (Schlafer and Meyer, 2017). Hence, 

SYPRO Ruby stain was used for the confocal microscope examination of C. 

beijerinckii, and S. oneidensis biofilm formation because it labels most classes of 

proteins including glycoproteins, phosphoproteins, lipoproteins, calcium binding 

protein and fibrillar protein and other proteins that are difficult to stain. This stain has 

been tested to stain matrix of Pseudomonas aeruginosa and some strain of E. coli. 

In-order to examine and quantify biofilm formation by S. oneidensis and C. 

beijerinckii, the cells were cultured separately on cover slips in “Corning Costa 6 Well 

Plates” for 2 days. The cover slips were carefully rinsed in 100 mM phosphate buffer 

pH 7 and thereafter placed in a fresh Corning Costa 6 well plates. SYPRO Ruby 

stain 200 µL was added to each of the biofilm samples on the slips without offsetting 

the biofilm. The samples were incubated for 30 minutes protected from light. After 

incubation, filter sterilized water was used to remove excess stain and the stained 

samples were placed into a fresh Corning Costa 6 well plates covered with 3 ml of 

filter sterilized water and observed under a confocal microscope. 

2.2.6.7. Electrochemical monitoring. 

Polarization curves for measuring power density vs current density plots were 

constructed using a range of external resistances from 10 Ω to 1 MΩ. The external 

circuit of the MFC system for each test was opened to connect various external 

resistances on the fourth day when the system exhibited a stable voltage across the 

initial 1000 Ω external resistor. The current flowing through each external load was 

calculated using Ohm’s law (equation 13). 

Equation 13:  I   =   
𝐸

𝑅
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Where E is the potential across the resistor (mV), I is the current flowing through the 

load (mA) and R is the external resistance (Ω). 

 

The power generated (Equation 14) was calculated with the following expression 

(Fernando et al., 2012). 

Equation 14: P = E*I 

                    

 Where P is the power produced (mW), E is the potential difference between anode 

and cathode (mV) and I is the current generated (A). 

 

The power density and current density values were calculated by normalising power 

and current values to the geometric surface area of the anodic electrode (25 cm2). 

 

Coulombic efficiency (CE) was calculated by integrating the measured current over 

time based on the observed COD removal (Equation 15) by using the criteria 

outlined in Zhao, et al. 2009. CE is a measure (%) of the amount of electrons 

generated via substrate oxidation that are reflected as current compared to the 

theoretical number of electrons expected calculated using Faraday’s second law of 

electrolysis. 

Equation 15:    𝐶𝐸 (%) =
(𝑀 ∫ 𝐼 𝑑𝑡

𝑡
0 )

∆𝐶𝑂𝐷∗𝐹𝑏𝑉 𝑎𝑛𝑜𝑑𝑒
   ×     100 

 

2.2.6.8. Statistical analysis 

All experimental data indicated on the graphs are the means of triplicate experiments 

unless otherwise stated and the error bars represent the standard deviation of the 

mean (SD). Statistical analysis of data was conducted by one-way analysis of 

variance (ANOVA) using Prism GraphPad 5.0. 

 

2.3. Results 

2.3.1. Summary of results 

The application of different co-cultures were investigated for improving MFCs 

performance on electricity production and wastewater remediation. The hypothesis 
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was that cleverly defined co-cultures could improve substrate turnover rate and 

hence improve electricity production. The first study involved studying a co-culture of 

C. beijerinckii and S. oneidensis (Table 2.4). The outcome was 87 mW m-2 of 

maximum power produced and improved substrate turnover rate to 67 ± 3% which 

was three-fold more than the substrate turnover rate of 20 ± 4% by S. oneidensis 

alone on 15 days of the study. 

Table 2.4. Summary of results by utilization of co-cultures and pure cultures of S. 

oneidensis and C. beijerinckii on the substrate removal and power generation from 

500 mg L-1 glucose. 

  

S. oneidensis 

 

 Co-culture:          

S. oneidensis         

with C. beijerinckii 

 

C. beijerinckii 

Power Production 

(mW m-2) 

48 ± 2  87 ± 4 60 ± 3  

% COD Reduction 20 ± 4 67 ± 3 70 ± 6 

 

The second study involved studying co-cultures of G. sulfurreducens, C. beijerinckii 

and S. cerevisiae (Table 2.5). The co-culture of all three strains produced the 

maximum power output of 80 ± 2 mW m-2 but with 41% substrate turnover at 15 

days. The study utilized synthetic wastewater containing 500 mg L-1 utilized modified 

with Luria Bertani medium containing (g/L) tryptone – 10.0 and yeast extract – 5.0. 

The co-culture of all three strains produced the maximum power output of 80 ± 2 mW 

m-2 but with 41% substrate turnover at 15 days. 
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Table 2.5. Summary of results by utilization of co-cultures and pure cultures of C. 

beijerinckii, S. cerevisiae and G. sulfurreducens on substrate removal and power 

generation from 500 mg L-1 glucose. 

  

C. beijerinckii 

 

     Co-culture: 

  C. beijerinckii,                

S. cerevisiae and         

G. sulfurreducens 

 

G. sulfurreducens 

 

S. cerevisiae 

Power Production 

(mWm-2) 

    74 ± 4         80 ± 2      23 ± 2     35 ± 3 

% COD 

Reduction 

    40 ± 3         41 ± 3      32 ± 4     35 ± 5 

 

The co-culture of all three strains produced the maximum power output of 80 ± 2 mW 

m-2 but with 41% substrate turnover at 15 days. The study utilized synthetic 

wastewater containing 500mgL-1 utilized modified with Luria Bertani medium 

containing (g/L) tryptone – 10.0 and yeast extract – 5.0. 

The third study (summarised in Table 2.6) involved using a co-culture of S. 

oneidensis, C. beijerinckii and S. cerevisiae for remediation of wastewater containing 

500 mg L-1 of phenol. The best outcome was from C. beijerinckii alone which 

reduced the phenol concentration to 5.2 mg ml-1 (99% reduction); S. oneidensis 

phenol concentration reduction was to 25 mg ml-1 (95% reduction) at 35 days of the 

study. With regards to power production, S. oneidensis produced 4.6 ± 0.02 mW m-2 

while C. beijerinckii produced 2.7 ± 0.03 mW m-2 on the third day of the study. 
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Table 2.6. Summary of results by utilization of co-cultures and pure cultures of S. 

oneidensis, S. cerevisiae and C. beijerinckii on substrate removal and power 

generation from 500 mg L-1 phenol. 

  

S. oneidensis 

 

 Co-culture:          

S. oneidensis,       

S. cerevisiae and    

C. beijerinckii 

 

C. beijerinckii 

 

S. cerevisiae 

Power Production (mW 

m-2) 

4.6 ± 0.02    2.13 ± 0.01 2.7 ± 0.03 1.85 

% Phenol Reduction 95          98 99 97 

 

Another study (summarised in Table 2.7) investigated the use of pure cultures of S. 

oneidensis with exogenous addition of varying concentrations of Riboflavin (20, 30, 

40 µM). The addition of 30 µM improved maximum power production from 7.3 mW 

m-2 (control) to 54 mW m-2 on day 2 of the experiment while phenol concentration 

was reduced by 90% (30 µM Riboflavin addition) compared to 80% (control) on day 

8 of the experiment.  

Table 2.7. Summary of results by investigating the effect of Riboflavin on pure 

cultures of S. oneidensis for substrate removal and power generation from 500 mg L-

1 phenol. 

  

S. oneidensis 

 

S. oneidensis (20 µM) 

 

  

S. oneidensis (30 µM) 

 

 

S. oneidensis (40 µM) 

Power Production 

(mW m-2) 

7.4 ± 0.04 29 ± 1 48 ± 2 54 ± 3 

% Phenol 

Reduction  

80 75.2 90 89.2 

 

 




