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Abstract 

The development of a low pH mycobacterial fuel cell 

by Nawzad Noori Ahmed 

Microbial fuel cells offer an efficient and environmentally-friendly method of 

producing electricity and as such are an attractive green energy source especially as 

they can potentially produce power whilst recycling waste. The first objective of this 

study was to test the possibility of generating electricity with Acidiphilium SJH 

bacteria operating at a low pH as biocatalysts, with the ferric ion as the electron 

shuttle and glucose as the electron donor in a two-compartment microbial fuel cell. 

This study is focused on a comparison between different microbial fuel cell designs 

that were constructed to test their energy performances. The resulting power 

densities ranged from 18.3 mW/m2 to 25 mW/m2 and the coulombic efficiency based 

on the contained substrates is in the range of 6 % to 7 %. Unfortunately the design of 

microbial fuel cells and scale-up is limited by the large cost of the platinum 

electrodes. Hence the electrode material used in the design is an important parameter 

when deciding the performance and cost effectiveness of microbial fuel cell. 

This work demonstrates a potentially large reduction in cost by utilising the catalytic 

activity of platinum nano-sized particles on a Ketjen Black cathode that is able to 

diffuse oxygen from the air, eliminating the need for an external oxygen supply. The 

low pH redox behaviour of the ferric ion has been paired with an iron-reducing 

Acidiphilium sp. to form an effective fuel cell. At room temperature a power output 

of 20.7 m W/m2 was achieved with nano particulate platinum loading of 150 µg /cm2 

within a Ketjen Black cathode. The modified cathode retained an equivalent of 80 % 

efficiency when compared to a solid platinum electrode; which is significant 

considering that the mass of platinum used in the modified electrode was only 0.1 % 

of that in a solid platinum electrode. Platinum nanoparticles were electrodeposited on 

carbon felt from an aqueous electrolyte containing hydrogen hexachloroplatinate by 

a potential cycling method. The modified Pt/KB cathode achieved higher power 

density when compared with the platinum electrodeposition on the carbon felt 

cathode electrode. 
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1.1 Energy sustainability 

Energy sustainability is a serious challenge that faces our world today. Shortages in 

natural resources such as fossil fuels, natural gas1 and fresh water are inevitable, and 

humanity cannot depend on available energy resources forever. The population 

growth in the world is also has a high demand on our limited available energy 

resources, contributing to a rise in energy prices.2 In addition, climate change and 

global warming give rise to the environmental problems of the world. 3 However, 

treatment of wastewater has become one of the most crucial strategies, regardless of 

the intensive energy required which is almost 3 % of the total energy consumption in 

developed countries as a result less than I % of water is currently being treated.4 

In a developed country, such as the USA, the wastewater treatment cost was $3.09 

billion per year in 2010.5 There is a significant amount of energy present in the 

wastewater in the form of organic matter; however, isolating the organic matter from 

wastewater is currently very costly.6 Classical wastewater treahnent technology is no 

longer considered as an economic option. Hence there is a clear need for the 

development of an environmentally clean alternative source of energy. Different 

biotechnologies have appeared recently that can not only treat wastewater but also 

utilise the wastewater as renewable energy source in the production of fuel 

simultaneously; using techniques such as fermentation,7 production of biogas8 and 

microbial fuel cells (MFCs).9•
10 

One of the technologies that are at the frontier of wastewater treatment is MFCs, a 

bio-processing strategy in producing sustainable energy and treating water. MFCs 

can produce electrical energy and biogas (from biodegradable compounds) which 

ultimately can minimise carbon compounds in domestic and industrial wastewater. 11 

A typical MFC contains both an anaerobic anode and aerobic cathode chamber, 

separated by a proton exchange membrane. In the anode chamber, fuel (substrate) is 

oxidised by microorganisms, producing electrons and protons. Electrons are 

transferred to the cathode chamber through an external electric circuit, and protons 

are transferred through the membrane to the cathode. Here they react with oxygen 

and electrons to form water, with the production of electricity as a by-product. MFCs 

can minimise the amount of organic material in the wastewater which in tum cleans 

the water body. In order for the MFCs to be used in industry, they would need to be 
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scaled up. To achieve that goal, different geometries have been designed and 

optimised to be able to treat domestic and industrial wastewater effectively. 12
• 

13
•
14

•
15

•
16One of the emphases is on the type of anode materials to optimise the 

electricity production and then in enhancing the interaction with anaerobic bacteria 

and replacing the chemical catalyst which is currently being used by cheaper 

material; this is an important factor which has a direct influence on the performance 

and cost effectiveness of an MFC.17
•
18

•
19 

In summary, the optimised geometry of MFCs has great potential in improving the 

quality of water and minimising and converting organic matter in wastewater via bio­

energy to sustainable fuel energy. A better understanding in MFCs geometry and 

mechanism are essential to gain a better future in sustainable fuel energy. 

1.2 Background on fuel cells 

A fuel cell system is usually classified by the type of electrolyte used. Different types 

of electrolytes identify the specific properties of a fuel cell, like fuel type, 

temperature or efficiency. There are several types of fuel cells currently under 

development, each with its own advantages, limitations and applications; these are 

explained in the following text. 

Solid oxide fuel cells 

These cells operate using solid oxide electrolyte (SOFC) in the form metal oxide 

(calcium or zirconium oxide). They generally operate at a high temperatures of 

around 500-1000 °c,20 and they have reliability issues due to the low conductivity of 

their solid electrolyte. SOFCs have an efficiency of about 50-60 % in converting fuel 

to electricity. However, at a high operating temperature it produces a large amount of 

steam which is used in turbines to generate electricity; efficiencies are therefore over 

70 %. SOFCs are best suited for large-scale stationary power generators that could 

provide electricity for factories or towns. In the mechanism of operation of the 

SOFC, electrons transfer from the anode to the cathode via an external circuit; 

however, the electrolyte negative ions (02
-) are transferred from the cathode to the 

anode where electrons are generated by oxidation ofhydrogen.21 



Anode 
Cathode 

H2 + 0 2- ➔ H2 0 + ze-
02 + 4e- ➔ 202-

Alkaline fuel cells 
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Equation 1-1 
Equation 1-2 

Alkaline fuel cells (AFC) produce heat and electricity using aqueous alkaline 

solution (such as KOH) as the electrolyte in the presence of oxygen and hydrogen. 

However, to avoid the possibility of CO2 poisoning, pure oxygen, hydrogen and an 

operating temperature of 50-200 °C is required.20 AFCs have an efficiency of about 

70-80 %; during their operation electrons are transferred from the anode to the 

cathode via an external circuit and the electrolyte negative ions ( 0 H-) are 

transferred from the cathode to the anode. 22 

Anode 
Cathode 

H2 + 20H- ➔ 2H2 0 + ze-
02 + 4e- + 2H20 ➔ 40H-

Phosphoric acid fuel cells 

Equation 1-3 
Equation 1-4 

Phosphoric acid fuel cells (P AFC) belong to the first generation of fuel cells and 

were the first to be made commercially.23 They have good ionic conductivity by 

producing electricity using liquid phosphoric acid (H3PO4) as the electrolyte at an 

operating temperature of 150-200 °C. PAFCs have an efficiency of about 37-42 %; 

however, efficiencies could top 90 % when used as a heat and power system. The 

P AFC has the potential for use in small stationary power-generation systems. The 

most common electrolytes are permeable for protons and chemical reactions in 

phosphoric acid fuel cells:20 

Anode 
Cathode 

H2 ➔ 2H+ + ze-
02 + 4e- + 4H+ ➔ 2H2 0 

Molten carbonate fuel cells 

Equation 1-5 
Equation 1-6 

Another type of high temperature fuel cell is molten carbonate fuel cells (MCFC) 

which operates at a temperature of about 650 °C.20 MCFC use compounds of salts 

like lithium and sodium carbonates (CO{) or lithium and potassium carbonates as 

the electrolyte. Their efficiency is about 60-80 % and the high operating temperature 

helps to reduce the effect of possible carbon monoxide contamination, as well as 

increasing electricity generation by recycling waste heat.24 MCFCs are best suited for 

large stationary power generators. The chemical reactions which occur are:25 

Anode 

Cathode 

H2 + coi- ➔ H20 + co2 + ze­
¼02 +CO2+ ze- ➔ coi-

Equation 1-7 

Equation 1-8 
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Polymer electrolyte membrane fuel cells 

Polymer electrolyte membrane (PEM) fuel cells are also called proton exchange 

membrane fuel cells and operate at a temperature of about 30-100 °c.20 PEM fuel 

cells use thin porous polymers as an electrolyte, with the porous membrane allowing 

proton transfer to the cathode chamber. PEM fuel cells have an efficiency of about 

50-60 %; their possible fields of application are mobile systems, and transportation. 

The most common electrolytes are permeable for protons and the chemical reaction 

is in the PEM fuel cells are:26 

Anode 
Cathode 

H2 ➔ 2H+ + ze-
02 + 4e- + 4H+ ➔ 2H2 0 

1.3 Microbial fuel cell principles 

History of microbial fuel cell development 

Equation 1-9 
Equation 1-10 

The bioelectric phenomenon started from the first observation by Luigi Galvani 

(1791) of the twitching of an isolated frog's leg, when a small electrical discharge 

was passed through it.27 Later, in 1839, William Grove made the first FC by 

reversing the process of electrolysis of water; hydrogen and oxygen were produced 

and combined back to water producing electricity.28 Michael Potter (1911) observed 

that electrical energy was generated from living cultures of yeast and Escherichia 

coli (E. coli) using platinum electrodes.29 Cohen (1931) developed the field later 

showing that a batch-biological FC generates more than 35 V.30 Although these 

studies may be a starting point for MFC development, it was not until the 1960s that 

biofuel FCs became frontier science due to the need of this technology for spacecraft 

as the conversion of organic wastes to energy was of interest to NASA. 31 In 1969, a 

biofuel FC was made using a platinum black electrode as the working electrode 

where it was shown that glucose could be used for energy generation. 32 In 197 6, Rao 

readdressed the principles of the biofuel FC. 33 It was believed that bacteria can 

transfer electrons onto the anode (an electron acceptor) with the current produced 

via an external circuit. For completion of the electrical circuit, protons migrate 

though the proton exchange membrane to the cathode where protons and electrons 

are recombined. However, the tenn and concept of the MFC was found by Roller et 

al, in the1980s.34 The result was that in 1991, Habermann and Pommer combined the 

concepts of wastewater treatment and MF Cs. 35 
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1.4 Types of biological fuel cells 

Two types of fuel cells are common; MFC and enzymatic fuel cells. It's very 

important to distinguish between these two types; MFCs utilise microorganisms as 

the biocatalyst to produce electrons and protons, while in enzymatic fuel cells, 

enzymes are isolated from the microorganisms and then used in the system for 

energy production in a similar operation as MFCs. Enzymatic fuel cells have higher 

efficiency due to the catalytic effectiveness of enzymes, but it's more convenient, 

practical and economic to apply bacteria in MFCs.36
'
37

'
38

,
39 Based on the electron 

transfer mechanisms within the bacteria, MFCs could be classified into three types: 

(1) Mediated electron transfer MFCs. This type depends on extracellular redox 

mediators, like neutral red,40
'
41 or thionin.42

'
43 Mediators are costly chemicals 

and in general cannot be recycled. 

(2) Mediator-less MFCs. This type is a more environmentally friendly system, 

where there is no concern about the effects of mediators. The earliest concept of 

electron exchange by electrochemically active bacteria (EAB) to electrodes was 

recorded by dissimilatory metal reduction by neutrophilic bacteria of the family 

Geobacter , Shewanella and Thermincola potens strain JR species, which can 

generate electricity in MFCs.44
'
45

'
46

'
47 This ability has also been identified in 

acidophilic bacterium Acidiphilium 3.2 Sup 5, 48 where the EAB transferred 

electrons to a solid anode electrode through an extracellular electron transfer 

(EET) mechanism. The mechanism of EET has been elucidated by three 

different routes: 

(i) Outer membrane associated cytochromes. 45
,
49

•
5o,5 i 

(ii) Redox mediators (i.e., phenazines or quinones) excreted from the 
· . 52 53.54 mzcroorgamsms. ' ' 

(iii) Conducting molecular pili or elongated appendafes (nanowires) that 
interconnect bacterial cells to the electrode surface. 5 

•
56

·
57 

(3) Photo heterotrophic MFC: this type uses an extra source of light to input extra 

energy into the MFCs system. 58 

Figure 1.1 illustrates the chemical compounds suggested to be involved in the 

electron transfer chain from electron carriers (NADH) in the intracellular matrix to 

the solid- anode electrode of electrochemically active bacteria.59
•
60 
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Anode 

Outer Mcn1bran 

cytoplasm 

NADH 

Figure 1. 1- Electron transport from cells to the anode in MF Cs. 60 

Microbial fuel cells for renewable electricity production 

While MFCs convert the chemical energy into electricity directly similar to 

traditional FCs, the principle difference is their configuration, materials, fuels and 

products generated. MF Cs are capable of using different kinds of fuel which include 

but are not limited to: environmental waste, reduced carbohydrates, glucose, sucrose, 

acetate, lactate, starches and municipal or industrial wastewaters in the form of liquid 

or sludge.61
•
62

•
63 

Another factor which affects the MFCs electron transfer is the attachment and 

growth of bacteria to the anode surface; forming layers which are collectively known 

as biofilms Figure 1.2. Electrons are transferred to the cathode chamber through an 

external electric circuit, and protons are transferred through the membrane to the 

cathode. Here they react with oxygen and electrons to fonn water with the 

production of electricity as a by-product. 

EquaUon 1-11 

~ 

Figure]. 2-Homemade bacteria/fuel cell (open air cathode) single chamber with carbon cloth 

(anode), Pt/KB (cathode). 
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1.5 Microbial fuel cell materials 

Anode materials 

An important factor which has a direct influence on the performance of a MFC and 

the subsequent production cost is the material used for the anode electrode. 64 This is 

related to the reaction between the microorganisms and the anode electrode. In 

addition, the anode must be able to transfer electrons, and then reduce the protons to 

react with the oxygen at the cathode.44
•
65 An ideal anodic material is conductive, 

chemically stable in the MFC reactor solution, non-corrosive, with a high porosity 

and has a high surface area for bacteria to easily attach to and grow on the surface.61 

The most common materials used for anode electrode are carbon-based materials; 

they traditionally include carbon paper, carbon cloth, carbon felt, carbon mesh, 

graphite rod, granular graphite, and reticulated vitrified carbon (RVC).66
•
67 Carbon 

cloth is a good material for anodic biofilms in MFCs, but it is expensive 

(approximately $1,000/m2
).

66 Carbon mesh is a much less expensive material 

(approximately $10-50/m2
) and can work as well or better than both carbon cloth and 

paper. 68 To improve surface modification of the anode electrode, treatment with 

ammonia gas at a high temperature is a good factor for increasing bacterial adhesion 

and power densities,69 while carbon mesh is sufficient to produce good performance 

with a simple heat treatment.68 Graphite fibre brush is one of the more promising 

materials and configurations for anode electrodes. 70
•
7 1

•
72 

The function of a bio-electrode is not just conducting; it also works as a carrier of 

microbes, and some special surface characteristics of electrode materials, such as 

high surface roughness, good biocompatibility, and the electron transfer efficiency 

between microbes and electrode surface, are essential for high bio-catalytic activity. 

In order to enhance bacterial adhesion and charge transfer, surface modification of 

the anode electrode has become a new topic of interest in the research field of 

MF Cs. 73 Table 1.1 on the following page serves as a comparison of these studies. 
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Tab MFC. le 1. 1 -Anode materials, reactor configuration, and power generation performance in 

Anodes MFC Performance 
References configuration impro;\(ements 

Carbon brush treated with 
Single chamber 1280 mW/m2 74 ammonia 

Antimony(V)-graphite 
Sediment 108 mW/m2 75 

Fe20 3 coated 
Two chamber 30 mW/m2 76 Carbon paper 

Mn4+ - graphite Two chamber 788 mW/m2 77 

Carbon nanotube -textile 
Unreported 1098 mW/m2 78 composite 

Polypyrole coated Plain C. Cloth Single chamber 160 mW/m' 79 
Graphite-ceramic composite-

Mn4+, Ni2+ Sediment 105 mW/m2 80 

Neutral red-Carbon paper Two chamber 900mW/m2 81 

Cathode materials 

The cathode material and construction are the most challenging aspect of any MFC 

design.73 There are many types of materials used for cathodic electrodes: carbon 

paper, carbon cloth, graphite foil, graphite granules, platinum (Pt), platinum black, 

activated carbon (AC), graphite based cathodes and biocathodes.60
,
82 The most 

widely used cathode catalyst for a MFC is platinum and its alloys, due to its excellent 

catalytic efficiency. 83
,
84

,
85

'
86

'
87 However, Pt is expensive and hence prevents up 

scaling of the fuel cell for industrial applications. In aerobic cathodes, oxygen is the 

terminal electron acceptor. Oxygen reduction is the most common electrochemical 

reaction that takes place at the surface of cathodic electrodes, and is commonly used 

because of its low cost, sustainability, and its high standard redox potential.61
,
88

•
65 

The cathode reaction, also called oxygen consumption is certainly one of the most 

serious factors which has a direct influence on the perfonnance of MFC due to the 

low reaction kinetics of the oxygen reduction at the cathode unless the expensive Pt 

catalyst is used.89
,
90

,
9 1 Consequently, current research has focused on the reduction of 

the amount of the used platinum for electrocatalyst purposes.92
,
93

,
94

,
95 The use of 

cheaper metals to create new catalytic electrode materials for cost reduction, Fe(II) 

and cobalt-based cathodes, have also been investigated as a useful alternative to a 

platinum catalyst (metal porphyrins and phthalocyanines).96
,
97

,
98 
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Currently, biocathode catalysts are an attractive alternative to chemical catalysts to 

improve the oxygen reduction reaction, because of their low cost and sustainability.99 

Bacteria were used to catalyse the oxygen reduction reaction (ORR) via a mediating 

species like manganese, manganese-oxidising bacteria deposited on the surface of the 

cathodic electrode which increases current density. 100 

Bacteria have also been utilised via a (Fe2+/Fe3+) couple redox at low pH (2.5) for 

biological cathodes using Acidithiobacillus ferrooxidans, 101 the biocathode was 

biocatalyzed by Ferro/manganese-oxidising microorganisms102 or directly in the case 

of acidophilic Acidithiobacillus ferrooxidans, 103 y-, ~-, and a -Proteobacteria, 

Bacteroidetes and Actinobacteria, 104 in both wastewater, 105 and freshwater. 106 The 

performance and cost effectiveness of an MFC using a bacteria biocathode with 

different cathode electrode materials have been show to provide a substantial cost 

saving. 107 However, the ORR can be improved by using more effective oxidants (e.g. 

Ferricyanide (K3Fe (CN)6), JOB,I09,IIO acidic permanganate (Mnon, 111 or acidic 

hexavalent chromium[Cr(VI)], 112 persulfate ferrous ion (K2S2Os-Fe2+) as the electron 

acceptors. 113 

Surface modification provide a new and interesting approach for oxygen reduction in 

MFC at cathodic activated carbon materials. 114
•
11 5

•
11 6 In essence ORR improvements 

have been studied and developed with cathode alternatives [Lead dioxide using a 

titanium base (PbO2/Ti), Iron phthalocyanine supported on Ketjen black (FePc-KJB), 

Polypyrrole/carbon black (Ppy/C), manganese oxide on carbon cloth (MnOx/C) and 

cobalt tetramethoxyphenylporphyrin (CoTMPP) ]and have shown to improve MFC 

performance similar to or better than that of platinum contained cathodes, as shown 

in Table 1.2. 

Table 1. 2 - Non Pt cathode catalvst, configuration and performance in MFC. 

Types Max 
Cathode composition Configuration Power density References of reactor 

mW/m2 

Graphite-CoTMPP Plane Single chamber 449 117 
Activated carbon fibre felt Plane Two chamber 315 115 

Fe3
+ -graphite Plane Two chamber 788 77 

Pb 02/Ti Plane Two chamber 25 118 
FePc-KJB Plane Single chamber 2011 98 

Pov/C Plane Single chamber 401.8 119 
MnOx/C Plane Two chamber 193 120 
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Carbon supports for electrocatalysts 

Another important component of the MFC is the catalytic support which has been 

shown to have a major role in catalyst performance. 121 Carbon black materials have 

been used as carbon support for MFCs electrocatalyst applications. 122 These carbon 

black materials differ in sulphur, ash, moisture content, porosity, surface area, and 

electroconductivity. 123
•
124 

Ketjen Black 

Ketjen Black (KB), which was used for this study, is a commercially available 

carbon black from Akzo Nobel and is generally used as a carbon support for MFCs 

electrocatalysts.98 The main property of KB is low ash content; large pore volume 

and a high surface area. 125 KB is treated through chemical oxidation of carbon 

supports in order to enhance the interaction between carbon support and catalytic 

particles. 126 Table 1.3 shows the properties of four types of carbon blacks generally 

used for electrocatalyst applications (KB EC-600JD, KB EC-300J, Black Pearls and 

Vulcan XC-72). 

a e - ome proper zes C! car on ac ma eria s. Ti bl I 3 S t' f b bl k t . l i 2s 121 

Carbon support Surface area Pore volume Ash content 
m2/2 cm3/e: Wt% 

KB EC-600JD 1400 4.80-5.10 <0.10 
KB EC-3001 886 3.10-3.45 <0.05 

Vulcan XC-72 267 0.46 0.10 
Black Pearls 1475 2.67 0.36 

Previous work by Subramanian et al studied the effect of surface area and 

distribution of pore sizes on the activity of cobalt-ethylene diamine (Co-EDA) 

catalysts using three different carbon supports, Ketjen Black EC 300 J, Vulcan XC-

72 and Black Pearl 2000. Their results revealed that with an increase in the amount 

of quinone groups on an oxidised carbon surface the activity of the heat treated Co­

EDA/C catalyst decreased in the following sequence: KJ300 > Black Pearls 2000 > 

Vulcan XC-72. 128 

Because carbon black materials are cheap and environmentally-friendly many new 

carbon black materials have been discovered, these include: graphitised carbon, 129 

carbon nanotubes, 130
•
13 1

•
132 highly mesoporous carbons, 133 carbon nanofibres, 134

•
135 

and even carbon nano-onion like structures. 136 These new carbon structures generally 

have the following features: increased volume-to-mass aspect ratio, higher surface 
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areas, and greater electroconductivity. Furthermore, they can be prepared or post­

treated to give diverse functions, for example, nitrogen doped carbon nanotubes.137 

Membranes 

Membrane plays an important role in MFCs. Several types of membranes have been 

documented in the literature for MFCs, including salt bridge, cation exchange 

membrane (CEM), anion exchange membrane (AEM), bipolar membrane (BPM), 

microfiltration membrane (MFM), ultrafiltration membrane (UFM), glass fibres, 

porous fabrics and other course pore filter materials to separate the liquid in the 

anode from that of the cathode chamber. 138 A Nafion ionomer membrane is the most 

widely used in proton exchange membrane fuel cell devices because of its high 

chemical stability, high ionic conductivity and good mechanical strength. Recently, a 

number of proton conducting membranes were developed for high temperature 

operation; these are classified into four groups: 139 Perfluorosulfonic Acid Polymer 

Membranes, alternative sulfonated polymers and their inorganic composite 

membranes, acid base complex membrane, and ionic liquid-based gel-type proton 

conducting membranes. The disadvantage of the membrane is the reduced 

performance of the MFC which results from an increased internal resistance. 140 

Microbial fuel cell design developments 

There has been an unprecedented development in the design and the technology of 

MFCs; this has given rise to different configurations of MFCs with outstanding 

performance. The development of the air-cathode single chamber MFC is 

membraneless and increases power output and cost effectiveness. 141
'
142 The presence 

of membranes between the electrodes can lead to pH gradients. 143 An important 

factor, which has a direct influence on the performance of the air-cathode single 

chamber MFC, is membrane deformation when the membrane is placed next to the 

cathode electrode, and performance of the system is enhanced through control of the 

membrane deformation.144 For the first time, cloth separators were used to replace 

membranes in air-cathode single chamber MFCs. 145 Wei, B et al demonstrated the 

importance of pressing separators against the cathode electrode in single-chamber air 

cathode MFC. 146 For instance, Liu, H et al designed an MFC cylindrical chamber 

used in wastewater treatment (Figure 1.3).147 This design has been shown to be 

useful in both batch and continuous modes as opposed to other previously illustrated 
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two chamber cells in section. The larger surface area of the anode helps to facilitate 

more bacterial activity and passive air transfer to the cathode, thus producing more 

energy. 

Air 
---+ 

Wastewater 

Effluent 

R 

._....._,.__. Multimeter 

Figure 1. 3 - Schematic single chamber MFC cylindrical shape with inner cathode.147 

An Upflow MFC design is where the anode and cathode were placed in one reactor 

chamber with the cathode electrode located at the top through which an air flow can 

be passed. The anode and the cathode chamber are separated by a PEM membrane. 

The long distance between the anode and cathode increases the internal resistance 

therefore; the performance of an upflow MFC design was lower than the cylindrical 

MFC design. Due to the cheap and large surface area of the anode, an air supply 

must be injected into the cathode, hence costing more energy.65 K Rabaey, et al., 

designed a tubular MFC reactor using an inner granular packed bed graphite anode 

and a woven graphite mat served as the outer cathode. In this system the cathode was 

wrapped around the anode and was separated by a cation exchange membrane. 

Although there is a need to replenish the used up K3Fe (CN)6, in the long run 

however this design was works with high performance due to low internal 

resistance. 148 

Bruce Logan's group52·58·141·147 developed many different configurations (batch and 

continuous) ofMFC reactors, as shown in (Figure 1.4 on the following page). One of 

the easy reactors to construct and assemble is an H-type design. Two chambers are 

separated with a PEM membrane. H-type systems present some difficulties in 

optimizing performance, due to large electrode separation, large dead volume in the 

head space, large reactor volume compared to the small dimension of the electrode 

and small membrane areas, and the large amount of trapped bacterium in the narrow 

membrane joints. 149 
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Figure 1. 4 - Types of MFC configurations for batch mode application, 140 (A) Salt bridge two chamber 
MFC;'50 (B) Four batch mode MFCs configuration where the compartments are separated by 

membrane; 52C) same as B but with a continuous flow-through anode;151 (D) photoheterotrophic type 
MFC;58 (E) single-chamber air-cathode MFC; 141 (F) Two-chamber MFC. 152 

In essence the MFC design has very significantly lowered the internal resistance, 

whilst increasing the power output, performance and coulombic efficiency; however, 

subsequent MFC design with high performance and low cost is still desired. Until 

now, due to heterogeneity in function and mode of operation, there is no consensus 

on the best MFC design. Whereas the power output performance is affected by the 

MFC design, other factors such as electrode materials, mediums, separation 

membrane and bacteria species, influence the MFC performance. 

Microbial fuel cell configuration and designs 

There are many types of MFC reactors but they all share the same working 

principles. Various configurations have been designed using different materials. 

They are worked under different conditions to improve the performance, power 

generation and reduce the overall cost. 

1-Two chamber configurations: - This is the most generally used design consisting 

of two chambers with the anode and cathode compartments separated by a proton 

exchange membrane, ion exchange membrane and salt bridge. Two chamber MFCs 

are generally run in a fed-batch mode. This design is used in basic research and the 

literature suggests that the power output from these systems is low due to their 

complex design, high internal resistance and electrode based losses.60
•
153 
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2- Single chamber configurations: - This configuration contains only one chamber 

that has both the anode and the cathode electrode. One of the significant advantages 

of single chambered MFCs is improved power generation along with simple 

structures, cost savings and more practical than two chamber MFC.77' 141 However, in 

a system lacking a proton exchange membrane configuration, bacterial 

contamination and back diffusion of oxygen from cathode to anode without PEM are 

the major drawbacks. 154 

3- Up-flow configurations: - An up-flow construction generally consists of a 

cylindrical cathode sitting on the top and the anode on the bottom partitioned by 

glass wool and glass bead layers of an MFC operating in continuous flow mode. 155 

4-Stacked configurations: - A stacked MFC consists of several single cells of 

MFCs connected in series or in parallel. Stacked MFCs raise the voltage and currents 

produced in MFCs. The parallel connection can produce more power than a series 

connection when worked at the same volumetric flow rate. The parallel connection 

stack has a higher short circuit current compared to a series connection stack. 156 

1.6 Microbiological fundamentals of microbial fuel cells 

Cell Wall 

Almost all bacteria cell membranes can be classified as Gram-positive or Gram­

negative cell walls. The arrangement of the surface layers of the bacterial cell are 

examined in the scanning electron microscopy of thin sections. 

Gram-positive bacteria 

The cell wall of gram-positive bacteria consists of a membrane and many layers of 

peptidoglycan. Also, in addition, gram-positive bacteria cell walls contain teichoic 

acids, which consists principally of an alcohol and phosphate. The cell wall of gram­

positive bacteria is significantly thicker when compared to gram-negative cell 

walls.1s1,1ss 

Gram-negative bacteria 

Gram-negative bacteria have been identified to be made up of a three layer covering: 

(i) the cytoplasmic membrane (CM) or inner membrane, (ii) the peptidoglycan layer 

which is exterior to the CM, and (iii) the lipopolysaccharide-rich outer membrane 

(OM). Lipids and proteins are the major constituents of the double layer structure of 
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CM; with its properties comparable to that of other defined biological membranes. 

Some of the significant cellular roles carried out by CM are mechanical protection, 

passive and active transport, electron transport, oxidative phosphorylation, protein 

export, biosynthesis of phospholipids, peptidoglycan and proteins, and a number of 

other known enzymatic functions. The OM is a distinctive characteristic of gram­

negative bacteria with a disproportionate double layer that consists of lipid, protein, 

and lipopolysaccharide; it provides a partial permeability barrier, contains receptors, 

serves as an attachment for outside structures, is partly involved in protein transfer 

and contains lesser enzymes and proteins as compared to CM. 159
•
160 

Electron transport out of the bacteria 

A series of membrane-associated electron earners compose an electron transport 

system within the bacteria, such as from NADH [the reduced form of nicotinamide 

adenine dinucleotide (NAD)] to flavoprotein and from quinine to cytochrome. 161 The 

electron carriers are bound to the proteins of membrane, and the order of electron 

transfer is based on the reduction potentials, from lower to higher, with higher 

reduction potential required to release the electrons to the outside environment. 

Proton transport out of bacteria 

In the internal transport process, protons are separated from electrons, like, removal 

of hydrogen from NADH (oxidation), and are separated into protons and electrons. 

Protons are moved across an internal membrane which creates a proton gradient and 

difference in potential across the cell membrane. The protons flow back into the cell 

to generate adenosine triphosphate (ATP) from ADP through ATPasc. 161 

Mediators 

Routinely, electron shuttles or electrochemical mediators were added to MFCs 

resulting in electron transfer by microorganisms to the anode. The development of 

effective electrochemical mediators is clearly significant for improving the 

performance of MFC. To facilitate electron shuttling from the cell to the electrode a 

variety of chemicals have been used. 140Mediators are typically redox molecules with 

a low molecular weight e.g. neutral red,40 mixed mediator systems <ferric chelate 

compounds and thionine),162 and others, and quinones that can form reversible redox 

couples that are stable in both oxidised and reduced forms, the rate of the electron 
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transfer is accelerated by this cyclic process, and this raises the power output. 163 

There are two redox mechanisms have been :(a) electron shuttle from outer cell 

membrane cytochrome, (b) shuttling via cytoplasmatic redox couples (Figure 1.5). 164 

11b tn1te 

Figure 1. 5 - How redox mediators works. 164 

The disadvantage of reversible redox electron-mediator on performance of the MFC 

is usually a result in environmental contamination and low cost-effectiveness. These 

limitations may be overcome by fast and cost effective immobilizing electron­

mediator molecules (e.g. conductive polymers, neutral red, and methylene blue) 

coated anode electrode surface. 165
,
166 

Bacterial anode biofilms 

A century ago, production of electrical current from electrodes placed in 

microorganisms' cultures was noticed. 29 Microorganisms can attach and grow to 

solid surfaces, embed themselves in protective matrix [Extracellular Polymeric 

Substance (EPS)] and fonn layers which are called biofilms. Biofilms consist of 

active, inert biomass and EPS. Extracellular Polymeric Substance is mostly 

d f 1 h .d . 1 .. d d 1 . .d 161 16s 169110111112 compose o po ysacc ar1 es, protems, 1p1 s an nuc e1c ac1 s. ' ' · ' ' 

Attachment of microbials on a solid surface is crucial in the creation of biofilms, 

transporting of the microorganisms in porous media, and in situ bioremediation. 

Deposition of bacteria on surfaces is governed by a number of biophysical and 

biochemical factors, like type of the bacteria cell, motility, hydrophobic interactions, 

the outer membrane proteins, and lipopolysaccharides. 173
•
174

•
175 
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One of the significant roles of biofilm is the electrochemically active process, and 

shows marked effect on bioelectricity production. 176
'
177 As the density of the cells is 

high in the matrix, cell to cell contact is increased in the biofilm which stimulates the 

electron transfer mechanism. 178 Anode associated biofilm of MFCs is pivotal for the 

efficient electron transfer in an MFC. 179
'
180 Also extracellular polymeric substances 

immobilise the bacterial cells play important roles in extracellular electron transfer 

reactions. 181 Micro-sized MFC design has very significantly improved biofilm 

formation and power generation. 182 

In summary, bacteria colonised anode biofilm of an MFC has three vital parameters: 

the electron donor (carbon source), microorganisms oxidising the electron donor, 

and electrons transferred to the anode surface. These parameters are commonly 

expressed as the electron donor concentration, colonisation of microorganisms on the 

anode, and production of electricity respectively. 

The majority of the electrochemically active bacteria reported in the literature relate 

to systems operated at neutral pH, however, a new approach to the anode biofilm 

Acidiphilium SJH bacteria will be adopted for this work due to the Acidiphilium low 

pH requirements which are ideal for iron electron redox chemistry. 183 

Acidophilic heterotroph 

An acidophilic heterotroph (SJH) bacterium is comprised of gram-negative, rod­

shaped bacteria; they have also been reported to be obligate aerobes and useful 

model organism for the study of extremophilic bacteria in bioremediation 

applications. The enviromnents in which they are characteristically found are 

invariably rich in ferrous and ferric iron. The Acidiphilium sp SJH bacteria used in 

this study was isolated from a subterranean, high acidic environment (pH 2.3), metal­

rich stream located within a derelict pyrite mine ( Cae Coch) in North Wales. 183 

A microbiological study on dissimilatory iron reduction in extremely acidic 

environments is one of the most abundant electron sinks for the oxidation of organic 

matter. 184 Recent studies have reported dissimilatory iron reduction by neutrophilic 

bacteria of the family Geobacteraceae, Shewanella spp., and hyperthermophilic 

microorganisms.59 This ability has also been identified in a significant number of 
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Acidiphilium and Acidiphilium-related bacteria that carry out a dissimilatory 

reduction of ferric iron under anoxic as well as microaerophilic conditions.48 

In acidic media, ferric ion tends to be more available due to its stability, which has 

relatively high redox potential Fe3+/Fe2+ 770 mV, at nearly pH of 2, while the same 

couples have less potential at neutral pH at -88 to 430 mV. Based on the 

thennodynamic view, ferric ion is considered as an attractive electron acceptor to 

molecular oxygen in highly acidic media. 185 

1.7 Aim and objectives 

Aim 

The aim of this PhD thesis is to study the efficiency of a microbial fuel cell capable 

of utilising iron due to its ideal redox behaviours. 

Objectives 

The program of this research is divided into five main parts: 

1. Using acidophilic microorganisms (Acidiphilium sp SJH) as iron reducing 

bacteria in the anodic chamber of the MFC in order to enhance the production 

of electricity. 

2. Developing the scale up potential of MFC by studying various construction 

configurations of MFC. 

3. Improve the cathode material and compartment in order to increase the 

catalytic activity of the cathode reaction and cost effectiveness. 

4. To study the influence of anodic biofilm growth from Acidiphilium sp SJH 

bacteria at low pH. 

5. Utilise an air-cathode single chamber MFC on bioelectricity production to 

remove the need to supply oxygen from outside the cell. 
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2.1 Introduction 

The first part of this chapter describes the experimental theory associated with the 

design of a microbial fuel cell and the second section discusses their performance 

outputs. The third and final section provides an overview of the limitations of the 

power output related to the materials used for construction of the MFC. 

2.2 Microbial fuel cell theory 

Oxygen reduction reaction mechanism 

The understanding of the oxygen reduction reaction (ORR) is of paramount 

importance to the successful operation of a MFC. The triplet state of oxygen in its 

ground state, has two unpaired electrons occupying a doubly degenerate n* 

antibonding orbital, according to Hund's rule. The bonding order of oxygen is two, 

which is attributed to the 3crg orbital with two electrons, the doubly degenerate I nu 

and 1 n g *orbitals, where the 1 nu orbitals have double occupancy while the 1 ng *orbital 

has single occupancy. In the reduction of 0 2, the added electrons will occupy anti­

bonding orbitals, decreasing the bond order of 0-0. This increases the 0 -0 bond 

distance and the vibrational frequency decreases. This explains the high stability of 

the 0 2 molecule and its relatively low reactivity, in spite of its high oxidising power. 1 

Generally two reaction paths are accepted for the ORR that takes place at the 

cathode.2 Equations 2.1 to 2.4 express the reaction pathways in an acidic medium. 

Direct reduction 

02 + 4H+ + 4e- ➔ 2H20 

Indirect reduction 
E

0 

= 1.23V 

02 + 2H+ + ze- ➔ H2 02 E
0 = 0.682V 

followed by a further reduction 

H202 + zH+ + ze- ➔ ZH20 E
0 = 1.77V 

or a chemical decomposition. 

2H202 ➔ 2H20 + 02 

Equation 2-1 

Equation 2-2 

Equation 2-3 

Equation 2-4 
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Figure 2.1 shows a postulated scheme of the main steps of an oxygen reduction 

reaction. It shows the reduction process is a multielectron reaction which includes a 

number of elementary steps of different reaction intennediates. This scheme is 

considered as one of the most effective in describing the reduction of 0 2 on metal 

surfaces. 

K2 K 3 l 
0 2 -- 0 2,ad ◄ H 202,ad ---H2 0 

~1~Ks 
H202 

Figure 2.1 - Schematic presentation of ORR pathway. 1 

According to the proposed scheme an oxygen molecule can be reduced to a water 

molecule on the metallic surface either directly from adsorbed 0 2cads) to water with a 

heterogonous rate constant K1, or via another route by formation of adsorbed 

peroxide H 202cads) with a heterogeneous rate constant K2, then the adsorbed peroxide 

is further reduced chemically to water, with a heterogeneous rate constant K3, then 

taking different routes to either decomposition on the electrode surface (K4) or 

desorption into the solution (K5).
3 The high stability of the 0 -0 bond which has a 

dissociation energy of 118 Kcal.mor1
, is probably the main reason for the tendency 

of the oxygen molecule to be reduced to H2O2 on the surface of most electrode 

materials. However, the 0-0 bond in H20 2 is only 35 Kcal.mor1 
•
4 

The various reaction pathways are interpreted as the consequence of different metal­

dioxygen complex structures. Figure 2.2 shows the plausible mechanism 1: 1 and 1 :2 

metal-di oxygen complex structures. Model (I) which is called the Griffiths model 

contains a side-on interaction of metal-oxygen.5 Model (2), the Pauling model, is an 

end-on interaction of oxygen molecules with the surface of the metal to make an 

open angle ~ 120 degree. 6 

0/0 

M 

0--0 o--o I 
0-- 0 

\I I I \ I 
M M 

M M M 

1 2 3 4 
Figure 2. 2 - Possible configuration of oxygen molecule interaction with a metal in a complex. 4 
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Thermodynamics of bioelectrochemical conversion in microbial fuel cell 

Electricity from a MFC is spontaneously produced only when the overall reaction is 

thennodynamically favourable (change in Gibbs free energy < 0) To calculate the 

voltage generation in MFCs, it may be more convenient to calculate the reaction in 

terms of the overall cell electromotive force (Eemf), which is defined as the potential 

difference between the cathode and anode in an MFC that can be obtained relative to 

the theoretical amount of work (W). Both values are equal to the net release of Gibbs 

free energy (t-.G), as the reaction goes from reactant to product. This can be 

expressed according to the following equation: 7 

Eemf nF = W = -t.G Equation 2-5 

Where n the number of electrons transferred, Fis Faraday's constant (96,485 C/mol) 
-AG 

E -emf--;;j 

If all reactions are determined at standard conditions, then 

e -6G0 

E emf = ~ 
The overall reaction in terms of the potential is given by 

e RT ( ) 
Eemf = E emf - nF!n n 

Where II represents concentration the product/ reactant. 

2.3 Microbial fuel cell performance 

Power measurements 

Equation 2-6 

Equation 2-7 

Equation 2-8 

To study the MFC reactor performance and its effectiveness to generate power, it is 

essential to optimise the system for power production. The power obtained by an 

MFC is related to the measured cell voltage, EMFc, across a fixed external load (Rext) 

and the current by P = I EMFC where the current was determined using Ohms law 

based on the MFC voltage, I= EMFc/Rext· Hence the power can also be expressed 

as: 

2 
p = EMFC 

Rext 
Equation 2-9 

Power output normalised by electrode surface area 

Many studies use the surface area of the anode for determining power density; 

because the amount of power generated in an MFC is affected by the amount of 

anode surface area (Aan) available for bacteria to grow on. However, power 
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generation is not always affected by the surface of the anode. In some systems with 

very high anode surface area, alternates are used to obtain power density by the 

cathode surface area(Acac)- Thus, it is essential to normalise the power generation on 

the basis of surface area of the cathode. 8 

2 
p = EMFC 

an AanRext 
Equation 2-10 

2 
p = Eupc 

cat AcatRext 
Equation 2-11 

Power output normalised by membrane surface area 

In reactor systems where the anode and cathode chamber are separated by a 

membrane, the membrane projected surface area may also be used to normalise the 

power. According to Oh and Logan,9 the power production varied depending on the 

relative sizes of the anode, cathode and proton exchange membrane (PEM). A power 

density based on the membrane surface area is calculated as 

2 

P _ EMFC 
A-

RextAPEM 
Equation 2-12 

Power output normalised by volume 

The reactor liquid volume can also be used as a nonnalising factor. In the literature 

researchers sometimes normalise the power production on the basis of the total 

reactor volume (including both the cathode and anode chambers) or the anode liquid 

volume (excluding membrane area and gas head space). A volumetric power density 

based on the total reactor volume is calculated as: 

2 

P _ EMFC 
v -

VRext 
Equation 2-13 

Where Pv, is the volumetric power (W/m3
) and V the total reactor volume (ie. the 

empty bed volume). The literature reports power densities of several different types 

of reactor configuration (MFCs). Table 2.1 on the following page shows maximum 

power densities of these reference papers. 
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a e - u strate, co T bl 2 1 S b 1guration, an power generation pe ormance m nfi d r£ . MFC 

Substrate Max oower densitv Reactor confie:uration References 
Glucose 12.7 mW/ml Two-chamber 10 
Glucose 2 mW/ml Two-chamber salt bridge 11 

Wastewater 28 mW/ml Single 12 
Glucose 4310 mW/ml Stacked 13 
Acetate 90 W/mj Tubular 14 

Wastewater 170 mW/m2 Tubular upflow 15 
Acetate 784 mW/m2 Tubular upflow 16 
Acetate 83 W/mj Cylindrical two chamber MFC 17 

Polarisation curves 

Polarisation curves provide a powerful tool for the characterisation of microbial fuel 

cells. Polarisation curve illustrates the amount of the produced current density as a 

function of the applied potential. Two ways are used for obtaining these polarisation 

curves; using a potentiostat, which can apply a fixed potential and measure the 

current, or using an external resistance circuit, of which the value is changed in 

several steps, measuring the potential. Figure 2.3 demonstrates a typical polarisation 

curve. 

350 
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2 200 
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0 

Slope=R10 
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Figure 2.3 - Polarisation (blue line) and power density (red line) curve for a Microbial Fuel Cell. The 
OCV is the maximum cell voltage, found when no current flows. Cell voltage decreases with 

increasing current density as a result of increasing losses. Power density shows a maximum at a 
certain current density. The internal resistance can be determined from the slope of the cell voltage 

curve. 

At the beginning (intersect with x-axis) there is no flowing of the current, no losses 

occur, and the maximum cell voltages could be found, which is called open circuit 

voltage (OCV). In the closed circuit, the current increases, and then the cell voltage 

will decrease. This decrease in cell potential is a result of increasing losses with 
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increasing current. The common losses are ohmic loss, activation loss and 

concentration losses. The Ohmic loss (or resistance loss) is due to low conductivity 

of the solution. This resistance leads to a voltage drop according to Ohm's law. 

Ohmic losses represent the energy loss as a result of the voltage drop in all 

conductive parts of the cell (solution, electrical connections and electrodes). The 

activation energy required to start the reaction leads to the loss of activation. The 

final loss is concentration losses, which are caused by the concentration gradients 

from the vicinity of the electrode. From the current density, decrease in cell voltage 

can be found, in which the higher the current density the higher the voltage loss in 

the system. 

Coulombic efficiency 

Coulombic efficiency (CE) is defined as the ratio of the number of coulombs 

recovered as electrical current versus the theoretical maximum number of coulombs 

recoverable from the initial organic matter added to the system. 

C = Coulombs recovered 

E Total coulombs in substrate 
Equation 2-14 

Low level of CE of the MFC is dependent, partially, on the bacteria that are carrying 

out the oxidation of the organic carbon, and most of it is used for bacteria 

metabolism. Improvement of CE and highest theoretical amount of energy depend on 

complete oxidation of organic matter to carbon dioxide, with efficient electron 

transfer to the anode electrode. 18
•
19 An ampere is defined as the transfer of 1 

Coulomb of charge per second, or 1 A = 1 C/S. Thus, if the current is integrated over 

time the total number of coulombs transferred in the system is obtained. 

2.4 Limitations in microbial fuel cell processes related to materials 

Anode 

An important factor which has a direct influence on the potential losses of an MFC is 

the material used for the anodic electrode. This is related to the reaction between 

microorganisms and the anode electrode (attachment and growth to the surface of the 

anode). The common material and surface modification are mentioned in chapter 1, 

section (1.5). 
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Cathode 

In practice, the actual voltage output OCV of an MFC is less than the cell 

electromotive force (EMF) due to irreversible losses (i.e., overvoltage). Commonly 

three types of potential losses can be identified that affect an MFC performance: 

activation losses, ohmic losses, and mass transpo1i losses. These potential losses are 

known as the potential required to compensate for the current lost due to 

electrochemical reactions, charge transport, and mass transfer processes that take 

place in both the anode and cathode chambers. 

Activation losses 

The reduction reaction activity that takes place at the cathode electrode depends on 

the amount of current production in the MFCs. The reduction reaction kinetics are 

limited by an activation energy barrier which depends on the conversion of the 

oxidant into a reduced fonn (Equation 2.15). 

Equation 2-15 

The cathode potential produced at any specific current is considered to be the result 

of potential losses due to an activation barrier and is called cathodic activation loss 

(1Jact). 

Ohmic losses 

The performance of a MFC is also limited by ohmic overpotentials of the cathode 

electrode, which can be identified as internal resistances. This loss arises from both 

the resistance of proton migration within the ion conducting electrolyte and the 

resistance due to the electron flow through the connection wire. 

The ohmic overpotential (17 ohmic) hence represents the potential which is lost in 

order to complete the charge transport (electrons and protons). Ohmic loss 

commonly follows Ohm's law on the following page. 

7/ohmic = iRohmic Equation 2-16 

Where i is the current (A) and R ohmic is the ohmic resistance (Q) of the MFC. The 

ohmic resistance of the cathode electrode indicates the sum of ionic, Rion, and 

electronic, R eiec, resistances, and includes the resistance from the electrode, 

electrolyte solution and contact resistances; 
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Rohmic = Rion+ Relec Equation 2-17 

Internal resistance is usually dominated by the electrolyte resistance since the ionic 

conductivity is an order of magnitude lower than the electrical conductivity of the 

electrode materials.20 The ohmic resistance of the electrolyte Rion, can be expressed 

by; 

R- =...!... ion AK 
Equation 2-18 

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 en cmr1 of the 

electrolyte.20 The cathodic ohmic loss is more pronounced at medium current 

densities and, following the Ohm's law, the operating voltage decreases linearly as 

current increases. 

Mass transport losses 

The process of supplying reactants (oxidants, i.e., 0 2) and removing products (i.e. , 

H20) at the cathode electrode of an MFC is termed mass transport. Insufficient mass 

transport can lead to low performance of the MFC, due to reactant depletion or 

product accumulation within the catalyst layer. Reactant depletion limits both the cell 

voltage and the reaction kinetics, leading to a performance loss. This loss is the 

voltage required to drive mass transport processes at the cathode and is referred to as 

cathodic concentration loss or mass transport loss, (1lconc) cathode. Cathodic 

concentration losses increase with increasing current density. 

Minimising cathodic activation losses 

Reduction of oxygen is the most common reaction that takes place at the cathode 

electrode. An important factor which has a direct influence on the performance of an 

MFC is the low reaction kinetics of the oxygen reduction on the surface of the 

cathode electrodes which leads to higher overvoltage.21 Consequently, various 

methods are currently used to enhance the performance of the cathode in MFC with 

many requiring a high oxygen supply into the cathode chamber.22 These methods 

include the use of more effective oxidants as the electron acceptors,23 
•
24 

•
25 

modification of the cathode electrode with catalyst,26 
•
27

•
28 Biocathode electrodes, and 

improving working conditions within the cathode chamber.29
•
30 

•
31 
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Minimising cathodic ohmic losses 

Currently, various methods are used to minimise cathodic ohmic losses, which 

include higher conductivity of the electrolyte solution, large size proton exchange 

membrane, and reducing the spacing between electrodes.32
,
12 

,
33

,
34 

Minimising cathodic mass transport losses 

The mechanism of mass transport to the cathode electrode depends on both 

convection and diffusion. Convection plays an important role to transfer mass in a 

bulk solution. Conversely, diffusion controls the mass transport through the 

concentration gradient to the cathode surface. Mass transport losses can be reduced 

by keeping high concentrations of oxidant,21 
,
35 electrode material,36 

,
37 improving 

MFC working conditions, and optimised geometry of the cathode chamber.38
'
39 

The material used for the cathode electrode needs to have high electrocatalytic 

activity to improve the slow rate of ORR which has a direct effect on the 

overpotential of a MFC. However, chemical catalyst materials (i.e., Platinum) are 

high cost and rare materials. Consequently current research has focused on 

alternative catalysts 27
,
40

,
4 1 

Membrane 

MFCs can function with or without a membrane. When the anode and cathode 

chamber are separated by a proton exchange membrane, the CE is high due to low 

oxygen back diffusion to the anode. 12 The disadvantage of the membrane on MFC 

performance is usually a result of increased internal resistance and again high cost. 

However, the size of the membrane is also a significant factor because it controls the 

internal resistance of an MFC which facilitates fast diffusion of the proton through 

the membrane. 9 

Medium 

While buffer solution can help stabilise pH and increase the conductivity of the 

solution, pH of buffer solution facilitating proton availability to the cathode, proton 

transfer efficiency depends on type and concentration of buffer solution.42
'
43 
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3.1 Introduction 

3.2 Electrochemical methods 

All measurements were performed using a computer-controlled Auto lab PGSTAT 

30 electrochemical measurement system (Eco Chemie, Holland). The analysis was 

carried out with a three-electrode cell, using a saturated calomel reference electrode 

(SCE) and a platinum counter electrode unless stated otherwise. The platinum 

electrode was cleaned by means of a red-hot heating flame prior to use. Also prior to 

use, the cells were cleaned using a 50:50 mixture of concentrated H2SO4:HNO3 

followed by rinsing in deionised water (nominal resistivity >18M_cm at 25 'C), 

cleaning in a steam bath and drying in an oven. All tests were carried out at room 

temperature. 

The effect of dissolved oxygen 

The effect and/or interference of dissolved oxygen in the supporting electrolyte are 

determined using a glassy carbon (GC) working electrode; the GC electrodes were 

polished with alumina suspension (1 µm) , and (300 nm) on Buehler felt pads and 

then ultrasonically cleaned for 15 minutes in doubly deionised water to remove any 

alumina residues. The working electrode was a 10 mm diameter GC electrode. A 

cyclic voltammogram of 500 mM H2SO4 with potential range was swept between 

1500 m V and -500 m V was run. This was started at 0 V in the negative direction 

with a scan rate of 50 mV/s. The solution was then deoxygenated by purging with 

nitrogen for 15 min, and a cyclic voltammogram of the oxygen free-solution was 

recorded. 

Study of ferricyanide by cyclic voltammetry 

A 100 ml stock solution of 10 mM K3Fe(CN)6 was prepared in 1 M KNO3• From 

this, 25 ml of 4 mM solution in 1 M KNO3 was made. The working electrode was a 

10 mm diameter GC electrode. A cyclic voltammogram of 4 mM K3Fe (CN)6 was 1 

M KNO3 with limits of -200 m V and 600 m V was run. This started at 0 V in the 

negative direction with a scan rate of 25, 50, 75, 100, 150, and 200 m V/s. The 

solution was then deoxygenated by purging with nitrogen for 15 min. 
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Anode treatment procedures 

The physical treatment of the anode materials, carbon felt and carbon cloth was 

carried out using CO2 gas at a flow rate of 100 mL/min in a tube furnace at three 

different temperatures of 400 °C, 500 °C, and 600 °C for two hours. The chemical 

treatment procedure of the anode materials carbon felt and carbon cloth involved one 

day of treatment in 3 M of, H2SO4, and KOH, respectively. The materials were then 

washed with distilled water at least three times. 

Platinum particle deposition 

Particles of platinum were electrodeposited on carbon felt from 1 mM aqueous 

solution of chloroplatinic acid hexahydrate and 1 mM of tri-sodium citrate (Fisher 

Bio Reagents). Tri-sodium citrate was used as a complexing agent. The solution was 

prepared by dissolving Chloroplatinic acid hexahydrate ( 518 mg) and Tri-sodium 

citrate (294 mg) in 50 ml de-ionised water. The approximate volume of the solution 

(10 ml) was taken in a cell for the electrodeposition of platinum particles. The carbon 

felt was cut into lengths of approximately 4.0 cm and a width of 0. 7 cm to make 

rectangular electrodes. The electrical contact was made with a crocodile clip. For the 

deposition of particles, and for subsequent electrochemical experiments, 

approximately 1 cm of the carbon felt was immersed in the electrolyte. 

For the deposition of the particles and their electrochemical characterisation a 

potentiostat was used. Platinum nanoparticles were deposited with limits of 100 and -

500 m V versus a SCE. This was started at 0 V in the negative direction. The scan 

rates were varied between 50 and 1500 mV/s and the number of cycles was between 

30 and 900. After the completion of the deposition of the nanoparticles the carbon 

felt electrode was washed with de-ionised water, then with ethanol, and was dried in 

an oven at 100 °C. Cyclic voltarnmetry was used for the electrochemical 

characterisation of the deposited platinum nanoparticles, in 1 M H2SO4. The potential 

range was swept between -200 and 1500 m V at a scan rate of 50 m V/s, 1 the resulting 

film was imaged under SEM. 
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3.3 Surface modification by polyaniline electrodeposition 

According to standard literature procedure for polymerization of aniline,2 i.e. 200 

mM of aniline sulphate (purum, 8.52 g) was dissolved in 500 mM sulphuric acid in a 

volumetric flask to 150 mL of solution. The polyaniline were electrodeposited on a 

carbon felt (Fisher Scientific UK), with a surface area of 5 cm2
. For the deposition of 

the polyaniline films and their electrochemical characterisation a potentiostat was 

used. The polyaniline film was formed on the working electrode, platinum wire as 

the counter electrode, and SCE as reference electrode by cyclic voltammetry with the 

scan rate at 50 m V/s, and the potential range was swept between -200 to 1500 mV. 

The quantities of polyaniline deposited on the surface of the carbon felt were varied 

by changing the number of potential cycles; this was examined by weighing the 

carbon felt electrodes before and after electrodeposition. Previous reports used 

graphite paper or a platinum sheet electrode. 3 The modified carbon felt by 

polyaniline electrodeposition was sectioned and imaged using SEM. 

3.4 Microbial experimental 

Buffer solutions 

One litre of a 100 mM stock solution of potassium hydrogen phthalate was made up 

of (20.422 g) in deionised water. The solution was then vacuum filtered through a 

0.45 micron Millipore filter. To make pH (2.5, 3, 3.5, and 4) of 100 mL potassium 

hydrogen phthalate solution, the pH was adjusted by adding 100 mM Hydrochloric 

acid drop wise until the required pH was reached. 

Media and growth conditions 

Acidiphilium sp. SJH was isolated from a highly acidic (pH 2.3) metal-rich stream 

located within a derelict pyrite mine (Cae Coch) in North Wales.4The growth 

medium contained: glucose (1.8 g/L), tryptone soya broth (TSB, 250 mg/L), yeast 

extract (10 mg/L), ammonium sulphate (1.25 g/L) and magnesium sulphate (500 

mg/L). The pH was adjusted to 2.5 with sulphuric acid (H2SO4, 1 M) and the liquid 

medium sterilised (120°C, 20 min). Next, 2.5 ml of filter-sterilised ferrous sulphate 

(FeSO4, 1 M, pH 2.5) was added to 100 ml of the growth media which was then 

inoculated with 500 µl of stationary phase Acidiphilium sp. SJH. The culture was 
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incubated for 48 hours, unshaken, at 30 ±1 °C until an optical density (OD) of 1.0 (at 

600 nm) was obtained.4 

Preparation of Acidiphilium sp. SJH cells 

Cells of Acidiphilium sp. SJH were prepared from cultures of Acidiphilium sp. SJH 

bacteria prepared as outlined in (Media and growth condition). The cells were 

harvested by centrifugation (13600 g, 5min). The supernatant was removed; the cells 

were washed three times in an iron-free liquid medium and re-centrifuged. 

Acidiphilium sp. SJH cells were redispersed in a small volume of the liquid medium. 

The number of Acidiphilium sp. SJH cells was assessed by measurement of the 

optical density at 600 nm, and by direct cell counts (Thoma chamber) using a Leitz 

Wetzlar microscopic. 

Ferric ion reduction by Acidiphilium SJH bacteria 

Ferrous ion concentration were analysed by UV-Visible spectrophotometry 

calibrated with a standard solution containing known ferrous ion content. 5 A double 

beam system with a single monochromator; wavelength range 190 - 900 nm; light 

source: Deuterium lamp (190 nm - 350 nm), and hydrogen lamp (330 run - 900 nm), 

Jasco V- 550, with the Spectra Manger Software was used. 

For (50 ml) cells of Acidiphilium sp. SJH bacteria was prepared as outlined in (Media 

and growth condition) 1 ml (20 mM) of filter-sterilised Ferric sulphate was added 

from (1 M stock solution pH 2.5), using 10 mM glucose as an energy source. The 

culture/Ferric iron suspensions were incubated at 30 ± 1 °C and ferrous iron 

concentration was estimated at regular intervals spectrophotometrically with the 

ferrozine reagent. The absorption spectra for ferrous ferrozine complexes were 

determined in a quartz cell at room temperature. 6 A series of standard ferrous 

solutions were prepared containing 0.1 to 2 mM dilution of the stock ferrous solution 

(10 mM was prepared by dissolving (278 mg) of ferrous sulphate in enough 

deionised water to make 100 ml of solution acidified to pH 1.8 with H2SO4). 

A 50 µl sample of the culture supernatant (after centrifuging) was taken. If needed, 

the sample was diluted in deionised water acidified to pH 2.0 with H2SO4. 950 µl of 

the ferrozine reagent was added and mixed roughly. Absorbance of standards and 

samples were read at 562 nm against a blank without ferrous ions. 
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Effect of soluble ferric ion as electron shuttle on voltage generation 

A series of tests were conducted to study the effect of different concentration soluble 

ferric ion on OCV in an H-type two chamber MFC. The anolyte consisted of pure 

cells of Acidiphilium sp. SJH (5.1 x 107 cells/ml), and glucose (10 mM) in 

(potassium hydrogen phthalate, 100 mM) buffer solution pH 2.5. The MFC was 

examined with different concentration soluble ferric ion (lmM, 5mM, and lOmM) on 

OCV as electron shuttle. Stock solution IM ferric sulphate (B.D.H Laboratory 

Reagent) solution was prepared by dissolving (mg) in 100 ml deionised water. All 

experiments run in triplicate (Error bars SD). 

Effect of Fe (III)-EDTA as an electron shuttle on voltage generation 

The use of Fe (III)-EDTA as electron shuttle was studied to improve the efficiency of 

voltage output in MFC operating at low pH (2.5). The anolyte consisted of pure cells 

of Acidiphilium sp. SJH (5.1 x 107 cells/ml), and glucose (10 mM) in (potassium 

hydrogen phthalate, 100 mM) buffer solution pH 2.5. The MFC was tested with 

different concentration of soluble Fe (III)-EDTA (lm M, 5 mM, and 10 mM) as 

electron shuttle. 

Electrochemical analysis ferric reduction by Acidiphilium SJH bacteria 

Cyclic Voltammetry (CV) is used to understand the electrocatalysis mechanism of 

the microbial biofilms with an anode. However, most CV studies have focused on the 

suspensions of the microbial cells, and freshly immobilised microbials. CV on 

mature biofilms has rarely been reported.7
•
8

•
9 

A reduction of ferric ions with or a without a washed cell suspensions of 

Acidiphilium SJH bacteria was incubated under anaerobic condition at pH 2.5 as a 

function of time (0, 6, 10, and 15 hours), followed by cyclic voltammograms. The 

working electrode was a 10 mm diameter GC electrode and measurements were 

perfonned with a scanning rate of 5 m V /s over the potential range 0 V and 900 m V. 

The electrochemical cell was purged with nitrogen for 20 min. 

Open circuit voltage 

Open circuit voltage is the maximum cell voltage observed when no current is 

running through the MFC electrical circuit. Hence the potential differences between 
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the anode and the cathode electrodes can be indicated by the OCV. The potential of 

the anode electrode is associated with coulombic efficiencies and the properties of 

the anode surface. The potential of the cathode depends on the electron accepters 

which are coated on the cathode, beside the rate of the reaction in the cell. The power 

density increases with low surface area and resistance, while it will increase with 

high OCV, according to equation 3 .1. 10 

ocv2 

P=-­
ARcoca1 

Equation 3-1 

Where: Pis the power density of the system in mW/m2
, A is the anode surface area in 

cm2 or m2, the OCV of the cell in m V, and R1otaI is the total resistance (internal and 

external resistance). 

An H-type two-chambered MFC was made using two glasses that had a volume of 

approximately 40 ml each. The membrane was held (proton exchange membrane) 

between two chambers. The anode electrode was made of carbon cloth with 

projected surface area (5 cm2
), the cathode electrode was made of platinum sheet. 

The cathode chamber was filled with (potassium hydrogen phthalate, 100 mM) 

buffer solution pH 2.5. Voltage generation from Acidiphilium sp. SJH bacteria (5.1 x 

I 07 cells/ml) in an H-type MFC was studied when there was no external load, in 

presence glucose (1800 mg/L) as electron donor and soluble ferric ion (10 mM) as 

electron shuttle called open circuit voltage. 

Electrochemical activity of Acidiphilium sp. SJH cells 

The electrochemical activity of Acidiphilium sp. SJH bacteria was assayed by cyclic 

voltammetry of anaerobic SJH cells and tested using a potentiostat with a scanning 

rate of 5 mV/s over the potential range -800 and 800 mV. Cells of Acidiphilium sp. 

SJH were prepared from cultures of Acidiphilium sp. SJH bacteria were prepared as 

outlined in (Media and growth condition). The working electrode was a IO mm 

diameter GC electrode. The electrochemical cell had a working volume of 5 mL,11 

and was purged with nitrogen for 20 min. 
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3.5 Construction of the microbial fuel cell 

Two MFC designs were fabricated in the laboratory using polyacrylic plastic; the 

cells were identical apart from the air cathode (figure 3 .1 ). 
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Figure 3.1 - (left) Schematic configuration and (right) cell of a two-chamber MFC with a carbon cloth 
(anode) and a carbon cloth modified with Pt/KB (air cathode). 

The anode consisted of a non-wet-proofed carbon cloth (Fuel Cell Store USA), and 

carbon felt (Fisher Scientific UK) with a surface area of 5 cm2
. Figure 3.2 shows the 

material structure differences. The overall thickness of the carbon cloth was 1 mm 

and the carbon felt was 8 mm. 

~ 
Figure 3.2 - Carbon cloth and carbon felt materials designation carbon felt (top right) and Carbon 

cloth (top left). An SEM image Carbon cloth and carbon felt at 50X magnification carbon felt (bottom 
left) and Carbon cloth (bottom right). 
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The cathode electrode consisted of a Platinum sheet (1 cm2
) or Pt/KB (AkzoNobel) 

(22 wt. % Pt/KB) coated on one side of the wet-proofed carbon cloth, also with a 

surface area of 5 cm2
• The two cylindrical chambers ( 4 cm long with 3 cm in 

diameter) were separated by a proton exchange membrane (PEM) with a rubber O­

ring to prevent leakage. The distance between the two electrodes was 4 cm. the 

electrodes were soaked in distilled water for one day before measurements were 

taken. Copper wire (800 nm) was inserted inside the fluorinated ethylene propylene 

tubing and was used to connect the circuit; all exposed metal surfaces were sealed 

with a nonconductive epoxy. The proton exchange membrane (PEM) was pre-treated 

by boiling in H2O2 (30 %, Fluka) and deionised water, followed by 500 mM H2SO4 

and deionised water before using them as a membrane. 

3.6 Characterisation of the catalysts 

X-ray powder diffraction 

X-ray powder diffraction (XRD) data was measured between 5 and 75 degrees two 

theta using Ni-filtered Cu Kal radiation O" = 1.54051 A 0 ) on an X' Pert PRO theta­

theta diffractometer (PAN Analytical Ltd) at 45 kV and 35 mA. 

Transmission Electron Microscopy 

In this study samples (Pt/KB and Ketjenblack particles) were suspended in H2O by 

ultra-sonication, and then 10 ml drops were dried down onto a 200 mesh form 

var/carbon-coated gold grid and examined in a Philips CMl 2 transmission electron 

microscope at 80 kV. Images were captured with Megaview III digital camera and 

TEM software (Soft Imaging System GmbH, Munster, Germany). 

Scanning electron microscopy 

Scanning Electron Microscope (SEM) images were obtained using (S-520 Hitachi, 

Japan), Magnification 1 000X, Beam current 150 µA max, Voltage 20KV). 

Atomic Absorption Spectroscopy 

Atomic Absorption Spectroscopy (AAS) was used to determine the Pt metal loading 

after the preparation of Pt/KB. For the AAS analysis, the Pt/KB catalysts were 

dissolved in aqua regia and examined in AAS, Apectr AA 220 FS, lamp current 10 

mA, wavelength 226 nm, fuel: acetylene, support: nitrous oxide (Australia). 
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3.7 Preparation of the modified cathode 

Oxidation of Ketjen Black 

KB EC 600J (1 g KB EC 600J/ 10 ml of solution) was oxidised with a saturated 

solution of ammonium peroxydisulphate (NH4)2S2Os in sulphuric acid (H2SO4, 1 M) 

at room temperature for 48 hours in a flask placed in a shaking bath. After oxidation, 

the samples were washed with distilled water to remove the sulphates (determined 

with barium chloride). 12 

Point of zero charge 

The point of zero charge (PZC) experiment was carried out by contacting Ketjen 

Black EC 600J carbon with pH adjusted deionised water. The pH was adjusted using 

different molarities of HCl and NaOH. An eleven point PZC measurement was the 

most common experiment used to obtain PZC. Eleven different pH solutions were 

prepared. The Ketjen Black EC 600J was weighed out for each pH sample. The 

weight of the Ketjen Black EC 600J depends on the surface area, surface loading and 

volume of the bottle of sample. The weight of the Black EC 600J was calculated 

using equation 3.2: In the case of Ketjen Black EC 600J, having a surface area of 

1415 m2 i 1
, volume of the bottle of sample 0.050 m3, surface loading 1000 m2/L, 

and the weight ofKetjen Black EC 600J 353 mg was taken. 13 

M carbon= surface loading x volume I surface area. 

Platinum catalyst preparation 

Equation 3-2 

In order to incorporate the platinum into the electrode oxidised Ketjen Black EC 

600J (AkzoNobel) (350 mg) was dispersed by sonication for 15 min in 20 ml of 

distilled water, producing a homogeneous slurry; sodium carbonate (Na2CO3, 350 

mg) was added to the slurry and sonicated for a further 15 min to make the solution 

more alkaline. The resulting slurry was boiled for 30 min at 80 c·, under continuous 

stirring. A solution of chloroplatinic acid hexahydrate (H2PtCk6H2O, 500 mg) in 20 

ml distilled water was then added to the slurry, and this was sonicated for a further 

15 min. The slurry was then boiled for 30 min at 80 ·c, again under continuous 

stirring. Next formic acid [HCO2H, (98%) 1 ml] in 8 ml distilled water was added to 

the slurry and it was sonicated for 10 min to reduce the Pt4+. The slurry was boiled 

for a further 60 min at 80 ·c, under continuous stirring and it was then filtered and 
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washed with distilled water to pH 7. The precipitate was dried in a vacuum at 100 ·c 
for 60 min and then supplementary dried for a further 12 hours at 100 °C. 14 The 

resulting Ketjen Black EC 600 JD supported (Pt/KB) was mixed with 5 % Nafion 

solution (7 µL Nafion per mg platinum catalyst).15 The paste was applied to one side 

of the wet proofed carbon cloth, and dried at room temperature for 24 hours. 

Determination of the amount of platinum metal in Pt/KB catalyst 

The quantity of platinum metal after the preparation of the Pt/ KB catalyst was 

measured via AAS. A series of standard platinum solution was prepared containing 

40 to 200 mg/L of the stock platinum solutions; 250 mg/L was prepared by 

dissolving 66.4 mg of Chloroplatinic acid hexahydrate, and then made up to 100 mL 

by deionised water. The Pt/KB catalysts were dissolved in aqua regia (3HC1:1 

HN03, by volume), by filtration the supernatant was used, and then examined in 

AAS. 

Electrochemical reduction of oxygen 

Electrochemical activity of the ORR was assayed by cyclic voltammetry. The 

working electrode was a 10 mm diameter GC, which was polished with an alumina 

suspension (1 µm), and (300 nm) on Buehler felt pads and then ultrasonically 

cleaned for 15 minutes in doubly deionised water to remove any alumina residues. A 

thin-film electrode was prepared by mixing homemade KB carbon supported 

platinum powder 10 mg with 100 µL Nafion (5 %) and ethanol (900 µL). The 

platinum loading on the GC electrode was varied in the range [50 - 220 µg/cm2 (22 

wt % Pt/KB)]. The solution in the electrochemical cell was a buffer solution (pH 2.5, 

Potassium hydrogen phthalate, and I 00 mM). ORR voltammograms were recorded 

in the potential range of O - 900 m V vs. at a scan rate of 5 m V /s for different Pt 

loading. All electrochemical tests were carried out at room temperature. 

Polarisation curve 

When the OCV was stable, polarisation curves were obtained by connecting the 

anode and cathode with external resistances (100 n to 100 KO), the potential was 

recorded at each resistance every 5 min or using a potentiostat, which can control the 

cell voltage or potentials at the desired level and measures the current. The power 

obtained was converted to power density, P (mW /m2
), according to P = IV/ A, where 
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I (mA) is current, V (mV) is the voltage and A (m2
) the projected surface area of 

anode electrode (5 cm2
), the resulting current I (mA) was converted to current 

density, I (mA/m2
). 

3.8 Power and coulombic efficiency as a function of glucose concentration 

Glucose concentration 

The concentration of glucose before and after each batch cycle (duplicate samples) 

was measured using the phenol-sulphuric method with glucose as standard. A series 

of standard glucose solutions were prepared containing 5 µL to 50 µL from the stock 

glucose solutions (1000 mg/L by dissolving (I g) of glucose filled up to I 000 mL with 

deionised water). 16 

Power generation 

Power production from a variety of concentrations of glucose was tested in the two­

chamber MFC. For the tests with glucose at various concentrations, the anode 

chamber consisted of pure cells of Acidiphilium sp. SJH ( 5 .1 x 10 7 cells/ml) and 

ferric ion (20 mM) in (potassium hydrogen phthalate, I 00 mM) buffer solution pH 

2.5 containing (360 - 1800 mg/L) of glucose. The cathode was made of 150 µg/cm2 

(22 wt % Pt/KB) coated on one side of the wet-proofed carbon cloth 5 cm2 in buffer 

solution pH 2.5 (potassium hydrogen phthalate, 100 mM). The OCV was used to 

record the current based on the relationship between voltage and current at a given 

resistance (I = V/RA). Power density was obtained according to P = IV/ A, and its 

polarisation curve. The optimal external resistance was found which showed the 

maximum power density. 

Coulombic efficiency 

The CE is correlated to the amount at which substrate is consumed by 

microorganisms and the transfer of electrons and protons in the MFC can be used for 

electricity production. CE is defined as the ratio of the number of coulombs 

recovered as electrical current versus the theoretical maximum number of coulombs 

recoverable from the initial organic matter added to the system. 
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C = Coulombs recovered 

E Total coulombs in substrate 
Equation 3-3 

pH of the anode chamber 

A series of tests were conducted to study the effect of a variation of the pH (2.5, 3.5 

and 4.5) on voltage, current density and power density. Using the two-chamber MFC 

system with cells of Acidiphilium sp. SJH (5.1 x 107 cells/ml), ferric ion, and buffer 

solution (pH 2.5 ,potassium hydrogen phthalate, 100 mM) referenced to the anode 

(carbon cloth non wet proofing, or carbon felt 5 cm2
) that oxidises glucose (10 mM). 

The cathode chamber was filled with buffer solution pH 2.5 (potassium hydrogen 

phthalate, 100 mM) with a platinum sheet (1 cm2
) as a cathode electrode. The OCV 

was used to record the current based on the relationship between voltage and current 

at a given resistance (I= V/RA). Power density was obtained according to P = IV/ A, 

and its polarisation curve. The optimal external resistance was found which showed 

the maximum power density. During this operation, the anode chamber was purged 

with nitrogen while the cathode chamber was purged with air. 

Effect pH changes in a microbial fuel cell using non-buffered solution 

A set of experiments were performed using cells of Acidiphilium sp. SJH bacteria 

(5.1 x 107 cells/ml), glucose 1800 mg/L, and 10 mM ferric ion to measure pH 

changes, which was compared to that of the buffer solutions pH 2.5 experiment using 

Potassium hydrogen phthalate 100 mM. 

Electrode potential 

Open circuit potential (OCP) were measured of the electrodes (anode and cathode) of 

the MFC against a saturated calomel electrode, as a function of current with different 

resistor circuit (100 Q to 100 KO). 

The Pt loading on microbial fuel cell performance 

Power production from a variety of platinum content was tested in the two-chamber 

MFC. Cells of Acidiphilium sp. SJH (5.1 x 107 cells/ml), ferric ion (20 mM), and 

buffer solution pH 2.5 (potassium hydrogen phthalate, 100 mM) were referenced to 

the anode (carbon cloth non wet proofing 5 cm2
) that oxidises glucose (10 mM). The 

platinum cathode consisted of various ranges [50 - 220 µg/cm2 (22 wt % Pt/KB)], 
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coated on one side of the wet-proofed carbon cloth 5 cm2 in buffer pH 2.5 (potassium 

hydrogen phthalate, I 00 mM). A series of experiments examined the effect of 

different platinum contents recorded at power density. During this operation, the 

anode chamber was purged with nitrogen while the cathode chamber was purged 

with air. 

Effect of cathode surface area on voltage generation 

Different platinum cathode surface areas (1 cm2
, and 2 cm2

) were used for comparing 

voltage generation. Using the two-chamber MFC H-type design; the anolyte 

consisted of pure cells of Acidiphilium sp. SJH (5.1 x 107 cells/ml) ferric ion (20 

mM), and glucose (10 mM). The catholyte was filled with buffer solution pH 2.5 

(potassium hydrogen phthalate, I 00 mM) with the Pt cathode at various surface areas 

(1 cm2, and 2 cm2
). A series of experiments were conducted to study the effect of 

surface areas recorded in an OCV. During this operation, the anode chamber was 

purged with nitrogen while the cathode chamber was purged with air. 

3.9 Aqueous cathodes using different electron acceptor 

Effect of Potassium permanganate as the cathodic electron accepter 

An aqueous catholyte of Potassium permanganate was used in the acidic medium of 

the two-chamber MFCs H-type design (Figure 3.3). 

Figure 3.3 - Homemade bacteria/fuel two-chamber H-type design with carbon cloth without wet 
proofing 5 cm2 (anode) and carbon cloth wet-proofed carbon cloth 5 cm2 (cathode) electrodes. 
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The anolyte consisted of pure cells of Acidiphilium sp. SJH (5.1 x 107 cells/ml) ferric 

ion (10 mM), and glucose (10 mM). The MFC was examined for OCV and cathode 

potential. A series of experiments were conducted to study the effect of different pH 

catholyte (2, 3 .5, and 9) and various initial concentration of permanganate (20, 100, 

and 200 mg/L) respectively. They were recorded on OCV with cathode potential. A 

10 mM Potassium permanganate (B.D.H Laboratory Reagent) solution was prepared 

by dissolving (150 mg) in 100 ml deionised water. Cathodic samples were fixed and 

dried overnight (25 °C) in a vacuum oven, followed by a direct examination. All 

experiments run in triplicate. The cathode surfaces were studied using SEM. 17 

Effect of Chromium [Cr (VI)] as the cathodic electron accepter 

The two-chamber MFC system H-type design consisted of two glass tubes. The 

anode chamber ( carbon cloth non wet-proofed) consisted of pure cells of 

Acidiphilium sp. SJH (5.1 x 107 cells/ml), ferric ion (10 mM), and glucose; 10 mM in 

(potassium hydrogen phthalate, JOO mM) with a buffer solution of pH 2.5. An 

aqueous catholyte of hexavalent chromium was used in the acidic medium with 

carbon cloth - wet-proofed. A 1000 mg/L hexavalent chromium (B.D.H Laboratory 

Reagent) solution was prepared by dissolving (2.83 g K2Cr20 7) in 1 L deionised 

water. During the operation, the anode chamber and cathode chamber were purged 

with nitrogen for 30 min to remove oxygen. The MFC was examined for OCV and 

cathode potential under different pH catholyte (2, 3, 4, and 5) and various initial 

concentration of hexavalent chromium (20, 100, and 200 mg/L) respectively. All 

experiments run in triplicate). 

Comparison Study 

Using permanganate, hexavalent chromium, and oxygen as different electron 

acceptor and two electrodes carbon cloth, and [0.15 mg/cm2 (22 wt % Pt/KB)], 

coated on one side of the wet-proofed carbon cloth 5 cm2 in cathode chamber were 

tested. 

3.10 Effect of different cathode materials on open circuit potentials 

The OCPs produced using different cathode material (carbon cloth, carbon felt, and 

carbon Ketjen Black EC 6001) with same total cathode surface areas, (5 cm2
) were 

compared and examined in electrochemical tests. 
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Air cathode 

A comparison of the MFCs performance was tested for power generation. Hence, 

two MFCs were obtained; the first cell was supplied with oxygen; the second cell 

was supplied with air (as an external source of electron acceptors). The anode 

chamber ( carbon cloth non wet-proofed) consisted of pure cells of Acidiphilium sp. 

SJH (5.1 x 107 cells/ml), ferric ion (10 mM), and glucose (10 mM) in a buffer 

solution of pH 2.5 (potassium hydrogen phthalate, 100 mM). The cathode was made 

up of 0.15 mg/cm2 (22 wt % Pt/KB) coated on one side of the wet-proofed carbon 

cloth in a buffer solution of pH 2.5 (potassium hydrogen phthalate, 100 mM). The 

cell design was two-chamber MFCs (Sandwich design). 

3.11 Electrode Spacing 

The two-chamber air cathode MFC was fabricated from polyacrylic plastic 

cylindrical (3 cm in diameter); (figure 3.4) spacing between the anode and cathode 

was varied ( 4 to 2 cm) in order to investigate the effect of decreasing the distance 

between the electrodes on power output. For the tests, the anode was made of carbon 

cloth (5 cm2
), and the cathode was made of 150 µg/cm2 (22 wt% Pt/KB) coated on 

wet-proofed carbon cloth, (coated side) placed facing the solution, with the uncoated 

side exposed to the air. The anode was moved to a distance of 3 cm from the cathode, 

with either the anode exposed to both sides of the fluid with the total chamber 

distance of 4 cm (figure 3.4), or set at 2 cm fixed against a wall in a chamber 2 cm 

long (figure 2.5). The electrode spacing between the anode and the cathode was set at 

4, 3 or 2 cm, resulting in a reactor empty bed volume of 28 ml, 28 ml and 14 ml 

respectively. 
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Figure 3.4 - MFC configurations showing different electrode spacing. 
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3.12 Preparation of the modified anode 

A series of tests were conducted to study the effect of electrode spacing ( 4, 3 and 2 

cm). All MFCs were tested for power generation using Cells of Acidiphilium sp. SJH 

(5.1 x 107 cells /ml) and ferric (10 mM) ion referenced to the anode. The cathode 

chamber was filled with a buffer solution of pH 2.5 (potassium hydrogen phthalate, 

100 mM). During the operation, the anode chamber was purged with nitrogen while 

the cathode chamber obtained the oxygen from the atmosphere. Each test was 

repeated three times. The system was run w1til stable OCV was obtained. 

Polarisation curve power density curves were obtained by connecting the anode and 

cathode with external resistances (100 n to 100 Kn), the potential was recorded for 

each resistance every 5 min or by using a potentiostat, recording maximum power 

over the complete cycle of the operation. 

Construction of the microbial fuel cell for the anodic biofilm 

Three single-chamber MFCs were fabricated in the laboratory using a polyacrylic 

plastic cylindrical chamber 4 cm long by 3 cm in diameter. The anode consisted of a 

non-wet-proofed carbon cloth (Fuel Cell Store USA), and carbon felt (Fisher 

Scientific UK) with a surface area of 5 cm2
• The cathode consisted of Pt/KB 

(l 50µg/cm2
) (Akzo Nobel) coated on one side of the wet-proofed carbon cloth, also 

with a surface area of 5 cm2
• 

The biofilm on the surface of the anode was originated from laboratory substrate 

(glucose). The growth medium was made up as stated in media and growth 

conditions. 

For the bacterial studies, carbon cloth (5 cm2
); carbon felt (5 cm2

) soaked in 200 mM 

H2SO4 for 24 h, pH 2.5, was used as the anode for the development of biofilm. The 

carbon cloth and carbon felt were inoculated with the cell suspension of SJH bacteria 

for a period of 7, 21 and 30 days. Anode associated biofilm growth experiments were 

carried in acidic medium (pH 2.5). Cell suspension of SJH bacteria was replaced 

once in 10 days. The sample was dried in a desiccator overnight before the imaged 

with SEM. Acidiphilium SJH bacterial (stationary phase) growth on the surface of 

the anode ( carbon cloth, carbon felt) were evaluated using a SEM. 
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To examine the effect of the attached Acidiphilium sp. SJH bacteria, after 2 weeks of 

operation the anode was inoculated with the cell suspension of SJH bacteria, 

separated and inserted into the MFC with no attached Acidiphilium sp. SJH bacteria. 

Hence, two MFCs were obtained, the first cell contained a carbon cloth electrode and 

suspended bacteria in the anode solution, and the second cell contained the carbon 

cloth electrode with attached Acidiphilium sp. SJH bacteria from the preceding 

period and a new clear medium, as performed previously. The voltage and current 

density were measured simultaneously in order to calculate power density. 

Using CV for the analysis of the anode-associated biofilm 

Cyclic voltammetry was used to characterise the oxidation reduction reactions on the 

anode electrode surface by measuring the current response at an electrode surface to 

a specific range of potentials in an unstirred solution. The working electrode was 5 

cm2 carbon cloth or carbon felt electrodes colonised with Acidiphilium sp. SJH 

bacterial cells. Cyclic voltammetry was examined by applying a potential ramp at a 

scan rate of 5 m V /s over the potential range -800 and 800 m V to the working 

electrode (anode). The electrochemical cell was purged with nitrogen for 30 min. 

Poised potential electrode 

This study was used specifically to test the influence of a poised potential on the 

response of the anode-associated biofilm. The operated the MEC; the working 

electrode was 5 cm2 carbon cloth or carbon felt electrodes were colonised with SJH 

bacterial cells with the anode potential poised at -200,-400,-600 m V. The production 

current was examined over time. 

Anode materials 

In the two-chamber MFC and single-chamber MFCs, non-wet proofed carbon cloth 

(Fuel Cell Store USA) and carbon felt (Fisher Scientific UK) were used as anode 

materials. 

Cathode material 

Cathode electrodes were prepared in the laboratory. Wet-proofed carbon cloth (Fuel 

Cell Store USA, thickness 1 mm, and the area 5 cm2
) was used as substrate, and a Pt 
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catalyst (22 wt% Pt/KB) was mixed with 5 % Nafion solution (7 µL Nafion per mg 

platinum catalyst) coated on one side of the carbon cloth (a wet-proofed carbon cloth 

and a solid platinum electrode, thickness 1 mm and the area 1 cm2
). 
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4.1 Introduction 

Within this chapter the performance of the MFC was tested for power output, current 

density and rate of substrate combustion. The most important factors are the material 

and design of the reactor. Two different designs of MFCs are presented in this 

chapter the H-type and sandwich type. 

4.2 Development of a batch mode microbial fuel cell 

Electrochemistry study of carbon felt by cyclic voltammetry 

Cyclic voltammograms of an oxygenated solution of 1.0 M H2SO4 have been shown 

to illustrate the effectiveness of purging the electrochemical cell with nitrogen to 

remove any oxygen from the cell as the presence of oxygen will mask the detection 

of the ion peak. Figure 4.1 shows cyclic voltammograms of 1.0 M H2SO4 on a 

carbon felt electrode with and without the presence of oxygen. Figure 4.1 also 

illustrates the removal of oxygen by deoxygenating with N2 for 20 minutes. If the 

potential range is sufficiently limited, a very clean voltammogram can be obtained.1 
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Figure 4. 1 - Cyclic Voltammogram of 1.0 M H2S04 showing effect of 0 2. Oxygen removed by 
sparging with nitrogen gas fo r (20 min). Carbon felt electrode, 50 m V scan rate. 
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Study of ferricyanide on cyclic voltammetry 

To investigate the kinetics of the K3Fe (CN)6/K..iFe(CN)6 redox reaction qualitatively, 

the cyclic voltammograms at the following rates 25, 50, 75, 100, 150,and 200 mV/s 

are shown in (Figure 4.2); for a GC working electrode in a solution containing 4 mM 

K 3Fe(CN)6 as the electro active species in 1 M KN03 as a supporting electrolyte. The 

shape of the cyclic voltammogram is dependent on the electron transfer kinetics and 

diffusional mass transport. The effect of scan rate on the shape voltammograms can 

be clearly seen. The voltammograms have a quasi-reversible shape with one electron 

transfer reaction with peak separations, more than 60 mV, which increases with 

potential scan rates.2 However, the K3Fe(CN)6 species shows the lowest value of 

peak separations 70 m V close to a reversible system, which becomes slightly broader 

with potential scan rates, showing that the K3Fe(CN)6 species redox reaction would 

be fast. 
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Figure 4. 2 - Cyclic Voltammograms recorded at different potential scan rates at a GC electrode for 4 
mM K3Fe (CN)6 in IM KNO3. Scan rate = 25, 50, 75, I 00, 150, and 200 m Vis. 

From a cyclic voltammogram the cathodic and anodic peak current (ipc and ipa) can 

be measured. The ratio of the peak current ( ipc and ipa) is equal to one, this is 

indicative of a reversible system. From the Randles- Sevcik3equation 4.1, cathodic 

and anodic peak current ( ipc and ipa) increases as a function of square root of scan 

1 

rate(v2). The same redox reaction of the K3Fe (CN)6/ K..iFe(CN)6 as deduced by the 

proportionality between the anodic peak current ipa and cathodic peak current 
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1 

(ipc) vs square root(vz) of the scan rate can be seen in (Figure 4.3). A linear 

response is suggestive of relatively fast electrode kinetics and a diffusion controlled 

reaction. 

3 1 1 

ip = (2.69 * 105 )n2AD2Cv2 Equation 4-1 

Where ip is peak current (A), n is electron stoichiometry, A is electrode area ( cm2
), D 

is diffusion coefficient (cm2/s), C is concentration (moll cm\ and u is scan rate 

(V/s). 
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Figure 4. 3 - Plots of the anodic(■) and cathodic(♦) peak current vs. the square root of scan rate (v2) 

for the oxidation and reduction processes of the K:;Fe(CN)6. 

Ferric ion reductions by Acidiphilium SJH bacteria 

The ability of Acidiphilium SJH bacteria to reduce ferric ion using glucose as the 

energy source was estimated utilising a ferrozine reagent.4 The ferrous iron 

concentration was estimated at regular intervals spectrophotometrically with the 

ferrozine reagent. Figure 4.4 shows that the SJH bacteria over a period of 15 hours 

incubation completely reduced the available ferric ion; confirming that an 

Acidiphilium SJH bacterium was enzymatically mediated and ferric ion could act as 

an electron shuttle.5 Previous work reported was similar to that shown in figure 4.4.6 

This suggests a probability that ferric ion is more effective when competing for the 

electron at the space of periplasmic (gram-negative bacteria is the space in between 

the cytoplasmic and outer membranes). (Table 4.1) The proportionality between the 

ferric ion reduction and time was observed during which there was no visible change 
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in cell optical density. The anaerobic condition for the Acidiphilium SJH bacteria is 

more efficient when reducing the ferric ion but is not efficient in growing bacteria 

cells.7
•
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Figure 4. 4 - Ferric ion reduction by washed cell suspensions of Acidiphilium SJH incubated under 
anaerobic condition as afanction of time,(■) with or(♦) in absence of bacteria. 

Table 4. I - The effect of anaerobic condition on growth and ferric ion reduction by washed cell 
suspensions of Acidiphilium SJH, 540mg/L glucose. 

Time (HJ Concentration Ferrous iron Optical density 
0 0 0.48 
2 2.24mM 0.51 
6 6.13 mM 0.55 
15 12.16 mM 0.56 

A series experiments were carried out to examine the role of electron donor on the 

rate of reduction iron by Acidiphilium SJH bacteria. Ferrous iron concentration was 

estimated at regular intervals spectrophotometrically with the ferrozine reagent.4 

Figure 4.5 on the following page, shows differences in the rate of ferric iron 

reduction and that the amount ferrous ion which was obtained by Acidiphilium SJH 

had little effect on the specific rate of ferric iron reduction; with the amount being 

similar when either glucose or glycerol was supplied. 
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Figure 4. 5 - Ferric ion reduction by washed cell suspensions of Acidiphilium SJH incubated under 
anaerobic condition as a.function of time, using glucose and glycerol as electron donor. 

Using CV for the analysis of ferric reduction by Acidiphilium 

After illustrating that Acidiphilium SJH bacteria was capable of reducing the ferric 

ion, cyclic voltammetry was used for the electrochemical characterisation of the 

reduced iron. Voltammograms for Acidiphilium SJH bacteria where recorded to 

illustrate the reduction of the soluble ferric ion (ferric ion and their reduced forms 

ferrous ion), the important variations in oxidation-reduction peaks and positions over 

a period of time under anaerobic conditions illustrated in (Figure 4.6). 
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Figure 4. 6 - Cyclic voltammograms are shown rate of reduction Ferric ion in Acidiphilium SJH cells 
as a function of time, in 500 mM H2S04 at scan rate 5mV/s. 
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The voltammogram for the Ferric/Ferrous couple (0 h) had no observable oxidation 

peak, and the reduction peak was at 0 mV (vs. SCE; -2.4 mA/cm2
) in the reverse 

scan, while the voltammogram for the Ferric/Ferrous couple (6, and 10 h) recorded 

an oxidation peaks at 900 mV (vs. SCE; 0.55 mA/cm2, 1.3 mA/cm2
) in the forward 

scan and reduction peaks at 0 mV(vs. SCE; -1.3 mA/cm2
, -0.57 mA/cm2

) in the 

reverse scan. The voltammogram for the Ferric/Ferrous couple (15 h) recorded an 

oxidation peak at 900 mV (vs. SCE; 1.74 mA/cm2
) in the forward scan and had no 

observable reduction peak in the reverse scan, clearly illustrating the reduction of the 

soluble ferric ion. 

4.3 Analysis of two-chamber H-type system 

Operating mechanism of microbial fuel cell 

A series of experiments were carried out to examine the role of soluble ferric ion as 

an electron shuttle in the MFC operating at pH 2.5. Electrons obtained from the 

oxidation of glucose in the presence of Acidiphilium sp. SJH bacteria are transferred 

to the anode with the aid of a soluble ferric ion. Glucose oxidation by Acidiphilium 

sp. SJH bacteria coupled with ferric reduction can be explained by the following 

reaction.9 

Equation 4-2 

The reduced iron is oxidised at the anode, giving a ferric ion as follows: 

Equation 4-3 

Electrons are transferred to the cathode chamber through an external electric circuit, 

and protons are transferred through the membrane to the cathode. Here they react 

with oxygen and electrons to form water with the production of electricity as a by­

product. 

Equation 4-4 

Effect of growing condition of Acidiphilium 

The growth of Acidiphilium sp. SJH cells and their reduction capacity of ferric ion 

were compared between the growth of Acidiphilium sp. SJH bacteria in normal 

growth conditions and in generating an electricity system using MFC. Figure 4. 7 

shows that in the metabolism of Acidiphilium sp. SJH cells, cell optical density was 
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much higher, but the rate of reduction of the ferric ion was lower in the normal 

growing cells that were not coupled to the electrical generation system than in the 

presence of the generation of electricity system. 
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Figure 4. 7 - Growth Acidiphilium sp. SJH growing cells with glucose as electron donor and ferric 
iron as electron shuttle under anaerobic condition. 

When growing Acidiphilium sp. SJH cells containing ferric ion in normal growth 

conditions a significant amount of fen-ous ion was not detected because of the 

presence of oxygen which was a much better electron acceptor than the fen-ic ion. 

However, sparging anode chamber containing growing cells of Acidiphilium sp. SJH 

with nitrogen gases, the amount of cell density was reduced but the amount of 

fen-ous ion was increased (figure 4.8). 
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Figure 4. 8 - Ferric ion reduction by Acidiphilium SJH in normal growth conditions and in MFC with 
generation electricity. 
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These results suggest that the experiments under aerobic conditions, a significant 

amount of ferrous ion was not detected because ferric ion is not effective when 

competing for the electron at the space of periplasmic since presence oxygen, it had 

more redox potential than the ferric ion. However, the experiments under anaerobic 

conditions that ferric ion is more efficient when competing for the electron at the cell 

interaction. 

Study of the effect of different concentration of ferric ion 

MF Cs were tested with different concentrations of ferric ion (1 mM, 5 mM, and 10 

mM) to establish the voltage generation. Figure 4.9 shows voltage generation versus 

time curve for MFCs containing Acidiphilium sp. SJH cells (5.1 x 107 cells/ml) in the 

presence of different concentration of ferric ion (1 mM, 5 mM, and 1 0mM) as the 

electron shuttle and glucose (1800 mg/L) as the electron donor referenced to the 

anode. The cathode was made of a solid platinum electrode supplied with oxygen in 

buffer solution pH 2.5. 
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Figure 4. 9 - Voltage as a function of time of Acidiphilium sp. SJH cells in MFCs with different 
concentrations of Fe (III), experiments run in triplicate (Error bars equal ±I SD). 

As figure 4.9 shows, low ferric ion concentration (1 mM) has a limited electron 

shuttle effect, but a more concentrated solution of ferric ion gives maximum OCV 

(364 m V) and a good mediating effect (10 mM). No further improvement is detected 
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for the higher concentration of ferric ion. Previous work reported the use of ferric ion 

as electron shuttle with Acidiphilium cryptum as a biocatalyst operating at pH :S 4. 10 

The results demonstrated that Acidiphilium cryptum was generating electricity using 

the ferric ion as the electron shuttle was similar to that shown here. Tests were run in 

triplicate and results averaged. 

Open circuit voltage 

Voltage generation was recorded from Acidiphilium sp. SJH bacteria (5.1 x 107 

cells/ml) in an H-type MFC when there is no external load, in the presence of 

glucose (900 mg/L) as the electron donor and soluble ferric ion (10 mM) as the 

electron shuttle called OCV. The magnitude of the OCV over time for the MFC is 

illustrated in (Figure 4.10). 
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Figure 4. JO - The resulting MFC voltage generation over time with (solid line) and without (dashed 
line) using Acidiphilium sp. SJH bacteria, experiments run in triplicate (Error bars equals ±1 SD). 

The initial voltage in both cases was less than 100 m V, which was due to a capacitive 

charge at the electrodes which can be seen when abiotic control (no bacteria) are 

present, increasing with time and reaching a steady state after approximately 20 

hours. Figure 4.10 also shows that a maximum OCV of 364 m V was reached over 18 

hours, while that of the abiotic control was only 96 mV, at which point the voltage 

remained constant. These tests explained that Acidiphilium sp. SJH bacteria are 
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characterised by their use of a soluble ferric ion to couple cytoplasmic membrane 

electron exchange to electron transfer at the anode. This confirms that an 

Acidiphilium sp. SJH bacte1ia reduced ferric ion looks to be mediated by an enzyme 

system coupled to the bacterial cells. The position of this "iron reductase" is not 

currently known, it would be outside of the cell membrane, for example, in the 

periplasmic space. 5 

Polarisation curve 

Polarisation and power density curves were obtained to calculate the maximum 

power densities and current densities for the MFC utilising Acidiphilium sp. SJH 

bacteria (5.1 x 107 cells/ml), in the presence of glucose (1800 mg/L) as the electron 

donor and soluble ferric ion (10 mM) as electron shuttle (Figure 4.11 ). 
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Figure 4. 11 - Power density (dashed line) and voltage (solid line) generated by the MFC as a 
function of current density, utilising an anodic carbon cloth and a cathodic Pt sheet. 

When the OCV of MFC was reached the maximum voltage and stabilized. MFC 

polarisations were operated with different resistance across the anode and cathode, 

under optimal conditions (pH 2.5, room temperature). The potential was tested at 

each resistance and converted to power densities. The current density was 

detennined using Ohms law based on the MFC voltage. From these measurements, 

the optimal external resistance was found (2000 Q) which showed the maximum 

power density. The cell current and voltage data can be examined and recorded at the 
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maximum power density. As expected, during the operation period of the 

Acidiphilium sp. SJH bacteria, cell voltages, power densities as well as current 

densities are relatively low. The maximum value of power density is 18.3 mW/m2
, 

which was occurred when the current density (Imp) was 136.8 m A/ m2
, with a 

corresponding cell voltage (V mp) of 136 m V. This might be because of energy losses 

which occur due to low activity oxygen reduction reaction, and little consumed fuel 

(glucose) is used for electricity generation and most of it is consumed for bacteria 

metabolism, leading to extreme biomass yield but reduced electron recovery and 

higher energy gained by the bacterium. 11 

The total CE found here was 6 ± 1.1 % using (1800 mg/L glucose) (n = 3, using 

average) can be measured according to Equat ion 4.5 

Coulombic ef ficency = Msitb x100 
FbesVAnt.c 

Equation 4-5 

Where Ms molecule weight of glucose(
1809

), I current, tb time, F Faraday's constant 
mo! 

which is 96485 Cimo/, bes the number of electrons exchanged per mol of glucose, 

which is 24 mol e- per mol, v An is the volume of liquid in the anode chamber, !::.c is 

the glucose concentration difference between the starting of the experiment and the 

completion of the experiment. The internal resistance and the vaiious voltage drops 

all contribute to the low coulombic efficiency. 12 

Study of pH on OCV, and power density 

A two-chamber H-type system was used to study the effect of different pH on OCV. 

OCV of MFCs was evaluated at pH 2.0, 2.5, 3.0, 3.5, and 4.0. A PEM membrane 

was placed into the middle of the reactor, building two equally sized chambers (10 

cm long, with 3 cm in diameter): connected by a narrow tunnel, the anode where the 

Acidiphilium sp. SJH bacteria, ferric ion, and glucose were placed, and the cathode 

containing just buffered solution that is sparged with air. As shown in (Figure 4.12 

on the following page), the highest OCV was observed at pH 2.5 and the values were 

lower at pH 4.5.and below 2.0. 
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Figure 4. 12 - OCV variation with the function of pH during MF Cs operation, experiments run in 
triplicate (Error bars equals ±1 SD). 

These results show that the microbial activity is slower at sub-optimal pH than at 

optimal pH. The low value at pH 4.0 might be due to poor proton transfer at the 

reduced proton concentration gradient across the membrane and is suggested to be 

caused by the precipitation of Fe3+ forming Fe (OH)3 which settles down from the 

solution.13 However, below pH 2.0, the microbial will lose their biological activity 

(bacterial community and metabolism); as consistent with a previous report.14 When 

MFC operated at pH 2.5 it showed visible influences on the performance of MFC. 

Figure 4.13 illustrates that a maximum cun-ent density and power density were 

observed 136 m A/m2
, and18.3 mW/m2 at pH 2.5. This high performance at pH 2.5 

was due to firstly, increasing the number of protons, which results in increasing 

transport of protons across the membrane. Secondly, solubility of fen-ous ions is 

increased, which results in increasing the potential of improving the electron 

mediation to the electrode. The pH development in the anode and cathode chamber 

was due to H+ diffusion through the membrane because of the pH gradient, coupled 

with the electrochemical production/consumption of protons on the anode and 

cathode. 
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Figure 4. 13 - Power density (dashed line) and current density (solid line) with the.function of pH 
during MFCs operation (2000 0 res istor) experiments run in triplicate (Error bars equals ±1 SD). 

Effect of cathode and anode surface area on power generation 

The powers produced using the same cathode system with different total cathode 

surface areas; rectangular shaped (1 cm2 to 2 cm2
) , were compared and examined in 

the MFC tests (Table 4.2, Table 4.3 and Figure 4.14). The platinum catalyst was used 

as the cathode material. Nafion was used as a PEM (1 cm2
) material due to its high 

proton conductivity to allow the transfer of protons and electrons to the cathode 

electrode in the H-type system MFCs. 

Table 4. 2 - Effect of cathode surface area on voltage production with 900 mg/L glucose 
concentration /20000 resistor . 

Cathode surface area 
Test 1 TestZ Test 3 Average 

m:V mV mV mV 
1 cm' 133.1 132.9 135.4 133.8 

2 cm2 
154.8 153.5 151 .9 153.4 

Table 4. 3 - Effect of cathode surface area on maximum power generation with 900 mg/L glucose 
concentration. 

Cathode surface area 
Test ii. Testt Test 3 Average 

mW/m2 mW/m~ mW/m2 mW/mf 
1 cm1 19.1 17.2 18.6 18.3 
2 cm1 20.6 21.7 21.4 20.9 
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Figure 4. 14 - Voltafe production as a function of external resistance at different cathode surface 
areas I cm, and 2 cm2

, experiments run in triplicate (Error bars equal ±1 SD). 

As Figure 4.14 shows, increasing the cathode surface area of Pt sheet electrode by 

100 % to 2 cm2 increased the voltage by only 13 % compared to the case when the 

cathode surface area was 1 cm2 at optimal external resistance (2000 n resistor). 

These results demonstrated that the surface area of the cathode in the certain 

experimental range of 1 - 2 cm2 it seems from the H-type system MFC that a high 

cathode surface area may not necessary. Using a smaller surface area for the cathode 

can reduce the costs of the MFC construction and prevents up scaling of the fuel cell 

for industrial applications. 

The OCV and power density generated by this MFC did not increase with increasing 

the anode surface area (3 - 6 cm2
) when the cathode and PEM sizes were kept 

constant. These results demonstrated that the surface area of the anode in the certain 

experimental range of 3 - 6 cm2 does not limit OCV and power density generation in 

the H-type system (Table 4.4). In some reactor designs with high anode surface areas 

relative to the cathode areas, there was a limited power generation. 15 

Table 4. 4 - Effect of anode surface area on maximum power generation with 900mg/L glucose 
concentration. 

Anode surface area Test I Test 2' Test 3 Average 
mW/m2 mW/m2 mW/m2 mW/m2 

3 cm~ 17.7 18.8 17.4 18.3 
6 cm~ 18.1 16.8 19.6 18.5 
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Effect of 0 2 as an electron acceptor 

The most suitable electron acceptor for an MFC is oxygen, which is commonly used 

because of its low cost, sustainability (unlimited availability from atmosphere), and 

its high reduction potential. 16When pure oxygen was used as an electron acceptor in 

the cathode chamber, the OCV, higher power density and current density were 

obtained than with the non-electron acceptor ( closed cell) case (Figure 4.15), and 

(Table 4.5). The performance of MFC in accepting electrons will decrease if the 

concentration of oxygen is low. Then the produced electricity of the MFC will 

decrease with time as the amount of oxygen is consumed, as shown in equation 4.4. 

This study demonstrates that oxygen (electron acceptor) plays an important role in 

electricity generation of the MFC. In addition, the redox potential of the 

oxygen/water couple at pH 2 is 1.1 V, means 0.3V more positive than at pH 7 (0.8V), 

making oxygen a more energetically favourable electron acceptor for acidophilic 

microorganisms. 17 
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Figure 4. 15 - The effects of oxygen being added to the cathode chamber on the voltage generation, 
current density, and power density, experiments run in triplicate. 

Table 4. 5 - Maximum volta e eneration, current densi , and ower density o the MFC. 
Electron acceptor Open circuit voltage Current density Power density 

m lfiA/m2 mW/m2
) 

None 152 116 (100.Q) 3.2 (2000 .Q) 
Ox en 364 280.3(100.Q) 18.3(2000 .Q) 
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4.4 Electrode potential 

The OCP was measured of the electrodes (anode and cathode) of the MFC against a 

SCE as a function of current with different resistor circuits (Figure 4.16). The OCP 

of the anode was -156.7 mV, but the working potential decreased to -116.8 mV for 

current density up to 300 rnA/m2
• The OCP of the cathode was 193.4 mV, but the 

working potential decreased to 39.7 mV for current density up to 300 m A/m2 

(Figure 4.16). It was observed that the OCV measurement result (364 m V) was 

different from the values achieved by taking the difference of the individual anode 

and the cathode potentials (350.1 mV). The possible explanation for this is that there 

is a potential difference between the interfacing liquids in the anode and cathode 

chambers. 
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Figure 4. 16 - Anode (solid line) and cathode (dashed line) potential (vs. SCE reference electrode, 
242mV against the NHE) as a function of current. 

pH changes in a microbial fuel cell 

A set of experiments were performed using cells of Acidiphilium sp. SJH bacteria 

(5.1 x 107 cells/ml), glucose 1800 mg/L, and a 10 mM ferric ion to measure pH 

changes, which was compared to that of the buffer solutions pH 2.5 experiment using 

potassium hydrogen phthalate 100 mM. In the buffer solutions the pH changed less 

than 0.3 units, both in the anode and cathode chambers after the substrate had been 

added, whilst the pH changes in the MFC without the buffer solution were 
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significantly higher than the buffer solution experiment. Protons are increased in the 

anode chamber during MFC operation, as a result pH decreased. This indicates that 

proton diffusion through the membrane is slower than its formation rate in the anode 

chamber. In the ORR protons are consumed with electrons in the cathode chamber 

( equation 4.4) and consequently, in the absence of pH control the pH will increase in 

the cathode chamber. 18 When the MFC utilising Acidiphilium sp. SJH bacteria was 

operated without a buffer solution, the maximum current density generated was 

much lower than with a buffer solution with pH changes to 4 in the cathode chamber 

and to 1 in the anode chamber (Figure 4.17). 

5 

4.5 

4 Cathode non-buffer 

3.5 

3 

:r: 
Cl. Cathode buffer 

2.5 

2 
Anode non-buffer 

1.5 

Anode buffer 

0.5 

o~----~----~----~----~ - --- ~ 
0 5 10 15 20 25 

Time 

Figure 4. 17 - Trend of pH changes in MFG using non-buffered solution. 

Voltage Generation and Effect of Nitrogen Sparging 

As shown in (Figure 4.18), the sparging anode chamber containing cells of 

Acidiphilium sp. SJH bacteria (5.1 x 107 cells/ml), glucose 1800 mg/L, and with 

nitrogen gases, and the absence of sparging, the OCV at pH 2.5 (364, and 243 mV) 

respectively. 
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Figure 4. 18 - Effect of sparging and non- sparging of nitrogen on OCV, and power density in the H­
type MFC reactor. 

Figure 4.18 also illustrates the perfonnance of the power densities and current 

density for MFC, without nitrogen gas sparging, the maximum power density and 

current density were 16.4 m W/m2
, and 120.3 m A/m2 respectively. Power density 

and current density increased to 18.3 m W/m2
, and 136 m A/m2 respectively with N2 

sparging. The oxidation processes of the degraded carbon source (substrate) by 

bacterial metabolic reactions result in the generation of high quantities of reducing 

power (electron carrier) in the form of NADH or NADPH. NADH/NAD fraction is 

commonly higher in the case of anaerobic microorganisms due to the absence of 

oxygen. 19
,
20 Oxygen ends the efficiency of the coupling mechanism, normally 

responsible for the stable cell voltage and anode potentials observed under anaerobic 

conditions, by direct oxidation of the electron shuttle and by facility of an alternative 

electron sink through a respiratory chain activity. This result suggests that oxygen is 

reduced in consuming the electron in the anodic chamber.21 
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Sandwich-type reactor 

One of the easy reactors to construct and assemble is an H-type design. There are 

some difficulties in optimising its performance, due to large electrode separation, 

large dead volume in the head space, large reactor volume comparing to the small 

dimension of the electrode and small membrane areas, and the large amount of 

trapped bacterium in the narrow membrane joints. A new MFC reactor design using 

Sandwich-type chambers was designed and constructed in order to improve the 

performance of MFC and to increase the power density. Figure 4.19 shows the 

proposed design which will improve the performance of MFC and reduce the internal 

resistance by minimising electrode distances.22 

Figure 4. 19 - Homemade bacterial fuel two chamber Sandwich typ e design with carbon cloth (anode) 
and Platinum sheet (cathode) electrodes. 

Open circuit voltage 

The magnitude of the OCV over time for the MFC Sandwich-type reactor under 

optimum conditions (pH 2.5) is illustrated in (Figure 4.20). Figure 4.20 shows the 

OCV of the MFC with a Platinum sheet (1 cm2
) cathode supplied with oxygen as an 

electron acceptor in buffer solution pH 2.5, and an anodic chamber containing 

Acidiphilium sp. SJH (5.1 x 107 cells/ml), 10 mM ferric ion, and (900 mg/L) glucose 

against a fuel cell containing no bacteria. 
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Figure 4. 20 - The resulting MFC voltage over time with (solid line) and without (dashed line) 
Acidiphilium sp. SJH, experiments run in triplicate (Error bars equal ±1 SD). 

The initial voltage in both cases was less than 100 mV, which was due to a capacitive 

charge at the electrodes which can be seen, when no bacteria are present, increasing 

with time and reaching a steady state after approximately 10 hours. Figure 4.20 also 

illustrates that a maximum OCV of 424 mV was reached over 12 hours, at which 

point the voltage remained constant. 

Polarisation curve 

The polarisation curve represents the relationship between the power density and the 

OCV as a function of current density for the MFC utilising cells of Acidiphilium sp. 

SJH bacteria, ferric ion, and glucose were referenced to the anode, the cathode was 

made of a platinum sheet. The characteristics of MFC Sandwich type electricity 

generation were tested by a polarisation curve (Figure 4.21 on the following page). 

The data were collected to calculate the power generation and voltage across a range 
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of current densities attained by varying the resistance between the anode and cathode 

electrodes. 
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Figure 4. 21 - Power density (dashed line) and voltage (solid line) generated by the MFC as a 
function of current density, utilising an anodic carbon cloth and a cathodic Pt sheet. The maximum 

power density was 2 5 m Wlm2 at a current density of 160 m Alm 2. 

The polarisation curve also showed that MFC keeps a voltage as a function of the 

current density production, that the OCV is 424 m V and that the voltage drops 

quickly to 303.4 mV at a current density of 58.5 m A/m2
, then linearly with current 

density after that point. The power density increased with current density to a 

maximum power point (25 mW /m2
) which occurred at 2000.Q. After this point, the 

power density dropped due to the increasing electrode overpotentials and ohmic 

losses.23 The cell voltage and the current density were calculated from the 

polarisation curve; at the maximum power point value of power density, when the 

current density (Imp) was 160 m A/m2
, with a corresponding cell voltage (V mp) of 158 

mV. 

Electrode Potential 

To further test the effect of the electrode spacing and reactor design on MFC 

performance, OCP was measured for the electrodes as a function of current with 

different resistor circuits (Figure 4.22). The OCP of the anode was -179.4 m V, but 

the working potential decreased to -34.4 mV for current density up to 350 m A/m2
• 
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The OCP of the cathode was 241.2 mV, but the working potential decreased to 48.2 

mV for current density up to 350 m A/m2 (Figure 4.22). There were significant 

differences in the OCP of the anode and cathode. This potential improvement on 

both anode and cathode could be a result of several factors. First, reducing the 

distance between the electrodes (8cm to 4cm), decreased the internal resistance in the 

system and reducing resistance for proton transfer from the anode to the cathode. 

Reducing the internal resistance could produce an observed increase in potential 

generation. 15 Second, it is also possible to find an increased size of PEM (0.78 cm2 to 

7 cm2
) , and increasing anode surface area. 24 
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Figure 4. 22 -Anode (solid line) and cathode (dashed line) potential (vs. SCE reference electrode, 

242mV against the NHE) as a function of current. 

Current generation at variable fuel concentration 

MFC were tested with ferric ion to measure high electrical current and stabilities that 

could be produced by Acidiphilium sp. SJH cells in the presence of various 

concentration of glucose. An MFC Sandwich-type reactor was used to investigate the 

effect of glucose on electricity generation. The decrease in concentration of glucose 

was observed with electricity production by analysing the samples taken from the 

anode chamber periodically.25 Acidiphilium sp. SJH cells were run using different 

concentrations of glucose to determine the correlation between the glucose 
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concentration and the maximum current density. Figure 4.23 shows the current 

density of the MFC at various concentrations of glucose (180-1800 mg/L), and 

operated at a fixed external load (2000 Q). The maximum current density increased 

with the glucose concentrations up to 540 ppm and attained a plateau. Table 4.6 

shows the influence of glucose concentration on the maximum OCV, potential, 

current density, and stabilities across external load (2000 Q). The voltage and current 

density increment produced by the MFC were proportional to glucose concentration 

range (180-1800 mg/L).Correlation was 0.9395 each mg/L of glucose equals 0.309 

mA/m2. 
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Figure 4. 23 - Current density generated using glucose at different concentrations, (20000. resisto,) 

(Error bars± SD), experiments run in triplicate. 
Table 4. 6 - Effect of different concentration of glucose on electrical current and stability of MFC 

. b A 'd' h 'f' SJH ll uszn~ 1y cz zp, z zum sp. ce s. 

Glucose Open circuit voltage Potential 
Current density 

Electrical 
concentration Potential Current mV 

mA/m2 (2000 0) 
stability 

mg/L mV mA (20000) (h) 

180 360 0 78.4 69.4 11 

360 395 0 109.2 114.6 16 

540 424 0 158.3 160 20 

Effect of external resistance and current generation 

When the OCV was stable, the MFC was operated with different resistance (100 n -
50 K Q) across the anode and cathode. The potential was tested at each resistance. 

The current density and voltage data can be examined and recorded at each 

resistance. It was observed that the current from MFC was a function of external 

load. It was found that the lower the resistance the higher current density and vice 

versa (Figure 4.24). 
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Figure 4. 24 - Differences in current density generation as a function of time from MFCs under 

different external resistances, concentration of glucose 540 mg/L. 

Table 4.7 shows the time taken to reach the maximum current density decreased with 

decreasing external resistance. This observation may be due to the influence of 

different external resistances. At low resistance the electrons move more easily 

through the circuit than at high resistance, resulting in changed electron transfer rates 

and kinetic differences in fuel cell utilisation (as previous work reportecf).26 Among 

the studied cases Acidiphilium sp. SJH, pH 2.5 operation in combination with buffer 

catholyte, and oxygen used as the electron acceptor, documented the highest current 

density 340 mA/m2 (100 Q), the maximum OCV 426 mV, and the maximum power 

density 25 mA/m2 were obtained (2000 Q). 

Table 4. 7 - Maximum current densities achieved for MFCs with different external loads and 
d" correspon m~ tune. 

External resistance Peak current denslty (mA/m2
) Time to achieve peak current density (h) 

100n 340 ± 20 2 

soon 320 ± 3.1 3 
1000 n 223 ± 1.8 5 
2000!1 158 ± 2.2 10 
10000 n 68 ± 10 15 
50000!1 23 ± 0.8 17 

Power density as a function of external load 

MFCs Sandwich type reactor was examined m the laboratory under external 

resistance. From these measurements, the optimal external resistance was found 

which showed the maximum power density. The power density generation of the 

MFC is shown in (Figure 4.25). Power density was a function of resistance circuit 

(50 Kn - 100 Q).Along with the external load increasing, the power density first 

increased then decreased. The maximum power density of 25 m W/rn2 was obtained 
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at 2000 n resistance in the ohmic region. The maximum power density of the MFC 

was obtained in the ohmic polarization region.27 
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Figure 4. 25 - Power generated by the MFC as afimction of external load, (Error bars ± SD), 

experiments run in triplicate. 

Voltage generation 

A repeatable cycle of electricity generation was obtained with Acidiphilium sp. SJH 

bacteria cells with an MFC Sandwich-type. At the beginning the MFC was operated 

in OCV for 10 hours. After a stable voltage was obtained for 15 hours this was 

connected with an external load 2000 n to test electricity generation. Successive 

additions of glucose (540 mg/L) produced a repeatable result. The voltage was 

tested; a consistent maximum voltage could be achieved for 2 h of 174 mV ± 6 mV 

(Error bars ± SD) declining to < 40 m V as the glucose was completely depleted, 

after 20 h (Figure 4.26). Figure 4.26 also illustrates when higher glucose 

concentration (1800 mg/L) in the anodic chamber resulted in a longer voltage 

production interval. This fact suggests that the MFC voltage is mainly established by 

the concentration ratio of Fe (III) and Fe (II). When most of the glucose had been 

consumed after 20-22 h, the reduction of Fe (Ill) was too slow to keep up with the 

electrode re-oxidation, which resulted in the increase in Fe (111) concentration.4 

The total CE found here was 6.5 ± 1.2 % using (540 mg/L glucose) (n=3, using 

average shown in Figure 4.26) which can be measured according to Equation 4.5. 

Similar results were obtained in other experiments using the same system to a 
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different glucose concentration producing a maximum voltage of 15 8 ± 8 m V, with a 

slight change in CE of 7 .1 ± 1.1 %. 
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Figure 4. 26 - Voltage generation from glucose [540(solid line), 1800 mg/L(dashed line)] in the MFC 
(2000 0 resistor), experiments run in triplicate (Error bars ± SD). 

Power density as a function of time 

According to the polarization curve of the MFC Sandwich-type, the external 

resistance was fixed at 1000 n (optimal external resistance). Figure 4.27 show the 

electricity was immediately generated from 900 mg/L glucose and was filled into the 

anode chamber. Power density reached the maximum of 25 m W/m2 at 19 h, and 

then decreased slowly to 22.6 m W/m2 at 80 h. After that it decreased sharply to the 

minimum at 85 h, the power densities started to decrease due to the substrate 

contained in the anode chamber being consumed. The power density was increasing 

for the first 19 h and then stabilised for 70 h with a maximum power density of 

25mW/m2 produced based on an anode surface area of 5 cm2
• 
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Figure 4. 27 -Power densities gained from Sandwich-type MFC under batch mode condition, (1800 
mg/L glucose) (2000Q). 

4.5 Comparison Study 

A comparison of production electrical current and voltage was obtained when 

Acidiphilium sp. SJH resting cells and growing cells were used in a glucose (1800 

mg/L) fuel cell along with 10 mM Ferric iron as the electron shuttle under anaerobic 

conditions. Figures 4.28, and 4.29 on the following page show the current density 

and voltage obtained in Acidiphilium sp. SJH resting cells (5.1 x 107 cells/ml) (Figure 

4.28) and growing cells (Figure 4.29) were used. The voltage rapidly increased to the 

maximum value ( 424 m V), and the amount of current density generated increased 

with resting the cells (Figure 4.28). The voltages produced by resting and growing 

cells were similar, whereas the quantity of current density produced by Acidiphilium 

sp. SJH resting cells was significantly greater (about two fold greater) than the 

amount of current density produced by growing cells. The maximum current density 

produced was determined at 89 h for growing cells (88 mA/m2
), and at 15 h for 

resting cells (164 mA/m2
) when the glucose levels were high. The decrease in 

concentration of glucose was observed with electricity production by analysing the 

samples taken from the anode chamber. 
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Figure 4. 28 - Current density(dashed line) (2000 0. resistor), and voltage (solid line) obtained as a 
function of time when Acidiphilium sp. SJH resting cells were used in a glucose (1800 mg/L) MFC 
along with J0mM Ferric iron as the electron shuttle under anaerobic conditions, experiments run in 

triplicate. (Error bars± SD). 
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Figure 4. 29 - Current density(dashed line), and voltage (solid line) obtained as a function of time 
when Acidiphilium sp. SJH growing cells were used in a glucose (1800 mg/L) MFG along with 10 mM 

Ferric iron as the electron shuttle under anaerobic conditions, (Error bars± SD). 
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Table 4.8 shows that the rate of glucose consumption and optical density were higher 

but the amount of electrical cunent produced was lower in growing cells than in 

resting cells. This indicates the influence of electrical generation in MFCs on 

physiological property. In resting cell tests the generation of electricity was expected 

as a consequence of ferric ion reduction by Acidiphilium sp. SJH and that this would 

result in lower levels of substrate oxidation and higher levels of enzyme system 

coupled to the bacterial cells (reducing power). 

Table 4. 8 - glucose consumption and cell growth by growing and resting cells of Acidiphilium sp. 
SJH in MFC Ferric ion as electron shuttle. 

dells I Glucose Current Optical 
(m2/L) Density, (mA/m2) density (600 nm) 

Growing 1800 118 1 
Resting 540 223 0.2 

4.6 Performance of different cathode materials on the OCP 

The OCPs produced using different cathode material ( carbon cloth, carbon felt, and 

carbon Ketjen Black EC 6001) with the same total cathode surface areas, (5 cm2
) 

were compared and examined in electrochemical tests (Figure 4.30 on the following 

page). OCPs of electrodes (Ketjen Black EC 600J, carbon cloth, and carbon felt) 

were 152.9, 140.4, and 124.8 mV respectively. The material used to construct the 

cathode electrode might play a role in the ORR activity.28 It was observed that the 

carbon Ketjen Black EC 600J electrode could produce the higher potential than other 

electrodes for oxygen as an electron acceptor. The higher potential of carbon Ketjen 

Black EC 600J could be a result of higher surface area of Ketjen Black EC 600J at 

about 1413 m2i 1 
•
29 
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Figure 4. 30 - Cathode potentials (vs. SCE reference electrode, 242m V against the NHE) as a function 
of current density recorded in chemical cells for different cathode material (carbon cloth, carbon f elt, 

and carbon Ketjen Black EC 6001). 

4.7 Effect of the microbial fuel cell reactor design 

A comparison was made of the MFCs perfonnance between systems H-type and 

Sandwich-type design. The abilities of generating electricity of H-type and 

sandwich-type MFC design were compared using Acidiphilium sp. SJH bacteria 

cells, in a medium pH 2.5 with glucose as the carbon source and ferric ion as the 

electron shuttle, under optimal conditions. The MFC performance was estimated 

with a modified MFC system called a Two-chamber Sandwich design. This design 

leads to improvements in reactor performance and reduced internal resistance by 

minimizing electrode distances. These improvements lead to increased maximum 



Chapter 4 - Evaluation of the microbrial fuel cell 9 5 

specific power output. 24 hours of operation demonstrated that the sandwich-type 

reached its highest voltage (424 mV) at 10 hours of operation. The H-type reactor 

generated about (361 mV) after 20 hours of operation (Figure 4.31). In these 

experiments, the sandwich-type reactor provided a maximum power density of 25 m 

W/m2 per anode surface area compared to 18.3 m W/m2 per anode surface area in the 

H-type reactor. This result indicated that the sandwich-type reactor was more 

efficient than the H- type reactor. 
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Figure 4. 31 - Comparison of operation efficiency on voltage generation between H-type (dashed line) 
and sandwich-type (solid line) reactors. (Error bars ± SD, experiments run in trip licate). 
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Table 4.9 shows the comparison between H-type and Sandwich type design. The 

power density and current density of MFCs Sandwich-type was increased with the 

reducing of anode and cathode distance, increasing anode surface area, and an 

increased size of PEM. This indicates that minimising the electrode spacing will help 

the protons transfer from anode to cathode; further improvement in reducing 

optimum resistance corresponded to a reduction of internal resistance. 30 

Ti bl 4 9 Th a e . - e companson b etween two esif;!n con lf;!uratwns. d . ifi 
MFCs H-type Sandwich 
Anode Carbon cloth Carbon cloth 

Cathode Pt Pt 
Anode & cathode distance 8cm 4cm 

Max. Power density 18.3 mW/m' 25 mW/m" 
Max. Current density 140 mA/rn' 160 mA/m' 
Open circuit voltage 361 mV 425mV 

Surface area PEM 0.78cm' 7 cm' 
Coulombic efficiency 6% 7% 

4.8 Effect of Fe (111)-EDTA as an electron shuttle 

The effect of Fe (111)-EDT A was studied as an electron shuttle to improve the 

efficiency of voltage output in MFC operating at low pH. Figure 4 32 shows the 

typical voltage generation versus time for MFCs containing Acidiphilium sp. SJH 

cells in the presence different concentrations of Fe (111) EDTA (1 mM, 5 mM,10 

mM) as the electron shuttle and glucose (900mg/L) as the electron donor. Initially, 

during the period in which the MFC was left on OCV, the MFC voltage increased 

with time and reached a steady state after approximately 10 hours, Figure 4.32 also 

illustrates that a maximum OCV of 458 mV with (l0mM) Fe (III)- EDTA was 

reached over12 hours, at which point the voltage remained constant. As (Figure 4.32) 

shows, high concentrations of Fe (Ill) - EDTA gives a good mediating result. The 

figure indicates that the chelating agent Fe (111) - EDT A is good electron shuttle in 

comparison with Ferric iron, particularly at the higher concentration (10 mM). 

Previous work by Tanaka et al., using EDTA as a chelating agent's compound with 

iron as mediators with E. coli as microorganisms in MFC operating at neutral pH was 

similar to that shown in (Figure 4.32 on the following page).31 
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Figure 4. 32 - Voltage as a function of time of Acidiphilium sp. SJH cells in MFCs with different 
concentrations of Fe (III) EDTA, experiments run in triplicate. 

30 
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Polarisation curve 

The characteristics of MFC Sandwich type electricity generation were tested by a 

polarisation curve and the corresponding power density curve was generated (Figure 

4.33). Polarisation curve, power density and open cell voltage as the function of 

current density produced in the MFC containing Acidiphilium sp. SJH cells (5.1 x 107 

cells /ml) in the presence of Fe (III) - EDTA (10 mM) as the electron shuttle and 

glucose (900 mg/L) as the electron donor. The data were collected to calculate the 

power generation and voltage continued across a range of current densities attained 

by varying the resistance between the anode and cathode electrodes. From these 

measurements, the optimal external resistance was found (2000!1) which showed the 

maximum power density. The maximum value of power density is 27.3 mW/m2
, 

which was occurred when the current density (Imp) was 165m Al m2
, with a 

corresponding cell voltage (Vmp) of 65 mV. The figure indicates that the chelating 

agent Fe (III)- EDTA is a good electron shuttle in comparison with Ferric iron, 

particularly at the concentration (1 0mM) showing increases in power density from 25 

mW/m2 to 27.3 mW/m2
. 
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Figure 4. 33 - Power density (solid line) and voltage (dashed line) generated by the MFC as a 
function of current density, utilising Fe (III)- EDTA (10 mM) as electron shuttle and glucose 

(900mg/L) as electron donor. The maximum power density was 27.3mW/m2 at a current density of 165 
mA/m2
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Electrode Potential 

Additional tests were conducted the effect of the Fe-EDT A as an electron shuttle on 

power generation and compared with ferric ion. The OCP was measured of the 

electrodes of the MFC against a SCE as a function of current with different resistor 

circuits (Figure 4.34). The OCP and working potentials of the cathodes were not 

affected when using the Fe-EDTA as an electron shuttle. For example the OCP of the 

cathode with the Fe-EDTA and ferric ion were 239.2 mV, 241.lmV, respectively. 

Improvement on the anode potential was seen with Fe-EDTA -211 mV, and 

compared with ferric ion was -179.4 mV. Using Fe-EDTA as an electron shuttle 

made the anode potential more negative by 31.6 m V. This difference in anode 

potential increased the power density and Coulombic efficiency. 
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Current generation 

In the MFCs (Figure 4.35), the efficiency of the Fe (III)- EDTA mediators was 

analysed by determining the electrical current of the Acidiphilium sp. SJH bacteria 

cells under a fixed resistance. When the MFC was connected across an external load 

(20000), the electrical current output in the MFC directly reflected the change in 

concentration of Fe (III) - EDTA. This fact suggests that the electrical current output 

in the MFC is mainly established by the concentration ratio of Fe (III) -EDTA and Fe 

(II) - EDT A. During the period when Acidiphilium sp. SJH was metabolizing the 

glucose in the anode chamber, the reduction of Fe (III) -EDTA apparently outpaced 

the electrode re-oxidation reaction, as indicated by the low concentration of Fe (III)­

EDT A accompanying the higher electrical current output. When most of the glucose 

had been consumed after 80 h, the reduction of Fe (III)-EDT A was too slow to keep 

up with the electrode re-oxidation, which resulted in the increase in Fe (III)-EDTA 

concentration. 
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Figure 4. 35 - Current density (2000 0 resistot), as ajimction of time when Acidiphilium sp. SJH 
resting cells were used in a glucose (1800 mg/L) MFC along with 1 0mM Fe(JJJ)EDTA as the electron 

shuttle under anaerobic conditions. Three repetitive cycles (Error bars± SD). 
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Coulombic efficiency 

Coulombic efficiencies from the MFCs were obtained from electron recovery from 

glucose in the form of electricity. The amount of electrons recovered. Acidiphilium 

sp. SJH cells using sandwich design MFCs, containing ferric ion, and Fe (III) -

EDT A as electron shuttles, for 20 h are listed in (Table 4.10). It can be seen to be 

effective more than 1 mM concentration as electron shuttle. It is clear that Fe (III) -

EDT A was better than ferric ion because it increased both current and coulombic 

efficiency. 

Table 4. JO - Coulombic efficiencies of Acidiphilium sp SJH cells containing ferric ion, and Fe (111)-
EDTA I h I I (540 IL) as e ectron s utt e, g, ucose mg, 

Coulombic efftciencies 

Electron sliuttle lmM SmM lOmM 

Fe(IIl) 1.8± 0.6 % 6.6± 1.8 % 7.0 ± 1.2 % 

Fe (III)- EDTA 1.4± 0.1 % 7.0 ± 2.4% 7.5 ± 0.9 % 

4.9 Conclusion 

Two different designs of MFCs were presented operating at a low pH using iron­

reducing heterotrophic bacteria (Acidiphilium sp SJH). Electricity generation in the 

presence of ferric ion, Fe (III) EDTA was demonstrated. The power outputs, 

coulombic efficiencies, and current densities were established for each MFC design 

(H-type and sandwich type) and a comparative study was carried out. 

Results obtained from a comparison of the relationship between the power density 

and current density curves show that the H-type MFC has the maximum power 

density of 18.3 mW/m2 and the sandwich type MFC has the maximum power density 

of 25 mW/m2
• These results show that the sandwich design will improve the 

performance of the MFC and reduce the internal resistance by minimising the 

electrode distances and membrane size. In contrast the change in power density was 

relatively small and this was postulated to be due to the high OCP of the anode 

electrode. 

The results illustrate that the MFCs were operated with low external resistance (100 

Q.) to produce high current density which dropped quickly with a shoulder. This 

behaviour was perhaps due to the limiting resistance within the system. 
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A comparison of the MF Cs performance between the growing cells and resting cells 

of Acidiphilium sp SJH bacteria was also carried out. A higher current density (164 

mNm2
) was obtained at 15 h using resting cells compared to (88 mA/m2

) at 88 h for 

growing cells. These differences in the value of current density and time of reaction 

may be due to physiological property. 

The reduction rate of Ferric ion by Acidiphilium sp. SJH at pH 2.5 was smaller than 

Fe (III) EDTA for the comparable coulombic efficiencies (7, 7.5 %) obtained from 

MFCs (sandwich design) using ferric ion or Fe (III) EDTA as the electron shuttle. 

This suggests a probability that ferric ion is more efficient when competing for the 

electron at the cell interaction step, but low effective in transferring the electron to 

the anode electrode. 
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5.1 Introduction 

Within this chapter the reduction of oxygen at the cathode electrode was evaluated, 

and then a summary of the effect of differing cathode materials and their reactor 

configurations is reported. The final part of this study focused on the cathode 

utilising different electron acceptors. 

5.2 Improvement of cathode materials 

Effect of oxidative treatment of Ketjen Black 

The generation of functional groups on the surface of Ketjen Black EC-600 carbon 

can be introduced by chemical oxidation treatments. After the oxidation treatment 

there is a significant change to the surface modification characterised by SEM, and 

IR spectra. SEM images were taken applying different magnifications between 100 

and 5000. The SEM images of the functionalised and none functionalised Ketjen 

Black EC-600 is shown in (figures 5.1, A, and B), respectively. From the SEM 

images it can be seen that there is little change in morphological shape. 

Figure 5. 1 - SEM image of the Ketjen Black EC-600 (A) functionalized, (BJ nonefunctionalized 
sample. 

The IR peaks identified for Ketjen Black EC-600 carbon from the IR spectra are 

shown in Table 5.1. IR spectra for both functionalised and none functionalised 

samples for Ketjen Black EC-600 JD are shown in (figures 5.2, A, B). Chemical 

treatments such as wet oxidation in saturated ammonium peroxydisulphate can 

functionalise the surface of Ketjen Black EC-600 JD carbon with attached groups 

such as hydroxyl (-OH), carboxyl (-COOH), solfonated and carbonyl (-C=O) that are 

necessary to tether metal ions to the surface of the Ketjen Black EC-600 JD. 1
•
2 

Commonly oxidation treatment process increases microporosity and surface area of 
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carbon black. The process involves the initial increase in the pore diameter giving 

rise subsequent increases in the internal as well as the total surface area. Further to 

the already started information, the oxidation treatment process is carried out in order 

to make carbon support wettable.3 The peak at 1229 cm-1 corresponds to sulphonated 

groups. The peak at 1396 cm·1 which is due to the phenol/hydroxyl, there is also a 

band at 1718 cm-1 which can be assigned to the carbonyl (C=O) stretching 

frequencies for ketones, aldehyde, or carboxyl groups. The peak at 1600 cm·1 

coITesponds to the quinine is present in functionalised and none functionalised 

Ketjen Black EC-600. The band in the region of 1401.2 cm·1could be -C-OH groups 

in phenol.4 There is a large band at 3400 cm·1
, due to O-H of water. 5 

Table 5. 1- JR characterisation of the functionalised and none functionalised Ketjen Black EC-600. 
None functionalised Ketjen Black carbon iFunctionalised Ketjen Black carbon 

cm·1 cm·1 

1618 ( uinone) 1618 ( uinone) 
None 1718 (carbonyl (C=O) stretchin ) 

f'rjfJ 
"' J; . ~~ ('' f 

~ \{ 1(Y\_/ 
//\ 

' \ // ~ 1! ., ,,--

/ 

A B 
n 

i io ~w !fo;:;:;0 

Figure 5. 2 - (A) FTJR spectra of none functionalized Ketjen Black carbon-600 JD, (B) functionalized 
Ketjen Black EC-600 JD. 

Point of zero charge 

Using the PZC method, where the final pH for Ketjen Black EC-600 was measured, 

a strong buffering effect was evident at pHs 4, 5, and 6, as shown by (Figure 5.3), for 

Ketjen Black EC-600 the PZC is 9 before oxidising treatments. 

This study demonstrated that PZC plays an important role for the choice of platinum 

complex. For example if the surface of the carbon is positively charged at solution 

(pH< PZC) an anionic platinum complex is required i.e. [PtC16]2
-, if the carbon 

surface is negatively charged at solution (pH> PZC) a cationic complex, that is [Pt 

(NH3)4]2
+, is required.6 
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4 6 8 10 12 14 

Initial pH 
Figure 5. 3 - PZC measurement for Ketjen Black EC-600, experiments run in triplicate (Error bars 

equals ±1 SD). 

A graph of initial pH versus final pH for sulphonated and unsulphonated Ketjen 

Black EC-600 shows in (Figure 5.4) it is clear that the pH of PZC of Ketjen Black 

EC-600 changes for both sulphonated samples compared with the unsulphonated 

sample, although it is indicated that sulphonic acid introduces the acidic group. 1 The 

PZC is attained from the horizontal axes of the graph. The PZC values for 

unsulphonated and sulphonated 24 and 48 hours Ketjen Black EC-600 are 9.1, 3.3, 

and 2.8, respectively. 
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8 

6 

Treated 24 h 
4 

2 

0 
0 2 4 6 8 10 12 14 
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Figure 5. 4 - PZC for untreated, sulphonated Ketjen Black EC-600 JD, oxidation time 24, 48h, 
experiments run in triplicate (Error bars equals± I SD). 
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X-ray diffraction analysis 

KB EC-600JD carbon black was used as the control and supporting carbon for 

platinum nano-sized particles. In order to know the platinum loading process, the 

formation of nano-sized platinum particles on the 22 wt % Pt/KB carbon support was 

established using X-ray diffraction (XRD). The face-centred cubic (FCC) nature of 

the reduced platinum ions was confirmed as shown in (Figure 5.5). The crystallinity, 

Pt (111), Pt (200) and Pt (220) of the platinum can clearly be seen; these are 

characteristic diffraction peaks for FCC and were found at diffraction angles of 

(2Theta) values of 40.2°, 46.7° and 68°, respectively. The resulting spectrum is in 

accordance with the standard powder diffraction expected for platinum nano sized 

particles.7 

111 

200 

t,u 

P osition (201 

220 

--=)l\_-----i 
Figure 5. 5 - XRD analysis of 22 wt % Pt/K.B on carbon Ketjen Black support. 

Transmission electron microscopy 

In order to determine the size of the platinum particles and their dispersion on the 

surface of Ketjen Black carbon support the resulting Pt/KB electrodes were checked 

by Transmission Electron Microscopy (TEM). Figure 5.6 shows the TEM image of 

spherical platinum loaded on the surface of Ketjen Black EC-600 JD which is of a 

darker contrast; figure 5.6 also illustrates the homogenous nature of the Pt dispersion, 

well-separated nanoparticles, and in a narrow particle size range observed over the 

surface of Ketjen Black carbon. No significant accumulation was observed. The 

calculations yielded an averages diameter for the platinum particles of around 3 nm 

and the oxidised Ketjen Black EC-600 JD particles are visible in the TEM 

micrographs as large grey particles which range from 20 to 30 nm in diameter 

(Figure 5.6). 
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' A • . B ' , 
Figure 5. 6 - (A) TEM images of oxidised Ketjen Black, (B) TEM images of 22 wt % Pt/KB on carbon 

Ketjen Black support (scale bar equals I 00nm). 

Previous work by Rimbu et al., obtained an average diameter of 5.4 nm albeit with a 

different form of KB EC-300JD with a smaller surface area (800 m2/g),8 than the KB 

EC-600JD used (1400 m2 I g). As the particle size of the Pt is depends on the surface 

area of the carbon support, the average diameter of the particles fell within the 

expected size range.9•
10

•
11 

The size distribution of platinum nanoparticles is shown in the histogram in (Figure 

5.7). It is clearly seen that the platinum nanoparticles, which correspond to the Pt 

loadings (22 wt % Pt/K.B) were relatively uniform. The distribution of particle sizes 

of (22 wt % Pt/K.B) was around 2 to 4 nm. This size distribution in the histogram 

was fairly narrow. The histogram describes the analysis of the size among 60 

platinum particles per sample measured in the TEM image. 
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Figure 5. 7 - Particle size distribution of Pt particles for the22 wt % Pt/KB on carbon Ketjen Black 
support. 
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Atomic absorption spectroscopy 

The amount of platinum metal after the preparation of the Pt/KB was established via 

the use of Atomic absorption spectroscopy (AAS). The resulting data indicated that 

the KB contained 22 wt% Pt. This value is less than the expected value of 35 wt% 

indicating that losses occurred during the preparation or that not all platinum ions 

reduced to Pt metal. 

5.3 Electrochemical characterisation 

Study Oxygen reduction with different Pt loading using linear sweep 
voltammetry 

In order to establish that the reduced platinum ions were able to act as a catalytic 

surface for the reduction of oxygen, linear sweep voltammetry (LSV) were obtained 

for the nano scale platinum loaded KB. The electrochemical measurements were 

carried out on a GC electrode that had been modified with 22 wt % Pt/KB vs. SCE at 

room temperature in 02 saturated and 500 mM H2S04 (Figure 5.8). 
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Figure 5. 8 - Oxygen reduction current densities: effect Pt loading (0.050- 0.220 mg/cm2
) on KB 

modified GC electrode, in oxygen saturated 500 mM H2S04 at a scan rate of 5 mV/s. 
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The oxygen reduction activity of Pt content (50 µg/cm2
- 220 µg/cm2

) are a 

distinguishing feature of the oxygen reduction increases ( currents over the range 0 

m V to 900 m V were produced), which is characteristic of nanoparticulate platinum 

on the surface of a carbon support (KB). The high cathodic current indicates that 

there is electrocatalytic activity of the functionalised Pt/KB electrode in the oxygen 

reduction region of the voltammogram. 12 The catalytic activity of the platinum on the 

Pt/KB coated on one side of the wet-proofed carbon cloth 5 cm2 was also confirmed 

by voltammetry. Hence, in the comparatively complex mixture of platinum, KB and 

Nafion the surface of the platinum is exposed to the electrolyte solution and as such 

is suitable for the catalytic reduction of oxygen within the MFC. 

Cathode performance versus platinum content 

The performance of the cathode electrode with different platinum loading at a 

constant potential (20 mV) is shown in Figure 5. 9. It can be seen that the current 

density increased with platinum content up to 0.15 mg/cm2 Pt. Figure 5.9 also 

illustrates that the current density slightly changed when the platinum loading 

increased to more than 0.15 mg/cm2
• It is interesting to observe that even with 

increasing amounts of platinum loading, the optimum performance of 0.22 mg/cm2 

shows only small increases in current density compared to the amount of platinum 

added. According to these results, an optimum platinum loading would be around 

0.15 mg/cm2 when 22 % Pt/K.B was used to make the cathode electrode. 
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Figure 5. 9 - Current density vs. Pt loading for cathode electrode made using GC 22 % Pt/K.B 
experiments run in triplicate (Error bars equals± 1 SD). 
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Efficiency study of Pt/KB catalyst 

The efficiency of platinum nanoparticles loading on KB carbon [0.15 mg /cm2 (22 wt 

% Pt/KB)] coated on side carbon cloth (5 cm2
) was carried out by measuring the 

current and power density during the MFC operation. Efficiency of the Pt/KB 

catalyst could be estimated from the corrosion of the KB carbon during the MFC 

operation. In Figure 5.10, it can be seen that the efficiency of the Pt/KB catalyst (0.15 

mg/cm2 (22 wt% Pt/KB)) decreases as the MFC hours of operation time increased, 

the efficiency decreases from 100 % to 89 % and 72 % after 10, 645, and 984 hours 

of operation time, respectively. This decline of efficiency is reflected by loss of 

platinum electrochemical surface area during the MFC operation. The platinum 

electrochemical surface area was lost at the cathode by the following mechanism: 

Firstly platinum as a nanoparticle were lost, this is due to carbon supported 

corrosion, secondly large platinum nanoparticles were forming a from a small 

dissolution platinum particles, thirdly aggregation of platinum nanoparticles by 

minimum surface energy.13
•
14 Table 5.2 shows that both power density and current 

density decrease during an increase in the MFC hours of operation. 
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Figure 5. 10 - Efficiency of platinum nano particles loading on KB carbon [0.15 mg /cm2 (2 2 wt % 
Pt/KB)] during MFC operation as a function of time. Three repetitive cycles (Error bars± SD). 

Table 5. 2- Effect of efficiency platinum nanoparticles loading on KB carbon [0.15 mg/cm2 (22 wt % 
Pt/ KB electrical current o MFC durin o eration in which the time increases. 

11ime Efficiency Current density 1,>ower density 
h % mA/m2 1000 mW/m2 2000 0 
10 100 296 ± 2 20.7 

645 89 284.6 ± 2 18.2 
984 72 230.2 ± 2 15.4 
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5.4 Analysis of two-chamber microbial fuel cells 

Microbial fuel cell performance using different Pt loadings 

Platinum is a high cost and rare material, hence it is beneficial to reduce the amount 

used without affecting the perfonnance. The experiments recognised activity and 

stability of the Pt/KB electrocatalyst with different Pt loading, in addition to solid Pt. 

The polarisation curve of the MFC experiment usingAcidiphilium sp. SJH (5.1 x 107 

cells/ml), ferric ion (10 mM), and glucose (900 mg/L) in buffer solution of pH 2.5 

(potassium hydrogen phthalate, 100 mM) in the anode chamber is shown in figure 

5.11 on the following page. The OCV of MFC using Pt electrode, and platinum 

nanoparticles loading on KB carbon [0.15 mg/cm2 (22 wt % Pt/KB)] coated in one 

side of the wet-proofed carbon cloth (5 cm2
) in the cathode chamber supplied with air 

as an electron acceptor in buffer solution pH 2.5 were (424 mV, 381 mV) 

respectively. 
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Figure 5. I I - MFC polarisation curves with solid platinum electrode and various platinum 
nanoparticles loading on KB carbon (0.05-0.22mglcm2

). 
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When platinum nanoparticles were loaded on KB carbon compared to a solid 

platinum electrode the modified cathode retained high efficiency. This indicates that 

the KB carbon can affect the catalyst activity as is also reflected in the OCV of the 

MFC. The use of nano particles which provide a large increase in surface area 

compared to a planer electrode. Figure 5.11 and Table 5.3 shows how the 

performance of the MFC correlates with Pt loading. OCV and current density 

increases were observed when the loading Pt increased from 0.05 to 0.22 mg/cm2
. 

However, the high quantity of OCV and current density were achieved when the 

loading reached 0.15 mg/cm2
• Figure 5.11 also illustrates that the current density 

slightly changed when the platinum loading increased to more than 0.15 mg/cm2
• 

Increasing the amount of platinum will offer only small increases in current density 

compared to the amount of platinum added. 

Table 5. 3- OCV and current densities in MFCs for Pt electrode and various platinum nanoparticles 
l d KB b oa inf! on car on. 

Cathode electmde OCV(mV) Current(mA/m---z-)(100 0) 

Platinum electrode 0.15 g/ cm' 424 340 

0.05 mg/cm'(22 wt% Pt/KB) 186 71 

0.1 mg/cm2(22 wt% Pt/KB) 220 160 

0.125 mg/cm2(22 wt% Pt/KB) 314 223 

0.15 mg/cm2(22 wt% Pt/KB) 381 293 

0.22 mg/cm2(22 wt% Pt/KB) 383 302 

Electrode potential 

The OCPs were measured for the electrodes (anode and cathode) of the MFC against 

a SCE as a function of current with different resistor circuits (100 to 50,0000) 

(Figure 5.12). The OCP of the anode was -176 mV, but the working potential 

decreased to -134.6 mV for current density up to 300 mA/m2
. The OCP of the 

cathode was 210.6 mV, but the working potential decreased to 21.4 mV for current 

density up to 300 mA/m2 figure 5.12. It was observed that the OCP of the cathode 

using [0.15 mg/cm2 Pt (22 wt% Pt/KB)] result in 225.6 mV (467.6mV NHE) this 

was lower than the theoretical cathode potential as energy losses occur at the 

cathode, indicating that further developments in the cathode construction are 

possible. 
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.. -.. -------..... .... .... .... ·------------.... 

- Anode ...... 

--•-- Cathode 

50 100 150 200 250 

Current density(mA/m2) 

... 

300 

Figure 5. 12 - Anode (solid line) and cathode (dashed line) potential (vs. SCE reference electrode, 
242mVagainst the NHE) as a function of current. 

Polarisation curve 

Polarisation and power density curves were obtained to calculate the maxnnum 

power density and cmTent density against potential for the sandwich-type MFC 

utilising Acidiphilium sp. SJH bacteria (5.1 x 107 cells/ml), in the presence of glucose 

(900 mg/L) as electron donor and soluble ferric ion (10 mM) as the electron shuttle 

(Figure 5.13). When the OCV of the sandwich-type MFC reached the maximum it 

stabilised (388 mV). Sandwich-type MFC polarisations were operated with the 

distance between the anode and cathode of 4 cm at different resistance across the 

anode and cathode, under optimal conditions (pH 2.5, room temperature). The 

current density was determined using Ohms law based on the MFC voltage. From 

these measurements, the optimal external resistance was found which showed the 

maximum power density. The cell current and voltage data can be examined and 

recorded at the maximum power density. The polarisation curve also showed that 

MFC keeps a voltage as a function of the current density production, that the OCV is 

388 m V and that the voltage drops quickly to 264 m V at a current density of 52.8 m 

Nm2, known as activation losses region. There is then linear decrease in voltage with 

an increase in current density after that point, known as ohmic losses region. The last 

region known as mass transport losses occur at high current density and the quantity 

increases with increasing current density. The power density increased with current 
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density to a maximum power point (20.7 mW/m2
) which occurred at 2000 n.. The 

cell voltage and the current density were calculated from the polarisation curve; at 

the maximum power point value of power density, when the current density (Imp) was 

150 m A/m2
, with a corresponding cell voltage (V mp) of 150 m V. 
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Figure 5. 13 - Sandwich-type MFC p olarisation (dashed line) and power density (solid line) curve 
distance between the anode and cathode of 4 cm in buffer solution of pH 2.5. 

The power generation using a two chamber MFC inoculated with Acidiphilium SJH 

was 20.7 mW/m2 (figure 5.13) and compared to similar configurations reported in 

the literature. Borole and Neill obtained 12.7 mW/m2 using Acidiphilium cryptum 

(pH:S 4),15 Bond et al obtained 14 mW/m2 using a two-chambered microbial fuel 

cell/6 while Bond and Lovley achieved 14.7 mW/m2 (pH 7) using G. sulfurreducens 

and acetate-fed membrane (Nafion) fuel cells. 17 These power densities are higher 

than those reported for MFCs with Shewanella putref aciens IR-1 and lactate (0.6 

mW/m2; Kim et al,18 or Rhodoferax ferrireducens and glucose (8 mW/m2
; 

Chaudhuri and Lovley.19 
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Effect of pure oxygen to gas cathode chamber 

The most suitable electron accepter for an MFC is oxygen, which is commonly used 

because of its low cost, sustainability, and its high reduction potential.20 A 

comparison of the MFCs performance between the cathodes supplied with pure 

oxygen as an external source of electron acceptors, and supplied with air is shown in 

(Figure 5.14). Sandwich-type MFC was operated when only pure oxygen was used to 

gas the cathode chamber; the maximum power density and CE were (18.2 mW/m2
, 

and 5.9 ± 1.3 %) respectively. Figure 5.14 also illustrates that the maximum power 

density was (20.7 mW/m2
, and 6.6 ± 0.9 %) respectively, when the cathode chamber 

was gassed with air. The resulting power densities showed a higher trend with the 

cell supplied with air obtaining a power density of 20.7mW/m2 compared tol8.2 

mW/m2 for the cell supplied with oxygen. The increase in the maximum power 

density using air versus pure oxygen was unexpected, because pure oxygen used to 

the cathode chamber was the most rate-limiting step.21 These results suggest that 

more oxygen diffused to the anode chamber through the membrane to reduce the 

power density by taking electrons from the anode, when pure oxygen was used. The 

total CE found here was 6.6 ± 0.9 % using (1800 mg/L glucose). 
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Figure 5. 14 - A comparison of the MF Cs performance (polarisation and power density curve) 
between the cells supplied with pure oxygen(solid line) as an external source of electron acceptors, 

and supplied with air (dashed line) using [0.15 mg/cm2 Pt (22 wt% Pt/KB)Jcathode electrode. 
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5.5 Air-cathode two chamber microbial fuel cell 

Air-cathode dual chamber MFC exposed directly to air can resolve the low solubility 

of oxygen in aqueous solution and eliminate biofilm formation on the surface 

cathode chamber, particularly due to the high sensitivity of precious metal catalysts. 

In addition, it eliminates the need for an aerated cathode.22 Electricity generation 

using the characteristics of air-cathode two chamber MFC were tested by a 

polarisation curve utilizing Acidiphilium sp. SJH bacteria (5.1 x 107 cells/ml), in the 

presence of glucose (900 mg/L) as the electron donor and soluble ferric ion (10 mM) 

as the electron shuttle were referenced to the anode and the cathode was made of 150 

µg/cm2 (22 wt % Pt/KB) coated on wet-proofed carbon cloth, (coated side) placed 

facing the solution, with the uncoated side exposed to the air (Figure 5.15). The data 

were collected to calculate the power generation and voltage continued across a 

range of current densities attained by varying the resistance between the anode and 

cathode electrodes. The power density increased with current density to a maximum 

power point (17.4 m W/m2
) which occurred at 2000 n. The cell voltage and the 

current density were calculated from the polarisation curve; at the maximum power 

point value of power density, when the current density (132 Imp) was mA/m2
, with a 

corresponding cell voltage (132 V 111p) ofmV. 
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Figure 5. 15 -Air cathode MFC polarisation (dashed line) and power density (solid line) curve, using 
[0.15 mglcm2 (22 wt % Pt/KB)] coated on side carbon cloth (5 cm2

) cathode electrode, and distance 
between the anode and cathode of 4 cm in buffer solution of pH 2.5. 



Chapter 5 - Evaluation of the cathodic reaction 120 

A comparison of the MFCs performance between the cathodes of sandwich design 

supplied with pure oxygen as an external source of electron acceptors, and supplied 

with air and air-cathode design utilising the air diffusing electrode, (which obtained 

the oxygen from the atmosphere) is shown in (Table 5.4). The air-cathode dual 

chamber MFC exposed directly to air can resolve the low solubility of oxygen in 

aqueous solution. The OCV, current density, and power density of the air diffusing 

cathode was in the range of 343 mV, 132 mNm2
, 17.2 mW/m2 respectively. The 

voltage, current, and power remained stable, indicating the successful diffusion of 

oxygen through the air electrode. 

Table 5. 4 - A comparison of the MF Cs performance. 

Reactor configuration Electron acceptor ocv Current density Power clensity 
mV mA/m2 mW/m2 

Sandwich 0 2 supply external source 357 135 18.3 
Sandwich Air supply external source 388 144 20.7 

Air-cathode 0 2 supply from atmosphere 343 132 17.4 

Spacing between electrodes in air cathode two chamber microbial fuel cells 

A series of tests were conducted to study the effect of different electrode spacing ( 4, 

3 and 2 cm) on power production in air cathode MFCs. When the distance between 

the anode and cathode were reduced from 4, to 3, and to 2 cm [anode was exposed to 

both sides of the fluid (3 cm) or fixed against a wall in a chamber with only one side 

exposed of the solution ( 4 and 2 cm)] and the cathode was made of 150 µg/cm2 (22 

wt % Pt/KB) coated on wet-proofed carbon cloth, (coated side) placed facing the 

solution, with the uncoated side exposed to the air; Figure 5.16 shows the power 

output observed at variable external loads and under different electrode spacing's 

between the anode and cathode electrodes. In this study reducing the electrode 

spacing, there may be little observable effects on the performance of MFCs. The 

performance was compared with that recorded from the nonnal run 4cm with the 

distance of 3and 2 cm. Under different external load, the power density increased 

with reductions in distance between the electrodes. The maximum power density 

increased from 17.4 to 18.6, and 19.8 mW/m2 respectively, when the electrode 

spacing decreased from 4, tO 3 and to 2 cm. No further improvement in power 

density was observed with further reductions in electrode spacing between the anode 

and cathode. These results suggest that, under high internal resistance, there is a 

slight effect of electrode spacing on power output. A previous report by Jang et al., 

obtained the maximum power density 1.3 mW /m2 when the electrode spacing was 
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(IO cm) and 1.25 mW/m2 when the electrode spacing was (30 cm).23 However, 

previous studies have reported that, in a single-chamber fed-batch system, the power 

density increased with reductions in the distance between the electrodes (720 

mW/m2, 4 cm to 1210 mW/m2, 2 cm).24 Reducing electrode spacing between the 

anode and cathode can regularly decrease the area-specific electrolyte resistance and 

in tum the internal resistance, thus improving the performance of MF Cs. 25 Thus, if 

the distance between the two electrodes are reduced, the protons have less distance to 

move, and the ohmic resistance is reduced. From the power density curves in (Figure 

5.16) the internal resistance of the 4, 3, and 2 cm electrode spacing can be evaluated 

from maximum power density occurred at the point where the internal resistance was 

equal to the external resistance. 26 From the ( figure 5 .16), the maximum power 

density(17.4 mW/m2 (4 cm), 18.6 mW / m2 (3 cm), and 19.8 m W/m2 (2 cm) can be 

converted to power production from the system: 

p = PAnAAn = (19.8 mmw2 ) (Scm2 ) wmz = 0.99 X 10-sw 
103 mW104 cm2 

Now the internal resistance can be estimated, as being equal to the external 

resistance, which were calculate from the currents of 141 mA/m2 (2 cm), and 132 m 

A/m2. 
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Figure 5. 16 - Polarisation and power density curve of the air cathode two chamber MFC operated 
with electrode spacing (4, 3, and 2cm). 
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The calculate internal resistance from power density curve = 1997 n 4 cm) electrode 

spacing and 1991 n for 2 cm electrode spacing. There was a small change in 

internal resistance. The reduction of electrode spacing ( 4 and 2 cm) had limited 

effect on power improvement due to the high internal resistance. 

Platinum nanoparticles electrodeposited on carbon felt 

The cyclic voltammograms of nanoparticles of platinum modified carbon felt is 

illustrated in (figure 5.17). Nanoparticles of platinum were electrodeposited on 

carbon felt by applying the potential between 100 and -500 m V from an aqueous 

electrolyte containing 1 mM Chloroplatinic acid hexahydrate and 1 mM of tri­

sodium citrate. In this situation, the number of cycle was 30, and the scan rate was 50 

mV/s. The current production increase with increasing number of cycles can be seen 

in Figure 5.17. This suggests that the formation of new nucleation sits was as a result 

of subsequent cycles. Recently, Zhao et al and Dulal et al have reported the 

formation of nanoparticles of platinum at the carbon fiber and multi-walled carbon 

nanotubes as carbon support.27
• 
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Figure 5. 17 - Cyclic voltammograms of nanoparticles of platinum modified carbon felt. The 
electrolyte contained 1 mM Chloroplatinic acid hexahydrate and 1 mM of tri-sodium citrate. The scan 

rate was 50m Vis and the number of cycle was 30. 
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Scanning electron microscopy analyses of electrodeposited Pt particles 

The surface morphologies of platinum particles electrodeposited on the surface 

carbon felt were observed by scanning electron microscopy (SEM) images. Figure 

4.18 shows that platinum particles are, more or less, distributed and attached on the 

surface of the carbon felt. This experiment suggests that platinum (Pt4+) complex 

covered on the surface of carbon felt can accept electrons to be reduced into platinum 

and the platinum can aggregate to fo1m a nanoparticle directly by cycling potential 

scans between 100 and -500 mV. The observed platinum particles by SEM images 

are constituted by agglomerates of small particle size. 

Figure 5. 18 - SEM images clearly showed the differences in size and mo,phology are observed when 
Pt is deposited on carbon f elt, and the existence of agglomerates of several p articles is observed. 

Electrochemical characterisation of the platinum modified carbon felt electrode 

Observation from the cyclic voltammetry suggest that platinum particles started 

appearing when this modified electrode was followed by cycling scans between 1500 

and -400 m V in 0.5 M H2SO4 solution (pH 2.5), which are cyclic voltamrnetry 

profiles of platinum electrode in H2SO4 solution.29 This test suggests that platinum 

particles are generated after reducing of Pt (IV) to Pt (0). As a comparison, cyclic 

voltamrnograms of nano-Pt/C. felt modified electrode and carbon felt electrode are 

shown together in Figure 5.19. 
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Figure 5. 19 - Cyclic voltammograms of Pt!C. Felt modified electrode obtained from cycling scans of 
carbon felt electrodes in I mM Chloroplatinic acid hexahydrate and I mM of tri-sodium citrate 

aqueous solution with cycling numbers with 20, 30, and 45 cycles, followed by cycling scans 
between] 500 and -400 m Vin 0.5M HiS04 solution, scan rate: 50 m Vis. 

As can been seen from figure 5.19 voltarnrnogram for the carbon felt electrode had 

no observable redox peak. To study the effect of the platinum particles 

electrodeposited on the surface carbon felt the electrochemical activity of various 

Pt/C. felt modified electrodes were tested. These electrodes were obtained from 

different platinum particles electrodeposition by technique of cycling scanning 

carbon felt electrodes in 1 mM Chloroplatinic acid hexahydrate and 1 mM of tri­

sodium citrate aqueous solution with cycling numbers from 20 to 45 cycles, followed 

by cycling scanning in 0.5 M H2S04 solution between 1500 and -400 mV. Figure 

4.19 also illustrates that an increase in the number of cycling scans from 20 to 45 

cycles for Pt (IV) reduced to Pt (0) results in a significant improvement of the current 

and confirming that the deposited Pt/C. felt was rather stable. 

Performance of electrodeposited Pt IC.felt cathode compared with Pt/KB 
cathode 

Experiments were carried out under similar conditions and repeated three times to 

examine the performance of a sandwich-type dual chamber MFC with 

electrodeposited Pt (Pt IC. felt) and Pt/KB catalysts. The sandwich-type dual 
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chamber MFC with Pt IC. felt and Pt/KB in cathodes produced voltage after 

operation, and generated stable voltages at 2000 n. After the addition of glucose to 

the anode, it was observed that the cell voltage of the Pt/KB increased to a maximum 

value and could be achieved for 2 h of 144 mV (Figure 5.20), the maximum voltage 

was stable for 16 h and then gradually decreased to the minimum value of 40 m V as 

the glucose was completely depleted. Correspondingly, the Pt /C. felt in MFCs 

cathodes achieved a maximum cell voltage value of 128 mV and a minimum of 10 

mV, as shown in (Figure 5.20). 
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Figure 5. 20 - Voltage generated using catalyst of Pt/KB (solid line), and electrodeposited Pt (dashed 
line) from glucose [540mg/L} in the MFC (2000 .0 resistor~, experiments run in triplicate (Error bars 

± SD). 

Clearly, the cathodes with Pt/KB generated higher voltages than the cathodes with Pt 

IC. felt. This indicates that the Pt/KB has better perfonnance than Pt IC. felt in 

lowering the activation energy of the cathode and in improving the reduction reaction 

kinetics at the cathode. 

Main differences in power production were observed in the study of polarisation and 

power density. As shown in (Figure 5.21), the OCV for Pt/KB was 388 ± 15 m V. 

This is significantly better than the Pt IC. felt ( electro-deposited Pt) cathode (336 ± 

19 m V). Moreover, the cathode with Pt/KB showed better cell voltage stability and a 

higher current density than the Pt IC. Felt cathode. The maximum power density 

generated using Pt/KB was 20.7 m W/m2 at current density 144 m A/m2
. While, the 
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power density reached a maximum 16.3 mW/m2, at a current density of 128 mA/m2, 

using Pt IC. felt. 
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Figure 5. 21 - A comparison of the MF Cs performance (polarisation and power density curve) 
between Pt/KB (solid line), and electrodeposited Pt (dashed line). 

These results suggest that the cathode material made of Pt/KB /carbon felt had a 

lower ohmic resistance than the electrodeposited Pt (Pt IC. felt) cathode materials 

used in the experiment. 

5.6 Electrochemical characterisation of electrodeposited Pt and Pt/KB 

Linear sweep voltammetry (LSV) experiments were conducted to test the 

electrochemical perfonnance of the (Pt/KB, electro-deposited Pt, and carbon felt) 

cathodes vs. SCE at room temperature in oxygen saturated and 500 mM H2SO4. 

Pt/KB as cathode catalyst had an important catalytic activity, while the cathode 

without catalyst ( carbon felt) had a very low current response. Compared to the 

electro-deposited Pt cathode, the Pt/KB /carbon felt cathode showed better 

electrochemical perfonnance with a higher current response (Figure 5.22). A higher 

reduction current was obtained with the Pt/KB electrode than with the electro­

deposited Pt electrode. Lower catalytic activity of oxygen reduction currents were 

obtained for electro-deposited platinum on carbon felt, indicating that the carbon 

support affects catalytic activity. Obviously, the cathodic catalyst is vital for 
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improved overall performance of MFCs. These results clarified that Pt/KB /carbon 

felt cathode has a high catalytic activity for the ORR in the cathode chamber. 
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Figure 5. 22 - LSV of cathode with Pt/KB, electrodeposited Pt, and carbon felt. The scan rate was 5 m 
Vis, and the p otential was scanned from 900 to 0 m V versus saturated calomel electrode. 

5.7 Aqueous cathodes using different electron acceptor 

Permanganate as the cathodic electron acceptor in microbial fuel cell 

The performance of the electricity production in the dual compartment MFC was 

tested using permanganate as the cathodic electron acceptor in an acidic medium. An 

aqueous catholyte of potassium permanganate had a great influence on the potential 

difference across the cell terminals. The rate of reduction of the permanganate on the 

electrode surface is relatively faster than that of oxygen, thereby enhancing the 

kinetics of cathodic reactions. Figure 5.23 shows the OCV of the MFC with the 

aqueous catholyte of potassium permanganate used with a carbon cloth cathode and 

an anodic chamber containing Acidiphilium sp. SJH (5.1 x 107 cells/ml), ferric ion 

(10 mM), and glucose(l O mM) in buffer solution of pH 2.5 (potassium hydrogen 

phthalate, 100 mM). The potential raised from low voltage to maximum voltage (956 

m V) over approximately 12 hours of operation reached a constant value. This 
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increase m OCV is most likely due to the high redox potential (1.70 V) of 

permanganate in acidic conditions as illustrated in Eq. (5-1),30 and much of this 

potential is formed from the chemical energy of permanganate in acidic medium and 

not from the organic substrate.26 

£
0 = 1.7V Equation 5-1 

This reaction is based on the fact that the reduction of permanganate ions is not 

sustainable as they have to be replaced regularly. 
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Figure 5. 23 - Voltage as a function of time of Acidiphilium sp. SJH cells in MFCs using aqueous 
catholyte of Potassium permanganate, experiments run in triplicate (Error bars equals ±1 SD). 

Electrode potential 

The individual OCP and working potentials of the electrodes (anode and cathode) of 

the MFC were measured based on the SCE as a function of current with different 

resistor circuits (100 to 50,000 0) (Figure 5.24 on the following page). The OCP of 

the anode was -162 mV, but the working potential decreased to -96 mV for current 

density up to 700 mA/m2
. The OCP of the cathode was 794 mV, but the working 

potential decreased to 212 mV for current density up to 700 m A/m2 (figure 4.24). It 

was observed that the OCP of the cathode using the carbon cloth electrode and 

permanganate (10 mM, pH 3.5) was improved the cathode performance. Therefore, 

permanganate strong oxidising agent with high reduction potential is highly desirable 

to increase MFC efficiency. 
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Figure 5. 24 -Anode (solid line) and cathode (dashed line) potential (vs. SCE reference electrode, 
242mV against the NHE) as afimction of current. 

Effect of pH on OCV and cathode potential 

When oxygen is not used at the cathode, no catalyst is needed and therefore wet 

proofed carbon cloth can be used. An aqueous catholyte of potassium permanganate 

was used as electron acceptor in cathode chamber of the MFC. To examine the effect 

of pH on the OCV and the cathode potential, the OCV and the cathode potential were 

calculated. Significant differences in OCV and cathode potential were observed. 

Figure 5.25 illustrates that the maximum OCV and cathode potential was achieved at 

pH 3.5, however the potential was decreased at pH 2.0 and 9. 
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Figure 5. 25 - Effect of pH on OCV and cathode potential, 100 ppm permanganate concentration. 
Three repetitive cycles (Error bars± SD). 

The pH influence depends on the reduction potential (E
0

) of pennanganate, and it was 

testified that the pH value determines whether reduction occurs via three, or five 

electrons exchange. These observations agree with the chemical equations shown 

below.30
,
31 This indicated that proton availability is a limiting factor for the cathode 

reaction. 23 

Mn04 + 4H+ + 3e- ➔ Mn02 + 2H2 0 £
0 = 1.7V Equation 5-2 

Mn04 + SH++ Se- ➔ Mn2 + + 4H2 0 £
0 = 1.51 V Equation 5-3 

Mn04 + 2H2 0 + 3e- ➔ Mn02 + 40H- E
0 = 0.59 V Equation 5-4 

Table 5.5 shows the effect of pH on OCV and cathode potential on the basis of the 

reduction potentials. Potassium permanganate gives maximum OCV and cathode 

potential at pH 3.5. The pH influence on the OCV and cathode potential were 

investigated at pH 3.5. High pH produced a negative result on the OCV and cathode 
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potential when using permanganate as electron acceptor in the cathode chamber. 

Previous work by You et al., obtained the maximum OCV and cathode potential at 
32 pH 3.5. 

Tab! 5 5 R d e - e uction votentia , , an cat o e votentta at i erent D l OCV. d h d . l diffi H. 
pH ocv Cathode potential Reduction potential(E0

) 

V V V 
3.5 0.956 0.764 1.71V 
2 0.823 0.649 1.51V 
9 0.345 0.182 0.59V 

Effect of initial concentration permanganate on OCV and cathode potential 

A series experiments were carried out to examine the role of initial concentration of 

permanganate (20, 100, 200 mg/L) on OCV and cathode potential in the MFC 

operating at pH 3.5. Figure 5.26 on the following page shows voltage generation 

versus initial concentration of permanganate. In this study the OCV and the cathode 

potential showed little observable change by increasing permanganate concentration. 

For example OCV and cathode potential would only increase 4 %, and 4.8 % 

respectively, when the permanganate concentration was increased 10 times (20 to 

200 mg /L). No further improvement in OCV and the cathode potential was observed 

for further increases permanganate concentration. This means that the voltage 

generation value is insensitive to concentration of pennanganate ion. 
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Figure 5. 26 - Effect of permanganate concentration on OCV and cathode potential, at pH 3. 5. Three 
repetitive cycles (Error bars± SD). 
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5.8 Power generation with different carbon electrode using permanganate 

Different types of carbon electrode ( carbon cloth, carbon felt, and Ketjen Black EC-

600) were tested with dual chamber MFCs using an aqueous catholyte of potassium 

permanganate as the electron acceptor at pH 3.5. All tests of the dual chamber MFC 

could be described in the (Table 5.6). It was observed that Ketjen Black carbon could 

produce the highest voltage, cunent density, power density than carbon cloth and 

carbon felt electrode for pennanganate as the electron acceptor at pH 3.5. It is 

suggested that types and construction of the carbon electrode might play a significant 

role in the activity of ORR that takes place at the cathode chamber for instance, 

treated Ketjen Black carbon has the advantage of high surface area and more 

attached functional groups on the surface. As the Ketjen Black carbon was examined 

as the cathode electrode, and potassium pennanganate was used as the electron 

acceptor, the highest OCV (988 ± 13 m V), current density (702 m A/m2),and the 

power density (702 mW/m2
) were obtained. In addition, it was established that the 

maximum power density clearly depended on electron acceptor. 

Table 5. 6- Maximum (OCV), current density, and power density of H-type MFC at different carbon 
electrodes. - !Electrode Open circuit voltage Max Current density Max Power density 

mV mA/m2 mW/m2 

Ketien Black carbon 988 ± 13 702 64.2 
Carbon cloth 956 ± 90 664 58.9 
Carbon felt 913 ± 17 633 54.1 

Cathodic surface characterisation 

The reduction of permanganate (100 mg/L) at different pH (2, 3.5) during the 

operation period (21hours) as electron acceptor in cathode chamber can be seen in 

(Figure 5.27). Scanning electron microscope (SEM) images (A) clearly exhibited 

deposits of MnO2 formed on the surface of the carbon cloth (cathode) pH 3.5 in the 

dual chamber MFC, and (B) image of the carbon cloth in aqueous solution of 

Potassium permanganate at pH 2.0. Therefore, the more acidic aqueous solution of 

the permanganate ion (Mn7+) is reduced to soluble Mn2+ as shown in equation 5.3. 
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Figure 5. 27 - SEM image of (A) surface of the carbon cloth (cathode) pH 3.5, and (B) surface of the 
carbon cloth at pH 2. 

Chromium [Cr (VI)] as the cathodic electron acceptor in microbial fuel cell 

H-type MFCs were used to examine the chemical as a cathode electron acceptor in 

acidic medium experiments. An aqueous catholyte of hexavalent chromium had a 

great influence on the potential difference across the cell terminals. The rate of 

reduction of the chromium on the electrode surface is relatively faster than that of 

oxygen, thereby enhancing the kinetics of cathodic reactions. Figure 5.28 shows the 

OCV of the MFC when the aqueous catholyte of chromium[Cr(VI) was used with a 

carbon cloth cathode and an anodic chamber containing Acidiphilium sp. SJH (5.1 x 

107 cells/ml), ferric ion(l0 mM), and glucose(l0 mM) in a buffer solution of pH 2.5 

(potassium hydrogen phthalate, 100 mM). The potential rose from low voltage to 

maximum voltage (766 mV) in approximately 8 hours of operation when a constant 

value was reached. This increase in OCV is most likely due to the high redox 

potential (1 .33 V) of chromium [Cr (VI)] in acidic conditions as illustrated in Eq.(5-

5): 
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£ 0 = 1.33 V Equation 5-5 
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Figure 5. 28 - Voltage as a/unction of time of Acidiphilium sp . SJH cells in MFCs using aqueous 
catholyte of chromium {Cr (VI), experiments run in trip licate (Error bars SD). 

Effect of pH on OCV and cathode potential 

The OCV and cathode potential of the H-type two chamber MFC were determined to 

test the effects of pH. An aqueous catholyte of hexavalent chromium [Cr (VI)] (100 

mg/L) was used as the electron acceptor in the cathode chamber of the MFC. To 

examine the effect of pH on the OCV and cathode potential, the OCV and cathode 

potential were calculated. Figure 5.29 illustrates that the maximum OCV and cathode 

potential was achieved at pH 2, however the potential was decreased at pH 3, 4, 5 

and 6. A high pH produced a negative result on the OCV and cathode potential when 

using hexavalent chromium as the electron acceptor in the cathode chamber. 
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Previous work by Wang et al., using anaerobic microorganisms as anodic biocatalyst 

at pH 7, and hexavalent chromiwn as the electron acceptor in the cathode chamber 

obtained the maximum OCV and cathode potential at pH 2.33 
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Figure 5. 29 - Effect of pH on OCV and cathode potential, 100 ppm hexavalent chromium 
concentration. Three repetitive cycles (Error bars± SD). 

Effect of initial concentration chromium on OCV and cathode potential 

A two-chamber sandwich system was used to study the effect of different 

concentration of chromium [Cr (VI)] (20, 100, 200 mg/L) on OCV and cathode 

potential at pH 2. To examine the effect of concentrations of chromium on the OCV 

and cathode potential, the OCV and cathode potentials where calculated. Figure 5.30 

shows voltage generation versus initial concentration of chromium [Cr (VI)]. In this 

study the OCV and cathode potential showed little observable change when 

increasing chromium concentration. For example OCV and cathode potential would 

only increase 9 % and 13 % respectively, when the chromium concentration 

increases 10 times (20 to 200 mg/L). No further improvement in OCV and cathode 



Chapter 5 -Evaluation of the cathodic reaction I 36 

potential was observed with further increases chromium concentration. This means 

the voltage generation value is insensitive to concentration of chromium ion. 
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Figure 5. 30 - Effect of hexavalent chromium concentration on OCV and cathode potential, at pH 3.5. 
Three repetitive cycles (Error bars ± SD). 

5.9 Power generation with permanganate, chromium and oxygen 

As shown in (figure 5.31 ), power density was much greater using pennanganate (10 

mM, pH 3 .5) and an uncoated carbon cloth electrode as the cathode compared to that 

obtained with chromium(pH 2) and an uncoated carbon cloth electrode, oxygen and 

0.15mg/cm2 Pt (22 wt % Pt/KB) coated on wet-proofed carbon cloth; and using a 

carbon cloth electrode (no platinum catalyst) as electron acceptors were perfonned in 

the two chamber MFCs. Power density was tested by a polarisation curve and the 

corresponding power density curve. The data were collected to calculate the power 

density and voltage continued across a range of current densities attained by varying 

the resistance (100 to 50,000 Q) between the anode and cathode electrodes. From 

these measurements, the optimal external resistance was found (2000 Q) which 
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showed the maximum power density. The maximum power density generated using 

permanganate was 58.9 m W/m2 (carbon cloth electrode and permanganate) at 

current density 664 m A/m2
• While, the power density reached a maximum 45.5 

mW/m2
' 20.7mW/m2

, 10.6 m W/m2 at a current density of 520 mA/m2
' 296 

mA/m2,112 mA/m2 using chromium ion, oxygen and 0.15mg/cm2 Pt (22 wt % 

Pt/KB) coated on wet-proofed carbon cloth, and carbon cloth electrode(no platinum 

catalyst)with oxygen, respectively. The increase in power density when using 

pennanganate as a function of this potential is formed from the chemical energy of 

permanganate in an acidic medium (pH 3.5). Here an OCV of 956 ± 9 mV, 766 ±17 

mV, 388 ± 11 mV using chromium (pH 2), oxygen and 0.15 mg/cm2 Pt, and 263 ± 17 

m V using carbon cloth electrode and oxygen was obtained. 
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Figure 5. 31 - Power density and polarisation curve using permanganate (1 OmM), chromium [Cr (VJ) 
(1 OmM), oxygen and 0. 15mg/cm2 Pt, and oxygen and carbon cloth. 
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The lower performance of the oxygen and carbon cloth cathode was mainly due to 

the high overpotentials of the cathode. 34 Table 5. 7 shows the maximum power 

density achieved with the permanganate ion 10 is times greater than that found with 

oxygen and the carbon cloth cathode. This suggests that the ORR is related with 

large overpotential compared to permanganate. The OCV shows the potential 

difference between anode and cathode, in which the anode potential is measured on 

the basis of the substrate combustion rate, electron recovery from bacteria to anode, 

while cathode potential depends on the type of electron acceptor used, mass transfer 

and reduction potential of electron acceptor. 

Table 5. 7- The comparison between permanganate ion, chromium [Cr (VI), and oxygen as electron 
. th d h b acceptor m ca o e c am er. 

Cathode electrode Electron acceptor 
O<CV Current density Power density 
mV mA/m2Jl 000) mW/m2(2kO) 

Carbon cloth Permanganate 956 664 58.9 
Carbon cloth Chromium 766 520 45.5 

0.15 mg/cm:,:Pt (22 
Oxygen 388 296 20.7 

wt %Pt/KB) 
Carbon cloth Oxygen 263 244 10.6 

The maximum power densities for MFCs reported in the previous studies cannot be 

explained only on the basis of aqueous catholyte solution. An important factor which 

has a direct influence on the maximum power density of an MFC is the difference in 

bacteria and MFC construction. 35 Recent studies have reported that using a graphite 

brush anode increases the surface area for bacteria while reducing the distance 

between the electrodes to decrease ohmic losses. 36 

Table 5.8 on the following page shows the comparison between two different 

electrodes ( carbon cloth, and carbon felt) using three electron acceptors 

(permanganate ion, chromium [Cr (VI), and oxygen) were tested. It was found that 

carbon cloth electrode could produce the higher OCV, current density, and maximum 

power density than carbon felt for using permanganate ion, chromium [Cr (VI), and 

oxygen as electron acceptor in cathode chamber. The material used to construct the 

cathode electrode might play a role in the ORR activity,37 plus the maximum power 

density clearly depend on the type of electron acceptor. 
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Table 5. 8- The comparison between carbon cloth, and carbon f elt electrode using permanganate ion, 
chromium {Cr (VJ), and oxyI;en as electron acceptor in cathode chamber. 

Carbon cloth electrode C;i.rbon felt electrode 

Electron ocv Current Max. Power ocv Current Max.Power 

accepto,r mV 
density density 

mV 
Density density 

1000 2000 fl 100 o 20000 
Pennanganate 956 664 mAJm• 58.9 mW/m• 922.4 588 mA/m' 53.3 mW/m' 

Chromium 766 520 mA/m" 45.5 mW/m• 739.1 446 mAfm• 39.1 mW/m' 
Oxygen 263 244 mA/m" 10.6 mW/m" 147 194 mA/m' 9.6 mW/m• 

5.10 Conclusion 

Platinum electrocatalysts supported on acid treatment KB carbon electrocatalysts were 

produced successfully. The dispersion at the nano-sized particles of catalytic 

materials, such as platinum into an electron conducting matrix, is a very convenient 

way to improve the electrocatalytic activity. The 22 wt% Pt/KB carbon support was 

prepared. TEM and XRD results reveal that well-separated platinum nanoparticles of 

around 3 nm in size were obtained on the KB carbon support and an optimum 

platinum loading established at 0.15 mg/cm2.The platinum-modified cathode retained 

an equivalent of 80 ± 2 % efficiency compared to a solid platinum electrode, but 

contained only 0.1 % Pt. 

Finding from results obtained showed that the reduction of electrode spacing had 

limited effect on power improvement due to the high internal resistance. 

The results obtained were for the effect of three electron acceptors (permanganate, 

chromium [Cr (VI)] and oxygen) and two different carbon electrodes (carbon cloth 

and carbon felt) at the cathode chamber, using two chamber H-type reactor operating 

at low pH. Carbon cloth electrode provided a higher power density, current density, 

and OCV than carbon felt electrode for any electron acceptor. 
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6.1 Introduction 

In this chapter the development of the anode associated biofilm from Acidiphilium 

SJHbacteria at pH 2.5 is reported. No mediator was provided during the colonisation 

process. Both carbon felt and carbon cloth as working electrodes were individually 

addressed and placed in the same air-cathode single-chamber MFC to compare their 

electrochemical behaviour in the same biochemical conditions. 

The anode surface modification was achieved by electro-deposition of polyaniline on 

the carbon felt. The performances of an unmodified carbon felt and modified with 

polyaniline based MFC are also compared. 

6.2 Influence of anodic biofilm growth on bioelectricity production 

Scanning electron microscopy characterisation on anodic biofilm growth 

Bacteria colonisation on the electrode surface is more commonly referred to as 

biofilm. 1 The anode electrode can be modified to increase the cell output, in this 

regard experimental data showed that Acidiphilium SJH bacteria cells are able to 

colonise on the carbon felt surface of a MFC, and enhancing potential generation. 

The morphology of the biofilm on the carbon felt and carbon cloth electrodes were 

analysed by scanning electron microscopy (SEM). In order to show the SEM images 

of carbon felt and carbon cloth before biofilm formation Figure 6.1 (A, B) and 

showing that the Acidiphilium SJH bacterial cells colonised on the surface of the 

carbon felt and carbon cloth (anode), the biofilm was developed for 30 days Figure 

6.1 (C, D), and individual cells can clearly be observed attached to the fibres of the 

carbon felt. The SEM images are illustrative of all electrode surfaces. The 

development of the anode associated biofilm can be observed in the entire electrode 

surface, presenting good homogeneity. Electronic communication has been made 

between the attached cells of the carbon felt and carbon cloth in which carbon felt, 

and carbon cloth are used as working electrodes in an electrochemical cell. Bacteria 

colonised on the anode biofilm may not always directly transfer electrons to the 

anode, however it may transfer indirectly through the interaction of other species in 

the cell.2 
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Figure 6. 1 - (A,B) Shows an SEM image of a blank carbon felt, and carbon cloth electrode at 2000X 
magnification with a scale of20µm (C,D) shows an SEM image of carbon felt, and carbon cloth 30 

days after inoculation with Acidiphilium SJH at 2000X magnification with a scale of 20 µm. 

Cyclic voltammetry characteristics on anodic bioftlm growth 

It may be understood from CV that attached cells have the ability for electron 

transfer with the electrode. Voltammograms show the important variations in the 

redox peak shapes and positions at different key growth stages of biofilm fonnation 

with the electron transfer mechanism as a function of the biofilm growth. 3
•
4

•
5
•
6

•
7 

Cyclic voltammetry characteristics on anodic biofilm growth are shown in (Figure 

6.2). The voltammogram for the control (blank) anode had no observable redox peak. 

A little change was shown in the shape of the voltammogram for the anode OCV 

operation. A maximum current of 4 µA along, oxidation- reduction process cannot 

occur on the surface area of the biofilm. The voltammogram for the anodic biofilm 

growth (7days) operation recorded a maximum cunent of 13.3 µA along, no 

oxidation peak in the forward scan and a reduction peak at -120 m V ( vs. SCE; 4 7 

µA) in the reverse scan, while the voltammogram for the anodic biofilm growth 
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(21days) operation recorded no oxidation peak in the forward scan and a strong 

reduction peak at -112 m V ( vs. SCE; 146 µA) in the reverse scan. In the case of the 

anodic biofilm growth (30 days) voltammogram, a maximum current of 40.5 µA was 

recorded, with a weak oxidation peak at 48 mV (vs. SCE; 14.69 µA) in the forward 

scan and a strong reduction peak at -105 m V (vs. SCE; 190 µA) in the reverse scan. 

As the density of the cells is high in the matrix, cell to cell contact is increased in the 

biofilm which stimulates the electron transfer mechanism.8
•
9 
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Figure 6. 2 - Cyclic voltammetry curves of anodic biofilm growth on carbon cloth at a different 
Period (7, 21, and 30days), 0.5 M H2S04 pH 2.5, and scan rate of 5m Vis. 

The colonise on the surface of a carbon cloth in MFC of Acidiphilium SJH bacteria 

have been explored using cyclic voltammetry. From the observations, when used as a 

working electrode the attached cells did not establish good electronic communication 

with the carbon cloth support in an electrochemical cell. Therefore a significant 
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amount of catalytic effect was not observed by cyclic voltammetry experiment. It 

may be suggested that the electrochemical characteristics of Acidiphilium sp SJH 

bacteria cells are versatile, depending on the composition of the culture medium; 

cyclic voltammetry was recorded with a biofilm-coated electrode. 

A series of experiments was carried out to test the extent of anode associated biofilm 

formation on the surface of carbon felt electrodes. Figure 6.3 shows voltammogram 

profiles for the carbon felt anodes obtained for different durations (7, 21, and 30 

days). The voltammogram for the fresh carbon felt anode had no observable redox 

peak. The anode associated biofilm growth (7 days) operation recorded a maximum 

current of 10.7µA along. No oxidation- reduction peak was found, while the shape of 

the voltammogram is different from that obtained for a fresh carbon felt electrode 

(blank). The voltammogram for the anodic biofilm growth (2ldays) operation 

recorded a maximum current of 54 µA along with weak oxidation peak at 41 mV (vs. 

SCE; 15.7 µA) in the forward scan, and no reduction peak was found in the reverse 

scan. In the case of the anodic biofilm growth (30 days) voltammogram, a strong 

oxidation peak in the forward scan of the voltammogram was observed at I 060 m V 

(vs. SCE, 78 µA). No reduction peak was found in the reverse scan. The possible 

explanation for the results is that the redox process cannot occur on the surface area 

of the ?days biofilm growth. 
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Figure 6. 3 - Cyclic voltammetry curves of anodic biofilm growth on carbon felt at a different Period 
(7, 21, and 30days), 0.5 M H2SO4 pH 2.5.Scan rate 5mV/s. 
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Observation from the cyclic voltammetry test suggests that a significant development 

in electrocatalytic activity was not observed with anodic biofilm growth on the 

surface of carbon felt. Previous work by Borole et al., reported that electrocatalytic 

activity of biofilm can have a significant influence on the yield and efficiency of the 

conversion processes. 10 

Cyclic voltammograms of bacteria cell suspension 

The electrochemical activities of washed cell suspensions of Acidiphilium sp. SJH 

bacteria were tested by cyclic voltammetry. Observation from the cyclic voltammetry 

showed a weak oxidation peak at 50mV (vs. SCE, 0.056 µA) in the forward scan and 

weak reduction peak at -150 m V (vs. SCE; 0.086 µA) in the reverse scan. (Figure 

6.4). However, these features are not present in the blank growth liquid medium 

voltammetry. It was not clearly shown by cyclic voltammetry that Acidiphilium sp. 

SJH bacteria cells are electrochemically active. This experiment was repeated three 

times. 
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Figure 6. 4 - Cyclic voltammogram of Acidiphilium SJH bacteria grown anaerobically. 
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The ability of Acidiphilium SJH bacteria cells to reduce soluble ferric ion using 

glucose as an electron donor was tested under anaerobic condition. Ferric ion 

reduction was checked after 15 hours incubation, a control test was also carried out 

with Acidiphilium SJH bacteria, and ferric ion without glucose. After 15 hours 

incubation there was no change in the colour of the iron. Because an Acidiphilium 

SJH bacterium does not grow without glucose, there was no electron generation, and 

thus the ferric ion was not reduced. This simple method can be used for examination 

of the electrogenic activity of microorganisms. 

These results suggest that the poor electrochemical activity of the Acidiphilium sp. 

SJH bacteria may be due to the fact that little consumed fuel (glucose) is used for 

electricity generation and most of it is consumed for bacteria metabolism, 11 and the 

electrochemical activity of the Acidiphilium sp. SJH bacteria might be associated 

with the ferric reductase not to outer membrane cytochromes. 12 The observed cyclic 

voltammetry was compared to previously reported electrochemical activity of 

bacteria and has been related to c-type cytochromes on the outer membrane of the 

bacteria cell wall. 13 It is not clear whether the observed poor electrochemical activity 

is as a result of c-type cytochrome or other redox proteins on the cell wall of the 

Acidiphilium sp. SJH bacteria. Mechanism of electron transfer used by biofilm cells 

directly influence the amount of energy that biofilms generate for growth and 

regulate components such as biofilm thickness, resistance and current density. 14 

An important feature in this process is the direct role of the anode associated biofilm 

in efficiently transferring electrons, in comparison with the functioning of non­

biofilm. Bacteria cells in intimate contact with the electrode surface, for example, 

face different physical and chemical limitations during electron transfer than cells 

located in the upper biofilm layers, which are further away from the electrode surface 

and more exposed to nutrients. As a result, mechanism of direct electron transfer is 

often suggested to d1ive current production by bacteria cells closer to the electrode 

surface, whereas an indirect mechanism(s) is necessary to transfer electrons across 

the biofilm thickness. 10
•
15 

Direct electron transfer in MFCs though the anode associated biofilm was reported to 

be possible though microorganisms to the surface of the anode.4 By physical 

phenomena (adherence) of the cell membrane or outer membrane cytochromes need 
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the interaction of the bacterial cell to the anode, contributing in the electron transfer 

from the bacterial cell to the electrode. 16 It has been recently suggested in other 

studies that some bacteria strains interconnect via conducting molecular nanowires to 

the electrode surface, 17
•
18 and self-mediated electron transfer excreted from the 

microorganisms.19
•
3 

6.3 Poised potential electrode 

In order to evaluate the performance of different anode potentials, the potentiostat­

chronoamperometric experiments of MFCs with three different anode potentials were 

poised at 0 V, - 200 mV, and -400 mV versus SCE, utilising Acidiphilium sp. SJH 

bacteria cells, in 10 mM glucose solution. The current shape as a function of the 

poised potential applied to the GC electrode is shown in Figure 6.5. When the anode 

was poised at 0V, the current density increased at first, but reached a maximum 

within 3 hours, it then dropped quickly. The current density after 15 hours of 

operation was as low as 0.886 µ A/cm2
. While the anode electrode was poised at 

-200 m V, the current density was developed with a lower rate, however the 

increasing trend continued for 7-12 hours. The maximum current density reached 

about 7.2 µ A/cm2 and then it decreased slightly; no sudden drop was shown within 

15 hours. Increase in the current density was observed with a decrease in poised 

potential (-200mV, 7.2 ~l A/cm2
) and decreased thereafter at poised potential 

(-400mV, 5.7 ~l A/cm2
) . Poised potential at (-200mV) produced a higher maximum 

cunent density 7.2 ~l A/cm2 compared to O mV and -400 mV (6.7 and 5.7 ~l A/cm2
, 

respectively). 
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Figure 6. 5 - Chronoamperometric curves of the GC electrode poised at (0 m V, -200 m V, and -400 
mV). 

The results show an increment in current generation when the applied anode 

potential decreased from O m V to -200 m V followed by no increment when further 

decreased to -400 m V. Findings from recent research studies have suggested that in 

the functioning of MFC, the electron transfer mechanism is mediated by the 

influence of the anode potential on the bacterial activity.20
,
2 1

,
22

,
23 

Chronoamperometric assays were used to study comparison catalytic current 

production of Acidiphilium sp. SJH bacteria on GC electrode with and without a 

Ketjen Black EC-600 carbon modifier. Observation from the Chronoamperometric 

experiment showed that a GCE and a GCE coated with Ketjen Black EC-600 carbon 

polarised at the potential (-200 m V), produced oxidative currents (7.2 ~LA/cm 2, 10.2 



Chapter 6- Biofilm growth 152 

µ Ncm2
) respectively (Figure 6.6). These results illustrate that the surface 

modification of a GCE with Ketjen Black EC-600 carbon had a significant effect on 

the catalytic current density by 1.4 times. It has been recently suggested in other 

studies that there is a correlation between the anode associated biofilm on the solid 

surface and the electroactivity of the anode surface modification. 24
,
25 
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Figure 6. 6 - Comparison of catalytic current production of Acidiphilium sp. SJH bacteria on (GCE) 
and (GCEIKB) using Chronoamperometric technique. 



Chapter 6- Biofilm growth 153 

6.4 Cell count 

To determine whether Acidiphilium sp. SJH species might transfer to an electrode, 

the Acidiphilium sp. SJH cells were inoculated in an electrochemical cell, and the GC 

electrode was poised at a set of potentials ranging from -200 mV, -400 mV, and -600 

m V against a SCE over the time. The number of Acidiphilium sp. SJH cells was 

assessed by measurement of the optical density at 600 nm (O.D = 0.2), and by direct 

cell counts (Thoma chamber) using a Leitz Wetzlar microscopic prior to and after 

oxidising potentials -200 mV, -400 mV, and -600 mV were applied. Figure 6.7 

shows cell counts as a function of time. In the initial period (lh) before the potential 

cell numbers (5.9 x107 cell /ml) were applied, the cell numbers started to decrease 

from (lh to 3 h) after the operation. The final plateau in cell counts suggests the 

presence of a barrier to accumulation of the anode associated biofilm after this 

thickness. Figure 6.7 also illustrates that the applied potential had a positive effect on 

the bacteria electrode interface. 
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Figure 6. 7 - Effect of different poised potential on cell numbers of Acidiphilium sp. SJH bacteria as a 
function of time. Cell numbers were estimated by direct counts. 
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6.5 Cyclic voltammetry characteristics on short-term growth 

Cyclic voltammetry analyses of Acidiphilium sp. SJH bacteria at different set 

potentials (-200 mV, -400 mV, and -600 mV) versus a SCE on the electro-catalytic 

activities of the anode an associated biofilm of short-term growth are shown in figure 

6.8. Anodes at set potentials ranging from (-200 mV, -400 mV, and -600 mV) 

produced currents ranging from (0.11, 0.12, 0.12 µA) compared to (0.06 µA) of the 

GCE control. According to these voltammogram shapes, voltammograms derived 

from the anode electrode poised at (-400 mV, and -600 mV) shows similar anodic 

current production. 
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Figure 6. 8 - Cyclic voltammograms of anode electrode (GCE), blank, -200, -400, and -600 m V using 
SCE as the reference electrode, scan rate 5m Vis. 

6.6 Influence of anodic bioftlm growth on power output 

Air-cathodes are supposed to be a more applied and simplifying system design for 

MFC cathodes; they are more interesting than other cathodes because they eliminate 

the need for an aerated catholyte as well as cost effectiveness and energy 

requirements.26 Three air-cathode single-chamber MFCs were fabricated in house 

using a polyacrylic plastic cylindrical chamber 4cm long by 3cm in diameter (Figure 

6.9). Polarisation and power density curves were obtained to calculate the maximum 

power densities and current densities for the air-cathode single-chamber MFC 

utilising Acidiphilium sp. SJH bacteria (5.1 x 107 cells/ml), in the presence of glucose 

(900 mg/L) as the electron donor, and soluble ferric ion (10 mM) as the electron 
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shuttle. When the OCV of the air-cathode single-chamber MFC reached the 

maximum it stabilised ( 400.4 m V) (Figure 6.10). 

Figure 6. 9 - Homemade single chamber MFC with a carbon cloth (anode) and a carbon cloth 
modified with Pt/KB (air cathode). 

Air-cathode single-chamber MFC polarisations were operated with the distance 

between the anode and cathode of 4 cm at different resistance across the anode and 

cathode, under optimal conditions (pH 2.5, room temperature). The potential was 

tested at each resistance and converted to power densities. The current density was 

determined using Ohms law based on the MFC voltage. From these measurements, 

the optimal external resistance was found (20000) which showed the maximum 

power density. The cell current and voltage data can be examined and recorded at the 

maximum power density. The maximum value of power density was 21.3 mW/m2
, 

which occurred when the current density (Imp) was 146 m A/ m2
, with a 

corresponding cell voltage (V mp) of 146 m V. The air-cathode single-chamber MFC 

tested here provided an improvement in power density. This result suggests that 

reducing internal resistance in the MFC in order to improve power generation, as 

reported by others.27
'
28 
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Figure 6. IO - Polarisation curve measured at different resistances. 

A comparison of maximum power densities as obtained when Acidiphilium sp. SJH 

cells were colonised on the carbon felt surface after 30 days of biofilm growth and 

Acidiphilium sp. SJH bacteria, as mentioned above. Later, two MFCs were obtained; 

the first cell contained a carbon felt electrode and Acidiphilium sp. SJH bacteria in 

the anode solution, and the second cell contained the carbon felt electrode-associated 

bacteria (30 days) and new medium solution. From these measurements (Figure 

6.11 ), the optimal external resistance was found which showed the maximum power 

density, recorded with 30 days of anodic biofilm growth (25.9 m W/m2
) at 1 Kn, and 

a lower power density was observed with OCV (21.3 m W/m2
) at 2 Kn. 
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Figure 6. I I - Power density generated by the MFC (Air cathode single chamber) using anodic 
biofilm growth (30 days), and OCV condition. 
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There were no important differences in power density between the air-cathode 

single-chamber MFC with anodic biofilm growth (30 days) of carbon felt surface and 

air-cathode single-chamber MFC with suspended Acidiphilium sp. SJH bacteria cells 

of fresh carbon felt. These results suggest that the power output increases due to the 

anode associated biofilm resulting in a reduction in the internal resistance. 

Figure 6.12 shows the power density curves for the MFCs operated for different 

durations so as to yield anode associated biofilm. Power density curves were 

obtained to calculate the maximum power density of different anodic biofilm growth 

(7, 21, and 30 days). The maximum power density increased from 22.8 to 24.6, and 

25.9 mW/m2 respectively, when the anode associated biofilm increased from 7, 21, 

and 30 days. No further improvement was shown in power production in the period 

following the initial 30 days growth on the anode electrode. A direct influence of 

process performance was shown by the extent of biofilm growth on the surface of the 

anode of the MFC increasing the power density.29 
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Figure 6. 12 - Power density generated by the MFC (Air cathode single chamber) using anodic 
biofilm growth on carbon cloth at a different period (7, 21, and 30 days). 
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Electrode Potential 

The OCPs were measured for the electrodes (anode and cathode) of the air-cathode 

single chamber MFC against a SCE as a function of current with different resistor 

circuits (100 to 50,000 0) (Figure 6.13). 
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Figure 6. 13 - Anode associated biofilm and cathode (solid line) and anode non-associated biofilm 
and cathode (dashed line) potential (vs. SCE reference electrode, 242mV against the NHE) as a 

function of current. 

The OCP of the anode associated biofilm was compared to the non-associated 

biofilm electrode. As shown in (figure 6.13) the anode associated biofilm had more 

negative potential than the non-associated biofilm electrode. The OCP of the anode 

associated biofilm was -208.2 mV(33.8mV NHE), but the working potential 

decreased to -118.7 mV for a current density up to 300 m A/m2
• In the non­

associated biofilm electrode the OCP was -166.2 mV (76 mV NHE), but the working 

potential decreased to -121.3 mV for current density up to 300 m A/m2
• For both, 

anode associated biofilm and non-associated biofilm, the working potential increased 

slightly with current density. The OCP of the cathode with the non-associated 

biofilm electrode and anode associated biofilm were 235 mV (477 mV NHE), 239.4 

mV (481.4mV NHE), respectively, but the working potential decreased to 43.7 mV, 

23.4 mV for current density up to 300 m A/m2, 350 m A/m2
, respectively. It was 
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observed that the OCP of the anode associated biofilm result -208.2 m V was 

increased when compared to non-associated biofilm electrode. The activity and 

performance of anode associated biofilm formed on the surface of the electrode 

indicated a further development in the MFC performance. Ren et al; reported that 

anodic biofilm growth can significantly reduce the overpotential and the charge 

transfer resistance of the electrode. 30 

Spacing between electrodes in air cathode single chamber microbial fuel cells 

A series of tests were conducted to study the effect of different electrode spacing ( 4, 

and 2 cm) on power production in air cathode single chamber MFCs. Polarisation 

and power density curves were obtained to calculate the maximum power densities 

and current densities for the air-cathode single-chamber MFC utilising Acidiphilium 

sp. SJH bacteria (5.1 x 107 cells/ml), in the presence of glucose (900 mg/L) as the 

electron donor and soluble ferric ion (10 mM) as the electron shuttle. When the 

distance between the anode and cathode were reduced from 4, and to 2 cm [anode 

was fixed against a wall in a chamber with only one side exposed to the solution] and 

the cathode was made of 150 µg/cm2 (22 wt % Pt/KB) coated on wet-proofed carbon 

cloth, (coated side) placed facing the solution, with the uncoated side exposed to the 

air; Figure 6. 14 shows the power output observed at variable external loads and 

under different electrode spacing between the anode and cathode electrodes. The 

maximum power density increased from 21.3 m W/m2 to 30.2 m W/m2
, when the 

electrode spacing decreased from 4, to 2 cm. 
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Figure 6. 14 - Power density generated as a fimction of current density of the air cathode single 
chamber MFC operated with different electrode spacing (4, and 2cm). 
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From the power density curves (Figure 6.14) the internal resistance can be evaluated 

of the 4, to 2 cm electrode spacing from maximum power density which occurred at 

the point where the internal resistance was equal to the external resistance. 31 

Now the internal resistance can be established as being equal to the external 

resistance, which can be calculated from the currents of 149.8 mA/m2 (2 cm), and 

146 m A/m2
. Thus, implies that the estimated internal resistances were 1996 fl (2 

cm), and 1998 D. ( 4 cm). Internal resistances of the systems were found to be quite 

similar, despite the electrode spacing from 4 cm reduced to 2 cm ( 1998 D. and 1996 

fl) respectively. 

Figure 6. 14 also illustrates that there is a slight effect of electrode spacing on power 

output in the air cathode single chamber MFC. In this study reducing the electrode 

spacing and changes in reactor configuration show there may be little observable 

effects on the performance of MFC. The results suggest that when the internal 

resistance of the system is high the following factors have little influence on the 

power production of an MFC: anodic acidic medium which increases proton 

concentration, reducing the distance between anode and cathode, and the cathode 

being exposed directly to air. Logan et al., reported that power production of an MFC 

is limited by the internal resistance.32In another study, maximum power density was 

obtained in a simple 2-bottle MFC built in H-type design was 2 mW/m2 using a salt 

bridge as a membrane that had a high internal resistance (19,900 fl).Using a proton 

exchange membrane instead of a salt bridge the internal resistance was reduced to 

1290 D. and power density increased to 40 mW/m2
•
27 

Performance of permanganate as the cathodic electron acceptor in microbial 
fuel cell 

The dual compartment MFC was operated with anode associated biofilm (30days) 

referenced to anode compa1iment, and the permanganate catholyte was used as the 

cathodic electron acceptor in an acidic medium in order to evaluate the performance 

of permanganate. Figure 6.15 shows the OCV, maximum power density of the MFC 

with the aqueous catholyte of potassium permanganate used with a carbon cloth 

cathode and an anodic chamber containing anodic biofilm growth (30 days), and 

glucose (10 mM) in buffer solution of pH 2.5. The maximum power density 

generated using pennanganate was 69.6 m W/m2 at OCV 984.1 mV. While, the 
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power density reached a maximum 25.9 mW/m2 at OCV 458 mV using oxygen and 

0.15mg/cm2 Pt (22 wt % Pt/KB). An aqueous catholyte of permanganate had a great 

influence on the potential difference across the cell terminals. The rate of reduction 

of the permanganate on the electrode surface is relatively faster than that of oxygen 

on (22 wt % Pt/KB), thereby enhancing the kinetics of cathodic reactions. 
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Figure 6. 15 - Power density and polarisation curve using anode associated biofilm (30days) with 
permanganate (1 OmM), and oxygen and 0. l 5mg/cm2 Pt as electron acceptor in cathode chamber. 

This increase in potential difference and power density due to the high redox 

potential (1.70 V) of permanganate is fanned from the chemical energy of 

permanganate in acidic medium.26 
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6. 7 Modification of the carbon felt by polyaniline film 

Electrochemical polymerisation of aniline 

The chemical modification process is supposed to be active by depositing or 

immobilising metals, metal oxides or other active compounds on the supports, such 

as carbon materials or conductive polymers, to improve the power generation of 

MFCs.33 To examine the effect of covering of carbon felt with polyaniline on 

electrochemical performance of the anode, cyclic voltammetry technique was 

employed. For electrochemical polymerisation of polyaniline films modified with 

carbon felt, polyaniline films coated carbon felt was used as a working electrode, 

platinum wire as the counter electrode, and SCE as the reference electrode. 

Electropolymerisation of aniline proceeded coupling chemical reactions on the 

surface carbon felt was performed by cyclic voltammetry. Figure 6.16 shows the 

cyclic voltammograms during the electropolymerisation of aniline on carbon felt 

from a solution containing 200 mM aniline and 0.5M sulfuric acid for 15 cycles in 

the potential limits from - 200 to 1500 m V at a sweep rate of 50 m V /s. 
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Figure 6. 16 - Cyclic voltammograms of polyaniline films modified with carbon felt. The electrolyte 
contained 200 mM aniline and 0.5M H2S04 solution. The scan rate was 50m Vis and the number of 

cycles was 30. 
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The figure 6.16 shows the voltammogram profile of carbon felt changes in the first 

cycle and produces a polyaniline layer. Subsequently the polyaniline film was 

increased with an increasing number of cycles as proved by increasing in the peak 

current production. The two redox pairs with oxidation and reduction peaks were 

located at 240 mV, 1030 mV, 350 mV, and 1100 mV can be seen corresponding to 

the redox transition reactions of polyaniline. The peaks (A/B) indicated the 

pemigraniline forms of polyaniline, while the other peaks (C/D) rose from the 

development of the emeraldine form of polyaniline.34 Previous work by Lai et al 

studied the effect of polyaniline modified carbon cloth anode improved 

electrochemical activity and lowered voltage drops.35 

Surface morphology of modified carbon felt by polyaniline film 

The surface morphologies of polyaniline modified and unmodified carbon felt 

anodes were tested by SEM. Figure 6.17 shows that polyaniline film had developed 

on the surface of the modified carbon felt anode compared to the unmodified carbon 

felt. The unmodified carbon felt consisted of a number of carbon fibres, each fibre 

with a smooth surface, Figure 6.17 left; while, in contrast, the polyaniline 

modification of carbon felt gave rise to a rough surface and a much more amorphous 

structure, Figure 6.17 right. Consequently, conductive polymers can change the 

morphology of the anode surface and increase the surface area of the anode, so it was 

expected that the increased anode surface could affect the power generation. 

Figure 6. 17 - SEM image on an electrodeposited P ANI sample on carbon f elt by cyclic voltammetry 
X 3000. 
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Electrode Potential 

To further test the effect of the carbon felt modified with polyaniline on the power 

output, OCPs and working potentials were measured for the electrodes (anode and 

cathode) of the air cathode two chamber MFC against a SCE as a function of current 

with different resistor circuits (100 to 50,000 0) (Figure 6.18). There were only 

small changes in the OCP and working potentials of the cathodes, despite the anode 

being modified or unmodified with polyaniline (223.8 ± 13 mV, 220.7 ±9 mV) 

respectively. There were important variations in the OCP and working potentials of 

the anode with the polyaniline modified and unmodified carbon felt anodes. Anode 

OCP when modified with polyaniline was mV (-191.5 ± l lmV); while for 

unmodified carbon felt the OCP was mV (-176.2 ± 9 mV). This difference in 

potential (- 15.3 mV) showed over a series of working potentials up to a current 

density of 321.3 mA/m2
. Improvement on the anode potential could result from 

different factors. First, the surface modification of the anode electrode may minimise 

the internal resistance in the MFC system. Low internal resistance could result in the 

observed improvement in the anode OCP. Second, it could be inferred that glucose 

degradation by bacteria produced electrons could be transferred to the anode 

modified with polyaniline more easily to reduce the over potential, which then 

enhanced electron transfer efficiency. 
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Figure 6. 18 - Anode modified with polyaniline and cathode (solid line) and unmodified anode and 
cathode (dashed line) potential (vs. SCE ref erence electrode, 242mVagainst the NHE) as a function 

of current. 
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Microbial fuel cell performance with modified carbon felt 

The anode electrode significantly affects the electrical current of MFCs, for it is one 

of the parameters for electron transfer from bacteria to the anode electrode. 

Experimental tests were conducted with air cathode two chamber MFCs containing 

unmodified carbon felt and modified with polyaniline (P ANI) as anodes, and the 

cathode was made of 150 µg/cm2 (22 wt % Pt/KB) coated on wet-proofed carbon 

cloth, (coated side) placed facing the solution, with the uncoated side exposed to the 

air. Figure 6.19 shows OCV, polarisation and power density curves of MFCs with 

polyaniline modified and unmodified anodes. MFC with carbon felt modified with 

polyaniline showed an improvement in cell voltage generation, current density, and 

power density. The maximum power density generated using carbon felt modified 

with polyaniline was 23.7 m W/m2, while the power density reached a maximum 

21.3 mW/m2 using unmodified carbon felt anode. In addition, the important factor 

which has a direct effect on MFCs applications is current density. It can be clearly 

seen that the carbon felt modified with polyaniline had a much higher current density 

than the unmodified carbon felt anode. Figure 6.19 also illustrates that the cell 

voltage of polyaniline modified MFC was stable, at about 419.8 mV, while that of 

the unmodified MFC was only about 400.3 m V. 
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Polarisation and power density curves demonstrated that the carbon felt modified 

with polyaniline has a clear influence over the MFC system perfo1mance when 

compared with unmodified carbon felt anode (Figure 6.19). 

The internal resistance of polyaniline modified carbon felt was approximately (1771 

Q) which was lower than that of unmodified carbon felt (1975 n).This comparison 

indicated that modified carbon felt with polyaniline may reduce the transfer 

resistance of MFCs and enhance electrons transferred from the bacteria to the anode 

surface. 

6.8 Conclusion 

In the present study it has been shown that the differences in the use of the different 

anode materials using the electron microscopy images of the anode associated 

biofihn. A thick and dense biofilm on carbon cloth can be observed. But the carbon 

felt electrode shows a different biofilm structure. 

Experimental data showed that Acidiphilium SJH bacteria cells are able to colonise 

on the carbon felt surface of MFC enhancing potential generation. The extent of 

bacteria cell cover on the anodic surface showed a direct effect on MFC 

performance. The shape of voltammogram changes was specified with anode 

associated biofilm which shows a significant role of colonisation bacteria cells in 

directly exchanging electrons to the anode electrode. The power density curve 

showed the maximum power density at 1 k.Q as opposed to the maximum power 

density of OCV condition at 2 k.Q. 

The modified carbon felt anode with polyaniline exhibited a direct influence on the 

MFC system performance and higher power density was achieved using air as the 

electron acceptor when the cathode was made of O. l 5mg/cm2 (22 wt % Pt/K.B) and 

the use of a single chamber. 
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7 .1 Discussion and conclusions 

Microbial fuel cells hold great promise for renewable and sustainable energy 

production and as a method for water treatment simultaneously. This work began 

with evaluating the electricity producing capacity of established Acidiphilium SJH 

bacteria operating at low pH in a MFC. Three MFC reactor designs were used 

through this study. H-type, sandwich-type dual chamber, and air cathode single 

chamber MFC. Based on the performances and experimental data for these three 

individual MFCs, H-type MFC, sandwich-type MFC, and air cathode single chamber 

MFC, the conclusion can be made that all of these three MFC reactor configurations 

are capable of generating electricity. Depending on the MFC structures, electrode 

materials and experiment conditions, their MFC performances were different. 

The sandwich-type reactor provided a maximum power density of 25 m W/m2
, while 

the H-type MFC had the maximum power production of 18.3 m W/m2
• The 

coulombic efficiencies of these MFCs were not high, in the range from 6 % to 7 %, 

which showed that the efficiency of organic matter converting to electricity was very 

low based on these reactors and oxygen diffusion during long operation period. 

Improvement of cathode materials were explored in chapter 5, Platinum 

electrocatalysts supported on acid treatment KB carbon electrocatalysts were 

produced successfully. TEM and XRD results reveal that well-separated platinum 

nanoparticles. The formation of nano-scale (average diameter 3 nm) platinum 

particles highly dispersed within the Pt/KB cathode has been demonstrated, and an 

optimum platinum loading was established at 150 µg/cm2
. The platinum-modified 

cathode retained an equivalent of 80 ± 2 % efficiency compared to a solid platinum 

electrode, but contained only 0.1 % Pt. The sandwich-type MFC showed a maximum 

power density of 20.7 m W/m2 with a Pt/KB modified carbon cloth cathode. 

The modified Pt/KB cathode exhibited significant performance and higher power 

density was achieved when compared with the perfonnance of platinum 

electrodeposition on the carbon felt electrode. Further, it was shown that carbon 

cloth, and carbon felt without a Pt catalyst can be used as cathode materials for MFC. 

The maximum power density generated using permanganate, chromium, and oxygen 

was 58.9 m W/m2
, 45.5 mW/m2

, and 10.6m W/m2
, respectively with a carbon cloth 
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electrode. The replacement or reduction of a Pt catalyst eliminates one of the main 

economic barriers for the extra industrial applications ofMFCs technology. 

Chapter 6 studied the fonnation of a biofilm of the Acidiphilium sp. SJH on the 

surface of the different anode materials ( carbon felt, and carbon cloth) and the use of 

an air cathode single chamber MFC. Significant improvement in power generation 

occurred at 1 kn. The surface morphologies and electrochemical activity of the 

anode associated biofilm were observed by scanning electron microscopy, and cyclic 

voltammetry, respectively. In addition, the surface area value of the electrode might 

only provide limited information on the suitability of an electrode material for 

electrode associated biofilm formation. Electrode material construction 

characterisation may be a further significant factor for Electroactive biofilm 

formation. 1 

This work is needed to further elucidate the microecological importance of this 

finding. This chapter has also demonstrated surface modification of the carbon felt 

(anode) by polyaniline. In order to enhance the electron transfer from the 

microorganism to the anode, a chemically modified carbon felt surface quinoid 

(N=C=N) groups existing in polyaniline was developed. Surface modification of the 

anode electrode by polyaniline conductive film exhibited a better alternative for 

improving the perfonnance of MF Cs. 

7 .2 Further Work 

Future studies will focus on the molecular analysis, such as total DNA extraction 

polymerase chain reaction (PCR), and denaturing gradient gel electrophoresis 

(DGGE) give additional information about Acidiphilium sp. SJH species 

composition. 

Further, experiments will be on testing the electrogenic activity of Acidiphilium sp. 

SJH, and investigation into Acidiphilium sp. SJH is required to establish electricity 

from real wastewater in highly acidic environments (pH < 3). 

This study is not planned as an exploration the bacteria- electrode material interaction 

in detail, which may be the topic of further study. 
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