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Abstract 

Microbial fuel cells (MFCs) can generate electricity by oxidizing the organic 

substrates in domestic or industrial wastewater, using microorganisms as 

biocatalysts. The wastewater streams from the food industry based on yeasts could 

be directly purified and contemporary produce electricity in MFCs. However, the 

electron transfer mechanism between yeasts and electrodes has not been positively 

identified. Saccharomyces cerevisiae was implemented as biocatalyst in the 

anaerobic anodic compartment of an MFC using glucose as carbon source and 

methylene blue as electron mediator. Our findings showed the effect of the 

methylene blue on the microbial metabolism and the reversibility of the redox 

reaction of the shuttle mediator in the presence and the absence of a carbon source. 

The implementation of this reaction in an yeast catalyzed MFC showed a fast 

substrate consumption and a power generation up to 96 µW after 22 h of incubation 

was produced using oxygen as electron acceptor in the cathodic compartment. The 

different contribute to the cell output of the mediator concentration in the anodic 

compartment and of the hydrogen peroxide concentration as electron acceptor in 

the cathodic compartment have been studied. The biopower generation of the MFC 

were linked to the yeast adsorption onto the electrode surface and growing cells of 

S. cerevisiae were immobilized by inclusion techniques in cellulose acetate 

membrane on the surface of a graphite electrode. The rate of substrate consumption 

of the functionalized electrode indicated that S. cerevisiae, also immobilized, had a 

huge potential to generate electrons. Our results showed that the current and 

voltage output of an S. cerevisiae based MFC were directly correlated to the cells 

on the micro–environment of the electrode and to the presence of methylene blue 

as electron mediator. Cyclic voltammetry showed that methylene blue, after the 

reduction, was entrapped into the cells, enhancing the electron transfer to the 

electrode as an internal mediator of the cellular metabolism. The influence of the 

ferric reductase enzyme complex in direct electron transfer in yeast fuel cell has 
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been identified both in the presence and in the absence of methylene blue. 

Saccharomyces cerevisiae reduced iron outside of the cells and showed high 

activity in the iron(III)–EDTA reduction in anaerobic conditions. These activities 

disappeared upon exposure to an inhibitor of the ferric–reductase complex and the 

power density produced decreased by 70% from 15.3 mW m
–2

 to 4.49 mW m
–2

 

after the inhibition in mediatorless microbial fuel cells. Adding methylene blue as 

electron mediator overcomes the inhibition and the power density of the MFC 

slightly decreases of 7% from 46.7 mW m
–2

 to 43.8 mW m
–2

. 

 

Keywords 

Microbial fuel cell, Saccharomyces cerevisiae, glucose, methylene blue, graphite 

electrode, power generation, open circuit voltage, oxygen, hydrogen peroxide, iron 

reduction, CCCP. 



Table of contents 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

I 

 

Table of contents 

Table of contents I 

List of figures IV 

List of tables VIII 

Introduction 1 

Chapter 1 1 
1.1 Research and development for a low carbon future 1 

1.2 Competitive technologies in the development of renewable energy sources 2 

1.3 Energy–climate package 3 

Chapter 2 6 
2.1 Renewable energy sources 6 

2.2 Bioenergy production from biomass 7 

Chapter 3 11 
3.1 Microbial fuel cell 11 

3.2 Microbial fuel cells architecture 12 

3.3 Electrodes in microbial fuel cells 14 

3.3.1 Anodes 14 

3.3.2 Cathodes 16 

3.4 Anodic electron generation 20 

3.5 Materials for stabilizing and immobilizing biocatalysts 29 

3.6 Yeast catalyzed fuel cell 31 

3.7 Future perspective in yeast fuel cells 32 

Dissertation objectives and outline 34 

Chapter 4 34 



Table of contents 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

II 

 

Materials and Methods 37 

Chapter 5 37 
5.1 Microbial fuel cells construction and operation 37 

5.2 Electrochemical analysis 41 

5.3 Spectrophotometric studies 41 

5.4 Chromatographic studies 42 

5.5 Yeast immobilization on a functionalized anode 43 

Results and Discussion 44 

Chapter 6 44 
6.1 Enzymatic fuel cell 44 

Chapter 7 48 
7.1 Correlation between glucose concentration and methylene blue reduction 48 

7.2 Effects of the presence and absence of external carbon source in methylene blue reduction 49 

7.3 Effects of methylene blue on Saccharomyces cerevisiae metabolism 51 

7.4 Effect of each component on the MFC performance 53 

7.5 Effect of glucose concentration on MFC performance 55 

7.6 Effect of methylene blue concentration on MFCs performance 60 

Chapter 8 65 
8.1 Hydrogen peroxide as terminal electron acceptor in cathodic chamber 65 

Chapter 9 79 
9.1 Yeast immobilization on a functionalized anode 79 

Chapter 10 91 
10.1 Direct electron transfer by S. cerevisiae 91 

10.2 Iron III reduction by Saccharomyces cerevisiae 92 

10.3 Voltage and power production in a S. cerevisiae catalyzed fuel cell by Ferric reductase 

enzymatic complex 94 



Table of contents 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

III 

 

Conclusions 99 

Dissemination activities 103 
Publications 103 

Papers submitted 103 

Conferences 103 

References 105 

Appendix A 114 
Abstract 114 

Introduction 115 

Materials and methods 115 

Catalyst synthesis and cathode fabrication 115 

MFC construction and operation 116 

Electrochemical analysis 118 

Surface characterization 118 

Results and discussion 118 

MFC performance in PBS or PIPES over time 118 

Electrochemical analysis 124 

Surface characterization 126 

MFCs performance in wastewater over time 127 

Conclusions 133 

References 134 



List of figures 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

IV 

 

List of figures 

Fig. 3.1. Schematic illustration of a microbial fuel cell (not to scale). Anodic and  

cathodic compartments are separated by an ion exchange membrane.   11 

Fig. 3.2. Tubular microbial fuel cells tested for power production using wastewater  

produced at Foster's brewery in Yatala, Australia (www.microbialfuelcell.org).  13 

Fig. 3.3. Schematic illustration of an air–cathode. The stainless steel mesh permits the  

contact between the solution and the catalyst.     17 

Fig. 3.4. The mechanism for extracellular electron transfer by Geobacter and  

Shewanella. In the panel (I) the OMC–based direct electron transfer of Geobacter; 

(II) bacterial nanowire; (III) electron transfer network of Shewanella including flavins 

and c–type cytochromes; (IV) electrode respiration–coupled proton motive force 

and energy (ATP) generation. (from Yang et al., 2012. Reprinted with permission 

of Elsevier).         26 

Fig. 3.5. Schematic illustration of MET via primary metabolites. The products of the 

metabolism are putative.        27 

Fig. 3.6. Schematic illustration of MET via secondary metabolites. Just two of the several 

products derived from the metabolism of the pyruvate from Pseudomonas aeruginosa 

are shown. (Eschbach et al., 2004).       28 

Fig. 3.7. Schematic illustration of MET via artificial redox mediator. The products 

of the metabolism are putative.       29 

Fig. 6.1. Biofuel cell with the two chambers, on the right side the cathodic  

compartment and on the left side the anodic chamber connected by a salt bridge.  45 

Fig. 6.2. VOC and maximum power generated over time by the biofuel cell in presence 

of NADH dehydrogenase added (closed symbols) before or (open symbols) 60 

minutes after the first analysis.       46 

Fig. 6.3. Cyclic voltammogram obtained with a graphite electrode following 

introduction of the electrode into a 0.5 mM MB solution (red line) and 0.5 mM MB 

and 5.0 mM NADH.        47 

Fig. 7.1. Absorption spectrum of methylene blue in aqueous solution in two 

concentration.         48 

Fig. 7.2. Comparison of the absorbance variation at 664 nm over time in the presence 

of different concentration of glucose in solution.     49 

Fig. 7.3. Normalized values of absorbance at 664 nm carried out at different incubation 

times in the presence (blue line) or in the absence (red line) of glucose. After 19, 43 

and 67 hours the solution was aerated.      51 

Fig. 7.4. Glucose consumption (a) and end–products of fermentation (b) in the absence 

(A) and in the presence (B) of methylene blue (MB).     52 

Fig. 7.5. Comparison of open circuit voltage (OCV) and power (P) produced, carried 

out in the presence of each single component (glucose, methylene blue (MB) 

5.00 mM) or in different combinations.      54 



List of figures 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

V 

 

Fig. 7.6. Comparison of Open Circuit Voltage (OCV) and power (P) carried out by 

the MFCs in the presence or absence of MB as electron mediator.   55 

Fig. 7.7. Comparison of (A) OCV and (B) power produced over time in presence 

of different concentration of glucose in solution.     56 

Fig. 7.8. Comparison of (A) OCV and (B) power produced over time in presence 

of different concentration of glucose in solution after 22 h of incubation.  59 

Fig. 7.9. Pictures of the anodic solution (from left to right) after 22 h, 25 h, 27 h, 29 h. 59 

Fig. 7.10. Comparison of (A) OCV and (B) power produced over time after 22 h of 

incubation in presence of different concentration of methylene blue in solution.  61 

Fig. 7.11. Comparison of (A) OCV and (B) power produced over time after 46 h of  

incubation in presence of different concentration of methylene blue in solution.  63 

Fig. 7.12. Comparison of (A) OCV and (B) power produced after 22 h and 46 h of 

incubation in presence of different concentration of methylene blue in solution.  64 

Fig. 8.1. MFC i–V polarization curve (IV) and power generated (P) using oxygen as 

electron acceptor in presence or absence of methylene blue (5.0 mM); and with 

hydrogen peroxide (4.41 molL
–1

)as electron acceptor in the presence of methylene 

blue (5.0 mM).         66 

Fig. 8.2. Comparison of (A) OCV and (B) power produced over time after 22 h of 

incubation in presence of different concentration of hydrogen peroxide in solution. 67 

Fig. 8.3. Comparison of (A) OCV and (B) power produced over time after 46 h of 

incubation in presence of different concentration of hydrogen peroxide in solution. 69 

Fig. 8.4. Comparison of (A) OCV and (B) power produced after 22 h and 46 h of 

incubation in presence of different concentration of hydrogen peroxide in solution. 70 

Fig. 8.5. Comparison of (A) OCV and (B) power produced over time after 46 h of 

incubation in presence of different concentration of methylene blue in solution.  72 

Fig. 8.6. OCV and power generated by the MFCs at different times of starvation in 

the presence of different concentration of methylene blue in the anodic solution.  73 

Fig. 8.7. Comparison of OCV
–1

 and power produced
–1

 over time at different times of 

starvation in respect to the inverse of the methylene blue concentration at which the 

values were achieved.        74 

Fig. 8.8. Open circuit voltage (A) and power produced (B) carried out after the 

complete reduction of the methylene blue with the electrodes inserted only 30 min. 

before the first measurement (not incubated).     76 

Fig. 9.1. Phases of the electrode preparation; (1) bare electrode, (2) glucose paste with 

the inoculum adhere on the electrode; (3) cells dispersed in the glucose matrix 

encapsulated into the cellulose acetate membrane before the cultivation (4) electrode 

at the end of the cultivation phase. The proportions are not exact and number of cells 

is arbitrary.         80 

Fig. 9.2. Growth curve of yeast cells in YPD medium after deposition of the inoculum 

onto the electrode surface. The solution were diluted 1:10.    81 

Fig. 9.3. Glucose consumption by the yeast cells encapsulated on the electrode surface 

by the cellulose membrane in a glucose solution changed each 24 hours.  82 



List of figures 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

VI 

 

Fig. 9.4. Cyclic voltammetry of the functionalized electrode registered 0 h, 4 h and 

24 h after the immersion in the growth medium.     83 

Fig. 9.5. Cyclic voltammetry of the functionalized electrode registered 0 h, 4 h and 

24 h after the immersion in the growth medium amended with 0.5 mM of 

methylene blue.         84 

Fig. 9.6. Values of OCV and P recorded by a functionalized and immobilized electrode 

in the presence (red) or absence (blue) of the electron mediator methylene blue (MB). 

After 180 min the electrode was extracted and substituted with a clean one.  85 

Fig. 9.7. Picture of the anodic chamber showing cells on the surface of the clean 

electrode at the end of the experiment.      86 

Fig. 9.8. Values of OCV and P recorded by a functionalized and immobilized working 

electrode (WE) in presence of the electron mediator methylene blue. After 180 min. 

the working electrode was extracted and substituted with a clean one (blue) or with a 

clean graphite electrode covered with cellulose acetate membrane without yeast 

cells (red).         87 

Fig. 9.9. OCV and P registered over time of an MFC using the functionalized electrode 

as the anode cultivated in the presence (blue) or absence (red) of MB.   88 

Fig. 9.10. Cyclic voltammetry of the functionalized electrode registered 4 h and 76 h 

after the immersion in the (A) growth medium or in growth medium amended with 

0.5 mM of methylene blue.       90 

Fig. 10.1. Iron II concentration reduced by S. cerevisiae free cells with glucose as 

the only carbon source in raw PB (red), or PB amended with (blue) methylene 

blue in solution.         93 

Fig. 10.2. Iron II concentration reduced by S. cerevisiae free cells with glucose as the 

only carbon source in raw PB (red), or PB amended with (blue) methylene blue in 

the presence of CCCP as inhibitor of the iron reductase.    94 

Fig. 10.3. OCV registered for 30 h in MFCs (A) in the presence or absence of 

methylene blue and (B) in presence or absence of MB with CCCP as inhibitor of 

the iron reductase.        95 

Fig. 10.4. Polarization and power density curves registered in presence and absence 

of methylene blue (MB) and CCCP at different scan speed (A, B 0.1 mVs
–1

) 

(C, D 1.0 mVs
–1

).         97 

Fig. A.1. Maximum power production over time using Fe–N–C/AC catalyst in PBS 

and PIPES and plain AC in PBS. After the eight weeks the cathodes were treated 

with hydrochloric acid (arrow) and tested again for the maximum power density 

(open symbols).         119 

Fig. A.2. Comparison of (A, C) power density curves and (B, D) corresponding 

electrode potentials for MFCs using Fe-N-C/AC or AC catalyst in PBS and PIPES 

in 1st and 8th week.        120 

Fig. A.3. Comparison of power density curves of (A) Fe–N–C/AC catalyst in 50 mM 

PBS and corresponding electrode potentials (B). Power density curves of (C) 

Fe–N–C/AC catalyst in 50 mM PIPES and corresponding electrode potentials (D). 

Power density curves of (E) AC catalyst in 50 mM PBS and corresponding electrode 

potentials (F) during the 1st, 8th week and after the acid cleaning.   123 



List of figures 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

VII 

 

Fig. A.4. Nyquist plots of EIS spectra of by two types of Fe–N–C/AC catalyst under 

new and used conditions in PBS (A) and PIPES (B).     125 

Fig. A.5. Component analysis of internal resistance for the Fe–N–C/AC catalyst 

under both new and used conditions in (A) PBS and (B) PIPES.   125 

Fig. A.6. SEM images of the solution side of new (A) cathode, after removal of 

biofilm (B) and after cleaning procedure (C).     126 

Fig. A.7. (A) Maximum power production and COD level over time using Fe–N–C / AC 

catalyst in wastewater, wastewater added with PBS and wastewater added with sodium 

chloride (same conductivity of wastewater with PBS). (B) Wastewater pH and 

conductivity after the addition of NaCl.      128 

Fig. A.8. Comparison of (A) power density curves and (B) corresponding electrode 

potentials for MFCs using Fe–N–C/AC catalyst in wastewater in 1st and 8th week. 128 

Fig. A.9. Comparison of power density curves (A) and corresponding electrode 

potentials (B, C) for MFCs using cathodes with Fe–N–C/AC catalyst in wastewater 

added with PBS and NaCl in 1st and 8th week.     130 

Fig. A.10. Anode potentials for MFCs using Fe-N-C/AC catalyst in (A) PBS and 

(B) NaCl during the eight weeks.       130 

Fig. A.11. Maximum power production over time using Fe–N–C / AC catalyst 

in wastewater, wastewater amended with Tween 80 and EDTA.   132 

Fig. A.12. Comparison of (A) electrode potentials for MFCs fed with WW (wastewater), 

EDTA (wastewater amended with EDTA) or Tween 80 (wastewater amended with 

Tween 80) in 1
st
 and 7

th
 week.       133 

  



List of tables 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

VIII 

 

List of tables 

Table 7.1. HPLC analysis data of crude samples of fermentation broth in the presence 

or the absence of methylene blue after 42 hours of incubation.    52 

Table A.1. Elemental composition of Fe–N–C / AC cathodes under new, used, and 

cleaned conditions.        126 

 



Introduction 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

1 

 

Introduction 

Chapter 1  

1.1 Research and development for a low carbon future 

The current economic crisis, the uncertainties related to the cost and supply of 

energy, the increasing level of emissions and the risks of climate changes, casts 

serious doubts on the sustainability of the worldwide economic and productive 

system. The priority actions to be taken, globally, to address these issues, concern 

primarily about the spread of the technologies and the behaviors for a rational use 

of energy. But if the acts on efficiency, particularly in end use efficiency, are a 

necessary precondition for meeting the challenges of energy and climate, a long–

term perspective can not be tackled unless accelerating the research efforts and in 

the development of technologies, which enables on the one hand a clean use of the 

fossil fuels, and on the other hand encourage a full use of the renewable sources. 

The definition of a long–term strategy regarding the energy supplying, particularly 

in the renewables, is a necessary precondition for reducing the many barriers that 

hamper their development. The policies that will be adopted should achieve the 

necessary balance between the tools for creating an adequate demand for renewable 

technologies, and tools for stimulating innovation and technological development. 

On the pursuit of these objectives will weigh the rate of investments, both public 

and private, which will be earmarked for the development and industrialization of 

innovative technological systems and, above all, the ability to focus on priority 

technological options these investments, in a spirit of cooperation between research 

and industrial system. In this view, the European community target assigned to 

Italy in 2020, which provides a coverage of 17% of the final consumption with 

energy from renewable sources, represents a stimulus to the development and 

diffusion of new technologies, responding to important and urgent questions facing 
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today's energy and environmental plan, may be able to promote growth and 

economical sustainability, to the country. 

 

1.2 Competitive technologies in the development of renewable energy sources 

The growing attention by the governments of the major economies to the use of 

renewable energy sources for the energy security and environmental protection, 

foreshadows a fundamental shift in the economic development in the sign of a 

renewed technological dynamism. The development of technologies for renewable 

energy production affects the capability of industrialized countries to meet the 

standards of energy and environmental sustainability, however, not less significant 

are the effects on the economic and social sustainability, given by the importance 

of the productive transformations induced with them and the emersion of a new 

balance between the supply and the demand of the national economic resources. So 

not a case if the reflection on possible developments of these technologies has been 

gradually extended from the initial assessments on the cost and effectiveness of 

individual measures, to a more detailed consideration on the size of the structural 

change. In this sense, the "bet" of those countries that have firstly promoted the 

development of renewable energy has been soon translated into targeted actions to 

encourage independent national paths of technological development. The 

increasing attention, attracted by the energy security and climate change issues, has 

indeed given reason to these views and that is why it is not possible to ignore the 

position of the European Union to ratify the lines of the policies initiated in the 

Kyoto Protocol. This is the sense of the SET–plan, with which at the end of 2007 

the actions to promote clean energy technologies in the member states have been 

outlined, and to follow, just an year later, the launch of the "climate package" 

which assigned to the renewable energy sources a prominent role in fighting 

climate changes. 
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1.3 Energy–climate package 

The European Commission proposed on January 10
th

, 2007 a comprehensive 

package of measures to establish a new energy policy for Europe, which aims to 

fight climate change and boost energy security and competitiveness of the 

European Union. The package of proposals set a series of ambitious targets on 

greenhouse gas emissions and renewable energy consumption and aim to create a 

true internal market in making the effective regulation. As part of this package, the 

Commission presented its communication “Limiting Global Climate Change to 2 

degrees Celsius – the way ahead for 2020 and beyond”. 

The communication and the accompanying impact assessment indicated that the 

objective described in the title is technically and economically feasible, and 

suggested that the EU will adopt the necessary measures and take internationally a 

leading position to ensure that the rise in the average temperatures worldwide will 

be not more than 2 °C above pre–industrial levels. As the production and use of 

energy are the main sources of greenhouse gas emissions, to achieve this goal, the 

council proposed an integrated approach to climate and energy policy. 

On January, 23
rd

 2008, the European Commission adopted a package of 

proposals that will enforce the commitments made by the European Council in the 

fight against climate change and the promotion of renewable energy. The measures 

will dramatically increase the use of renewable energy sources in every country and 

set legally enforceable targets for governments. Thanks to a thorough reform of the 

emissions trading scheme, which will impose a cap on emissions at a community 

level, all major CO2 emitters will be encouraged to develop clean production 

technologies. The legislative package entered into force in June 2009 and will be 

valid from January 2013 until 2020. 

The Directive provides, at European level: 

1. the reduction of greenhouse gas emissions by 20%; 
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2. the raising to 20% of the amount of energy produced from renewable sources 

origin; 

3. the achievement of the 20% of energy savings. 

The climate–energy package also included measures on the emissions from cars 

and limits on the emission trading scheme. The goal was obviously to fight climate 

change and promote the use of renewable energy sources through binding targets 

for member countries. 

The first objective for the EU was surely to find a way to engage in the period 

"post–Kyoto", without waiting for global agreements: the European measures 

would tow the international community in view of the COP (Conference of the 

Parties to the United Nations Framework Convention on climate change) in 

Copenhagen in December 2009, where it was assumed to be able to reach an 

agreement to fight climate change also on the European experience wake. As we 

know an agreement has not been reached and just at the COP 21, in Paris in 2015, 

195 countries worldwide have adopted the first universal and legally binding global 

climate agreement. The agreement sets out a comprehensive action plan, which 

aims to put the world on the right way to avoid dangerous climate changes by 

limiting global warming well below 2 °C. 

Governments have agreed to: 

 keep the average global temperature increase well below 2 °C above pre–

industrial levels as a long–term goal; 

 aim to limit the increase to 1.5 °C, since this would reduce significantly the 

risks and impacts of climate change; 

 countries aim to reach global peaking of greenhouse gas emissions as soon 

as possible, recognizing that peaking will take longer for developing 

countries; 

 then proceed to rapid reductions in accordance with the most advanced 

scientific solutions available. 



Chapter 1 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

5 

 

Before and during the Paris conference, countries have submitted national plans 

of action for the comprehensive climate (INDC), these are not enough to keep the 

global warming below 2 °C, but the agreement track the way to achieve this goal. 

The EU has been at the forefront of international efforts to reach a global 

climate agreement: following the limited participation in the Kyoto Protocol and 

the lack of an agreement in Copenhagen in 2009, the European Union has worked 

to build a broad coalition of developed and developing countries in favor of the 

ambitious objectives that determined the positive outcome of the Paris conference. 
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Chapter 2 

2.1 Renewable energy sources 

Renewable energy sources are defined, in the field of energy engineering, as all 

of the resources which are naturally replenished on a human timescale for their 

intrinsic feature. These sources are therefore alternative forms of energy to 

conventional fossil fuels (which are part of non–renewable energy sources) and 

many of them are even classified as sources of clean energy (Johansson et al., 

1993). Renewable resources, both matter and energy, are natural resources that, for 

intrinsic features or effect of human cultivation are renewed in few time and are, 

therefore, available for human survival almost indefinitely. The use of these 

resources have many advantages, the largest is undoubtedly the absence of 

polluting emissions during their use, for this reason they are called “clean sources”, 

accompanied by their inexhaustibility. The exploitation of these sources does not 

affect their availability in the future and they are precious resources to create 

energy while minimizing environmental impact. This will protect the nature in 

respect of the next generations and limit the costs of production and distribution of 

energy. 

The main sources of renewable energy are as follows (Demirbas, 2005): 

  solar radiation; 

  wind; 

  tides and marine currents in general; 

  waterfalls; 

  biomass. 
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2.2 Bioenergy production from biomass 

Biomass is the organic matter derived from living, or recently living organisms. 

The term biomass means, in the energetic field, the biodegradable fraction of 

products, waste and residues from biological origin of agriculture, forestry and 

related industries including fisheries and aquaculture, as well as the biodegradable 

fraction of industrial waste urban (McKendry, 2002). Biomasses are primarily used 

for the production of valuable compounds or animal feed in order to avoid disposal 

as hazardous wastes, since they are characterized by a significant organic load. 

At present the technologies available for the re–use of this waste are limited, 

however, there are companies that are working, with remarkable foresight, to 

develop activities aimed to obtaining high–value molecules. Thus, it can result in 

interesting opportunities for income support for the agro–industrial world and for 

the agriculture. Such byproducts are mostly used for the purpose of energy 

production and conveyed in the production of biogas and/or soil amendments. The 

combustion of the biomass release in the environment the amount of carbon 

sequestered by the plants during their growth, and an amount of sulfur and nitrogen 

oxides considerably lower than that released by an equal amount of energy 

produced by fossil fuels (UNFCC, 2003, IPCC, 2006). 

The goal of the new technologies in the field of biomass is to recover the solar 

energy stored naturally in organic compounds through the photosynthesis. Draw 

energy from biomass helps to remove the waste products from agro–forestry 

activities and enhance them with the production of syngas, natural gas and 

electricity. They are also compatible with environmentally sustainable economic 

growth because they do not contribute to the greenhouse effect. Increasing the 

energy use from biomass would produce significant environmental benefits, 

employments and energy policy. 

The bioelectrochemical systems (BESs) are part of a new technology of biomass 

exploitation along with biodigesters and incinerators (Gude, 2016). The latter are 
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mainly used for the disposal of solid waste through a high temperature combustion 

process that generates as final products a gaseous effluent, ashes and dusts. The 

heat developed during the combustion of waste is recovered and used to produce 

steam, then for the production of electrical energy. In Italy there are currently 44 

"waste–to–energy" plants (WTE) (ISPRA, 2015). However, the biochemical 

conversion and energy recovery of the biomasses is more profitable from waste 

biomass sources containing high water levels (>40%), such as wastewaters (Ward 

et al., 2008). The energy could be harvested from wastewater through several 

processes: methane production from anaerobic digestions, biohydrogen production 

by fermentation, electricity or biogas productions in bioelectrochemical systems. 

The anaerobic digestion has been used for over a century and represents a 

traditional bioconversion process (Appels et al., 2011, Bouallagui et al., 2005, 

Pavan et al., 2000, Zhang et al., 2005). Four steps, hydrolysis, acidification, 

acetogenesis, and methanogenesis, take place in an anaerobic digester to convert 

the complex organic matter in the wastewater into the main end products of 

methane and carbon dioxide. In the first step, the hydrolysis, the organic matter is 

converted into smaller molecules soluble in water. Following hydrolysis, during the 

acidification step, simple molecules such as volatile fatty acids are produced from 

the hydrolyzed products. These products of the acidification are converted into 

acetic acids in the third step, with hydrogen and carbon dioxide as coproducts and 

finally are consumed by the methanogens bacteria during the methanogenic step 

into methane and carbon dioxide (Stafford et al., 1980). This multi–step, microbial 

methanogenic process requires complicated system designs and strict process 

control to achieve an optimum performance for high methane production (Buffiere 

et al., 2008, Schnurer et al., 1999). Various types of waste biomass are suitable for 

anaerobic digestion, from solid wastes, such as agricultural waste and sewage 

sludge (Appels et al., 2011), to wastewaters including dairy, food processing, palm 

oil mill, and acid whey wastewater (Li and Yu, 2011). 
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Hydrogen has been considered as a more desirable energy carrier than methane 

due to its higher energy content (Lee et al., 2010). Biological hydrogen production 

represents a renewable, sustainable and cost–effective option, compared with other 

chemical hydrogen production processes (Brentner et al., 2010). There are two 

different biohydrogen production mechanisms from waste biomass: 

photofermentation, and dark fermentation (Das and Veziroglu, 2008). In dark 

fermentation, microorganisms anaerobically break down complex substrates into 

volatile fatty acids and alcohols, releasing hydrogen and carbon dioxide (Brentner 

et al., 2010). Methanogenic hydrogen consumers must be eliminated from the 

system in order to produce hydrogen gas in bulk (Chen et al., 2002, Chong et al., 

2009). In photofermentation, the photoheterotrophs utilize the organic acids 

produced from hydrolysis and acidification under anaerobic conditions to produce 

hydrogen and carbon dioxide (Brentner et al., 2010). The waste biomass materials 

that can be potential sources for the biohydrogen generation are similar to those 

used for methanogenic anaerobic digestion, such as food waste, dairy waste, palm 

oil mill effluent, and molasses (Chong et al., 2009, Ren et al., 2011). Although the 

biohydrogen production process has been advanced significantly over the past two 

decades by identifying efficient microorganisms, developing new bioreactors, and 

optimizing system operations, this biotechnology has not yet to be utilized on a 

scale large enough to replace the more traditional uses of the biomasses. 

At present there is no established market for the re–use of wastewaters, thus, 

bioelectrochemical systems (BESs) are emerging bioconversion technologies for 

producing energy directly from liquid wastes (Logan and Rabaey, 2012). BESs use 

microorganisms to oxidize biodegradable substrates, such as waste biomass, and 

convert the chemical energy stored in these fuels to direct electrical current or 

energy storage chemicals like hydrogen and methane (Logan, 2008). The strength 

of BESs is that the bioenergy conversion can take place at lower substrate 

concentrations and under a wide range of temperatures, compared to the anaerobic 
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digestion that requires more concentrated waste streams (> 3 kg m
–3

 organic 

matter) and high temperatures (> 30 °C) to be economically feasible (Pham et al., 

2006). BESs could definitely avoid the consumption of energy for wastewater 

treatment and replace the current energy–consuming aerobic biological wastewater 

treatment processes, such as the activated sludge, by providing a new source of 

electrical power (Logan and Rabaey, 2012). 
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Chapter 3 

3.1 Microbial fuel cell 

Microbial fuel cell (MFC) is an outstanding example of a rapidly developing 

biotechnology, generally known as bioelectrochemical systems (BESs), that 

combine biological and electrochemical processes to generate electricity. MFCs are 

one types of electrochemical cells. The electrochemical reactions of the cells occur 

at the surface of the two electrodes, an anode and a cathode, which are joined by an 

external wire to complete an electrical circuit, usually, an electrochemical cell 

consists of two chambers, separated in order to maintain the electroneutrality of the 

two compartments (Fig. 3.1). 

 

 

Fig. 3.1. Schematic illustration of a microbial fuel cell (not to scale). Anodic and 

cathodic compartments are separated by an ion exchange membrane. 

 

MFCs are designed to produce electricity by using wastewater as a fuel and, in 

the process, can remove the organic matter from the wastewater (Logan, 2008). In 
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an MFC, the microorganisms oxidize the organic matter in solution, producing 

electrons that travel through a series of cytochromes or mediators of the cell and 

create energy for the microorganisms in the form of ATP. Then, the electrons are 

released to a substance able to accepts these electrons by reducing himself, the 

terminal electron acceptor (TEA). 

The fundamental task of the microorganism in the anode compartment is to 

transform an electrochemically inactive substrate into an accessible form for the 

electrochemical oxidation and thus for the conversion into electric energy. For this 

transformation they make use of the microbial metabolism. The electrons generated 

by the metabolism of microorganisms, reach the anode surface of the fuel cell and 

are then conveyed to the cathode through the circuit, where they reduce the 

oxidant. 

 

3.2 Microbial fuel cells architecture 

So many different materials and configuration could be used in MFCs and each 

one somehow affects the performance of the device in terms of power output, 

amount of energy in the organic matter transformed in electricity (Coulombic 

efficiency), stability or longevity. Many researchers have sought to evaluate the 

immediate and practical application of the MFCs by developing designs that will 

not only produce high power and Coulombic efficiencies, but which are also 

economical to mass produce based on the materials being affordable and the 

manufacturing process being practical to implement on a large scale (Logan, 2008). 

The perfect design, that join lower costs and higher performance has not been 

found yet but economical and scalable system could be developed using graphite 

fiber brush anodes and air cathodes in tubular MFCs (Logan et al., 2015). 

However, these reactors have never had large implementation in a real, large scale 

MFC yet. The first test of MFC in a large plant was conducted at Foster's brewery 

in Yatala, Queensland (Australia), by the Advanced Water Management Center at 
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the University of Queensland, conducted under the direction of Jurg Keller and 

Korneel Rabaey (Fig. 3.2) (www.microbialfuelcell.org). 

 

 

Fig. 3.2. Tubular microbial fuel cells tested for power production using wastewater 

produced at Foster's brewery in Yatala, Australia (www.microbialfuelcell.org). 

 

The tubular bioreactor was designated using carbon fiber brush anodes, with 

flow up through the tubes and out over the outside of the reactor that was covered 

with graphite fiber brush cathodes. This design was similar to one tested in the 

laboratory with a ferricyanide catholyte (Rabaey et al., 2015). The plant consisted 

of 12 modules, each 3 m high, with a total volume of approximately 1 m
3
. New 

innovations will no doubt continue to modify our view on the “perfect” MFC 

system, with improvements certain to be made in the coming years. 

 

The performance of the MFCs are affected by several architectural parameters: 

 electrodes, both anodes and cathodes; 

 biocatalyst, i.e. the microorganisms in the anode compartment; 
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 anodic electron transfer; 

 cathodic electron acceptor. 

 

3.3 Electrodes in microbial fuel cells 

3.3.1 Anodes 

Even if remarkable improvements in power density due to newer catalysts and 

architectures have been made, the large–scale application of MFCs has yet to be 

implemented due to low yields of power generation and very high costs of 

materials. The electrode accounts for the most part of the MFC cost and represents 

a key component in deciding the performance of the MFCs (Logan et al., 2015). 

Recently, interest in the electrode material and its configuration has steadily 

increased in studies for MFCs. The most studied electrodes in the past decade was 

the bio–electrodes (both anode and biocathode) and chemical–electrodes (more 

specifically, air–cathode and aqueous air–cathode), according to whether or not the 

bacteria are used as catalysts. 

The materials of all the types of the electrodes in MFC have some general 

characters: the base materials must generally be a good conductor, with high 

mechanical strength, good chemical and biochemical stability and preferably low 

cost. Carbonaceous materials and non–corrosive metals, which can basically meet 

the general requirements above, are currently the most–widely used base materials 

(Wei et al., 2011). The different purpose of the cathode and the anodes require 

some specific characteristic for each electrode. Anodes, as bioelectrodes should 

work not only as electronic conductor but also need to carry a high numbers of 

microorganisms through high surface roughness, good biocompatibility, and 

efficient electron transfer between bacteria and electrode surface. In order to 

improve bacterial adhesion and electron transfer, electrode surface modification has 

become a new topic of interest in the research field of MFCs. 
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The electrodes, especially as they are currently used in the cultivation of 

microorganisms, are not all the same. The surface chemistry of graphitic, glassy, or 

other carbon materials can be widely different, roughness can influence available 

surface area (McCreery, 2008), and 3–D structures (flat vs. fibrous) can affect 

diffusion. For example, the electrodes used for microbial fuel cell research can be 

carbonaceous materials such as brushes (Cheng et al., 2007, Logan et al., 2007), 

cloths (Nevin et al., 2008), carbon–coated titanium (Biffinger et al., 2008) or 

metals electrodes like gold (Richter et al., 2008) or stainless steel (Dumas et al., 

2008). Another set of variables that affect measurements of microbial activity lie in 

the device used to house the electrode. As negative charges move into the electrode 

and travels via a wire to the cathode as electrons, positive charges must at the same 

time migrate the same distance, but through the biofilm and the electrolyte (Torres 

et al., 2008a; Torres et al., 2008b), here, porosity and three–dimensional effects can 

alter the environment and lead to incorrect interpretations of the bacterial 

capability. Simply changing the configuration of electrodes, (such as the ratio of 

electrode/surface area), dramatically altered how a pure culture would perform, as 

observed by Liang et. al (Liang et al., 2007), who inoculated reactors containing 

identical electrodes, but arranged in three different configurations that impacted 

charge equilibration between electrodes as internal resistance. The rate these 

electrodes could collect current from bacteria varied more than 20–fold, yet the 

bacterial inoculum and conditions were otherwise identical. The importance of the 

effect of the internal resistance could be evaluated by a simple comparison of the 

maximum power output by various laboratories, there are cited examples of “power 

output” by bacteria in fuel cells that vary over 100-fold (as high as 5 W m
–2

 of 

electrode to as low as 0.03 W m
–2

) (Liang et al. 2007; Dewan et al. 2008; Zuo et al. 

2008a; Yi et al. 2009). These difference can not be ascribed as differences in the 

bacterial electron transport rates but likely reflects differences in internal resistance 

or electrode configuration of the devices. In addition, as researchers have focused 
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their attention on controlling the electrode environment more precisely, specific 

abilities related to extracellular electron transfer have become more apparent. 

Thus, the “electrode” is not a fixed or defined environment, but an electron 

acceptor that can vary widely in surface charge, porosity, and electron acceptor 

potential, which is incubated like any other electron acceptor in a medium 

controlled for salinity, microaerobic vs. strictly anaerobic conditions, mixing, and 

other factors. The diversity of possible electrode–based experiments, largely 

conducted in fuel–cell like devices, has led to isolation of a wider variety of 

organisms known to convey electrons beyond their outer surface, compared to 

experiments with Fe
3+

 as the electron acceptor (Bond, 2010). 

 

3.3.2 Cathodes 

The design of the cathodes is the greatest challenge for making MFCs a useful 

and scalable technology. The chemical reaction that occurs at the cathode is 

difficult to engineer as the electrons, protons and oxygen must all meet at a catalyst 

in a tri–phase reaction (solid catalyst, proton in water and oxygen in air). For this 

reason, the performance of most of the MFCs is limited by the cathode, and this 

problem is projected to remain for some time (Logan, 2009). 

 

½ O2 + 2 H
+
 + 2 e

–
 → H2O    E0’(O2/ H2O) = + 0.82 V 

 

The electrode material for air–cathodes with a catalyst is composed of a base 

material, a catalyst, a binder, and a waterproof coating. Material characteristics and 

functions are specific for each part. The base material generally only serves as 

supporting material and current collector. High conductivity and mechanical 

strength are critical for it. But there is no special requirement for bacterial 

adhesion. A catalyst is important for air–cathodes, but not absolutely necessary. If 

present, the catalyst is immobilized on the substrate surface with a binder, and a 
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hydrophobic coating is regularly added onto the cathode to avoid water loss. To 

reduce the cost of air–cathodes, several highly specific materials, such as activated 

carbon, that do not require a catalyst, have been developed and reported (Deng et 

al., 2010, Zhang et al., 2009). For aqueous air–cathode, only base material, catalyst 

and binder are needed. 

Air–cathodes and aqueous air–cathodes with dissolved oxygen are two of the 

most commonly used configurations for cathodes in lab scale MFCs. The air–

cathode usually consists of a diffusion layer which is exposed to air such as PTFE 

or PVDF, a conductive supporting material, and a catalyst/binder layer exposed to 

water (Fig. 3.3). Aqueous air–cathodes are made of conductive supporting 

materials, such as carbon paper, carbon cloth, and platinum mesh, coated with a 

catalyst/binder layer (Logan et al., 2005, Scott et al., 2008, Yu et al., 2008). 

 

 

Fig. 3.3. Schematic illustration of an air–cathode. The stainless steel mesh permits 

the contact between the solution and the catalyst. 

 

The performance of the aqueous air–cathodes is currently lower than the air–

cathodes due to the low concentration of oxygen in water respect to air (4.6 · 10
−6

 

(25 °C) in water compared to 0.21 mole fraction basis in air), moreover, air–
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cathodes are believed to be a more practical design for MFC cathodes, and have 

attracted much more attention than other cathodes because they require no aeration 

and generate higher power densities. However, the air–cathodes are harder to make 

due to the involvement of several stages in the cathodes production such as the 

insertion of the catalyst, the addition of the binder and finally the application of the 

diffusion layer. Fail in one of these steps could drastically affects the performance 

of the cathode and the stability of the system: a not well–applied diffusion layer 

could reduce the Coulombic efficiency of the MFCs due to oxygen flux to the 

anode. In addition, there can be substantial water loss through the air–facing side 

and in some reactors that can result in the appearance of a gas headspace which 

could be composed of carbon dioxide, methane, nitrogen and oxygen depending on 

operational conditions. Obviously, the occurrence of an air phase in the anode 

chamber should be avoided as the oxygen in the air may affects power generation 

due to the increasing anode potential in the anodic chamber (Logan, 2008). At the 

same time, applying too much material as diffusion layer could result in 

insufficient oxygen transfer to the catalyst in the cathode (Cheng et el., 2006). 

MFCs were originally constructed using cathodes containing precious metal 

catalysts such as platinum, due to its high catalytic activity (Cetinkaya et al., 2015, 

Rozendal et al., 2008). However, these cathodes are expensive and they are rapidly 

deactivated due to poisoning or loss of Pt from the cathode (Li et al., 2016, Zhang 

et al., 2014). The discovery that activated carbon (AC) had an oxygen reduction 

catalytic activity similar to Pt in MFCs, and much greater longevity, enabled the 

development of relatively inexpensive MFC cathodes that could have relatively 

stable performance over several months (Pant et al., 2010, Zhang et al., 2014, 

Zhang et al., 2013). 

In order to further improve the MFC cathode performance, different procedures 

have been used to modify the AC to increase the kinetics of the oxygen reduction 

reaction, and consequently increase power. The most successful approaches to 
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increase the catalytic activity have been based on adding high concentrations of 

nitrogen into the catalyst (Feng et al., 2011, Shi et al., 2012). Even greater 

performance has been obtained using less nitrogen in a metal–organic framework 

(MOF), by carbonizing inexpensive metals and organic ligands containing nitrogen 

at high temperatures on AC (Bezerra et al., 2008, Yang and Logan, 2016). For 

example, power densities increased from 1.6 ± 0.1 W m
–2

 to 2.0 ± 0.1 W m
–2

 by 

adding N on the AC catalyst and to 2.6 ± 0.05 W m
–2

 using an iron–nitrogen–

carbon MOF catalyst (Yang and Logan, 2016). Most of the studies using nitrogen–

amended or MOF modified cathodes have been conducted with acetate in 

phosphate buffer solutions, rather than with actual wastewaters (Pan et al., 2016). 

In one study, it was shown that power was doubled (from 0.4 ± 0.03 to 0.8 ± 0.03 

W m
–2

) using domestic wastewater (Yang and Logan, 2016). However, as recently 

showed by Rossi et al., (2017) these increases in performance were not retained 

over time also in a very short period of only eight weeks. 

When oxygen is not used at the cathode, no catalyst is needed and therefore 

plain carbon cathodes can be used. Several different aqueous catholytes have been 

tested, the most common is ferrycianide or hydrogen peroxide. 

 

Fe(CN)6
3–

 + e
–
 → Fe(CN)6

4–
  E0’(Fe(CN)6

3–
/ Fe(CN)6

4–
) = + 0.56 V (0.1 M HCl) 

 

H2O2 + 2 H
+
 + 2 e

–
 → 2 H2O  E0’(H2O2/H2O) = + 1.76 V 

 

The main disadvantage of these catholytes is that they must be chemically 

regenerated or replaced but, on the other hand, permit a more accurate control of 

the electrochemical half reaction in the cathodic compartment. 

 



Chapter 3 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

20 

 

3.4 Anodic electron generation 

The anodic performance is inextricably dependent on (i) the nature and the rate 

of the anaerobic metabolism, and (ii) the nature and the rate of the electron transfer 

from the microbial cells to the anode (Schröder, 2007).  

Depending on the involvement of exogenous substances in the oxidation, two 

major pathways of metabolism can be distinguished: respiration and fermentation. 

In the former the electrons generated by the oxidation of the organic matter are 

transferred through a redox cascade mechanism, to be finally supplied to an 

external terminal electron acceptor. As higher the potential of the electron acceptor, 

as higher the energy gain for the microorganism. Aerobic respiration is the pathway 

that guarantees the highest energy gain but it is associated with an environment 

where oxygen is available; in the case of glucose respiration: 

 

C6H12O6 + 6O2 → 6H2O +6CO2   ΔGo’ = –2895 kJ mol
-1

 

 

In anoxic conditions anaerobic microorganisms use other endogenous 

substances, organic or inorganic, as terminal electron acceptors. Examples of such 

substances may be nitrates, sulphates, CO2, and metal ions (Bond, 2010). Because 

of the redox potentials less positive of these oxidants than oxygen, the energy gain 

for the cells that use these endogenous substances is significantly lower than would 

be obtainable by aerobic respiration. In the absence of exogenous oxidative 

substances, many microorganisms undertake the way of fermentation, a kind of 

disproportionation, in which part of the organic substrate works as electron 

acceptors and is reduced while at the same time the other part is oxidized: 

 

C6H12O6 → C3H7COOH + 2CO2 + 2H2; 

       ΔGo’ = –225 kJ mol
–1

; 
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C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2; 

ΔGo’ = –206 kJ mol
–1

; 

 

The above reactions show how the fermentation of glucose to acetate or butyrate 

are pathways with a low energy gain, in which less than 10% of the energy content 

of the glucose is directly converted into energy immediately available to the 

microorganisms. The low energy extracted implied a poor recovery of the electrons 

contained in the substrate and the nature and the rate of the anaerobic metabolism is 

so important in MFCs because the lower the energy extracted from the substrate 

and the lower the energy transferred to the anode of the MFC. 

A fundamental role in the MFCs performance is given by the electron transfer 

from the microbial cells to the anode. There are different requirements for an 

effective electron transfer between the microorganism and the surface of the 

electrodes. Since the latter are physical entities unable to penetrate the bacterial cell 

membrane, the most important requirement is that the electrons can be transferred 

from the inside of the cell membrane to the outer surface through a physical 

transfer of reduced mediator or an electronic hopping catalyzed by membrane 

enzymes (Kumar et al., 2017). 

Regardless of the mechanism by which the electrons are transferred is always 

required the presence of redox active species able to electronically connect the cells 

to the electrode. By the nature of the electron transfer mechanism is possible to 

classify the different MFCs through: 

 DET: direct electron transfer; 

 MET: mediated electron transfer. 

The DET takes place via direct physical contact between the cell membrane of 

the microorganism and the anode of the MFC, the direct transfer of electrons 

depends on the presence of enzymes, cytochromes or proteins on the membrane of 

the cells capable of transferring electrons directly from the microbial metabolism to 
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an external electron acceptor like the electrode. The first discovered bacterium able 

to do that (exoelectrogen) was D. acetoxidans, a microorganism performing 

complete oxidation of an organic substrate with electron transfer directly to the 

electrode (Bond et al., 2002). This microorganism is part of the Geobacteraceae 

and several subsequent studies involved this family in order to better understand 

the behavior of this mechanism. Geobacter metallireducens (Bond et al., 2002) and 

the predominantly freshwater G. sulfurreducens was found able to oxidize organic 

compounds and simultaneously reduce a solid electrode (Bond and Lovley, 2003). 

The Geobacteraceae predominance on the DET microbial fuel cells has been 

observed on anodes harvesting electricity from a diversity of marine and freshwater 

sediments (Holmes et al., 2004a), and on anodes harvesting electricity from organic 

waste matter, such as swine waste (Gregory et al., 2005). It has been observed that 

Geobacteraceae colonize only the anode connected to a cathode, where they 

account for over half of the total microorganisms, while they generally constitute 

less than 5% of the community on control electrodes not connected to a cathode. 

The spread of the Geobacteraceae microorganisms on the anode of the MFCs 

should be searched in the intrinsic physiological characteristic of these 

microorganisms to oxidize organic compounds with electron transfer to insoluble 

electron acceptors such as Fe
3+

 oxides (Lovley, et al., 2004), humic substances 

(Lovley et al., 1996), and Mn
4+

 oxides (Lovley and Phillips, 1988). Geobacteraceae 

are often the predominant Fe
3+

 reducing microorganisms in sedimentary 

environments in which the amount of oxygen is negligible and the organic matter 

oxidation is coupled to Fe
3+

 oxide reduction (Lovley, et al., 2004). Several studies 

were conducted on the identification of the electron transfer mechanism of these 

bacteria and just few years ago Nevin and Lovley discovered that Geobacteraceae 

do not produce electron shuttles, but need to be in direct contact with Fe
3+

 oxides in 

order to reduce them (Lovley, et al., 2004, Nevin and Lovley, 2000). The ability of 

Geobacter species to oxidize their typical electron donors with an electrode serving 
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as the electron acceptor, and to conserve energy to support growth from this 

metabolism, represents a novel form of microbial respiration. 

The organic compounds are always oxidized to carbon dioxide, with nearly full 

recovery of the electrons derived from the organic–matter oxidation as electricity. 

Species of Geobacteraceae shown to be capable of this form of respiration include 

Geobacter sulfurreducens, Geobacter metallireducens, Geobacter psychrophilus, 

Desulfuromonas acetoxidans and Geopsychrobacter electrodiphilus. Many of the 

studies on electron transfer to electrodes in Geobacteraceae have focused on G. 

sulfurreducens because the genome sequence and a genetic system are available 

(Methé et al., 2003, Coppi et al., 2001), making it the species of choice for 

physiological studies. Once power production was established with G. 

sulfurreducens, the medium in the anode chamber could be replaced without 

affecting the performance, demonstrating that only the cells attached to the anode 

were responsible for the power production and that a soluble electron shuttle was 

not involved in electron transfer to the electrode, because the electron shuttle would 

have been removed when the medium was exchanged (Bond and Lovley, 2003). 

Several exoelectrogens outside the Geobacteraceae have been described. 

Rhodoferax ferrireducens, was isolated from subsurface sediments as an Fe
3+

 

reducer (Finneran et al., 2003) and was found able to oxidizes sugars, such as 

glucose, fructose, sucrose, lactose and xylose, to carbon dioxide with over 80% 

recovery of the electrons derived from sugar oxidation as electricity (Chaudhuri 

and Lovley, 2003). The ability of this organism to oxidize complex organic 

molecules is of special interest because of the limitation of the Geobacter spp to 

degrade only simple compounds like acetate and consequently a microorganism 

with a metabolism like that of Rhodoferax spp might be an ideal candidate for a 

pure culture system for converting sugars to electricity. As was observed with G. 

sulfurreducens, power production by R. ferrireducens could be attributed to the 

cells attached to the electrode surface and power production was sustained for long 
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periods of time. When the electrical connection in the R. ferrireducens fuel cell was 

disconnected for 36 hours, leaving R. ferrireducens with no means of energy 

generation, power production resumed as soon as the connection was restored. The 

capacity for storage under idle conditions without deteriorating performance is a 

desirable characteristic for a microbial fuel cell and further demonstrated the long–

term survival abilities of R. ferrireducens. 

Another exoelectrogen discovered from molecular analysis of the anode surfaces 

of sediment microbial fuel cells is Desulfobulbus propionicus. Electrodes 

harvesting electricity from sediments with high concentrations of sulphide (S
2–

) 

were colonized by microorganisms in the family Desulfobulbaceae (Holmes et al., 

2004a). Studies with D. propionicus, a pure culture representative of this family, 

revealed that microorganisms oxidized S
0
 to sulphate (SO4

2–
) with an electrode 

serving as the sole electron acceptor (Holmes et al., 2004b). This might be an 

important reaction at the anode surface with high concentrations of sulphide, 

because the sulphide produced might abiotically react with electrodes generating 

S
0
. This abiotic reaction only harvests two of the eight electrons potentially 

available from sulphide oxidation. Oxidation of S
0
 to sulphate extracts six more 

electrons and regenerates sulphate as an electron acceptor for further microbial 

reduction. 

Shewanella spp were discovered as exoelectrogens microorganisms and 

unusually high accumulation of a c–type cytochrome in S. putrefaciens MR-1 outer 

membrane in the course of anaerobic growth was demonstrated as early as 1992 

(Myers and Myers, 1992). It seems likely that there is wide diversity of 

exoelectrogens yet to be discovered. 

One of the most formidable barriers to microorganisms transferring electrons 

onto Fe
3+

 or electrodes is the non–conducting lipid–membrane system that serves 

as an insulator, separating the cytoplasm, where electrons are extracted from 

organic matter during central metabolism, from the outside of the cell where the 
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final electron transfer must take place. A number of proteins in the cytoplasmic 

membrane, periplasm and outer membrane that are involved in dissimilatory 

mineral reduction have been identified by mutagenesis and biochemical studies 

(Logan, 2008). Researches on G. sulfurreducens suggested that a series of c–type 

cytochromes associated with the inner membrane, the periplasm, and the outer 

membrane might interact to transfer electrons to the outer membrane surface 

(Lovley et al., 2004). However, growth on Fe
3+

 oxides has required the evolution of 

appendices able to transfer the electrons via cytochromes far from the immediate 

vicinity of the cells. Thus, the microorganisms have developed particular 

nanowires: conductive pili carrying electrons from a cell to a surface few 

micrometers far from the microorganism (Reguera et al., 2005, Gorby et al., 2006). 

Initial studies showed that G. sulfurreducens formed little more than a monolayer 

on the surface of electrodes, suggesting that close contact between the cells and the 

anode was required. However, one of the most significant observation about the 

stability of an MFC biofilm is that the anode does not appear to foul over time, 

accordingly, the bacteria on the surface must remain viable or at least permit to the 

viable cells many layers of microorganisms far from the electrode to use the 

electrode as the final electron acceptor (Logan and Regan 2006). Current can be 

produced also in the absence of pili providing the cell retains the ability to produce 

the outer membrane electro–active cytochrome, called OmcS (Holmes et al., 2006). 

OmcS, which is also essential for Fe
3+

 oxide reduction, is displayed on the outer 

surface of the cell (Holmes et al., 2006) and trough this cytochrome can be 

maintained the electrical contact with the relatively flat surface of electrodes, 

alleviating the need for the conductive pili that seem to be required for effective 

contact with heterogeneously dispersed Fe
3+

 oxides (Fig. 3.4). 
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Fig. 3.4. The mechanism for extracellular electron transfer by Geobacter and 

Shewanella. In the panel (I) the OMC–based direct electron transfer of Geobacter; 

(II) bacterial nanowire; (III) electron transfer network of Shewanella including 

flavins and c–type cytochromes; (IV) electrode respiration–coupled proton motive 

force and energy (ATP) generation. (from Yang et al., 2012. Reprinted with 

permission of Elsevier). 

 

Further understanding of the electron transfer mechanisms to electrodes is likely 

to accelerate the available techniques for monitoring gene expression during 

growth on electrodes. The firm attachment of Geobacter and Rhodoferax species to 

electrodes contrasts with the current model for the behavior of dissimilatory metal–

reducing microorganisms in sedimentary environments, in which permanent 

attachment to the Fe
3+

 oxide surface is unlikely to be beneficial because Fe
3+

 

reducers must have the mobility to search for new sources of Fe
3+ 

once the Fe
3+

 

oxide in one location is depleted. By contrast, electrodes represent a more enduring 

electron sink and therefore more permanent attachment to electrode surfaces might 

be advantageous. How Geobacter or other organisms make this distinction in the 

quality of the electron acceptors is unknown (Lovley, 2006). 

Before metal-reducing bacteria were discovered, microbial–electrode research 

largely focused on fermentative growth of organisms (Kim et al. 2000, Choi et al. 

2001), which could divert a small percentage of their metabolism to reduction of 
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soluble redox–active mediators, which could then be oxidized by electrodes. 

Different kinds of MET are available to the MFCs depending on the origin of the 

mediators: 

1. MET via primary metabolites. 

2. MET via secondary metabolites; 

3. MET via artificial redox mediators; 

 

1. The MET via primary metabolites is closely associated to the oxidative 

degradation of the substrate: the total amount of reducing equivalents produced 

corresponds to the amount of oxidized metabolites generated by the interaction 

with the anode (Fig. 3.5). To be used as a reducing agent for the anodic oxidation, 

the metabolite must meet certain requirements: its redox potential should be as 

negative as possible and accessible to the electrode. In principle, anaerobic 

respiration and fermentation can lead to the formation of reduced metabolites 

suitable for use in the MET via primary metabolites in the MFCs. 

 

 

Fig. 3.5. Schematic illustration of MET via primary metabolites. The products of 

the metabolism are putative. 

 

2. MET via secondary metabolites. Often the microorganisms grow in 

conditions in which electrons acceptors such as soluble solids are not available in 
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the immediate vicinity. The microorganism may, in these cases, synthesize 

independently low molecular weight mediators that would allow him to continue 

the metabolic cycle (Fig. 3.6). The production of these electronic shuttles involves 

additional biological losses and is consequently energetically expensive. 

 

 

Fig. 3.6. Schematic illustration of MET via secondary metabolites. Just two of the 

several products derived from the metabolism of the pyruvate from Pseudomonas 

aeruginosa are shown. (Eschbach et al., 2004). 

 

3. In 1930 B. Cohen declared that some bacterial cultures, grew in anaerobic 

conditions, interfaced as MFCs catalyst, although showing a large negative 

potential, resulted in low current production (Cohen, 1930). The poor performance 

of these MFCs were attributed to the lack of electrochemically active species in the 

anodic compartment. As a solution to this problem has been proposed the 

introduction of organic or inorganic substances such as benzoquinone or potassium 

ferricyanide, capable of facilitating the electron transfer from the microorganisms 

to the electrode surface (Fig. 3.7). 
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Fig. 3.7. Schematic illustration of MET via artificial redox mediator. The products 

of the metabolism are putative. 

 

All the above processes make use of mediators: reversible electron acceptors, 

which can exchange electrons in the layers of the aerobic biofilm and with an 

inorganic solid electrode, from which are re–oxidized and become available to 

more redox processes. A single molecule can then serve for thousands of redox 

cycles. Consequently, the use of small quantities of these compounds allows the 

microorganisms to transfer their electrons at a very fast rate. 

 

3.5 Materials for stabilizing and immobilizing biocatalysts 

As described above, the crux of effectively utilizing biomolecules in microbial 

fuel cells is the effective orientation and interaction between a microorganism and a 

conductive transducer surface. The exoelectrogenic bacteria described above 

showed the capability of interact with an external, solid, conductive electrode, 

however, despite the fact that more and more exoelectrogens are expected to be 

found, they are still few in number and thus may not find wide range of 

applications. Considering that it is non–exoelectrogens that are mostly used in 

agricultural and industrial area, it is important to evaluate the application of MFCs 

using these non–exoelectrogens. Difficulties, however, arise from the fact that 

molecules involved in the electron–transfer reactions are not exposed on the outer 
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membrane but bound in the cytoplasmic membrane. Therefore, direct electron-

transfer to the anode is not favored. 

Nevertheless, several attempts have been made to construct mediator-less MFCs 

using electrochemically inactive Gram–negative and Gram–positive microbes. 

Zhang et al. (2006) showed that Escherichia coli (E. coli), after electrochemical 

activation process acquired ability to directly transfer electrons to the anode. This 

ability was enhanced by using a graphite/PTFE composite anode while suspending 

E. coli cells in an anodic chamber (Zhang et al., 2007). Endogenous redox 

compounds were thought to be responsible for the electron–transfer. Later, they 

identified several metabolites as possible electron carriers (Zhang et al., 2008). Liu 

et al. (2010), in the meantime, tested Corynebacterium sp., a Gram–positive 

bacterium as a biocatalyst. Although electricity could be produced, the maximum 

power density (Pmax) of 7.3 mW m
−2

 was much lower than that of E. coli probably 

due to the thick cell wall structure. Secreted soluble redox compounds were also 

believed to be involved in the electron–transfer. 

Several attempts were made to immobilize the microorganisms on the electrode 

surface, in order to maintain an high cells density near the electrode and to favor 

the interactions between electrode and cells, moreover, the immobilization of the 

biocatalyst has increased reaction rates and longevity of biocatalyst (Fidaleo et al., 

2006, Flickinger et al., 2007, Gosse et al., 2007, Lyngberg et al., 1998, 2000, 2001, 

2005). Yuan et al., (2011) immobilized Proteus vulgaris on carbon paper 

electrodes in a mediator–less setup and achieved a maximum power density of 269 

mW m
–2

 while Wagner et al. (2012), immobilized bacteria on a flat electrode by 

applying latex layer to hold bacteria on surfaces. 
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3.6 Yeast catalyzed fuel cell 

The yeasts have been utilized for centuries in numerous biotechnological processes 

of the food industry, which generated huge amounts of wastewaters rich of organic 

matter. Thus, the yeasts, used in the respective production, could be used as 

biocatalysts in MFCs for purification of such wastewaters, instead of additional 

inoculation of the wastewater with other microbial species (Hubenova and Mitov, 

2015). Literature reports MFCs catalyzed by eukaryotic microorganisms (Potter, 

1911), even though the efficiency of direct electron transfer by the prokaryotic cells 

made the scientists concentrate their efforts on the characterization of the electron 

transfer mechanism only of bacteria (Cohen, 1931, Logan, 2009). Yeasts could be 

ideal biocatalysts for MFCs; most are non-pathogens, many have high growth rates, 

some display very wide substrate ranges and they are robust and easily handled. 

Because of the higher physiological complexity, as well as of the absence of 

nanowires, eukaryotic cells need a mediator for the electrochemical connection of 

cells to the anode in MFC (Gunawardena et al., 2008, Schaetzle et al., 2008). 

Although the regular addition of exogenous mediators is a deeply criticized 

practice, mainly due to the poisoning of the medium (Schröder, 2007), in recent 

years, the development of microbial fuel cells catalyzed by eukaryotic 

microorganism, like yeasts, has attracted great attention (Mao and Verwoerd, 

2013). Nowadays the performance of the yeast fuel cells are doubtless not 

comparable with those of the prokaryotic based MFC (Hubenova and Mitov, 2015), 

even if a large improvement could be possible if the electron transfer mechanism 

between cells and electrode is better explained (Mao and Verwoerd, 2013). 

As previously mentioned, the major limitation in the application of yeasts as 

catalysts in flow–through fuel cells is related to their eukaryotic nature and thus the 

catabolic pathway is located within the cytoplasm (glycolytic pathways) and in the 

matrix or the inner membrane of the mitochondria (TCA and catabolic electron 
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transport, respectively), which result in the majority of catabolic electrons not 

being directly accessible from the exterior of the cell. 

However, the yeast cells, as the other common exoelectrogens, have trans 

Plasma Membrane Electron Transport systems (tPMET) also referred to as Plasma 

Membrane Oxido-Reductase systems (PMOR). These systems lie across the 

membrane and are involved in the transport of electrons from reduced cytoplasmic 

molecules such as NADH and NADPH to an external electron acceptor. The 

exported electrons are, for example, used to prepare external nutrients for uptake as 

in the reduction of Fe
3+

 to Fe
2+

 (Lesuisse and Labbe, 1992). Some electrons are 

thus available at the surface of the cell membrane for either direct or mediated 

transfer to the electrode. However, the number of electrons exiting the cell by this 

route is smaller than the total number of electrons available from the catabolism of 

aerobically grown cells. 

Although some evidence supports direct electron transfer from yeasts in MFCs 

(Wartmann et al., 2002),the yeast cell wall is very dense and the exterior of the cell 

membrane is far from the outside of the cell wall. Thus, direct contact between the 

cell membrane and an electrode seems difficult to be accomplished. 

 

3.7 Future perspective in yeast fuel cells 

The components of the yeast cell membranes, contributing to the electron 

transfer mechanism, were insufficiently investigated. The evolutionary 

conservativeness of respiratory chain complexes allows only partial comparison 

between the EET mechanism in prokaryotes and eukaryotes, because the bacterial 

ETCs are located on the cellular membranes, while their equivalents in the 

eukaryotes are situated on the mitochondrial membranes. The only yeast species 

with proven respiratory chain complexes expressed on the yeast surface is S. 

cerevisiae (Schröder et al., 2003). The presence of a cell wall and the non–

homogeneous structure of the cell plasma membrane (Cabib et al., 2001) 
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additionally impede the yeast ions and electrons transport. The extracellular 

transfer is dependent on the surface electrical charge of the cell determined by the 

polymers of the cell wall (the chitin possesses charged amino groups; the proteins 

have several charged chemical groups). The difficulty in identification of 

membrane and cell wall components concerns the changes of the surface electrical 

charge depending on pH and the ion composition of the medium (Volkov, 2015). 

The yeast membrane potential is another parameter governing the ion and electron 

transfer. The membrane potential, however, could be changed by proton pumps 

within seconds. Microelectrode technique measurements performed with S. 

cerevisiae have determined membrane potentials ranging between − 70 and − 45 

mV (Borst-Pauwels, 1981). 
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Dissertation objectives and outline 

Chapter 4 

Microbial fuel cell (MFC) technology represents a newest approach for 

generating electricity from biomass using microorganisms. In an MFC, the 

microorganisms on the anode oxidize the organic matter in solution and release 

electrons to the anode. The electrons are conveyed through an external circuit to the 

cathode, where oxygen reduction reaction takes place (Logan et al., 2006, Logan, 

2008, Lovley, 2006). The development of processes that can use microorganisms to 

produce electricity represents an outstanding method for bioenergy production as 

the cells are self–replicating and thus the catalysts for organic matter oxidation are 

self–sustaining. Potentially, any biodegradable organic matter could be used in an 

MFC, including volatile acids, carbohydrates, proteins and alcohols (Logan, 2008). 

The yeasts have been utilized for centuries in numerous biotechnological 

processes of the food industry, generating huge amounts of wastewaters rich in 

organic matter. MFCs are a valid alternative for purification of such wastewater. 

From this point of view, the yeasts, used in the respective production, could be 

exploited as biocatalysts, instead of additional inoculation of the wastewater with 

other microbial species. The easy cultivation, wide substrate range, fast growth and 

tolerance to a wide range of environmental conditions are advantageous for the 

development of yeast–catalyzed fuel cells. The more sophisticated organization, 

richer genome and compartmentalization of the eukaryotic cells, however, 

complicate the analyses and the mechanisms of the extracellular electron transfer 

performed by yeasts still remain unclear (Hubenova and Mitov, 2015). 

Understanding the electron transfer mechanism is fundamental for the 

improvements of the MFCs performance since a better explication of how the 

electrons are transferred to the anodes, might be useful in selecting the best 
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materials and conditions in the anodic chamber to properly interact with the 

electron transfer mechanism of the microorganism (Mao and Verwoerd, 2013). 

The main objective of this research was to discover and explicate the electron 

transfer mechanism of an MFC using Saccharomyces cerevisiae as anodic 

biocatalyst, evaluating the influence of the addition of redox mediator to the anodic 

solution and the variation of the operative conditions such as the concentration of 

the electron acceptor. Initially, it was investigated the ability of the selected 

mediator to oxidize the most important intracellular electronophore, NADH, and 

transfer the electrons accumulated to an external electrode. It was deeply 

characterized the mechanism of oxidation of the NADH, mediated by the 

methylene blue (MB). Preliminary studies assessed the influence of the carbon 

source concentration and of the electron acceptor concentration in the cathode 

chamber on the overall electrochemical process. The presence of MB could shift 

the yeast catabolism to predominant aerobic respiration and enhance the biofuel 

cell electrical outputs (Babanova et al., 2011), for this reason, it was investigated 

the effect of the latter on the microbial metabolism by screening the end–products 

of the fermentation in the presence and the absence of MB. Then, the 

electrochemical response of the MFC in the presence of different concentration of 

MB was evaluated. 

Oxygen at the cathode represents an ideal terminal electron acceptor because of 

its high redox potential, availability, and sustainability. However, the oxygen 

reduction reaction (ORR) is kinetically sluggish, resulting in a large proportion of 

potential loss and the electrochemical response could show a large variability (Fan 

et al., 2008). For these reasons the terminal electron acceptor was substituted with 

hydrogen peroxide. The effect of various concentrations of the electron acceptor 

was evaluated and the importance of methylene blue as mediator was investigated. 

The evaluation of the anode colonization was presented in the last part of the 

chapter. 
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A new method for immobilize and cultivate the yeast cells on the electrode was 

developed in Chapter 9 and the abilities of S. cerevisiae to directly transfer 

electrons and produce electrical energy through iron–reducing cytochromes were 

evaluated in a pure–culture MFC system. 
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Materials and Methods 

Chapter 5 

5.1 Microbial fuel cells construction and operation 

MFCs were double–chambered, glass reactors, with anodic and cathodic 

compartment connected by a salt bridge. The volume of each chamber was 0.10 L 

(working volume 0.05 L) and the internal diameter was 4.5 cm. Anode and cathode 

were graphite rod purchased from Sigma Aldrich (6 mm diameter and 6.3 cm 

length, 4.0 cm immersed in solution, total area 7.8 cm
2
) connected with copper 

wire to the electrochemical system. The electrodes were cleaned before each 

experiment by sonication for 5 min in HNO3 7% and another 5 min in distilled 

water. 

The salt bridge was a solution of KCl 10 g L
–1

 in phosphate buffer (PB) 0.1M 

(Na2HPO4, 12.98 g L
–1

; NaH2PO4 · H2O, 1.17 g L
–1

; pH 7.8), stirred and heated 

until it reached 85°C, then Agar Agar was added until it got to 2.5 g L
–1

. The 

solution was then poured into a silicon tube 29 cm long, with an 8 cm internal 

diameter. 

The anodic chamber was purged with gaseous nitrogen (14 L h
–1

) during all the 

experiment. Anodic and cathodic solutions were stirred continuously at the same 

rotational speed for all the experiments and the temperature of each chamber was 

27.5 ± 2.5 °C. Sampling was avoided in the MFCs in order to limit the volume 

alteration. 

MFCs operated under different conditions in the cathode compartment using 

oxygen or hydrogen peroxide as electron acceptor. An aerated solution of HCl 0.2 

M or hydrogen peroxide at various concentration (0.00 M; 0.18 M; 0.88 M; 4.41 

M) in phosphate buffer 25 mM pH 6.0 was used as cathodic solution. 

The current–voltage, i–V, characteristics were measured from –0.1 V to round 

up OCV at the scan rate of 10 mV s
–1

 by an electrochemical measurement system 
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(Keithley series 2400, Keithley Instrument, OH) each 30 min. Power (P) was 

calculated as P = iU, where i is the current generated at the correspondent voltage 

U. 

All chemicals and reagents used for the experiments were analytical grades and 

supplied by Sigma–Aldrich. The pHmeter, Crison micropH2001 with Hamilton 

glass electrode was employed for measuring pH of the working solution. 

Different anolytes and catholytes were used during the various experiments: 

 

 Enzymatic fuel cell 

OCV and P produced were recorded using an aerated solution of HCl 0.2 

M in the cathodic chamber as electron acceptor. The anolyte was purged 

with nitrogen gas for 15 min. and then the electrode was inserted into the 

chamber. The medium (0.05 L) contained NADH 0.4 mM (β–

nicotinamide adenine dinucleotide reduced disodium salt hydrate, ≥ 

94%, anhydrous basis, SigmaAldrich) in PB 0.1 M (pH 7.8) and 

methylene blue (MB) 0.08 mM. The concentration of the enzyme 

(Diaphorase from Clostridium kluyveri, 27,3 U mg
–1

, lyophilized 

powder, Worthington), when present, was 0.4 U mL
–1

. 

 

 Effect of each component on the MFC performance 

OCV and P produced were recorded using an aerated solution of HCl 0.2 

M in the cathodic chamber as electron acceptor. The anolyte (0.05 L) 

was purged with nitrogen gas for 2 h and then the electrode was inserted 

into the solution. The medium contained glucose 5 g L
–1

; MB 5.00 mM 

or a combination of those two in PB 0.1 M (pH 7.8). 

The MFCs with yeast used Saccharomyces cerevisiae cells (baker’s 

yeast, CLECA S.p.a. Mantova Italy) as a biocatalyst. Anodic solution 

was 5 g L
–1

 sample of the dried yeast and glucose 27.8 mM in phosphate 



Chapter 5 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

39 

 

buffer 0.1 M pH 7.8 in the presence of methylene blue in a concentration 

of 0 mM and 5 mM. 

 

 Effect of glucose concentration on MFC performance 

OCV and P produced were recorded using an aerated solution of HCl 0.2 

M in the cathodic chamber as electron acceptor. The anolyte (0.05 L) 

was purged with nitrogen gas for 2 h and then the electrode was inserted 

into the solution. The medium contained glucose 0 g L
–1

; 5 g L
–1

 or 10 g 

L
–1

 and MB 5.00 mM in PB 0.1 M (pH 7.8). The MFCs with yeast used 

Saccharomyces cerevisiae cells 5 g L
–1

 (baker’s yeast, CLECA S.p.a. 

Mantova Italy) as a biocatalyst. The measures were carried out 

immediately, 22 h and 46 h after the inoculum. 

 

 Effect of methylene blue concentration on MFCs performance 

OCV and P produced were recorded using an aerated solution of HCl 0.2 

M in the cathodic chamber as electron acceptor. The anolyte (0.05 L) 

was purged with nitrogen gas for 2 h and then the electrode was inserted 

into the solution. The medium contained 5 g L
–1

 of glucose in PB 0.1 M 

(pH 7.8) and various concentrations of MB (MB 0.00 mM; 0.05 mM; 

0.50 mM; 1.00 mM; 5.00 mM). The MFCs with yeast used 

Saccharomyces cerevisiae cells 5 g L
–1

 (baker’s yeast, CLECA S.p.a. 

Mantova Italy) as a biocatalyst. The measures were carried out 22 h and 

46 h after the inoculum. 

 

 Hydrogen peroxide as terminal electron acceptor in cathodic chamber 

OCV and P produced were recorded using several concentration of H2O2 

(0.00 M; 0.18 M; 0.88 M; 4.41 M) in the cathodic chamber as electron 

acceptor. The anolyte (0.05 L) was purged with nitrogen gas for 2 h and 
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then the electrode was inserted into the solution. The medium contained 

5 g L
–1

 of glucose in PB 0.1 M (pH 7.8) and various concentrations of 

MB (MB 0.00 mM; 0.05 mM; 0.50 mM; 5.00 mM). The MFCs with 

yeast used Saccharomyces cerevisiae cells 5 g L
–1

 (baker’s yeast, 

CLECA S.p.a. Mantova Italy) as a biocatalyst. The measures were 

carried out 22 h and 46 h after the inoculum. 

After different times of starvation the methylene blue was completely 

reduced and the anodic solution resulted completely discolored. The cell 

circuit was then closed and i–V curves were recorded. The electrode was 

inserted immediately after the inoculum or after the completely 

discoloration of the methylene blue solution. As far as the experiments 

carried out in the absence of methylene blue, the cell performances were 

recorded after having waited the same period of time. 

 

 Yeast immobilization on a functionalized anode 

OCV and P produced were recorded using H2O2 (4.41 M) in the cathodic 

chamber as electron acceptor. The anolyte (0.05 L) was purged with 

nitrogen gas for 2 h and then the functionalized electrode was inserted 

into the solution. The medium contained 5 g L
–1

 of glucose in PB 0.1 M 

(pH 7.8) and MB in concentration of 0.00 mM or 0.50 mM. 

 

 Voltage and power production in a S. cerevisiae catalyzed fuel cell by 

Ferric reductase enzymatic complex 

OCV and P produced were recorded using H2O2 (4.41 M) in the cathodic 

chamber as electron acceptor. The anolyte (0.05 L) was purged with 

nitrogen gas for 15 min and then OCV was recorded for 30 h 

Polarization curves were recorded after 30 h at different scan rate (0.1 
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mV s
–1

; 1.0 mV s
–1

). The medium contained 5 g L
–1

 of glucose in PB 0.1 

M (pH 7.8) and MB in concentration of 0.00 mM or 0.05 mM. 

 

5.2 Electrochemical analysis 

A graphite rod (6 mm diameter and 6.3 cm length, 4.0 cm immersed in solution, 

total area 7.8 cm
2
) working electrode, a platinum wire counter electrode, and an 

Ag–AgCl reference electrode were used in an electrochemical cell with a working 

volume of 50 mL. Cyclic voltammetry was performed by using a potentiostat 

(model 7050; AMEL) connected to a Sony personal computer data acquisition 

system. Prior to use, the working electrode was cleaned by sonication for 5 min in 

HNO3 5% and another 5 min in distilled water, and the electrochemical cell was 

thoroughly washed. Oxygen was purged from the solution by bubbling it with 

oxygen–free N2 for 10 min before electrochemical measurements were obtained. 

The scanning rate used was 25 mV s
–1

 over a variable range from −0.4 to 1.2 V. PB 

0.1 M (pH 7.8) was used as the electrolyte. 

 

5.3 Spectrophotometric studies 

 Correlation between glucose concentration and methylene blue reduction 

The solution used for the spectrophotometric studies contained yeast cells 

0.25 g L
–1

, MB 9 µM, and glucose in variable concentrations (0.00 g L
–1

, 

0.10 g L
–1

, 0.25 g L
–1

, 1.00 g L
–1

, 5.00 g L
–1

 and 10.00 g L
–1

). The medium 

was prepared and stored in a glove box (MBraun MB 150 G 2, M. Braun 

InertgasSystem GmbH, Garching bei München) with an oxygen 

concentration lower than 1 ppm. After 4 h, 21 h, 28 h and 76 h the 

absorbance at 664 nm (MB + turbidity) and 750 nm (turbidity) was 

measured and the difference between those two was normalized and plotted. 
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 Effects of the presence and absence of external carbon source in methylene 

blue reduction 

The cells (0.25 g L
–1

 dry weight) were harvested by centrifugation and 

washed twice with 0.1 M PB pH 7.8, then, methylene blue was added until 

got to 9 µM. The solution was stored at 30°C with different glucose 

concentrations in sealed quartz cuvette (Hellma). After 19, 20, 43, 44, 67, 

68, 91 h the absorbance was measured either at 750 nm and 664 nm. After 

19, 43 and 67 h the solution was aerated. 

 

 Iron III reduction by Saccharomyces cerevisiae 

A modified ASTM (ASTM E 394) procedure was used. Initially, 2 mL of 

sodium acetate (2 M) and 100 µL ZnSO4 (0.01 M) (Koopman et al., 1985) 

were degassed into a 20 mL flask through pulsed ultrasound for 3 min, then 

2 mL of 10 mM 1,10–phenanthroline (Sigma Aldrich) were added and the 

solution was degassed for one more minute before adding 1 mL of sample. 

The flask was filled to the final volume with distilled water and the iron 

concentration was measured at 510 nm. The reactors used for the 

determination of the amount of iron reduced by the cells were vials with an 

internal volume of 15 mL (working volume 12 mL), continuously purged 

with 1 L h
–1

 oxygen–free nitrogen. The medium contained FeEDTA 1.0 

mM, glucose 5 g L
–1

, S. cerevisiae cells 5 g L
–1

 and variable concentration 

of MB of 0.00 mM or 0.05 mM. 

 

5.4 Chromatographic studies 

Effects of methylene blue on Saccharomyces cerevisiae metabolism 

Chromatographic studies were performed at the same operative conditions of the 

electrochemical cell. Crude samples of the fermentation broth were filtered using 

0.20 µm Sartorius Stedim Minisart
®
 syringe tip filter after different times of 
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starvation. Filtered aliquots of 10 μL were injected in an HPLC operating at a flow 

rate of 0.6 mL min
–1

 (mobile phase 0.05 M HCl) and the HPLC column was heated 

to 60 °C. All analyses were run on an Agilent 1260 Infinity Quaternary LC 

equipped with UV DAD (G4212B) and RID (G1362A) detector. Rezex ROA–

Organic acid, dimensions: 300 x 7.8 mm (Phenomenex Inc., Torrance, California) 

was used as column. 

 

5.5 Yeast immobilization on a functionalized anode 

 Functionalized electrode development 

All the equipments were sterilized in autoclave for 15 min at 121°C. A 0.5 g 

sample of the dried yeast (Saccharomyces cerevisiae baker’s yeast, CLECA 

S.p.a. Mantova, Italy) was dissolved in 4.0 mL of PB solution 0.1 M (pH 6.0), 

then was added 5.0 g of glucose. The paste formed was immediately transferred 

in a 15 mL vial and the electrode was covered for four–fifths of the height by a 

dip–coating techniques (immersion speed 1.5 cm s
–1

). The glucose–yeast paste 

was dried 2 h at room temperature before use. 

 

 Immobilization of the yeast cells on the functionalized electrode 

The functionalized electrode was covered by cellulose acetate membrane by a 

dip–coating technique through immersion in a solution of 5 % w/v (Mr ≈ 

61000, 40% acetyl groups, Fluka) cellulose acetate in acetone–THF (60:40). 

The immersion speed of the dip–coater was 1.5 cm s
–1

 and the electrode was 

dried at room temperature for 18 h. After dryness the electrode was transferred 

in a sterile YPD solution (10 g L
–1

 yeast extract, 20 g L
–1

 peptone, 2% glucose) 

to allowed the growth of the cells for at least 76 h. The cells growth was 

determined by turbidity measurement and the glucose concentration by a 

modified colorimetric method by Bailey et al. (1992). 
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Results and Discussion 

Chapter 6 

6.1 Enzymatic fuel cell 

The NADH/air fuel cell was developed to mimic the respiration process of the 

microorganisms. In the cells the metabolites are oxidized and the electrons are 

temporary stored in the NADH. The energy gained by the oxidation of the NADH 

is then used for the production of ATP into the mitochondria. If this energy is 

conveyed trough an electrode it is possible to directly produce electricity from the 

molecules metabolized by the cells. 

In this experiment, the oxidation of the nicotinamide cofactor, spontaneous or 

catalyzed by the NADH dehydrogenase, was accompanied by the reduction of an 

electrons acceptor such as methylene blue (MB). The mediator is necessary since 

the NADH can’t directly interact with the electrode. The electrons acceptor works 

as a shuttle and transfer the electrons directly to the anode, then the electrons are 

conveyed through an external circuit to the cathode, where oxygen reduction 

reaction takes place (Fig. 6.1). Obviously, the anode chamber needs an anoxic 

atmosphere. 

 

The following reactions are involved in the process: 

 

NAD
+
 + 2 H

+
 +2 e

–
 → NADH + H

+
   E0’(NAD+/NADH) = – 0.32 V 

MB
+
 + H

+
 +2 e

–
 → MBH    E0’(MB/MBH) = + 0.01 V 

(I) NADH + H
+
 + MB

+
 → NAD

+
 + MBH + H

+
 

ΔE0’(I) = + 0.33 V  

MB
+
 + H

+
 +2 e

–
 → MBH    E0’(MB/MBH) = + 0.01 V 
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½O2 + 2 H
+
 + 2 e

–
 → H2O    E0’(O2/ H2O) = + 0.82 V 

(II) MBH + ½ O2 + H
+
 → MB

+
 + H2O 

ΔE0’(II) = +0.81 V 

 

Fig. 6.1. Biofuel cell with the two chambers, on the right side the cathodic 

compartment and on the left side the anodic chamber connected by a salt bridge. 

 

The previous equations connect the voltage output of the cell directly with the 

concentration of NADH, MB and oxygen in the chambers. The NADH 

dehydrogenase works as a catalyst in the anodic chamber and enhance the reaction 

between NADH and MB. The presence of the catalyst from 0 min caused an 

increase in the reduced methylene blue concentration, as demonstrated by the color 

of the solution that immediately turns from blue to colorless. In the absence of the 

enzyme the solution slowly turns from blue to pale blue. 

The voltage and the power output of the cell were directly correlated to the 

concentration of MB in the reduced form in the anodic chamber (Fig. 6.2). 
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Fig. 6.2. VOC and maximum power generated over time by the biofuel cell in 

presence of NADH dehydrogenase added (closed symbols) before or (open 

symbols) 60 minutes after the first analysis. 

 

The MB was able to transfer the electrons of the NADH directly to the 

electrode. The VOC registered at 0 min with low concentration of reduced 

methylene blue (0.11 ± 0.01 V) was 60% lower compared to the VOC with the 

highest reduced MB concentration (0.28 ± 0.03 V) and the maximum power 

produced (18 ± 5 µW) was 90% lower in the absence of the NADH dehydrogenase 

(2.4 ± 0.5 µW). The VOC and the power generated in presence of the enzyme from 

0 mins generally followed the same decreasing trend over time, caused by the 

consumption of the reagents both in the anode and the cathode chambers. 

The effect of the delayed addition of the NADH dehydrogenase was shown only 

at 0 min since 30 min before the addition of the catalyst the OCV and the power 

generated were comparable with the values registered in the presence of the 

catalyst. The discoloration of the solution, both in the presence or the absence of 

the NADH dehydrogenase, was not accompanied by the recoloring after closing the 

circuit and let that the electrons flow from the anode to the cathode. Therefore, the 
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efficiency of the overall reaction was limited by the poor kinetics of the oxidation 

of the reduced methylene blue at the anode or the slow oxygen reduction reaction. 

Cyclic voltammograms of a 0.5 mM MB solution with and without NADH 5.00 

mM were shown in Fig.6.3. The MB oxidation (upper) and reduction (lower) peaks 

were higher when NADH was added. NADH allowed more electrons to pass 

unidirectionally from NADH to the electrode via MB. These experiments 

established that transfer of electrons between oxidized and reduced forms of MB 

and NADH was reversible. 

 

 

Fig. 6.3. Cyclic voltammogram obtained with a graphite electrode following 

introduction of the electrode into a 0.5 mM MB solution (red line) and 0.5 mM MB 

and 5.0 mM NADH. 
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Chapter 7 

7.1 Correlation between glucose concentration and methylene blue reduction 

As previously mentioned, the NADH into the living eukaryotic cells is mainly 

stored and then oxidized during the respiration process into the mitochondria. The 

presence of barriers to the diffusion of the methylene blue, like the external 

membrane and the mitochondrial membrane, could limit the overall process of 

mediated electron transfer. Therefore, in our view, was fundamental to evaluate the 

capability of the cells to reduce the MB, the effect of the substrate concentration on 

this reaction and consequently on the reduced MB concentration. 

In biochemistry, methylene blue is a well–known redox indicator; in fact, the 

solution of the dye results blue, with a maximum adsorption at 664 nm, in 

oxidizing conditions while it is colorless when it is exposed to reducing agents 

(Mowry and Ogren, 1999) (Fig. 7.1). 

 

 

Fig. 7.1. Absorption spectrum of methylene blue in aqueous solution in two 

concentration. 
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The reduction of the methylene blue by the yeast cells was followed by 

recording the decolorization of the blue solution in the absence of oxygen as shown 

in Fig. 7.2. 

 

 

Fig. 7.2. Comparison of the absorbance variation at 664 nm over time in the 

presence of different concentration of glucose in solution. 

 

Varying the concentration of glucose in solution did not affects the kinetic of the 

reduction of methylene blue in solution (Fig. 7.2). The initial lag phase of 20 h was 

probably due to some oxygen infiltrations into the cuvettes and to the not optimal 

growing conditions of the cells (just glucose, not minerals, vitamins and nitrogen). 

 

7.2 Effects of the presence and absence of external carbon source in methylene 

blue reduction 

In the absence of external carbon source the cells were able to reduce the MB in 

solution with similar rate of the experiments carried out in the presence of glucose. 

Rossi et al. (2016) demonstrated that this phenomenon was due to the presence of 

nutrients accumulated during the industrial production of the cells. 
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Suspension of yeast cells in phosphate buffer at pH 7.8 showed a fast reduction 

of methylene blue even in the absence of glucose as electron source. After 19h, the 

yeasts cell suspension was aerated causing the instantaneous oxidation of 

methylene blue. The cuvettes were then sealed again observing, consequently, a 

new reduction of the methylene blue. This redox cycle was repeated almost every 

20h and the results in terms of normalized absorbance values of the solution were 

reported in Fig. 7.3. Alternation of methylene blue reduction and oxidation 

reactions into the yeast cell suspension in the absence of glucose suggested the 

presence of an unknown reduced compound in the solution which could be 

probably attributed to an accumulated residual carbon source from the yeast 

production or the presence of glycogen inside the cells (François and Parrou, 

2001). After four cycles the reduction step of methylene blue in the absence of 

glucose did not takes place anymore as a consequence of the exhaustion of the 

accumulated carbon source into the yeast cells. Furthermore, after each redox cycle 

a progressive decrease in the concentration of the oxidized form of the methylene 

blue was observed. These results was probably due to a biochemical transformation 

of the methylene blue during the redox cycles as well as to its accumulation into 

the cells as demonstrated by Rossi et al., 2016 and May et al., 2004. This 

experiment shows that an electron acceptor like oxygen can immediately oxidize 

the reduced methylene blue in solution and it is possible to continuously repeat the 

redox cycle of methylene blue until there is enough carbon source in solution. 
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Fig. 7.3. Normalized values of absorbance at 664 nm carried out at different 

incubation times in the presence (blue line) or in the absence (red line) of glucose. 

After 19, 43 and 67 hours the solution was aerated. 

 

7.3 Effects of methylene blue on Saccharomyces cerevisiae metabolism 

The effects of the mediator on the Saccharomyces cerevisiae metabolism were 

tested by HPLC analysis on fermentation reactors with yeast incubated both in the 

presence and in the absence of the methylene blue, using glucose (27.8 mM) as 

electron donor (Fig. 7.4A). Chromatographic analysis at different times of 

incubation demonstrated that the glucose was completely depleted after 42 h both 

in the presence and in the absence of methylene blue (Fig. 7.4B). Furthermore, 

preliminary chromatographic analysis of the end–products showed different 

molecules produced by the yeast metabolism in the presence or absence of 

methylene blue (Table 7.11). This result suggested that methylene blue affected the 

yeast metabolism by activating new metabolic pathways to be deeply investigated 

in the next future.  
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Fig. 7.4. Glucose consumption (a) and end–products of fermentation (b) in the 

absence (A) and in the presence (B) of methylene blue (MB). 

 

Table. 7.1. HPLC analysis data of crude samples of fermentation broth in the 

presence or the absence of methylene blue after 42 hours of incubation. 

Peak 

number 

Presence/Absence of 

MB 

Compound Retention time 

(min.) 

Concentration 

(mM) 

1 Absence Lactic acid 13.8 1.17 

2 Absence Glycerol 14.7 2.00 

3 Absence Acetic acid 16.1 11.40 

4 Absence Unknown 18.7 / 

5 Absence Ethanol 22.5 1.00 

a 

b 
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6 Presence Lactic acid 13.8 0.14 

7 Presence Formic 

acid 

14.6 2.27 

8 Presence Acetic acid 16.1 8.70 

9 Presence Ethanol 22.5 1.54 

 

7.4 Effect of each component on the MFC performance 

In this work, the power production is not as interesting as the microorganisms 

that grow onto the anode and most important as the identification of the electron 

transfer mechanism in the anodic compartment. Despite the high internal 

resistance, the simplest lab–scale design with two chambers and a salt bridge as 

electrolyte permitted to evaluate the effects of some different operative conditions 

such as the organic load and the concentration of the electron donor (Logan, 2008). 

Yeast worked as biocatalyst in the MFC using glucose in the anode chamber as 

the only carbon source, the electrons derived from the oxidation of glucose were 

accepted by oxygen in the cathodic chamber. Open circuit voltage (OCV) and 

power produced (P) resulted closed to zero in the presence of only glucose while, 

in the presence of only methylene blue, increasing values of OCV (0.24 V) and 

power (14 µW) after 400 minutes were observed (Fig. 7.5). The contemporary 

presence of glucose and methylene blue led to a further increase of OCV and of the 

power generated at 0.27 Volt and 22 µW. These trends could be explained by a 

progressive accumulation of the reduced methylene blue in solution due to both the 

reductive condition in the anode chamber and the presence of reducing sugars such 

as glucose. 
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Fig. 7.5. Comparison of open circuit voltage (OCV) and power (P) produced, 

carried out in the presence of each single component (glucose, methylene blue 

(MB) 5.00 mM) or in different combinations. 

 

In the presence of the yeasts, the reduction of methylene blue increased largely 

as demonstrated by the discoloration of the solution in the anode chamber. OCV 

reached the maximum values of 0.46 V after 30 min, 0.15 V in the absence of the 

mediator, and the maximum power generated was 65 µW after 60 min while the 

power registered without MB was 5 µW. The performance of the cell followed 

opposite trends in the presence or in the absence of methylene blue, the power 

produced with the mediator decreased over time to a final 48 µW and an OCV of 

0.40 V. Without MB, the end products of the fermentation reduced the electrode 

and more the incubation time, more the performance of the MFC that grew to 51 

µW and 0.42 V. The yeast had a great potential in reducing methylene blue, 

showing an important role in enhancement of the bioelectricity generation of the 

MFC (Fig. 7.6). 
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Fig. 7.6. Comparison of Open Circuit Voltage (OCV) and power (P) carried out by 

the MFCs in the presence or absence of MB as electron mediator. 

 

Electron mediators, such as methylene blue, were demonstrated necessary to 

improve the power output of the MFC (Najafpour et al., 2010), even though 

methylene blue showed a positive answer to the current generation also in the 

absence of the yeasts. The solution in the anode chamber did not turn blue when 

the circuit of the electrochemical cell was closed as shown in Fig. 7.2 and Fig. 7.3. 

Thus, the slow step of the reaction was related to a limited diffusion of the reduced 

methylene blue to the electrode in the anode compartment and/or to a weak 

electrons transfer from the electrode to the oxygen in the cathode compartment. 

Furthermore, the negative slope of the power density of the MFC in the presence of 

yeast, methylene blue and glucose was related to the depletion of oxygen in the 

cathode chamber and the slow rate of oxygen diffusions in solution. 

 

7.5 Effect of glucose concentration on MFC performance 

The concentration of glucose did not affects the concentration of reduced MB 

produced by the S. cerevisiae (Fig. 7.2), however, the effect of the substrate 

concentration should be tested on the MFC output. For this reason, were tested 
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three different MFCs using different concentrations of glucose in solution, the 

effect is shown in terms of OCV and power produced (Fig. 7.7). 

 

 

Fig. 7.7. Comparison of (A) OCV and (B) power produced over time in presence of 

different concentration of glucose in solution. 

 

The OCVs output were similar for all of the reactors and followed the same 

trend with and initial low performance registered at 0 min and then increased to the 

maximum value of the series to 0.53 ± 0.01 V (100 g/L), 0.48 ± 0.02 V (10 g/L) 

A 

B 
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and 0.43 ± 0.05 V (0 g/L). The decrease over time of the OCV was comparable for 

all of the reactors and caused by the depletion of the reagents both in the anode and 

the cathode chambers. The last point at 420 min showed the highest performance 

by the 100 g/L MFCs (0.41V), followed by the 0.39 ± 0.02 V of the MFCs without 

glucose in solution. The OCV at 420 min of the MFCs with 5 g/L of glucose in 

solution was 0.36 V. 

The power generated by the MFCs were similar for all of the experiments 

showing large variability for the MFCs with 100 g/L of glucose. The power 

production at 0 min were under 10 µW for all of the reactors, followed by an 

increase at 30 min where the MFCs with 10 g/L showed the largest power 

produced over time (72 ± 11 µW). The MFCs without substrate in solution and 

with 100 g/L of glucose showed the highest power production after 60 mins, in the 

series, the MFCs with 100 g/L produced 72 ± 28 µW and 71 ± 4 µW was produced 

without additional glucose in solution. The same decreasing trend observed for the 

OCV was followed also by the power generation, the power registered at 420 mins 

was 47 ± 1 µW (0 g/L), 46 µW (10 g/L) and 50 ± 17 µW (100 g/L). The higher 

variability of the power registered with the highest concentration of glucose (100 

g/L) was related to a large variability in the current produced by the cell, related to 

small changes in the area of the electrode submerged in the anodic chamber (SCC 

ranged from 471 µA to 823 µA). 

The decreasing of the OCV and of the power generated was related to the 

depletion of the reagents of the redox reaction, both in the anode and the cathode 

chambers, where glucose, if present, was consumed by the yeast cells while oxygen 

in the cathode chambers reacts with the electrons on the cathode producing water 

as a product. The small differences in the OCV and the power produced over time 

was due to the increased conductivity of the solution by the addition of salts and 

the parameters of the cell were not affected by the presence of substrate in the first 

7 hours of reaction. 
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Increasing the time of the experiment did not alter the results (Fig. 7.8A and 

Fig. 7.8B), after 22 hours the voltage registered by the MFCs with different 

glucose concentration were comparable between them (0.55 V, 0 g/L; 0.52 V, 10 

g/L; 0.49 V, 100 g/L), even though the potential was higher than previously 

registered (Fig. 7.7). After 7 hours of measurements the OCV decreased to 0.44 V 

(0 g/L), 0.40 V (10 g/L) and 0.38 V (100 g/L). The final point was registered after 

46 hours from the first measurement and the OCV increased again proportionally 

to the substrate concentration, the measured open circuit potential was 0.46 V (0 

g/L), 0.50 (10 g/L) and 0.52 (100 g/L). The power produced by the MFCs followed 

the same general trend of the OCV with the first point inversely proportional to the 

glucose concentration (96 µW, 0 g/L; 81 µW, 10 g/L; 65 µW, 100 g/L) and a 

progressive decrease after 7 hours of measurements (69 µW, 0 g/L; 49 µW, 10 g/L; 

42 µW, 100 g/L). The last power density registered after 46 h showed an inversion 

and the performance were proportional to the glucose concentration (63 µW, 0 g/L; 

75 µW, 10 g/L; 87 µW, 100 g/L). 

 

 

A 
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Fig. 7.8. Comparison of (A) OCV and (B) power produced over time in presence of 

different concentration of glucose in solution after 22 h of incubation. 

 

The smaller increase in the OCV and the power produced after 46 hours could 

be related to the depletion of the nutrients in the anode chamber, however, from 

these experiments it was not possible to associate a correlation between the glucose 

concentration and the MFC output. 

The color of the solution in the anode chamber was monitored during the long 

term experiment and a slightly decrease of the intensity of the blue color over time 

was observed (Fig. 7.9). 

 

    

Fig. 7.9. Pictures of the anodic solution (from left to right) after 22 h, 25 h, 27 h, 29 

h. 

 

B 
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The decrease in the color intensity was related to the reduction of the MB and 

since closing the electrical circuit did not cause the re–oxidation of the MB, the 

limiting step of the reaction should be investigate into the discharge of the electron 

mediator (MB) on the anode or the oxygen reduction reaction. 

 

7.6 Effect of methylene blue concentration on MFCs performance 

The concentration of the methylene blue affected the last stage of the 

electrochemical process in the anode compartment and the mediator is also 

involved in the diffusion in and out of the cell to be reduced by the NADH and 

oxidized by the electrode. In order to investigate the effects related to the presence 

of methylene blue as well as the concentration of the latter in the anode 

compartment five different experiments were carried out using different 

concentrations of MB in solution (Fig. 7.10A and 7.10B). To study the MFCs 

performance at their best operational condition the OCV and the power density 

were registered after 22 h and 46 h. 

 

 

A 
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Fig. 7.10. Comparison of (A) OCV and (B) power produced over time after 22 h of 

incubation in presence of different concentration of methylene blue in solution. 
 

The highest OCV was obtained by the lowest concentration of MB (0.55 V, MB 

0.05 mM), followed by the MFC with the highest concentration (0.52 V, MB 5.00 

mM), before the 1.00 mM (0.47 V) and 0.50 mM (0.42 V). In the absence of the 

mediator the performance of the MFC were just the 56% (0.29 V) of the MFC with 

0.05 mM of MB. These results confirmed that the exogenous mediators such as 

methylene blue are a necessity since Saccharomyces cerevisiae is not known to 

produce such mediators indigenously (Gunawardena et al., 2008). All of the MFCs 

showed decreasing performance over time and the OCV reached after 7 hours of 

measurent was comparable for all of the experiments with the mediator (0.40 ± 

0.01 V). The experment carried out in the absence of MB showed a decrease to 

0.22 V. 

The power generated in the presence of 0.05 mM of MB was the highest with 90 

µW and then 5.00 mM (81 µW), 1.00 mM (69 µW) and 0.50 mM (58 µW). In the 

absence of the mediator the power produced was 25 µW. At the end of the 

experiment the power produced by the MFCs in the presence of any mediator 

concentration was close and comparable (49 µW, 5.00 mM; 51 µW, 1.00 mM; 48 

B 
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µW, 0.50 mM; 55 µW, 0.05 mM), due to the establishment of a steady state, 

limited by the diffusion of the oxygen in the cathodic solution, indipendent from 

the concentration of MB. The power generated at the end of the experiment was 

higher compared to the setup without the mediator (14 µW). 

Waiting 46 hours after executing new experiments lowered the performance of 

the MFCs as previously observed (Fig. 7.11A and 7.11B). The maximum OCV 

(0.50 V) was observed by the MFC with the highest concentration of MB (5.00 

mM) while all the others MFCs in the presence of MB showed similar performance 

(0.42 V). The performance were most stable over time with a low decrease in the 

OCV after 7 hours (0.43 V, 5.00 mM; 0.40 V, 1.00 mM; 0.38 V, 0.50 mM; 0.41 V, 

0.05 mM). The MFC in the absence of MB showed stable and lower performance 

in respect to 22 h, with the OCV that decreased from 0.25 V to 0.18 V. The power 

produced by the MFC with the highest concentration of mediator of 5.00 mM was 

the highest (75 µW) and decreased to 60 µW after 420 minutes. In the absence of 

MB the initial power generated was 16 µW and decreased to 8 µW after 420 min. 

All the other MFCs showed stable power generation around 50 ± 6 µW for all of 

the experiment. 

 

 

A 
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Fig. 7.11. Comparison of (A) OCV and (B) power produced over time after 46 h of 

incubation in presence of different concentration of methylene blue in solution. 

 

Plotting the OCV and the maximum power registerd after 22 and 46 hours 

against the MB concentration (Fig. 7.12A and 7.12B) showed a strong influence of 

the mediator concentration on the performance of the cell. OCV and power 

produced were lower after 46 hours due to the depletion of oxygen in the cathodic 

compartment and of nutrients in the anodic compartment. Both OCV and power 

generated followed an hyperbolic model but the high variability of the oxygen 

concentration in the cathode compartment caused oscillations in the response of the 

MFC. 

 

B 
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Fig. 7.12. Comparison of (A) OCV and (B) power produced after 22 h and 46 h of 

incubation in presence of different concentration of methylene blue in solution. 

 

For these reasons, the output of the cell was evaluated using a more stable 

electron acceptor in the cathodic compartment. 

  

A 

B 
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Chapter 8 

8.1 Hydrogen peroxide as terminal electron acceptor in cathodic chamber 

In the previous experiments, the presence of oxygen in the cathodic chamber 

represented a limiting factor in the control of the electron acceptor concentration. 

On this basis, oxygen was replaced by hydrogen peroxide and the open circuit 

voltage and the power generated under different operative conditions of the MFCs 

were recorded. The overall reactions using hydrogen peroxide as electron acceptor 

changed as follow: 

 

MB
+
 + H

+
 +2 e

–
 → MBH    E0’(BM+/BMH) = + 0.01 V 

H2O2 + 2 H
+
 + 2 e

–
 → 2 H2O    E0’(H2O2/H2O) = + 1.76 V 

(I) MBH + ½ O2 + H
+
 → MB

+
 + H2O 

ΔE0’(II) = +1.75 V 

 

An increase in the theoretical OCV of the MFCs was observed, however, the 

aim of this thesis was to better understand the electron transfer mechanism in the 

anode compartment, rather than improving the power production of the cell, and 

the stabilization of the OCV and the power produced over time given by the 

presence of highly concentrated electron acceptor was fundamental in the study of 

the electron transfer mechanism (Logan, 2008). 

The operative conditions of the microbial fuel cells were chosen in order to have 

a similar behavior to that observed using oxygen as electron acceptor even if OCV 

and power in the presence of methylene blue 5.00 mM and glucose 5 g L
–1

 resulted 

higher in the presence of oxygen at the cathode (Fig. 8.1). 
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Fig. 8.1. MFC i–V polarization curve (IV) and power generated (P) using oxygen 

as electron acceptor in presence or absence of methylene blue (5.0 mM); and with 

hydrogen peroxide (4.41 molL
–1

)as electron acceptor in the presence of methylene 

blue (5.0 mM). 

 

Due to presence of the resistance, the power and voltage registered were 

considered as operational electricity. Using methylene blue as electron mediator in 

the anaerobic compartment of an yeast catalyzed MFC resulted in maximum power 

of 81 µW, the OCV was 0.52 V and the short circuit current (SCC) 870 µA. 

Replacing the terminal electron acceptor with hydrogen peroxide resulted in OCV 

of 0.42 V and the maximum power registered was 57 µW while the SCC dropped 

to 419 µA. Even though the reduced performance of the MFC using hydrogen 

peroxide as electron acceptor in the cathodic compartment, oxygen was replaced 

with hydrogen peroxide due to the more stability in terms of OCV, power and 

current generated over time (Rossi and Setti, 2016). The influence of the mediator 

concentration and electron acceptor concentration on battery output was 

investigated. Several concentrations of hydrogen peroxide (0 M; 0.2 M; 0.9 M and 

4.4 M in PB 25 mM pH 6) were evaluated at fixed methylene blue concentration 
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(5.0 mM). The results of the i–V curves after 22 hours of incubation, are shown in 

Fig. 8.2A and Fig. 8.2B in terms of OCV and power produced.  

 

 

 

Fig. 8.2. Comparison of (A) OCV and (B) power produced over time after 22 h of 

incubation in presence of different concentration of hydrogen peroxide in solution. 

 

The concentration of the hydrogen peroxide in the cathode compartment greatly 

affected the performance of the MFCs. As previously mentioned, the power output 

A 

B 
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and the OCV of the cells was more stable with a maximum slope of –6 · 10
–5

 

observed for the OCV with hydrogen peroxide at a concentration of 4.4 M and –1 · 

10
–2

 observed for the power produced by the MFCs with the same configuration 

but using oxygen as the electron acceptor. The initial OCV (0.42 V) and the power 

generated (57 µW) were lower than previously observed using oxygen as electron 

acceptor (0.52 V; 81 µW MB 5.00 mM – 22h). The MFC with the highest 

concentration of hydrogen peroxide (4.4 M) performed better (0.42 V; 57 µW) in 

terms of OCV and power produced, followed by the 0.9 M (0.42 V; 52 µW) and 

the 0.2 M (0.36 V; 35 µW). The MFC without the hydrogen peroxide produced the 

lowest OCV (0.13 V) and power (5 µW), the output in the absence of hydrogen 

peroxide was due to the reduction of water and hydrogen ions in the cathodic 

chamber since the oxygen was stripped by purging pure nitrogen into the solution 

for 22h prior to the analysis. After 46 hours the circuit was closed again to observe 

any changes in the performance of the MFCs related to the higher concentration of 

reduced methylene blue in the anode chamber (Fig. 8.3A and Fig. 8.3B). 

 

 

A 
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Fig. 8.3. Comparison of (A) OCV and (B) power produced over time after 46 h of 

incubation in presence of different concentration of hydrogen peroxide in solution. 

 

The MFCs performance were higher after 46 h of incubation, producing more 

power and showing higher OCVs due to the increased concentration of the reduced 

methylene blue in the anodic chamber. The OCV shifted from 0.42 V to 0.48 V 

while the power produced increased of the 51% from 57 µW to 86 µW in the 

presence of 4.4 M hydrogen peroxide. The MFC with 0.9 M hydrogen peroxide 

showed very stable OCV (0.41 V) and power (54 µW) similar to that observed after 

22 h while a final OCV of 0.42 V (17% increase) and power generated of 60 µW 

(70 % increase) was registered with hydrogen peroxide 0.2 M. The OCV and 

power increased also in the absence of hydrogen peroxide to 0.33 V and 34 µW. 

The OCV and the power registered after 22 h and 46 h followed an hyperbolic 

model, as shown by the panel in each figure, in respect to the hydrogen peroxide 

concentration evidencing a saturation of the cell response at the hydrogen peroxide 

concentration close to 0.9M. In order to determine if the saturation was due to the 

anode or cathode chamber, the concentration of the electroactive species in the 

anode compartment was increased increasing the lag phase until the complete 

discoloration of the aqueous solution, waiting for the methylene blue in reduced 

B 
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form. The results of polarization curves showed higher values of OCV and SCC 

when the lag phase was 46 h. Our findings demonstrated that the electrochemical 

reaction was limited by the anode chamber (Fig. 8.4A and Fig. 8.4B).  

 

 

 

Fig. 8.4. Comparison of (A) OCV and (B) power produced after 22 h and 46 h of 

incubation in presence of different concentration of hydrogen peroxide in solution. 
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However, these findings were not confirmed by the values of OCV and power 

generated at different concentration of mediator using hydrogen peroxide as 

electron acceptor in the cathodic chamber. The experiments were carried out at 

different concentrations of MB (0.01 mM, 0.05 mM, 0.50 mM and 5.00 mM) and 

the OCV and the maximum power produced from the polarization curves are 

reported in Fig. 8.5A and Fig. 8.5B. The electrochemical experiments were carried 

out after a variable lag phase led to the complete reduction of the methylene blue, 

this reaction could be followed by the discoloration of the aqueous solution, which 

is blue when the mediator is oxidized and colorless when reduced. 

 

 

A 
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Fig. 8.5. Comparison of (A) OCV and (B) power produced over time after 46 h of 

incubation in presence of different concentration of methylene blue in solution. 

 

The initial OCV registered by the MFC increased by increasing the mediator 

concentration. The reactor without MB produced 0.36 V and 0.38 V were 

registered in the presence of 0.01 mM of mediator, the other concentrations 

resulted in 0.42 V (0.05 mM), 0.44 V (0.50 mM) and 0.48 V (5.00 mM). The OCV 

decreased during the experiment and the largest drop (– 30%) was observed in the 

absence of the mediator to a final OCV of 0.26 V. The MFCs with MB in the 

anodic solution dropped of less than 10% and the final OCV were 0.36 V (0.01 

mM), 0.38 V (0.05 mM), 0.44 V (0.50 mM) and 0.47 V (5.00 mM). 

The power generated followed the same general trend of the OCV with a large 

gap in the initial power between the experiments without MB and with 0.01 mM 

and the three reactors with the higher MB concentration. The initial power 

produced was 47 µW in the absence of MB, 44 µW with 0.01 mM and shifted to 73 

µW (0.05 mM), 76 µW (0.50 mM) and 86 µW (5.00 mM). The decrease over time 

of the power was higher in the absence of mediator and the performance registered 

at the end of the experiment was 22 µW while 7 hours of polarization curves 

B 
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affected the final power generated by decreasing it to 36 µW (0.01 mM), 51 µW 

(0.05 mM), 62 µW (0.50 mM), 76 µW (5.00 mM). 

The performance of the MFCs after the complete reduction of the methylene 

blue as observed in Fig. 7.9 were correlated to the concentration of the mediator in 

solution, but not directly. The MFCs with the highest concentration of the mediator 

showed similar performance in respect to the MFCs with 0.50 mM and 0.05 mM of 

MB while has been observed a large gap between the MFCs with 0.01 mM and in 

the absence of MB. The initial point of each set of experiment was reported in Fig. 

8.6 and the proposed model followed by the values was validated in Fig. 8.7. 

 

 

Fig. 8.6. OCV and power generated by the MFCs at different times of starvation in 

the presence of different concentration of methylene blue in the anodic solution. 
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Fig. 8.7. Comparison of OCV
–1

 and power produced
–1

 over time at different times 

of starvation in respect to the inverse of the methylene blue concentration at which 

the values were achieved. 
 

The electrochemical experiments were started after the complete reduction of 

the methylene blue in anode chamber between 22 h and 46 h of lag phase. The 

OCV and the power produced followed an hyperbolic model showing a saturation 

of the cell response when the concentration of the mediator was higher than 0.01 

mM and the electrochemical reaction would be independent to the mediator 

concentration into the bulk of the aqueous solution in the range 0.05 mM – 5.00 

mM. These results were apparently in conflict with previous discoveries obtained 

by varying the concentration of the hydrogen peroxide. 

These findings demonstrates that the MFCs performance was limited not by the 

reduction reaction of the hydrogen peroxide, when the concentration of the latter 

was higher than 0.9 M, nor by the oxidation of the mediator when the methylene 

blue concentration was at least 0.05 mM nor by the reduction of the mediator 

operated by the yeast cells since the discoloration of the solution. The limiting step 

must be searched in the capability of the biocatalyst to address the mediator in the 
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reduced form to the electrode surface rather than on the ability of the MB to 

interact with the anode. 

The development of a diffusive regime in the anodic compartment was 

investigated by submerged the anode into the fermentation broth and register the 

polarization curves just after the complete reduction of the mediator, in order to 

outline if the anode reaction was limited by the diffusion of the reduced mediator 

on the electrode or by the adhesion of the cells on the anode. After different times 

of starvation the methylene blue was completely reduced and the anodic solution 

resulted discolored (Fig. 7.9), the electrode was then inserted in solution, the cell 

circuit was closed and the i–V curves were recorded (Fig. 8.8A and Fig. 8.8B). 

 

 

A 
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Fig. 8.8. Open circuit voltage (A) and power produced (B) carried out after the 

complete reduction of the methylene blue with the electrodes inserted only 30 min. 

before the first measurement (not incubated). 

 

All the MFCs showed similar behavior in the first polarization curve, the initial 

OCV was independent by the time of starvation and by the concentration of the 

mediator in solution. The MFCs with 5.00 mM and 0.50 mM of MB started from 

an OCV of 0.15 V while the lower concentration of mediator (0.05 mM) resulted in 

0.20 V. The experiment without MB in solution showed the highest initial OCV of 

0.23 V. The MFC in the presence of 5.00 mM of MB showed the largest increase in 

the open circuit voltage to the final 0.47 V registered after 7 hours from the initial 

measurement (+ 318%), the MFC with MB in the concentration of 0.50 mM 

increased of 247% to the final 0.38 V while the MFC in the presence of the lower 

MB concentration (0.05 mM) shifted from 0.20 V to 0.36 V with a 180% increase. 

In the absence of the MB the final OCV was just 22% higher (0.28 V) than the 

initial (0.23 V). The OCVs reached at the end of the experiment were comparable 

with the OCVs registered by the incubated electrode after 7 hours of measurements 

(MB 5.00 mM: 0.47 V; MB 0.50 mM: 0.44 V; MB 0.05 mM: 0.38 V; no MB: 0.26 

V). The slope of the plotted linear curve increased by increasing the concentration 

B 
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of the methylene blue in solution, from 9.0 · 10
–5

 (0.00 mM MB) to 2.0 · 10
–4

 (0.05 

mM MB), and then 3.0 · 10
–4

 (0.50 mM MB) and 6.0 · 10
–4

 (5.00 mM MB) (Fig. 

8.8A). 

The power generated by the MFCs in the presence of the different MB 

concentration started from a very close value of 8.2 ± 1.6 µW and then, as observed 

for the OCV, the increase in the power produced over time was related to the MB 

concentration in solution. The power produced at the end of the measurement in the 

presence of 5.00 mM of MB in solution was 63 µW, eight times higher than the 

initial one. The 0.50 mM MB MFC shifted to 42 µW, the 0.05 mM MB to 36 µW 

while without mediator the initial power was doubled in the final 19 µW. The final 

power produced was lower than that observed for the incubated experiment, due to 

a lower control on the surface area of the electrode caused by the necessity of insert 

the anode and close the compartment as quick as possible in order to limit the 

oxygen poisoning of the anode chamber. 

When the electrode was submerged into the anode chamber after the complete 

reduction of methylene blue by yeasts (not incubated electrode), OCV and power 

generated progressively increased until reaching a final steady performance similar 

to that obtained while maintaining the electrode submerged into the solution during 

the reduction step (incubated electrode) (Fig. 8.8A and Fig. 8.8B  and Fig. 7.9). 

These results suggested a diffusive regime dependent by the migration of the yeast 

instead of the methylene blue onto the electrode surface. The diffusive regime 

outlined that the electron transfer depended more on the adhesion of the cells on the 

surface of the electrode than by the diffusion of the reduced mediator on the 

electrode. Increasing the methylene blue concentration showed a nonlinear trend in 

respect to the values of OCV and PD. This behavior could be explained by a stable 

microenvironment on the surface of the anode, due to the saturation of the electrode 

by the cells. The electron transfer mechanism should therefore be dependent on the 

capability of the yeast to address on the electrode. When the electrode was not 
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incubated in the anodic chamber during the methylene blue reduction, the current 

density reached its maximum after 100 min with respect to immediate response 

obtained by the incubated electrode. Today, the activity of methylene blue is 

known to mediate the electron transfer between cells and electrode (Gunawardena 

et al., 2008); however, our findings demonstrated that the limiting factor is 

probably due to the cells adhesion on the electrode surface. 

  



Chapter 9 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

79 

 

Chapter 9 

9.1 Yeast immobilization on a functionalized anode 

The performance of an MFC was strictly related to the adsorption of the yeast 

cells on the electrode surface and the most part of the power produced was related 

to the cells adhering on the anode. For this reason, it has been developed a novel 

immobilization technique in order to ensure the maximum concentration of cells 

onto the electrode surface and limit the consumption of the carbon source from the 

microbes not involved in the electrochemical reaction. The microorganisms have 

been attached to the electrode using an inoculum dispersed in a viscous glucose 

paste, ensuring bacteriostatic effect on the yeast cells as well as a prevention to an 

external microbial contamination. The electrode was firstly covered by a glucose 

paste containing the inoculum and then dried under a sterile fume hood. Then, the 

functionalized electrode was dip–coated into a cellulose acetate solution, dried 

again and stored into a growth medium. The cellulose acetate membrane hindered 

the diffusion of the cells from the electrode but permitted the diffusion of the 

nutrients ensuring the replication of the cells between the electrode and the 

membrane. The glucose paste protects the cells from the contact of the very toxic 

cellulose acetate solution (Acetone/THF 60/40), ensures the adhesion of the cells to 

the electrode and creates a space between the external membrane and the electrode 

suitable for the growth of the colonies (Fig. 9.1). 
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Fig. 9.1. Phases of the electrode preparation; (1) bare electrode, (2) glucose paste 

with the inoculum adherent on the electrode; (3) cells dispersed in the glucose 

matrix encapsulated into the cellulose acetate membrane before the cultivation (4) 

electrode at the end of the cultivation phase. The proportions are not exact and 

number of cells is arbitrary. 

 

The growth of Saccharomyces cerevisiae was tested using a functionalized 

electrode suspended in yeast–extract, peptone, dextrose (YPD) solution, the 

electrode was just covered by the glucose paste containing the inoculum and not 

encapsulated into the cellulose acetate membrane to better examine the effect of the 

glucose paste on the cells. The growth curve of the free yeasts showed a 

logarithmic trend in the first 18 h reaching a stationary phase after 42 h (Fig. 9.2). 

 

Graphite electrode 

Yeast cells 

Yeast cells dispersed in the glucose matrix 

Cellulose acetate membrane 

1    2      3        4 
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Fig. 9.2. Growth curve of yeast cells in YPD medium after deposition of the 

inoculum onto the electrode surface. The solution were diluted 1:10. 

 

The increase in the turbidity of the solution demonstrated that the glucose paste 

did not limit the yeast growth. The capability of the cells, immobilized on the 

functionalized electrode by the cellulose membrane, to degrade the carbon source 

present outside the membrane was evaluated by the consumption of the glucose in 

phosphate buffer solution (Fig. 9.3). 
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Fig. 9.3. Glucose consumption by the yeast cells encapsulated on the electrode 

surface by the cellulose membrane in a glucose solution changed each 24 hours. 

 

The electrode was tested in three different glucose solutions, one after the other. 

The results in Fig. 9.3 showed a stable glucose consumption for all of the 

immersions demonstrating that the cellulose acetate membrane was permeable to 

the glucose as well as the immobilization technique did not inhibit the yeast. 

Furthermore, the largest amount of the cells was immobilized on the electrode as it 

was showed by the scarce release of free yeast after the extraction of the electrode 

from the glucose solution. However, the reproducibility of the process could not be 

exactly addressed, as observable by the large error bars after 24, 48 and 72 hours of 

measurements. The variability of the system was caused by some differences in the 

amount of cells on the electrode, related to the free space between the membrane 

and the electrode, by the roughness of the electrode itself and by the consequently 

diversity of the membrane area. 

The cultivation phase of the electrode was electrochemically followed by 

registering cyclic voltammetry after different times of starvation in the growth 

medium in order to evaluate the electrochemical variations caused by the 

colonization of the electrode surface (Fig. 9.4). 
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Fig. 9.4. Cyclic voltammetry of the functionalized electrode registered 0 h, 4 h and 

24 h after the immersion in the growth medium. 

 

The cultivation time affected the cyclic voltammetry by increasing the 

capacitive current due to the increased number of cells on the electrode surface. 

The differences between the CVs registered after 0 h and 4 h of cultivation were 

caused by the diffusion resistance due to the cellulose acetate membrane. The large 

peak at 0.95 V was related to electroactive species present in the growth medium 

but was comparable between the CV at 4 h and 24 h. No other peaks were 

observed. 

A parallel experiment was conducted on the functionalized electrode cultivated in a 

growth medium amended with MB 0.5 mM (Fig. 9.5). 



Chapter 9 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

84 

 

 

Fig. 9.5. Cyclic voltammetry of the functionalized electrode registered 0 h, 4 h and 

24 h after the immersion in the growth medium amended with 0.5 mM of 

methylene blue. 

 

The CV registered at 0 h did not shows the peaks of the methylene blue due to 

the diffusion resistance caused by the membrane to the passage of the mediator. 

After 4 h the diffusion of the methylene blue through the membrane and its 

interaction with the electrode caused the oxidation and reduction peaks (oxidation: 

1.7 µA; reduction: 2.0 µA) (Fig. 9.5). However, after 24 h, all of the MB in 

solution was reduced and the solution was discolored (Fig. 7.9), the CV registered 

after 24 h showed lower oxidation and reduction peaks (oxidation: 0.4 µA; 

reduction: 1.3 µA) by the MB. The reduction of the MB by the yeast cells caused 

the sequestration of the mediator. 

The functionalized electrodes were tested also in the MFCs by polarization 

curves using hydrogen peroxide (4.41 mol L
–1

) as electron acceptor in acidified 

aqueous solution (PB 25 mM pH 6) at the cathode chamber, with and without 

methylene blue as electron mediator in the anode chamber. The experiment was 

performed in both open and closed circuit configurations under different loads (Fig. 

9.6). 
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Fig. 9.6. Values of OCV and P recorded by a functionalized and immobilized 

electrode in the presence (red) or absence (blue) of the electron mediator methylene 

blue (MB). After 180 min. the electrode was extracted and substituted with a clean 

one. 

 

Open circuit voltage and power produced determined in the presence of 

methylene blue in anaerobic conditions in the anodic compartment were 

respectively 0.36 V and 33 µW while, in the absence of mediator, OCV and P 

resulted in 0.13 V and 4.6 µW. These results confirmed that an exogenous mediator 

enhanced the electron transfer on the electrode surface (Rossi et al., 2015). After 

180 min, the functionalized and immobilized electrode was removed and 

substituted with a cleaned graphite electrode. In the absence of the methylene blue 

the power and the OCV collapsed to 47 mV and the P to 0.13 µW. The 

performance were stable over the entire the experiment with a final value of OCV 

of 57 mV and P of 0.18 µW. In the presence of the mediator, after the initial 

decrease, OCV and P began to rise up to 0.23 V and 6.8 µW (Fig. 9.6). The 

different behavior was due to the presence of a residual community of yeast, 

detached from the electrode, that moved himself to the clean electrode surface (Fig. 

9.7), with a behavior similar to that observed in Fig. 8.8A and Fig. 8.8B. 
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Fig. 9.7. Picture of the anodic chamber showing cells on the surface of the clean 

electrode at the end of the experiment. 

 

At the end of the experiment in the presence of the mediator the concentration of 

the methylene blue in the anode chamber was determined spectrophotometrically 

and although the initial concentration of 0.5 mmol L
–1

, the final resulted in 12.5 

µmol L
–1

, 2.5% of the initial concentration. Our findings demonstrated that the 

largest part of methylene blue was enclosed between membrane and electrode. 

On this basis, a similar experiment was conducted replacing the functionalized 

and immobilized electrode (WE) with a clean graphite electrode covered with 

cellulose acetate membrane in the absence of the yeast cells (Fig. 9.8). 
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Fig. 9.8. Values of OCV and P recorded by a functionalized and immobilized 

working electrode (WE) in presence of the electron mediator methylene blue. After 

180 min. the working electrode was extracted and substituted with a clean one 

(blue) or with a clean graphite electrode covered with cellulose acetate membrane 

without yeast cells (red). 

 

The OCVs at 0 mins of the two MFCs were similar (0.41 V and 0.36 V) but the 

differences in the power produced over time in the first 180 min showed a large 

variability (54 µW and 33 µW) between the electrodes caused by some differences 

in the amount of cells on the electrode, related to the free space between the 

membrane and the electrode, by the roughness of the electrode and by the 

consequently diversity of the membrane area. 

The substitution of the electrode after 180 min caused the drop in both OCV and 

power produced but replacing the anode with a new, not covered graphite electrode 

permitted to produce a small amount of voltage and power by the colonies of cell 

detached from the external side of the membrane. Replacing the functionalized 

anode with a new graphite electrode, covered with the cellulose membrane but not 

functionalized with the yeast cells hindered the interaction between the free cells 

and the new electrode but at the same time permitted the diffusion of the mediator 

to the electrode surface. Thus, only preventing the cells to reach the anode caused 
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the lack of the electron transfer after the electrode replacement. This means that the 

methylene blue expressed its electron transfer enhancing activity inside of the cells 

and not as a shuttle across the external membrane. 

The MFCs output was directly correlated to the number of cells on the electrode 

surface, for this reason, it was studied the relation between the time of cultivation 

and the power produced and the voltage measured by the MFCs. The 

functionalized electrode was cultivated in the raw growth medium or amended with 

methylene blue. Every 24 h the electrode were extracted from the medium, tested 

in an MFC using hydrogen peroxide as electron acceptor in the cathode chamber 

and then a cyclic voltammetry was registered. The output of the MFCs was 

strongly affected by the incubation time of the electrode (Fig. 9.9) 

 

 

Fig. 9.9. OCV and P registered over time of an MFC using the functionalized 

electrode as the anode cultivated in the presence (blue) or absence (red) of MB. 

 

The initial OCV produced by the MFCs was under 0.1 V for both the 

experiments and very close between the two electrodes but after 24 h the voltage 

produced by the anode cultivated in the medium amended with MB was 0.16 ± 

0.05 V and grew again to 0.27 ± 0.04 V after 52 h to the final 0.34 ± 0.01 V, 



Chapter 9 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

89 

 

reached after 76 h of incubation. In the absence of the mediator the increase in the 

OCV over time was smaller and only after 52 h the voltage at open circuit grew 

over 0.1 V to 0.15 ± 0.03 V and after 76 h was 0.24 ± 0.03 V. 

The power produced by the two anodes was comparable in the first 28 h before 

the large increase observed in the anode cultivated with MB: the maximum power 

produced after 52 h was 20 ± 4 µW and 30 ± 3 µW after 72 h. The functionalized 

electrode cultivated in the absence of mediator showed a more linear trend 

producing 5 ± 2 µW at 52 h and 12 ± 3 µW after 76 h. The cells cultivated in the 

presence of methylene blue performed better in respect to the cells cultivated in the 

absence of the mediator, showing increasing performance while the cultivation 

time increased. 

In order to evaluate the presence of oxidation/reduction peaks related to the 

growth of the cells, a cyclic voltammetry was registered every 24 h. The CVs were 

recorded in PB 0.1 M (pH 7.8) and glucose 5 g L
–1

 after the polarization tests (Fig. 

9.10A and Fig. 9.10B). 

 

 

 

A 
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Fig. 9.10. Cyclic voltammetry of the functionalized electrode registered 4 h and 76 

h after the immersion in the (A) growth medium or in growth medium amended 

with 0.5 mM of methylene blue. 

 

Both the CVs showed an increase in the capacitive current in the range –1 / 0 V 

vs Ag/AgCl due to the growth of the cells on the anode surface. Unknown peaks 

around 0 V, shifted in respect to the peaks of the MB (Fig. 3), was observed 

particularly in the last CV. Further analysis are requested to identify the nature of 

this peak and evaluate if it is related to the development of a direct electron transfer 

through trans Plasma Membrane Electron Transfer (tPMET) between the cells and 

the electrode. 

  

B 
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Chapter 10 

10.1 Direct electron transfer by S. cerevisiae 

The exoelectrogenic bacteria are the most employed microorganisms in MFCs, 

due to the high Coulombic efficiency, the versatility and the intrinsic ability to 

form electrochemically active communities (Logan, 2009). The exoelectrogenic 

bacteria on the anode can directly oxidize the organic matter in solution and release 

the electrons to the anode trough specific cytochromes on their outer membrane. 

These cytochromes derived from the evolution of metal–reductase enzymes, used 

by the microorganisms, in the absence of oxygen, to transfer the electrons 

accumulated trough the oxidation of carbon sources, to an external electron 

acceptor (Holmes et al., 2006, Gorby et al., 2006, Hubenova and Mitov, 2015). 

However, the metal–reductase was a common system in the nature domains 

(Schröder, 2007, Shena et al., 2017), due to the necessity of the microorganism to 

use the solid minerals in the environment not only as acceptor of electrons for 

dissimilatory metal reduction but also as nutrients, in the proper oxidation state, in 

assimilatory metal reduction (Eide, 1998). For these reasons, the large part of the 

microorganisms, including yeasts such as Saccharomyces cerevisiae, possess 

several metal–reductase enzymes, and use them to reduce external metals and 

transport them into the cell, thus, the reduction system is accompanied by a 

transport system (Eide, 1998). Saccharomyces cerevisiae has two different 

transport systems for elemental iron, a low–affinity system and a high–affinity 

system (Schröder et al., 2003). The low–affinity system, defined by the Fet4 gene, 

could transports different kind of metals, such as manganese and cadmium, into the 

cells across the external membrane. The high affinity system is mediated through 

an high affinity ferroxidase/permease complex (Fet3/Ftr1), based on two different 

steps: the first one is the reduction of the complexed ferric iron to the ferrous state 

by a plasma membrane–bound ferric reductase, and the second is the transport of 
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the not–complexed, relatively soluble, ferrous iron by two independent transport 

systems (Dancis et al., 1992, Georgatsou and Alexandraki, 1994). 

The present work shows that the ferric reductase activity and the direct electron 

transfer to an external electrode in the anode compartment of an MFC by S. 

cerevisiae cells are closely parallel. To examine the ability to reduce iron III and 

the effect on this reaction of the presence of mediator such as methylene blue, S. 

cerevisiae was incubated with glucose as the only carbon source using iron(III)–

EDTA as electron acceptor (Ramalho et al., 2005). To evaluate the contribution of 

the ferric–reductase complex in the iron–reduction reaction, the enzyme was 

inhibited with carbonyl cyanide m–chlorophenyl hydrazine (CCCP). S. cerevisiae 

was then employed as biocatalyst in the anode chamber of an MFC and we 

demonstrated the involvement of the ferric–reductase complex in the current 

produced in mediatorless MFC. Our results will be relevant for biotechnological 

applications of this activity and also for a broader understanding of the electron 

transfer mechanism activities associated with the yeast plasma membrane redox 

system. 

 

10.2 Iron III reduction by Saccharomyces cerevisiae 

The yeast S. cerevisiae reduced the iron(III), in solution as iron(III)–EDTA 

complex (Fig. 10.1). The concentration of the iron(III) reduced in the first 8 h 

increased from 0.2 ± 0.1 mg L
–1

 to 0.5 ± 0.3 mg L
–1

, and grew again reaching 0.7 ± 

0.3 mg L
–1

 after 30 h. The presence of methylene blue as electron mediator 

promotes the reaction by increasing the amount of iron reduced during the entire 

experiment, reaching 1.2 ± 0.5 mg L
–1

 after 8 h from the initial 0.3 ± 0.2 mg L
–1

 

and achieved the maximum concentration of 1.3 ± 0.1 mg L
–1

 after 22 h, doubling 

the concentration obtained in the absence of MB. After 26 h and 30 h the 

concentration of iron decreased, probably due to the contamination of the reactors 
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by residual oxygen. The plateau observed after 8 h was due to the substrate 

depletion (Rossi and Setti, 2016). 

 

 

Fig. 10.1. Iron II concentration reduced by S. cerevisiae free cells with glucose as 

the only carbon source in raw PB (red), or PB amended with (blue) methylene blue 

in solution. 

 

The presence in solution of carbonyl cyanide m–chlorophenyl hydrazine 

(CCCP), caused a large drop in the iron reduced by the cells (Fig. 10.2). CCCP is 

an uncoupler of the proton gradient that is normally established during the activity 

of electron carriers in the electron transport chain. The inhibitor did not modify the 

viability of the yeasts (Reid and Schatz, 1982). The activity of CCCP as an iron 

reductase inhibitor in yeast cells has been previously well documented (Schröder et 

al., 2003, Sasaki et al., 1998, Lesuisse and Labbe, 1994). In the absence of MB the 

iron concentration was 0.1 ± 0.2 mg L
–1

 at 0 h and reached 0.3 ± 0.1 mg L
–1

 after 

30 h of incubation, less than a half of the iron reduced without inhibition. The 

inhibitor hampered the electron transfer also in the presence of methylene blue and 

the iron reduced increased from 0.2 ± 0.3 mg L
–1

 at 0 h to the maximum 0.5 ± 0.2 
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mg L
–1

, registered at 22 h, 62% less of the concentration observed without 

inhibition. The final iron II concentration was 0.4 ± 0.1 mg L
–1

, at the end of the 

experiment (30h). 

 

 

Fig. 10.2. Iron II concentration reduced by S. cerevisiae free cells with glucose as 

the only carbon source in raw PB (red), or PB amended with (blue) methylene blue 

in the presence of CCCP as inhibitor of the iron reductase. 

 

10.3 Voltage and power production in a S. cerevisiae catalyzed fuel cell by Ferric 

reductase enzymatic complex 

Parallel experiments were conducted using a graphite electrode instead of the 

iron complex as electron acceptor in the anode compartment of an MFC. The OCV 

was registered for the first 30 h (Fig. 10.3A and Fig. 10.3B) and then a polarization 

curve was recorded on each MFC, in the presence or absence of MB and CCCP 

(Fig. 10.4). 
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Fig. 10.3. OCV registered for 30 h in MFCs (A) in the presence or absence of 

methylene blue and (B) in presence or absence of MB with CCCP as inhibitor of 

the iron reductase. 

 

The OCV of the MFCs in the presence or absence of MB started from similar 

voltage at 0 h (with MB: –0.02 ± 0.2 V; without MB: –0.1 ± 0.1 V) with a large 

variability particularly in the MFC with the mediator due to small differences in the 

initial content of oxygen of the anodic solution. After 15 h the OCV in the presence 

of MB reached a plateau over 0.5 V and maintained this value to the final OCV of 

A 

B 
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0.56 ± 0.02 V registered after 30 h. The OCV in the absence of MB showed less 

variability in the initial part of the experiment and continuously grew to the final 

0.26 ± 0.04 V, registered after 30 h. 

The presence in solution of the inhibitor affected the OCV of the MFCs. The 

initial OCV in the solution amended with MB was –0.09 ± 0.28 V and again grew 

to a steady OCV after 15 h and then reached 0.549 ± 0.005 V after 30 h. Without 

the mediator the initial OCV was –0.27 ± 0.04 V and the final was 0.14 ± 0.02 V, 

50% less than the value obtained by the MFCs without the CCCP in solution. 

After the OCV measurements, the MFC circuit was closed and a polarization 

curve was registered (Fig. 36). In order to evaluate the effect of the scan speed on 

the polarization curve and the contribute of the capacitance of the cells to the MFCs 

output (Logan, 2012), the experiment was conducted at two different scan speed 

(0.1 mV s
–1

 and 1.0 mV s
–1

). 

 

 

A B 



Chapter 10 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

97 

 

 

Fig. 10.4. Polarization and power density curves registered in presence and absence 

of methylene blue (MB) and CCCP at different scan speed (A, B 0.1 mVs
–1

) (C, D 

1.0 mVs
–1

). 

 

The polarization curves showed the effect of the CCCP on the voltage and 

power produced by an MFC. In the curves registered at a scan speed of 0.1 mV s
–1

 

the maximum power density produced was 2.01 mW m
–2

 but adding the iron 

reductase inhibitor to the solution resulted in 0.96 mW m
–2

, more than 50% less of 

the initial value. Moreover, all of the parameters of the MFCs were affected by the 

inhibitor, with the OCV that drop from 0.11 V to 0.06 V and short circuit current, 

that decreased from 0.38 A m
–2

 to 0.22 mA m
–2

. Methylene blue drastically 

improved the performance of the MFC and the power density increased of more 

than 600% due to the addition of the mediator while the reduced iron was increased 

of just 200% in respect to the experiment without the MB in solution. The CCCP 

showed a negligible effect on the MFC with the anodic solution amended with MB: 

maximum power density generated (PD), OCV and short circuit current (SCC) 

were exactly the same (PD: 12.5 mW m
–2

; OCV: 0.32 V; SCC: 1.1 mA m
–2

). 

The polarization curves registered at an higher scan speed (1.0 mV s
–1

) showed 

higher performance (Logan, 2012) and without any mediator the maximum power 

density produced was 15.3 mW m
–2

, fivefold the previous results using complex 

C D 
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medium in the anode compartment (Sayed et al., 2012). With CCCP in solution the 

power generated was 4.49 mW m
–2

, a drop was observed also in the OCV, from 

0.20 V to 0.12 V, and in the SCC, that decrease from 0.57 A m
–2

 to 0.27 A m
–2

. 

The presence of the mediator in solution prevented similar effects in the MFCs 

with the inhibitor and the curves showed similar parameters: the maximum power 

density decrease due to the presence of the CCCP just from 46.7 mW m
–2

 to 43.8 

mW m
–2

. The OCV was comparable, 0.36 V without CCCP and 0.35 V with the 

inhibitor and the SCC was 1.1 A m
–2

 for both the experiments. 

These results evidenced the exoelectrogenicity of the yeast Saccharomyces 

cerevisiae, in fact, the yeast cells was able to reduce an external solid electrode 

trough the iron reductase, a membrane enzyme commonly used for the reduction of 

iron based minerals. The presence in solution of the MB as electron mediator 

overcame the inhibiting effect of the CCCP, by using different channels for the 

reduction of the electrode. 
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Conclusions 

Microbial fuel cells (MFCs) could potentially solve the problem of the disposal 

of organic rich wastewaters, by lowering the COD and contemporary producing 

electric energy. Different wastewaters require different MFC configurations, and 

the S. cerevisiae catalyzed MFC developed in this dissertation could be used in the 

many biotechnological processes of the food industry based on this microoganism. 

The NADH stored into the cells was easily oxidized by an electron mediator 

such as the methylene blue and a conductive electrode accepted the electrons 

derived from this reaction. It was demonstrated that more the reduced methylene 

blue, more the electrical output of the cell, however, the efficiency of the overall 

reaction was limited by the poor kinetics of the oxidation of the reduced methylene 

blue at the anode and the slow oxygen reduction reaction. 

The concentration of glucose did not affect the kinetic of the reduction of 

methylene blue and the yeast cells, using their reservoir of glycogen, were able to 

reduce the mediator also in the absence of an external carbon source. The glucose 

in the medium was consumed for the continuous reduction of methylene blue, also 

after several hours of incubation. 

Methylene blue worked as an electron shuttle, entering into the cells, accepting 

the electrons and then discharging these electrons to an external electrode after the 

diffusion through the cellular membrane. The presence of an exogenous redox 

molecule into the cells affected the metabolic pathways causing different patterns 

of the end–products of fermentation by altering the NADH/NAD
+
 ratio. 

The performance of the MFC was initially tested using glucose, methylene blue 

and yeast cells, showing negligible effect of each component in the absence of the 

biocatalyst on the power output. The presence of methylene blue increased the 

power produced from 5 µW to 65 µW in the initial stage of the experiment while 

the performance of the MFC in the presence or in the absence of MB converged to 

50 ± 1 µW and 0.41 ± 0.01 V. Glucose in three different concentration (0 g L
–1

, 10 
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g L
–1

, 100 g L
–1

) did not largely affected the electrochemical output of the MFCs 

on a 22 h (96 µW, 0 g/L; 81 µW, 10 g/L; 65 µW, 100 g/L) or 46 h (63 µW, 0 g/L; 

75 µW, 10 g/L; 87 µW, 100 g/L) incubation time. Increasing the methylene blue 

concentration from 0.0 mM to 5.0 mM increased the power produced from 25 µW 

to 81 µW after 22 h and from 18 µW to 75 µW after 46 h of operation but the high 

variability of the oxygen concentration in the cathode compartment caused 

oscillations in the response of the MFC. 

Replacing oxygen as electron acceptor in the cathodic chamber with hydrogen 

peroxide stabilized the MFC output in terms of OCV, power and current generated 

over time. Increasing the concentration of hydrogen peroxide from 0.0 M to 4.4 M 

increased the power produced by the MFC of more than ten times from 5 µW to 57 

µW after 22 h and from 34 µW to 86 µW after 46 h. The hyperbolic model 

obtained suggested that the electrochemical process was limited by the anodic 

reaction when the concentration of hydrogen peroxide was higher than 0.9 M. 

However, these findings were not confirmed by the OCV and power generated at 

different concentration of mediator using hydrogen peroxide as electron acceptor in 

the cathodic chamber. OCV and power produced followed an hyperbolic model in 

respect to the methylene blue concentration showing a saturation of the cell output 

when the concentration of the mediator was higher than 0.01 mM while the 

electrochemical reaction would be independent to the mediator concentration into 

the bulk of the aqueous solution in the range 0.05 mM – 5.00 mM. Our findings 

suggested that the MFCs performance was limited not by the reduction reaction of 

the hydrogen peroxide, when the concentration of the latter was higher than 0.9 M, 

nor by the oxidation of the mediator when the methylene blue concentration was at 

least 0.05 mM nor by the reduction of the latter operated by the yeast cells since the 

discoloration of the solution. The limiting step was identified in the capability of 

the biocatalyst to address the mediator in the reduced form to the electrode surface. 
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The development of a diffusive regime in the anodic compartment was 

confirmed by the results obtained by the incubated and not incubated electrode. All 

the MFCs with the not incubated electrode showed similar behavior in the first 

polarization curve, the initial power generated was independent by the time of 

starvation and by the concentration of the mediator in solution. The power 

generated by the MFCs in the presence of the different MB concentrations started 

from a very close value of 8.2 ± 1.6 µW and then, as observed for the OCV, the 

power produced increased over the incubation time, in strictly relation to the 

concentration of mediator in solution. The power produced at the end of the 

measurement in the presence of 5.00 mM of MB in solution was 63 µW, eight 

times higher than the initial one. The 0.50 mM MB MFC shifted to 42 µW, the 

0.05 mM MB to 36 µW while without mediator the initial power was doubled in 

the final 19 µW. Our results evidenced a diffusive regime dependent by the 

migration of the yeast instead of the methylene blue onto the electrode surface. The 

diffusive regime outlined that the electron transfer depended more on the adhesion 

of the cells on the surface of the electrode than by the diffusion of the reduced 

mediator on the electrode. 

We developed a novel immobilization technique in order to ensure the 

maximum concentration of cells onto the electrode surface and limit the 

consumption of the carbon source from the microbes not involved in the electron 

transfer. The cells immobilized between electrode and membrane grew forming 

colonies directly on the electrode surface but still maintaining their abilities to 

consume glucose in the medium. 

The functionalized electrodes were tested in MFCs both in the presence or in the 

absence of methylene blue, showing greater performance with the mediator and 

through spectrophotometric analysis we discovered that the reduction of the MB by 

the yeast cells caused the sequestration of the mediator from the solution. Thus, 

methylene blue expressed its electron transfer enhancing activity inside of the cells 
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and not as a shuttle across the external membrane. The presence of unknown peaks 

in the cyclic voltammetry after 76 h of growth were referred to the presence of 

trans plasma membrane electron transport (tPMET) system. 

The ferric reductase activity and the direct electron transfer to an external 

electrode in the anode compartment of an MFC by the S. cerevisiae cells are 

closely parallel. S. cerevisiae reduced iron(III)–EDTA through the iron reductase 

enzyme to a maximum of 0.7 ± 0.3 mg L
–1

 after 30 h. The presence in solution of 

an electron mediator such as methylene blue increased the maximum iron (II) 

concentration of 216% to 1.3 ± 0.1 mg L
–1

 after 22 h. Inhibiting the iron–reductase 

activity with an uncoupler such as CCCP dropped the iron (II) concentration in the 

presence of MB of 62% to 0.5 ± 0.2 mg L
–1

, registered at 22 h, and of 42% in the 

absence of the mediator to 0.4 ± 0.1 mg L
–1

, observed after 30 h of incubation. 

After 30 h the performance of the MFCs were stable and the polarization tests 

revealed the involvement of the ferric–reductase in the direct electron transfer of 

the S. cerevisiae catalyzed MFC. At the highest scan speed the inhibition of the 

enzymatic complex caused a decrease of 70% of the maximum power density 

(from 15.3 mW m
–2

 to 4.49 mW m
–2

). Although the presence in solution of the 

mediator drastically improved the performance of the cell, the inhibition of the 

ferric–reductase caused a drop in the maximum power density of 7%, from 46.7 

mW m
–2

 to 43.8 mW m
–2

. These results showed the participation of an externally 

directed plasma membrane redox system in S. cerevisiae in the electron transfer 

mechanism of an MFC. 
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Appendix A 

During the last year of my Ph. D., I’ve spent six months at the Pennsylvania 

State University (PSU), under the supervision of prof. Bruce E. Logan, working on 

microbial fuel cell. Here are the results of the experiments conducted during that 

period. Part of these experiment has been published into the peer–reviewed journal 

Bioresource Technology. 

 

Assessment of a metal–organic framework catalyst in air cathode microbial 

fuel cells over time with different buffers and solutions 

 

Abstract 

Activated carbon (AC) cathode performance is enhanced by using a metal–

organic framework (MOF) but longevity needs to be considered in the presence of 

metal chelators or ligands, such as phosphate, commonly present in wastewaters. 

MOF catalysts on AC initially produced 2.78 ± 0.08 W m
–2

, but power decreased 

by 26% after eight weeks in MFCs using a 50 mM phosphate buffer (PBS) and 

acetate due to decreased cathode performance. However, power was still 41% 

larger than that of the control AC (no MOF). Power generation using domestic 

wastewater was initially 0.73 ± 0.01 W m
–2

, and decreased by 21% over eight 

weeks, with final power 53% larger than previous reports, although changes in 

wastewater composition were a factor in performance. Adding phosphate salts, 

EDTA or TWEEN 80 to the wastewater did not affect the catalyst performance 

over time. While MOF catalysts are therefore initially adversely affected by 

chelators, performance remains enhanced compared to plain AC. 
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Introduction 

In this study, the longevity of MOF catalyst added onto AC (Fe–N–C/AC) and 

plain AC cathodes (control) were examined over eight weeks using acetate and two 

different buffers, or domestic wastewater. One concern with using a phosphate as a 

buffer, or with wastewater, is that phosphate in these solutions could cause the 

deactivation of the catalytic activity of iron through the formation of iron–

phosphate complexes or through precipitation of salts on the catalyst. To examine 

the potential impact of phosphate on iron, the performance of MFCs over time with 

an inorganic phosphate buffer solution (PBS) was compared to that obtained using 

an organic buffer (piperazine–N,N′–bis(2–ethanesulfonic acid, PIPES) that did not 

contain phosphate. In addition, MFCs were also examined using domestic 

wastewater, which contain a complex organic matter as the fuel and inorganic and 

organic forms of phosphorus. Additional experiments were conducted with 

phosphate salts added to the wastewater to evaluate if the presence of higher 

concentrations of inorganic phosphorus would affect power generation over time. 

The effect of adding EDTA as not phosphoric ligand was evaluated in MFCs using 

wastewater and parallel experiments were conducted using wastewater amended 

with TWEEN 80, to evaluate if the addition of a non-ionic surfactant could help 

keeping clean the solution side of the cathode surface. Wen et al. (2011) reported 

higher performance of MFCs after the addition of TWEEN 80 to the anodic 

solution (Wen et al., 2011). 

 

Materials and methods 

Catalyst synthesis and cathode fabrication 

Cathodes with the Fe–N–C/AC catalyst were synthetized as previously 

described (Yang and Logan, 2016). Briefly, 6 g of AC powder (Norit SX plus, 

Norit Americas Inc.,TX) was dispersed in water containing 1 g of iron chloride 

(anhydrous, Sigma Aldrich, USA) and 1 g of 1,10–phenanthroline (Sigma Aldrich, 
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USA) at 60 °C. The mixture was stirred until dryness under a fume hood at 60 °C, 

and then pyrolyzed at 800 °C for 15 min in an N2 atmosphere. The resulting 

powder was dispersed in 10 mM hydrochloric acid (HCl), filtered, and dried at 

room temperature for 48 h. AC–based cathodes were fabricated by placing the 

catalyst layer between stainless steel mesh (42 mesh size, type 304, McMaster–

Carr, USA) and the hydrophobic PVDF membrane diffusion layer (0.45 µm, 

MILLIPORE, USA). The material was then rinsed with ethanol, pressed at 3 × 10
7
 

Pa for at least 15 s at 60 °C (Model 4388, CARVER, INC., USA), and dried in a 

fume hood at room temperature. The AC catalyst layer was prepared by mixing and 

then drying 6 g of the AC catalyst and 0.67 mL of a 60% PTFE 

(polytetrafluoroethylene) emulsion (Sigma Aldrich, USA) in ethanol on a hot plate 

at 60 °C. 

 

MFC construction and operation 

MFCs were single–chamber, cubic reactors constructed from a polycarbonate 

block 4 cm in length, with an inside cylindrical chamber having a diameter of 3 cm 

(Zhang et al., 2011). The anodes were graphite fiber brushes (2.5 cm in both 

diameter and length), heat treated at 450 °C in air for 30 min, and placed 

horizontally in the middle of MFC chambers (Logan et al., 2007, Vargas et al., 

2013, Shi et al., 2012). Anodes were fully pre–acclimated in MFCs for over four 

months at a fixed external resistance of 1000 Ω, at a constant temperature (30 °C). 

The medium contained 1 g L
–1

 sodium acetate dissolved in 50 mM PBS (Na2HPO4, 

4.58 g L
–1

; NaH2PO4 · H2O, 2.45 g L
–1

; NH4Cl, 0.31 g L
–1

; KCl, 0.13 g L
–1

; pH 

7.0; conductivity of σ = 6.2 mS cm
–1

) or a PIPES buffer (15.12 g L
–1

, pH adjusted 

to 7 using NaOH) that was amended with 12.5 mL L
–1

 minerals and 5 mL L
–1

 

vitamins (Cheng et al., 2009). Previous studies have suggested that the conductivity 

of the solution is more important to performance than the buffer concentration 
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(Nam et al., 2010). Therefore, NaCl was added to adjust the conductivity of the 

PIPES buffer to match that of the PBS solution (6.2 mS cm
–1

). 

Domestic wastewater was collected once a week from the primary clarifier of 

the Pennsylvania State University Waste Water Treatment Plant, and stored at 4 °C 

prior to use. For some tests, wastewater was amended with the same phosphate 

concentration used for acetate fueled MFCs (Na2HPO4, 4.58 g L
–1

; NaH2PO4 · 

H2O, 2.45 g L
–1

). Control reactors were operated with NaCl amended wastewater 

with the same conductivity as that of phosphate amended wastewater. The 

experiments conducted with wastewater amended with EDTA were conducted 

adding 0.5 mL EDTA disodium salt hydrate (0.2 M) to 0.1 L of wastewater (final 

concentration 1 mM), while Tween 80 was prepared in distilled water and added to 

a final concentration of 20 mg L
–1

 in the wastewater. All reactors were operated in 

batch mode at 30 °C. 

Single cycle polarization tests were conducted by varying the external resistance 

from 1000, 500, 200, 100, 75, 50, to 20 Ω at a 20 min interval after open circuiting 

for 2 h with a total test duration of 4 h, in a constant temperature room (30 °C) 

(Yang et al., 2015). The voltage drop (U) across an external resistor was recorded 

by a computer based data acquisition system (2700, Keithley Instrument, OH). 

Current densities (i) and power densities (P) were normalized to the exposed 

projected cathode area (A = 7 cm
2
), and calculated as i = U/RA and P = iU/A, 

where R is the external resistance. The high conductivity combined with low COD 

of the solutions with wastewater and salts led to power overshoot in single cycle 

polarization tests, so the multiple cycle polarization test was used for power tests in 

wastewater to avoid power overshoot (Watson and Logan, 2011). The external 

resistance was gradually changed from 1000 to 50 Ω and the reactors were 

operated for at least two fed–batch cycles at each resistance to allow the biofilm to 

adapt and ensure reproducible power output. At each cycle, the voltages were 
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measured for 1 h after the MFC produced the peak voltage and were averaged for 

the final reported value. 

 

Electrochemical analysis 

The ohmic and charge transfer resistances were measured using electrochemical 

impedance spectroscopy (EIS). A potentiostat (VMP3 Multichannel Workstation, 

Biologic Science Instruments, USA) was used for all measurements, with all 

electrochemical tests conducted in a constant temperature room (30 °C). EIS was 

performed under open circuit voltage (OCV) conditions over a frequency range of 

100 KHz to 100 mHz with sinusoidal perturbation of 10 mV amplitude. Ohmic 

resistance was obtained from a Nyquist plot as the first x–intercept (lower value of 

x) at high frequency range, while the diameter of the fitted semicircle was the 

charge transfer resistance (Sekar and Ramasamy, 2013). 

 

Surface characterization 

Environmental scanning electron microscopic (ESEM) images were produced 

using a FEI Quanta 200 instrument (FEI company, Hillsboro, OR, USA). A quick 

XPS (Axis Ultra XPS, Kratos Analytical, UK, monochrome AlKa source, 1486 eV) 

scan was conducted on the cathode to identify the elements present initially and 

after eight weeks of operation with a high generation energy, and short dwell time. 

CASA XPS software was used for the elemental analysis. 

 

Results and discussion 

MFC performance in PBS or PIPES over time 

MFCs with the MOF catalyst and 50 mM PBS initially (week 1) produced 2.78 

± 0.08 W m
–2

, which was 54% higher than the power initially generated by the 

plain AC catalyst in the same buffer (1.80  ± 0.03 W m
–2

) (Fig. A.1). This initial 

increase was consistent with that previously reported for these MOF AC-treated 
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cathodes in MFCs. The behavior of the MOF catalyst was also examined in an 

organic buffer lacking phosphate to avoid possible ligation of phosphorus with 

iron. The power generation in the first week in using the PIPES buffer was 2.19 ± 

0.01 W m
–2

, which was 21% lower of that obtained using PBS (Fig. A.2). This 

impact of the buffer on MFCs performance was different from that previously 

shown by Nam et al. (2010) using PBS, PIPES or other buffers in single–

chambered MFCs with a different architecture (bottles, with relatively small 

cathodes compared to the anode size) and Pt catalysts. It is likely that differences in 

the buffers were due to the different catalysts and the much higher internal 

resistances, and therefore lower power densities, which may have precluded 

observing an impact of the buffer.  

 

 

Fig. A.1. Maximum power production over time using Fe–N–C/AC catalyst in PBS 

and PIPES and plain AC in PBS. After the eight weeks the cathodes were treated 

with hydrochloric acid (arrow) and tested again for the maximum power density 

(open symbols). 
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Fig. A.2. Comparison of (A, C) power density curves and (B, D) corresponding 

electrode potentials for MFCs using Fe-N-C/AC or AC catalyst in PBS and PIPES 

in 1st and 8th week. 

 

The maximum power density of Fe–N–C/AC cathodes in PBS decreased by 

23% in the first four weeks to 2.14 ± 0.07 W m
–2

 and then remained constant 

through the rest of the experiment with a final maximum power density of 2.07 ± 

0.01 W m
–2

 (Ftest = 3.00; α = 0.05). The power generation using the MOF–AC 

cathodes in the PIPES buffer was lower but relatively more stable than results with 

PBS, decreasing by only 13% over the eight weeks to a final maximum power 
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density of 1.91 ± 0.03 W m
–2

. This final power density with PIPES buffer was only 

slightly lower than that of 2.07 ± 0.01 W m
–2

 obtained with PBS in the last week. 

The performance obtained with the plain AC cathodes also declined slowly over 

time, with an 18% decrease in power over eight weeks, from 1.80 ± 0.03 W m
–2

 to 

1.47 ± 0.02 W m
–2

. The relatively rapid decrease in the MOF–AC catalyst indicated 

that the high initial power density of the MOF catalyst could not be maintained 

over time. As a rapid decrease in power was not observed in tests with the plain AC 

catalyst or using the PIPES media with the MOF–AC catalyst, it was concluded 

that the rapid initial decrease was due to the interactions of the inorganic phosphate 

salts with the iron catalyst. However, despite this rapid decrease in power, 

relatively stable power generation was obtained in weeks 4–8 (average 2.11 ± 0.03 

W m
–2

) at a power density that was 38% higher than that of plain AC over weeks 4 

to 8 and 41% greater at week 8. 

To examine if the decrease in the maximum power densities could be restored, 

after eight weeks of operation the cathodes were cleaned by gently removing the 

biofilm and soaking them in weak hydrochloric acid (Zhang et al., 2014). The acid 

cleaning partially restored the performance of the MOF cathodes tested in PBS to 

2.29 ± 0.09 W m
–2

 (82% of the initial value) compared to the last value of 2.07 ± 

0.01 W m
–2

. However, the performance of the MFCs with the MOF cathodes in 

PIPES was negatively affected by the cleaning procedure, as cleaning resulted in 

slightly lower power density value of 1.79 ± 0.02 W m
–2

 compared to 1.91 ± 0.03 

W m
–2

 before the acid cleaning. The recovery for plain AC was 88% of the initial 

value, with 1.58 ± 0.03 W m
–2

 after eight weeks with cleaning, compared to the 

initial power density of 1.47 ± 0.02 W m
–2

. These results showing improved 

performance with the PBS electrolyte were consistent with previous results, where 

85% of performance was restored by acid cleaning, although those tests compared 

power after 17 months to 1 month (Zhang et al., 2014). 
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To demonstrate that the changes in power generation were due to the cathode 

performance, the electrode potentials were examined during polarization tests (Fig. 

A.3). The cathode potential of the MOF catalyst at its maximum power in PBS was 

0.23 ± 0.01 V in the first week, with a decrease to 0.16 V after eight weeks. In 

PIPES the cathode shifted from 0.16 V to 0.12 V, while with plain AC it decreased 

from 0.15 V to 0.10 (Fig A.3B, D and F). In all tests, the anode potentials were 

stable and constant over time (Fig A.3B, D and F). These changes in the cathode 

potentials to more negative potentials for both cathodes when using PBS, with no 

changes in the anode potentials over time, demonstrated that the reductions in 

power production were due to changes in the cathodes and not the anodes. 
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Fig. A.3. Comparison of power density curves of (A) Fe–N–C/AC catalyst in 50 

mM PBS and corresponding electrode potentials (B). Power density curves of (C) 

Fe–N–C/AC catalyst in 50 mM PIPES and corresponding electrode potentials (D). 

Power density curves of (E) AC catalyst in 50 mM PBS and corresponding 

electrode potentials (F) during the 1st, 8th week and after the acid cleaning. 

 

The cathode potentials at open circuit voltage (OCV) of the MOF catalyst in 

PBS dropped from 0.57 ± 0.01 V at week 1 to 0.44 V at week 8. This suggested a 

reduction in the catalyst conductivity, which could be due to deposition of salts on 

the solution side of the cathode (Winfield et al., 2011). In contrast, the cathode 

potential at OCV in PIPES was relatively stable over time and decreased only 
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slightly from 0.50 ± 0.01 V to 0.47 V. Acid cleaning partially restored the initial 

cathode potentials. The initial OCVs of the MOF cathodes tested in PBS were 

recovered after acid cleaning (from 0.44 to 0.52 ± 0.02 V) while cathode potentials 

at OCV in PIPES showed no change, suggesting that cathode potential drop was 

due to the deposition of phosphate salts on the cathodes which could be reversed by 

acid treatment. The salts precipitation could potentially lower the cathode 

performance by affecting the conductivity of the catalyst. Although the acid 

treatment was effective in restoring the initial open circuit potentials, it did not 

completely restore cathode performance at higher current densities indicating other 

irreversible changes in the oxygen reduction reaction, as observed for the plain AC 

catalyst following cleaning. 

 

Electrochemical analysis 

EIS was performed on new and used cathodes in an abiotic electrochemical cell 

to evaluate changes in performance of the cathodes in the absence of bacteria (Fig. 

A.4). The new MOF cathodes showed the same solution resistance of Rs = 19.9 Ω, 

and a similar charge transfer resistance in both PBS (Rct = 0.90 Ω) and PIPES (Rct 

= 0.99 Ω). After eight weeks operation, the charge transfer resistance of the MOF 

cathode increased to Rct = 3.85 Ω (PBS) and Rct = 5.24 Ω (PIPES), mainly due to 

the deterioration of the catalyst, consistent with the lower performance of the 

cathodes at the end of the experiment (Fig. A.5). 
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Fig. A.4. Nyquist plots of EIS spectra of by two types of Fe–N–C/AC catalyst 

under new and used conditions in PBS (A) and PIPES (B). 

 

 

Fig. A.5. Component analysis of internal resistance for the Fe–N–C/AC catalyst 

under both new and used conditions in (A) PBS and (B) PIPES. 

 

Cleaning the cathodes with hydrochloric acid did not restore the initial charge 

transfer resistance, which suggested an alternative cleaning method or another type 

of chemical treatment might be needed to fully restore cathode performance. The 

Rct after the acid cleaning procedure was 5.02 Ω in PIPES and 6.48 Ω in PBS, 

which were higher than the resistance registered before the treatment (3.85 Ω). 

0

1

2

3

4

5

6

18 20 22 24 26 28 30

–
Im

(Z
) 

(O
h
m

) 

Re(Z) (Ohm) 

Fe-N-C / PBS 1st week

Fe-N-C / PBS 8th week

Fe-N-C / PBS after HCl

0

1

2

3

4

5

6

18 20 22 24 26 28 30

–
Im

(Z
) 

(O
h
m

) 

Re(Z) (Ohm) 

Fe-N-C / PIPES 1st week

Fe-N-C / PIPES 8th week

Fe-N-C / PIPES after HCl

0

5

10

15

20

25

30

35

PBS 1st

week

PBS 8th

weeks

PBS after

HCl

R
es

is
ta

n
ce

 (
Ω

) 

Rd Rct Rs

0

5

10

15

20

25

30

35

PIPES 1st

week

PIPES 8th

weeks

PIPES

after HCl

R
es

is
ta

n
ce

 (
Ω

) 

Rd Rct Rs

A B 

A B 



Appendix A 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

126 

 

 

Surface characterization 

SEM images (Fig. A.6) clearly showed the effectiveness of the cathode cleaning 

procedure on removing material from the cathode. After eight weeks of operation 

the catalyst on the solution side of the cathode was completely covered by the 

microorganisms but the cleaning procedure was effective in restoring the initial 

appearance of the solution side of the cathode. XPS analysis of new cathodes 

confirmed the addition of iron due to the MOF treatment of the AC cathodes, based 

on Fe peaks in the new cathodes. However, after eight weeks operation no iron 

peaks were detected in the catalyst (Table A.1). The loss of iron from the MOF 

catalyst likely explains the large decrease in the power density performance in the 

initial weeks of operation. Moreover, the iron content of the new samples was four 

times higher than previously reported (Yang and Logan, 2016), showing a large 

variability on the effectiveness of the immobilization.  

 

   

Fig. A.6. SEM images of the solution side of new (A) cathode, after removal of 

biofilm (B) and after cleaning procedure (C).  
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Table A.1. Elemental composition of Fe–N–C / AC cathodes under new, used, and 

cleaned conditions. 

 

Sample C [%] O [%] N [%] Fe [%] 

Fe–N–C/AC 1
st
 week 73.1 8.4 0.3 5.6 

Fe–N–C/AC 8
th

 week 57.6 24.2 6.4 – 

Fe–N–C/AC 8
th

 week after HCl cleaning 78.1 4.8 1.0 – 

 

MFCs performance in wastewater over time 

To better examine the longevity of the MOF catalyst in more complex medium, 

the performance of the Fe–N–C/AC modified cathodes was evaluated in MFCs fed 

with domestic wastewater (Fig. A.7A). The initial maximum power density of the 

MOF–AC cathodes in raw wastewater was 0.73 ± 0.01 W m
–2

, consistent with 

power densities previously obtained using new MOF cathodes and domestic 

wastewater (Yang and Logan, 2016). After an initial decrease in power production 

after week 1 (from 0.73 ± 0.01 W m
–2

 to 0.61 ± 0.01 W m
–2

), there was no 

observable change in the maximum power densities due to the high variability of 

the different wastewater samples (Fig. A.7B). While the maximum power density 

decreased by 25% from the initial value (0.73 ± 0.01 W m
–2

) to that obtained after 

eight weeks (0.58 ± 0.07 W m
–2

) (Fig. A.8A), the decline in power was not 

associated with changes in cathode potentials in this case, as the anode potentials 

changed likely due to the use of the different wastewater samples, particularly at 

high current densities (Fig. A.8B). The average power density for the raw 

wastewater reactors was 0.61 ± 0.05 W m
–2

 over either weeks, which was 53 % 

higher than that previously reported (0.40 ± 0.03 W m
–2

) for new Pt based carbon 

cloth (Pt/C) cathodes and domestic wastewater from the same treatment plant 

(Yang and Logan, 2016). 
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Fig. A.7. (A) Maximum power production and COD level over time using Fe–N–C 

/ AC catalyst in wastewater, wastewater added with PBS and wastewater added 

with sodium chloride (same conductivity of wastewater with PBS). (B) Wastewater 

pH and conductivity after the addition of NaCl. 

 

 

Fig. A.8. Comparison of (A) power density curves and (B) corresponding electrode 

potentials for MFCs using Fe–N–C/AC catalyst in wastewater in 1st and 8th week. 

 

To further evaluate if phosphate salts in solution could affect the performance of 
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PB) (Fig. A.7). Adding salts to the wastewater increased the solution conductivity 

and consequently the power densities. The initial power density using wastewater 

with PBS was 1.18 ± 0.04 W m
–2

. The power generation decreased to 0.91 ± 0.03 

W m
–2

 at week 3 followed by increases to 1.15 ± 0.01 W m
–2

 in week 5. The last 

four weeks showed relatively stable values of the maximum power densities with a 

final value of 1.10 ± 0.04 W m
–2

 at week 8. The increases and decreases in 

maximum power densities generally followed the same trend as the changes 

conductivity of the solution. The variability of the wastewater parameters (Fig. 

A.7B) caused small changes in both the anode and the cathode potentials and 

affected the final power output (Fig. A.9 and Fig. A.10). 
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Fig. A.9. Comparison of power density curves (A) and corresponding electrode 

potentials (B, C) for MFCs using cathodes with Fe–N–C/AC catalyst in wastewater 

added with PBS and NaCl in 1st and 8th week. 

 

 

Fig. A.10. Anode potentials for MFCs using Fe-N-C/AC catalyst in (A) PBS and 

(B) NaCl during the eight weeks. 
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before increasing to 1.06 ± 0.04 W m
–2

 in the fifth week. In the last three weeks, 

the power density generated by the MFCs was stable and comparable with the 

values obtained with wastewater amended with PBS, with the maximum power 

density at week 8 of 1.02 ± 0.04 W m
–2

. The anode and the cathode potentials of 

the controls reactors showed the same variability of the reactors with wastewater 

amended with PBS (Fig. A.9 and Fig. A.10). The small decrease of the cathode 

potential after eight weeks could not be concluded to be due to deterioration of the 

catalyst due to the larger changes in power associated with changes in batches of 

wastewater. Thus, the addition of phosphate into the wastewater did not allow 

evaluation of the impact of the phosphate on power generation with the wastewater 

over time due to changes in COD, pH and conductivity. 

Parallel experiments were conducted using wastewater amended with EDTA 

and Tween 80. At present, ethylenediaminetetraacetic acid (EDTA) is the cheapest 

and most suitable complexing compound for many technical purposes, and is used 

in large quantities as cleaning additive in the detergent industry. EDTA possess 

antimicrobial properties and could consequently affects the stability of the anode 

biofilm, however, in our view, could limit the deposition of salts on the solution 

side of the cathode in air–cathode MFCs. Tween 80 was evaluated as a chemical 

able to increase the current density of the MFCs affecting the anodic biofilm (Van 

Hamme et al., 2006, Singh et al., 2007). The main application of Tween 80 is in the 

food and cosmetic industry, the hydrophobic heads solubilize the hydrophobic 

chemicals dispersed in the matrix incorporating in micelles with the hydrophilic 

tales oriented toward the matrix. The addition of this chemicals to the MFC could 

potentially keep the cathode clean from the biomass deposition and consequently 

limit the fouling of the electrode (Pasternak et al., 2016) 

The addition of Tween 80 to the wastewater did not cause any appreciable 

alteration to the maximum power output of the MFCs (Fig. A.11). The maximum 

power generated in the first week was 0.75 ± 0.01 W m
–2

, comparable with that 
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obtained in the presence of raw wastewater (0.73 ± 0.01 W m
–2

). The performance 

decrease during the second and third weeks to 0.63 W m
–2

 and 0.55 W m
–2

. The 

performance of the MFCs in the presence of Tween 80 was then stable up to the 

seventh week (0.56 ± 0.02 W m
–2

) showing small oscillations due to some changes 

in the wastewater parameters. 

 

 

Fig. A.11. Maximum power production over time using Fe–N–C / AC catalyst in 

wastewater, wastewater amended with Tween 80 and EDTA. 

 

Adding EDTA disodium salts to the wastewater caused a decrease in the 

maximum power produced by the MFCs over the entire length of the experiment. 

The power initially produced was 0.63 ± 0.01 W m
–2

, 86% of the power registered 

with raw wastewater and decrease to 0.50 ± 0.02 W m
–2

 after three weeks, the 

performance was then stable and the final 0.51 ± 0.01 W m
–2

 was registered after 

seven weeks. 
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in solution decrease the anode potential, in the first week this phenomenon was 

observed just at higher current density while in the week 7 the adverse effect of 

EDTA affected the anode potential also at low current density decreasing the anode 

potential at OCV from –0.30 ± 0.02 V obtained with raw wastewater to –0.23 V. 

 

  

Fig. A.12. Comparison of (A) electrode potentials for MFCs fed with WW 

(wastewater), EDTA (wastewater amended with EDTA) or Tween 80 (wastewater 

amended with Tween 80) in 1
st
 and 7

th
 week. 

 

As observed with the addition of phosphate, also with other amendments such as 

EDTA or Tween 80, our results did not permit an evaluation of the impact of these 

chemicals on power generation with the wastewater over time, mainly due to 

changes in COD, pH and conductivity. 
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maximum power densities previously reported for Pt catalysed cathodes. These 

results show that the performance of MFC AC cathodes can decrease over time, but 

because power remains higher than untreated AC cathodes, MOF treatment is 

useful for improving MFC power generation from solutions or wastewaters 

containing phosphate. 
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