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Abstract

Microbial Fuel Cells (MFCs) are bio-electrical systems in which exoelectrogenic bacteria oxidise

compounds to produce electricity. The investigation of the correlation between geometrical con-

figurations of MFCs to enhance electrical power output has been an ongoing research. The goal

in this research at the X-LAB group of Hasselt University was to obtain design rules for appro-

priate upscale engineering. A matrix of MFCs with variable parameters (e.g; radius/volume) was

made and fits were used to acquire a systematic electrical characterisation regarding the targeted

design and output relations.

Electrical impedance spectroscopy was used for characterisation with polarization curves, Nyquist-

and Bode plots can give more insight into the impedances of MFCs.

Literature proposed in this work that materials and configurations influence the system’s electri-

cal power density. The design of experiments contains a proposed next generation test matrix to

measure the influence of electrode radius/volume on the electrical power output. Fits in ZView

validate an existing equivalent circuit model for the anode chamber. The efficiency of different

MFCs cannot be compared because there is no golden standard to measure energy efficiency

or to compare power densities. For this reason further research is required. Experiments on a

H-cell and sediment MFC following the written experiment protocol and data analysis methods

in ZView could give more conclusive answers in the future.





Abstract in het Nederlands

Microbial Fuel Cells (MFCs) zijn bio-elektrische systemen waarin elektrogene bacteriën orga-

nische stoffen oxideren en hierbij elektriciteit produceren. Hedendaags onderzoek probeert een

correlatie te vinden tussen de geometrische configuratie van MFCs en het corresponderende elek-

trische vermogen. Het doel in dit onderzoek in de X-LAB groep van Universiteit Hasselt was

het verkrijgen van ontwerpregels voor opschaling. Een MFC testmatrix met variërende para-

meters (vb. straal/volume) werd ontworpen. Fits werden gebruikt om een gewenste elektrische

karakterisatie van een ontworpen design te bekomen.

Elektrische impedantiespectroscopie werd gebruikt voor de karakterisatie met polarisatiecurves,

Nyquist-en Bodeplots om meer inzicht te verkrijgen in de impedanties van MFCs.

Literatuur toont aan dat materialen en configuraties het elektrische vermogen van het systeem

bëınvloeden. Het design of experiments bevat een voorstel voor een nieuwe generatie testmatrix

om de invloed van de elektrodegrootte op het elektrische vermogen te bepalen. Fits in ZView

bevestigen een bestaand elektrisch equivalent schema voor de anodekamer. De efficiëntie van

verschillende MFCs kan niet met elkaar worden vergeleken omdat er geen gouden standaard is

om deze efficiëntie te bepalen of te vergelijken met vermogensdichtheid. Om die reden is er verder

onderzoek nodig. Experimenten op een H-cell en sediment MFC volgens de beschreven protocols

en data-analyse methodes in ZView kunnen meer sluitende antwoorden geven in de toekomst.





Chapter 1

Introduction

1.1 State-of-the-art

Microbial Fuel Cells (MFCs) are bio-electrical systems in which microorganisms oxidise com-

pounds to produce electricity. In the early twentieth century, M.C. Potter published a study

which suggested that certain bacteria species like Saccharomyces Cerevisiæ were able to gener-

ate electricity when consuming organic compounds [1]. Little credit was given to the study and

it took almost two decades until B. Cohen could produce 35 volts with a current of 2 miliamps,

using a series of half-cells and bacteria species [2]. Afterwards, some issues due to the unsta-

ble nature of hydrogen production by the bacteria were difficult to solve. Therefore only half

a century later, Suzuki et. al [3] were able to solve these problems, which led to the first full

functioning system called a microbial fuel cell. A basic MFC contains two electrodes (anode and

cathode), an electromotive force driven by bacteria, a conductive circuit and a medium or proton

barrier between the electrodes. An example is given in Fig. 1.1, which will be explained later

on.

Figure 1.1: Example of a two-chamber MFC [4, p. 2]



In nature a variety of bacteria and compounds are available for MFCs; the combination of

these can improve the performance of the system. In recent decades a variety of efficient MFC

systems were produced and in 2018 Mohan et. al [5] gave a comprehensive overview of MFCs. A

huge benefit of MFCs is the treatment of wastewater; the bacteria used in MFCs utilise a wide

range of (in)organic compounds to feed their activity. In other words, the microbes remediate

wastewater in a natural way [6]. However, this master’s thesis focuses only on the electrical

power generation and tries to correlate the improvements of materials and configurations on the

electricity production.

1.2 Problem statement

Due to climate change and the growing need for energy, it is necessary to shift power generation

towards renewable and environmentally friendly sources. Recent studies have shown that specific

bacteria like Geobacter sulfurreducens or Shewanella oneidensis can generate electricity while

feeding on organic waste and aquatic sediments [2]–[5]. Although their electricity output is very

small yet, the technology can help providing a sustainable source of energy and the bacteria can

play a role in wastewater remediation. These bacteria live in anaerobic conditions underground,

such as the bottom of streams and ponds or underneath water plants. These plants are capable

of feeding the bacteria through their roots to provide continuous nutrition. It is possible to take

advantage of the abilities of these bacteria; a plant MFC (PMFC) system sustains the bacteria

with nutrients from plants, and is able to harvest electrical power from the same bacteria. The

plants are not necessary to perpetuate the working principles of the system, but they provide

a way to implement a more natural MFC. One of the advantages of (P)MFCs is that they

can operate during day and night, although the power output declines during the night [6],[7].

Therefore, it is an interesting system to use in open air if there is enough daylight.

Another expanding problem is the large energy and material demand of wastewater treatment

[8], [9]. There are more than 22 000 wastewater treatment plants in Europe, which use more

than 1% of the Europe’s total energy consumption. Therefore, it is recommended to obtain more

energy-efficient and renewable ways to remediate wastewater. Different research groups all over

the world are searching for solutions to the problems stated above. One of the most promising

technologies at the moment are Constructed Wetlands. In this technology, manmade ponds filter

wastewater naturally using a combination of aquatic plants and bacteria [10]–[12]. There are

many different configurations, such as Up Flow-, Down Flow constructed wetlands (CWs) or a

series of different scaled CW (stacked systems) [13]. When the wastewater treatment is combined

with Microbial Electrochemical Technologies (MET) for energy harvesting, the system is called

METland [14], [15]. The overall efficiency of the wastewater remediation is promising, but more

research is needed since there is a variety in systems and power outputs. Especially when the

relatively small setups are upscaled, the overall efficiency decreases. The X-LAB group at Hasselt

University is investigating methods to produce electricity and treat wastewater with microbial

fuel cell technologies like (P)MFCs and METlands, and their overall goal is to develop more

efficient MET systems. The research of this thesis will be an addition to the ongoing activities

of X-LAB.
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1.3 Objectives

The general objective of this work is to obtain a better understanding of the relation between the

geometrical configuration (architecture, dimensions,..) of MFCs and the corresponding electrical

output in order to obtain design rules for an appropriate upscale engineering. The approach

followed in this work is to define a matrix of test MFC systems with a variation of dimensional

parameters (e.g. radius/volume) and to perform a systematic electrical characterisation in order

to obtain the aimed design/output relations.

A first activity is a literature study which aims to provide an overview of the current know-

how on MFCs. The systems have to be investigated and together with the existing knowledge,

every part in the system will be taken into account before proceeding further. The building

blocks (electrodes, bacteria species, nutrition, etc.) in the system will be studied towards a

maximum power output. The next goal is to characterise the MFCs by comparing the acquired

knowledge from the literature with fits in ZView. A main part of this goal is to investigate the

influence of electrode area and surface/volume-ratio to the electrical power output of a PMFC.

First the impedance of the system, together with the polarization curves have to be determined.

The influence of scale and surface area of the electrodes to the impedance has to be fitted and

analysed. Afterwards, the knowledge of the small scaled system can be used to create a design

for a larger MFC with optimal electricity output. Before the COVID-19 crisis an additional goal

was to monitor existing H-cells and mudd-based MFC prototypes available at X-LAB. However,

access to the facility is denied for all students and experiments can not be executed. Therefore,

a protocol is written as a roadmap for executing the experiments like they should have been

performed. The protocol consists of the H-cell experiment on one hand and the Sediment MFC

(SMFC) experiments on the other hand. The aforementioned fits of the system should replace

the building and measuring stage.

1.4 Research outlook

First the basics and working principles of different configured MFC systems are explained. Af-

terwards the chapter discusses the measuring techniques that are commonly used to measure the

performance and the internal resistances of MFCs. Techniques and materials that can improve

the electrical power output are elucidated, as are the problems with upscaling. Subsequently

a design of experiments (DOE) illustrates a method and setup to measure the influence of the

electrical power output in function of the electrode radius/volume, which was the original goal

of this master’s thesis (before COVID-19).

The results consist of different protocols as a roadmap for executing the experiments like they

should have been performed. The protocol consists of the H-cell experiment on one hand and

the SMFC experiments on the other hand (MudWatt). Afterwards EIS fits of MFCs replace

the building and measuring stage. Finally a discussion and conclusion will critically review the

results and explain the findings and the further research that is needed.
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Chapter 2

Materials and methods

2.1 Microbial Fuel Cells

2.1.1 Working principle

MFCs can be configured in many ways. A two-chamber MFC, which was previously shown in

Fig. 1.1, is an artificial system with the purpose of maximising the electrical power output [4].

The cathode chamber is an aquatic environment with, in this example, some of the area in contact

with air. The cathode itself is set up in a way that it is in contact both with water and air.

The anode chamber is air-tight and contains an aquatic solution with anaerobic bacteria. The

environment of the bacteria needs in general to be anaerobic because the majority of organisms

cannot survive if the oxygen levels are above 10% [7]. The bacteria attach as close as possible

to the anode. Protons are generated when organic fuel is oxidised by the bacteria. Subsequently

they diffuse through a specific membrane separating the two chambers to the cathode. Due

to the lack of oxygen in the anode chamber, the bacteria need another electron acceptor. An

external conducting circuit empowers the electrons to generate a current via the external circuit

from anode to cathode.

As an example, acetic acid in the aquatic solution at the anode is reduced by the bacteria to

carbon dioxide (CO2):

C2H4O2 + 2H2O → 2CO2 + 8H+ + 8e− (2.1)

The protons diffuse through the membrane separating the two chambers, while the electrons

generate the current from anode to cathode via the external circuit. Finally, oxygen is available

at the cathode to combine with the electrons and protons to produce water.

2O2 + 8H+ + 8e− → 4H2O (2.2)

It is possible to combine the two electrode compartments in a one-chamber MFC. The anaerobic

and aerobic compartment are both necessary to operate in the correct way. In this case they

are taken together in a single chamber (Fig. 2.1), which is why the name single chamber MFC

is self explanatory. The working principle is similar to that of a two chamber MFC, with the

difference that the proton and electron flow is (in most single chamber MFCs) vertical like the
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figure shows. For example, a sediment MFC is a natural system in which the aerobic cathode

lies on top of the vertical system and is in contact with air. The anode is still anaerobic under

a layer of natural sediment. The bacteria cannot survive long periods of drought, which is why

the anode needs to be aquatic. Another benefit of making the system more aquatic is that it

facilitates the attachment of bacteria to the anode and the diffusion of protons from anode to

cathode [8].

Figure 2.1: Example of a sediment MFC [9, p. 324]

The main difference between the two and one-chamber MFC is the separating membrane. The

lack of efficient proton separator in a sediment MFC results in a lower voltage difference between

anode and cathode. However, the difference in pH-values between top and bottom of the system

is still the driving force behind the diffusion of protons.

Figure 2.2: Example of a PMFC [5, p. 554]

Since an MFC is an artificial laboratory system, integration in the environment could be optimised

by using more natural resources. The bacteria used in an MFC only need nutrition that they

can reduce to guarantee the working of the system. A plant microbial fuel cell is a system which

combines MFCs with plants along the cathode. An example is given in Fig. 2.2. The advantage

of a PMFC over a classical MFC is that they run mediator free [5]. Plants harvest light energy to

convert CO2 to carbohydrates. The plants transport the carbohydrates to their roots where they
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are released into the rhizosphere (the small soil region directly influenced by the plants’ roots).

The nutrients released in the rhizosphere diffuse to nearby soil which contains aforementioned

bacteria. This process is not only beneficial for the bacteria but also for the soil environment,

since bacteria reduce these nutrients to a consumable form, after which the nutrients can be

absorbed again by the roots of the plants. The whole rhizosphere benefits from this process

when containing a healthy microenvironment.

In a natural symbiosis between bacteria and plant in the rhizoshpere, the electrons liberated from

the bacteria consumption are lost in the rhizoshpere soil. Therefore, it is possible to harvest the

electrons with an external circuit. The system functions as a sediment MFC with a plant suitable

for this system along the open-air cathode. The anode with micro-organisms is placed next to

plants rhizosphere for optimal electron harvesting. The electrons move from anode to cathode

via the external circuit like in a sediment MFC. One of the advantages of PMFCs is that they

can operate during day and night, although the power output declines during the night [10, 11].

Therefore, it is an interesting system to use in open air provided there is enough daylight.

2.1.2 Electron transport mechanisms

Diverse families, genera and species of bacteria are used to assure the operation of an MFC. The

most commonly of genus is the Geobacter, a fortiori Geobacter sulfurreducens [8, 9, 12]. Another

commonly used genus is the Shewanella, more specifically Shewanella oneidensis [13]. There also

were successful experiments with lots of other bacteria species (e.g. Desulfuromonas acetoxidans,

Aeromonas hydrophila, Thodoferax, . . . ) but in general the former two are used.

The aforementioned bacterial species attach in normal circumstances directly to the anode and

use extracellular electron transport. This first electron transport mechanism is called ‘direct

contact’. However, different extracellular electron transfer mechanisms exist, such as electron

shuttles and nanowires for G. Sulfurreducens and S. Oneidensis. A representation of the different

mediator mechanisms is given in Fig. 2.3.(C) and (D).

The second electron transport mechanism utilises artificial mediators. These are electron shut-

tles who transport electrons from inside the cell throughout the cell membrane to the anode.

The electron shuttles consist of certain proteins and load themselves with e.g. an electron in

the organism. Thereafter they unload the electron at the anode, after which they penetrate

the cell membrane again [14]. An example of such an entity is Proteus vulgaris, who oxidises

sucrose to carbon dioxide and the electrons are shuttled to the anode by thionine as a media-

tor [15]. The mediators are important in MFCs using micro-organisms such as Escherichia coli

or Pseudomonas. There are micro-organisms who produce their own mediators like Shewanella

oneidensis.

A third mechanism used to raise the power output is the existence of bacterial nanowires. These

small long structures (10nm diametre) go through the cell membrane and conduct e.g. Fe3+-

oxide. Bacteria close to the anode enlarge the conducting surface using nanowires. Especially the

Geobacter sulfurreducens species makes a conductive network of nanowires, which is captured by

Gorby et. al [17] in Fig. 2.3.A. This network attaches itself to the anode as one large conductive

network of electron donors and consequently increases the power density of the system. The term

nanowire is also used for a conductive appendage; an extension of the outer membrane of the

bacteria cell [19]. An example is given in Fig. 2.3.B, which shows different S. Oneidensis bacteria
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Figure 2.3: Extracellular electron transfer mechanisms of the Geobacter Sulfurreducens and She-
wanella oneidensis bacteria. (A.) gives two G. Sulfurreducens bacteria and a conductive network
of bacterial nanowires [16, p. 1099]. (B.) are multiple S. Oneidensis bacteria which are connected
through nanowires [17, p. 11359]. (C.) and (D.) represent extracellular electron transport path-
ways for G. Sulfurreducens respectively S. Oneidensis [18, p. 10]

connected by nanowires. Like the G. Sulfurreducens uses a conductive network, S. Oneidensis

can create a conductive network of nanowires which attaches to the anode in a similar way (the

differences lead too far). In that way the power density can rise because one large conductive

network of electron donors is made.
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2.2 Measuring techniques

To evaluate the electricity outcome of an MFC, different parameters and techniques are used. The

electricity output and the wastewater treatment can be evaluated with the electrode electrical

potential, the power density and the energy efficiency. These parameters are obtained from

measurements like chronoamperometry, EIS and cyclic voltammetry, done with a potentiostat.

Afterwards they can be used to plot polarization and power density curves. This section focuses

on the main parameters and techniques used for MFCs [20, 21].

2.2.1 Performance parameters

The ‘electrical potential of the electrodes’ is a self-explanatory term and is measured in voltage.

It is compared to a reference electrode, because it is a relative value and thus needs some kind

of calibration. Different reference electrodes can be used such as Ag/AgCl, standard hydrogen

electrode (SHE) and saturated calomel electrode (SCE). The different reference potentials are

dependent on pH and can be found in datasheets.

An important parameter to compare different MFCs is the power density: the amount of power

the system can deliver per area or volume. Since the bacteria attach to the anode, the area of

the anode is often used to project the surface area. The power density is therefore calculated as:

Panode =
E2

cell

AanodeRExt

,

[
W

m2

]
(2.3)

where RExt represents the external resistance and Aanode is the surface area of the anode. Ecell

is the measured cell voltage defined as

Ecell = VOC − IRint, (2.4)

in other words the cells open circuit voltage (VOC) minus the sum of all the internal losses of

the MFC [20]. It is also possible to investigate the power density using the cathode surface area

instead of the anode, but this method is less common. Sometimes it is difficult to calculate

the surface area of the anode or the cathode reaction limits the overall power generation. Con-

sequently the previous definition of power density is less preferable and the parameters of the

cathode should be used instead of the anode parameters.

To compare MFCs with other fuel cells, it is suggested that the power density is normalised to

the total reactor volume V instead of the area:

Pv =
E2

cell

vRext

,

[
W

m3

]
(2.5)

However, it is hard to compare different MFC configurations (single or dual chamber). Alterna-

tively the total anodic compartment volume could be used as parameter instead of total reactor

volume. In stacked systems the cathode air-space volume should be included in the total reactor

volume.

Another parameter is the overal energetic efficiency and is defined as the power produced by an
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MFC devided by heat of combustion of the organic substrate over a timeframe t:

εE =

∫ t

0
EcellIdt

∆Hmadded

(2.6)

I is the current
[
A
]
, ∆H the heat of combustion

[
J

mol

]
and madded the amount of substrate added[

mol
]
. The energy efficiency is used to evaluate the energy recovery of an MFC and has a

range from 2% till 50% [20]. The energy efficiency is mainly calculated for influents with known

compositions, since the heat of combustion is not known for all kinds of wastewater. However, it

is difficult to measure the energy efficiency for different configurations of MFCs. This is because

different scaled systems with exactly the same parameters differ in energy efficiency. Therefore,

power density is more commonly used, although in this case it is different to compare the 2D

with 3D systems. A golden standard to measure energy efficiency or to compare power densities

is not known yet.

2.2.2 Current-voltage profile: polarization and power density curve

Typical plots to evaluate the performance of an MFC are polarization curves in combination

with power density curves [20, 22]. The plots give an indication of the performance of the anode,

cathode and/or the total MFC. A polarization curve plots the cells electrical potential in function

of the current density (Fig. 2.4.a). The power density curve (Fig. 2.4.b) visualises the maximum

power point (MPP) reached by a specific resistance. The internal resistance can be calculated

from the slope of the plot.

Polarization curves are acquired by a potentiostat, different options exist for the polarization

discharge curves [23]. First it is possible to periodically decrease the load while the voltage is

measured. It is possible to use galvanostatic discharge, a method where the current is controlled

and the voltage is measured. Potentio-dynamic polarization is a technique that uses linear sweep

voltammetry (cyclic voltammetry), where the current is measured with a slow voltage scan rate,

e.g. 1− 50mV
s

. Finally potentiostatic discharge is a technique in where the voltage is controlled

and the current is measured. For bio-electrochemical or MET systems the most suitable option

is the latter; the constant potential (potentiostatic) discharge technique. In this two electrode

method the working electrode is either anode or cathode, while the other serves as the counter

electrodes. The current is calculated using Ohms law:

V = IR. (2.7)

Three different zones can be distinguished in a polarization curve (e.g. Fig. 2.4):
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Figure 2.4: Example of a polarization (a) and power density curve with maximum power point (b).
The dotted line fits the theoretical values, while the continuous line symbolises a measurement
[20, p. 5188]
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Zone (i): activation losses. The first zone starts from the VOC , in other words the maximum

electrical potential (Eemf ) and decreases steeply. Activation losses are dominant in this region due

to the slowness of the system. The charge overpotentials, which are the differences in reduction

potential and the potential of the redox event, result from the reactions at open load and happen

at the anodes surface. The concentration of protons close to the anodes surface is similar to that

in the bulk solution.

Zone (ii): ohmic losses. The curve decreases slower than in zone (i); the voltage drop is al-

most linear with current. In this zone the ohmic losses are dominant due to ionic resistances

in the MFCs electrolyte, biofilm and proton exchange membrane (PEM) due to the low ionic

concentrations.

Zone (iii): concentration losses. The curve has a rapidly falling voltage when higher currents

need to be delivered. In this region the concentration of reactants and products get unbalanced.

In short, the bacteria are unable to deliver the reactants to the electrode reaction zones at the

rate it is required to sustain the high current generation. Concentration losses are dominant

in this zone because of the mass transport effects. The main imbalance happens between the

anodes surface region and the bulk electrolyte, which can lead to reduction of reactants transport

to where they are required.

The total internal resistance Rint can be obtained from the polarization curve, by calculating the

slope of the linear curve in (ii) (Rint = −∆E
∆I

) [20]. When the polarization curve is not linear, the

use of electrical impedance spectroscopy (EIS) is preferred. In this case Rint cannot be defined,

alternatively the ohmic resistance RΩ and the electrode overpotentials can be measured with

EIS.

Power curves are calculated from the polarization curve and plot power in function of current.

From Fig. 2.4(b) it is clear that in an open circuit no power is produced. When the load increases

the power increases until the MPP is reached. After the MPP, the power drops significantly until

the resistance is too high to overcome by the electrical potential and no more power is produced.

The MPP will typically occur when Rint = Rext.

It is important to note that obtaining a steady state polarization curve with an MFC is difficult

[23]. The nature of the species evolves with time, causing the electroactive metabolites, biofilm-

and catalyst structure to change constantly. Different types of MFCs require different sampling

rates.

2.2.3 Electrical Impedance Spectroscopy

This technique is used to study the electron transfer characteristics at both anode and cathode,

since they play mayor roles in the overall performance of an MFC [24, 25, 26]. The goal is to

acquire the different electrical components of the MFC system, to develop an equivalent circuit

model (ECM). This consists of a combination of resistors and capacitors, which are discussed

later on.

EIS is usually done by a potentiostat, equipped with a frequency response analyser in three-

electrode configuration [27]. To visualise the setup, consider e.g. Fig. 2.8, which will be discussed

later on. There is one reference electrode, one counter electrode and one working electrode. The

working electrode is attached to either the anode or the cathode, while the other serves as the
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counter electrode. The reference electrode is plugged into the bottom hole in the figure, since

there has to be a significant distance between the counter electrode and the reference electrode.

With the reference electrode it is possible to control the voltage applied to the working electrode.

This configuration allows to examine the performance of an individual electrode (working elec-

trode). If the whole system needs to by analysed, another method should be used which only uses

two electrodes. In this method the counter electrode serves as the reference electrode. However,

the EIS data becomes more complicated due to more active processes at both the anode and

cathode.

An AC signal perturbation with an amplitude of a few mV is imposed on the working electrode,

while the frequency is varied in small steps over a wide range. The frequency sweep is typically

from 106Hz to 10−3Hz. The small perturbations prevent damage to the biofilm attached to the

anode and ensure that non-linear harmonic effects do not interfere with the data collection. The

current response is measured during each step of the frequency sweep. The reason why measure-

ments at high frequencies are performed first is because frequency is inversely proportional to

time. This means that high frequency data points are acquired fast. When the frequency lowers,

the time to measure the current increases. If any damage would be done on the system during

the measurement, the data already gathered at high frequencies is maintained (the majority of

the data points). This would not be the case if the frequency sweep is done from low to high fre-

quencies, since the lowest frequencies takes the most time to measure. Before the representation

of data is discussed, a short explanation of the systems impedance is given.

When the electrodes are connected to an external circuit, the system will have a certain resistance-

, inductance- or capacitance-character, which forms the system’s impedance. The impedance con-

sists mainly of ohmic resistances like contact resistances, wires, electrolyte, membrane, . . . Contacts

between e.g. wires and pincers are never ideal and can be represented as small capacitors [28].

The different impedances are all in series and therefore:

Ztotal = Z1 + Z2 + Z3 + . . . (2.8)

Certain bacteria, with or without nanowires, are connected to the anode and will have a small

capacitive effect. All the bacteria are connected in parallel, in such a way that:

1

Ztotal,bacteria

=
1

Z1

+
1

Z2

+
1

Z3

+ . . . (2.9)

The capacitance of the connected bacteria to the anode are very small. For this reason, 1
Ztotal,bacteria

will be large and Ztotal,bacteria small. The latter is connected in series with the external circuit

and should be summed like in 2.8.

When the electrical circuit elements are analysed, they can be fitted into an equivalent model.

Resistors, inductors and capacitors can be modelled as follows:

ZR = R (2.10)

ZL = jωL (2.11)

ZC =
1

jωC
(2.12)
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In an ideal resistor, the impedance is purely real and the current through this resistor is in

phase with the voltage across it. In contrast, in an ideal inductor or capacitor the impedance is

purely imaginary. The impedance of a capacitor decreases when the frequency increases and the

impedance of an inductor increases in the same case. The impedance of an MFC consists mainly

of resistors and capacitors, either in series and/or in parallel connection. The magnitude of the

systems total impedance can be expressed in terms of real and imaginary components:

|Z| =
√
Z2

real + Z2
imaginary (2.13)

The phase angle of this complex impedance can be expressed as:

Θ = tan−1

(
Zimaginary

Zreal

)
(2.14)

Like previously mentioned, EIS uses an AC current of a few mV in order to obtain the impedance

and phase angle of the system at that frequency. A commonly way used to represent the data

are Bode and Nyquist plots [29], e.g. in Fig. 2.5. A Bode plot consists of two parts, the

(absolute value of the) impedance and the phase angle, which are both plotted in function of the

frequency on a logarithmic scale. In a Nyquist plot, each point represents the impedance at a

given frequency, plotted in a complex plane.

Figure 2.5: Example of a Nyquist plot (a) and Bode plots (b,c) [30, p. 1950]

When the Bode and Nyquist plots are fitted, an accurate equivalent circuit model can be devel-

oped, although this is a challenging task. The electrical equivalent of the system can describe

the electrochemical phenomenons in the system via these representative models. This is the

key to understand the performance and limiting factors of MFCs. Nyquist plots are used to

obtain the charge transfer resistance (Rrc) of the different electrodes. Lower Rrc values result

in larger charge transport from electrolyte to electrode and vice versa. To lower this resistance

improvements like scientific adaptations can be made. The internal resistance of an MFC is the

most important factor for power density and can be determined with EIS as well. An equivalent

scheme for MFCs is, according to [30], a small extension of a Randles circuit (Fig. 2.6).

The R-values are the different ohmic resistances like contact resistances, wires, electrolyte, mem-

brane, . . . Contacts between e.g. wires and pincers are never ideal and can be represented as

small capacitors [28]. Therefore, constant phase elements (CPE) are introduced which substitute

30



Figure 2.6: Equivalent circuits for (α) the global MFC and anode and (β) the cathode [25, p.
205]

these capacitors. The CPE also take into account actual surfaces like roughness, coating and the

inhomogeneous solutions [31]. For the cathodic part value W is included to represent a gener-

alised finite Warburg element which represents the models diffusion process resistance. Strik et

al. 2008 and Zhao et al. 2009 emphasize the importance of stable operating conditions in order

to obtain a correct equivalent circuit model (ECM) [23, 32]. Identifying the correct configuration

of the electrical components in the circuit is the hardest task in EIS analysis.

A recent study of Rossi and Logan showed that the electrode size in H-cells (a specific type of two-

chamber MFCs) has less influence than generally accepted [33]. EIS is mainly done to investigate

the internal resistances of the system, which turned out to be more than 77% depending on

the length and area of the tube connecting the anodic and cathodic chamber (neglecting any

contribution from membrane or solution in the bottle). Rossi and Logan state that the electrode

area in H-cells should be larger than the tube area to avoid diminished electrical power output

in MFCs due to mass-transfer limitations and to minimise electrode resistances. Therefore, it is

important to report the area and length of the tube connecting the H-cells when executing this

protocol. Anode size influences the system heavily when smaller than the tube crossectional area

(in this study RAnode = 26±1Ω to RAnode = 431±229Ω). The cathode size influences the electrical

power output even more when the cathode size is smaller than the tube area (RCathode = 61±5Ω

to RCathode = 1246 ± 805Ω in this case). For this reason all parameters except electrode size

should be kept constant while investigating this specific variable and the tube dimensions need

to be listed carefully.
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2.3 Materials and configurations

Different improvements can be made to enhance the electrical power output of an MFC. This

includes material improvements, surface modifiers, separators, MFC configurations and multi-

electrode systems. The components and possible improvements are explained. At the end of the

section, examples of different MFCs give more insight in expected power densities.

2.3.1 Components

The anode is the core part of an MFC, because the bacteria attach to it. It is favourable for

the power output if the surface is as large as possible, while the volume is as small as possible.

Anode materials should be both highly conductive and harmless for bacteria. A widely used

and affordable material with great surface to volume ratio is carbon felt [34, 35]. Non-carbon

materials are not recommended because corrosion will lead to detrimental effects on the bacteria.

The cathode is the most critical component for electricity generation. Lots of losses are possible

and need to be minimised, such as losses due to electrochemical reactions, charge transport and

mass transfer processes that take place in the cathode. A conductive material, harmless for the

bacteria and with great surface to volume ratio is carbon felt/paper/cloth. A graphite plate is

also possible but is more expensive. The surface area of the cathode is even more important than

the surface area of the anode. The power output rises significantly if the cathode surface area

increases till a certain limit is reached. Although specific values of the limits are still unclear, it

is known that after the limit the additional surface area becomes inefficient. In other words a

bigger surface after the limit is reached does not contribute to additional power output. Studies

suggest that in small scale systems, 11 times bigger surface area leads to 10 times higher power

output [5]. The ohmic overpotential of the cathode represents the voltage loss to drive proton and

electron transport processes. It is a combination of ionic and electronic resistances and includes

the resistances from electrode, electrolytes and interconnections. Naturally a lower overpotential

leads to a higher power output at the end of the process and there are several ways to do that:

• Certain catalysts are available to enhance the efficiency of the cathode conductivity, like

Cobalt tetramethylphenylporphyrin, Cobalt-Iron-Nitrogen and platinum (expensive) [36,

37]. Noncatalysed cathodes may have a large overpotential during oxygen reduction reac-

tions, leading to decreased power output. The presence of a catalyst is therefore desirable

as it lowers cathodic reaction activation energy and increases the reaction rate;

• Cathodic Electron Acceptors (EA) are oxidants which have a high redox potential leading

to lower cathodic activation overpotential. Examples of cathodic EA are ferricyanide, per-

manganate, persulfate and dichromate [38]. Notice that these EAs are unable to regenerate

by oxidation with oxygen, which makes it more difficult to implement this enhancement in

an ordinary MFC. It requires continuous replenishment, which is possible yet difficult in

continuous flow MFCs;

• When the oxidant concentration (O2) rises, the power density increases;

• Temperature can alter the power output of an MFC, because higher temperature leads to

improvement of efficiency in the cathode [36] and improvement of the bacterial activity.

Electrode modification is an approach to improve the power output by improving the attachment

of bacteria to the anode or to promote biofilm growth. There are three main approaches: the

32



first are surface treatments, more specifically ammonia treatment. This is an efficient method

to benefit the surface charge of the anode, which will lead to the growth of current-generating

biofilms and consequentially enlarges the anode surface. Second a chemical modification tries

to encourage the presence of metal oxide, because it benefits the development of electricity-

producing biofilm. This is done by immobilising metals, metal oxides or other active compounds

on the anode. Last a heat and/or acid treatment removes impurities and/or to enhance the

active site of the anode and the conductivity [39].

To prevent oxygen diffusion and prevent short circuit from cathode to anode, separators are

used between the two electrodes. These proton-permeable barriers diminish the gaping between

anode and cathode. The rate of proton transfer from anode to cathode through the separator is

lower than the consumption of protons at the cathode. Therefore, it is required to use separators

possessing high cation transfer properties. However, this rate difference results in a pH gradient:

the pH of the anodic chamber lowers relative to the cathodic chamber. The stability and perfor-

mance of the system decreases and the overall internal resistance of the cell increases. Absence of

a separator reduces the coulombic efficiency (CE) [40]. Many different separators are available,

like cation or anion exchange membranes, size-selective separators and ceramic separators.

2.3.2 Upscaling

As mentioned before, the conventional setup is the one-or two-chamber MFC. Nevertheless there

are many other configurations possible with different characteristics.

A one chamber configuration (recall Fig. 2.1) requires only an anodic chamber while the cathode

is directly in contact with air. These systems are preferred over others because they are easy to

handle due to small volume. They have a simplified operation and no additional aeration options.

The short electrode gives relatively high volumetric power densities. An example system is the

sediment MFC explained above, which is an MFC without a PEM. The advantage of such a

system is the low cost and high power density for a small volume. However, the CE is lower than

equipped with a PEM. The sediment volume between the anode and the cathode has to be big

enough, because the presence of oxygen at the anode will result in lower metabolic activity of

the microbes [7].

Many different two-chambered (or double chamber) MFC designs were tested to examine a max-

imum volumetric power density. The maximum obtained according to Mohan et. al [5] is 500 W
m3 ,

using a miniature design with a cross-sectional area of 2cm2 and a volume of 1.2mL. The presence

of a PMFC would lead to higher power densities than a single chambered system, but the high

internal resistances are disadvantageous. This for the reason that the energy used to pump the

fluid through the anodic chamber is much greater than the power output for the system. Double

chambered MFCs are difficult to scale up because the designs are more complex, larger in volume

and the internal resistances are higher.

It is possible to make a combination of different MFC in a stacked system [41]. If a series of

different MFCs is used, the overall current output increases. However, power output in a series

connection is much lower than in a parallel connection [42]. A stack of multiple MFCs in series

suffers from voltage reversal problems: it is possible that one or several cells reverse their polarity

because of fuel starvation, resulting in decreased power generation. Therefore, it is more useful to
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connect MFCs in parallel (or combination of series and parallel) configuration if power production

is the goal [43]. Parallel connected MFCs are appropriate for high current densities and rapid

substrate degradation.

The power density of a single chamber MFC increases significantly if the amount of electrode

pairs increases. Multi-electrode systems use multiple anodes and/or cathodes that lead to a rise

in power density when the electrode size of the single electrode would become large enough. In

one study, four pairs of electrodes resulted in a threefold increase of power density, while a study

by Ren et. al [44] with a hexagonal MFC design and 11 electrodes had increased maximum

power density in comparison with other systems. In general it is justified to conclude that

smaller systems relatively have higher power densities. It is possible to enhance the electrical

power output for larger systems by using multiple electrodes.

One big challenge in MFCs is upscaling: power density does not increase proportional to bigger

scales of systems, according to Winfield et. al [45]. Winfield suggested that efficient upscaling is

possible by connecting multiple small MFC systems rather than one larger unit, which confirms

that separating electrodes and stacking smaller MFCs in parallel is useful. It is not possible to

compare different scaled MFCs, even if every parameter is e.g. doubled. The efficiency in MFC

systems declines rapidly if they increase in size [46]. Note that most investigated MFCs in other

research are smaller in such way that the electrode distance is minimised and the systems have

effective PEMs. In large MFCs the PEMs are replaced due to the cost or the distance between

the electrodes is increased which leads to a reduction of power output. This should be taken

into account when comparing the electrical power output of different scaled MFCs. Further

research is definitely needed regarding different upscaled MFC setups and combinations with

large multielectrode MFCs. To increase the power output in an upscaled system, it is important

to minimise the distance between the electrodes when separated by a PEM [47]. When a sediment

MFC is used, incentives are given to increase the distance between the electrodes [48]. In the

latter study 2 or 3 cm gives higher power density than only 1cm distance between the electrodes.

2.3.3 Examples

Table 2.1 shows a variety of different MFC systems together with their maximum constant power

density output. Since a lot of different configurations, wastewater input, materials and separators

are used, the power density differs significantly. Overall the power density rises with increasing

number of MFCs used. Improvements in materials like platinum (which is highly conductive and

does not harm the bacteria) result in higher power outputs. The presence of a separator and

an aquatic environment between the two electrodes (hydrogen can diffuse more easily) are also

beneficial to the system.
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2.4 Design of Experiments

Two different systems are built to investigate the performance of an MFC. First, H-cell MFCs

available at X-lab are characterised by measuring the I-V characteristics and EIS. Later on

different SMFCs are built to measure the effect of the electrode size on electrical power output.

Before the COVID-19 crisis, different setups of SMFCs were also designed and made. The setup

is shown if Fig. 2.7. The goal of the experiment is to measure the I-V characteristics and the

different internal resistances with respect to scale.

Figure 2.7: SMFC test matrix with varying volume and radius. The top electrode (gray) is the
cathode, which is in direct contact with air. The bacteria in the sediment attach to the anode
(gray) at the bottom.

The SMFC test setup consists of two carbon felt electrodes because it has great surface-to volume

ratio and is harmless for electroactive bacteria. Stainless steel wires are used because the material

is also harmless for the bacteria. The wires are provided with an insulation of heat-shrink tubing

to prevent short-circuit current. The casing is a polyethylene bucket (with different scales of

the same shape). The sediment between the electrodes was taken from the Stiemerbeek which

flows along the buildings of Hasselt University. To improve the attachment of bacteria to the

anode surface at the bottom, a small layer of sediment is placed under the anode. The SMFC

experiment had two parts: the first setup consisted of different scaled systems with constant

circular electrode thickness, constant sediment height and varying radius. The exact dimensions

of the systems are shown in Table 2.2. The second setup had varying sediment filling and different

scaled volume. The electrodes are circular shaped and varied in radius and in thickness. Table

2.3 shows the dimensions of the second setup.

Table 2.2: Design of SMFC test matrix with varying radius. Other parameters are kept constant.
System diameter (mm) Ø 80 Ø 120 Ø 150 Ø 190 Ø 210 Ø 360 Ø 440
Cathode (mm) 15 15 15 15 15 15 15
Sediment (mm) 40 40 40 40 40 40 40
Anode (mm) 15 15 15 15 15 15 15
Sediment (mm) 10 10 10 10 10 10 10

For both experiments, seven different scaled systems are built from top diameter 80mm till

440mm. The height of the sediment, anode and cathode is constant in the first experiment
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Table 2.3: Design of SMFC test matrix with varying volume. Other parameters are constant
again.
System diameter (mm) Ø 80 Ø 120 Ø 150 Ø 190 Ø 210 Ø 360 Ø 440
Cathode (mm) 5 10 15 20 20 25 30
Sediment (mm) 20 40 60 80 80 100 120
Anode (mm) 5 10 15 20 20 25 30
Sediment (mm) 5 10 15 20 20 25 30

to test the influence of radius on the electrical power output. In the second experiment the

height of the electrodes and the sediment below the anode is the same. The sediment between

the electrodes is four times this height. As the system increases in scale, the height between

the sediment, anode and cathode varies with a constant factor (x2, x3, x4, x5, x6). This is to

investigate the changes in electrical power output when the volume of the system diversifies. Due

to the COVID-19 virus, the laboratory was unfortunately closed and the experiments could not

be executed. Therefore, a next generation model of the latter experiments is elaborated in detail.

The setup is shown in Fig. 2.8.

Figure 2.8: Design of Experiments: the proposed next generation test structure. The graphite
cathode at the top is separated from the graphite anode at the bottom by a Nafion 117 membrane
(red). The flow through systems control the composition of the aquatic solutions in both anode
chamber (bottom) and cathode chamber (top).

The goal of the setup is the same: investigate the electrical power output while varying volume

and radius. The experiments should be performed like the section 2.2.3 discusses. The working

electrode is attached to either the anode or the cathode, while the other serves as the counter

electrode. The reference electrode is plugged into the bottom hole in the figure, since there has

to be a significant distance between the counter electrode and the reference electrode. With the

reference electrode it is possible to control the voltage applied to the working electrode. This

configuration allows to examine the performance of an individual electrode (working electrode).

To control the nutrients and compounds in both anode-and cathode chamber two separated flow-

through systems are added to the design. This is because the composition of the solutions in

both chambers slightly alter during the working process. The flow systems allow the control of

this problem [59] with typical flowrates of 1 to 50 mL
h

[60, 61].

Towards an improved microbial fuel cell setup, the following materials are preferred above others.
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The bacteria cultures used in the different models should all be the same. Geobacter Sulfurre-

ducens, Shewnella Oneidensis or any of the previously mentioned families are sufficient as long

as they are homogeneously distributed over the different anode chambers of the different MFC

setups. To enhance the bacteria growth and reduction processes, acetate is recommended that

should be added to the anode chamber via the flow system in a constant concentration [62]. The

anode material is platinum when the power output is maximised because it is the best conductive

and bio compatible material for MFCs yet [63]. However, platinum is very expensive and can be

replaced by carbon-based material only with little diminished power output. Therefore this setup

uses graphite plate electrodes which are applicable for MFCs [39] Nafion 117 should be used as

PEM since it has high proton conductive capabilities and is well known for it’s application in

MFCs [64]. Ghasemi et. al suggests that sulfonated polyether ether ketone (SPEEK) is more

cost effective and has higher COD than Nafion 117 [65]. However, in this study the goal is to

enhance the electrical power output as much as possible and Ghasemi acknowledges Nafion 117

is better for this purpose. The oxygen and/or acetate levels that could leak through the Nafion

is negligible [66].

In this improved setup, the idea of the test matrices from tables 2.2 and 2.3 still fit. To obtain an

empirical formula of the electrical power output, the systems dimensions should be doubled for

different MFCs. Because the performance parameters do not respond linearly, extra experiments

are added between the doubled dimension experiments like in Tables 2.4 and 2.5.

Table 2.4: Design of the proposed next generation setup test matrix with varying radius
System diameter (mm) Ø 50 Ø 100 Ø 150 Ø 200 Ø 250 Ø 300 Ø 400 Ø 500
Cathode (mm) 5 5 5 5 5 5 5 5
Sediment (mm) 40 40 40 40 40 40 40 40
Anode (mm) 5 5 5 5 5 5 5 5
Sediment (mm) 5 5 5 5 5 5 5 5

Table 2.5: Design of the proposed next generation setup test matrix with varying volume
System diameter (mm) Ø 50 Ø 100 Ø 150 Ø 200 Ø 250 Ø 300 Ø 400 Ø 500
Cathode (mm) 5 10 15 20 25 30 40 50
Sediment (mm) 20 40 60 80 100 150 200 250
Anode (mm) 5 10 15 20 25 30 40 50
Sediment (mm) 5 10 15 20 25 30 40 50

The experiments on the different scaled systems should all be performed the same. A detailed

protocol is described in the chapter 3. At some experiments, the wastewater remediation is taken

into account along the electrical power output. In that case, an additional optimised setup is

attached in Appendix B.
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Chapter 3

Results

First the protocols for the current-voltage profiles and the polarization curve is given. Afterwards

the different EIS protocols are briefly discussed. Because it should be possible to detach these

pages, some explanations are repeated between the measurements. Finally, fits on existing data

of Ter Heijne et al. give more insight in the techniques of data analysis [67] .

3.1 Current-voltage profile measurement protocol

3.1.1 H-cell

Step 1: build the H-cell. Make sure that the different scaled systems are filled with the same

homogeneous solution and the bacteria cultures are homogeneously distributed over the anode

chambers. List all the dimensions and parameters of the system before proceeding.

Step 2: setting up the potentiostat. Different potentiostats that fit the right specs are available

on the market, e.g. devices from Keithley, Gamry, PalmSens, . . . . At X-LAB the available

potentiostat was the VersaSTAT 3F from Ametek. The VOC needs to be known before starting the

measurement. Therefore, connect the working electrode to the anode and the counter electrode

to the cathode without external circuit. If the potentiostat needs a certain resistor value it has

to be as high as possible (theoretically infinite). Measure the VOC , typical values for H-cells are

between 0.3 V and 1.1 V. Set up the potentiostat in such a way that it will sweep from VOC to

zero voltage.

Step 3: connecting the electrodes. The potentiostatic discharge method from section 2.2.2 should

be used. The working electrode is attached to either the anode or the cathode, while the other

serves as the counter electrode. This configuration is to analyse the polarization curve of the

whole system. When only one electrode needs to be analysed, the counter electrode is not the

anode or cathode. In that case, the counter electrode needs to be placed in the electrode chamber

of the working electrode in the direction of the proton gradient (between anode and cathode).

This is not included in the novel design because it complicates the setup heavily and the main

resistances of the system should be analysed with EIS. Make sure every conductive connection

is made flawlessly.

Step 4: start the current-voltage measurement. When running to the previous steps correctly, the

potentiostat will enter the voltage and measure the current for every voltage. Make sure to keep
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track of the different measurements over the different scaled systems (label every document).

Step 5: analyse the data. It is possible to create polarization curves by plotting the voltage vs.

the current. The power is obtained by:

P = V . I [W ] (3.1)

As mentioned in section 2.2.2 the three different zones in the polarization curve (Fig. 2.4) can

give insight in the types of losses in the H-cell. Calculating the slope of the second part of the

polarization curve gives the total internal resistance of the H-cell: Rint = −∆E
∆I

(only when the

slope is linear, otherwise EIS is preferred). Finally, the power density curve is created by plotting

the power vs. the current. The MPP occurs when Rint = Rext, which is the optimal working

point of the H-cell.
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3.1.2 SMFC

Step 1: build the SMFC. Just as in the H-cell, make sure that the different scaled systems are filled

with the same homogeneous sediment. In this case the mix of bacteria species are distributed

in the same population percentages over the different anode chambers. It is possible to add a

percentage of potting soil in case of sediment shortage, but it has to be minimised to enlarge

the bacteria population per MFC. From bottom to top, there is first a small layer of sediment,

subsequently the anode and a substantial amount of sediment that will act as PEM (dimensions

in the DOE). The first small layer is to foster the attachment of bacteria to the anode (with or

without nanowires). A stainless steel or titanium wire should run from to anode to the top of the

system. It is necessary to put a heat-shrinking tube around the wire from the anode to the top

of the system to prevent short circuit currents. The cathode at the top should be placed in a way

that the water added to the SMFC nearly covers the whole electrode. List all the dimensions

and parameters of the system before proceeding.

Step 2: setting up the potentiostat. Equivalent to the H-cell system different potentiostats fit the

right specs. The experiment is similar to the H-cell experiment. First the VOC needs to be known

before starting the measurement. Connect the working electrode to the anode and the counter

electrode to the cathode without external circuit. If the potentiostat needs a certain resistor

value it has to be as high as possible (theoretically infinite). Typical VOC voltages nowadays for

SMFCs are between 0.8V and 1V (theoretically maximum at 1.14V [68]). Set up the potentiostat

in such a way that it will sweep from the VOC to zero voltage.

Step 3: connecting the electrodes. The potentiostatic discharge method from section 2.2.2 should

be used. The working electrode is attached to either the anode or the cathode, while the other

serves as the counter electrode. This is to analyse the polarization curve of the whole system.

Because the counter electrode in an SMFC cannot be placed in the electrode chamber of the

working electrode (single chamber MFC), analysing one electrode in an SMFC is not possible.

Make sure every connection is made flawlessly.

Step 4: start the current-voltage measurement. When running to the previous steps correctly, the

potentiostat will enter the voltage and measure the current at every data point. Make sure to

keep track of the different measurements over the different scaled systems (label every document).

Step 5: analyse the data. It is possible to create polarization curves by plotting the voltage vs.

the current. As previously mentioned in section 2.2.2, the three different zones (like in Fig. 2.4)

can give insight in the types of losses of the SMFC. Calculating the slope of the second part of the

polarization curve gives the total internal resistance of the SMFC: Rint = −∆E
∆I

(only when the

slope is linear, otherwise EIS is preferred). The power density curves are calculated by plotting

the power (Equation 3.1) vs. the current. Finally the MPP occurs when Rint = Rext, which is

the optimal working point of the SMFC.
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3.2 Electrical Impedance Spectroscopy measurement pro-

tocol

3.2.1 H-cell

The EIS technique to use and connect the electrodes is comprehensively discussed in section

2.2.3.

Step 1: build the H-cell. Make sure that the different scaled systems are filled with the same

homogeneous solution and the bacteria cultures are homogeneously distributed over the anode

chambers. List all the dimensions of the system including the tube size.

Step 2: setting up the potentiostat. Many different potentiostats that fit the right specs are

available on the market, e.g. devices from Keithley, Gamry, PalmSens, . . . . The half-cell potential

of the anode biofilm needs to be known before starting the EIS measurement. Therefore, connect

an external load of 200−1000Ω to the system and measure potential versus the reference electrode.

Make sure that every connection is made flawlessly. The value will be in range of millivolts.

Step 3: connecting the electrodes. As previously mentioned, the working electrode is attached to

either the anode or the cathode, while the other serves as the counter electrode. The reference

electrode has to be placed at a distance from counter electrode, at the opposite side of the working

electrode. When the whole system needs to by analysed, the two-electrode method is used in

which the reference electrode serves as the counter electrode (but the results in this configuration

are rather complex and not recommended).

Step 4: start the measurement. Apply the measured AC potential to start the frequency sweep

between working and counter electrode. Set up the frequency to sweep from 105 Hz to 10−3

Hz and start the measurement. The software delivered with the potentiostat will convert the

measured current to a real and imaginary impedance at every data point.

Step 5: analyse the data. To create Bode plots, it is necessary to calculate the absolute impedance

and the phase at every point of the measurement:

|Z| = Z2
real + Z2

imaginary

Phase = tan−1

(
Zimaginary

Zreal

)
(3.2)

After gain and phase are calculated, Bode plots can be produced by plotting the absolute

impedance and phase vs. the frequency. A Nyquist plot is produced by plotting the real vs.

the imaginary impedance.
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3.2.2 SMFC

There is no tube or small cross-section in SMFCs that can prevent the optimal flow of protons

to reach the cathode from the anode. Usually the sediment that acts as PEM has the same

diameter as the circular electrodes. However, in every MFC experiment it is useful to list all the

systems dimensions. For this reason it needs to be noted in the first step.

Step 1: build the SMFC. Like in the H-cell, make sure that the different scaled systems are filled

with the same homogeneous sediment. In this case the mix of bacteria species are distributed

in the same population percentages over the different anode chambers. It is possible to add a

percentage of potting soil in case of sediment shortage, but it has to be minimised to enlarge

the bacteria population per MFC. From bottom to top, there is first a small layer of sediment,

subsequently the anode and substantial amount of sediment that will act as PEM. The first small

layer is to foster the attachment of bacteria to the anode (with or without nanowires). A stainless

steel or titanium wire should run from to anode to the top of the system. It is necessary to put

a heat-shrinking tube around the wire from the anode to the top of the system to prevent short

circuit currents. The cathode at the top should be placed in a way that the water added to the

SMFC nearly covers the whole electrode.

Step 2: setting up the potentiostat. Equivalent to the H-cell system different potentiostats fit the

right specs. Because there is no reference electrode in an SMFC the two electrode method should

be used and only the total resistance of the system can be determined. Typical values to apply as

AC potential in MFC systems for EIS measurements are between 1 mV and 10 mV. The internal

resistances of an SMFC will be larger than this of an optimised artificial MFC. Therefore, the

applied AC potential should be closer to 10 mV. It is possible that the AC potential needs to be

higher than 10 mV. This occurs when the internal resistances of the system are very high, which

means the current response is very small. Increasing AC potential should be done carefully and

in small steps to prevent damaging the system.

Step 3: connecting the electrodes. The working electrode is attached to either the anode or the

cathode, while the other serves as the counter electrode. The counter electrode serves also as the

reference electrode in this configuration. Make sure that every connection is made flawlessly.

Step 4: start the measurement. Apply an AC potential of 10 mV to start the AC frequency

sweep between working and counter electrode. Set up the frequency to sweep from 105 Hz to

10−3 Hz and start the measurement. The software delivered with the potentiostat will convert

the measured current to a real and imaginary impedance at every data point.

Step 5: analyse the data. As described for the H-cell systems, Bode plots and Nyquist plots can

be produced using the equations in 3.2 for all the different scaled SMFCs. Label the different

fits with their system parameters to keep track of the MFC dimensions.
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3.3 Fits

A dataset of Ter Heijne et al. from the paper “Analysis of bio-anode performance through

electrochemical impedance spectroscopy” was kindly provided by the authors and is analysed in

this section [67]. The influence of electrode size is not possible to investigate because the electrode

size was constant during the measurements (and the electrode size was not published). The EIS

frequency measurement as mentioned in the paper was done from 10 kHz to 2mHz with an AC

perturbation of 10mV. However, the raw data received showed measured frequencies from 10MHz

to 1.59mHz, but some data points are outliers so they were removed. Three united experiments

were executed in this paper: first the acetate concentrations in the anode chamber are increased

by steps (0mM, 1mM, 5mM, 20mM). Secondly, a phosphate buffer solution is added in different

concentrations (0mM, 10mM, 20mM, 50mM, 100mM). It is this part of the experiment that will

be analysed with fits. At last, the pH value is increased (6, 7, 8). A picture and sketch of the

setup is given in Fig. 3.1 a and b.

Figure 3.1: Setup of the experiments by Ter Heijne et al. In (a) a picture of a half cell with
flow channel in front is given. (b) shows a schematic view of the whole cell with a. the plexiglas
support, b. the Fumasep FTCM-E PEM and c. two separated flow compartments of anode
(green) and cathode (yellow) [67, p. 65]

The support casing is made from plexiglas. The graphite plate electrodes are separated by

a Fumasep FTCM-E exchange membrane. Both anode and cathode chamber solutions can be

varied due to the separated flow compartments. The data from the first and second experiment is

available and analysed with ZView. The electrodes are connected in three electrode configuration

as described in section 2.2.3. The anode is the working electrode, the cathode the counter

electrode and an Ag/AgCl reference electrode is placed in the anode compartment. Consequently

this EIS setup will measure the electrical performance of the anode.

The buffer concentration was increased after the acetate concentration experiment. An example

of a Nyquist plot analysed with raw data of the buffer concentration experiment is given in Fig.

3.2
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Figure 3.2: 20mM acetate 0mM buffer concentration complex plane plot of raw data produced
in ZView with frequency sweep from 10 MHz (left) to 1.585mHz (bottom middle)

In normal EIS measurements on MFCs one or more semicircles as in Fig. 2.5 should be obtained.

Therefore, it is clear that some outliers need to be removed from the raw data. At high frequencies

(left) the system has not enough time to account for the changes is potential. At low frequencies

the potential is disturbed by the slowness of the system and the changes in the biological activity

at the anode. The adapted data sweep is done from 0.398 MHz to 2.512 mHz. The Nyquist

plots for all the different bufferconcentrations are given in Fig. 3.3. The impedance and phase

are calculated and represented in Bode plots in Fig. 3.4 for the different buffer concentrations.

Figure 3.3: 20mM acetate concentration Nyquist plot with varying buffer concentrations, pro-
duced in ZView with frequency sweep from 0.398MHz to 2.512mHz

It is clear that the different phosphate bufferconcentrations influence the internal resistances of

the system heavily. The Nyquist graph shows that higher bufferconcentrations lead to a reduction
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Figure 3.4: 20mM acetate concentration Bode plots with varying buffer concentrations, produced
in ZView with frequency sweep from 0.398MHz to 2.512mHz

of the resistances in the system. The top of the Nyquist plot is reached when ω = 2πf = 1
RC

[29]. The Bode plots show the same result: higher buffer concentration leads to less impedance

of the system and by consequence higher electrical power output. To get a better understanding

of the resistances of the system, an EIS fit is made for different equivalent circuits of the anode

chamber. This is done for the 0mM buffer concentration. Because the Nyquist plot of a RC-

circuit is semicircular shaped a first fit with the corresponding equivalent circuit is shown in Fig.

3.5.
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Figure 3.5: 20mM acetate 0mM buffer concentration Nyquist plot with fit (left) produced in
ZView with frequency sweep from 0.398MHz to 2.512mHz and equivalent RC circuit (right) for
the anode chamber. The capacitance and resistance of the anode are 0.02243 ± 0.0009µF and
45.26± 1.11Ω. The electrolyte resistance is Rs = 12.12± 0.14Ω.

The suggested ECM of Fig. 3.5 can be improved by changing the capacitor of the anode chamber

by a CPE. As previously mentioned, CPE is used in place of a capacitor to compensate for non-

homogeneity in the system, e.g. rough or porous surface leads to a double-layer capacitance to

appear as a constant phase element with a CPE-P between 0.9 and 1. When CPE-P equals 1

than the equation is identical to that of a capacitor (phase angle of 90 degrees). CPE-T is related

to the amount of carrier electrons on the MFC with different mechanisms such as diffusion and

is expressed in µF. When the diffusion diminishes, it causes a decrease in CPE-T value, which

improves the conductivity of the solution in the anode chamber [69]. The improved equivalent

circuit for the whole system is suggested by He and Mansfeld [31]. The fit following this ECM is

shown together with the ECM in Fig. 3.6.

47



Figure 3.6: 20mM acetate 0mM buffer concentration Nyquist plot with fit (left) produced in
ZView with frequency sweep from 0.398MHz to 2.512mHz. An equivalent circuit (right) is sug-
gested by He and Mansfeld. The cathode resistance and CPE of the cathode was not used to
produce the fit (anode measurement). To produce the fit the anode resistance is 48.8±1.19Ω, the
CPE consists of CPE-T = 0.02508± 0.0009µF and CPE-P = 0.8693± 0.0195 and the electrolyte
resistance is Rs = 11.94± 0.11Ω. [31, p. 216]

The resistances in the ECM are dominant at lower frequencies, which correspond to diffusion

processes in the system. The CPEs dominate at higher frequencies, since they represent some

kind of capacitors. It is possible to make similar fits for all of the different bufferconcentrations.

It is also possible to plot the same fit in the Bode graphs. These Nyquist graphs however do not

add value since they look very similar, which is why they are added to Appendix A. The Bode

plots and their fits are also added in the attachment. The different resistances and constant

phase elements are given in Table 3.1.

Table 3.1: Equivalent circuit parameters of the buffer concentration fits with constant 20mM
acetate concentration

Phosphate buffer
concentration

Rs (Ω) CPE-T (µF) CPE-P Ra (Ω)

0 mM 11.94 0.0251 0.8693 48.8
Error 0.11 0.0009 0.0195 1.19
10 mM 8.35 0.0292 0.8321 18.83
Error 0.07 0.0015 0.0225 0.42
20 mM 6.36 0.0250 0.9017 14.08
Error 0.18 0.0045 0.0743 0.9476
50 mM 3.85 0.0347 0.8440 8.68
Error 0.06 0.0034 0.0364 0.29
100 mM 2.39 0.0680 0.8372 6.29
Error 0.04 0.0041 0.0359 0.21
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Chapter 4

Discussion

The design of experiments section proposes three different setups that are possible to execute

experiments. The first SMFC test matrix from Fig. 2.7 should only be used when it is not

possible to create the novel designs. The low cost of this configuration is an advantage, but the

sediment complicates the setup because the bacteria species are not carefully controlled. The

importance of making a homogeneous sediment or solution should not be underestimated since

the bacteria are the basis of the performance of every MET system. When the population mix is

not distributed in the right way the power output will be influenced directly and the setup built

needs to be restarted from the beginning. Controlled append of only one bacterium species in

the setup over the different anode chambers will lead to a vast increase in stability and reliable

results. The proposed model of Fig. 2.8 tries to stabilise these imperfections. However, it should

be taken into consideration that any disturbance in the building stage could lead to a failure of

the experiments later on. The time span on the experiments is at least a couple of weeks because

the MFCs have to stabilise. This is another reason that the building stage has to be performed as

good as possible. Although this master’s thesis does not give an extensive overview in wastewater

remediation of MET systems, the design in Fig. B.1 accounts the filtering effects of the microbes

throughout the system. Upcoming applications and results of new research are more focused on

wastewater remediation, since MFCs are the only bio-electrochemical systems that can generate

electricity and break down waste [70]. Major boundaries to produce and use MFCs at large scales

are the cost of the PEM, the fragile nature of the systems and the relatively small power output

[71]. The latter can be investigated partly by executing the described experiments in further

research.

The performance of the systems should be tested following the written protocols of current-voltage

profile measurements an EIS. Multiple techniques that can be used to measure the performance

of an MFC were not discussed. However, the techniques discussed can give deep insight in the

internal resistances of the system, are relatively simple to execute and only need a potentiostat.

It is important never to exceed the AC potential voltage delivered to the system because this can

permanently harm the bacteria or destroy the system in total. It is more preferable to start with

lower voltages to possible carry out the experiments multiple times than to damage the system,

since it will need to be rebuilt.

The data acquired from Ter Heijne et al. is very useful to make another analysis of the buffer

concentration experiments. An ECM is given in the right half of Fig. 3.6, the left part of this

figure represents the anodes half cell potential. This part is approved by the fits that are made
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in ZView investigating buffer concentration changes. The magnitudes of the circuit components

change throughout the experiment, but the model is validated for all the different measurements.

It is clear that both the solution resistances and the anode resistance decreases with increased

phosphate buffer concentration. The solution conductivity is limited due to proton transport

diffusion away from the anode [72]. However, increasing the buffer concentration increases the

solution conductivity and therefore the solutions ability to transport more protons. The decrease

in anode resistance is owing to the decrease in resistance from the charge transfer between the

anode and the solution. This results in an increased activity in the bioanode and thus leads to

larger current. The CPE varies without linear trend, but makes sure the high frequencies can

pass from bacteria to anode. This was the reason the CPE was put into the electrical circuit,

which gives another validation of the ECM. Using this analysis method is the final step in the

execution of the research. When the performances of MFCs need to be tested, the different

sections and steps in this master’s thesis should be time consuming and easy to understand. The

influence of electrode volume to surface ratio could be investigated in further research.
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Chapter 5

Conclusion

A DOE test matrix has been formulated to measure the influence of electrode radius and cell

volume on the electrical power output. Three models can be used: an SMFC, a cylindrical

multichamber setup and a setup that also accounts for wastewater remediation. Protocols to

measure the different systems are included as a roadmap to execute current-voltage profiles and

EIS experiments. Fits validate the anode part of the ECM from He and Mansfeld [31]. Therefore,

further characterisation of MFCs should use this ECM as a starting point when investigating the

different components of MFCs. The data analysis method can be used to analyse the data and

to develop ECMs for the performed experiments. The experimental investigation of electrode

size could not be pursued due to the COVID-19 pandemic. However, the DOE setup, protocols

and analysis methods could be a guide to continue the investigation in further research.
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Appendix A

Appendix - Fits

The different Bode and Nyquist plots including fits that are discussed in Table 3.1 are given in

Fig. A.1 - Fig. A.9.

Figure A.1: 20mM acetate Bode plot with 0mM buffer concentration and fit, produced in ZView
with frequency sweep from 0.398MHz to 2.512mHz
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Figure A.2: 20mM acetate concentration complex plane plot with 10mM buffer concentration
and fit, produced in ZView with frequency sweep from 0.398MHz to 2.512mHz

Figure A.3: 20mM acetate Bode plot with 10mM buffer concentration and fit, produced in ZView
with frequency sweep from 0.398MHz to 2.512mHz
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Figure A.4: 20mM acetate concentration complex plane plot with 20mM buffer concentration
and fit, produced in ZView with frequency sweep from 0.398MHz to 2.512mHz

Figure A.5: 20mM acetate Bode plot with 20mM buffer concentration and fit, produced in ZView
with frequency sweep from 0.398MHz to 2.512mHz
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Figure A.6: 20mM acetate concentration complex plane plot with 50mM buffer concentration
and fit, produced in ZView with frequency sweep from 0.398MHz to 2.512mHz

Figure A.7: 20mM acetate Bode plot with 50mM buffer concentration and fit, produced in ZView
with frequency sweep from 0.398MHz to 2.512mHz
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Figure A.8: 20mM acetate concentration complex plane plot with 100mM buffer concentration
and fit, produced in ZView with frequency sweep from 0.398MHz to 2.512mHz

Figure A.9: 20mM acetate Bode plot with 100mM buffer concentration and fit, produced in
ZView with frequency sweep from 0.398MHz to 2.512mHz
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Appendix B

Appendix - Design of experiments

It is possible to measure the remediation of the aquatic substance in the anode chamber. The

goal of the setup is either to investigate the electrical power output, investigate the wastewater

remediation or both, all while varying volume and radius. The EIS experiments should be per-

formed like section 2.2.3 describes.

Figure B.1: Design of Experiments: the proposed lay-out for the test structure with COD
removal. The graphite cathode at the top is separated from the graphite anode at the bottom
by a Nafion 117 membrane (red). The inward flow at the bottom delivers new wastewater, which
can be measured after remediation at the top outflow.

The difference with the test structure in Fig. 2.8 is the direction of the flow. In this setup the

inward flow is at the bottom of the anode chamber, while the remediated wastewater leaves the

MFC at the top in the cathode chamber. The inward flow should be controlled and measured.

Typical flowrates are 1 to 50 mL
h

[60, 61, 73]. Note that if the stream is too strong between the

anode and the cathode, the electrical potential reduces significantly because the electron shuttles

are flushed away. The bacteria attached to the anode will filter the water by their reduction

reaction. After the protons diffused through the PEM, the hydrogen is oxidised at the cathode

and the filtered water can be measured at the outflow.

65




