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Abstract 

 

Microbial Fuel Cells (MFCs) are electrochemical systems that use 

microorganisms to convert energy from biomass into usable electric current. Despite 

their potential use for wastewater treatment and simultaneous production of clean and 

renewable energy, MFCs have not yet become financially viable. Miniature MFCs have 

been proposed as an alternative means to make large scale wastewater treatment with 

MFCs financially viable. Milliliter-and microliter-scale MFCs have found niche 

applications in powering small portable devices and as biosensors.  

The objective of this work was to review the state of the art of mini-MFC 

materials, designs, performance and applications and to design, construct and study a 

mini-MFC.  A 1.8 mL single chamber MFC was constructed using an open-air cathode. 

The performance of the developed mini-MFC was studied by operating it with 

Lactobacillus pentosus and using a synthetic dairy wastewater as the anolyte. The MFC 

produced power densities comparable to those reported in recent literature for similar 

MFCs. Furthermore, the mini-MFC outperformed the liter-scale MFC its design was 

based on, demonstrating that power density increases as MFC scale is decreased. The 

MFC could only produce power for short times after inoculation, with OCV values 

decreasing after 2-4 days of operation, and slow leakage of the anolyte was consistently 

observed. So, despite its high performance, the MFC construction must be further 

improved, in order to ensure more prolonged power production.  

With the aim of optimizing MFC performance, the effect of selected parameters 

was studied: the type of microorganism and yeast extract concentration. When S. 

putrefaciens was used as a biocatalyst in a 1L MFC it outperformed L. pentosus, owing 

to its excellent exoelectrogenic properties. In the mini-MFC both microorganisms 

showed similar performances. Increasing the yeast extract concentration tenfold led to 

an increase in power densities.  

While the initial design and performance of the mini-MFCs yielded encouraging 

results, there is still significant room for improvement. This work provides a thorough 

discussion on possible directions for future work.  
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Resumo 
 

As células de combustível microbianas (MFCs) são sistemas electroquímicos 

que utilizam microorganismos na conversão de energia contida em biomassa em energia 

eléctrica. Apesar do seu potencial uso no tratamento de águas residuais e produção 

simultânea de energia renovável, as MFCs ainda não se tornaram financeiramente 

viáveis.  

As MFCs miniatura têm sido propostas como uma estratégia alternativa para 

tornar o tratamento de águas residuais com MFCs um investimento atractivo. 

Adicionalmente, MFCs na escala do mililitro e microlitro têm aplicações específicas na 

alimentação de aparelhos portáteis e de baixo consumo, ou como biossensores.  

O objectivo deste trabalho era rever o estado da arte dos materiais, 

configurações, desempenhos e aplicações das mini-MFCs e conceber, construir e 

estudar uma mini-MFC. Foram construídas duas MFC de câmara única e cátodo aberto 

ao ar atmosférico, com volume de 1.8 mL. O desempenho da MFC desenvolvida foi 

estudado utilizando Lactobacillus pentosus e uma água residual sintética, que mimetiza 

um efluente da indústria láctea. A MFC produziu potências específicas comparáveis às 

que se encontram publicadas na literatura para MFCs semelhantes. Adicionalmente, a 

MFC teve um desempenho melhor do que uma MFC análoga, com volume de 1L, 

demonstrando que a potência específica tende a aumentar com a diminuição de escala. 

As mini-MFCs só foram capazes de produzir energia durante curtos espaços de tempo 

após inoculação, pois os valores de voltagem em corrente aberta (OCV) diminuíam após 

2-4 dias. Verificou-se ainda uma perda lenta mas constante do volume da câmara do 

ânodo. Conclui-se que, apesar do elevado desempenho, as mini-MFCs devem ser ainda 

aperfeiçoadas, de modo a conseguir produção de energia durante um período mais 

prolongado.  

Com o objectivo de optimizar o desempenho das MFCs, foi estudado o efeito de 

parâmetros selecionados: o tipo de microorganismo e a concentração de extracto de 

levedura. Shewanella putrefaciens foi usado como biocatalisador numa MFC com 

volume de 1L e o seu desempenho ultrapassou o de L. pentosus, devido às suas 

propriedades exoelectrogénicas. Nas mini-MFCs ambos os microorganismos tiveram 

desempenhos semelhantes. O aumento da concentração de extracto de levedura resultou 

num aumento da potência específica.  
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Apesar do desenho e desempenho das mini-MFCs ter obtido resultados 

interessantes, há ainda margem para melhorias significativas. Este trabalho fornece uma 

discussão extensa de sugestões para trabalho futuro.   
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Nomenclature 
 

CFUs – colony forming Units 

COD – chemical oxygen demand 

DAPI - 4',6-Diamidino-2-phenylindole 

EET – extracellular electron transfer 

Eanode – anode potential 

Ecathode – cathode potential 

Ecell – cell potential 

Eemf – electromotive force 

EPS – extraction of polymeric substances 

FS – fixed solids 

I - current 

IMDs – implantable medical devices 

LB – Luria Bertani medium 

MFC – microbial fuel cell 

M.R.S. – De Man, Rogosa, Sharpe medium 

P - power 

PCA – plate count agar 

PEM – proton exchange membrane 

OCV – open circuit voltage 

SCMFC – single chamber microbial fuel cell 

TS – total solids 

TVS – total volatile solids 

µmax - maximum specific growth rate 
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1. Introduction and project outline 
 

1.1 Project background 

Maintaining modern human activity has large energetic costs, which are still 

mainly provided by the use of fossil fuels. Due to the now known unsustainability of 

fossil fuels, there is an ongoing search for other energy sources that can meet the 

expanding needs and are clean and carbon-neutral. 

Human activity produces large amounts of wastes, which must be properly 

treated in order to prevent health and environmental hazards. The current wastewater 

treatment technologies, such as aerobic activated sludge treatment,  have high costs and 

energy consumption.
1
 Organic wastewater contains a substantial amount of chemical 

potential energy, which can be captured and used as a renewable source of energy.
2,3

 

The biomass contained in wastewater is an attractive source of energy: it is renewable, 

self-sustaining and carbon-neutral.  

Microbial Fuel Cells (MFCs) have been proposed as a promising approach for 

treating wastewaters and simultaneously capture the energy contained in the biomass to 

produce electricity.
4
 Microbial Fuel Cells are based on the natural ability of 

microorganisms to produce energy from organic substrates. MFCs use microorganisms 

as catalysts to convert the energy in biomass into usable electricity and can operate at 

ambient temperatures, under mild conditions and run autonomously. 

However microbial fuel cells have not yet become a financially viable 

alternative for large-scale wastewater treatment.
1
 One of the main factors limiting the 

technology is the cost of materials, in particular the electrodes and membranes.
4
 As 

water treatment progresses and the organic load of the wastewater is lowered, the 

produced current reduces rapidly. This means MFCs are unsuitable for complete 

treatment and should be coupled with additional treatment operations.
5,6

 Furthermore 

the power densities of MFCs decrease when scaling-up.
7
 

Previous studies have shown that a stack of small-scale MFCs produces more 

power than a single large MFC with the same total volume and the highest power 

densities reported were obtained using small scale microbial fuel cells.
8
 Milliliter and 

microliter MFCs have design advantages due to their smaller size, which lead to higher 

power outputs per volume. As a result, stacking multiple small-scale MFCs has been 

proposed as an alternative to scale-up microbial fuel cells for large scale use.
9
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1.2. Project outline 

The aim of this project was to scale-down the existing microbial fuel cell in our 

research group to the milliliter scale, by designing and constructing a mini-MFC. The 

existing know-how and methods were adapted to the milliliter-scale.  

The main objective was to optimize the new mini-MFC in terms of power output 

and wastewater treatment efficiency by studying the effect of different configurations 

and operational parameters on the mini-MFC performance. 

 

The present chapter provides the project background, context, objectives and 

describes the project outline. 

The second chapter exposes the principles of MFC technology and contains a 

literature review of the current state of the art of the designs and materials of the MFC 

components and the recent advances in miniaturization of microbial fuel cells.  

The third chapter outlines the materials and methodologies used in the 

experimental studies. 

The fourth chapter describes the mini-MFC design and operation and compares 

its performance with the liter-scale MFC 

The fifth chapter describes the optimization of the MFC by studying the effect of 

yeast extract concentration and different microbial catalysts.  

The final chapter contains the conclusions of this work and offers suggestions 

for future work. 
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2. Literature review 
 

 2.1. Microbial Fuel Cell Principle 

MFCs are electrochemical systems that use microorganisms to catalyze the 

anaerobic oxidation of organic matter, releasing electrons and generating current. 

Figure 1 shows a schematic representation of a typical dual-chamber MFC 

configuration. An MFC consists of an anode chamber, where microorganisms oxidize 

organic matter, releasing electrons and protons, and a cathode, where the electrons are 

transferred to an electron acceptor. The electrons flow from the anode to the cathode 

through an external electric circuit with an external load or resistor. In typical MFC 

configurations anode and cathode chambers are separated by a proton exchange 

membrane, which restricts diffusion of the electron acceptor to the anode chamber, 

while allowing protons to migrate to the cathode. At the cathode, the reduction of the 

electron acceptor is performed, using the transferred electrons and protons.
2,10,11

 

Alternatively, single chamber MFC configurations are used and instead of a cathode 

chamber they have an open-air cathode. 

 

Figure 1: Schematic representation of a typical dual-chamber MFC configuration, adapted from Logan12 

(John Wiley & Sons, 2008)  

  

The maximal electromotive force Eemf (V) that can be obtained from an 

electrochemical system is given by the Nernst equation and is determined by the 
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difference between the anode and cathode potentials. If the pH conditions of the anode 

and cathode chambers are equal, then the Eemf can be calculated by: 

 

𝐸𝑒𝑚𝑓 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒 12
                                     eq.1                  

 

 

Anode and cathode standard potential values are characteristic for each half-reaction. 

The equations below describe, as an example, the half-reactions in an MFC with  acetate 

as anode oxidizing agent and oxygen as cathode reducing agent, at standard 

conditions.
13

  

 

𝐶𝐻3𝐶𝑂𝑂− + 4𝐻2𝑂 = 9𝐻+ + 2𝐻𝐶𝑂3
− + 8𝑒−        𝐸𝑎𝑛𝑜𝑑𝑒 = −0.296 𝑉  eq. 2 

 

2𝑂2 +  8𝐻+ +  8𝑒− =  4𝐻2𝑂                                      𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 0.805 𝑉  eq. 3 

 

The above example shows that the Eemf of MFCs will not exceed the thermodynamic 

limit of 1.10V.
13

 

The highest potential value that can be achieved in a working MFC is the open 

circuit voltage (OCV), which is the potential difference measured between anode and 

cathode with an infinite resistance, which means zero current. The OCV is more useful 

in characterizing MFCs than the Eemf, as it accounts for the potential losses, that 

naturally occur in this kind of systems.
11

 

As shown in Figure 2, there are three distinct regions of potential losses: at low 

currents, potential is lost mostly due to the activation energy required for the reactions 

and the transfer of electrons to the anode. In the ohmic region the dominant losses are 

caused by the resistance to proton and electron transport and are proportional to the 

current. At higher currents mass transport to and from the electrodes becomes limiting, 

leading to concentration losses.
14

  

 



Miniaturization of Microbial Fuel Cells 
Design, construction and performance studies. 

 

Manuel Figueiredo  -  5 

 

 

Figure 2: Schematic representation of a typical MFC polarization curve, adapted from Oliveira et al.14 (IWA 

Publishing, 2015) 

 

 MFCs are usually characterized by their power output, commonly normalized by 

the cathode surface area, anode surface area, the membrane area, or operational volume. 

Power, P, can be calculated as:  

                𝑃 = 𝐼 ∗ 𝐸𝑐𝑒𝑙𝑙     eq. 4 

 

Additionally, MFCs can be characterized by their efficiency in wastewater 

treatment, usually in terms of COD (chemical oxygen demand) removal rates.
6
 The 

COD quantifies the organic matter content in a wastewater, which is simultaneously the 

source of energy and the content that needs to be treated and removed from the 

wastewater.
6
  

 

2.2 Extracellular Electron Transfer 

The key point in MFC technology is the electron transfer from the microbial 

metabolism to the anode.
15

 Some species, such as Escherichia and Pseudomonas have 

been used in MFCs despite being incapable of effective extracellular electron transfer 

(EET). These microorganisms require the addition of exogenous electron shuttles, such 

as chemical mediators. The use of such artificial mediators often leads to incomplete 

oxidation of the organic substrate. Furthermore most potential applications of MFCs use 

Eemf Eemf 
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open systems and continuous operation. This requires replenishing of the mediator and 

the potential release of the, often toxic, mediators to the environment.
10,16,17

  

Several microorganisms have been found with the ability to transfer electrons to 

an extracellular surface without the need of exogenous mediators.
17

 Three main 

mechanisms for extracellular electron transfer, have been described, as shown in Figure 

3.
15,18–20

 

a. Bacterial biofilm can transfer electrons to an electrode directly by direct 

contact to the anodic surface.  

b. Some bacteria synthesize endogenous mediators or electron shuttles, such as 

flavins, and can reduce electrodes at a distance.  

c. Bacteria have been found that can transfer electrons through conductive 

appendages, known as nanowires.  

Among the mechanisms proposed, electron transfer through solid conductive pili 

is preferable for MFCs, since it allows higher current densities and lower potential 

losses.
19

 

Yeast extract, a product of the extraction of cellular contents from yeast, is 

commonly used in MFC media. Yeast extract has been shown to contain flavin-type 

compounds, which can act as natural mediators in exogenous electron transport.
21

 

Sayed et al.
21

 reported that yeast extract increased power outputs in MFCs using 

Saccharomyces cerevisiae, hypothesizing that this could be caused by its role as a 

substrate and/or as an electron transport mediator. Yeast extract could be used as a non-

toxic, low-cost natural mediator in MFCs in addition to its function as a substrate.
21

 

 

 

Figure 3: Schematic representation of the main EET mechanisms: a) Direct electron transfer, b) electron 

shuttles, c) conductive nanowires, adapted from Torres et al. 19 
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2.3. Microbial Fuel Cell Designs and Materials  

 

2.3.1 Substrates and microorganisms  

A great advantage of MFCs is the ability to produce electricity from a wide 

variety of organic substrates.
17

 Of particular interest is the possibility of using 

wastewater, such as agricultural, food and beverage industry and domestic, as a cheap 

and renewable source of energy, while achieving simultaneous wastewater treatment.  

The wastewater composition and concentration are determinant factors in COD 

removal and power output.
22

 Pure compounds such as acetate and glucose are 

commonly used in studies, as they are simple carbon sources. In studies, to emulate the 

realistic applications, synthetic wastewaters are frequently used, as their composition is 

well defined. Real domestic and industrial wastewater streams have also been used as 

substrates for MFCs.
23

 

The most commonly studied microorganisms for MFCs are various Geobacter 

and Shewanella species, because of their exoelectrogenic behavior.
3
 Shewanella are 

psychrotolerant, facultative anaerobic bacteria found in marine and freshwater 

environments.
24

 These bacteria are remarkable due to their ability to reduce a wide 

variety of compounds.  

 These microorganisms are directly involved in current production, but have low 

metabolic versatility, using only certain fermentation end-products, such as acetate and 

lactate, as carbon sources.
25,26

 Synthrophic cocultures can convert the wide variety of 

substrates in complex wastewaters into electric current. Nonexoelectrogens may be 

useful in MFC ecology in breaking down more complex carbon sources into products 

that are metabolized by exoelectrogens.
25

 Additionally, nonexoelectrogens may 

scavenge dissolved oxygen, reducing substrate loss to aerobic oxidation.
27

 In MFCs 

diverse microbial consortia achieve higher power densities than pure cultures.
17

 These 

microbial consortia are usually obtained from wastewaters or sludges.  

 

2.3.2 Electron acceptors 

The most used electron acceptor is atmospheric oxygen, because it is widely 

available at low cost, has high redox potential and its reduction reaction produces only 

water.
28

 Oxygen, present at 21% in the atmosphere, is commonly reduced using an open 

cathode in single chamber MFCs (SCMFC). The main drawback of this configuration is 
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the slow kinetics on the oxygen reduction reaction, which limits the SCMFC power 

outputs.
29

 Alternatively, dissolved oxygen can be used in dual-chamber MFCs. 

However this setup requires constant aeration and the solubility of O2 in water is much 

lower than in air.
30

 

Ferricyanide ([Fe(CN)6]
3-

) is commonly used in some research works as a 

cathode electron acceptor, due to its faster kinetics than oxygen.
31,32

 Experiments with 

this catholyte have achieved higher power densities than oxygen, however ferricyanide 

must be continuously regenerated.
31–33

  

The current general consensus among researchers is that oxygen has the highest 

potential for large–scale applications.
34

  

 

2.3.3 Anode material: 

Anode materials must fulfill several requirements, to be used in MFCs. They 

must be highly conductive, to reduce the internal resistance of the fuel cell, have 

biocompatibility, to allow a proper formation of the electrogenic biofilm, must be  

non-corrosive, mechanically strong and durable. Anodes should, also, have high surface 

area-to-volume ratios to allow more space for bacterial adhesion. Furthermore, as the 

electrodes are a predominant factor in MFC cost, the materials must be inexpensive.
35–37

  

Carbon materials in various configurations are the most widely used, due to their 

high biocompatibility, corrosion resistance and low cost.
30,38

 Planar structures such as 

carbon paper, carbon cloth and carbon mesh are commonly used in anodes and allow a 

good biofilm formation.
34

 Carbon cloth is more porous, with a greater surface area, 

making it a better biofilm substrate than carbon paper, but it is more expensive.
34

 

Another configuration used is the graphite brush anode, consisting of graphite fibers 

attached to a non-corrosive wire. This configuration combines the biocompatibility and 

high surface area of graphite fibers, with the high conductivity of a metal, such as 

titanium, resulting in higher power densities than the planar anodes.
30,34,39

 

Several metals, such as gold
40

 and titanium
37

, have been used as electrode 

materials, due to their higher conductivity when compared to carbon. Noble metals are 

limited by their availability and cost, while other metals have low biocompatibility or 

chemical stability.
38

 

Since biofilm adhesion and growth is affected by the surface chemistry and 

topography of the electrode, several strategies have been adopted to modify the 
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electrode surface properties, in order to improve the power outputs.
36,38

 Due to their 

high surface areas, electrodes with nano-scale roughness have attracted attention.
41

 

Three-dimensional structures with carbon-nanotubes have great surface and adhesion 

biofilm.
42

 

 

2.3.4 Cathode materials 

Many of the materials mentioned for anodes have been modified for use in 

cathodes. For oxygen reduction, carbon-based electrodes are commonly combined with 

a catalyst, usually platinum, to increase the reduction reaction rate.
28,35

 However, 

platinum catalysts have a high cost associated and their performances decrease over 

time, which has led to some efforts to replace it with other materials.  

One of the most promising cathode materials is activated carbon, which has 

great catalytic activity. To improve on its poor conductivity, Zhang et al.
43

 pressed 

activated carbon on a stainless steel or nickel current collector, which also provides 

structural support. The resulting cathodes have shown power densities similar to 

platinum catalyst cathodes with lower costs.
43

 

Enzyme-catalyzed cathodes can be used to achieve high voltages for a short 

time, but they are not suitable for long-term energy production, due to the limited 

lifetime of the enzymes.
29

 Analogous to the anodic chamber, it is also possible to use 

living microorganisms as catalysts on the cathode.
29,44

 These biocathodes employ 

electroactive microorganisms to catalyze the reduction of oxygen more efficiently. 

Microorganisms possess efficient enzymes for oxygen reduction and have been able to 

achieve lower potential losses, and are cheap and self-sustainable. While there are 

energy losses associated with microbial energy consumption, they are offset by the 

reduction in potential losses. Biocathodes with mixed consortia have achieved greater 

power outputs than isolated strains.
29,44

  

 

2.3.5 Membrane Materials 

 The first MFC designs included a membrane, to separate the liquid in the anode 

chamber from the cathode and to isolate the anoxic anode chamber from oxygen. The 

most commonly used membranes are proton exchange membranes (PEM), such as 

Nafion, which are selective for protons and other small cations. The use of membranes, 

such as Nafion, has the disadvantage of increasing the internal resistance of the cell, 
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lowering its performance.
45

 Liu & Logan
46

 originally showed that MFCs could be 

constructed without a membrane, by increasing the electrode separation. However, the 

removal of the separator involves a trade-off between coulombic efficiency and power 

output. While a separator avoids electron loss due to oxygen diffusion to the anode 

chamber, it adds resistance to proton transfer, leading to higher power losses.
45,47

 In 

small-scale MFCs, where electrode distance is minimal, the separator is essential, to 

control diffusion of oxygen, anolyte and catholyte.
48

  

As mentioned, Nafion is the most commonly used PEM in MFCs, but is 

associated with a high cost, and has been reported to cause a pH gradient between the 

anode and cathode due to the proton transport across the membrane.
49

 Novel separators 

have been proposed from a variety of materials such as J-cloth
50

, glass fiber filters
47,51

 

and nylon.
51

 

 

2.4. Miniaturization of microbial fuel cells 

 Milliliter-and microliter-scale MFCs have design advantages due to their smaller 

size. Smaller MFCs have a higher surface area to volume ratio, which leads to a higher 

ratio of cells attached to the biofilm, and thus to a higher efficiency in substrate-to-

electricity conversion.
48,52

 Miniature MFCs also have shorter electrode distances, which 

decrease the internal resistance and the ohmic losses.
48,53

 Electrode size is smaller in 

scaled-down MFCs, which diminishes the energy loss in electron transfer, as the 

distance electrons must travel is reduced.
53

 Furthermore, an anode chamber with a 

smaller volume decreases the diffusion distance from bulk anolyte to the biofilm, 

leading to lower concentration losses.
53

 Additionally, mini- and micro-MFCs boast 

faster response times.
48

  

 

2.4.1 Applications of small-scale microbial fuel cells 

As a result of the advantages described above, the scale down of microbial fuel 

cells has led to higher current and power densities. Power outputs for real world 

applications can be achieved by stacking multiple small-scale MFCs in either series or 

parallel configuration.
54

 Results have shown that stacks of small scale MFCs have 

greater power outputs than a single large MFC with an equal total volume.
55,56

 Voltage, 

current and the total volume can be adjusted to the need, by changing the configuration 

and the number of modular mini-MFCs.
55
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Alternatively, small-scale MFCs can find niche application in powering small 

scale portable devices.
9
 MFCs can operate continuously, so they are suitable to power 

sensors in remote locations, where the need to exchange the power sources is 

undesirable.  

Micro-MFCs have been proposed as possible power sources for implantable 

medical devices (IMD’s), producing energy from either the glucose present in blood or 

food residues in the intestines.
57–59

 This avoids the need for replacement surgery due the 

low battery life time that occurs in current IMD’s.
58

 

 Small-scale MFCs can also be used as sensors to monitor water quality
60

 or 

detect toxic compounds.
61

 Variations in the organic matter concentration of the feed 

water will increase the electron transfer and the generated current.
60

 Conversely, the 

presence of toxic compounds in the anode chamber will reduce the generation of 

electricity triggering the detection signal.
61

 Due to their small volume, micro-MFCs 

have very low response times, making them well suited for use in real-time sensors.  

Additionally micro-MFCs can be a great tool in microbial cell investigation, due 

to their fast response time, lower cost and better control. The environment of smaller 

MFCs is easier to control making micro-MFCs useful for rapid screening of the effect 

of different operational and configuration conditions on the MFCs performances.
48,52

 

  

2.4.2 State of the art of mini- and micro-MFC 

Figure 4 shows mini-and micro MFC publications categorized into areas of 

research. The figure shows that in recent years focus has shifted from mini-MFCs  

(1mL to 100 mL) to micro-MFCs  (<1 mL). Because power densities increase with a 

decrease of the MFC volume, micro-scale MFCs are considered to have the greatest 

potential for real applications. Recently, microfluidic MFCs have been developed, 

which maximize the surface area-to-volume ratio and allow an optimal flow control and 

greater flexibility.
62–65

  

Most of the recent work with mini-MFCs has focused on MFC stacks.
54,66,67

 The 

aim of these studies is to improve the performance of microbial fuel cell stacks by 

investigating the effect of the different electrical and fluidic configurations.  

Recent research into mini-and micro MFCs has also shifted towards applications. 

MFCs have been used to power sensors.
57,68

 Recent reports have also demonstrated the 

use of the MFCs themselves as biosensors.
60,61

 Schneider et al.
69

 reported a microbial 
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fuel cell-based platform for the screening of antibiotic activity, which illustrated the 

wide variety of applications micro-MFCs can find as biological sensors. 

  

  

Figure 4: Mini- and micro MFC publications categorized into areas of investigation. 

 

Table 1 summarizes the design, materials and performances of notable mini-and 

micro-MFCs reported in literature. In the following section notable advances in mini-

and micro-MFC research and applications are described. Ringeisen et al.
70

 reported one 

of the first miniature microbial fuel cells, with a volume of 1.2 mL, which produced a 

maximum power density of 22.2 mW/m
2
, showing that small-scale MFC’s could 

achieve higher power densities than liter-scale MFCs. Choi et al.
71

, using a Geobacter-

enriched mixed microbial culture, reported a 25.4 μL MFC design with optimal biofilm 

formation and a power density of 950 mW/m
2
, which was at that time the highest value 

reported.  

In 2009 Qian et al.
72

 constructed a 1.5 μL dual chamber micro-MFC, one of the 

smallest designs reported, using Shewanella oneidensis strain MR-1. Later, Li et al.
62

 

reported a 0.3μL microfluidic MFC, one of the smallest MFCs reported, which used 

laminar flow to separate the anolyte and the catholyte without the use of a membrane. 

0

2

4

6

8

10
Mini

Micro

Stacking

Electrodes

MembranesMicrofluidic

Sensors

Biofilm

Wastewater

2011-present <2011

[33,50,54,55,60,66,70,73,89,90] 

[42,57,61–65,67–69,72] 

[54,55,66,67,73,74,90] 

[42,70] 

[54,60,66,67,73,74] 

[57,60,61,68,69] 

[50,55,89] 

[62–65] 

[33,64,65] 



Miniaturization of Microbial Fuel Cells 
Design, construction and performance studies. 

 

Manuel Figueiredo  -  13 

 

This study used both Geobacter sulfurreducens and Shewanella oneidensis and 

compared their performances, S. oneidensis lead to a higher current density, 

25.4 mA/m
2
, compared to 18.4 mA/m

2
 from G. sulfurreducens. Recently, Yang et al.

64
 

constructed three microfluidic microbial fuel cells with different microchannel 

geometries. This study reported a maximum power density of 2447 mW/m
2
, and this 

increase in power output was justified by an improved biofilm distribution.  

A group of researchers from the Bristol Robotics Laboratory developed a robot 

which was powered by a stack of mini MFCs and was able to collect energy and work  

autonomously for 7 days.
73

 In 2015 this group reported a novel mini-MFC unit with 

improved COD removal rates and power performances.
66

 

The MFCs described above are very different in size, materials, configuration 

and operating conditions. Therefore, at the moment, it was found that there is no 

standard miniature MFC design, rather, that each MFC design is specifically tailored for 

the targeted application. 
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Table 1: Design, operation characteristics and performances of mini and micro microbial fuel cells. 

Anolyte 

volume  

 

(mL) 

MFC 

configuration 

Inoculum Substrate Anode Cathode Electron 

acceptor 

Membrane 

material 

Current 

density 

 
(mA/m

2
) 

Power 

density 

 
(mW/m

2
) 

Ref. 

Material Area 

cm
2 

Material Area 

cm
2
 

28 Single 

chamber 

Anaerobic sludge Domestic 

wastewater 

Graphite 

fiber 

brush 

2200 Carbon 

cloth 

with Pt 

7 Air PTFE 

diffusion 

layer 

930 303.6 74 

6.25 Dual chamber Mixed bacterial 

culture 

Human 

urine 

Carbon 

fiber veil 

155 Carbon 

fiber veil 

155 Air CMI-7000 9.1 3.6 66 

2.5 Single 

chamber 

Mixed bacterial 

culture 

Acetate Carbon 

cloth 

7 Carbon 

cloth 

with Pt 

7 Air J-cloth 9000 1800 50 

1.2 Dual chamber S. oneidensis 

DSP10 

Lactate RVC 

 

Graphite 

felt 

37 

 

610 

RVC 

 

Graphite 

felt 

37 

 

610 

Ferricyanide Nafion 117 44 

 

20.5 

22.2 

 

9.8 
70 

0.1 Dual chamber Geobactericae 

enriched culture 

Acetate Gold 4 Gold 4 Ferricyanide Nafion 117 2140 830 75 

0.128 Single 

chamber 

Mixed bacterial 

culture 

Artificial 

urine  

Carbon 

cloth 

0.032 Carbon 

cloth 

0.32 Air Nafion 115 49.1 23.2* 67 

0.094* Dual chamber 

microfluidic 

Mixed bacterial 

culture 

Acetate Graphite 0.40 Graphite 0.40 Ferricyanide N/A N/A 2448 64 

0.0254 Dual chamber Geobactericae 

enriched culture 

Acetate Gold 1 Gold 1 Ferricyanide Nafion 117 1700 950 71 

0.025 Single 

chamber 

Mixed bacterial 

culture 

Human 

saliva 

Graphene 0.25 Air 

cathode 

0.25 Air N/A 11.9* 0.8* 31 
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Table1: Design, operation characteristics and performances of mini and micro microbial fuel cells. (Continued) 

Anolyte 

volume  

 

(mL) 

MFC 

configuration 

Inoculum Substrate Anode Cathode Electron 

acceptor 

Membrane 

material 

Current 

density 

 
(mA/m

2
) 

Power 

density 

 
(mW/m

2
) 

Ref. 

Material Area 

cm
2 

Material Area 

cm
2
 

0.0015 Dual-chamber S. oneidensis MR-

1 

Lactate Gold 0.15 Carbon 

cloth 

0.4 Ferrcyanide Nafion 117 130 1.5 72 

0.0003 Dual-chamber 

microfluidic 

G. sulfurreducens 

 

S. oneidensis 

Acetate 

 

Lactate 

Gold 0.014 

 

0.014 

Gold 0.014 

 

0.014 

O2 saturated 

phosphate 

buffered 

solution 

N/A 18.4 

 

25.4 

N/A 

 

N/A 

 

62 

*Calculated from the data presented in the manuscript. 
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3. Materials and methods 
  

In this chapter the materials and methodologies used are described. 

3.1. Synthetic wastewater compositions  

 

3.1.1. Synthetic wastewater I – Dairy industry effluent 

Synthetic wastewater I, which simulates a dairy industry effluent, was used as 

the anolyte for MFCs using L. pentosus. Synthetic wastewater I was prepared as in 

previous works in our group
76

, its composition is given in Table 2: 

 

Table 2: Composition of the synthetic wastewater I. 

Constituent Concentration (mg/L) 

Glucose 85 

Yeast extract 5 

Milk powder 1300 

Starch 5 

NH4Cl 50 

K2HPO4 22 

KH2 PO4 11 

MgSO4·7H2O 78 

CaCO3 35 

 

Yeast extract was purchased from VWR. Ammonium chloride and dipotassium 

hydrogen phosphate were purchased from Merck. Glucose was purchased from Fluka. 

Succrose was purchased from AppliChem. Commercial milk powder was purchased 

from Nestlé. Starch and potassium dihydrogen phosphate were purchased from Panreac. 

Calcium carbonate was purchased from Pronalab. Magnesium sulfate heptahydrate was 

purchased from Sigma.  

 

3.1.2. Synthetic wastewater II  

Synthetic wastewater II used sucrose as a carbon source and was adapted from 

Gebara.
77

 It was used as the anolyte in MFCs that used Shewanella putrefaciens, as it 
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showed the largest viability after 2 days of all synthetic wastewaters tested. (See 

supporting information S2). Its composition is given in Table 3: 

 

Table 3: Composition of the synthetic wastewater II 

Constituent Concentration (mg/L) 

Sucrose 300 

(NH4)2SO4 75 

MgSO4 · 7H2O 10 

K2HPO4 18 

MnSO4 · H2O 1 

CaCl2 2H2O 0,26 

FeCl3 · 6H2O 0,05 

Peptone 100 

 

 Peptone, ammonium sulfate, iron(III) chloride hexahydrate and calcium chloride 

dihydrate were purchased from VWR. Sucrose and manganese(II) sulfate monohydrate 

were purchased from AppliChem.  

 

3.2 MFC construction and operation 

 

3.2.1 Miniature MFC construction and operation 

Two identical miniature microbial fuel cells, shown in Figure 5, were adapted 

from a previous work performed by the research group with chemical fuel cells.
78

 The 

MFC components are shown in Figure 6. Each cell has an active area of 2.25 cm
2
 and 

was constructed of: 

- An acrylic anode chamber with a reservoir volume of 1.8 mL and a thickness 

of 1 cm.  

- A rubber gasket.  

- A carbon paper anode CP-TP1-060T. (Quintech, Germany) 

- A stainless steel current collector. 

- A Nafion 212 proton exchange membrane. (Quintech, Germany) 

- A silicon gasket. 
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- A carbon cloth cathode coated with 1 mg cm
−2

 of platinum black. (Fuel 

CellsEtc, USA) 

- An acrylic end-plate, open to the atmosphere, with a thickness of 4 mm. 

A 5 mL aliquot of bacterial suspension was diluted in 10 mL of synthetic 

wastewater I or II and then used to inoculate the anodic compartment. The miniature 

MFCs were operated in batch mode, and 2/3 of the bacterial suspension was removed 

daily and replaced with fresh synthetic wastewater. 

 

 

Figure 5: A 1.8 mL single chamber mini-MFC front view (left) and back view (right). 

 

Figure 6: Mini-MFC components: a) acrylic anode chamber; b) rubber gasket; c) carbon paper anode; 

d) stainless steel current collector; e) Nafion 212 membrane; f) silicon gasket; g) carbon cloth cathode coated 

with 1 mg cm−2 of platinum black uncoated side (left) and  coated side (right); h) acrylic cathode end plate. 
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3.2.2 Liter-scale MFC construction and operation 

A single-chamber liter-scale microbial fuel cell (Figure 7) was constructed of a 

1L Plexiglas anodic chamber, a Nafion 212 proton exchange membrane (PEM) and a 

rubber gasket to prevent leakage. A graphite brush with filaments of carbon fiber (8 cm 

of length and 2.5 cm of diameter; Mill-Rose Company, USA) was used as the anode. 

The cathode was carbon cloth coated with 1 mg cm
−2

 of platinum black.  

70% of the anodic chamber volume was filled with synthetic wastewater and the 

remaining volume was filled with a microorganism culture. The MFC was operated at 

room temperature in batch mode and 48h cycles. Every 48h, 70% of the bacterial 

suspension was removed and replaced with fresh synthetic wastewater.  

 

 

Figure 7:  1L single chamber microbial fuel cell 

 

3.2.3 Continuous operation 

In the beginning of the experiments, mini-MFCs were operated in continuous 

mode. The anode chamber was connected to a 1L flask of fresh synthetic wastewater I. 

The flow rate, controlled by a variable-flow peristaltic pump (Fisher Scientific), was 39 

µL/min. The anodic chamber was further connected to a sterile effluent collection flask. 

Prior to the experiments, the setup was sterilized by pumping a 70% (v/v) ethanol 

solution through the tubing. The remaining ethanol was then washed out by pumping 

sterile synthetic wastewater through the tubing. 
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3.2.4 Membrane activation/ regeneration 

Before being used, the Nafion 212 membranes were activated using a treatment 

with sulfuric acid.
79

 Membranes were washed for 1h in distilled water at 90ºC with low 

stirring. Afterwards, membranes were left in 1 mol/L sulfuric acid solution (1h, 90ºC, 

low stirring). Finally, the membranes were again washed for 1h in distilled water at 

90ºC with low stirring. Membranes were then kept in fresh distilled water until its use. 

 

3.3 Microorganisms and culture conditions 

 

3.3.1 Lactobacillus pentosus 

Lactobacillus pentosus CECT 4023, previously maintained on De Man, Rogosa 

Sharpe (MRS) agar (Liofilchem), was incubated in 50 mL of MRS Broth for 48 h at 

37ºC. Afterwards, the inoculum was centrifuged (3777 g, 20 min) and the pellet was 

suspended in 50 mL of synthetic wastewater I. Before its use on the anodic chamber, the 

suspension was incubated at 37ºC for 48h before being used to inoculate the anodic 

chamber.  

 

3.3.2 Shewanella putrefaciens 

Shewanella putrefaciens, previously maintained on Plate Count Agar (PCA), 

was incubated in 50 mL of Luria Bertani (LB) overnight at 30 ºC. Afterwards, the 

inoculum was centrifuged (3777 g, 20 min) and the pellet was suspended in 50 mL of 

synthetic wastewater II. Before its use on the anodic chamber, the suspension was then 

incubated at 37ºC for 24h. 

For inoculation of the liter-scale microbial fuel cell, 300 mL of inoculum was 

prepared instead of 50 mL. 

 

3.4 Analytical methods 

 

3.4.1 Cell viability 

At the beginning of the operation and every 48h, the cell viability was assayed 

by streaking colony forming units (CFUs) on MRS agar (L. pentosus) or PCA 

(S. putrefaciens) using the drop plate method. 
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3.4.2 Biofilm characterization 

At the end of experiment, the biofilm was extracted from the anode electrode 

and ressuspended in 25 mL of extracellular polymeric substances (EPS) extraction 

buffer
80

 (2 mM Na3PO4, 2 mM NaH2PO4, 9 mM NaCl and 1 mM KCl, pH 7) and 

carefully homogenized for 2 min.  

The biofilm was quantified through the total volatile solids (TVS) of the 

homogenized biofilm suspension, following the standard method number 2540 (A-E) 

from Standard Methods for Examination of Water and Wastewater.
81

 Empty crucibles 

were ignited in a muffle furnace at 550ºC for 1h, cooled in a desiccator and then 

weighed (m0). 7 mL of biofilm suspension was added to each crucible, evaporated at 

105ºC for 24h, cooled in a desiccator and weighed (m1). The crucibles were again 

ignited at 550ºC for 1h, cooled in a desiccator and weighed (m2). All samples were 

prepared in triplicate.  

 Total volatile solids represent the difference between total solids (TS) and fixed 

solids (FS), and were calculated using equation 5: 

 

               𝑇𝑉𝑆 (
𝑚𝑔

𝑚𝐿
) =  𝑇𝑆 (

𝑚𝑔

𝑚𝐿
) − 𝐹𝑆 (

𝑚𝑔

𝑚𝐿
), where    eq. 5 

 

𝑇𝑆 (
𝑚𝑔

𝑚𝐿
) =  

𝑚1(𝑚𝑔)−𝑚0(𝑚𝑔)

𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
   and   𝐹𝑆 (

𝑚𝑔

𝑚𝐿
) =  

𝑚2(𝑚𝑔)−𝑚0(𝑚𝑔)

𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
 

 

Cell viability of the biofilm suspension was determined by the drop plate method 

and expressed as CFUs per mg of biofilm dry weight.  

In an experiment with a mini-MFC operating with L. pentosus, the topography 

of the biofilm formed after 14 days of operation was characterized. The anode was 

removed from the MFC and then used to determine the biofilm topography using the 

microscope Nikon Eclipse LV 100 (software, NIS-Elements AR 4.13.05) fitted with 

fluorescence illumination and a microscope camera (Nikon Digital Sight DS-Ri1, 

Japan). Prior to observation, each coupon was stained with 3 drops of 4’, 6-diamidino-2-

phenylindole (DAPI) at 0.5 µg/mL. Subsequently, the stained anode was incubated for 7 

minutes in the dark at room temperature.  

The optical filter combination for optimal viewing of stained coupons consisted 

of a 359 nm excitation filter combined with a 461 nm emission filter. The software NIS 

Elements AR was used for determine a 3D structure of the biofilm. 3D topography was 
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performed using a joystick (Prior Scientific Ltd, UK). The base and the top of the 

biofilm were defined and five horizontal planes were taken between the base and the top 

of the biofilm. However, due to the surface roughness of the anode, the biofilm base 

could not be accurately defined.   

3.4.3 Polysaccharide quantification  

Every 48h, an anolyte sample was collected from the 1L MFC and total 

polysaccharide concentration was determined using the phenol-sulfuric acid method 

from Debois.
82

 A volume of 0.25 mL of sample, 0.5 mL of phenol and 2.5 mL of 

sulfuric acid were added to a test tube and left to react in the dark until cooled down to 

ambient temperature. Afterwards, optical density at 490 nm (OD490) was measured 

using a spectrophotometer (VWR V1200). The calibration curve is shown in supporting 

information S1. All samples were prepared in duplicate.  

 

3.4.4 Polarization and power density curves 

The polarization curves were performed every 48h, at the end of each batch 

cycle in an electrochemical work station (Zahner-Electric GmbH & Co.) and the tests 

were performed in galvanostatic mode (set the current and measure the cell voltage). 

The power density was calculated using equation 6, where P is the power density in 

Wm
−2

, Ecell is the cell voltage (V) and I/A is the current density per unit of active 

membrane area.   

𝑃 = 𝐸𝑐𝑒𝑙𝑙 ∗
𝐼

𝐴
        eq. 6 
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4. Microbial Fuel Cell miniaturization: Results and discussion 

 

4.1. MFC design and construction  

As mentioned, two single-chamber 1.8 mL air cathode microbial fuel cells were 

adapted from previous works and used in the current one.
78

 The single-chamber design 

using atmospheric oxygen as an electron acceptor was adopted, since it does not require 

aeration and oxygen has great potential for large–scale applications. The general 

configuration and materials were scaled down from an existing 1 L single chamber 

microbial fuel cell. The graphite brush anode could not be scaled-down suitably, so 

plain carbon paper was used instead as anode electrode.   

In the first experiments two stainless steel current collector plates were used for 

contact in both sides of the cell. However, the contact between the collector plates and 

the metallic screws caused frequent short-circuits in the device. To avoid that, the 

current collector on the cathode side was omitted and the carbon cloth cathode was 

extended and was directly connected to the external circuit. 

Despite the use of gaskets, the MFCs suffered from slow leakage of the anolyte. 

It was verified that the anolyte volume was constantly lost at a rate of approximately 1/3 

of the anode chamber volume per day, which is inferior to the volume that is removed 

daily as part of the batch cycle. This volume loss clearly showed that the anolyte 

chamber is not perfectly air-tight. The infiltration of oxygen into the anode chamber, 

which should work in anaerobic conditions, may lead to a decrease of the coulombic 

efficiency, as electrons are lost to the oxygen reduction reaction. Furthermore, due to 

the presence of oxygen, the MFC design used in this work is not suitable for the use of 

strictly anaerobic microorganisms.  

In an effort to mitigate the effects of anolyte leakage, a mini-MFC was operated 

in continuous mode. The anolyte volume lost from leakage would be instantly 

replenished by constant flow of fresh medium. However, the minimal available feed-

rate of 39 µL/min leads to a dilution rate higher than the maximum specific growth rate 

(µmax) of the microorganisms. Despite that, it was thought the high biofilm surface area-

to-volume ratio of the mini-MFC would be sufficient to avoid wash-out.  

Experimentally it was verified, that the mini-MFCs in continuous mode did not 

produce considerable power, having very low open circuit voltages (OCVs), lower than 

0.332 V. The feed-rate was high enough to prevent the upkeep of the cellular 
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concentration from being maintained. Furthermore, microbial contamination was 

frequently found in the fresh synthetic wastewater container and in the anolyte chamber. 

Batch operation was found to be more preferable. Still, taking into account the real-

world applications of MFCs in wastewater treatment and especially real-time sensors, 

continuous operation should be considered for future works.  

 

4.2 Effect of scale reduction 

In order to evaluate the developed mini-MFC and compare its performance with 

the 1 LMFC, the miniature MFC was operated under identical conditions. Table 4 

presents the operational conditions for the miniature MFC and for previous works in the 

liter scale-MFC and summarizes the main results. Both MFCs use the same biocatalyst, 

substrate, membrane and cathode materials, but different anodes.  

 

Table 4: Comparison of the operating conditions and performance results for the mini-MFC-L1 and the 1 L 

MFC. 

Parameter mMFC-L1 1L MFC
83 

Mode of operation Batch Batch 

Volume (mL) 1.8 1000 

Anode Carbon paper Graphite brush 

Cathode Pt-coated carbon cloth Pt-coated carbon cloth 

Active area (cm
2
) 2.25 25 

Biocatalyst L. pentosus L. pentosus 

Substrate Synthetic wastewater I Synthetic wastewater I 

OCV (V) 0.800 0.876 

I (mA/m
2
) 66.7 12.0 

P (mW/m
2
) 19.47 4.46 

 

Figures 8 and 9 show respectively the polarization and power density curves 

obtained after 4 days of operation with the mini-MFC and with the 1 L MFC.
83

 While 

the 1 L MFC had a higher OCV, likely due to the higher surface area, the mini-MFC 

showed a significantly higher performance. 
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Figure 8: Polarization curves of MFCs of different scales at the 4th day of operation: 1.8 mL mMFC-L1 and a 

1 L MFC. Results for the 1 L MFC were taken from previous work.83 

 

 

Figure 9: Power density curves of MFCs of different scales at the 4th day of operation: 1.8 mL mMFC-L1 and 

a 1 L MFC. Results for the 1 L MFC were taken from previous work.83 

 

Due to the different anode types, the MFC performances cannot be directly 

compared. However, the graphite brush anodes have been reported to be more 

promising anode architectures than carbon paper, due to their greater surface area-to-

volume ratio.
39

 Despite using the unfavorable anode configuration, the mini-MFC had a 

greater power output, which further indicates the advantages of small-scale microbial 

fuel cells. They have a higher surface area to volume ratio, shorter electrode distances 

and shorter diffusion distance from bulk anolyte to the biofilm. 

 These results further confirm that small-scale microbial fuel cells have greater 

power density outputs than larger designs and might be a more viable alternative for 

large-scale electricity production.  
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Unfortunately, the efficiency of the mini-MFCs in wastewater treatment could 

not be studied, as the effluent volume per batch cycle was not sufficient for chemical 

oxygen demand (COD) determination. Characterizing the mini microbial fuel cells in 

terms of wastewater treatment efficiency is essential in order to assess their potential for 

real-world applications. One solution is to use multiple identical mini-MFCs, 

individually or stacked, and analyze the cumulative effluent.  

 

4.3 Preliminary performance studies with the mini-MFC 

For the preliminary performance studies with the mini-MFC, the microorganism, 

substrate and operating conditions were adopted from the 1L MFC. The mini-MFC was 

operated for 14 days, with batch cycles of 2 days. Two mini-MFCs were used 

simultaneously with identical conditions. 

The measurements of cell viability (CFUs/ mL) showed that it remained constant 

throughout the experiments with average cell viability of 6.7±0.4 log10(CFUs/mL) in 

both MFCs. Despite this, as can be seen in Figure 10, there is a significant difference 

between the performances of both fuel cells. mMFC-L2 showed relatively low OCV 

values and could not sustain current during polarization experiments. mMFC-L1 had 

much higher open circuit voltages, comparable to large scale microbial fuels and was 

able to sustain polarization tests.  

 

 

Figure 10: Evolution of open circuit voltages over the operating time of mMFC-L1 and mini-MFC-L2. 
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Both mMFC-L1 and mMFC-l2 were identical in construction and operating 

conditions, so it was not possible to find a cause for the difference in behavior between 

both cells. However, MFCs are highly complex biochemical systems that rely on 

microbial metabolic activity, which is heavily affected by environmental stimuli that are 

difficult to predict. This lack in robustness in MFC performance is therefore expected, 

in particular in the early stages of development. Despite the lack of robustness, it can be 

concluded that the MFC design is successful and the constructed MFCs can be used to 

produce electricity from wastewater. All microbial fuel cell experiments were run in 

duplicate, using both MFCs, but only experiments with successful polarization runs are 

presented.  

The mini-MFCs were assembled manually before each experiment and the 

assembly methodology has not been optimized. This could result in subtle variations in 

the electric contacts, which may account for the differences observed between identical 

MFC configurations. 

The pH and temperature were not controlled during the experiments, and these 

parameters can have a significant effect on the performance of MFCs. The accumulation 

of protons in the anode chamber, due to slow diffusion, leads to a decrease in pH, which 

restricts microbial activity.
84

    

Figures 11 and 12 show, respectively, the polarization and power density curves 

obtained with the Mini-MFC-L1 after 2 days and 4 days of operation. The maximum 

open circuit voltage was 0.800V. The maximum power density obtained was 19.9 

mW/m
2
 (2.5 W/m

3
) and the current density at maximum power was 88.9 mA/m

2
 (11.1 

A/m
3
). Power output could not be sustained for more than 4 days, as the OCV values 

declined after the 4
th

 day of operation and the MFC could not sustain even the lowest 

current demands during polarization experiments. Since MFCs for real-world 

applications require MFCs to run autonomously for extended periods of time 

improvements must be made to the prototype or to the operating parameters for lasting 

power output.   

 

 



Miniaturization of Microbial Fuel Cells 
Design, construction and performance studies. 

 

Manuel Figueiredo  -  30 

 

 

Figure 11: Polarization curves of mMFC-L1 at 2 days and 4 days of operation with L. pentosus. 

 

 

Figure 12: Power density curves of mMFC-L1 at 2 days and 4 days of operation with L. pentosus. 

 

These results show that the mini MFC can be used to recover energy from 

synthetic wastewater. The maximum power densities obtained are comparable to other 

reported values for milliliter-scale MFCs. (See Chapter 2, Table 1) 

It is noteworthy, that the mini-MFC has not yet been fully optimized. In 

particular, the operating parameters, such as the batch cycle length, were directly 

adopted from the 1L MFC. Additionally, as discussed above, the infiltration of oxygen 

into the anode chamber likely reduces power outputs as electrons are lost in oxygen 

reduction reaction on the anode side. Therefore, that power output and biofilm 

formation can be further improved, if operating parameters are adapted to the small-

scale MFC and the anode chamber can be fully isolated from oxygen.  
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4.3.1Biofilm characterization 

 After the 14 days of operation, the anode of mMFC-L2 was removed and 

biofilm topography was determined. However, the biofilm was found to be impregnated 

into the anode surface structures. The biofilm-anode interface was not sufficiently well 

defined to establish the base necessary to determine biofilm thickness. Figures 13 (left) 

and 14 show the biofilm microscopy images, while Figure 13 (right) and Figure 15 

show the microscopy images of the clean carbon paper anode.  

 In order to better characterize biofilm topographies, it is necessary to further 

define the anodic surface structures. There is additional interest in studying anode 

surface properties, as it has been shown that these affect biofilm attachment and growth. 

41,85
 

 

Figure 13: Fluorescence microscopy images of the biofilm of L. pentosus after 14 days of operation (left) and a 

clean carbon paper anode (right). 

 

Figure 14: 3D structure of the biofilm of L. pentosus after 14 days of operation. The vertical axis represents 

biofilm thickness. The base is at 0 µm and the unit is 5 µm. 
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Figure 15: 3D structure of clean carbon paper surface. The vertical axis represents surface thickness. The base 

is at 0 µm and the unit is 5 µm. 

 

4.4 Effect of yeast extract concentration 

Microbial fuel cell performance is a result of a number of different parameters 

that must be optimized. In order to gain a better understanding of the role of yeast 

extract on the performance of microbial fuel cells, the concentration of yeast extract in 

synthetic wastewater I was increased from 5 mg/L to 50 mg/L. Table 5 describes the 

operational conditions for the mMFC-L1 and mMFC-L-10x and summarizes the main 

results.  

 

Table 5: Comparison of the operating conditions and performance results for the mini-MFC-1L and mMFC-

L-10x 

Parameter mMFC-L1 mMFC-L-10x 

Mode of operation Batch Batch 

Volume (mL) 1.8 1.8 

Anode Carbon paper Carbon paper 

Cathode Pt-coated carbon cloth Pt-coated carbon cloth 

Active area (cm
2
) 2.25 2.25 

Biocatalyst L. pentosus L. pentosus 

Substrate Synthetic wastewater I Synthetic wastewater I 

Yeast extract 5 mg/L 50 mg/L 

OCV (V) 0.800 0.934 

I (mA/m
2
) 66.7 53.3 

P (mW/m
2
) 19.5 29.0 
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Analogous to the MFC using standard yeast extract concentration, after the 

second day of operation open circuit voltages dropped significantly and polarization 

experiments yielded no appreciable power output. Figures 16 and 17 show respectively 

the polarization and power density curves obtained after 2 days of operation with 

5 mg/L and 50 mg/L of yeast concentration. Increasing the yeast extract concentration 

led to an increase in power density. These results are consistent with previously 

reported results
21

, which hypothesized that yeast extract has a dual-role in MFCs as a 

growth medium and as an electron transport mediator. Yeast extract contains flavin-like 

compounds which can act as mediators, accepting electrons from the cell and donating 

them to the anode. Therefore, the yeast extract should be considered an interesting 

potential additive to MFC growth media, serving as a non-toxic, natural mediator for 

electron transfer.   

 

 

Figure 16: Polarization curves of mMFCs with different yeast extract concentrations: 5 mg/L and 50 mg/L. 
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Figure 17: Power density curves of mMFCs with different yeast extract concentrations: 5 mg/L and 50 mg/L. 

 

4.5 Effect of microbial catalysts 

 The microbial catalyst is arguably the most important factor affecting MFC 

performance, as it is responsible for both current production and wastewater treatment 

and is highly sensitive to environmental conditions. So, the choice of microorganism to 

be used in microbial fuel cells is a key to achieve optimal power outputs.  

Shewanella putrefaciens is an exoelectrogen, which makes it an attractive 

biocatalyst for microbial fuel cells. In order to study whether this microorganism would 

improve the MFC performance over L. pentosus, it was initially used as a biocatalyst in 

the 1L MFC. Table 6 describes the operational conditions for the 1L MFC-S, with S. 

putrefaciens, and the 1L MFC-L, with L. pentosus and summarizes the main results. 
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Table 6: Comparison of the operating conditions and performance results for the 1 L MFC-S, with S. 

putrefaciens, and the 1 L MFC-L, with L. pentosus 

Parameter 1L MFC-S
 1L MFC-L

83 

Mode of operation Batch Batch 

Volume (mL) 1000 1000 

Anode Graphite brush Graphite brush 

Cathode Pt-coated carbon cloth Pt-coated carbon cloth 

Active area (cm
2
) 25 25 

Biocatalyst S. putrefaciens L. pentosus 

Substrate Synthetic wastewater II Synthetic wastewater I 

OCV (V) 0.57±0.06 0.71±0.12 

I (mA/m
2
) 12.0 16.0 

P (mW/m
2
) 4.5±1.3 3.5±0.5 

 

Figure 18 shows the cell viability and the total polysaccharide concentration, 

expressed as equivalent glucose concentration as a function of time. The total 

polysaccharide concentration at the initial time t0 refers to the sterile synthetic 

wastewater before inoculation. The cell viability was constant throughout the 

experiment, with an average cell viability of 7.2±0.5 log10(CFUs/mL). Polysaccharide 

concentration remained stable after the fourth day of operation with values of 

approximately 14% of the feed concentration. This indicates that the microbial 

metabolic activity was constant during the experiment. This is also supported by the 

open circuit voltages, which also remained relatively constant, with an average OCV of 

0.531±0.095 V (average of values at the end of each cycle). 

After reaching the steady state, total polysaccharide concentration was reduced 

to an average of 14% every batch cycle. At low concentrations, the carbon source 

becomes the limiting factor in microbial cell viability. Shortening the cycle length and 

reducing the dilution factor per cycle is likely to improve MFC performance, as 

metabolic activity increases. This is especially noteworthy for mini-MFCs, which 

typically boast short response times.  

 



Miniaturization of Microbial Fuel Cells 
Design, construction and performance studies. 

 

Manuel Figueiredo  -  36 

 

 

Figure 18: Cell viability and total polysaccharide concentration versus operating time for the 1L MFC using S. 

putrefaciens.  

 

 

 Figures 19 and 20 show respectively the average polarization curves and power 

density curves, with S. putrefaciens and with L. pentosus.
83

 Since the 1L MFC operated 

for 2 weeks, the average values for voltage and power density. As can be seen, 

S. putrefaciens on the anode chamber leads performances and power outputs higher than 

those obtained with L. pentosus. S. putrefaciens had a higher maximum power density 

(4.18 mW/m
2
) than L. pentosus.  

The biofilm formed on the anode electrode was extracted, suspended and 

characterized in terms of cell viability and biofilm dry weight. Biofilm dry weight was 

0.90±0.08 g/L, which was inferior to the one obtained with L. pentosus. S. putrefaciens 

is known to form biofilms on anodic surfaces.
86

 These results, therefore, indicate that 

conditions for biofilm formation were not optimal and should be improved. On the other 

hand, specific cell viability (CFUs/mg dry weight) was 4.95×10
7
 CFUs/mg dry weight, 

which is higher than the reported with L. pentosus. Considering the performance results 

it can be concluded that S. putrefaciens forms a smaller but more viable and 

electroactive biofilm.  

The MFC using L. pentosus used a dairy industry synthetic wastewater 

(wastewater I) adapted specifically for this microorganism and the operational 

parameters were previously optimized. On the other hand, the MFC with S. putrefaciens 

used a generic synthetic wastewater (wastewater II) and underwent no optimization 

strategy. So, the results obtained indicate that S. putrefaciens has potential as a 
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biocatalyst for MFCs, and the medium composition and the batch cycle length should 

be optimized.  

 

Figure 19: Average polarization curves of of 1L MFCs with different microorganisms after the 6th day of 

operation. 

 

Figure 20: Average power density curves of 1L MFCs with different microorganisms after the 6th day of 

operation. 

  

A mini MFC was also inoculated with S. putrefaciens with synthetic wastewater 

II. Table 7 describes the operational conditions for the mini-MFC-S, with S. 

putrefaciens, and the mini-MFC-L1, with L. pentosus and summarizes the main results. 
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Table 7 Comparison of the operating conditions and performance results for the mMFC-S, with S. 

putrefaciens, and the mMFC-L, with L. pentosus 

Parameter mMFC-S mMFC-L1 

Mode of operation Batch Batch 

Volume (mL) 1.8 1.8 

Anode Carbon paper Carbon paper 

Cathode Pt-coated carbon cloth Pt-coated carbon cloth 

Active area (cm
2
) 2.25 2.25 

Biocatalyst S. putrefaciens L. pentosus 

Substrate Synthetic wastewater II Synthetic wastewater I 

OCV (V) 0.774 0.800 

I (mA/m
2
) 40.0 66.7 

P (mW/m
2
) 12.4 19.5 

 

As was the case with the experiments with L. pentosus, the mini-MFC 

performance could only be maintained in the first 2 days. In this case, S. putrefaciens 

had a lower performance than L. pentosus, although the difference is not significant. 

This further demonstrates that improvements must be made before S. putrefaciens can 

achieve optimal performance. 

 

 

Figure 21: Polarization curves of mini-MFCs with different microorganisms at 2 days of operation. 
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Figure 22: Power density curves of mini-MFCs with different microorganisms at 2 days of operation. 
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5. Conclusions and suggestions for future work 

  

 Miniaturized microbial fuel cells are widely recognized as a promising 

alternative for scaling up microbial fuel cell technology, in order to achieve financially 

viable wastewater treatment and electricity production. Recent work has focused on 

optimizing mini-and-micro MFC designs and MFC stacks. The objective of this work 

was to design a miniaturized microbial fuel cell, study its performance and optimize it 

in terms of electricity production. A functional miniaturized MFC was designed and 

constructed. The maximal power density achieved in this work was 29.0 mW/m
2
, using 

L. pentosus and a dairy industry wastewater with 50 mg/L yeast extract.  

While the mini-MFCs only produced appreciable electricity during the first 2-4 

days of operation, the current and power densities surpassed those of the 1L MFC and 

were comparable to those reported in literature. The results have demonstrated that 

power densities increase when MFCs are miniaturized. 

 Mini MFC performance could likely be further enhanced by improving the 

critical issues affecting MFC operation. The persistent anolyte leakage is indication that 

the MFC is not properly isolated. The leakage might be minimized by employing an 

additional silicon gasket between the current collector and the membrane. Additionally, 

modifying the acrylic anodic chamber so that the orifices can be properly sealed with 

stoppers is likely to decrease air infiltration and anolyte loss to evaporation.  

One of the most crucial issues that affect the MFC performance is the microbial 

metabolic activity, which is heavily influenced by environmental conditions, such as pH 

and temperature. Tracking these parameters during MFC experiments might provide a 

better understanding of the causes of the different performances in identical MFCs. 

Furthermore, control of these parameters, though difficult to implement, would ensure 

better reproducibility of the MFCs.  Optimizing and standardizing the MFC assembly 

methodology would also increase the robustness of mini-MFC experiments.  

Shewanella putrefaciens was used as a microbial catalyst and compared to 

previous works with Lactobacillus pentosus. In the 1L MFC, despite the lack of 

optimization, current and power densities were higher for S. putrefaciens. This result is 

supported by the existing literature, as S. putrefaciens is one of the most commonly 

used microorganisms in MFCs, due to its electron transfer mechanisms. Future work 

should focus on better adapting the MFC methodologies, such as the cycle length, to 
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this microorganism. While S. putrefaciens is likely to outperform L. pentosus in terms 

of electricity production, L. pentosus might find application in treating specific 

industrial wastewaters, in particular dairy industry wastewater.  

Another interesting option is the use of synthrophic co-cultures to allow the use 

of a wider variety of substrates. As discussed in chapter 2, Shewanella spp. have low 

metabolic versatility, which limits their use in the treatment of real wastewaters. They 

can mainly use fermentation products, such as acetate or lactate.  On the other hand, 

Lactobacillus pentosus can use a wider variety of substrates, and produces lactate via 

fermentation. A co-culture of both microorganisms might be able to yield greater 

electric power than the pure cultures, while simultaneously treating a wider variety of 

wastewaters.  

While it has been demonstrated that mini-MFCs have greater power densities 

than larger MFCs, in order to produce usable power outputs mini-MFC must be suitably 

stacked. As discussed in chapter 2, several recent studies have focused on stacking 

configurations. Following optimization of the individual mini-MFCs, future work 

should also focus on stacking MFCs, connecting them fluidically and/or electrically, to 

achieve large scale wastewater treatment and electricity production. 
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Supporting information 

 

S1.Polysaccharide quantification calibration curve. 

To convert absorbance values into total polysaccharide concentration the 

calibration curve shown in Figure S1 was used.  

 

Figure S 1: Dubois method calibration curve. Absorbance at 490 nm versus concentration of glucose. 

 

S2.Shewanella putrefaciens growth tests 

To determine the best synthetic wastewater (SWW) to use in experiments with S. 

putrefaciens, isolated colonies cultured on PCA were used to inoculate 250 mL of LB 

Medium and incubated overnight at 30ºC with agitation. After incubation OD610 was 

measured with a spectrophotometer in order to assure sufficient cell density. Aliquots of 

bacterial suspension with a volume 50 mL each  were centrifuged (3777 g, 20 min) and 

the pellet was suspended in 50 mL of a different synthetic wastewater and incubated at 

30ºC with agitation. Every 24h, OD610 was measured with a spectrophotometer in order 

to evaluate total cell density, and the cell viability was assayed by plating serial 

dilutions of the cell suspension on PCA using the drop plate method. 

 Synthetic wastewater III and IV were adapted from Pandit et al. with different 

carbon sources.
87

 The compositions are shown in Table S1. 
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Table S1: Composition of the synthetic wastewaters III and IV. 

Constituent Concentration (mg/L) 

KCl 425 

Na2SO4 anhydride 2000 

CaCl2 2H2O 200 

MgSO4 · 7H2O 100 

Yeast extract 1000 

Lactose (SWW III) 10 mM 

Glucose (SWW IV) 10 mM 

 

Synthetic wastewater V used lactate as a carbon source, was adapted from 

Crittenden et al.
88

 and its composition is given in Table S2. The medium was 

supplemented with 1 mL of a trace mineral solution, and its composition is shown in 

Table S3.  

Table S2: Composition of the synthetic wastewater V. 

Constituent Concentration  

Sodium lactate 10 mM 

NH4Cl 1.5 g/L 

K2HPO4  0.6 g/L 

KCl 0.1 g/L 

 

 

Table S3: Composition of trace mineral solution. 

 Constituent Concentration (g/L) 

EDTA 0.50 

MgSO4 · 7H2O 3.00 

MnSO4 · H2O 0.50 

NaCl 1.00 

FeSO4 · 7H2O 0.10 

CoSO4 · 7H2O 0.10 

CaCl2 2H2O 0.13 

ZnSO4 · H2O 0.10 
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CuCl3 · 2H2O 0.01 

AlK(SO4)2 · 12 H2O 0.02 

H3BO3 0.01 

NiSO4 · 6H2O 0.01 

 

 The results of the 2 growth tests made are presented in Tables S4 and S5. Mostly 

due to being an environmental isolate, S. putrefaciens growth was inconsistent and CFU 

counts varied. Despite the inconclusive data, synthetic wastewater II was chosen, as it 

showed overall better viabilities and has been used in our research group in the past. 

Later experiments have shown that S. putrefaciens can be grown on synthetic 

wastewater II.  

 

Table S4: Results of the absorbance at 610 nm and cell viability (UFCs/mL) for the1st S. putrefaciens growth 

test. 

Sample 
OD610 Cell viability (UFCs/mL) 

0h 24h 48h 0h 24h 48h 

SWW II 0.782 0.868 0.666 4.9 * 10
6
 >10

5
 >10

5
 

SWW III 0.540 0.830 0.735 6.9 * 10
6 

3.2 * 10
6 

4.5 * 10
5 

SWW IV 0.840 1.118 1.270 10
5
 - 10

6
 3.4 * 10

6
 >10

5
 

SWW V 0.719 0.532 0.435 >10
6
 6 *10

6
 4 *10

5
 

 

Table S5: Results of the absorbance at 610 nm and cell viability (UFCs/mL) for the 2nd S. putrefaciens growth 

test. 

Sample 
OD610 Cell viability (UFCs/mL) 

0h 24h 48h 0h 24h 48h 

SWW II 1.626 1.45 1.10 >10
7
 3.7 * 10

6
 7.3 * 10

5
 

SWW III 1.774 1.92 1.27 >10
7 

2 * 10
5 

1.4 * 10
7
 

SWW IV 1.604 1.86 1.88 >10
7
 0 1.2 * 10

5
 

SWW V 1.72 1.04 0.71 >10
7
 1.4 * 10

6
 1.5 * 10

5
 

] 


