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Abstract 
 

 Microbial fuel cells (MFCs) are a type of fuel cells that use bacteria as biocatalyst to oxidize an organic 

substrate to release electrons, which can be harvested in an external circuit to produce electric energy. This 

technology hold the potential to help overcome energetic problems and at the same time treat waste water 

more efficiently than the current employed techniques. Despite all this potential, process and reactor design 

optimization are still necessary to apply the MFC technology in real situations. 

 This study focused into optimize the microbial community and MFC performance, by testing three 

different inoculum sources, and afterwards analyze the effect of external resistance and substrate concentration 

in biofilm formation and MFC performance. 

 Results indicate that lake sediment is the best inoculum source, with higher power densities (955 mW.m-

2) and CE (30% and 23% with acetate and xylose, respectively). Furthermore, biofilms formed with this inoculum 

source showed greater enrichment in G. sulfurreducens. The 200 Ω resistance showed the best overall 

performances both in terms of biofilm formation (CE: 61%; COD removal: 55%) and MFC performance (Power 

density: 1 W.m-2). The substrate concentration was concluded to have no effect in biofilm and MFC performance, 

being only relevant to define the cycle’s duration. 

It’s then possible to conclude that inoculum source plays a major role in microbial community 

development and MFC performance. Moreover, they can be further improved by adjusting the external 

resistance, which optimization showed to be higher with lower resistances values. 

 

Key words: Microbial fuel cells; Optimization; Microbial community; Inoculum; External resistance; substrate 

concentration. 
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1. Introduction 
 

During the last decade, modern societies have become more aware of the fossil fuel dependency and 

the negative effects of this dependency in the world. Climate changes driven by the global warming are 

increasingly evident, pollution is out of control, perspectives of fossil fuel reserves being depleted within the next 

decades are creating geopolitical conflicts. The social and environmental concern arising from fossil fuel 

utilization is driving the society into discovering new energy sources that are renewable and environmentally 

friendly. With biofuels still presenting lots of drawbacks like using food stocks as raw material (corn and sugar-

beet) and the release of pollutants from their combustion, other alternatives need to be explored. Moreover, 

with growing drinking water sources being spoiled, the water pollution is also one imperative problem to solve. 

The microbial fuel cells (MFCs) seem to hold the potential to overcome both the energetic and water 

problem due to their special class of bacteria able to degrade the pollutants of the water and release electrons 

during that process, which can be harvested for electricity production. 

A MFC is nothing more than a fuel cell where bacteria serves as biocatalyst to oxidize an organic 

substrate to release electrons, which are received by the anode electrode and transferred through an external 

circuit to the cathode where the reduction reaction takes place. Then the electric current is harvested in the 

external circuit powering an electronic device. 

Despite the potential recognized in this technology, MFCs are still giving their first steps towards 

practical applications, with only a few pilot projects implemented. The performances achieved are still very low, 

the materials are expensive and the process is not cost effective. Further research is needed regarding process 

and reactor design optimization in order to reduce the costs and increase the performances. 

Lots of factors can influence MFCs performance like temperature, pH, substrate, reactor design, 

electrode material, external resistance, etc. But one of the most importants, if not the most important one is the 

inoculum source used to start the microbial community in the MFC. Several inoculums have been tested with 

great results but an accurate analysis between them is not possible because all of them were used under a 

different set of conditions. Hereupon, is not possible to tell which of the three most used inoculums is the best.  

Therefore, the first part of this work will be focused on studying waste water, lake sediment and biogas 

sludge inoculated MFCs and determine which lead to the best performances. The second part will be aimed in 

optimization of the microbial community and MFC performance throw external resistance and substrate 

concentration tests.  
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1.1. MFC basics 
 

1.1.1. MFCs structure 

 

The MFC configuration is similar to a normal chemical fuel cell, being constituted by an anode and 

cathode compartments which are separated by an ion exchange membrane - Figure 1.1. However, the 

operational conditions are quite different since the MFCs use living microorganism as catalyst to oxidize organic 

substrates (e.g. acetate) to release electrons in anode chamber. 

 Due to the anaerobic metabolism of the electron active microorganism, the anode chamber is usually 

kept under anaerobic conditions, which results in a natural selection of anaerobic microorganisms to grow and 

populate the biofilm formed on anodic electrode surface. The biofilm is responsible for electron generation in 

the anode chamber. The electrons are then transferred through an external circuit to the cathode chamber 

where the reduction reaction takes place. The movement of electrons between the two chambers creates an 

electric current, which can be harvested in the external circuit. In the cathode chamber, the oxidant (e.g. O2) is 

reduced by electrons, and in order to close the redox reaction, the cations (e.g. H+) have to migrate from anode 

chamber to cathode chamber to keep charge balance of the electrolyte. 

Membrane is an important part in selecting ion migration and restricting charge flow. The electric 

current  is only possible when the electrons generated at the anode cannot diffuse throw the membrane like the 

ions, so they are forced to flow throw an external circuit to reach the cathode. Furthermore, the membrane also 

prevents oxygen from diffusing to the anode chamber. 

Figure 1.1 - Schematic view of a MFC using oxygen in the cathode as final electron acceptor. In the anode 
chamber is possible to observe the bacterial biofilm formed in the electrode. The membrane separating the 
two chambers is a proton exchange membrane (PEM). The external circuit that connects the two electrodes 
allows electron flux between the two ends and have an electric resistance attached. 
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Depending on the type of membrane used it is possible to have different types of MFCs, being the Proton 

Exchange Membrane (PEM) the most relevant electrolyte for this subject. This membrane is a sulphonated 

fluoro-polymer, usually fluoroethylene, where the most well-known brand is Nafion® from Dupont. The Nafion® 

membranes are an ion conductor and electrically insulating polymer that behaves like an acid electrolyte. 

 

1.1.2. Electrochemical Reaction 
 

 Anode reaction: 
 

In a chemical fuel cell using hydrogen gas as fuel, a very simple reaction occurs in the anode chamber 

that consists in the ionization of this gas, resulting in the formation of protons and the release of electrons 

according with Equation 1.1. Nevertheless of its simplicity, this reaction in atmospheric conditions has very low 

kinetics, thereby the use of a metal catalyst is mandatory for a practical use of this technology. Platinum is the 

most common catalyst, which is very expensive and environmentally degrading over time. 

2𝐻2 → 4𝐻+ + 4𝑒− Equation 1.1 

  

The breakthrough introduced with MFCs was the removal of the metal catalyst. This was possible due 

to a special group of microorganisms called exoelectrogens (Logan 2009). These microorganisms are capable of 

complete oxidation of organic substrates by electron transfer in a biofilm on an anode electrode (Lovley 2006a; 

Lovley 2008).  Inoculation of the anode chamber with this microorganisms and an organic substrate leads to the 

generation of electrons according with Equation 1.2, in which the natural number (n) represents the number of 

aldehyde molecules in the polymer. A variety of carbon sources that have been used in MFCs include pure organic 

substrates such as acetate, butyrate, propionate, glucose, xylose (Chae et al. 2009), but also complex mixtures 

such as waste waters and lignocellulosic biomass (Pant et al. 2010). Acetate was proved to be the one that 

presents better results both in efficiency and performance (Pant et al. 2010).  

 

Electrogenic bacteria perform anaerobic respiration in order to convert carbohydrates to bioelectricity 

- Equation 1.2 – and during that process the electrons are released with accumulation of protons and CO2. The 

oxidation of the substrate at the anode is not a true catalysis step, as the microorganisms (which contain the true 

catalyst) derive energy from the oxidation of the substrate, creating an overall energy loss (Logan 2009). 

  

(𝐶𝐻2𝑂)𝑛 + 𝑛𝐻2𝑂 → 𝑛𝐶𝑂2 + 4𝑛𝑒− + 4𝑛𝐻+ Equation 1.2 
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 Cathode Reaction: 

 

Accompanied with the oxidative reaction in the anode chamber, the other half redox reaction (reduction 

reaction) is happening in cathode chamber. The electrons generated in the anode travel through the external 

circuit combining with the protons migrating from anode chamber to cathode chamber where the oxidant (e.g. 

O2) is reduced (Equation 1.3). 

4𝑒− + 4𝐻+ + 𝑂2 → 2𝐻2𝑂 Equation 1.3 

 

As mentioned above, oxygen is the mostly often used oxidant in MFCs due to its high theoretical redox 

potential and availability. However, achieving high practical redox potentials requires catalyst loading in cathode 

(e.g. platinum) which is very expensive and environmentally degrading over time. Other oxidative substances 

that have been studied include ferricyanide (Rabaey, Clauwaert, et al. 2005) and permanganate (You et al. 2006), 

but regular replenishing of these oxidants could be a limiting factor for their practical application in MFCs since 

it requires more maintenance and input costs (Sun et al. 2014). 

 

1.1.3. Limitations of the electrochemical reaction 
 

A miscellaneous of different factors can affect the MFC performance; these factors include obstacles to 

electron transfer through biofilm, ion migration between the anode and cathode, diffusion problems concerning 

the substrate and reactants, biofilm formation and maintenance, and the kinetics of cathode reaction. The set of 

all this constraints is known as internal resistance. 

The cell voltage in a MFC is obtained by the difference value between the cathode and anode 

equilibrium potentials, which is termed theoretical cell voltage or open cell voltage (OCV) - Equation 1.4. The 

practical cell voltage is obtained by considering the overpotential losses. These losses can be divided in two main 

categories: (1) the overpotentials of the anode and the cathode - Equation 1.5, and (2) the ohmic voltage losses 

of the system - Equation 1.6. Thereby, the real cell voltage is the value of the OCV subtracted of the 

overpotentials and ohmic losses – Equation 1.7. 

 

 

 

 

𝑂𝐶𝑉 =  𝐸𝑒
𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑒

𝑎𝑛𝑜𝑑𝑒  (V) Equation 1.4 

∆𝐸𝜂 =  Σ𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − Σ𝜂𝑎𝑛𝑜𝑑𝑒  (V) Equation 1.5 

∆𝐸Ω =  𝐼. Σ𝑅Ω  (V) Equation 1.6 

∆𝐸 =  𝑂𝐶𝑉 − ∆𝐸𝜂 −  ∆𝐸Ω    (V) Equation 1.7 
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The total overpotential of an electrode can be divided in two types: the activation and concentration 

overpotentials.  

If no discrimination is necessary, the total overpotential losses can be calculated as the difference 

between the electrode potential under consideration (E) and the equilibrium potential (Ee) - Equation 1.8 (Freguia 

et al. 2007). 

 

In some cases however it is useful to analyze the overpotentials individually in order to understand how 

they are influencing the MFC performance and try to minimize them.  

 

 Activation overpotentials: 

 
Activation overpotentials are related with the kinetic slowness of the redox reactions. These 

overpotentials can be described by the Tafel equations, which demonstrate that there is a linear correlation 

between the activation overpotential and the logarithmic value of the current (Freguia et al. 2007). Therefore 

activation overpotentials are the most relevant overpotentials in the low current density range (region A in Figure 

1.2), which is also supported by the fact that these overpotentials increase slower with increasing current 

densities (Clauwaert et al. 2008). 

In MFCs, these losses are related with factors such as the amount of electrogenic bacteria in relation to 

the available electrode surface area, the intrinsic electron transfer rate of the enzyme/redox system, and the 

biological activity of the microbial consortium. In turn, these factors are dependent of environmental conditions 

like temperature, electrode properties and substrate composition (Clauwaert et al. 2008). 

 

 Concentration overpotentials: 

 

When problems related with inefficient mass transfer of substrate and products in the biofilm arise, the 

maximum current production can be compromised. These problems are associated with concentration gradients 

of reagents and products in the proximity of the electrode, from which the concentration overpotentials are 

generated. These overpotentials can be observed in the polarization curve as the anode and cathode potentials 

respectively rise and drop abruptly near the short circuit current (Clauwaert et al. 2008). These losses play a 

major role in high current densities due to the high kinetics of the redox reactions at these current values, which 

drives to the limit the mass transport rates near the electrode active areas (region C in Figure 1.2). 

The overpotentials associated with mass transfer can be minimized by continuous substrate feeding and 

efficient mixing, leading to a better diffusion of the reactants and products in the reactive sites of the electrodes 

due to an improved concentration gradient (Sun et al. 2014). 

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =  𝐸 − 𝐸𝑒   (V) Equation 1.8 
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 Ohmic voltage losses: 

 

Ohmic losses are the potential losses related with charge transfer between the anode and cathode. 

These losses can be related to electron transfer through the electrodes and ion transfer through the electrolyte. 

Since the electron transfer takes place in very conductive materials (carbon electrodes and metal wires), its 

resistance can be neglected, and thereby the most dominant ohmic losses will be associated with ion 

transportation in the electrolyte and across the membrane.  

Since these losses are related with low ionic conductivity of the electrolyte, cell configuration plays an 

important role in minimizing its effects. On one hand the bigger the cell volume and the distance between the 

electrodes, the bigger the path that the ions needs to travel between the anode and cathode, and therefore 

higher ohmic losses will be observed. On the other hand the smaller the surface area of the membrane, the 

smaller the area available for ion exchange what causes limitations in ion transfer between the two chambers, 

lowering the current density that can be produced. As the resistance of the system is current-independent 

according to Ohm’s law, the losses associated will have a major impact in medium current values (region B in 

Figure 1.2) comparatively with the other overpotential losses. Ohmic losses can be minimized through reactor 

configuration, differing in design with respect to electrode surface area, distance between the electrodes, and 

membrane surface area (Sun et al. 2014).  

 

 

 

Figure 1.2 – Polarization curves for anode (Eanode) and cathode (Ecathode) where is possible to see the overpotentials 
in function of the current density (i). The three regions represent the potential losses in a MFC system: the 
activation losses (region A), the ohmic losses (region B), and the concentration losses (region C). The open circuit 

potentials for anode and cathode are represented by 𝐸𝑂𝐶𝑃
𝐴𝑛𝑜𝑑𝑒 and𝐸𝑂𝐶𝑃

𝐶𝑎𝑡ℎ𝑜𝑑𝑒, respectively. The overpotential losses 
are represented by Σηelectrode, the cell voltage by ΔE, and the ohmic losses by IΣRΩ. (picture from (Sun et al. 2014)). 
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1.2. Microbial community in MFCs 
 

1.2.1. Inoculum 
 

As stated before inoculum resources play an important role in the establishment of a stable microbial 

community in the anode chamber. The bioelectrocatalytic activity of the biofilm depends largely on the number 

of electrogenic bacteria, which determines the electric efficiency of a MFC. Since the anode chamber is kept 

anaerobic, the anaerobic bacteria in the inoculum will proliferate and populate the surface of the anode 

electrode. This bacteria forms a biofilm (Read et al. 2010) that is composed by a consortium of fermentative, 

electrogenic and inactive bacteria. In order to get an efficient biofilm, inactive bacteria must be minimized while 

the electrogenic bacteria should proliferate in an equilibrium with fermentative bacteria (Rabaey et al. 2003). 

The chosen inoculum must then, be a good source of electrogenic bacteria, and also provide the bacteria 

necessary for complex substrate degradation. Therefore, it is important to determine à priori the type of 

substrate and conditions that will be used and with that in mind, choose the inoculum better adapted to that 

conditions.  

Therefore, with the objective of water treatment, MFCs are commonly inoculated with domestic waste 

water, but a large diversity of other inoculum sources have been tested which include, lake sediment (Yates et 

al. 2012); anaerobic and activated sludge from waste water plant (Li et al. 2013); brewery waste water (Feng et 

al. 2008). Waste water from paper recycling plant (Rezaei et al. 2009); and rumen fluid from cow (Rismani-yazdi 

et al. 2007) were used for lignocellulosic waste treatment. 

 

1.2.2. Exoelectrogenic bacteria 
 

The majority of microbes are electrochemically inactive because the proteins associated with electron 

transport are contained within the cell membrane. This happens because the final electron acceptors used by 

these cells, like oxygen or soluble metals can diffuse all the way inside the cells till the electron transport chain 

(Debabov 2008). The absence of electron transport molecules in the cell membrane does not allow the electron 

transfer to electrodes. To overcome this problem, mediators can be used to facilitate the transfer of electrons 

from the microbial membrane to the MFC electrode (Chang 2006), but they are usually expensive and harmful 

to the environment, and their efficacy is lower compared with the one obtained with electrogenic bacteria. The 

special group of bacteria called exoelectrogenic or simply electrogenic, possess in their membrane special 

electron transporters that allow electron transfer to an external electron acceptor like insoluble metals, fumarate 

or nitrate (Lovley & Phillips 1988; Debabov 2008). In the right conditions this characteristic allows this bacteria 

to do complete oxidation of organic substrates by electron transfer to an electrode surface. 
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Geobacter spp. are Gram-negative Deltaproteobacteria, which are natural inhabitants of a diverse range 

of soils and aquatic sediments (Mahadevan et al. 2011), and were the first organisms to be isolated that could 

carry the reduction of insoluble metal oxides coupled with acetate oxidation, meaning that were the first 

organisms described as electrogenic (Lovley & Phillips 1988; Lovley & Giovannoni 1993).  

This bacteria was found to be highly enriched in the biofilms of some of the most effective MFCs systems 

(Jung & Regan 2007a; Liu et al. 2008). Furthermore, studies with pure cultures of Geobacter sulfurreducens, 

achieved high current densities. These results made Geobacter sulfurreducens one of the best studied 

electrogenic bacteria, being the first with its genome sequenced (Methé et al. 2003) and consequently being the 

model of study for MFCs research. The great electrogenic potential of this specie of Geobacter is that in the 

presence of Fe (III) as electron acceptor, more than 90% of the acetate fed is consumed directly to the respiratory 

metabolism (Mahadevan et al. 2006) resulting in electron release and consequently in high electric efficiency. 

Moreover, similar flux ratio was observed for other extracellular electron acceptors, including electrodes 

(Mahadevan et al. 2011).  

Despite Geobacter sulfurreducens great performances, other bacteria has been described as 

electrogenic. Some examples of these bacteria found in anode biofilms are displayed in Table 1.1. 

 

Table 1.1 - Electrogenic bacteria found in anodic biofilms and their electron transfer mechanisms: DET – direct electron transfer; MET – 
mediated electron transfer (Zhou et al. 2013). 

Microbes Electron transfer mechanism 

Aeromonas hydrophila DET 

Geobacter sulfurreducens DET 

Geobacter metallireducens DET 

Rhodoferax ferrireducens DET 

Shewanella putrefaciens DET 

Actinobacillus succinogenes MET 

Alcaligenes faecalis MET 

Enterococcus gallinarum MET 

Proteus vulgaris MET 

Shewanella oneidensis MET 

 

1.2.3. Microbial community interactions 
 

Electrogenic bacteria is only capable of complete oxidation of simple substrates, such as sodium acetate, 

with electron transfer to the electrode (Lovley 2008). This situation raises several problems when the goal of the 

MFCs is to treat waste water because of the complex substrates present in it. However, complex substrate 

degradation has been observed in MFCs running with non-pure inoculum (Debabov 2008). These findings were 

attributed to fermentative bacteria present in the mixed inoculum, which do not contribute to electricity 

generation but instead convert complex substrates into non-fermentative substrates that in turn can be 

metabolically converted by electrogenic bacteria (Sun et al. 2014). 
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Therefore, a cooperative consortia of fermentative and electrogenic bacteria is necessary for efficient 

oxidation of substrates such as sugars, proteins and long-chain fatty acids with electricity generation. This type 

of consortia occurs naturally, especially in anaerobic environments such as bottom sediments of lakes, swamps 

and seas, but also in artificial environments such as activated sludge from waste water treatment and biogas 

sludge. Inoculation of MFCs using domestic wastewater, activated sludge and anaerobic sludge found to be 

capable of electricity generation using food waste leachate as substrate with reasonable results (Li et al. 2013). 

Another types of interactions have been reported such as the production of electron shuttles by 

Pseudomonas sp. that are utilized not only for this bacteria themselves but also for other species (Rabaey, Boon, 

et al. 2005). Given this, other types of interactions not described yet are expected to occur in the anode chamber, 

which is supported by the broader group of common bacteria genera reported in MFC anodes in different studies 

- Figure 1.3. 

  

Figure 1.3 - Overview of the different taxonomic classes found in anode biofilms of MFCs (Clauwaert et al. 2008). 
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1.2.4. Electronic transfer chain from substrate to electrode 
 

In order to obtain energy, electrogenic bacteria perform anaerobic respiration and the process of 

electron transfer from the respiratory chain to the electrode is crucial for MFCs operation.  As the Figure 1.4 

shows, this process starts with electrons being donated by an organic substrate followed by a serial electron 

transport chain from intracellular to extracellular space. The anode is an intermediate electron acceptor and, 

through an external circuit, the reaction terminates by reduction of an electron acceptor like oxygen at the 

cathode (Sun et al. 2014). 

 

 

 Electron production 

 
The active form of acetate inside a cell is acetyl-CoA, which can afterward be converted in precursors 

for the synthesis of biomass such as pyruvate or oxaloacetate or enter directly in the tricarboxylic acid cycle (TCA) 

and be converted in energy for the cell. The metabolic pathways by which Geobacter sp. can convert acetate are 

represented in Figure 1.5. These pathways include the (1) system Acetate kinase (ACK)-Phosphotransacetylase, 

the (2) Acetyl-CoA transferase (ATO) and the (3) system Acetyl-CoA synthase-hydrolase. While the first system is 

more focused in production of biomass precursors what in MFCs is seen as an efficiency loss, the second system 

is only activated when the cell needs energy, and then is the most efficient metabolic pathway for MFCs 

purposes. The third system is not well known yet, and for this reasons its main function is not clear (Mahadevan 

et al. 2011). 

Focusing on the second system (ATO), it is directly correlated with the TCA cycle and therefore with the 

anaerobic respiratory metabolism. So in terms of electron production this is the most important pathway within 

a cell because it presents the highest conversion rate between substrate and electron production. 

 

 Electron transfer 

 

The ability to reduce insoluble metal oxides at distance, without direct contact has been demonstrated 

by some bacteria (Nevin & Lovley 2002). However, the mechanisms of this process and the nature of the 

endogenous mediators are still not well known and the exogenous mediators added to the systems are of no 

interest for practical purposes in electricity generation (Debabov 2008). 

Figure 1.4 – Representation of the electron transport chain from the inside to the outside of the cell in  exoelectrogenic bacteria (Sun 
et al. 2014). 
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During the last decades several mechanisms of electron transfer from microorganisms to electrodes 

have been suggested, among which four have prevailed: 

 external mediators such as humic acids (Lovley et al. 1999); 

 self-produced shuttles such as flavin (von Canstein et al. 2008); 

 direct intracellular interaction with the electrode through membrane proteins (Bond & Lovley 2003; 
Holmes et al. 2004); 

 indirect long-range transfer via nanowires (Reguera et al. 2006).  

 

 

 

  

Figure 1.5 - Acetate uptake and activation in Geobacter spp. Acetyl-CoA for biomass synthesis is obtained through the acetate 
kinase pathway (green arrows), whereas the acetyl-CoA that is synthesized through the acetyl-CoA transferase is consumed in the 
citrate synthase reaction in the TCA cycle (grey arrows). By constrast, acetyl-CoA hydrolase (blue arrows) was found to be 
upregulated during benzoate oxidation in Geobacter metallireducens. The current model of extracellular electron transfer through 
cytochromes associated with pili is also shown. (Picture and text from Mahadevan et al. 2011). 
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1.3. Microbial community optimization 
 

Since the microbial community within the anode chamber is one of the key components for efficient 

operation of MFCs and high power outputs (Jung & Regan 2007b), the development and optimization of this 

community is mandatory to improve the performance of these fuel cells.  

The enrichment of the anode biofilm in electrogenic bacteria and also the selection of the most efficient 

electrogenic strains leads to higher power outputs and also better efficiencies regarding the substrate conversion 

into electricity (Beecroft et al. 2012). The development of cooperative interactions between bacteria with 

different metabolic processes, like the interactions between fermentative and electrogenic bacteria, allows the 

last ones to survive in environments where only complex substrates are available (Lovley 2006b).  Therefore 

several techniques have been studied with the main goal of selecting the most efficient microorganisms within 

the inoculum to populate the anode biofilm and improve the necessary metabolic interactions for an efficient 

MFC operation.  

 Inoculum source 

 
As previously referred the inoculum used to start the microbial community in the MFC anode is crucial 

to determine the bacterial species that will populate the biofilm since it is the source of the microorganisms. 

Since different inoculum sources provide different types of microorganisms, the most effective way to guarantee 

an optimized microbial community is to use an inoculum source that is somehow related with the waste stream 

that will be fed to the MFC. Some examples were already mentioned like the waste water inoculated MFCs, or 

the MFCs inoculated with rumen fluid to treat lignocellulosic waste (section 1.2.1). 

 

 Substrate 

 
The substrate used is also a determinant factor for the microbial community development. Depending 

on the type of substrate fed into the anode chamber different bacteria species will be selected according with 

the metabolic processes promoted by this substrate.  Zhang and his associates found that when MFCs inoculated 

with waste water were fed with glucose, the microbial community was dominated by fermentative bacteria, 

whereas when acetate and butyrate were used as substrate, electrogenic bacteria were the dominant species. 

Furthermore, the enrichment of the microbial community with electrogenic bacteria led to higher power 

densities and CE in comparison to the MFCs enriched with fermentative bacteria (Zhang et al. 2011). 

Despite the great potential of the substrate to enrich the microbial community in electrogenic bacteria, 

this technique is only possible at a research level because at a practical level the MFCs are fed with waste streams 

making impossible to select the substrates contained therein. 
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 Anode potential 

 
Another factor used for optimizing the microbial community is the potential of the anode, which will 

affect the bacterial metabolism by determining the redox potential of the final bacterial electron shuttle (Rabaey 

& Verstraete 2005). 

The anode potential varies according to the external resistance used, reflecting the redox potential of 

terminal electron carriers and respiratory enzymes. In terms of energy output, as it is possible to see in Figure 

1.6, for the same resistance, the more negative the anode potential, the lower the energy gain for the bacteria 

and the higher the energy recovered by the MFC (Logan 2009). However, at too low anode potentials 

fermentation reactions may prevail, providing more energy for microorganisms than anode reduction which is 

not desired (Rabaey & Verstraete 2005). 

A study used three acetate-fed reactors in continuous mode at set anode potential of 0, -200 and -400 

mV versus an Ag/AgCl reference electrode to investigate the effect of anode potential on bacterial activity. The 

optimal anode potential of -200 mV was suggested since the MFC at that potential generally had higher 

respiration rate and generated slightly higher current and maximum power densities (Aelterman et al. 2008). 

Plankton-fed MFCs operated in batch-mode at different voltages (0.3 and 0.6 V) shown differences in 

the composition and dynamics of the microbial community within the anode (White et al. 2009). At 0.3 V, a 

succession from y-Proteobacteria to Geobacter and then to the dominance of Flavobacterium - Cytophaga - 

Bacteroides was observed, whereas at 0.6 V (lower anode potential) Geobacter was predominant. 

Despite the results of (Aelterman et al. 2008), low anode potentials (-0.15V, -0.09V vs. SHE) resulted in 

selection of more efficient electrogenic communities generating higher current densities with reduced start-up 

times (Torres et al. 2009). Anodes at low potentials selected strongly for Geobacter sulfurreducens (92-99% 

abundance) whereas at the highest potential (+0.37V vs. SHE) the bacterial community was more diverse. 

The low anode potential was suggested to select for bacteria capable of respiring the anode efficiently 

with minimal energy loss and that use a solid conductive matrix as electron transfer mechanism to the anode 

(nanowires) and higher density of extracellular polymeric substances (EPS) in the anodic biofilm at low potentials 

(Torres et al. 2009). 

Lost 
Energy 

 

∆E=0.60V 

MFC 
Energy 

 

∆E=0.45V 

Bacteria 

 

∆E=0.10V 

E(acetate/CO2)=

-0.30V

Anode: 

E=-0.20V

Cathode: 
E=0.25V

EO2=0.80V

Figure 1.6 - Potentials and energy distribution in MFCs. A voltage value of 0.3-0.5V is usually obtained in a MFC (in this example E=0.45V), 
this value depends on the energy transferred by the microorganisms at the anode and the energy losses at the cathode (Logan 2009). 
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 Oxygen diffusion into the anode chamber 

 
When oxygen is used at the cathode, oxygen diffusion through the PEM into the anode chamber can be 

used for aerobic respiration by the same electricity-generating bacteria if they are facultative, or by other 

bacteria if a mixed culture is used, which leads to lower efficiencies of the MFC (Logan & Regan 2006). 

 

 Sheer-stress 

 
The use of high shear rate during initial enrichment period of MFC was also studied. Using a high shear 

rate of 120 s-1 during the initial enrichment of the anodic microbial community, for two weeks, led to a power 

output three times higher compared to the MFC under low shear conditions (0.3 s-1). This was reported to result 

from the doubling of the thickness of the biofilm on the anode and the five-fold increase of biomass density at 

high shear rate (H. T. Pham et al. 2008). The bacterial community composition was significantly affected by the 

shear rate and most of the dominant species found in the high shear enriched MFC were uncharacterized species, 

which suggests that the high shear rate conditions select for special bacteria that are not enriched in normal 

conditions. 

 

 Genetic and metabolic engineering 

 
Genetic and metabolic engineering could be used to create high current producing strains and 

communities (Lovley. 2006; Pham et al. 2009). Electron-transfer reactions could be enhanced by overexpression 

of proteins associated with electron-transfer and increasing the production of soluble electron mediators by 

bacteria (Pham et al. 2009). 

A study where a bio-augmentation method using a Pseudomonas chlororaphis strain producing electron 

mediating phenazine-based compounds, which was introduced to a mixed community MFC using protective 

slow-release tubes, consisted in the first report demonstrating how bacterial interactions could be increased in 

order to enhance electron transfer in MFCs. This method led to doubling of the current of the MFC in long-term 

operation (T. H. Pham et al. 2008). 

 

 Adaptive evolution 

 
Placing pressure to favor the selection of mutations or changes in the expression of existing genes that 

enhance current generation over time has been proposed as promising method for developing high current 

producing strains or communities (Lovley. 2006; Lovley 2009). 

In this context, Geobacter sulfurreducens has been shown to adapt to produce 7 to 8 times higher power 

densities compared to original inoculum after adaptation period of five months with poised anode potential. The 

enhanced capacity of power generation was reported to be associated with changes in outer surface of the cell, 

such as greater nanowire density (Yi et al. 2009). 
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1.4. Effect of operational parameters on MFCs performance 
 

The presence of a biofilm as catalyst of the anode reaction gives a very important role to physic-chemical 

factors such as temperature, pH, and substrate. As is known, bacteria have very specific ranges of temperature 

and pH where they can proliferate and have a maximum performance. Thereby, these parameters not only affect 

the microbial metabolism but also the biofilm formation and composition, what in turn affect the electric 

production and consequently the MFC performance. The situation for the substrate however is a bit different, 

the type of substrate has a huge impact in MFCs performance, mainly because the bacteria are usually specialized 

in a particular type of organic compound that can metabolize with maximum efficiency. However, the substrate 

concentration optimal range is not yet known and can also influence the microbial community in the biofilm and 

the MFC performance. 

1.4.1. Temperature and pH 
 

Temperature and pH are normally two factors that are maintained constant during the MFC run. This is 

due to the fact that the biofilm will adapt to a determined set of conditions (optimal or not) in order to survive 

and maintain a stable community. Always changing these factors will force the biofilm to be constantly adapting 

to new conditions leading to changes in the microbial community and to a very instable electric production, 

which is not desired. 

In order to optimize the electric production in a MFC, the optimal values of temperature and pH must 

be found and applied right from the start of the MFC run. The effect of these two factors have been studied by 

several researchers (Patil et al. 2011; Patil et al. 2010; Min et al. 2008; Babauta et al. 2012; He et al. 2008). For 

temperature, values between 30 ⁰C and 35 ⁰C have been described as optimum, with a range between 10-50 ⁰C 

being described as “livable” for the biofilm (Sun et al. 2014). Regarding the pH, (Sun et al. 2014) refers a range of 

7-9 as the ideal for biofilm formation and MFC performance. 

 

1.4.2. Substrate concentration 
 

Substrate concentration influence in MFC is directly correlated with the microbial community in the 

anode chamber. Depending on the inoculum used, different microbial communities can be established and 

optimal values of substrate concentration can vary, that’s why is so difficult to determine an optimal range for 

this parameter. (Ghoreyshi et al. 2011) study about the influence of glucose and date syrup concentration in 

MFCs inoculated with Saccharomyces cerevisiae concluded that 3 g.L-1 was the optimum concentration for both 

substrates and that high concentrations may have a significant role in the performance of MFC. However, the 

results cannot be extrapolated to different case studies, making further investigation in this topic relevant. 
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1.4.3. External Resistance 
 

It has been shown that the external resistance play a major role in the MFC performance, and the lower 

this resistance the higher the current densities observed. (Katuri et al. 2011). 

However, very low external resistances values results in very high potentials at the anode which leads 

to the occurrence of a phenomena called power overshoot. This results from a lack of sufficient electron transfer 

components to shuttle electrons at rates needed for these more positive potentials (Zhu et al. 2013). Another 

problem in working at very low external resistance is associated with stable current generation. The high current 

densities achieved originates high rates of substrate consumption. These rates can only be supplied by 

continuous feeding of the MFC, and any disturbance in this supply results in variations in the current. 
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1.5. Techniques for analysis of electrochemical performance and microbial 

community 
 

1.5.1. Cell voltage 
 

The cell voltage is the potential difference between the anode and cathode electrodes and habitually is 

measured by a data logger within fixed time spaces. Depending on the MFC operational mode, different cell 

voltage behaviors are expected, and different types of information can be observed. For example, for a MFC 

operating in continuous mode, the most important parameters to be evaluated are the stability of the system, 

and how long the system takes to reach a steady state. In a batch mode, on the other site, the most relevant 

factors are the maximum cell voltage value that can be achieved, how much cycles are needed to achieve this 

value, and for how long the system can sustain this maximum. 

 

1.5.2. Polarization test 
 

Polarization curves are a powerful tool for the analysis and characterization of fuel cells giving 

information about maximum power and internal resistance. A polarization curve represents the voltage as a 

function of the current (density) and can be converted in power curves using Equation 1.11, which is deduced 

from Equation 1.9 and Ohm’s law - Equation 1.10. 

𝑃 = 𝐼. 𝐸𝑐𝑒𝑙𝑙  (W) Equation 1.9 

 

𝐼 =
𝐸𝑐𝑒𝑙𝑙

𝑅𝑒𝑥𝑡
  (A) Equation 1.10 

 

𝑃 =
𝐸𝑐𝑒𝑙𝑙

2

𝑅𝑒𝑥𝑡
  (W) Equation 1.11 

 

The two most used techniques are the linear sweep voltammetry (LSV), and vary the circuit resistance 

at fixed time intervals. The problem with these tests is that estimation of the amount of power that can be 

produced in an MFC is a function of the technique used to obtain polarization data (Watson & Logan 2011). 

For the circuit resistance test, a variable resistor box is used to set variable external loads. Using a 

periodical decrease (or increase, when starting at short circuit) of the load, the voltage is measured and the 

current is calculated using Ohms law (Verstraete & Rabaey 2006). 
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As mentioned in section 1.1.3 polarization curves can generally be divided in three zones: (i) starting at 

zero current, there is an initial steep decrease of the voltage: in this zone the activation losses are dominant; (ii) 

the voltage then falls more slowly: in this zone the ohmic losses are dominant; (iii) there is a rapid fall of the 

voltage at higher currents: in this zone the concentration losses (mass transport effects) are dominant - Figure 

1.7 a). 

The correspondent power curve starts at zero and from this point onward the power increases with 

current to a maximum power point. Beyond this point, the power drops due to the increasing ohmic losses and 

electrode overpotentials to the point where no more power is produced (short circuit conditions) - Figure 1.7 b). 

 

  

1.5.3. Coulombic efficiency  
 

Coulombic efficiency is defined as the ratio of total coulombs actually transferred to the anode from the 

substrate, to maximum possible coulombs if all substrate removal produces current (Verstraete & Rabaey 2006). 

This parameter evaluates biofilm efficiency because the biofilm is the responsible for electron transfer from 

substrate to electrode. In that way, a high coulombic efficiency is translated in high substrate conversion by the 

biofilm with electron transfer to the anode. 

This parameter can be assessed by means of COD analysis of the anolyte. Knowing the COD charge of 

the anolyte at the beginning of the run, and the COD value at the end, it is possible to know how much substrate 

was converted and how much electrons were released. Comparing these values with the current reported in the 

external circuit, it is possible to know how many of the electrons released from the substrate were transferred 

to the anode and consequently crossed the external circuit. 

Figure 1.7 -  Polarization (a) and power (b) curves of a microbial cell, modified from (Verstraete & Rabaey 2006).  
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1.5.4. Electrochemical impedance spectroscopy (EIS) 
 

In EIS a sinusoidal signal with small amplitude is superimposed on the applied potential of the working 

electrode. By varying the frequency of the sinusoidal signal over a wide range (typically 10-4 to 106 Hz) and plotting 

the measured electrode impedance, detailed information can be obtained about the electrochemical system. EIS 

can be used to measure the ohmic and internal resistance of an MFC, as well as to provide additional insight into 

the operation of an MFC (Verstraete & Rabaey 2006). 

 

1.5.5. DGGE and cloning of 16s RNA 

 

Denaturing gradient gel electrophoresis (DGGE) is a molecular technique for separating double-

stranded PCR products of similar length but differing sequence composition. The technique exploits a 

physicochemical fundamental of DNA base-pairing: adenine-thymine bonding is maintained by two hydrogen 

bonds and guanine-cytosine bonding is stronger, maintained by three hydrogen bonds. As dsDNA is denatured, 

the molecule’s mobility is significantly retarded in comparison with the double-stranded, which means that DNA 

molecules with higher GC contents will migrate further in the gel. The melting of double-stranded DNA (dsDNA) 

is achieved during electrophoresis by an increasing concentration of DNA denaturants (commonly urea and 

formamide) (Green et al. 2010). 

For purposes of microbial community’s characterization the gene encoding the small subunit of the 16S 

ribosome is the target to PCR amplification. These rRNA genes include their presence in the genome of all known 

organisms, with a highly conserved structure, and a mixture of highly conserved and highly variable regions 

(Woese 1987). This mixture of conserved and variable regions aids molecular analyses: the conserved regions 

serve as priming locations, while the variable regions provide sequence divergence for phylogenetic analyses and 

for separation by DGGE (Muyzer et al. 1993). 

Visual fingerprint analysis of gel is not possible (the differentiating factor is the GC content). Unless a 

band marker for that specific community was already done, band sequencing is necessary. The sequencing step 

can be done by band excision and purification directly from the gel, or can be done by cloning the amplified PCR 

fragments and sequencing of the cloning products. While the first one is very simple, but time consuming if it is 

necessary to identify a lot of bands, the second is more complex and time consuming for few bands, but more 

advantageous if a complex microbial community identification is necessary. For the cloning method, after 

knowing the sequencing results, band identification is possible by running in the same gel the mix of the microbial 

community and the individual bands sequenced.  
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1.5.6. Pyrosequencing and high-throughput analysis 
 

Pyrosequencing is a DNA sequencing technique that utilizes enzyme coupled reactions and 

bioluminescence to monitor the pyrophosphate release accompanying nucleotide incorporation, in real-time 

(Nyrén 2007). The desired DNA sequence is able to be determined by light emitted upon incorporation of the 

next complementary nucleotide by the fact that only one out of four of the possible A, T, C, G nucleotides are 

added and available at a time so that only one letter can be incorporated on the single stranded template (which 

is the sequence to be determined). 

Similarly with the DGGE and cloning library method, the Pyrosequencing also uses the 16S gene as target 

to PCR amplification and posterior sequencing identification. Pyrosequencing can be used to increase the 

sensitivity of community analysis compared with DGGE or clone libraries, allowing identification of less-abundant 

(but possibly still important) members of the community, while eliminating cloning bias (Lee et al. 2010). 

In the work of Yates and his associates, pyrosequencing analysis provided more depth of coverage to 

the community analysis than the 16S clone library analysis, which allowed a more detailed investigation of the 

bacteria present at low abundances in the anode community, indicating the presence of Acidobacteria, which 

includes the known exoelectrogen, Geothrix fermentans and Actinobacteria phyla, which were not identified 

using 16S rRNA gene clone libraries (Yates et al. 2012). 

 

1.5.7. FISH - Fluorescence in situ hybridization 
 

FISH is a method used to detect and localize specific DNA sequences on chromosomes. This procedure 

utilizes DNA probes that bind specifically to those parts of the chromosome with which they show a high degree 

of sequence complementarity. These probes contain a biotin molecule that acts as antigen for an antibody 

attached to a fluorescent molecule (Langer-Safer et al. 1982). The process starts with the chromosomes being 

firmly attached to a substrate, usually glass. Repetitive DNA sequences must be blocked by adding short 

fragments of DNA to the sample. The probe is then applied to the chromosome DNA and incubated for 

approximately 12 hours while hybridizing. Several wash steps remove all unhybridized or partially hybridized 

probes. The results are then visualized and quantified using a microscope that is capable of exciting the dye and 

recording images. 

In the MFCs field the FISH technique is used to identify and quantify specific bacterial species within the 

microbial community. A probe designed to target the 16S gene of a specific bacterial specie is hybridized with 

the extracted DNA of the biofilm and the relative abundance of this bacteria is evaluated in each sample by 

counting the fluorescent spots (Kiely et al. 2011).  FISH is a useful non-PCR based technique that can be used to 

corroborate the findings of the other molecular techniques, improving the confidence levels of the results. A 

problem associated with the post-PCR methods (DGGE, pyrosequencing, etc) is the quantitative bias associated 

with differential amplification efficiency and rRNA operon copy number. The use of multiple analysis techniques 

may provide greater confidence on the composition of the community (Yates et al. 2012). 



23 
 

1.6. Applications and advantages 
 

MFCs appeared with the main purpose of alternative energy source to the fossil fuels. However, due to 

its complexity the progress made in this area has been slow and found a lot of constraints. Further improvements 

in design, cost effectiveness and performance efficiency are needed so it would be possible to scale-up and use 

this technology as a renewable energy resource (Sai 2009). 

One of the most studied applications of this technic is the treatment of organic waste, particularly waste 

water. This application has special relevance at the environmental level because it allows the generation of 

electric energy while treating water, reducing the energetic costs and making waste water treatment more 

affordable even in developing nations (Shukla & Suresh 2004). Furthermore, due to the special metabolism of 

electrogenic bacteria, it is possible to fully degrade the organic compounds into carbon dioxide and water, closing 

the carbon cycle and reducing the excess of sludge produced when compared to aerobic treatment processes 

(Kim et al. 2007). 

Other possible applications include:  

1. Powering up underwater monitoring devices – Sediment fuel cells combined with monitoring systems  

are being developed to track environmental factors in rivers and oceans (Bond et al. 2002). 

2. Power electrochemical sensors and small telemetry systems to transmit the data acquired by the 

sensors to remote receivers. A microbial fuel cell was combined with low-power, high-efficiency 

electronic circuitry providing a stable power source for wireless data transmission (Shantaram et al. 

2005). 

3. Hydrogen production by modified MFCs using organic waste (Liu et al. 2005). These devices also called 

microbial electrolysis cells (MECs) are a bioelectrochemical system in which bacteria convert chemical 

energy into electrical energy and allow electrolysis of water for hydrogen production (Thygesen et al. 

2011). 

Several advantages are associated with MFCs comparatively with currently employed technologies for 

energy production from organic matter: (1) the direct conversion of substrate energy to electricity enables high 

conversion efficiency, (2) MFCs operate efficiently at ambient, and even at low temperatures, (3) an MFC does 

not require gas treatment because the off-gases of MFCs are enriched in carbon dioxide and normally have no 

useful energy content, (4) MFCs do not need energy input for aeration since the cathode is passively aerated, (5) 

MFCs have potential for widespread application in locations lacking electrical infrastructures and also to expand 

the diversity of fuels we use to satisfy energy requirements (Rabaey & Verstraete 2005). 

MFCs also have numerous advantages over chemical fuel cells, all of which relate to the fact they employ 

living, rather than chemical catalysts. The bacteria, as a rule are not limited to one substrate, but exhibit a range 

of different compounds they can utilize for fuel. Furthermore, they are inexpensive, and have the ability to 

reproduce and to self-repair. Also, they can be custom-made and optimized to a wide variety of different physical 

and chemical conditions, using the robustness of the microbial cells and communities (Chang 2006).  
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2. Materials and method 
 

2.1. MFCs configuration 
 

The H-shaped reactor was constructed with two cylindrical acrylic glass bottles with a total volume of 

300 ml, which were connected with an acrylic glass tube with an inner diameter of 30 mm at Department of 

Chemical and Biochemical Engineering, Technical University of Denmark, as demonstrated in Figure 2.1. A proton 

exchange membrane (PEM; Nafion™ N117, Dupont Co., USA) with an area of 7.1 cm2 was placed between the 

chambers. The two chambers were tightened by using rubber rings and screw bolts. Both anode and cathode 

were made of two paralleled carbon paper sheets (Toray carbon paper TGPH-20, Pemeas USA, Inc., E-TEK 

division) with a size of 3 × 8 cm and a thickness of 0.35 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 - H-shaped reactors after assembly. Both anode and cathode electrodes, as well 
as the electrical connections with the external circuit are visible. 
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2.2. Inoculation and operation of the MFCs 
 

2.2.1. Inoculum test 
 

Reactors (triplicates) were inoculated with three types of wastewater sources: domestic wastewater 

after a fine separation process (Lyngby Taarbæk Community, Denmark); lake sediment which was collected from 

Sorø lake (N55⁰25´, 11⁰32´E) in Denmark; and biogas sludge from Hashøj Biogas (Dalmose, Denmark). The basic 

anolyte consisted of M9 medium containing per liter: 6 g Na2HPO4, 3 g KH2PO4, 1 g NaHCO3, 1 g NH4Cl, 0.5 g NaCl, 

0.247 g MgSO4·7H2O, 0.0147 g CaCl2 and 1 ml trace element solution. The trace element solution contained per 

liter: 0.55 g FeSO4, 0.070 g ZnCl2, 0.064 g MnCl2, 0.006 g H3BO3, 0.066 g CaCl2, 0.0016 g CuCl2, 0.013 g NiCl2, 0.033 

g Na2MoO4, and 0.13 g CoCl2 (Rabaey, Ossieur, et al. 2005). To this medium, a carbon resource (sodium acetate 

or xylose) was added to obtain a loading rate of 1 g COD.L-1. The reactors were inoculated in a 1:1 ratio of medium 

to inoculum and fed with sodium acetate. All reactors were fed every 5 days (5 days equal to one cycle) with 

fresh medium and corresponding substrates. Due to start up time, the first cycle lasted for 7 days. After 2 to 3 

batch cycles, stable power generation was obtained in all reactors. The substrates used in all reactors were 

switched to xylose to study the adaptability of the microbial community to the more complex substrate (xylose). 

The cathode chamber of all the reactors were filled with 100 mM K3Fe(CN)6 and 100mM phosphate buffer (6 g.L-

1 NaH2PO4, 6.6 g.L-1 Na2HPO4). The cathode solution was replaced at the beginning of each cycle. 

 

2.2.2. External resistance test 
 

With the objective of testing the external resistance which led to optimal power production, the 

reactors (duplicates) were coupled with four different resistances in the electric circuit: 200, 500, 800 and 1000Ω. 

A single inoculum was used (lake sediment) and the inoculation process was the one described above. The 

anolyte (with sodium acetate as carbon source) and catholyte were the same used in the previous test. All the 

reactors were fed every 4 days (4 days equal to a cycle) with fresh medium and new cathode solution. The first 

cycle lasted for 6 days due to start up time, and stable power generation was observed after this start up cycle 

for all the reactors. 

 

2.2.3. Substrate concentration test 

 
The reactors (duplicates) using the optimal resistance from the previous test (200Ω), were fed with 

sodium acetate in the following loading rates: 0.5; 1.0; 1.5 and 2.0 g COD.L-1. The biofilm formed in the external 

resistance test was used for this test, which means that anode electrode was kept. Therefore, the inoculation 

step was avoided and the start-up cycle of 6 days was substituted by an acclimatization cycle of 4 days. The 

anolyte and catholyte were the same used in the previous test. All the reactors were fed every 4 days (4 days 
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equal to a cycle) with fresh medium supplemented with corresponding substrate concentration, as well as new 

cathode solution.  

 

2.3. Microbial community analysis  
 

Samples were taken by cutting ≈0.5 cm2 (corresponding to ≈2% of the anode surface) of anode electrode 

by using a flame-sterilized scissor at the end of each cycle. The small reduction of anode electrode area would 

not affect performance as the report has shown that up to 20% of the anode electrode material can be removed 

without affecting power generation significantly. Genomic DNA was extracted directly by using the 

PowerBiofilm™ DNA Isolation Kit (MO-BIO, USA) according to manufacturer’s instructions. The extracted DNA 

was amplified by polymerase chain reaction (PCR) in a C1000™ thermo-cycler (BIO-RAD, USA) as described by 

Muyzer et al. (Uitierlinden 1993), using the primer 16S-338f-GC containing a GC clamp (5’-CGC CCG CCG CGC GGC 

GGC GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG CAG CAG-3’) and 16S-518r (5’-ATT ACC GCG GCT GCT GG-

3’). Denaturing gradient gel electrophoresis (DGGE) was performed using the DCODE™ Universal Mutation 

Detection System (Bio-Rad, USA). PCR and DGGE were performed as outlined by (Thygesen et al. 2011) The PCR 

product was loaded onto 8% (W/V) polyacrylamide gels with a gradient of denaturant (Urea) ranging from 45% 

to 60%. DGGE was run in 1×TAE (Tris–acetate–EDTA) buffer at 38V for 16h (60℃). The gels were then stained in 

TAE buffer (pH 8.0) containing SYBR Green (1:10000, Bio-Medicine, USA) for 30 min before the DNA bands were 

observed by a UV-Doc image analyzer (UVItec, UK). The similarity between the samples was analyzed by using 

BioNumerics software v.7.1 (Applied Maths, Sint-Martens Latem, Belgium). The parameters of the DGGE profile 

were analyzed as explained by (Marzorati et al. 2008).  

A clone library with the only aim of providing a proper phylogenetic affiliation to the DGGE bands was 

also constructed (Thygesen et al. 2011). The almost full length of the 16S-RNA was amplified by means of PCR 

with universal primers 16S-27f and 16S-1492r. The cloning was performed by using the CloneJET PCR Cloning Kit 

according to the manufacturer’s instructions (Phusion High-Fidelity DNA Polymerase; Thermo Scientific #F-530S, 

USA) and electro competent Escherichia coli DH5α. 120 of different clones were then sequenced with one primer 

(27f) to identify the clones. The resulting sequences were analyzed in the database Nucleotide BLAST. 

Subsequently only those clones that were different were amplified by PCR with the DGGE primers 338f-GC and 

518r. The PCR product was then run in a DGGE gel to identify the unknown DGGE bands.  

 

2.4. Scanning electronic microscope 
 

In order to examine the biofilm on anode surface, the anodic electrode (≈2 cm2) was removed without 

touching its surface. The samples were macerated in a fixation medium containing 5% glutaraldehyde, 2% 

paraformaldehyde and 0.1 M Na-acetate in deionized water. After fixation, the samples were then dehydrated 

in aqueous ethanol in the sequence: 20%, 40%, 60%, 80%, 90% and 100% for 20 min in each solution. After that 

further dehydration was performed in 33%, 66% and 100% acetone in ethanol. Critical point drying was 
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performed with liquid CO2. Following coating with gold by using a Polaron E5000 sputter coater, samples were 

observed under a Philips XL30 ESEM scanning microscope. 

 

2.5. Analytical methods 
 

Total Nitrogen, phosphate, and COD concentration were determined by chemical kits (LCK138, LCK349 

and LCK514, HACH LANGE, UK) according to the product manuals. The concentrations of monomer sugars and 

volatile fatty acid (VFA) were measured by high-performance liquid chromatography (HPLC). The samples were 

firstly acidified with 1 M H2SO4 until reaching pH 2.0-2.5, subsequently centrifuged at 4500 rpm for 15 min, and 

analyzed on a HPLC (Shimadzu CTO-10A) using a Biorad HPX-87H column (Hercules, CA; USA), RI detector, 63°C 

and 4 mM H2SO4 as eluent, at flow rate of 0.6 ml.min-1. Cell voltage was recorded every 15 minutes by a data 

logger (Model 2700, Keithley Inc., USA). In polarization test, the external resistor was varied ranging 30–50000 

Ω. Electrochemical impedance spectroscopy (EIS) was carried out with a potentiostat (Series G750TM, Gamry 

Instruments Inc., USA). The anode polarization resistance was measured by connecting the MFCs to the 

potentiostat in the three-electrode mode. The scanning frequency range was from 2x104 Hz to 10-1 Hz. The anode 

was used as working electrode, while the cathode functioned as counter electrode. The third lead was attached 

to a reference electrode (Ag/AgCl; #MF2079; Bioanalytical Systems Inc.) inserted in the anode chamber. 

Coulombic efficiency was calculated as the ratio of accumulative electrons produced from the MFCs to the 

electrons released from substrate degradation.  
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3. Results & Discussion 
 

3.1. Inoculum test 
 

The first part of this work focused on the effect of the inoculum resources on electricity generation and 

microbial community development in MFCs. With the aim of determining which of the 3 most utilized inoculums 

in MFCs studies lead to the best results, triplicate reactors were inoculated with (1) domestic waste water (DW); 

(2) lake sediment (LS); and (3) biogas sludge (BS). In order to avoid problems in data comparison, all the reactors 

were run under the same conditions all the time. Moreover, to evaluate the robustness of the biofilm formed, 

the substrate was changed from sodium acetate to xylose after 3 cycles. 

 

3.1.1. Electricity generation 
 

A stable electricity production was achieved after the inoculation cycle (cycle 1) for all the MFCs. DW-

inoculated MFCs presented the best start-up with a shorter lag phase and higher voltage values, followed by the 

LS and the BS. The drop observed in the cell voltage for the DW can be explained by the fast start-up that 

consumed more substrate and resulted in a shortage of substrate before the end of the cycle. The LS-inoculated 

MFCs had the highest average values for the cell voltage in all the cycles, while the DW- and BS- inoculated MFCs 

showed ups and downs of the cell voltage depending on the cycle.  

The changing of substrate from acetate to xylose had more distinct impact on the DW than on the other 

two. This is visible with the necessity of two cycles (cycle 4 and 5) by the DW to stabilize their electricity 

production, while the LS and BS didn’t even required one cycle to achieve a stable production. This is also 

reflected by the drop of average cell voltage for DW (from 632 mV to 472 mV), followed by the BS (from 650 mV 

to 555 mV) and LS (from 662 mV to 569 mV) when the substrates were changed. 

The MFCs performance regarding to the substrate variation demonstrated the capability of the 

microbial community in MFCs to adapt to substrate changing from simple substrate (acetate) to complex 

substrate (xylose). As is known electrogenic bacteria is only capable of simple substrate degradation. In order to 

degrade the xylose in MFCs, the cooperation of electrogenic bacteria and fermentative bacteria is needed. Xylose 

can be firstly converted to acetate by fermentative bacteria and then utilized by electrogenic bacteria. As shown 

in Figure 3.4 the microbial community became more diverse and fermentative bacteria predominated after 

addition of the xylose. Moreover, it seems that the consortia of fermentative and electrogenic bacteria works 

quite well since an identical cell voltage output was obtained in all MFCs (cycle 4 to 5 in Figure 3.1). 
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The data from polarization test - Table 3.1, showed higher power densities for the MFCs inoculated with 

LS in all cycles. DW- and LS- inoculated MFCs presented similar values during the fourth and fifth cycles (transition 

from acetate to xylose). At the end of the experiment the LS showed the higher value (955 ± 53 mW.m-2) followed 

by DW (887±16 mW.m-2) with the BS presenting the worst results (604 ± 114 mW.m-2). It’s also visible a bias for 

the power density to increase over time, which suggests that the biofilm became stronger over time and the 

capability of power generation was also improved. 

 

Table 3.1 – Maximum power density obtained in MFCs inoculated with three different inoculums (DW, LS and BS). The operation cycles 
correspond to the ones in Figure 3.1. Letters A-E indicate significant difference between the three inoculums used for each batch cycle (one-
way ANOVA; p<0.05). Results that do not share a letter are significantly different. 

Operation cycle DW (mW.m-2) LS (mW.m-2) BS (mW.m-2) 

2 441 ± 32A 485 ± 63AB 449 ± 26AB 

3 482 ± 5AB 683 ± 52ABC 541 ± 74ABC 

4 574 ± 88ABC 726 ± 125 CDE 575 ± 22ABC 

5 654 ± 52BC 765 ± 75CDE 686 ± 14BCD 

6 887 ± 16DE 955 ± 53E 604 ± 114ABC 

 

Figure 3.1 – Electricity production in MFCs inoculated with DW (a), LS (b) and BS (c), respectively. Ace: acetate; Xyl: xylose. The dashed lines represent 
the beginning and end of each cycle. 
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3.1.2. Cell voltage output and substrate degradation 
 

By applying the Ohm’s law it is possible to obtain the current intensities from cell voltage values. 

Integrating the current intensity between the starting and finishing time points of the experiment - Equation 3.1 

- obtains the cumulative charge built up in the MFC. In turn using the Faraday’s constant it is possible to convert 

this charge in molar concentration of electrons. Thereby calculating the amount of electrons that transfer 

through the external circuit. This is also a good way to infer the performance of the MFC in terms of electricity 

production because cell voltage is not always reflecting the performance of the system. 

𝑄 = ∫ 𝐼. 𝑑𝑡
𝑡𝑐𝑦𝑐𝑙𝑒

0

 Equation 3.1 

 

Data showed in Figure 3.2 (a,b,c) is relative to the third cycle of the test (acetate), while Figure 3.2 (d,e,f) 

correspond to the fifth cycle (xylose). When acetate was the substrate used, LS- inoculated MFCs presented the 

best average cell voltage (662±10 mV) with BS- and WW- inoculated MFCs coming in second (650±15 mV) and 

third (632±32 mV) places, respectively. Changing the substrate to xylose also changed the average cell voltages, 

BS- inoculated MFCs showed the highest values with an average of 667±15 mV, followed by LS (666±10 mV) and 

WW (625±54 mV). 

From Figure 3.2 is visible that when acetate was the substrate no significant differences were obtained, 

both the acetate degradation and the cumulative energy were very identical for the three inoculums tested. 

Concerning the xylose cycle, very similar dynamics are also visible among the different inoculum. The 

xylose was consumed in the first day with accumulation of volatile fatty acid (e.g. acetate, propionate). A residual 

production of propionate is visible, with more expressive results for the BS-inoculated MFC, which at the same 

time presented lower concentrations of acetate produced, compared with the DW and LS. The cumulative charge 

was identical between the three inoculums and also identical with the results obtained when acetate was used 

as substrate. 

The similar values of cumulative charge are in agreement with the average cell voltages since no 

significant difference was shown for this values when the substrate was changed. Furthermore, this demonstrate 

the ability of the microbial community within the biofilm to degrade complex substrates with identical electrical 

productions as observed with simple substrates. 
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3.1.3. Coulombic efficiency 

 
Different techniques can be used to evaluate the substrate degradation in a MFC, one of them is the 

coulombic efficiency. This technique compares the maximum value of electrons that could be released from the 

substrate that was degraded with the effective value of electrons that were transferred to the anode and that 

travelled through the external circuit. In that way the higher the coulombic efficiency, the more efficient was the 

electricity generation observed in the MFCs. 

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 1 2 3 4 5

C
o

n
ce

n
tr

at
io

n
 (

m
M

)

C
el

l V
o

lt
ag

e 
(V

)

Time (days)

Cell Voltage

Acetate

Cumulative Charge

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 1 2 3 4 5

C
o

n
ce

n
tr

at
io

n
 (

m
M

)

C
el

l V
o

lt
ag

e 
(V

)

Time (days)

Cell Voltage

Acetate

Cumulative Charge

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 1 2 3 4 5

C
o

n
ce

n
tr

at
io

n
 (

m
M

)

C
el

l V
o

lt
ag

e 
(V

)

Time (days)

Cell Voltage

Acetate

Cumulative Charge

0

2

4

6

8

10

12

14

16

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 1 2 3 4 5

C
o

n
ce

n
tr

at
io

n
 (

m
M

)

C
el

l v
o

lt
ag

e 
(V

)

Time (days)

Cell Voltage

Acetate

Xylose

Propionate

Cumulative Charge

0

2

4

6

8

10

12

14

16

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 1 2 3 4 5

C
o

n
ce

n
tr

at
io

n
 (

m
M

)

C
el

l V
o

lt
ag

e 
(V

)

Time (days)

Cell Voltage

Acetate

Xylose

Propionate

Cumulative Charge

0

2

4

6

8

10

12

14

16

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 1 2 3 4 5
C

o
n

ce
n

tr
at

io
n

 (
m

M
)

C
el

l V
o

lt
ag

e 
(V

)

Times (days)

Cell Voltage

Acetate

Xylose

Propionate

Cumulative Charge

Figure 3.2 – Voltage output and substrate degradation as function of time in MFCs enriched with WW (a, d), LS (b, e) and BS (c, f) respect ively. The 
substrate used in (a, b, c) and (d, e, f) was acetate and xylose, respectively. The initial concentration for each substrate was 1 g-COD.L-1. 
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The coulombic efficiency can be calculated using Equation 3.2 (Thygesen et al. 2010), where the integral 

represents the cumulative charge already mentioned, M is the molar mass of the oxygen molecule (O2= 32 g.mol-

1), n is the number of electrons exchanged per mole of oxygen, F is the Faradays’s constant (F=96485 C.mol-1) 

and ΔCOD is the COD variation between the beginning and the end of the batch cycle. 

𝐶𝐸 =
∫ 𝐼. 𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

0
 . 𝑀

𝑛. 𝐹. ∆𝐶𝑂𝐷
 Equation 3.2 

 

Table 3.2 - Coulombic efficiency in MFCs inoculated with three different sources (DW, LS and BS).  The operation cycles correspond to the ones 
in Figure 3.1. Letters A–E indicate significant difference between the three inoculums used (one-way ANOVA; p<0.05). Results that do not 
share a letter are significantly different. 

Operation cycles DW (%) LS (%) BS (%) 

2 27 ± 2ABCD 30 ± 4A 23 ± 2ABCD 

3 27 ± 1ABC 29 ± 1AB 24 ± 3ABCD 

4 14 ± 2E 18 ± 1DE 17 ± 0DE 

5 19 ± 3CDE 22 ± 0ABCDE 21 ± 1BCDE 

6 17 ± 3DE 23 ± 1ABCD 21 ± 1ABCDE 

 

LS-inoculated MFCs showed higher CEs than DW and BS. A deeper analysis of the results in Table 3.2, 

showed the CE dropped dramatically from third to fourth cycle when the substrate was changed from acetate to 

xylose. However, after one operation cycle (cycle 5) the CE increased to 22% (LS), 21±1% (BS) and 19±3% (DW).   

This demonstrates that the addition of xylose had significant effect on electric efficiency and that adaptation of 

the microbial community to the new substrate was needed. Moreover, the higher CEs obtained for LS-inoculated 

MFCs might be explained by the greater percentage of G. sulfurreducens in the microbial community within the 

biofilm - Figure 3.5. A study using H-shaped reactors fed with acetate and inoculated with DW obtained a 

coulombic efficiency of 23.5% (Zhang et al. 2011). The similarity between the referenced results and the ones 

presented in Table 3.2 suggests that the conditions utilized for the DW were close to the optimized ones, and 

also validates the results. 

 

3.1.4. Anode Impedance 
 

The electronic impedance spectroscopy (EIS) allows a deep view into electrochemical reaction on the 

anode surface. The anode polarization resistance can be measure by using EIS. For MFCs, the lower the anode 

resistances, the more efficient electricity generation can be achieved. The anode resistance values are obtained 

from the horizontal axis (Zreal), where the subtraction of last value to first value corresponds to the anode 

polarization resistance. 
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The results of the anode polarization resistance were presented in Figure 3.3. The resistance for DW- 

LS- and BS-inoculated MFCs were 110 Ω, 175 Ω and 75 Ω, respectively, before power was generated. A decrease 

in resistance was observed after the MFCs achieved a stable power generation, which indicates that the 

electrochemical reaction was activated by the biofilm formed in the anode. LS-MFCs showed lower resistance 

values (33Ω) when compared with DW- (58 Ω) and BS-MFCs (37 Ω). Furthermore, when xylose was fed to MFCs, 

LS-inoculated MFCs also performed with lower anode resistance (30 Ω) than DW (42 Ω) and BS (44 Ω).  

These results suggests a correlation between power density and anode resistance since the lowest 

resistances are associated with highest power densities (Table 3.1) in the LS-MFCs. Therefore, the anode 

resistance might be a parameter for evaluating MFC performance. 

  

Figure 3.3 – EIS of the anode in MFCs inoculated with WW, LS and BS. (a) Anode impedance before biofilm formation; (b) Anode impedance when 
using acetate as substrate; (c) Anode impedance when using xylose as substrate. The scanning frequency range of EIS was from 20 kHz to 100 mHz. 
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3.1.5. Microbial community analysis 
 

To understand how the inoculum source really affects the establishment of a microbial community, an 

analysis was performed for the biofilm formed in the anode. Samples of biofilm were analyzed concerning 

bacterial species identification, determination of dominant species and community development. In order to do 

this, bacterial species were isolated from the community by means of PCR and cloning of the 16S gene. These 

isolates were sequenced, and identified by means of internet databases of the 16S rRNA gene. After identification 

of each fragment, a DGGE gel was run, which contained a mixture of the 16S fragments corresponding to the 

biofilm sample, and each identified fragment.  

The resulting profile from the gel allows band identification of the sample. Furthermore, using computer 

software it is possible to determine profile similarities between different samples and quantify species relative 

abundance based on band intensity, which in turn allows the construction of similarity trees. 

 

Analyzing the DGGE profiles obtained for the inoculum test - Figure 3.4 - is possible to understand how 

the inoculum source affected the microbial community, how the community developed during the test, and the 

effect of different substrates in their development. The most evident observations are (1) the different profiles 

obtained for each inoculum source; (2) the presence of GS in all the samples analyzed (band 8); and (3) the shift 

in the microbial community between the third and the fourth cycles. 

The different profiles obtained for each inoculum source are related with the fact that each inoculum 

carries a different cocktail of microorganisms, which will constitute the microbial community. However, common 

bands are visible in Figure 3.4, these bands corresponds to bacteria that are common to these inoculums and are 

better adapted to grow in the anode conditions. These bacteria are usually determinant for the MFC operation, 

Figure 3.4 – DGGE profiles and similarity tree for the microbial community of the anodic biofilm. The numbers (1, 2, 3, 
4) in the lanes name (DW_1, DW_2, …BS_3, BS_4) means the samples were taken at end of cycle 2, 3, 4 and 5 in Figure 
3.1, respectively. Numbers 1-10 in top of the picture represent the identified bands that are presented in Table 3.3. 
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and are found to be enriched in the biofilms. One example is the Geobacter sulfurreducens. In this test this specie 

was found in all the samples tested, and had relative abundances in the biofilm up 18%. 

The shift observed in the microbial community is explained by the substrate change from acetate to 

xylose. The use of xylose, which is a fermentative substrate, promoted an enrichment of the microbial community 

in fermentative bacteria, fact observed in the Figure 3.4 by the arising of the bands 1, 7, 9 and 10, which were 

identified as fermentative bacteria. The enrichment in these bacteria is beneficial and in a certain way mandatory 

for the MFC operation since the electrogenic bacteria is only capable to convert non-fermentable substrates, 

which are produced by the fermentative bacteria. This situation is an example of the already mentioned 

cooperative relation between these two different types of bacteria. 

Relating the electric data with the microbial community results, the drop in the CEs in the fourth cycle 

can be explained by the biofilm enrichment in fermentative bacteria. These bacteria are not capable of electron 

transfer to the anode electrode, resulting in substrate consumption that is not converted into electric energy, 

which causes a drop in the CE results. 

Furthermore, from the similarity tree is visible two distinct groups of communities, one that includes 

the samples taken when acetate was fed, and the other one constituted by the samples from the xylose-fed 

cycles. This result exacerbates even more the effect of the substrate in the microbial community development. 

It’s also important to refer the largest similarity between the microbial communities formed from the DW and 

LS inoculums in both substrates. This suggests that DW and LS originate microbial communities that converge 

more than the ones formed from the BS. 

The previous observations and conclusions were already described by other authors. For example, the 

community shift due to substrate changes was reported by (Zhang et al. 2011). In his work he observed that 

when MFCs inoculated with DW were fed with acetate, electrogenic bacteria were the dominant species, while 

when glucose was fed to the MFCs the community changed and was dominated by fermentative bacteria. In the 

present work, despite the fact that when acetate was fed the only identified electrogenic bacteria was the GS, 

when xylose was used a great enrichment of the anode biofilm in fermentative bacteria happened as described 

by (Zhang et al. 2011). Also the taxonomic classes found in the community are similar to the most reported ones 

- Figure 1.3. The Proteobacteria is the one with most representatives (6 members), followed by the Bacteroidetes 

(2 members) and the remaining ones (1 member). 

Regarding the anode potential and the microbial community development, in this test with an average 

anode potential of -0.33 V, the microbial community was dominated by Proteobacteria and Bacteroidetes. More 

specifically in the LS-MFCs, GS seems to be the dominant species in both substrates. This result is in accordance 

with a study with similar anode potentials (-0.25 V), where (White et al. 2009) observed a dominance of GS.  
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Table 3.3 – DGGE 16S rRNA gene band identification and characterization of the species. 

Band Accession no. Gene bank match 
Identity 

(%) 
Phylum Characteristics 

1 NR_041642.1 
Bacteroides 

graminisolvens 
91 Bacteroidetes 

Strict anaerobe fermenting sugars 
to succinate, lactate, acetate and 

propionate 

2 NR_074573.1 Arcobacter butzleri 100 Proteobacteria 

Facultative anaerobe detected on 
food 

of animal origin such as beef, lamb, 
pork and 
poultry 

3 NR_074577.1 
Paludibacter 

propionicigenes 
84 Bacteroidetes 

Strict anaerobe with propionate-
producing from sugars 

4 NR_074520.1 
Thermanaerovibrio 
acidaminovorans 

87 Synergistetes 
Thermophilic anaerobe fermenting 

a variety of amino acids 

5 NR_026331.1 Shigella flexneri 99 Proteobacteria 
Facultative anaerobe failing to 

ferment lactose or decarboxylate 
lysine 

6 FJ454435.1 
Uncultured 
bacterium 

92 ------- --------- 

7 NR_044977.1 
Enterobacter 
cancerogenus 

99 Proteobacteria 
Facultative anaerobes fermenting 

glucose as carbon sources 

8 NR_075009.1 
Geobacter 

sulfurreducens 
99 Proteobacteria 

Strict anaerobe producing a number 
of products including acetate, 
butyrate, lactate acetone and 

ethanol 

9 KJ531387.1 Citrobacter braakii 99 Proteobacteria 
facultative anaerobes fermenting 

lactose as carbon sources 

10 NR_036875.1 Propionispora hippei 91 Firmicutes 
Strict anaerobe fermenting sugars 

to acetate and propionate 

11 NR_041017.1 Azonexus caeni 100 Proteobacteria Nitrogen-fixing bacteria 

 

As referred in section 1.2.2, Geobacter sulfurreducens (GS) is the most important electrogenic bacteria 

known to date. As studies have shown (Torres et al. 2009), the electrical performance of a MFC is correlated with 

the presence and relative abundance of this bacteria in the microbial community of the anode. In an attempt to 

demonstrate this correlation, relative quantification of G. sulfurreducens was performed based on band intensity 

from the DGGE profiles of Figure 3.4. The results obtained from the computer software are shown in Figure 3.5. 
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Figure 3.5 – Percentage of G. sulfurreducens for each inoculum tested determined by means of composite analysis 
of the DGGE band. Numbers (2-5) are corresponding to the operation cycles in Figure 3.1.The letters A-E indicate 
significant difference between the three types of inoculum source for each batch cycle (one-way ANOVA; p<0.05). 
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The DGGE profiles in Figure 3.4, show the existence of GS in all the samples tested (band 8) indicating 

the establishment of a community of GS independently of the inoculum source, revealing the importance of this 

electrogenic bacteria in the anode biofilm of MFCs. Furthermore, the greatest abundance of GS in the reactors 

inoculated with LS seem to support the correlation with MFC performance, since the data obtained for power 

density and cell voltage presents the highest values for the LS-inoculated MFCs. Moreover, being an electrogenic 

bacteria, the enrichment of the biofilm with GS should lead to lower anode resistances, which is also 

demonstrated with the lowest results for the LS-MFCs in the EIS test.  

Another observation from Figure 3.5 is the drop in the GS percentage when the substrate was changed 

to xylose (cycle 4). This seems to suggest a biofilm enrichment in other bacterial species, probably with a 

fermentative metabolism, and not a decrease in GS. This is visible in the DGGE profiles with the emergence of 

new bands identified as fermentative bacteria.  

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
 

Scanning electron microscopy (SEM) was also performed in order to evaluate how evenly the electrodes 

were populated by the microbial community. The results shown in Figure 3.6 demonstrated a very homogenous 

biofilm for all the inoculums. This homogeneity is important mainly to validate the power density results because 

it’s assumed for the calculations that all the electrode is populated and with the same bacterial density. 

Figure 3.6 – SEM pictures of the electrode before inoculation (a), and electrodes in MFCs inoculated with WW (b), LS (c) and BS (d), respectively. 
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3.2. External Resistance Test 
 

With the aim of studying the effect of external resistance in the biofilm formation and composition, and 

consequently in the power generation of the MFCs, four resistances with following values were applied to the 

external circuit: 200Ω, 500Ω, 800Ω and 1000Ω. 

 

3.2.1. Power Generation 
 

Using the cell voltage values and knowing the external resistance that was being used, it is possible to 

calculate the power generated by the MFC for each time point, using the Equation 1.11 presented in section 

1.5.2. 

 

 

 

Power production results are presented in Figure 3.7. The 200Ω-MFCs had the best start-up cycle with 

a slightly shorter lag-phase (2.0 days) and a maximum power value of 1.26 mW. The 500Ω- and 800Ω-MFCs 

showed identical start-up times (2.1 days), but different maximum power values of 0.76 mV and 0.54 mV, 

respectively. The 1000Ω-MFCs had the worst performance with the longer lag-phase (2.6 days) and the lowest 

maximum power result (0.44 mV). After only one cycle (cycle 2) a stable power production was achieved for all 

the MFCs. Furthermore, an increase in average cell power between second and third cycles was observed. The 

200Ω-MFCs presented the highest values ranging from 1.25±0.38 mW (cycle 2) to 1.43±0.18 mW (cycle 3), 
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Figure 3.7 - Power generation in the MFCs for each of the 4 external resistances used. The first cycle corresponds to the 
start-up cycle. Cycle number two lasts for 5 days, while cycle number three lasts for 4 days. 
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followed by the 500Ω-MFCs (from 0.79±0.14 mW to 0.86±0.06 mW) and 800Ω-MFC (from 0.56 ± 0.08 mW to 

0.60±0.03 mW). The 1000Ω presented the lowest values with the average cell power increasing from 0.46 ± 0.08 

mW to 0.49±0.04 mW.  The difference between the maximum power for the 200Ω and 500Ω is around 45%, 

while for the 1000Ω resistance the same difference is around 68%.  

 A decrease in cell power was also observed for the 200Ω-MFCs during the second and third cycles, 

which is not desirable and in practical terms prejudicial for electrical systems. The 500Ω, 800Ω and 1000Ω 

resistances led to stable power generations but lower cell power averages. These results suggests that lower 

resistances led to higher cell power values, but also to more unstable results. The ideal scenario would be to find 

out the causes for this slope observed in the 200Ω-MFCs and try to avoid them. 

Some hypothesis can be suggested to explain the slope in power generation, which are related with the 

fact that the biofilm will produce as many electrons as the ones the electrical system can handle and the cathode 

can consume. The 200Ω resistance allowed higher electron densities than the remaining resistances (Figure 3.8). 

Therefore, more electrons were produced, which led to higher substrate consumption rates and consequently 

to a lack of substrate. However, as it will be shown further ahead this was not verified. Another hypothesis for 

this power decrease is the slowing down of cathode reaction kinetics due to a decrease in the concentration of 

Fe(III) ions, which is also related with the higher power densities observed in the 200Ω-MFCs 

Mass transfer problems in the proximities of the biofilm and the membrane can also be one of the 

reasons for this behavior. The kinetics of the anode reaction were higher with the 200Ω resistance than with any 

of the other resistances. This led to accumulation of products and lack of substrate in the proximity of the biofilm, 

decreasing the anode reaction kinetics shortly after the beginning of the cycle. Furthermore, the membrane had 

a limited rate to transfer protons from the anode to the cathode. If this rate was lower than the one at which the 

protons were being produced at the anode, proton accumulation at the anode and therefore lack of protons at 

the cathode had occurred, which led to a slowing down of the overall redox reaction in the MFC and a decrease 

in power production. 

0,00

200,00

400,00

600,00

800,00

1000,00

1200,00

P
o

w
er

 d
en

si
ti

e 
(m

W
/m

2
)

200Ω 500Ω 800Ω 1000Ω

AB 

B 
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In the polarization test (Figure 3.8) a similar pattern was observed, 200Ω-MFCs showed the highest 

power densities (1006±20 mW.m-2), with the 500Ω-, 800Ω- and 1000Ω-MFCs coming in second (916±140 mW.m-

2), third (756±27mW.m-2) and fourth place (619±16 mW.m-2), respectively. Furthermore, data from the 

polarization test also allows to observe that lower power productions were obtained from biofilms formed under 

higher external resistances. This mean that the external resistance plays an important role in the biofilm 

formation and composition since the maximum power obtained for this biofilms is different even after the 

change in the external resistance performed by the polarization test. 

Similar values were obtained by (Yates et al. 2012) using a cube-shaped MFC inoculated with DW and 

LS. An acetate concentration of 0.78 g of COD.L-1 was fed during the test and power densities of 620 mW.m-2 and 

590 mW.m-2 were described for the DW and LS, respectively. A similar test but using H-shaped reactors found 

lower power densities (72 mW.m-2) using an acetate concentration of 1 g COD.L-1 (Zhang et al. 2011). 

Since power production is one of the main indicators of a MFC performance, the higher the values 

obtained, the best the performance of these fuel cells. Therefore, it is possible to conclude that the 200Ω 

resistance led to best overall results. Furthermore, keeping all the other physic-chemical values constant, a 

simple change in the external resistance increased the power density results in this test up to 61% (difference 

between 200Ω and 1000Ω). This is very important thought that with the same inoculum and amount of substrate 

higher power production was possible just by adjusting the external resistance.  

Several studies have related the external resistance with the internal resistance (Katuri et al. 2011; Pinto 

et al. 2011), claiming that the best results were achieved with values of external resistance as similar as possible 

with the internal resistance. With this in mind it is possible to conclude that the internal resistance of the reactors 

used in this test was similar or lower than 200Ω, since the higher the resistance the worst the results. 

 

3.2.2. Cell voltage output  
 

Results presented in Figure 3.9 are relative to the third cycle of this test. Regarding the cell voltage, the 

1000Ω-MFCs obtained the best average value of 0.70±0.05 V, followed by the 800Ω-MFCs with 0.69±0.05 V, the 

500Ω-MFCs with 0.65±0.03 V and finally the 200Ω-MFCs with 0.53±0.04 V. Is then clear that higher resistance 

values led to higher cell voltages.  

The cumulative charge calculated for this cycle showed that contrary to the cell voltage, the best results 

were obtained by the 200Ω-MFCs (885±0 mM), with the remaining resistances showing decreasing values, 

respectively, 433±8 mM; 287±3 mM and 234±2 mM. 

The fact that the cell voltage is lower for the lowest resistances is due to higher anode potentials. The 

lower resistances allows a bigger flux of electrons throw the external circuit what decreases the accumulation of 

negative charges in the anode and therefore increasing the anode potential. This higher electron flux is supported 

by the cumulative charge results where the 200Ω obtained the higher concentration of electrons. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
 

 

3.2.3. COD removal and coulombic efficiency 
 

COD removal percentages showed in Table 3.4  are relative to the third cycle of the test, where 200Ω-

MFCs showed the highest COD removal values, with the 500Ω-, 800Ω- and 1000Ω-MFCs showing decreasing 

results. Analyzing the COD variation in the anolyte it was possible to detect a pattern: the highest the resistance 

the worst the results since the goal in MFCs is to remove as much COD as possible. This indicated a higher 

substrate consumption by the lowest resistances, which was in accordance with the high cumulative charges also 

observed in Figure 3.9. 

The CE results in Table 3.4, indicate how efficient the substrate consumption in MFCs was, showing how 

much of the substrate consumed was used for electricity production. The 200Ω led to the best performance, with 

more than 60% of the substrate converted in electricity. The 500Ω resistance reached slightly more than half of 

the 200Ω conversion rate, and the 800 and 1000Ω, which showed similar values between them, not even 

achieved half of this result. Furthermore, despite the relation already demonstrated between the external 

resistance and the electricity generation, is also possible to relate the resistance with the biofilm efficiency since 

the lowest resistances showed higher COD removal rates and at the same time better CEs.  
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Figure 3.9 – Voltage output and cumulative charge as function of the time in MFC under different external resistances: 200Ω (a); 500Ω (b); 800Ω (c); 1000Ω (d). 
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Table 3.4 – COD removal from the anolyte and coulombic efficiency in the MFC under different external resistances, from the 3 rd cycle of the 
test. The letters A-C indicate significant difference between the results in the same column (one-way ANOVA; p<0.05). Results that do not 
share a letter are significantly different. 

 ∆COD (%) CE (%) 

200Ω 54.8 ± 4.7A 61.0 ± 5.3A 

500Ω 42.7 ± 0.6B 38.2 ± 1.2B 

800Ω 41.9 ± 1.3B 25.8 ± 1.1C 

1000Ω 35.1 ± 2.3B 25.0 ± 1.8C 
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3.3. Substrate Concentration Test 
 

After determining the external resistance under which the MFCs have shown the best performance, the 

next goal was to evaluate the effect of substrate concentration in the MFC performance. For that, a test was 

performed using duplicate reactors with a 200Ω external resistance attached and fed with four different acetate 

concentrations measured in terms of COD load: 0.5, 1.0, 1.5 and 2.0 g of COD.L-1.  

To avoid the start-up cycle, the biofilm formed in the previous test was used here. To make sure that all 

the reactors started with a similar biofilm, a stabilization cycle was performed using 1 g of COD.L-1 of acetate and 

a 200Ω external resistance. After 4 days similar results were obtained for all the reactors (data not shown) and 

the substrate concentration test was started. 

 

3.3.1. Power generation 
 

Using the power production as a performance criterion it is possible, from Figure 3.10, to separate the 

results in two groups: (1) a group consisting only of the 0.5-fed MFCs and, (2) a group with the three remaining 

concentrations: 1.0, 1.5 and 2.0 g COD.L-1. 

Both groups presented similar values of power generation however, the first group was characterized 

by a power drop before the end of the cycle, while the second group could sustain power generation till the end 

of both cycles. The first group, as already said, presented a power drop before the end of the cycle, which can 

be explained by a lack of substrate as it will be shown further ahead. Furthermore, it is possible to visualize in 

Figure 3.10 that this power drop occurs in different time points in each cycle. In the first cycle the power drop 

occurs around the 1.5 day, while in the second cycle this drop was delayed to the 3.5 days, which represents an 

increase in power production of 2 days with the same conditions between cycles. Possible explanations to this 

fact are for sure related with the microbial community within the biofilm, what makes it harder to confirm. An 

explanation is that, as is known, a lot of inactive bacteria populate the biofilm and, when in a situation of lack of 

substrate, these bacteria die and the electrogenic bacteria, which is better adapted to metabolize this substrate, 

can maintain its population. That way the difference between the first and the second cycles is that in the second 

cycle the same amount of substrate was available for less bacteria what enables a longer power production. 

Therefore more cycles should be performed in order to obtain a stable biofilm and understand for how long this 

new biofilm could sustain the power production. 
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The second group of results is characterized by very similar values between the three different 

conditions within. They showed the same slope regarding the decrease in the power generation and identical 

maximum power values. Moreover, unlike the 0.5 concentration they managed to sustain the power generation 

till the end of the cycle.  
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Figure 3.10 - Power generation in MFCs utilizing different concentrations of substrate. Both cycles represent 4 days of 
MFC operation after which both the anolyte and catholyte were replaced. 

Figure 3.11 - Maximum power density for each concentration tested. Results obtained by means of 
a polarization test performed during the second cycle. No significant difference was found between 
the results (one-way ANOVA; p<0.05). 
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Another factor that points out the similarities in power production between the different 

concentrations is the maximum power achieved by means of a polarization test. In this test all the conditions 

tested presented identical maximum power densities, and no significant difference was found between them 

with a statistical test (one-way ANOVA; p<0.05) - Figure 3.11. 

 

3.3.2. Cumulative energy and substrate degradation 
 

As was done in the external resistance test, the cumulative energy was also calculated for this test. 

Additionally it was also assessed the acetate concentration daily, during the second cycle with the purpose of 

comparing the behavior of this two parameters.  

The average cell voltages, showed again the similarities between the four different concentrations. 

MFCs fed with 0.5, 1.0, 1.5 and 2.0 presented values of 0.44±0.17 V, 0.54±0.05 V, 0.53±0.05 V and 0.53±0.05 V, 

respectively. With the cumulative charge also presenting identical values. The bigger difference of the 0.5-MFCs 

resulted, as already mentioned, from a lack of substrate, which can be visualized in Figure 3.12 a) where the 

acetate concentration goes down to zero and the cumulative energy seems to stabilize, meaning that no 

electrons were being produced. It is also possible to visualize that, despite the different substrate concentrations, 

the remaining conditions (1.0, 1.5 and 2.0) have similar cumulative energy values (9.3 mM). This seems to suggest 

that a higher substrate concentration doesn’t necessarily imply a higher electron production and consequently 

a higher power production. The only advantage that seems possible to take from a higher concentration is a 

longer cycle run. Since the substrate uptake seems to keep a steady pace, the higher the concentration the longer 

it takes to run out as it is possible to see in Figure 3.12. These results also allow to confirm that the slope in the 

power production both for the 200Ω resistance in the previous test and in all the conditions in the present test 

was not due to a lack of substrate, which gives more relevance to the cathode kinetics and mass transfer 

problems already mentioned. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
 

 

3.3.3. COD removal and coulombic efficiency 
 

Since the acetate is the only carbon source fed to the reactors, the COD data supports the hypothesis 

of a limited substrate uptake rate since, as it is possible to see in Table 3.5, the COD removed decreases as the 

substrate concentration increases.  

In terms of coulombic efficiency, at first sight the results for the 0.5 and 1.0 concentrations were better 

than the results of the remaining two conditions. However, from the statistical point of view, no significant 

difference was found between them when a one-way ANOVA test was performed. This means that the substrate 

consumption efficiency, in terms of electricity generation, had no significant difference between the four studied 

conditions, and therefore, the substrate concentration had no effect in terms of coulombic efficiency. 

Table 3.5 - COD removal from the anolyte and coulombic efficiency in the MFC for four different substrate concentrations. Data obtained from 
the 2nd cycle of the test. The letters A-D indicate significant difference between the results in the same column (one-way ANOVA; p<0.05). 
Results that do not share a letter are significantly different. 

 ∆COD (%) CE (%) 

0,5 84.1 ± 3.5A 66.2 ± 9.2A 

1 56.5 ± 1.5B 60.4 ± 0.6A 

1,5 47.3 ± 0.4C 47.9 ± 1.2A 

2 36.7 ± 0.2D 47.3 ± 1.2A 
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Figure 3.12 - Voltage output and substrate degradation as function of time in MFCs fed with four different acetate concentrations: 0.5g COD/L (a); 1.0g COD/L 
(b); 1.5g COD/L (c); 2.0 g COD/L (d). 
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3.3.4. Microbial community analysis 
 

The effect of external resistance and substrate concentration in the microbial community was evaluated 

by means of DGGE profiles. The results obtained are shown in Figure 3.13. 

 

 

Since the same lake sediment was used in the inoculum test and in the external resistance test it was 

expected that similar DGGE profiles were obtained. However, comparing the lanes for LS in Figure 3.4 with the 

profiles obtained in Figure 3.13 the differences are clear. Excluding the first three lanes, all other seem to suffer 

from a GS selection with only traces of other bacterial species. Since the biofilm was formed under different 

external resistances the enrichment of the biofilm in GS was not due to an external resistance effect otherwise 

different profiles would be visible in Figure 3.13. The possible explanation for this enrichment may be related 

with the time elapsed between the two tests. The inoculum used in the Inoculum test had only few days when it 

was used, while when it was used to inoculate the reactors for the external resistance test, several weeks had 

gone. The time between utilizations may had led to a change in the microbial community within the inoculum 

which had direct consequences in the microbial community of the anode. 

An explanation for this phenomenon is related with the presence of nutrients in the inoculum (it’s a 

sediment of a lake) that sustained the microbial community for few days. These nutrients were mainly complex 

substrates that were firstly degraded by fermentative and methanogenic bacteria. When they ran out, these 

bacteria start to die from starvation and only the bacteria able to degrade simple substrate stayed alive. It was 

the case of GS, which due to its electrogenic metabolism and less competition for the substrate was able to 

survive longer using the non-fermentative compounds.  

 

Figure 3.13 - DGGE profile for the microbial community of the anodic biofilm formed during the external resistance test and 

substrate concentration test. The meaning of the code number is presented in Table 3.6. 

1 2 
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Table 3.6 – Code number from Figure 3.13 with the respective test and operational conditions. 

Numeration Test Conditions 

1.1 

External resistance 

200Ω | 1g COD/L 

1.2 500Ω | 1g COD/L 

1.3 800Ω | 1g COD/L 

1.4 1000Ω | 1g COD/L 

2.1 

Adaptation cycle 

200Ω | 1g COD/L 

2.2 200Ω | 1g COD/L 

2.3 200Ω | 1g COD/L 

2.4 200Ω | 1g COD/L 
3.1 

Substrate concentration 

200Ω | 0.5g COD/L 

3.2 200Ω | 1.0g COD/L 

3.3 200Ω | 1.5g COD/L 

3.4 200Ω | 2.0g COD/L 

 

The presence of GS in all the samples once again showed the importance of this bacteria in MFCs. 

Moreover being the predominant bacteria in the microbial community shows their direct influence in electricity 

production. Furthermore, the 200Ω originated a different microbial community less enriched in GS and with a 

predominance of a specie not found in the remaining reactors tested (band 1). The effect of this resistance seems 

to only affect the microbial community during the biofilm formation since the 200Ω resistance was also used 

during the substrate concentration test in all reactors and no enrichment of the microbial community in this 

bacterial species was visible in the DGGE profile of Figure 3.13. 

 

Table 3.7 - DGGE 16S rRNA gene band identification and characterization of the species. 

Band Accession no. Gene bank match Identity (%) Characteristics 

1 NR_074573.1 Arcobacter butzleri 100 
Facultative anaerobe detected on food 

of animal origin such as beef, lamb, pork and 
poultry 

2 NR_075009.1 
Geobacter 

sulfurreducens 
99 

Strict anaerobe producing a number of products 
including acetate, butyrate, lactate acetone and 

ethanol 
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4. Conclusions 
 

4.1. Inoculum test 
 

To evaluate the effect of the inoculum sources in the microbial community and electricity generation of 

a MFC, the three most studied inoculum sources were chosen: waste water, lake sediment and biogas sludge. 

The results from this test clearly show an effect of this parameter in the MFCs performance, with significantly 

different results obtained for each inoculum.  

The lake sediment was by far the best inoculum, showing superior results in all the data analyzed. This 

include higher power densities (955 ± 53 mW.m-2) when compared with the second best (WW - 887 ± 16 mW.m-

2) and stable power production. Coulombic efficiencies of 30% and 23% were achieved when acetate and xylose 

were used as substrate, respectively, with WW showing 28% for acetate and the BS 21% for the xylose. 

Furthermore, the effect of substrate change had less impact in the MFCs inoculated with LS, showing a more 

robust biofilm than the ones formed with the other two inoculums. 

From the microbial community point of view, the EIS test which allows to determine the internal 

resistance associated with the biofilm formation, showed once again that the LS had the best results with lower 

anode resistances. The DGGE analysis showed a greater abundance of Geobacter sulfurreducens in the biofilms 

formed with lake sediment, which confirms the existence of a correlation between the enrichment of the biofilm 

with this bacteria and better MFC performances.  

Furthermore, it is also possible to conclude that the substrate plays an important role in the microbial 

community and in the MFC performance. The change from acetate to xylose originated two distinct groups of 

biofilms when the DGGE profiles were analyzed, with an enrichment of the biofilm with fermentative bacteria 

when xylose was used, supporting that a consortia of fermentative and electrogenic bacteria is essential in MFCs 

when complex substrates are used.  Moreover, from the MFC performance point of view, the average cell 

voltages increased in all the reactors and higher power densities were achieved when xylose was used, which 

indicates in first place a very good collaboration between fermentative and electrogenic bacteria, and in second 

place that complex substrate lead to better MFC performances, especially if a robust consortia of these two types 

of bacteria is present in the biofilms formed in the anode. 

 

4.2. External resistance and substrate concentration test 
 

After concluding that MFCs inoculated with LS present the best performances, duplicate reactors were 

inoculated with this inoculum source and subjected to four different external resistances in order to evaluate 

how this parameter defines the microbial community within the anode biofilm and which leads to the best 

electrical performances. 
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In an overall review, it is possible to conclude that the 200Ω resistance is the one that leads to better 

results both in terms of power production (1 W.m-2), start-up time (<2 days), organic matter degradation (COD 

removal: 58%) and substrate consumption efficiency (CE: 61%). This leads to infer that a more efficient microbial 

community is formed under this external resistance. While the power results are deeply affected by the external 

resistance, what not always translate the biofilm performance, the COD removal and the CE are mainly affected 

by the biofilm composition. Therefore, the best indicators of the influence of the external resistance in the 

microbial community are the COD removal and the CE analysis. Another evidence that the external resistance 

has a crucial effect in the biofilm formation is evident in the polarization test results. In this test the reactors are 

subjected to the same range of external resistance what might suggest that the results should be similar. 

However, a higher power production was achieved for the reactors where the biofilms were formed with lower 

resistances. 

With all the results pointing to the same conclusion it is possible to say that higher power productions 

and more efficient microbial communities are obtained in MFCs using lower external resistances. Knowing that 

lowering to much this resistance could lead to power overshoots, the main goal is to determine the lower 

resistance possible to use in order to obtain the best MFC performance and avoid the power overshoot. 

The biofilm obtained in the previous test was then used to test the substrate concentration effects on 

MFC performance and microbial community dynamics under a 200Ω external resistance. 

No significant effects on MFC performance were observed for the different concentrations tested, 

similar maximum power densities were obtained (1 W.m-2) and stable power productions were observed. From 

the microbial community point of view no differences were visible from the DGGE profiles. 

From the substrate concentration test it is then possible to conclude that this parameter has no effect 

in MFC performance or microbial community development in the range tested, and for a batch test with 4 days, 

1 g of COD.L-1 is the optimum concentration for sodium acetate, with a CE of 60% and not running out before the 

end of the cycle, like happened for the 0.5 g of COD.L-1. 
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