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Resum
La digestió anaeròbia és actualment el procés més utilitzat per a estabilitzar els fangs de
de depuradora. Les tècniques existents per a monitoritzar-lo a temps real són encara
escasses, per això hi ha un inherent interès per a trobar i desenvolupar eines que
permetin controlar el procés adequadament. Les piles microbianes són una tecnologia
relativament nova encara en desenvolupament i que sembla tenir capacitat per a
funcionar com a biosensor de matèria orgànica biodegradable.
L’objectiu d’aquest estudi és revelar la viabilitat tècnica d’utilitzar les piles microbianes
per a monitoritzar els processos de digestió anaeròbia.
S’han desenvolupat dos sistemes experimentals a escala de laboratori construïts a partir
de materials i estructures diferents. Tots dos dissenys consistien d’un digestor anaerobi
alimentat amb fangs primaris de depuradora i amb fang digerit com a inòcul, i un
compartiment aerobi amb aigua provinent de llacunes d’alta càrrega rica en
microalgues. L’ànode es va ubicar al digestor i el càtode al compartiment aerobi, i
estaven connectats a través d’un circuit elèctric extern amb una resistència de 1000Ω.
El primer prototip estava dotat d’un pont salí que tancava el circuit elèctric i permetia el
pas protons. La senyal elèctrica obtinguda d’aquests sistemes era inestable, amb moltes
fluctuacions i quasi la meitat de les piles van fallar en menys de 15 dies. Amb aquests
resultats va ser difícil establir una relació entre la senyal de les piles i el funcionament
dels digestors anaerobis.
El segon disseny experimental utilitzava un separador de fibra de vidre per a permetre el
pas de protons. La senyal elèctrica era més estable i va durar més de 45 dies
consecutius. Els resultats obtinguts demostren una correlació lineal entre els sòlids
volàtils inicialment presents al digestor i la resposta de les piles en termes de voltatge.
També es va observar una relació lineal entre la eliminació de sòlids volàtils als
digestors i la potència produïda durant un temps determinat. La producció de biogàs no
va poder ser quantificada a causa de problemes amb l’estanqueïtat de gasos en els
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digestors. Tot i així es va poder detectar metà i se’n va observar un percentatge entre
60-80% en volum, que són valors acceptables per a digestors anaerobis.
La conclusió a la qual s’ha arribat després d’analitzar els resultats és que les piles
microbianes tenen potencial per a poder ser utilitzades per a monitoritzar els processos
de digestió anaeròbia, especialment per a controlar fàcilment i a temps real el procés de
degradació de sòlids volàtils i la càrrega de matèria orgànica que entra als digestors.
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Abstract
Nowadays anaerobic digestion is the most common sludge stabilization process in
wastewater treatment plants. However controlling the process is currently lacking of
feasible techniques. There is an increasing interest for finding adequate on-line
monitoring tools for the anaerobic digesters. Microbial fuel cells are an uprising
technology that is presently demonstrating to have the capacity for working as a
biosensor for biodegradable organic matter.
This study aimed to reveal the technical viability of using microbial fuel cells to
monitor the anaerobic digestion process.
Two different experimental systems at laboratory scale were developed with different
materials and structural architectures. Both of them consisted of an anaerobic digester
fed with primary sludge and inoculated with digested sludge and an anaerobic
compartment filled with water containing microalgae obtained from a high rate pond.
The anode was placed in the anaerobic compartment, the cathode in the aerobic one and
they were connected through an external electrical circuit with a 1000Ω resistor.
The first experimental design was provided with a saline bridge to close the electrical
circuit, allowing the protons to pass through it. The electrical signals obtained from the
cells were instable, had high fluctuations and additionally several cells failed in less
than 15 days. It was difficult to determine if there was a relation between the signal
provided by the cells and the performance of the anaerobic digesters.
The second experimental system had a different proton exchange system made with
glass wool. The electrical signal obtained from the cells was more stable and lasted
more than 45 consecutive days. The results showed a linear correlation between the
volatile solids initially present in the digester and the response of the cells in terms of
voltage. Furthermore a linear relation was found between the volatile solids eliminated
in the digester within a period of time and the power produced by the cells during that
time. Biogas production could not be assessed due to gas leakage in the digesters,
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although methane was detected achieving percentages that ranged between 60-80% in
volume, which is acceptable for anaerobic digesters.
The results obtained lead to the conclusion that microbial fuel cells have a potential
capacity to control the anaerobic digestion process, especially in on-line monitoring the
degradation process of volatile solids and the organic matter load to the digesters.
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1.

Introduction

The anaerobic digestion process is the most common sludge stabilization process in
wastewater treatment plants (Gerardi, 2003). It is a microbiological degradation process
where the bacteria digest the organic matter of the sludge and converts it to methane and
carbon dioxide under anaerobic conditions, i.e. absence of molecular oxygen.
To control the anaerobic digestion different parameters are analysed and they help to
monitor the state of the anaerobic digesters in order to operate them in the most efficient
way possible (Spanjers & van Lier, 2006). However, no on-line monitoring tools are
common in the market that allow to control on-time the digesters performance.
Controlling the anaerobic digesters is still dependent on the operators’ skills and on the
off-line measurements that often require further laboratory analysis. One of the
consequences of this is that anaerobic digesters are usually designed oversized and with
relatively conservative design loading rates in order to operate the digesters from the
safe side. A good on-line control system for the anaerobic digestion would help to
operate the digesters more efficiently and closer to their capacity, as well as to assess
changes in their operating conditions and prevent possible failures of the
microbiological process.
Microbial fuel cells are an uprising technology that is acquiring notable interest
especially due to its potential as a renewable energy source as well as its potential for
wastewater treatment (Du et al., 2007; Khera & Chandra, 2012). It is based also on a
microbiological process where specific bacteria oxidize the organic matter under
anaerobic conditions and thanks to that an electrical current is generated for the electron
transport through an electrical circuit.
Different studies have analysed the performance of a microbial fuel cell as a biosensor,
being of especial interest its potential for monitoring organic matter content
(Kumlanghan et al., 2007; Liu et al., 2011). They present attractive advantages over
other monitoring tools such as long lifetime and real time data (on-line monitoring).
Microbial fuel cells are likely to be a good monitoring tool for the anaerobic digesters.
First because their common characteristics for anaerobic conditions requirement.
Second because a microbial fuel cell would allow obtaining on-line control of the
digesters performance, leading to a better and more efficient operation of the systems.
The present study attempts to determine if a microbial fuel cell system can be used for
monitoring the anaerobic digestion process. For doing this, two different experimental
systems have been developed where a microbial fuel cell system that provides real-time
electrical signal is integrated to an anaerobic digester in order to monitor it.
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2.

Aims and goals

Main objective
The purpose of the present investigation was to assess the suitability of a microbial fuel
cell-based biosensor for monitoring the anaerobic digestion process in a laboratory
scale. For doing that it was required to develop an experimental system that allowed
obtaining suitable results for a primary research.
Specific objectives
1. Develop a suitable, simple and cheap experimental design that accomplishes the
following requirements:
1.1. Increased durability of the designed systems
1.2. Provides stable electrical signal
1.3. Provides reproducible results
2. Correlate the electrical signal of the microbial fuel cell and organic matter degraded
and/or available in the digester
3. Correlate the biogas production and the electrical signal of the cell.

Page 3

3.

Literature review

The following chapter provides the theoretical background on the current knowledge of
anaerobic digestion (AD) and microbial fuel cells (MFCs). First the AD and MFC will
be reviewed separately and afterwards their potential synergies will be further
addressed.

3.1

Anaerobic digestion

The AD is a sludge stabilization process in wastewater treatment plants (WWTP)
(Gerardi, 2003; Vesilind, 2003). Its objective is to reduce pathogens, decrease the
amount of biomass by the partial destruction of volatile solids (VS) and produce usable
biogas.
It is a microbiological process where the organic content of sludge and soluble waste is
reduced by bacterial activity under anaerobic conditions (Gerardi, 2003; Madsen et al.,
2011). Different microorganisms in the absence of oxygen convert the organic
compounds into biogas through a variety of intermediate compounds (Spanjers & van
Lier, 2006).
3.1.1

Overview

AD is used for treating the sludge obtained from the different treatment stages in a
WWTP (Gerardi, 2003). Primary sludge consists on the settled solids of the primary
clarifiers, while the secondary sludge is the activated sludge from the bio-reactors
settled after the secondary treatment step in a conventional WWTP (see Figure 3-1).
This mixture contains 60-80% of organic matter (OM) in dry weight and it is an ideal
medium for the bacterial growth because it has a high content in substrate and nutrients.
The sludge also contains a large number and variety of bacteria.
The overall performance of an AD is measured by the amount of VS destruction that
takes place in the digester (Vesilind, 2003). Since AD is a biological process and
depends on the growth of the microorganisms, 40-65% of VS are typically removed.
Lower values indicate that there is significant concentration of solids difficult to
degrade and higher VS removal values are achieved when there are easy degradable
compounds.

3. Literature review
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Figure 3-1: Anaerobic digester integrated in a WWTP for treating the sludge (Gerardi, 2003)

3.1.1.1

Substrates

The substrates used by the anaerobic bacteria in the digester are organic compounds
(Gerardi, 2003). The substrate depends on the type of bacteria. Initial substrates for the
AD are lipids, proteins and carbohydrates, and all these substances are found as
particulates or colloids in the wastewater. They enter in the anaerobic digesters in the
form of primary and secondary sludge, as it can be seen in Figure 3-1.
3.1.1.2

Products

The biogas is a mixture of gases obtained from the AD and it is mainly composed by
methane (50-70%), carbon dioxide and small amounts of reduced gases such as
hydrogen sulphide, hydrogen and nitrogen (Spanjers & van Lier, 2006). The gas
production and its characteristics also depend on the nature of the solids being digested
(Vesilind, 2003). Methane is the only gas with economic value because it can be used as
a source of fuel (Gerardi, 2003). However the presence of the other gases, mainly CO2
decreases the heat value significantly. The production of methane allows recovering the
energy from the degradation of the OM. In small WWTP this energy is used for heating
the digester. In bigger plants with higher biogas production it can be used for producing
electricity.
The digested sludge after the anaerobic treatment is easier to handle. Since it has
improved dewaterability, there is a reduction of malodours, pathogens and volatile
content (Gerardi, 2003), it can be used as soil additive or conditioner.
3.1.1.3

Advantages and disadvantages of the AD process

The principal advantages of anaerobic treatment are the energy efficiency, low biomass
yield and high volumetric loadings (Spanjers & van Lier, 2006). More specifically, the
main attraction of the AD is the ability to degrade the OM throughout a microbiological
process and be able to recover part of the energy (Gerardi, 2003). Production of
methane represents a key feature of this process. Also the improved quality of the
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digested sludge makes it useful: reduction of pathogens, volatile solids, malodours and
volume.
However, AD has an unwarranted reputation due to the instability of the process and the
difficulty of monitoring it (Gerardi, 2003). This is mainly because of the lack of
adequate knowledge on the microbiology of the process.
3.1.2

Microbiology

Since AD is a microbiological process, it is important to study the bacteria involved in
it, their activity and the operational factors that may influence the process.
3.1.2.1

Stages of the AD

In the AD process, bacteria convert organic compounds to methane, carbon dioxide and
new biomass in absence of oxygen (Gerardi, 2003). Four major stages or steps can be
distinguished in the whole microbiological process: hydrolysis, acidogenesis,
acetogenesis (can be included in the acidogenesis step) and methanogenesis.
A variety of species of bacteria are involved in AD process (Gerardi, 2003). Different
bacterial groups take part of the stages of the process, working in sequence. This means
that the products formed by one group of bacteria are the substrates for another group.
Hence, the bacterial activity of one group is connected in a chain-like way to other
groups. If one reaction of the chain ceases, then all the process will be affected. Figure
3-2 shows the different steps of the AD and the bacteria involved in each stage.

Figure 3-2: Microbial pathway of anaerobic digestion with the different stages, molecules and
bacteria involved. Adapted from (Gerardi, 2003; Vesilind, 2003; Madsen et al., 2011).
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According to Figure 3-2, the four stages of the AD can be described as follows.
−

Hydrolysis
It is the solubilisation of particulate and colloidal organic compounds into simple
soluble molecules that can be absorbed by the bacterial cells (Gerardi, 2003).
Large insoluble organic compounds (polymeric substances) such as
carbohydrates, fats and proteins are present in the sludge. These compounds can
be split up into smaller molecules (mono and disaccharides, long chained volatile
fatty acids (LCVFA) and peptides) that are soluble and can be absorbed by the
cells. Hydrolytic bacteria (facultative anaerobes and anaerobes) are capable to
perform these reactions.

−

Acidogenesis (acid production)
The soluble compounds obtained in the previous stage are degraded through a
fermentative process that produces organic molecules such as organic acids, short
chained volatile fatty acids (SCVFA), and some inorganic molecules such us
carbon dioxide or hydrogen gas (Gerardi, 2003).

−

Acetogenesis
Acetate is the principal substrate used by the methane-forming (methanogenic)
bacteria. Thus, the production of acetate is a key factor in the overall AD process.
The formation of acetate is due to the degradation of some acids (e.g. butyrate and
propionate) and alcohols (e.g. ethanol) obtained from the acidogenesis (Gerardi,
2003). This process also produces hydrogen gas and it is performed by acetogenic
bacteria.

−

Methanogenesis
The methane is produced by two different ways in the last stage of the AD
process. The main reaction is the fermentation of the acetate that results in
methane and carbon dioxide and it is described in Eq. 3-1 (Gerardi, 2003). It is
called acetotrophic methanogenesis and represents a 70% of the total methane
production (Madsen et al., 2011). Methane can also be obtained by the so-called
hydrotrophic methanogenesis displayed in Eq. 3-2, where the hydrogen is used to
reduce the carbon dioxide to methane (Gerardi, 2003). This pathway of methaneproduction represents a 30% of the total methane formation (Madsen et al., 2011).
Other minor pathways for methane production exist, like the fermentation of
propionate and butyrate (Gerardi, 2003).
!"! !""#! → !"! + !"!

Eq. 3-1

!"! + 4!! ! → ! !"! + 2!! !

Eq. 3-2

Some bacterial groups involved in the AD live in a symbiotic relationship since some
molecules produced by one group can be used as substrates for another group (Gerardi,
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2003). That is the case for acetate-forming bacteria and methanogens, being the acetate
the product and the substrate respectively. Otherwise, some bacterial groups compete
for the substrates. For instance, sulphate-reducing bacteria compete with the
methanogens for the acetate as substrate.
Another example of how the system is sensitive and the stages dependable ones on
others is that both acetogenesis and acetotrophic methanogenesis are negatively affected
by high H2 partial pressure (Gerardi, 2003). This is compensated by the hydrotrophic
methanogenesis, that uses the hydrogen to produce methane and reduce the H2 pressure.
3.1.2.2

Living conditions for methanogens

Anaerobes survive and degrade more efficiently the substrates when the redox potential
of the environment is between -200 and -400 mV (Gerardi, 2003). If oxygen is present
in the digester, this value raises and the anaerobic activity is discouraged. The sludge
that enters the digester typically have -100 to -300 mV. Methanogens grow best in an
environment with less than -300mV of redox Potential.
Most methane forming bacteria are mesophiles, so their growth is optimal at a range of
temperatures between 30-35ºC, or thermophiles (50-60ºC temperature range) (Gerardi,
2003). However other methanogens bacteria groups can grow at temperatures between
2-25ºC (psychrophiles) or above 65 ºC (hyperthermophiles). This information is
important for the operational parameters of the digesters (see 3.1.3).
3.1.3

Operational conditions of anaerobic digesters

Optimal operational conditions must be maintained in the digester for satisfactory VS
elimination rates and methane production since the growth rates of anaerobic bacteria
are restricted (low energy yield obtained from degradation of OM, specially for
methanogens) (Gerardi, 2003).
Changes in the operational conditions of the digester alter the dominant bacteria and
consequently affect the concentrations of the substrates in the different stages of the
process (Gerardi, 2003). Therefore the substrates of the methanogens change and this
affects the digester performance: the VS elimination rate and the methane production.
There are many environmental factors that affect the different stages of the AD and
therefore the overall AD process. The most important ones are the solids and hydraulic
retention time, the effectiveness of mixing, the temperature, the pH and the presence of
toxic materials (Vesilind, 2003; Gerardi, 2003).
3.1.3.1

Mixing

Maintaining a good mixing of the system assures that there is uniformity of conditions
in the digester (Gerardi, 2003; Raposo et al., 2011). The advantages of an effective
mixing are eliminating the thermal stratification, maintaining a chemical and physical
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uniformity of the sludge throughout the tank, reducing the scum formation and the
deposition of grit, helping to disperse the toxic materials (minimizing the toxicity), and
making the bacteria accessible to the substrates present in the sludge.
3.1.3.2

Solids and hydraulic retention time

The retention time of the AD reactors has to assure that a significant portion of VS is
eliminated (Vesilind, 2003). The hydraulic and solids retention times (SRT) are the
same when there is no change in solids concentration within the digester, so when there
is no recycling line in a suspended growth digester. The SRT is directly related with the
extent of each reaction of the AD process (explained in Figure 3-2). The higher the SRT
is, the longer the extent of the reactions. There is a minimum critical retention time for
each reaction. In case it is not provided, the bacteria involved in that stage will not grow
rapidly enough to remain in the digester, that reaction step will stop and then all the
process will fail. Long generation time is required to methanogens to grow, so long
retention times are required in AD operation to ensure there is a large population of
those bacteria (at least 12 days required) (Gerardi, 2003). Below this value there is a
wash-out of bacteria from the digester. The retention time of the digester is dependable
on the operational temperature, explained in the next paragraph.
3.1.3.3

Temperature

Temperature is one of the most important factors to control in an AD process because it
affects directly to the microbial activity (Gerardi, 2003). Methane production is strongly
dependent on temperature since methanogens are particularly dependent on
temperature, as it has been explained before (see 3.1.2.2). The design temperature of a
digester determines the minimum solid retention to guarantee a proper VS elimination
rate. SRT should increase with decreasing temperatures, as it is shown in Figure 3-3.

Figure 3-3: Digestion time needed by the methanogenic
bacteria depending on the operating temperature of the digester
(Gerardi, 2003)
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The higher the temperature is, the greater destruction rate of VS and higher methane
production. Most anaerobic digesters in a municipal WWTP operate at 35ºC
(mesophilic temperature range), but it is also possible to operate at 55ºC (termophilic
range) that gives an improved dewaterability, higher pathogen reduction and increased
scum digestion. However the process is more difficult to control and operate.
Maintaining a stable temperature in the digester is much more important than the
operational temperature since the bacteria involved in the AD are quite sensitive to
temperature changes, specially the methanogens.
3.1.3.4

pH and alkalinity

The bacteria of AD are also sensitive to pH changes, especially methanogens (Vesilind,
2003; Gerardi, 2003). pH level should optimally be kept between 6.8-7.2. Acid
formation tends to low the pH, but the production of CO2 in the methane formation, as
well as other molecules such as ammonia, buffer the pH changes when combining with
protons H+. A pH drop in the digester can inhibit the methane formation. This can
happen when overloading the digester with sludge, that increases the production of
acids and those are not degraded as fast by the methanogens. Alkalinity is key to know
the buffer capacity of the wastewater in front of rapid pH changes (Gerardi, 2003).
Digester stability is enhanced by high alkalinity, which helps to control pH.
3.1.3.5

Toxic materials

The entrance of toxic materials can create unstable conditions in the digester (Vesilind,
2003). The most common effect of it is the inhibition of the methane formation, and can
lead to volatile acid accumulation and pH drop. Examples of these materials can be Na+,
K+, Ca++, Mg++, sulphide, Ni, Cr, Zn.
The principal digester upsets that make them unstable is usually due to: hydraulic
overload, organic overload, pH changes and loss of alkalinity, temperature fluctuations,
toxicity, wash-out of sludge and unexpected changes such as increased ions
concentrations (NO3-, SO42-) (Gerardi, 2003). However there are several indicators of
instability of the digesters: decrease in the biogas production or methane production,
decrease of the pH or alkalinity in the reactor, lower VS destruction, increase of volatile
acid concentration and increase of the percentage of CO2 in the biogas.
3.1.4

Monitoring of anaerobic digestion processes

When operating a WWTP, the main goal is to keep the process running in front of
variations in the inflow, fulfilling the effluent quality requirements and minimizing the
costs (Spanjers & van Lier, 2006). Monitoring the process by doing different
measurements would help to achieve this goal, allowing modifying the process by
manipulating certain parameters according to the measured variables. A good
monitoring strategy is essential to maintain the optimal operational conditions in the
digester (Gerardi, 2003).
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For monitoring AD process, relevant variables need to be measured (Spanjers & van
Lier, 2006). Among them, the most important ones are alkalinity, pH, gas flow, redox
potential and concentrations of hydrogen, hydrogen sulphide, methane, volatile fatty
acids (VFA) and suspended solids content.
Alkalinity and pH are important to control because of the dependence of the anaerobic
bacteria on the pH and pH changes, and similar with the redox potential (see 3.1.3.4 and
3.1.2.2 respectively). Biogas flow gives information on the activity in the reactor.
Controlling the hydrogen concentration helps to detect undesirable accumulation that
would reflect an imbalance of the AD steps (see 3.1.2.). Hydrogen sulphide is
controlled because it serves as electron acceptor molecules for sulphate reducing
bacteria and it is toxic.
The composition of biogas is measured (relative amount of methane and carbon
dioxide) in order to have an indication of the overall anaerobic biomass activity. VFA
are controlled because there are intermediate molecules of the AD process and an
imbalance could cause the inhibition of methanogenesis. An increase of those molecules
would cause a drop of the pH. The suspended solids content is a measure of the biomass
concentration. Controlling them through the process is an indicator of the AD
performance.
Different in-line monitoring techniques of the AD have been studied in the last years,
mainly in laboratory scale (Liu et al., 2004; Spanjers & van Lier, 2006; Madsen et al.,
2011). However just pH, redox potential and temperature can be checked on-line since
the technology for doing it is available for real digesters. Most of the anaerobic
treatment plants usually have on-line monitoring of pH, temperature, water flow, biogas
flow, water level and pressure (Spanjers & van Lier, 2006).
Other parameters such as chemical oxygen demand (COD), biochemical oxygen
demand (BOD), turbidity, biogas composition, nitrogen, phosphorus, sulphur and VFA
concentrations, alkalinity and suspended solids are measured in the laboratory (Spanjers
& van Lier, 2006). New on-line monitoring tools are being developed in laboratories to
control the other interesting parameters for controlling the AD mentioned above.
Spanjers & van Lier (2006) report that just around 10% have on-line automatic
analysers for COD, VFA, alkalinity and gas composition. Therefore this points out the
need for on-line monitoring of the process, to increase the automatic control of the
plant, to decrease the dependency on operators and laboratory personnel, and to have
real-time data of the digester.
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Microbial Fuel Cells

A MFC is a bio-electrochemical device that produces electrical energy from the
chemical energy stored in the OM molecules (Du et al., 2007; Khera & Chandra, 2012).
The electricity is generated due to the biodegradation under anaerobic conditions of the
OM performed by specific bacteria that are capable of releasing the electrons to an
electrode.
The global interest for this technology has increased in the recent years for its potential
as a new clean and renewable source of energy (Khera & Chandra, 2012; Mao &
Verwoerd, 2013). One of its main appeals is that they can be used for electricity
production at the same time that treats wastewater, with no toxic by-product generation.
The construction of MFC is a multidisciplinary task, requiring knowledge of various
sciences fields: physics, electrochemistry, environmental sciences, biotechnology and
chemical engineering (Khera & Chandra, 2012).
3.2.1

Theoretical background

MFC produce electricity thanks to the microorganisms that under anaerobic conditions
oxidize the OM (Du et al., 2007; Logan, 2008; Khera & Chandra, 2012). They have the
ability to transfer electrons to the anode, which are transported to the cathode through
an external circuit. The protons migrate to the cathode by diffusion through a proton
exchange membrane (PEM) or a saline bridge, and there they combine with the
electrons and a chemical catholyte, usually oxygen, that it is reduced. The circulation of
electrons originates the electrical current, but this requires keeping the microbes
separated from oxygen or other electron terminal acceptors. A basic scheme of how a
MFC works is shown in Figure 3-4.
Since MFC technology is based on the bacterial metabolic reactions, they require
running conditions that ensure the living conditions for those microorganisms (Mao &
Verwoerd, 2013).

Figure 3-4: Schematic diagram of how a typical twochambered MFC works (Du et al., 2007)
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Anodic reactions

In the anodic chamber the oxidation reactions take place. Bacteria oxidize the OM
under anaerobic conditions as part of their metabolism and this results in the production
of electrons and protons (Du et al., 2007; Khera & Chandra, 2012). The main difference
with another digestion processes is that in this case these bacteria change the natural
electron acceptor such as oxygen or nitrogen to an insoluble one: the anode (Logan,
2009). Thus electrogenesis occurs when other final electron acceptors such as O2, N2
and SO42- are not present; and it can compete with methanogenesis (Mao & Verwoerd,
2013). The oxidation reaction depends on the substrate molecule being oxidized. The
oxidation of acetate chemical reaction is shown in Eq. 3-3, provided by Du et al. (2007).
However other substrates can be degraded depending on the bacteria found in the
anode.
!"! !"!! + 2!! ! → 8! ! + 7!! + 2!"!

Eq. 3-3

As Eq. 3-3 demonstrates, the only by-product of MFC is CO2, since the electrons and
protons will be used in the cathode for the reduction reaction. Plants can fix this CO2
(Mao & Verwoerd, 2013). So it can be concluded that no toxic by-products are formed.
3.2.1.2

Cathodic reactions

In the cathodic chamber the reduction reaction takes place when the oxidizing agent
(final electron acceptor) combines with the electrons and the protons that came from the
anodic chamber (Logan et al., 2006). Different final electron acceptors can be used such
as oxygen (O2) or ferricyanide (Fe(CN)63-). However, chemical oxidizers need to be
replaced or regenerated, which makes oxygen the most appropriate and commonly used
electron acceptor (Logan et al., 2006; Khera & Chandra, 2012). Firstly because of its
high oxidation potential, but it is indeed a sustainable choice too since it generates no
chemical waste, it has a high availability and therefore a low cost of implementation
(Logan et al., 2006). Because of this, the electrode has to be exposed a catholyte with
enough oxygen available and water to ensure the reduction reaction (Logan et al., 2006;
Du et al., 2007; Khera & Chandra, 2012). The oxygen reduction can be written as Eq.
3-4 (Du et al., 2007; Wang et al., 2010; Zhou et al., 2012).
!! + 4!! + 4! ! ! → 2!! !

Eq. 3-4

Oxygen has to be continuously supplied in the cathode and this results in economical
and environmental cost (Gajda et al., 2013). This limitation has lead investigations to
seek biotic cathodes (biocathodes), which will constitute a complete biotic MFC
system. Algae are the main generators of earth’s oxygen through photosynthesis by
fixing the carbon dioxide when they have access to light (ElMekawy et al., 2014).
Therefore microalgae have been studied as natural and active oxygenators for the
cathode in MFC (Gajda et al., 2013; He et al., 2014; ElMekawy et al., 2014), but also as
final electron acceptors (Powell et al., 2009).
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Additionally, since CO2 can be used by these microalgae as carbon source, the carbon
dioxide from the anode can be fixed, decreasing the CO2 discharge to the atmosphere,
which leads to the construction of microbial carbon capture cells (MCCC) (Zhou et al.,
2012; He et al., 2014).
Zhou et al. (2012) write the additional cathode reaction when the catholyte contains
microalgae that perform the photosynthesis and produce oxygen, as Eq. 3-5 shows:
!"#! + n!! O!

!"#!$!!!

(C!! !)! !"#$%&& + !!!

Eq. 3-5

However, microalgae can also be used as electron acceptor in the biocathode. In the
cathode the electrons penetrate the algal cells through mediators that are reducedoxidized as well as protons and then the growing algal cells use them to convert CO2
into oxygen and biomass during the illumination period (Powell et al., 2009).
3.2.2

Microbiology

Since the fundamental electron source for the electrical current in a MFC is the cellular
metabolism of bacteria, it is important to understand the biological processes that
happen in the microbial cells (Mao & Verwoerd, 2013).
Logan (2008) defines electrogens as bacteria that have the ability to transfer electrons
outside the cells. There are three different mechanisms used by bacteria of electron
transferring to the anode currently known (Logan et al., 2006; Khera & Chandra, 2012).
According to Logan (2009) and Mao & Verwoerd (2013) these bacteria can be
classified as Mediated Electron Transfer (MET) and Direct Electron Transfer (DET).
For better understanding, these mechanisms are illustrated in Figure 3-5.
Direct Electron transfer (DET)
-

-

Direct transfer of electrons to the anode via outer membrane-bound
cytochromes (Mao & Verwoerd, 2013). Microbes form a biofilm on the anode
surface and use it as the final electron acceptor in their anaerobic respiration
(Du et al., 2007).
Contact transfer via appendixes (nanowires) that are electron-conductive and
are synthetized by bacteria (Mao & Verwoerd, 2013). This allows bacteria that
are not directly in the first monolayer of the biofilm on the anode to transfer
their electrons.

Mediated Electron Transfer (MET)
-

Use of excreted mediators, also known as shuttles; they take the electrons
from microbes and discharge them on the surface of the electrode by
reducing-oxidizing themselves during the process (Du et al., 2007). These
molecules can be self-produced by the bacteria (endogenous mediators) or by
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external synthetic mediators such as neutral red or anthraquinone-2,6-disulfate
(AQDS), known as extraneous mediators (Logan et al., 2006). Furthermore,
the redox mediators that are produced by one bacteria type can be used by
another bacterial species to reach the anode. (Rabaey & Verstraete, 2005)
Furthermore, (Logan, 2009) stands out that electrons can be exchanged between cells in
a microbial community. Additionally, microbes can metabolize the substrate and
produce a secondary product such as hydrogen that can act as fuel and be oxidized and
provide electrons for the electrical circuit (Mao & Verwoerd, 2013).

Figure 3-5: Bacteria mechanisms for electron transfer to the anode: [1] direct
transfer through nanowires or electro-conductive appendixes of the bacteria;
[2] mediated electron transfer thanks to excreted electron shuttles form the
bacteria; [3] direct transfer of electrons due to real contact between bacteria
and the anode (Logan et al., 2006).

Different studies have been performed studying pure cultures of electrogenic bacteria in
the anode, such as Geobacter Sulphurreducens (Bond & Lovley, 2003) or Shewanella
Putrefacians (Kim et al., 2002; Park & Zeikus, 2002). However other studies have tried
mixed cultures of bacteria, for instance using wastewater or activated sludge (Liu et al.,
2011). A mixed culture allows the cell to be able to degrade more different types of
substrates (Du et al., 2007; Logan, 2009; Mao & Verwoerd, 2013). In mixed culture
MFCs with anaerobic sludge groups of both electrophiles and bacteria that use natural
mediators can be found.
3.2.3

Voltage and power generation

Electricity production in a MFC is based on the electrode reaction pair that occurs in the
anode and the cathode described in Eq. 3-3 and Eq. 3-4 thanks to the electron flow from
the anode to the cathode in the external circuit (Du et al., 2007; Khera & Chandra,
2012).
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Potential of a MFC

Voltage is the first parameter to be checked in any electrical source (Logan, 2008), and
it is a function of the external resistance, according to Ohms law expressed in Eq. 3-6:
! = ! · !!"#

Eq. 3-6

where E is the voltage or cell potential expressed in V, I is the current in A and Rext is
the external resistance of the circuit in Ω.
The current produced in single MFC at laboratory scale is small, so it is usually
calculated from the voltage and the external resistance with Eq. 3-6 (Logan, 2008). The
highest voltage in a MFC is produced when the external resistance is infinite, and that
happens when the circuit is open. This voltage is called Open Circuit Voltage (OCV)
and this occurs when the current is null.
In a MFC it is more complicated to understand and predict the voltage generated than in
a chemical fuel cell since it depends on the bacterial activity (Logan, 2008). It has to be
considered that it takes time for the bacteria to colonize the electrode and build the
structures and enzymes needed for the electron release. Also in mixed cultures, since
different bacteria can grow, they can set different potentials in the MFC.
In spite of the difficulties to comprehend the voltage generated in a MFC, there exist
maximum voltages than can be achieved based on the thermodynamics between the
electron donors or substrates and the final electron acceptors (Logan, 2008). The
maximum electromotive force Eemf that can be produced in any fuel cell or battery can
be expressed according to Eq. 3-7:
!!"# = ! ! −

!"
ln!(Π)
!"

Eq. 3-7

where E0 is the standard electromotive force, R=8.31447 J/mol·K is the gas constant, T
is the temperature in K, n is the number of electrons transferred and F=96485.34 C/mol
e- corresponds to the Faraday’s constant. Finally Π is the quotient between the products
and the reactants raised to the power of their respective stoichiometric coefficients in
the reaction. Therefore Eemf depends on the redox reaction occurring.
The total cell potential of a fuel cell can be calculated with the potential difference
between the cathode and the anode as Eq. 3-8 shows (Logan, 2008):
!!"# = !!"# − !!"

Eq. 3-8

being ECat and EAn are the cathode and anode potentials respectively and can be
calculated with Eq. 3-7 considering the reactions that occur in each electrode.
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The potentials of the anode and cathode set the limits of voltage generation of the cell
because the electrochemical redox potential difference between them determines how
much energy is available to the microbes for metabolic processes (Khera & Chandra,
2012). However calculating the cell potential with the electrochemical redox potential
of the substrates does not take into account that in a MFC the power generation is due to
the complex respiration process of the bacteria involved (Logan, 2008; Khera &
Chandra, 2012). There are several different kinds of oxidized-reduced species among
the respiratory chain, for example the NADH/NAD+ system. Consequently it is difficult
to know the pathway that electrons follow through this reactions chain.
The actual cell potential is always lower than the Eemf calculated in Eq. 3-8, because
there are irreversible losses that affect the cell performance and these are contemplated
in Eq. 3-9 (Logan et al., 2006; Du et al., 2007):
!!"## = !!"# − !!" − ( η!"# +

η!"#! + IR !"# )

Eq. 3-9

where ηact are the activation losses on the cathode and the anode, ηconc are the
concentration losses also in cathodic and anodic chambers and IRint represents the ohmic
losses and can be expressed as the product of the current and the internal resistance of
the system.
3.2.3.2

Power of a MFC

The power production of any MFC system is key to know its efficiency to generate
electricity (Logan, 2008). Power is defined as the product between current and voltage.
If Ohm’s law is applied, it can be calculated as Eq. 3-10 shows:
!=

!!"# !
!!"#

Eq. 3-10

where P is power in W, EMFC is the MFC potential in V and Rext is the external resistance
of the circuit in Ω.
The power production depends on the MFC, and many factors can affect to it: substrate
concentration, nature of the electrodes, separator type, substrate oxidation rate, presence
of alternative electron acceptors and the microbial growth rate (Khera & Chandra,
2012). Studies have shown that the higher surface area of the electrode is, the higher
current generation. Consequently a normalized way to express the power is by
considering the extension of anode surface area available for the bacteria (Logan, 2008)
as it can be seen in Eq. 3-11.
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Eq. 3-11

where AAn is usually calculated as the accessible surface area of the electrode, so it
depends on the type of electrode.
Other aspects can influence the cell performance, such as the cathode area, the
membrane projected area if present and of course the reactor size. That is why another
way to normalize the power is by considering the reactor volume, commonly using the
volume of the anode compartment. This allows comparing between different MFC
architectures or designs.
Logan (2008) also reports that the maximum power output is produced for the smallest
internal resistance. Therefore, it is important to minimize the internal resistance of the
system to increase the power output.
The electrical current in a MFC is due to the electrons recovered from the OM degraded
by the bacteria (Logan, 2009). The power provided by a MFC will increase if more
electrons are recovered, and this can be evaluated with the Coulombic efficiency, as Eq.
3-12 shows, provided by Logan (2008):
!! =

!"#$"%&'!!"#$%"!"&
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Eq. 3-12

The coulombs recovered can be calculated with the current of the system, since the
current is defined as coulombs per time unit (1A=1Q/1s). The total amount of coulombs
in the biomass can be calculated from the consumed amount of substrate during that
period of time. So Eq. 3-12 can be rewritten as Eq. 3-13:

!! =

!!

!
!!!"
!

!!!!" !!!" !∆!

Eq. 3-13

where Ms is the molecular weight of the substrate, I is the current integrated in a interval
of time t, F is Faraday’s constant, bes=mol e-/mol of substrate degraded, VAn is the anode
volume and Δc is the substrate concentration change over the period of time.
Polarization curves represent a powerful tool to analyse and characterize the MFC
(Logan et al., 2006). The voltage is plotted as a function of the current. This is done by
varying periodically the external load of the system. Polarisation curves help to
calculate the internal resistance of the MFC and see which external resistance is most
suitable for an acceptable power output.
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MFC designs

Different MFC have been built with different architectures and materials (Du et al.,
2007). Table 3-1 shows a summary of the basic components of MFC that have been
used in recent investigations, the materials used and their importance. It can be seen that
the cathodic chamber is not necessary since it can be a MFC with an open air cathode,
as it is explained in the following paragraphs.
Table 3-1: Basic components of MFC (Du et al., 2007)
Element

Materials

Importance

Anode

Graphite, graphite felt, carbon paper,
carbon-cloth, Pt, Pt black, reticulated
vitraeous carbon (RVC)

Necessary

Cathode

Graphite, graphite felt, carbon paper,
carbon-cloth, Pt, Pt black, RVC

Necessary

Anodic chamber

Glass, polycarbonate, Plexiglas

Necessary

Cathodic chamber

Glass, polycarbonate, Plexiglas

Optional

Proton exchange system

PEM (Nafion, Ultrex,
polyethylene.poly); salt bridge,
porcelain septum, solely electrolyte

Necessary

Electrode cathalyst

Pt, Pt black, MnO2, Fe3+, polyaniline,
electron mediator immobilized on
anode

Optional

A typical MFC consists of two compartments: the anodic and the cathodic chambers,
typically run in batch-mode and used only in laboratories (Du et al., 2007). Both
compartments are connected by a PEM or sometimes by a salt bridge, which allows the
protons to migrate to the cathode and prevent the oxygen diffusing to the anode.
Different configurations and designs of two-compartment MFC systems have been
reported. Among them, the most common ones are the H-type MFC and the up-flow
configuration MFC, as it is shown in Figure 3-6 displayed in the following page.
H-type MFC is a commonly used and inexpensive design that consists of two separated
chambers connected with a proton exchange device, usually a proton exchange
membrane as it is shown in Figure 3-6 A (Logan et al., 2006). The key of this design is
how the protons migrate from the anode to the cathode. Optimally no substrate from the
anaerobic chamber or the electron acceptor molecules from the cathode should pass
across it. As said before, the most used device is a PEM. However, a saline bridge can
also be used although the power produced is less due to its high internal resistance.
These systems are an acceptable design for basic research, for instance for testing new
materials or specific microbial communities related to the degradation of particular
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compounds. The main limitation is the amount of power obtained, which is limited due
to the high internal resistance and the surface area of the cathode relative to the anode
one.

A

B

C

Figure 3-6: (A) H-type cylindrical MFC with either a PEM or a salt bridge; (B) upflow
MFC with a PEM separating anaerobic and aerobic compartments; (C) upflow MFC
with glass wool as the separation material between compartments (Du et al., 2007)

Up-flow MFCs have been designed with a PEM between the anodic chamber (lower
part of the cylinder) and the cathodic chamber (upper part) as shown in Figure 3-6 B; or
with a U-shape cathode compartment placed inside the anodic chamber and separated
also with a PEM. Up-flow MFCs are more suitable for wastewater treatment since they
are easy to scale-up and can operate in continuous mode (He et al., 2005). However
these designs use a fluid recirculation loop and therefore the costs of pumping are
higher than the energy they are capable to produce. So they are a good option for
wastewater treatment but not for energy production. An up-flow MFC using glass
wool/bead layers separator between anode and cathode compartments was designed by
Jang et al. (2004) and it is shown in Figure 3-6 C, and later Jiang et al. (2013) presented
a similar design but with an external coupled photobioreactor.
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Single compartment MFC are also possible by eliminating the cathodic compartment
and exposing the cathode directly to the air so it is directly in contact with oxygen (Du
et al., 2007). They offer simpler designs, cost savings, can operate in both batch and
continuous mode and are easy to scale up.
Gajda et al. (2013) investigated the use of a biocathode with photosynthetic organisms
in a two-chamber MFC with a PEM. The experimental design demonstrated that the
power outputs achieved were similar to abiotic cathodes. However the advantages of the
system were that there was no need for air sparging, usage of mediators, buffers, growth
media or catalysts such as platinum. Therefore the design had minimum operational
costs by taking advantage of the natural occurring photosynthetic process. Just a light
source was needed for the microalgae to grow.
Recent studies have started investigating the carbon capture by microalgae in the
biocathode, which leads to more sustainable MFCs with no CO2 discharge because it
fixes the CO2 produced in the anode. These designs include a device to allow the biogas
with the CO2 to migrate to the cathodic chamber. These MFC allow simultaneously to
treat wastewater and produce electricity and algal biomass, which can be used as fuel
(Wang et al., 2010; Zhou et al., 2012; He et al., 2014; ElMekawy et al., 2014).
3.2.5

Current and future applications and investigations

According to the recent studies of the applicability of the MFC for energy production,
there is still a long way until this can be used as a power source, since the systems are
still not efficient and do not produce high amounts of electricity (Khera & Chandra,
2012). With the current results the electricity production of MFC has been used for
powering small electronic gadgets, biosensors and mobile chargers.
However, this technology can still be used in other fields, like the wastewater treatment.
The MFCs are an interesting technology for cleaning wastewater and simultaneously
produce electricity (Khera & Chandra, 2012). MFCs large-scale technology on
wastewater treatment is the application where more investment on investigation is being
done nowadays, since it is the closest to industrial realisation (Mao & Verwoerd, 2013).
Using biocathodes are of interesting research since it integrates different technologies of
wastewater treatment in, power generation, algal biomass production, the possibility of
carbon fixation and removal of N, P and K from wastewater (Gajda et al., 2013;
ElMekawy et al., 2014).
MFCs can also work as a biosensor, in which the microorganisms of the anodic
chamber would act as biological detectors and the electrodes and proton exchange
device would serve as transducer (Kumlanghan et al., 2007). MFC-based biosensors
have received especial attention in the last years due to their long-term stability and the
unnecessity of external transducer because the cell can convert the OM degraded into
electricity (Liu et al., 2011).
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MFC for monitoring AD

Attempting to build a MFC system that allows monitoring the AD process, requires as a
prior step to develop successful synergies among both technologies.
Bacterial communities involved in either the AD process or the electrogenesis for
powering MFC grow under anaerobic conditions. This implies that both communities
should be able to grow in the same compartment if the living environment is suitable for
them. Logan (2009) stated that it would be interesting to study the role of different
bacteria communities in relation to the electrogenic ones and the effect on the power
generation of MFC. In extent to that and regarding to the present study, it would be
interesting to understand the effect of a growing electrogenic bacteria community in an
anaerobic digester.
Ishii et al. (2008) reported that in a H-type MFC with a PEM separator, electrogenesis
suppressed cellulolytic methanogenesis, as well as acidogenesis. They conveyed that
this is probably not only due to simple competition inhibition but to the difference
between the redox potentials that might have affected this rivalry between the bacteria
species. Authors were able to identify different types of bacteria depending if the MFC
was connected to an external resistor, so electrical current was created; or if it was in
open circuit mode, were the methane production rate was 10 times higher.
3.3.1

MFCs biosensor for biodegradable OM

A reliable biosensor system is desired to have a stable performance during the desired
operational period (Kumlanghan et al., 2007). The same authors developed a MFCbased biosensor to test if could be used as a faster method to analyse the biodegradable
OM rather than the BOD test. The system consisted of a MFC that separates the
anaerobic chamber from the aerobic one using PEM. The biosensor was based on the
anaerobes microbial activity that catalysed the organic matter and transferred the
electrons to the anode. The microbial consortium was obtained from an anaerobic
digester connected to the anaerobic chamber of the MFC by using peristaltic pumps,
which renewed the biocatalysts/microbes in every sample. The anaerobic digester was
fed with a standard solution of glucose, testing different concentrations.
The results showed a linear relation between the voltage and the concentration of
glucose. As the load of glucose augmented, the potential of the MFC increased until a
glucose solution concentration of 25g/L, which was the detection limit. This limit was
attributed to the inefficiency of the system for the protons diffusion to the cathode.
The sensor was concluded to have stable measurement and a good reproducibility. The
response time was estimated to be between 3-5 minutes, which was thought to be very
fast. The sensitivity and the detection limit were thought to be improved with better
proton diffusion. The conclusion of the study was that this MFC system could be used
for on-line monitoring of organic matter.
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MFC biosensor for AD

Liu et al. (2011) constructed a MFC-based biosensor for monitoring an anaerobic
digester. They designed a MFC sensor with a PEM that used electroactive biofilm,
which gave higher voltages than suspended-based MFC. The experimental design
consisted of an up-flow anaerobic fixed-bed reactor fed with synthetic wastewater and
had the MFC sensor connected to the recirculation loop. The digester was subjected to
external disturbances to see the response of the sensor. The signal obtained from the
MFC sensor was compared to other commonly used AD controlling tools, such as gas
flow and pH that where checked online, and gas composition, checked offline with gas
chromatography.
Different operation modes were tested with different loadings of the digester and
therefore to the sensor MFC. The results showed that there was an increase of the MFC
potential when increasing the loading to the digester. When discrete loading was tested,
there was a rise of biogas flow rate and increased methane composition, and this
matched with the signal provided by the MFC, which had a higher voltage too during
the feeding. Also the increased signal matched with a drop of pH in the digester,
indicating increased acidogenesis process of the AD. In continuous feeding mode the
results were also quite similar, with increased response of the sensor’s signal to higher
loads, matching again with a higher biogas production. However a limitation to high
loading rates was found, which was attributed to the limited amount of bioreceptors in
the anode that restricted the censoring speed of the cells when there was to high
substrate delivery speed. Furthermore, the sensor was tested in front of variable organic
loading coming from an hydrolysis reactor. The results demonstrated that the sensor
was capable to provide dynamic process information, which was also corresponding
with the gas flow of the anaerobic digester.
The conclusions of the study were that the designed MFC was a good biosensor for the
AD process, which provided dynamic information of what was happening inside the
digester. However there was still the limitation of the potential output of the cell due to
the microbial constraint for electrogenesis, limited by the biofilm, that resulted in
limiting the sensor response at too high loading rates. That means there was too much
substrate for the available microbes on the anode.
3.3.2.1

Precedent studies in the department

Previous experiments performed in the GEMMA group on the suitability of the MFC as
AD monitoring tool developed a MFC integrated to the anaerobic digester (Ramos Bret,
2014). The MFC designed used a saline bridge for separating the anaerobic and the
aerobic chambers. However problems with the stability of it were experienced and there
were problems to keep the experiment running enough time.
The results obtained in these experiments showed that the variation of potential of the
cell seemed to be related to the easily biodegradable OM that the bacteria have digested
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anaerobically. When there was no more OM in the digesters, the electrical signal
dropped and when the systems were fed with new substrate, the signal rised again.
However, no quantitative relation could be deduced since the systems were instable in
time and did not last enough days to obtain satisfactory results. Different substrates
were also tested, and the results showed that using primary sludge generated a higher
potential in the cells than digesting algae, which were thought to be more difficult to
degrade.
In some cells, different peaks in the voltage were observed during the experiment. They
seemed to be related with the different stages of the digestion of the OM. The initial
peaks were related with the degradation of the easily biodegradable OM and the other
peaks with less biodegradable OM being digested. However this was a hypothesis that
could not be verified, mainly because the cells did not last enough time to see reliable
results because of the saline bridge problems.
These previous studies could not demonstrate if there was any relation with the
electrical signal and the production of methane. One of the main problems was a gas
leakage from the anaerobic compartment that prevented to have measurable
overpressure.

!
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4.

Materials and methods

In this chapter the methodology followed to perform the study is explained. According
to the objectives, the experimental design had to clarify if a MFC could be used for
monitoring an AD process. The method followed to perform this research work was to
build an experimental prototype that permitted to obtain primary reproducible results.
The experimental design had to be as simple as possible and low cost, but at the same
time had to be able to provide consistent results. Afterwards these results were used to
check the viability of MFC as AD controlling device in a laboratory scale.
The main idea was to integrate the MFC into an anaerobic digester; this was achieved
by using the anaerobic reactor as the anodic chamber of the MFC. The aerobic chamber
was decided to be in a different compartment because then the anaerobic digester would
be easier to control. An upflow MFC was discarded because the biogas production
would have been very complicated to control. Therefore the designed systems consisted
of two-chambered MFC with the anaerobic compartment also working as an anaerobic
digester. Electrogenesis and methanogenesis were expected to happen in the same
chamber.
The MFC designed was an H-shape system and consisted of two compartments: the
anaerobic one, which simulated the conditions of an anaerobic digester, and the aerobic
chamber where the oxidation takes part. This kind of system is acceptable for basic
parameter research (Logan et al., 2006), which was the objective of the present study.
In H-type MFC the proton exchange system is typically done by a PEM but can also be
done with a saline bridge. Using a PEM was discarded since they are expensive and
require maintenance to avoid clogging.
The anaerobic digesters were filled with primary sludge as substrate and digested sludge
as inoculum. Digested sludge from a running AD plant is typically used as inoculum
when there is no acclimated one available (Gerardi, 2003; Raposo et al., 2011). The
digesters were operated in batch-mode, meaning that they were emptied if thought
necessary and fed manually.
The cathodic chamber contained a catholyte consisting of water from the experimental
high rate pond of the GEMMA group located on the roof of the department, shown in
Figure 4-1, shown in the following page. It is wastewater being treated with microalgae,
so in the MFC these algae are expected to provide the oxygen needed for the reduction
reaction in the cathode. With this the costs for pumping oxygen are eliminated, and the
whole system becomes a complete microbiological system. However the algae required
an external light source.
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Figure 4-1: High rate pond from where the algae were obtained,
located at the roof of department building

Especial mention has to be done to the fact that the aim of this study was not to produce
electricity with the MFC, so the systems were not optimized to obtain high voltages or
power, but to achieve stable monitoring systems. Because of this, no investigation on
decreasing the internal resistance or optimising the electrodes was carried out.
The electronic system included a data logger that was set with an external resistor of
1000Ω for each cell. Since this design had not to be optimized to provide high power
outputs, no polarization curve was performed to see the optimal external resistance.
This load was chosen because several studies have shown that this value provided
optimal power outcomes in MFCs with biocathodes containing microalgae (Wang et al.,
2010; Zhou et al., 2012; Gajda et al., 2013; He et al., 2014; Kakarla & Min, 2014).
Two experiments were performed with two different experimental designs. The main
difference between them was the proton exchange system: the first one was done with a
saline bridge and the second one testing a new material, glass wool. The reason for that
was for attempting to develop the most reliable system for monitoring the AD process.
The methodology followed had to be as accurate and reliable as possible. However,
some limitations existed that had to be considered when analysing the results obtained.
The following sections describe the design and construction process of the experiments
but also include a brief observation on the limitations and possible interferences that
may have occurred during the experiments.

4.1

Experimental design 1: MFC with saline bridge

This experiment was the continuation of the previous studies performed in the GEMMA
group on biosensoring AD with MFC (see reference Ramos Bret (2014)). The
experimental design was expected to be simple and low cost. That is why the MFC
designed incorporated a saline bridge to allow the proton migration as an alternative to
the PEM.

4. Materials and methods
4.1.1

Page 26

Motivation and objectives

This experiment aimed to test a new saline bridge design following the results obtained
from previous studies in the department (Ramos Bret, 2014). This saline bridge was
expected to last at least 3 weeks to see coherent results. The design is explained in 4.1.2.
The purpose of this test was to check the electrical signal during a whole degradation
process of an anaerobic digester with no external alterations to the system. Previous
studies demonstrated that due to the instability of the saline bridge and the too high
amount of OM to degrade in the digester, no concluding results could be obtained
(Ramos Bret, 2014). So for this assay low concentrations of OM were used expecting
that the time to degrade them were short enough for the saline bridge not to break. Two
different concentrations were used to determine if there were representative differences
in the electrical signal. It was accorded that for this assay the anaerobic compartments
would not be fed to prevent the alteration of the systems.
4.1.2

Description of the designed MFC

This design consisted of a two-chambered MFC build with two Erlenmeyer. The anode
of the MFC was the anaerobic digester. Each compartment had a graphite electrode,
being of the same size in the cathode and in the anode. The proton exchange device was
a saline bridge of potassium chloride jellified with agar-agar. The anaerobic
compartment was sealed but included sample and feeding ports and a gas sampling port.
The catholyte of the aerobic chamber consisted of water containing microalgae. The
electrodes were connected to each other through an external resistance in the data-taker
device. Figure 4-2 represents schematically the designed system.

Figure 4-2: Scheme of the first experimental design where the anode is the anaerobic
digester. Legend: [1] electrodes; [2] sampling and feeding tubes; [3] saline bridge; [4]
external circuit with resistor; [5] gas sampling port. Note: drawing not in scale.
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Construction of the prototypes

The following lines provide a detailed explanation of the process followed to build the
experimental MFC with the integrated anaerobic digester.
4.1.3.1

Materials needed per cell construction
-

4.1.3.2

2 glass Erlenmeyer of 400mL total capacity each
Silicon cover for the Erlenmeyer
2 rigid plastic tubes for sampling and feeding of 15 cm long and 6mm
diameter
2 short silicone tubes of 9mm diameter
2 removable metallic sealing pieces
2 electrodes made with graphite rods contained in a steel mesh
2 copper wires
1 external resistance of 1000Ω
1 needle with a septa to take gas samples
Silicone
Aluminium foil
2 magnetic stirrers
A U shaped glass tube for the saline bridge
Agar-agar powder
Potassium chloride powder (KCl)
Construction procedure

Saline bridge:
The conductor media inside the U-shaped tube was KCl jellified with agar-agar. A
solution of 300 mL was prepared with distilled water and a concentration of 30g/L of
agar-agar and 73g/L of KCl. The procedure followed was first warming the water and
while stirring, add the agar-agar, which was maintained like this until it boiled. After
that, in a normal magnetic stirrer, the KCl was added slowly and it was let it cold a little
bit just to make it safer to manipulate, but not cold enough to get jellified. After this the
U-shaped tubes were filled with the solution, making sure there were no bubbles inside.
Then the bridges were let cold in a humid environment for minimum 7-8h. The salt
bridges were finally sealed with a thin filter to prevent the content to come out. The
saline bridge can be checked in Figure 4-3 (A).
Electrodes:
The electrodes consisted of pieces of graphite rods contained in a stainless steel gridbox that was reinforced with plastic handcuffs as it is shown in Figure 4-3 (B). This
grid-boxes all had the same size of 2.5x3x1cm and included 14 graphite rods of 50mm
diameter and 102mm long. The steel used is stainless steel 216L. The electrons were
connected to the external wires through a stainless steel line. These materials are
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recommendable for the electrons because they are conductive, biocompatible and
chemically stable in the cell’s solution (Logan et al., 2006), as well as not expensive and
easy to find. They were used in preliminary studies of the present research (Ramos Bret,
2014).

A

B

Figure 4-3: (A) Detail of the cell saline bridge and the cover with the sampling elements for the
anaerobic digester; (B) Detail of the electrodes used in the experiment, including a steel line for the
connection with the external circuit.

Cells:
Each compartment of the MFC consisted of an Erlenmeyer. The anaerobic compartment
needed to be sealed to assure the anaerobic conditions. To do so, the silicone conical
cover was used, but 5 holes of different sizes were done to let 2 plastic tubes go across it
for sampling and feeding (this last one was not used for this experiment), one for the
needle for taking the gas samples, one for the saline bridge and another one for the
electrode connection to the electrical system. The outer part of the sampling tubes was
attached to a silicone tube sealed with a removable steel piece for an easier
manipulation when taking samples. The cathode compartment just needed the electrode
to be placed and it was held from the top border of the Erlenmeyer.
Once the digester (or anaerobic compartment) was filled with the corresponding sludge,
(described in detail in 4.1.4) the cover was placed with some pressure to the top part of
the Erlenmeyer and the junction was sealed with silicone to prevent gas leaking. The
cathode compartment was then filled with water containing microalgae. Both
compartments included a magnetic stirrer. Figure 4-4 shows the final MFC system.
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Figure 4-4: Single cell system, with the anode being
also the anaerobic digester

The cells were placed on the magnetic stirring plate and the cables from the data-taker
were connected to the cells, closing the electrical circuit with the external resistor. The
anaerobic digester was covered completely with aluminium foil to protect it from the
light. Furthermore, the saline bridges were also recovered with the same material to
protect it also from the light and try to avoid the destruction of the gel
4.1.4

Description of the assay performed

Cells were built with two different concentrations of OM (here measured as VS). These
concentrations had to be quite low in order to assure the degradation of the OM within
the lasting time of the experiment, which was mainly dependable on the stability of the
saline bridges. That was also the reason why the digesters were not fed during the
experiment. Furthermore, separated control anaerobic digesters were built, with no
saline bridge and aerobic compartment.
This experiment lasted 27 days, from the 2nd until the 29th of July. The cells were placed
in the environmental engineering laboratory placed in the S1 floor of the D1 building
(department building). The operating temperature was the atmospheric one, ranging
between 23±3ºC. The cells were checked every weekday during the whole period to be
able to detect any problem that may occur.
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Anaerobic compartment

The substrate used in the anaerobic digester was primary sludge from the WWTP from
Sant Feliu de Llobregat, and it was inoculated with digested sludge from the same plant.
The sludge was stored in laboratory’s fridge at 4ºC. The total solid content (TS) and the
volatile solid (VS) of the sludge are provided in Table 4-1.
Table 4-1: Total Solids and Volatile Solids analysis of the primary
and digested sludge
TS (g/L)

VS (g/L)

VS/TS (%)

Primary sludge

30.507

19.540

64.05

Digested sludge

23.819

13.070

54.87

The anaerobic digesters were then filled with a concentration of 1.43gVS/L and
0.71gVS/L. These concentrations were obtained because the desired total amount of VS
in each cell filled up with 350mL was of 0.5g VS and 0.25gVS respectively. The
amount of sludge used to prepare each cell was calculated by using a relation of 1:2
grams of substrate against grams of inoculum. This value was obtained from other
studies, which was determined on the basis that the available substrate should not limit
the activity of the bacteria (Cho et al., 2005; Passos et al., 2013). The results of these
calculations can be checked in Table 4-2, and the calculations can be found in Annex 1.
The rest of the volume was filled with distilled water until reach the desired 350mL.
Table 4-2: Volume of sludge used in the cells
Total VS (g) in
350 mL

VS (g/L)
concentration

0.50

1.43

0.25

Volume (mL)
Primary sludge

17.1

Digested sludge

12.8

Primary sludge

8.5

Digested sludge

6.4

0.71

Different replicates were built for each of the concentrations mentioned: 3 digesters
with a coupled MFC of 1.43gVS/L, named 0.5-A, 0.5-B, 0.5-C, and 4 cells of
0.71gVS/L, named 0.25-A, 0.25-B, 0.25-C, 0.25-D. Two extra single digesters, one
with each VS concentration, were also built, named 0.5-E and 0.25-E. The purpose of
that was to see if the MFC systems affected the AD process in the digester, so they were
control systems.
Agitation of the anaerobic chamber is necessary to assure uniform conditions in the
digester (Gerardi, 2003). The agitation was done with a magnetic stirring plate with
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multiple stirring places and each compartment had a magnetic stirrer in it. Some
anaerobic digesters were left without agitation: 0.5-C, 0.25-C, 0.25-D and the control
anaerobic digesters 0.5-E and 0.25-E.
4.1.4.2

Aerobic compartment

The cathode Erlenmeyer was filled with 350 mL wastewater containing microalgae
from the experimental high-rate pond of the GEMMA group. No catalysts were added.
The level of catholyte was kept constant, so new water from the high rate pond was
periodically added to balance evaporation.
The algae need a light source to perform the photosynthesis. For that, a led lamp for
plants, which provided an external light source for the microalgae, was installed over
the cells. It provided light 12 hours a day: from 20:00h until 8:00. So the light period for
the algae was during the normal night.
For the cathode it is important to stir the algae to prevent them from dying. So all the
algae compartments were placed on the magnetic stirring plate and were agitated
continuously.
4.1.4.3

Control parameters

During the experiment, potential difference of the MFCs, pressure in the anaerobic
digesters and biogas composition were checked regularly to assess the performance of
the cells. The procedure for taking these measurements is explained in more detail in
4.3.
The voltage provided by the cells was registered every 5’ in the data-taker during all the
lifetime of the assay. This data was downloaded every working day to a computer, so
this allowed to check if there were any disturbances in the systems.
Overpressure was checked every morning during the working days to see if there was
gas formation. Analysing the composition of the biogas with gas chromatography was
performed with a frequency of twice a week.
Analysis of solids was performed three times for the cells with higher OM
concentration, and two times in the cells with lower concentration, including one at the
end of the experiment.
4.1.5

Limitations of the experiment

This system had some limitations that may have interfered in the optimal performance
of the device and need to be considered in order to interpret correctly the results.
The performance of the cells was totally dependable on the performance of the saline
bridge. The stability of the saline bridge was responsible of the electrical signal of the
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cells. The existence of bubbles, the loss of consistency and the emptying of the bridges
were some problems that could occur and would affect the results.
Every time a sample from the digesters was taken, there conditions of the cells were
altered and this could have affected the results. Taking a sample of 15mL out of 350mL
represented almost a 5% of the total volume, which was quite high considering that the
digesters were small and any change might have had a stronger effect on them. Also it
might have happened that oxygen entered the chamber when taking the samples, which
could be dangerous for the methanogenesis.
Since some of the anaerobic compartments were not agitated, this needed also to be
considered when analysing the results.
Keeping the anaerobic compartment completely sealed to avoid gas leakage was a very
difficult task. Since the designed cell was quite simple and had been manually built,
there was a high probability that the gas escaped from the headspace, leading to no gas
overpressure. However, this should not affect the gas production. The only problem
would happen when quantifying the amount of gas produces by the digester.

4.2

Experimental design 2: H-type MFC with glass-wool separator

This experiment had the challenging beginning to find a new proton exchange system
different from PEM or the previously used saline bridge. The new cells were designed
with a new architecture and materials respect to the previous assay, although the design
was kept simple and inexpensive.
4.2.1

Motivation and objectives

The results obtained in the previous design showed that the saline bridge still was not
able to provide stable results because the electric signal from the cells was fluctuating
continuously and some of the cells had the saline bridge broken (for more details, see
5.1). Regarding to this, the main objective of the new design was to propose a
completely new architecture for the cells so the signal was more stable and that lasted
time enough to obtain more reliable results. The motivation was to use a new proton
exchange device between the compartments, leaving the saline bridge designs behind.
It was expected to see differences within the signal depending on the amount of OM in
the digesters, so different concentrations were decided to be used, this time testing a
wider range of concentrations compared to the previous experiment.
4.2.2

Description of the designed MFC

The design consists of an H-type MFC of two compartments, one was the anaerobic
digester and the other one the aerobic compartment. Both compartments were
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cylindrical and made with methacrylate, containing both a graphite electrode, the same
ones used in the previous experiment.
The innovation of this design was the proton exchange device. Up-flow MFC was built
by Jang et al. (2004) and Jiang et al. (2013) using glass wool for separating both
chambers. For this experiment a new design was tested, combining the idea of a typical
H-type MFC with a membrane separating the two compartments but using instead
glass-wool as the separator material.
The anaerobic compartment was sealed but with sample and feeding ports, as well as
with a gas sampling port. The catholyte of the aerobic chamber consisted of water with
microalgae. The electrodes were connected to each other through an external resistance
in the data-taker device. Figure 4-5 shows a scheme of the new designed system.

Figure 4-5: Scheme of the second experimental system design where the
anode is the anaerobic digester. Legend: [1] electrodes; [2] sampling and
feeding tubes; [3] proton exchange system; [4] external circuit with resistor;
[5] gas sampling port. Note: the drawing is not in scale.

4.2.3

Construction of the prototypes

The following lines provide a detailed explanation of the process followed to build the
experimental MFC with the integrated anaerobic digester.
4.2.3.1

Materials needed per cell construction
-

2 methacrylate cylindrical tubes of 200mm tall and 64mm of inner
diameter
3 methacrylate circular covers of 70mm diameter
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2 rigid plastic tubes for sampling and feeding of 15cm long and 6mm
diameter
2 short silicone tubes of 9mm diameter
2 sealing metallic pieces
2 electrodes made with graphite rods contained in a steel mesh
2 copper wires
1 external resistance of 1000Ω
1 needle with a septa to take gas samples
2 Conical silicone plugs
Silicone
Aluminium foil
2 magnetic stirrers
Silicone tube for the connection between compartments
Some glass-wool
Construction procedure

Glass-wool separator:
The connection between both chambers consisted of a silicon tube of 5cm long and
5mm inner diameter filled with previously wetted glass wool that is compressed inside
the tube. The tubes with the glass wool where kept under water for at least 24 hours
previously to attaching them to the compartments. The materials used and the final
separator device can be checked in Figure 4-6. It can be observed, from left to right, the
glass wool material soaked, an empty silicone tube and the final device.

Figure 4-6: Construction of the glass wool proton exchange
system

Electrodes:
The electrodes used were the same ones as in the previous experiment. They were kept
dry and clean during two and a half months. So before installing them in the new
system they were submerged in a 0.005M HCl solution during 2 hours to free them
from any remaining organic particle.
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Cells:
The prototype consisted of two-chambered cell built with two methacrylate tubes of
20mm high and inner diameter of 64mm. A hole was made to allocate the connection
tube between chambers at 65mm from the bottom of each cylinder. The diameter of this
hole had to be slightly smaller than the silicones tubes. After this, the bottom of both
chambers was made with the methacrylate circular covers of 70mm diameter and was
glued to the tubes with an especial adhesive for this material. After this, both
compartments were connected with the silicone tube containing glass-wool, as Figure
4-7 (A) shows, and sealed with silicone to assure there was no leakage. Both
compartments included a magnetic stirrer for the agitation.
The anaerobic compartment was enclosed with one circular cover. This cover needed to
have four holes: two for the sampling and feeding tubes, one for the electrode and
another one for the gas sampling port. The long tubes were held through the cover
thanks to a silicone tube and the needle for the gas sampling and the electrode cable
through one of the silicone plugs. After filling the anaerobic digester, the cover was
placed and sealed with silicone (see Figure 4-7 (B)). This sealing was reinforced with
insulating tape to assure there is no gas leakage.

A

B

Figure 4-7: (A) Key elements of the new designed system; (B) Single system filled up and being
the anode compartment the anaerobic digester.

The cells were placed on the magnetic stirring plate so each compartment was agitated
and the cables from the data-taker were connected to the cells, closing the electrical
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circuit with the external resistor. The anaerobic digester was covered completely with
aluminium foil to protect it from the light. Figure 4-8 shows the final disposition of the
cells.

Figure 4-8: Final set-up of the experimental design, with 7 operating
systems.

4.2.4

Description of the assay performed

A prototype MFC of this new design was first built to check if this model worked. The
key element to test was the connection between both chambers that should allow the
protons travel from the anaerobic chamber to the aerobic compartment. The aim of the
first prototype was to check if there was current created, that the signal was stable and
that the system worked for at least 2 weeks. The results of this test were satisfactory and
then more systems were built and the new assay was planned.
It was decided to build cells with three different concentrations of VS (12.5, 7.5 and
1.25 g/L) to see if there was a relation between the electrical signal and the amount of
OM. It was decided no to sample the sludge of the anaerobic digester during the
experiment since the objective was to see the evolution of the electrical signal when
there were no changes within the systems so that this information could be used in
future assays.
This experiment lasted 47 days, from the 23rd of October until the 9th of December. The
cells were placed in the environmental laboratory placed in the -1 floor of the D1
building (department building). They were operated at room temperature, ranging
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between 20±3ºC. The cells were checked every weekday during the whole period to be
able to detect any problem that had occurred.
4.2.4.1

Anaerobic compartment

The anode chamber was inoculated with digested sludge from the WWTP in Sant Feliu
de Llobregat, Barcelona. The substrate used consisted of primary sludge that also came
from the same treatment plant. They were stored in the laboratory’s fridge at 4ºC. This
sludge was characterized in order to know the amount of volatile solids in it and to
calculate which amount should be introduced into the cells. The characteristics of the
sludge used are displayed in Table 4-3.
Table 4-3: Total Solids and Volatile Solids of the primary and
digested sludge
TS (g/L)

VS (g/L)

VS/TS (%)

Primary sludge

47.55

34.38

72.30

Digested sludge

14.73

7.22

49.03

This assay was performed with 3 different concentrations of VS in the anaerobic
digester: 12.5g/L. 7.5 g/L and 1.25 g/L. Therefore for each compartment of 400mL of
sludge there were 5g, 3g and 0.5g of VS in total. The amount of sludge used to prepare
each cell was calculated by using a relation of 1:2 grams substrate and grams inoculum
respectively (Passos et al., 2013; Cho et al., 2005) as in the previous experiment, and
the volumes used for each cell are shown in Table 4-4 but more detailed calculations
can be found in Annex 2. The rest of the volume was filled with distilled water until
reach the desired 400mL.
Table 4-4: Volume of sludge used in each cell
Total VS (g) in
400 mL

VS (g/L)
concentration

5

12.5

3

0.5

Volume (mL)

Primary sludge

97

Digested sludge

231

Primary sludge

58

Digested sludge

138

Primary sludge

10

Digested sludge

23

7.5

1.25
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Two replicates for each different amount of VS were built, named 5-A and 5-B (initial
concentration of 12.5gVS/L), 3-A and 3-B (initial concentration of 7.5gVS/L) and 0.5A and 0.5-B (initial concentration of 1.25gVS/L). Furthermore, an extra replicate for the
0.5g was added (0.5-C), but it was left in the open circuit mode, so no wires were
connected to the cells but the rest of the layout was the same as the other replicates.
All the digesters were agitated with a magnetic stirrer in order to assure the
homogeneity of the sludge in it.
4.2.4.2

Aerobic compartment

The catholyte was the same as the previous experimental design: the compartment was
filled with 400 mL of wastewater containing microalgae from the experimental highrate pond of the GEMMA with no catalysts added. The level of catholyte was kept
constant, so when needed new water from the high rate pond was added.
A led lamp for plants provided light 12 hours a day: from 20:00h until 8:00, as in the
previous experiment. All the algae compartments were agitated in a magnetic stirring
plate.
4.2.4.3

Control parameters

Measurements of different parameters were done during the experiment to check the
cells performances: potential difference of the MFCs, pressure in the anaerobic
digesters and biogas composition. How these measurements were made are explained in
more detail in 4.3.
The voltage provided by the cells was registered every 5’ in the data-taker during all the
lifetime of the assay. This data was downloaded every working day to a computer.
Overpressure was also checked the same days to see if there was gas production.
Analysing the composition of the biogas was performed with a frequency of once a
week.
Analysis of solids was just performed at the end of the experiment, when the digesters
were opened.
4.2.5

Limitations of the experiment

This system had some drawbacks that may have interfered in the optimal performance
of the device. Even it was designed to be as reliable as possible, some observations were
made that should be taken into account when analysing the results.
The connection system that allowed the protons migrate from the anode to the cathode
was quite simple and also sensitive to manipulation. In the first prototype it was
observed that when the system was manipulated for routine checking, this could affect
to the electric signal with unexpected drops in the potential. However, after a while that
usually could last up to 24h, the signal recovered to its previous voltage. Furthermore, it
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could not be assured that the connection system between both compartments would just
let pass the protons. Since it was a simple device that works as a membrane, there was a
risk that water passes through, as well as dissolved particles, including dissolved gas
molecules.
As the previous experimental design, the air tightness of the anaerobic digester was
difficult to assure, so this could prevent obtaining positive overpressure values.
However, this would not affect the gas production in the compartment.

4.3

Control parameters of the cells and analytic methods

In both experiments there was a periodical control on the digesters performance. The
off-line monitoring of the systems was solids analysis, gas overpressure detection and
gas composition. The in-line monitoring tool was the incorporated MFC to the digesters
that gave on-line information of the potential difference between compartments.
4.3.1

Solids analysis

In wastewater solids refer to the suspended or dissolved matter in the water
(APHA;AWWA;WEF, 1999). Solids analyses are important for controlling wastewater
treatment processes and for assessing fulfilment with the effluent limitations.
Total solids (TS) is the amount of the dissolved and suspended solids found in a sample
(APHA;AWWA;WEF, 1999). This can be determined after evaporation of the sample
in a drying oven at 103-105ºC until it achieves a constant weight. VS is the weight loss
on ignition in a sample in a muffle furnace at 550ºC. VS offers a rough approximation
of the OM content in the solid fraction of the sludge. However it does not distinguish
precisely between organic and inorganic matter since ignition is not confined only in
OM. The solids that are remaining after the ignition are the ashes and are called fixed
solids. Analysing the VS content in the digester is a common way to control its
performance (Vesilind, 2003; Raposo et al., 2011).
The laboratory procedure for the solids analysis in both experiments was done
according to the Standard Methods for the Examination of Water and Wastewater
(APHA;AWWA;WEF, 1999).
4.3.1.1

Sampling

To evaluate the solid content of the digesters, samples were taken from the digesters
using the sampling ports and a syringe. Attention had to be paid in order to prevent the
introduction of oxygen in the chamber.
Three replicates were taken from each digester. Each solid analysis was executed with
5mL of sludge, so a total of 15 mL had to be taken from the digesters each time. These
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replicates were made for each sample in order to be sure that the result was reliable. The
average was calculated and the values that had more than 5% error were discarded.
4.3.1.2

Calculations

TS and VS values expressed in g/L can be calculated with the following formulas (Eq.
4-1, Eq. 4-2). It is assumed that the value of the sludge density is 1g/mL, so the weight
of the wet sludge can be expressed in volume units: 1g=10-3L.
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Eq. 4-2

where the Wt is the weight of the empty crucible in g, Wd is the dry weight after 24
hours in the drying oven in g, Wc is the calcined weight after the muffle in g and Ww is
the wet weight of the sample (without considering the crucible) in L.
4.3.1.3

Limitations and possible interferences

The first interference in this process might have happened during the sampling
procedure. It was important that the compartment was properly agitated so the sample
was reliable. Every time a sample was taken, the conditions of the cell changed, so that
might have affected future results.
One problem faced when sampling was that when extracting 15mL from the anaerobic
compartment, the liquid volume was reduced and the headspace of the gas was
increased. This has to be taken into account for gas production calculations. Also when
sampling, suction was used, then suppression is created in the compartment, so it was
more likely that oxygen had entered into the chamber if the sampling syringe was not
handled properly.
Other limitations of the process are the ones related to human error, failure of one of the
ovens, wrong calibration of the analytical balance etc.
4.3.2

Biogas analysis

It is a common practice to analyse the biogas produced in an anaerobic digester to
control the AD treatment process and to estimate the fuel value (APHA;AWWA;WEF,
1999). The composition of the biogas and the amount produced are key factors to take
into account. The biogas produced in the experimental systems was retained in the
headspace of the anaerobic compartment of the cells, which was sealed to prevent the
gas escaping and the oxygen entering. Hence an increase of the pressure in the cell that
could be used to determine the gas production. Gas samples could also be taken to
check its composition (Raposo et al., 2011).
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Biogas quantification

The increase of pressure was measured with a digital manometer model GMH3151
(Greisinger electronic). The sensor needle was introduced in the septum and the
pressure value was immediately read on the screen of the manometer. The given value
was the actual pressure of the headspace due to gas production. After the measurement,
the overpressure was released until reaching the atmospheric pressure. The difference
between the increased initial pressure and the atmospheric pressure corresponded to the
pressure increase due to gas production. The Ideal Gas Law establishes the relation
between the pressure, volume and temperature conditions of a gas with the number of
moles. So the detected overpressure could be used for calculating the amount of moles
of biogas produced.
4.3.2.2

Biogas composition

The principal components of biogas are methane (CH4) and carbon dioxide (CO2)
(Gerardi, 2003). Gas chromatography is a fast method to obtain the biogas composition
(APHA;AWWA;WEF, 1999). In the present study the gas chromatography method has
been used to determine the composition of the biogas produced.
The gas sample was obtained using a syringe with a needle that was inserted in the septa
of the anaerobic digester. The model of syringe used was Hamilton and the sample
taken was of a volume of 1mL. The sample was analysed in the laboratory of the
department equipped with a chromatograph Finnigan Trace GC, shown in Figure 4-9.

Figure 4-9: Gas chromatograph used for the biogas analysis

The chromatograph worked with a TCD (thermal conductivity detector) and the carrier
gas used was helium. The minimum detectable level was 10ppm. The chromatograph
was previously calibrated with a gas mixture of known composition: 50% methane 50%
carbon dioxide (in volume). This allowed obtaining the relation between the peak areas
provided by the software in the chromatograph and the number of moles of each gas
detected in the samples.
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Duplicated analysis was performed for each of the digesters each time. If the error was
higher than 10%, another gas sample was taken and the one with an error higher than
10% from the mean was discarded.
4.3.2.3

Limitations and possible interferences

The main cause of failure in the gas composition analysis was taking samples wrongly.
This could have happened by not extracting correctly the gas sample, handling wrongly
the gas syringe, miss-function of the septa, or because of having problems when
injecting into the chromatograph.
It was important to be sure no oxygen was entering the anaerobic digester when taking
the sample.
Another problem that could have been experienced was a failure of the chromatograph,
mainly due to loss of pressure of the carrier gas.
4.3.3

Electrical signal

In both experiments, the electrodes were connected to wires that end up in a data-logger
(CR1000, Campbell Scientific Inc., USA), so each MFC was connected to a different
channel. The signal was registered in the data-taker device and the downloaded to an
external computer with the software PC200W (Campbell Scientific Inc., USA). The
signal obtained was the potential difference between the anode and the cathode in
millivolts (mV). Since there were daily fluctuations due to the light and no-light
periods, the daily peaks were used to simplify some calculations and in order to see the
global tendency of the cells. When voltage dropped due to the manipulation of the
systems, the corresponding data were eliminated from the analysis because they were
not relevant for interpreting the results. When the signals fluctuated too much, mobile
averages were calculated in order to simplify the reading of the results (see 4.4).
This data was then used for calculating the power of the cells using Eq. 3-10. Power is a
key parameter when working with electrical energy sources. Daily power values were
calculated by integrating in time all the power values calculated for each day.
Other values can be obtained from the voltage from the cells. One was the equivalent
acetate consumption calculated from the current generated by the cells that was related
to the electrons travelling through the electrical system and this with the number of
acetate molecules degraded per each electron (see Figure 4-10).
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Figure 4-10: Diagram that describes the process followed to calculate the
equivalent acetate consumed for generating electricity in the cells.
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The current can be calculated with the Ohm’s law (Eq. 3-6), and then it is integrated in a
period of time and the charge transferred in that period is obtained. The Faraday’s
constant relates the charge with the number of electrons transferred (F=96485.34 C/mol
e-). And finally with the acetate oxidation reaction, the electrons that are generated are
related with the acetate consumed (Eq. 3-3).

4.4

Data processing technique and statistics

To be able to extract conclusions and analyse different hypotheses it is important to
evaluate critically the available data. A lot of different data was collected during the
experiments as explained before: voltage, pressures, data from the chromatograph, VS
concentrations etc.
The signal obtained from the cell is the most complete data obtained from the systems,
since it provided information every 5 minutes. Small time fluctuations were noticed
because of this short time data registration. For better understanding of the global
tendency of the signals, a mobile mean of the voltage values every 12 points (equivalent
to 1 hour) was done. This statistical calculation is used for smoothing the short time
fluctuations and helped to stand out the long-term tendency of the signal. This tool was
just used for plotting the voltage in a time graphic, but for calculations derived from the
voltage the real data were used.
During the taking of the electrical data there were some signal failure due to the
sensitivity of the systems. These failures were due to manipulation of the systems:
during gas sampling, checking the pressure or solid sampling. Because of these short
breakdowns, these values were not considered in the analysis of the results since it was
known the cause for failure.
As it will be explained in the results chapter, some calculations were done with the peak
voltage values of the cells. The reason for that was to avoid the daily fluctuations.
However, the resulting values from those calculations were overestimated. That is the
case of the power, as it can be checked in the next chapter.
Since one of the objectives was to obtain true replicates of the systems, ANOVA tests
were used for checking the variability between the replicates. The repeated measures
ANOVA test version was done, since the measurements were repeated to the same cells
in time. The variance between the replicates was assessed in the desired period of time,
although the variance in time was not evaluated.
The basic data treatment was done with Microsoft® Excel® 2011, while the statistical
calculations were done with the software Minitab® 17.
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5.

Results and discussion

In this chapter the most relevant results of the experiments are shown and explained.
After that a discussion of the different results is done. Finally, there is a comparison
between both experimental designs, commenting their advantages and disadvantages.

5.1

Experimental design 1

The results showed a quite instable electrical signal with high fluctuations; although
voltage reached quite high values even the OM content was rather low. Furthermore
there were three systems that stopped working in less than 15 days. No relevant gas
overpressure was detected in the digesters but methane was produced.
5.1.1

Performance of the cells

The voltage signal obtained from the cells was lawless and with high fluctuations.
Voltage can be checked in Figure 5-1 displayed in the following page, where the values
showed are the mobile mean for 12 points (explained in 4.4). The real voltages obtained
from the cells can be checked in Annex 1. It was difficult to see if there was a common
pattern between the replicates since their signals were quite different. Furthermore, the
three cells with higher VS concentration (0.5-A, 0.5-B and 0.5C) had a drop of signal
before the first 2 weeks had passed.
The maximum voltage achieved by the cells was between 40 and 55 mV and it was
reached after 2-3 days of starting the assay. After this first peak, the global tendency
was to have a decreasing voltage in time. This is associated with the consumption of the
OM and that the available substrate for the electrogenic bacteria diminishes, as other
studies had already suggested (Gajda et al., 2013).
Previous studies on biocathodes with microalgae demonstrated a positive response of
the MFC voltage upon illumination and a following decrease during the darkness period
(Gajda et al., 2013). In most of the cells of the experiment (see Figure 5-1) daily peaks
can be observed that are attributable to the day and night periods of the algae (light on
or light off hours). However it is hard to identify them in some cells due to their
unstable voltage signal.
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Figure 5-1: Voltage obtained from the cells of the first experiment during 27 consecutive days. The two families of cells are plotted: in blue colours the 0.5
cells that correspond to the ones with initially 1.43g/L VS; in yellowish and red colours the group of cells labelled 0.25 with a initial concentration of 0.71g/L
VS.
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From the beginning cell 0.5-C had problems. As it can be observed in Figure 5-1, this
cell has a voltage below 5mV during the whole assay, and comparing to the voltages of
the rest of the cells, which reach higher voltage values, it can be assured that the cell
was not working properly. Cells 0.5-A and 0.5-B had a drop in their voltage below 5mV
after 5 and 10 days respectively and did not recover significantly in the rest of the
experiment. Finally after 23 days of running with no major problems, the voltage of cell
0.25-A also dropped below 5mV. Regarding to this, just 4 cells out of 7 lasted more
than 15 days, and the ones that had problems with the voltage are the ones that had
higher VS concentration, so this voltage drop cannot be related with the lack of OM to
degrade. The failure of the cells of higher VS made not possible to compare the results
from cells with different VS concentration. Because of that, no relation between the
signal and the amount of OM to degrade could be established.
The saline bridges condition was checked after 15 days of the experiment running. The
results are displayed in Table 5-1 and it compares the state of the salt bridge and the
failure of the electrical signal of the cells. It can be seen that some cells had the saline
bridge with no continuous gel, referring to the complete loss of the gel consistence or
the presence of big bubbles, provided a voltage below 5mV (0.5 cells). Also the
presence of bubbles in the other cells makes clear that the saline bridge gel is not stable
in time. There is a relation between the failure of the signal and the condition of the salt
bridge, therefore it can be concluded that the stability of the saline bridge directly
affects the performance of the MFC systems.
Table 5-1: Evaluation of the saline bridges at day 15th (17/07)
Cell

Gel state

Presence of bubbles

Presence of Water

Voltage < 5mV

0.5-A

No gel

Yes

Yes

Yes

0.5-B

Ok

Yes

No

Yes

0.5-C

Ok

Yes

No

Yes

0.25-A

Ok

Small bubble at the end

At the end

No

0.25-B

Ok

Bubble but continuous gel

No

No

0.25-C

Ok

Small bubble but continuous gel

No

No

0.25-D

Ok

No

No

No

Figure 5-1 showed that the signal obtained from the cells presented in general several
oscillations. However the cells with higher fluctuations were 0.25-C and 0.25-D, which
were the cells that have the anaerobic compartment not agitated. Figure 5-2 displays the
voltage obtained during 5 consecutive days of cells with an initial VS concentration of
0.71 g/L (cells labelled with 0.25) and it can be seen that signal from cells 0.25-C and D
fluctuated more than 0.25-A and B. Those non-agitated digesters had a bad
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homogenization of the sludge, which may have affected the access of the electrogenic
bacteria to the substrate. So a good agitation in the anaerobic digester is important to
have more stable electrical signal.
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Figure 5-2: Comparative of the signal fluctuation between agitated digesters (A and B)
and non-agitated digesters (C and D).

Because of the high variability of the voltages from the replicates, and the failure of all
three 0.5 replicates, its hard to assure the reproducibility of the results. So it cannot be
guaranteed that the signal from the different replicates can be considered as comparable.
5.1.2

Organic matter degradation

Different solids analyses were carried out during the experiment, which can be
consulted in Annex 1. However the results obtained presented a high variability.
Because of this and that the tests done in the middle of the experiment were not
coherent, just the initial and final VS concentration has been considered as valid. The
reason for that is because samples taken at the end of the experiment were more
accurate because the digesters were opened, while during the sampling done in between
the experiment were performed using the sampling tubes and obtaining representative
samples was more difficult. Figure 5-3 in the following page displays the initial and
final VS in the digesters, as well as the percentage of eliminated matter at the end of the
experiment.
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Figure 5-3: Volatile solids initial and final concentration and percentage of degraded VS
in the anaerobic digesters

It can be seen that there is a huge variability among the replicates with the same
concentrations. No final VS concentration for cell 0.25-D was obtained due to a
problem with the sampling, so this cell has not been considered for the statistical
calculations. Figure 5-4 is a box diagram where the VS eliminated in each type of cell is
shown. For 0.5 cells the average VS eliminated is 0.365g/L, which represents a 25.52%
of the VS. For 0.25 cells the mean VS eliminated value is 0.140g/L and it is a 19.72%.
Control digesters that did not have a MFC integrated were within that range of values,
so that it indicates that the MFC did not affect the VS degradation. In this figure it can
also be seen a higher variability in the VS reduction in the digesters with higher VS
concentration.

Figure 5-4: Box diagram of the eliminated VS (g/L) in the cells during the 27 days the
experiment lasted. The box limits are the 1st and 3rd quartile, the line corresponds to the
median and its value is indicated, the ⊕"indicates"the"mean"value"and"the"single"values"
are"shown"as"○."
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Regarding to the high variability of the solids analysis and the unstable electrical signal
obtained from the cells, no attempt was done to establish a relation between them,
because the results were not reliable since the systems were not stable and consistent
enough.
5.1.3

Biogas production

In general the cells did not produce overpressure during the experiment. The pressures
measured in the cells can be found in Annex1. Some days the cells with higher VS
concentration were registered to have detectable overpressures, specially cell 0.5-B.
Cells with lower VS concentration even presented pressure values below the
atmospheric one. Because of this, the amount of biogas generated could not be
estimated.
Besides the lack of representative overpressures, the gas in the headspace was analysed
to determine the methane content. The results just provide the percentage of methane
respect the carbon dioxide, so it is not representative of the amount of methane being
produced, but can be used for checking if methanogenesis is occurring. These results
can be consulted in Figure 5-5. It can be seen that cells with higher VS content (0.5
cells) have a faster rise of the methane percentage, reaching a stable value of 70-80%
methane after 5 days approximately, which is an acceptable value for anaerobic
digesters (Gerardi, 2003). The cells with lower amount of VS (0.25 cells) did not reach
a stable percentage of methane, probably because there was not much availability of
substrate for the methanogens and the methane production was lower.
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Figure 5-5: Methane percentage respect the carbon dioxide accumulated in the
headspace of the anaerobic digesters of the systems. The coloured lines are the systems
with a MFC integrated to the digester; the dashed lines correspond to the control cells
with no MFC.
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System 0.25-A had no methane detection throughout all the experiment, so there was
probably a failure during the construction of the cell that might have inhibited
permanently the methanogens. However, referring to the OM reduction (VS reduction
displayed in Figure 5-3), this cell had a similar VS% reduction to cells 0.25-C and 0.25E, so this could be explained because 0.25-A had another degradation way different to
methanogenesis. Despite of this, it has to be reminded the high variability of the results
obtained for the VS analysis. It can be seen that cell 0.25-D started to decrease quite
rapidly the percentage of methane the last week of the experiment. This could have been
probably due to a failure of the cell, like a gas leakage, although this could not be
detected and it is just an hypothesis.
In Figure 5-5 it can be seen that the digesters with no MFC integrated (0.5-E and 0.25E) follow a similar curve as the digesters with the MFCs. At first sight this would mean
that the presence of the cell does not affect the methanogenesis. An ANOVA test was
done to check if the values obtained in the 0.25 samples (including the control cell) had
significant differences between them. The test provided a statistic F=0.75 and a pvalue=0.541, so for a significance of α=0.05, the hypothesis that they are significantly
different is rejected. This means that all cells of 0.25, including 0.25-E, can be
considered as replicates since the differences between them are not significant. This test
was not carried out with the 0.5 cells because the three replicates did not have relevant
voltage after 15 days.
5.1.4

Discussion

The results obtained in the first assay demonstrate that the current design is still far
away from providing reliable results. The system is not stable enough to have
concluding outcomes to see if the integrated MFC to the anaerobic digester is a good
monitoring tool. The main issue of this design is the operational problems of the MFC,
which is directly related to the saline bridge stability. However, the increased
concentration of KCl in the saline bridge might have been the cause of obtaining higher
voltages than previous experiments.
Sampling in the middle of the experiment was useless because the samples taken were
not representative of the cells. Furthermore, in some cases it was observed that the
signal was suddenly altered when taking a sample, increasing rapidly. This should have
not happened since there is no increase in the OM content of the cell. However, this
could be due to the fact that the system is very sensitive to any alteration of the
conditions, and when sampling, the cells had to be manipulated and this could have
resulted in rapid variations of the signal. As an example of this, in Figure 5-6 it is
shown the signal of 0.25-B being suddenly altered when sampling and raising
unexpectedly the voltage.
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Figure 5-6: Voltage alteration due to sampling in cell 0.25-B. The red arrows indicate
the increase of voltage after sampling

Regarding to the anaerobic digester, there was methane production in all the cells
except from one. This is a good point it does not seem that the integration of the MFC
to the digester inhibits the methanogenesis. Furthermore the ANOVA test demonstrated
that the control cells had the same methane percentage curve than the systems with the
integrated MFC. It has to be reminded that the methane produced cannot be quantified
since no reliable overpressure results were obtained, and the results from the gas
chromatography just give the percentage of methane over the carbon dioxide. However
this value is still useful to check that methanogenesis is occurring.

5.2

Experimental design 2

The results of this experiment have been more satisfactory than the previous one. This
is mainly due to the good results of the new designed MFC performance that provided
stable electrical signal with no cell failures. However there were still problems with the
detection of gas overpressure, despite methane was produced.
5.2.1

Performance of the cells

Figure 5-7 (in page 53) displays the voltage obtained from the systems. The values
shown are the mobile mean of the 12 consecutive real values (see 4.4). The original
voltages obtained from the cells can be checked in Annex 2. The overview of all the
cells performance is positive since the electrical signal obtained was stable (referring to
short time fluctuations) and did not fail during the time that the experiment lasted. Also
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the signals obtained from different cells were quite similar. However there are higher
fluctuations closer to the end of the experiment.
In Figure 5-7 it can be seen that the general pattern of the signals is quite similar despite
the differences in OM content (different VS initial concentrations). There was a fast rise
of the voltage at the beginning and all the cells reached their maximum values
(maximum of 36mV for cell 5-A) after 4-5 days. These peak values can be checked in
Table 5-2. So it can be said that the bacterial community had settled to their new
environment after 4-5 days and it is when the cells started to provide relevant electrical
signal. After that maximum voltage value, the signal started to fall slowly with the time.
This can be attributed to the decrease of OM available in the digester, which had
already been identified in other experiments with MFC (Gajda et al., 2013). However,
in the cells with less concentration of VS, this global tendency is more difficult to
identify. Two peaks can be identified during the first 20 days reaching peak values of
18.3mV and 15.5 mV for cell 0.5-A and 15.6mV and 12.5mV for 0.5-B, respectively.
After that the signal remained more or less constant between 5-10mV.
Table 5-2: Maximum voltage achieved in the first 5 days of operation

Maximum Voltage (mV)

5-A

5-B

3-A

3-B

0.5-A

0.5-B

37.28

29.45

25.05

23.72

18.30

15.59

The daily peaks due to light and no-light periods can be clearly identified in Figure 5-7,
especially in the cells with higher VS concentration. As commented previously, these
peaks are produced when there is an increase of dissolved oxygen (DO) in the aerobic
chamber because of the microalgae photosynthesis (Gajda et al., 2013).
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Figure 5-7: Voltage obtained during 47 days. In green the signal of the cells with 1.25gVS/L, in red the voltage obtained with cells of 7.5gVS/L and in
blue the signal from the replicates of 12.5g/L.
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In the last weeks of the experiment problems with the agitation in the microalgae
compartment were experienced in some cells (not always the same ones). This was
probably due to the increased amount of microalgae that could have been problematic
for having a proper agitation. This had an impact on the cells signal: during the no-light
period there was a more prominent drop of signal than usual, but then it was recovered
to normality during the hours with the artificial light on, so the daily peaks were not
affected (see Figure 5-8). The signal of the cells dropped down to 50-75% of the voltage
during the darkness hours and the difference between the peak value of the day and the
minimum voltage of the night could reach 15mV (cell 5-A). Possible explanation to this
could be that due to the lack of agitation during the darkness period of time, the
availability of DO for the electrode is less than when there is agitation or when the algae
produce oxygen. During the no-light period the algae perform the photo-respiration and
the consume oxygen instead of producing it, so they compete with the electrode for the
DO in the catholyte (He et al., 2014). Because of all these effects of the catholyte
conditions on the voltage of the cells, it was decided that for further calculations the
daily voltage peaks would be used.
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Figure 5-8: (A) The daily fluctuations for the light and dark periods in normal conditions;
(B) the same daily fluctuations when the aerobic compartments were not agitated.

Furthermore, at first sight seems like each of the replicates had a similar electrical signal
to its homonymous, except from cells 5-A and 5-B, where 5-A had higher voltage
values and 5-B had similar values to cells 3-A and 3-B.
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To check if the replicates are significantly different between them, i.e. if they can be
considered as replicates or not, an ANOVA test with repeated measures was carried out
for each type of cells, where the peak daily voltages were compared. This ANOVA test
was performed by taking different sections of the signal throughout the time to decrease
significantly the degrees of freedom. The sections consisted of 4 consecutive days, and
the different sections overlapped with the contiguous ones. The results of the different
tests can be checked in the Annex 2, where the p-values can be consulted. The results
demonstrated that 5-cells had significant differences between the voltage signals and
therefore could not be considered as replicates. The outcomes of the analysis on 3 and
0.5 cells are represented in Figure 5-9. It can be seen that some sections have significant
differences between the replicates (coloured red in the graphic). However the results are
quite satisfactory since in general the differences between them can be considered
insignificant.

Daily(Peak(Voltage((mV·day)(

30"
25"
20"
15"
10"
5"
0"

Time((day/month)(
3(A"

3(B"

0.5(A"

0.5(B"

Figure 5-9: Analysis of the variance between replicates of the daily peak voltages. In green
the sections with no significant differences between the replicates; in red the sections were
the variability is significant. The continuous lines represent the 3-cells and the dashed lines
the 0.5-cells.

There were two replicates for each different initial concentration of VS. Analysing the
voltages of the cells (Figure 5-7) it can be seen that the higher the available OM (VS
concentration) in the anaerobic compartment, the higher the voltage provided by the
cells. This might indicate a relation between the VS content in the digester and the
signal provided by the MFC sensors. A linear regression was done with the peak
voltage values of the first 5 days (displayed in Table 5-2) and the initial VS
concentrations in the digesters. Figure 5-10 shows that there is a linear correlation
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between the initial amount of OM (evaluated as VS concentration in the digesters) and
the maximum voltage achieved in the first days, once the electrogenic microbial
community has settled. However one of the points is out of the 90% confidence interval.
This value corresponds to cell 5-B, which was the cell that had the voltage signal at the
same level as the 3-cells. Taking into account the results of the ANOVA test done to
analyse the reproducibility of the results, for 5-type cells it was concluded that the
differences were significant. Apparently cell 5-B seems to have a lower voltage than
expected. Because all these reasons, the value of cell 5-B was discarded for making the
regression of these values.

Figure 5-10: Correlation between the initial VS concentration in the digesters and the
peak voltage achieved within the first 5 days of operation of the cells.

This linear relation, showed in Eq. 5-1, is accomplished for the range of values analysed
and for this specific cell configuration, where Vmax is the maximum voltage and VSi the
initial VS concentration. For higher or lower initial concentrations than the ones
analysed it cannot be assured this linear relation would work, as well as for another cell
arrangement. The potential of this correlation is related with the capacity of the MFC
sensor to indicate the amount of OM (VS concentration) in the digester.
!!"# = 1.68!!"! + 13.9

Eq. 5-1

!! = 92.5%
The voltage obtained from the cells was used to calculate the daily power output. The
results can be consulted in Annex 2. These values were calculated from the maximum
daily voltage so the power was overestimated. Despite of this, these values were used
for further analysis with the solids reduction in the digesters and the methane
production, described in 5.2.2 and 5.2.3. In Table 5-3 the total power produced by the

5. Results and discussion

Page 57

cells during all the experiment are shown. It can be checked that the values are very low
compared to normal power values for households. But as it has been said several times,
the objective of this MFC is to monitor the AD process and not to produce energy.
Table 5-3: Total power produced by the MFC during 47 consecutive days

Total power
produced (mW)

5.2.2

5-A

5-B

3-A

3-B

0.5-A

0.5-B

0.0355

0.0177

0.0184

0.0146

0.0058

0.0038

Organic matter degradation

It has already been commented that the decrease of the voltage of the cells is due to the
degradation of OM, so less substrate becomes available for the bacteria. In the end of
the experiment solids analysis was carried out and the final values of VS content were
obtained. Comparing the final VS concentration with the initial one, the percentage of
VS reduction can be calculated, which is approximately the amount of OM degraded.
These values are compared in Figure 5-11 and discussed below. The results from the
solids analysis can also be consulted in Annex 2.
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Figure 5-11: Initial and final VS concentration in the digesters and the percentage of VS
reduction

All values range between the 40-65% of degraded VS, which is the common value of
anaerobic digesters (Vesilind, 2003). However cell 0.5-B has a lower value. Since there
are no evidences of failure of anaerobic digestion and also the signal of the cell is
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similar to the other replicate, it could be that this is because that compartment might had
a higher OM concentration at the beginning and that would explain why in the end has a
higher VS content. This might be due to an error manipulating the sludge, since it is not
homogeneous and may contain particles. So this value will not be considered with
relevant significance.
From the voltage provided by the cells, an approximation of the corresponding amount
of degraded acetate was obtained. The results are displayed in the following Table 5-4.
It can be seen that the amount of OM (evaluated as acetate molecules) consumed for
obtaining electricity is quite low compared to the total degradation of OM in the cells
(approximated to the VS content). This is mainly due to the low Coulombic efficiency
of the system. It has to be mentioned that electrogenic bacteria can consume a different
variety of substrates, so this acetate value is just an approximation.
Table 5-4: Estimated mg of acetate degraded to produce current in the
MFC compared to the total quantity of VS eliminated at the end of the
experiment
0.5-A

0.5-B

3-A

3-B

5-A

5-B

mg CH3COO-

2.85

2.29

5.29

4.65

7.40

5.23

mg VS degraded

230

130

1230

1250

2270

2520

The eliminated amount of OM (VS destruction) was compared to the power produced
by the cells during all the experiment. The results are shown in Figure 5-12. A linear
regression seems likely to correlate both variables. However the value for the power of
cell 5-B differs significantly from the replicate 5-A, as it was demonstrated in the
ANOVA test, where the signals from both cells were contrasted (see 5.2.1). It has
already been commented that this difference could be due to some differences in the
cells that were not detected. Because of that, a linear regression was done considering a
90% confidence interval, as Figure 5-12 shows in the following page. It can be seen that
the value corresponding to cell 5-B was outside the confidence interval; therefore it was
discarded for the linear regression calculation.
Eq. 5-2 shows the linear relation, which was obtained form the regression between the
total power (P) produced by the cells during the 47 days of operation and the amount of
destroyed VS (M).
! = 170.14! − 0.1004
!! = 96.4%

Eq. 5-2

5. Results and discussion

Page 59

Figure 5-12: Linear regression for the VS eliminated and the accumulated power
produced by the cells at the end of the experiment. The continuous line represents
the linear relation between the power produced and the VS eliminated and the
dashed lines limit the 90% confidence interval

The result obtained from the linear regression shows that there was a linear relation
between the total power provided by the cell and the degraded OM in the digesters (VS
elimination). This means that the MFC sensor could be used for monitoring the
degraded VS in the anaerobic digesters where they are implemented. However this
relation established in this study, which is specific for this cell configuration, should be
improved with more replicates in future studies.
5.2.3

Biogas production

This new experimental design had no improvement in overpressure detection in the
headspace of the anaerobic digesters respect the previous one. So no relevant
overpressure values were obtained. The measurements can be consulted in the Annex 2.
Therefore the amount of methane produced could not be measured.
Despite the lack of overpressure, gas chromatography was performed to see the
composition of the biogas. The results are displayed in Figure 5-13. Samples with
higher OM content had already reached a percentage of 60% methane after 5 days of
running the experiment. After this first rapid increase, the percentage remained more or
less stable between 60-80%. Cells with lower OM concentration overpassed the 60% of
methane after around 15 days, and after that remained stable between 60-70%.
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Figure 5-13: Methane percentage respect the carbon dioxide. Green colour stands for cells
with initial 1.25gVS/L, red for cells with initial 7.5gVS/L and blue for cells with
12.2gVS/L at the beginning.

Cell 3-A was not detected methane during the whole experiment, but this is attributable
to a manipulation error of the compartment committed at the early stages of the
experiment and this might have affected the methanogens. Additionally, system 5-A
experimented a decrease of methane production around the 20th day and from day 34 no
significant amount methane was detected. No signal of damaged system was detected,
so there is no evidence of what could have happen. However, the results demonstrate
that methanogenesis could have been inhibited, since methanogens are quite sensitive to
changes in the environment (Gerardi, 2003).
Even these results from the chromatograph do not provide any value of the amount of
methane produced, it is indicative if there is methane being generated. The control cell
0.5-C does not seem to have significant differences respect the other connected 0.5
cells. So this may indicate that having an integrated MFC with the anaerobic digester
does not affect methanogenesis.
An attempt to relate the electrical response of the cell with the methane production was
done. Figure 5-14 plots the accumulated power produced by the cells and the methane
percentage obtained from the gas chromatography. The accumulated power was
obtained from the absolute daily variation of the power value. It seems like the
accumulated power followed the same tendency as the methane curve but with a timelag. Cells 0.5-A and B were likely to achieve a constant value for the accumulated
power since the voltage was more or less stable at the end of the experiment due to the
low availability of organic matter to degrade. Further investigation in this should be
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done to see if the accumulated power curve follows the same pattern as the methane
curve.
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Figure 5-14: Comparative graphic between the accumulated power in the cell and the methane
proportion in the biogas.

5.2.4

Discussion

The electrical signal provided by this new design fulfilled the objectives of obtaining a
stable signal in time with no big fluctuations. The experiment lasted more than 30 days,
which is long enough to obtain the first significant results of this line of investigation.
The calculations derived from the cells voltage have been calculated with the peak
values. By doing this, daily fluctuations are not considered and the results are easier and
better to compare, although the values are then overestimated.
The low Coulombic efficiency of this system is not a big inconvenient since for using
the MFC as biosensor does not require high power outputs. However, due to this and
the high internal resistance, it could be that the voltage obtained from cells with low
amounts of OM would give quite low voltage and therefore make it harder to interpret,
as it can be seen when comparing the signals of the cells with initial 5g and 3g VS with
the ones with 0.5g of VS.
The correlation found between the first voltage peak (maximum voltage in the first
days) and the initial VS concentration indicates that the MFC sensor is capable of
responding to an increase of OM content in the digester. The higher the amount of OM,
the higher voltage obtained. This is an interesting result that should be further
investigated, because it would indicate that MFC could be a good monitoring tool to
control the load entering to the digesters. However, the response of the current MFC
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sensor was not immediately (time-lag of around 5 days), since it was at the beginning of
the assay and the microbial community had to accommodate to the new environment.
Still, this could be improved by having MFC sensors with an already formed biofilm in
the anode, which should decrease the response time of the sensor. These results are in
concordance to other investigations on MFC used as biosensors for biodegradable
matter. Kumlanghan et al. (2007) also obtained a linear relation between voltage and
glucose concentration. However this author found a maximum detection limit, so for
higher glucose concentrations, the sensor did not have an appreciative response. This
was attributed to the inefficiency of protons diffusion. It would be interesting to see the
detection limits of the present system in future assays.
The linear relation between the eliminated VS in the digester and the amount of power
produced by the cells during that period of time also demonstrates the potential of the
MFC for monitoring the AD process. With this correlation the digesters performance
and activity could be monitored because the VS reduction could be controlled. And
since the VS reduction is a commonly used tool for controlling the digesters
performance, the MFCs sensors would allow having an on-line monitoring of the VS
content in the digesters.
As it has been already commented, the quantification of the methane produced could
not be assessed due to problems related with gas leaking. However methane was being
produced in most of the cells because it was detected. The comparative curve between
the methane proportion and the accumulated power of the cells suggests a possible
connection between the sensor signal and the methane production. They seemed to
follow the same tendency. However, as it has already been said, this is just a primary
hypothesis and should be verified in future experiments.
Despite the fact that cell 3-A did not produce methane during all the experiment, it had
the same VS reduction as the other cells. And the same could be said for cell 5-A, since
it stopped producing methane in the middle of the experiment, but the degradation
percentage was similar to the rest of the cells. However, no distinctive voltage was
appreciated in the electrical signal for these cells, so the MFC sensors were not able to
detect a drop in the methane production.
The drop of methane production could mean that there might have beeen other
degradation ways within the cells that are not methanogenesis or carried out by the
electrogenic bacteria. Furthermore it cannot be assured that this other degradation ways
did not occur in the other cells. A possible way to check this would be to control which
other electron acceptors can be found in the digesters besides the electrode. For
example, sulphur or nitrate molecules.
The values of degradation of the VS were in the normal range of values of AD. It has to
be taken into account that the digesters of this experiment had a solids retention time of
more than 40 days, which is quite higher than a real digester. However it has to be
reminded that these experimental digesters are not operated at optimum conditions,
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being the atmospheric temperature around 20ºC, 15ºC below the mesophilic
temperature of 35ºC, the typical operation temperature of a real anaerobic digester.
The conditions of the aerobic compartment influenced the overall performance of the
sensor. The daily peaks due to illumination were a direct effect of the DO concentration
depending on the algae photosynthesis. This implicates that it is important to control the
algae conditions in the aerobic compartment, and would be interesting to check them in
future. For instance the pH, the redox potential or de DO concentration in the cathode
compartment would be parameters interesting to control.

5.3

Comparison of both designs

It is important to compare both designs in order to establish which one would be better
for future investigations. Both experiments had a similar architecture of an H-type
MFC, but different materials and shapes of the compartments were used to build them.
However, the most relevant difference between them was the different material used for
the proton exchange system. So in fact this comparative analysis is mainly to contrast
the different performances of the saline bridge made with KCl and agar-agar, or the
glass wool separator. Table 5-5 summarizes the results obtained from both designs.
Table 5-5: Comparison of the main results obtained from both experimental designs
Experimental design 1

Experimental design 2

Proton exchange device

Saline bridge with KCl

Glass wool

Maximum Voltage achieved / days
need to reach it / VS concentration
at the beginning

52mV / 2-3 days / 0.71
g/L

36mV / 5-6 days / 12.5
g/L

Duration

27

47

Failure of cells in the first 15 days

42%

0%

Significant overpressure detected

No

No

Methane detected

Yes

Yes

In general it can be said that the glass wool separator had a better performance
regarding to the stability of the resulting electrical signal: less fluctuations and more
duration are some of the key advantages, which are very important for the purpose of
this study. Kumlanghan et al. (2007) stated that a reliable sensor is desired to have a
stable performance during the operational period, so the glass wool system better
accomplished this rather than the saline bridge design. However, the saline bridge
systems seem to have less internal resistance because the maximum voltage is much
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more higher than the other ones, even with less OM (VS concentration) available for
degradation.
The required time for achieving the maximum outcome of the saline bridge cells was a
little bit shorter than the glass wool systems, which would be an advantage for
monitoring the digesters since it the response time was shorter. These high voltage
values are not extremely important because the objective is not to produce electricity.
However, the second experimental design might have problems with low VS
concentrations because the voltage signals would be really low and harder to interpret
correctly. A part from the differences in the material allowing the protons migration, it
is also important that the internal resistance increases when the bigger the separation is
between both chambers (Logan et al., 2006; Du et al., 2007). So the length of the tube
filled with glass wool needed to be as short as possible, but assuring no particles will
pass from one compartment to the other one. This was achieved by using a short
connection tube between the compartments instead of the U-shaped glass-tube used for
the saline bridges.
None of the systems were detected to have relevant overpressure although methane was
in general being produced. There must had been some gas leakage because that would
be the only explanation for having detectable methane and not detecting a rise in the
pressure inside the digester.
The results of both experiments have also shown that the impact of having a MFC
integrated in the anaerobic digester did not seem to have a relevant impact on the
performance of the digester: not in the methane production or in the VS elimination. So
it can be speculated that if implementing a monitoring-MFC into a real digester, which
has a higher volume, would not be affecting the performance of it.
The observations made while the experiment was running helped to understand better
the signals to detect possible alterations, which were related to any malfunction of the
cells. An example for this was that the signal was altered when sampling during the first
experiment or when the microalgae were not agitated, which consequently generated
deep drop of signal during the no-light periods in the second experiment. This
information is important in order to know how the signal can be altered when the
system is manipulated or when there are sudden changes in the environment, and can
help to interpret the results more accurately since this changes are attributable to known
causes. Furthermore, this knowledge can be used in future experiments to better
understand the behaviour of the signal. These detected miss-functions of the cells could
be reduced in future assays by improving the experimental design, for example by
making them less sensitive to manipulation.
In none of the experiments control parameters in the digesters were carried out. This is
because for checking parameters such as pH, redox potential or oxygen concentration it
was needed to open the anaerobic compartments, and this would have damaged the
anaerobic process. This would have helped maybe to understand why there were drops
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in methane percentage in some cells or why other cells were not detected methane at all
throughout all the experiment. It would be interesting to find a way to check this values
regularly in future assays.
Both designed systems worked with suspended consortium in the anode. The bacteria
required an acclimation time so the electrogenic microbes settled on the electrode. Liu
et al. (2011) stated that a mature microbial biofilm is more stable than a suspended
consortium, therefore the generated signal in the MFC is more accurate and offers
repeatable results. This could be considered for future assays since it would probably
decrease the response time of the cell at the beginning and would probably offer more
reliable results with a good reproducibility, which would improve the current MFC
biosensor system.
Using the suspended microalgae catholyte for both experimental designs was a good
choice since they provided the oxygen for the reduction reaction with no additional
costs for artificially pumping oxygen or using another chemical as final electron
acceptor. Despite of this, the cells were dependable on the light cycles, as well as to the
algae conditions in the cathode. In both experiments it was observed algal biofilm
formation on the cathode, which could increase the internal resistance of the MFC (He
et al., 2014). A possible solution to that would be to use immobilized algal beads. He et
al. (2014) demonstrated that higher power outputs could be achieved that way.
Furthermore it is possible that the algal conditions can better be controlled this way. It
would be interesting to control the algae growth in the cathode and see if they limit the
MFC response in future studies.
So finally it can be said that the design with the glass wool provided more stable results
than the design with the saline bridge. The saline bridge had problems of stability and
did not resist time enough to provide significant results for the investigation. However,
the minor internal resistance of these systems allowed obtaining higher voltages and
could be interesting to use when working with low concentrations.
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6.

Conclusions

This investigation in assessing the viability of a microbial fuel cell sensor for
monitoring anaerobic digestion processes and developing a primary experimental design
to obtain first reliable results lead to the following conclusions.
The main objective was achieved satisfactorily with the second experimental design. An
anaerobic digester with an attached microbial fuel cell sensor system was developed,
and the key feature of this experimental system was testing a new glass wool material as
separator between both chambers. The first results obtained showed that it would be
possible to use this system for monitoring the anaerobic digestion process.
According to the specific objectives of the present study, it can be concluded that:
1. The experimental design of the H-type microbial fuel cell using glass-wool as the
separator material constitutes a suitable, simple and cheap experimental design that
provides the following functionalities:
1.1. It has been demonstrated that can work for longer than 45 days with minor
disturbances, which is a good result for further investigation on the viability of
using microbial fuel cells as a monitoring tool for the anaerobic digesters.
1.2. It provides a stable electrical signal if the system is manipulated properly, with
minimum alterations.
1.3. The results have shown that this system delivers quite reliable replicates. The
voltages obtained in duplicated cells are quite similar and follow the same time
pattern, although the differences between them seem to increase with the higher
amount of organic matter in the digester.
2. The results have shown that there is a relation between the availability of organic
matter (evaluated as volatile solids content) to degrade in the digester and the
response obtained from the cells.
2.1. A correlation has been established between the initial concentration of volatile
solids and the first voltage peak obtained from the cells. This indicates that the
microbial fuel cell could be used for monitoring the organic load entering the
anaerobic digesters. However the response time is still too slow (up to 5 days),
which means that this should definitely be improved.
2.2. The organic matter degraded (in terms of volatile solids content) in the
anaerobic digester at the end of the experiment could be correlated with the
power produced by the cell during all this time. This result implies that the cells
can provide information of the degradation of volatile solids in the digester due
to anaerobic digestion, which leads to think that it can be used for monitoring
the performance of the digester.
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3. Due to the problems with the biogas quantification, no relation between the amount
of methane produced and the electrical signal could be established. Drops in the
methane proportion of the biogas were not detected in the voltage of the cells.
However a similar pattern between the accumulated power and the methane
proportion in the biogas was observed. Further research in this topic is needed to
verify if the MFC can monitor the biogas production.
To end up, the new designed H-type microbial fuel cell systems with the glass wool as
separator are recommended to be used in future investigations for monitoring anaerobic
digesters since the results obtained are better than the ones using a saline bridge.
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7.

Recommendations

This study has been done to develop a reliable experimental system for further
investigations on using the MFC for monitoring AD processes. The first results
obtained in this investigation can be used for continuing this research line, allowing to
design specific assays for obtaining certain information. All the knowledge acquired
through this study about the methodology for building the prototypes and operating the
systems should be used for avoiding unnecessary problems. In the next lines some
recommendation are done in order to facilitate future investigations.
One of the drawbacks of the present study was the limited number of replicates. It is
strongly recommended in future assays to have at least 3 replicates for each type of cell.
The cell systems are quite susceptible to environment changes and manipulation, so the
higher number of replicates, the better. With an increased number of replicates, the
findings of the present study could be reaffirmed.
Regarding to the correlation found between the initial VS concentration and the voltage
peak, it would be interesting to verify this finding with new concentrations. An option
to consider for decreasing the response time would be to feed the systems in the middle
of an assay and see if the consequent voltage rise can be correlated with the VS
concentration injected. This would reaffirm the result obtained in the present study and
would indicate that the sensor can be used for monitoring the loading in the digester.
Furthermore response of the MFC after feeding could be compared with changes in the
biogas production.
Furthermore, as it has been already commented, it would be interesting to find if there is
any detection limit of the system, even for too low or too high VS concentrations. So it
is recommended to test different range of VS concentrations in the digesters, to verify if
it is always linear correlation or changes with lower or higher VS concentrations.
Additionally, further investigation in the correlation between the digested OM (VS
reduction) and the total power produced by the cells should be done, also testing
different initial concentrations and having more replicates.
The problem of the overpressure detection is quite difficult to solve with the present
designs because it is complicated to assure the tightness due to their simplicity. A
possible way to overcome this problem would be to have separate digesters (with no
MFC sensor) where no gas leakage could be assured. They exist special bottles for
doing this, commonly used in biological methane potential tests (BMP). In these
digesters the methane could be measured in the same environmental conditions as the
rest of the cells. If the methane percentage curves coincided, that would mean that the
gas produced in these special digesters could be assumed to be the same as in the
systems with the MFC if they had no gas leakage.
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Another possible design of the experimental systems would also be possible to solve
this problem. Having a separated anaerobic digester and connecting the MFC sensors to
it, being the content of the digester pumped into the anaerobic chamber of the MFC as
the fuel. However, this design would increase the costs of the experiment, especially
with the pumping costs and the new digesters and designed cells.
A better control of the digesters in future assays would help to correlate the electrical
signal with the typical control parameters of the AD. For example, pH, DO or redox
potential describe the environmental conditions that the strict anaerobes need for living,
so it would help to detect if methanogenesis is inhibited and why.
Having better operational conditions for the digesters would also be interesting since the
AD performance could be compared to normal performances of real digesters. The
methane production would be higher and the VS degradation time shorter. Among these
better operational conditions, the most important one would be a higher temperature in
the digesters, for instance achieving the mesophilic temperature range (around 35ºC).
It is also recommended to control the algae conditions in the cathode since they affect
the overall performance of the cells and could be that they limited the response of the
sensor. With a periodic control of the microalgae, failures of the cells could be
attributed to an algae problem if it was the case, and therefore would help to optimize
the system and to interpret better the signal from the cells.
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ANNEX 1: Experimental design 1
Sludge calculations
Nomenclature:
V1: Volume primary sludge (L) in digester

V2: Volume digested sludge (L) in digester

M1: Mass in VS of primary sludge (g) in digester

M2: Mass in VS of digested sludge (g) in digester

VS1: VS concentration in primary sludge (g/L)

VS2: VS concentration in digested sludge (g/L)

MT: Total mass in VS (g) in the digester
Calculations:
M! 2M!

(1) Known proportion in the digester:

M! = M! + M!

(2) Total amount of MT desired to be in the
digester

M! = V! · VS! ;!M! = V! · VS!

(3)

Combining (1) (2) and (3) the following relations are obtained
V! =

2M!
M!
;!V! =
!
3VS!
3VS!

From the sludge characterization: VS1= 19.54g/L, VS2= 13.07g/L
The volume needed from each type of sludge can be calculated as follows:
For MT=0.5g in the digesters:

For MT=0.25g in the digesters:

!! =

2 · 0.5g
= !. !"#"$
3 · 19.54g/L

!! =

2 · 0.25g
= !. !!"#$
3 · 19.54g/L

!! =

0.5g
= !. !"#$%
3 · 13.07g/L

!! =

0.25g
= !. !!"#$
3 · 13.07g/L

The final VS
Erlenmeyer is:
!" =

concentration

for

0.5g
= !. !"#/!
0.35L

a

350mL

The final VS concentration for a 350mL
Erlenmeyer is:
!" =

0.25g
= !. !"#/!
0.35L
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Voltage of the MFCs
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0.25*A"
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Figure A-1: Voltage obtained from the cells in the first experiment. In blue colours the 0.5 cells and in reddish-yellowish colours the group of 0.25 cells.
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Solids analysis
Table A1-1: Total solids (TS g/L) values for the anaerobic digesters during the assay. In red,
values that are higher than the previous one calculated
0.5-A

0.5-B

0.5-C

0.5-E

0.25-A

0.25-B

0.25-C

0.25-D

0.25-E

02/07

2.3615

2.3615

2.3615

2.3615

1.1764

1.1764

1.1764

1.1764

1.1764

10/07

2.4928

2.4710

2.5334

17/07

2.3163

2.0369

2.6422

1.3933

1.7536

1.5701

1.3994

2.2524

28/07

2.4079

2.1314

1.6322

2.0790

1.5328

1.4517

1.1387

1.3431

Table A1-2: Volatile solids (VS g/L) content for the anaerobic digesters during the
experiment. In red, values that are higher than the previous one calculated
0.5-A

0.5-B

0.5-C

0.5-E

0.25-A

0.25-B

0.25-C

0.25-D

0.25-E

02/07

1.4300

1.4300

1.4300

1.4300

0.7100

0.7100

0.7100

0.7100

0.7100

10/07

1.2544

1.1051

1.3213

17/07

1.2986

1.1381

1.4456

1.1771

0.8303

0.7262

0.4562

0.6573

28/07

1.1315

0.9146

1.0902

1.1301

0.5881

0.4805

0.6141

0.6002

Biogas analysis
Table A1-3: Measured pressure (mbar) in the headspace of the anaerobic digesters. In green
detected overpressure in reference to the atmospheric one. The red values are below the
reference pressure. Colourless values indicate that they have the same pressure as the
atmospheric one.
Date

atm

0.5-1

0.5-2

0.5-3

0.5-D

0.25-1

0.25-2

0.25-3

0.25-4

0.25-D

03/07

1006

1006

969

1046

1006

1006

998

1006

996

1054

04/07

998

1000

993

976

998

996

994

989

963

979

07/07

999

1000

1058

1001

999

999

994

993

958

972

08/07

1003

1003

1040

1003

1003

1004

996

1008

1002

976

09/07

1002

1005

1034

1003

986

1002

1002

990

976

1002

10/07

1001

1003

1032

1003

1001

1001

1001

991

996

994

1l/07

1001

1002

1006

1000

1001

1003

982

992

996

995

14/07

1001

1003

1032

1003

1001

1001

1001

991

996

994

15/07

1005

1006

1036

1005

1005

1006

1005

1002

996

1005

17/07

1004

1004

1079

1007

1006

1006

998

1003

993

1004

21/07

1004

1002

1003

1003

1004

1004

1003

1003

999

1003

22/07

1001

1002

998

1002

1003

1000

1000

1002

1000

1001

24-/07

997

996

984

997

997

997

996

999

997

997

25/07

999

998

987

998

999

1000

992

999

997

998

28/07

1000

1000

982

999

1000

1000

1004

1000

999

1000

29/07

997

998

999

998

995
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Table A1-4: Gas chromatography results for the 0.5 cells. Percentage
values of methane and carbon dioxide
Date

0.5 - A

0.5 - B

0.5 - C

0.5 - E

%

CH4

CO2

CH4

CO2

CH4

CO2

CH4

CO2

08/07

75.8

24.2

77.4

22.6

58.6

41.4

56.0

44.0

10/07

82.9

17.1

81.4

18.6

60.0

40.0

15/07

86.3

13.7

84.5

15.5

70.9

29.1

80.3

19.7

18/07

82.0

18.0

85.0

15.0

71.0

29.0

75.8

24.2

22/07

83.4

16.6

84.0

16.0

74.2

25.8

83.5

16.5

28/07

79.2

20.8

78.0

22.0

62.9

37.1

78.1

21.9

Table A1-5: Gas chromatography results for the 0.25 cells.
Percentage values of methane and carbon dioxide. Cell 0.25-A was
not detected methane in the whole experiment.
Date

0.25 - B

0.25 - C

0.25 - D

0.25 - E

%

CH4

CO2

CH4

CO2

CH4

CO2

CH4

CO2

08/07

10.1

89.9

11.9

88.1

17.2

82.8

26.7

73.3

10/07

12.6

87.4

22.6

77.4

31.5

68.5

33.1

66.9

15/07

27.3

72.7

28.5

71.5

42.5

57.5

36.5

63.5

18/07

28.7

71.3

36.4

63.6

46.5

53.5

36.8

63.2

22/07

43.3

56.7
52.5

47.5

55.6

44.4

55.5

44.5

52.5

47.5

23/07
28/07
29/07

61.3

38.7

68.8

31.2

20.3

79.7
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ANNEX 2: Experimental design 2
Sludge calculations
Nomenclature:
V1: Volume primary sludge (L) in digester

V2: Volume digested sludge (L) in digester

M1: Mass in VS of primary sludge (g) in digester

M2: Mass in VS of digested sludge (g) in digester

VS1: VS concentration in primary sludge (g/L)

VS2: VS concentration in digested sludge (g/L)

MT: Total mass in VS (g) in the digester
Calculations:
M! 2M!

(1) Known proportion in the digester:

M! = M! + M!

(2) Total amount of MT desired to be in the
digester

M! = V! · VS! ;!M! = V! · VS!

(3)

Combining (1) (2) and (3) the following relations are obtained
V! =

2M!
M!
;!V! =
!
3VS!
3VS!

From the sludge characterization: VS1= 34.38g/L, VS2= 7.22g/L
The volume needed from each type of sludge can be calculated as follows:
For MT=5g in the digesters:

For MT=3g in the digesters:

!! =

2 · 5g
= !. !"#$
3 · 34.38g/L

!! =

2 · 3g
= !. !"#$
3 · 34.38g/L

!! =

5g
= !. !"#$
3 · 7.22g/L

!! =

3g
= !. !"#$
3 · 7.22g/L

The final VS
Erlenmeyer is:

concentration

!" =

for

5g
= !". !!/!
0.4L

a

350mL

The final VS concentration for a 350mL
Erlenmeyer is:
!" =

3g
= !. !"/!
0.4L
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For MT=0.5g in the digesters:
!! =

2 · 0.5g
= !. !"!!
3 · 34.38g/L

!! =

0.5g
= !. !"#$
3 · 7.22g/L

The final VS
Erlenmeyer is:
!" =

concentration

for

0.5g
= !. !"#/!
0.35L

a

350mL
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Voltage of the MFCs

40"
35"

Voltage([mV](

30"
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20"
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10"
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0"

5(A"
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Time((day/month)(
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3(B"

0.5(A"

0.5(B"

Figure A2-1: Voltage obtained from the second experiment cells. In blue colours the 5-cells with 12.5g/L of VS; in red colours the 3-cells with 7.5g/L of VS and in green the
0.5-cells with 1.25 g/L VS.
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Power of the MFCs

0.0016"
0.0014"
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Figure A2-2: Daily power production assuming maximum voltage during the whole day.
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ANOVA test for reproducibility of cells voltage
Results of the anova test to see the reproduceability of the voltage of the different
replicates. The results are shown for different considered periods of time consisting of 4
consecutive days.
Table A2-1: Results of the anova test to see the reproduceability of the voltage
of the different replicates. The results are shown for different considered periods
of time consisting of 4 consecutive days. Red values correspond to those that
have a p-value below the significance level of 0.05, so the hypothesis that the
cells signal have no significant differences is rejected. In green the values with a
p-value above the 0.05 significance level, that accepts the hypothesis that the
cells are replicates.

From
23/10
25/10
27/10
29/10
31/10
02/11
04/11
06/11
08/11
10/11
12/11
14/11
16/11
18/11
20/11
22/11
24/11
26/11
28/11
30/11
02/12
04/12
06/12

To
26/10
28/10
30/10
01/11
03/11
05/11
07/11
09/11
11/11
13/11
15/11
17/11
19/11
21/11
23/11
25/11
27/11
29/11
01/12
03/12
05/12
07/12
09/12

5-cells

3-cells

0.5-cells

p-value
0.038
0.018
0.004
0.000
0.001
0.001
0.000
0.001
0.005
0.006
0.015
0.079
0.034
0.002
0.000
0.013
0.030
0.002
0.011
0.003
0.004
0.001
0.008

p-value
0.608
0.076
0.871
0.859
0.002
0.012
0.146
0.034
0.001
0.026
0.015
0.106
0.099
0.133
0.274
0.074
0.988
0.100
0.005
0.077
0.259
0.062
0.001

p-value
0.690
0.491
0.014
0.051
0.103
0.126
0.090
0.004
0.094
0.390
0.915
0.604
0.205
0.078
0.080
0.390
0.232
0.020
0.019
0.004
0.001
0.001
0.002
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Solids analysis
Table A2-2 Total solids (TS g/L) values for the anaerobic digesters at the
beginning and at the end of the assay.
5-A

5-B

3-A

3-B

0.5-A

0.5-B

0.5-C

23/10

20.0238

20.0238

12.0143

12.0143

2.0024

2.0024

2.0024

09/12

13.8376

12.6544

8.8792

8.3239

1.4675

1.5287

1.5657

Table A2-3: Volatile solids (VS g/L) concentration for the anaerobic
digesters at the beginning and at the end of the assay
5-A

5-B

3-A

3-B

0.5-A

0.5-B

0.5-C

23/10

12.5000

12.5000

7.5000

7.5000

1.2500

1.2500

1.2500

09/12

6.8130

6.2102

4.4347

4.3862

0.6771

0.9148

0.7361
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Biogas analysis
Table A2-4: Measured pressure (mbar) in the headspace of the anaerobic
digesters. In green detected overpressure in reference to the atmospheric one.
The red values are below the reference pressure. No coloured values have the
same pressure as the atmospheric one.
Date

atm

5-A

5-B

3-A

3-B

0.5-A

0.5-B

0.5-C

24/10

1001

1001

1001

1003

1002

1000

997

999

27/10

1007

1008

1008

1009

1032

1007

1007

1002

28/10

1004

1004

1010

1004

1015

1002

1002

1004

29/10

1003

1003

1002

1003

1004

1003

1001

1002

30/10

1007

1008

1014

1007

1008

1006

1006

1007

31/10

1009

1009

1020

1009

1009

1009

1010

1009

03/11

998

998

1015

999

1013

998

1005

998

04/11

980

980

995

980

980

980

995

980

05/11

989

989

1005

991

990

989

989

989

06/11

996

996

1017

998

996

996

996

996

10/11

997

998

998

998

998

996

996

997

11/11

991

993

1002

992

992

992

991

992

12/11

991

993

1002

991

991

989

990

990

14/11

993

993

1013

995

993

993

994

991

17/11

991

991

1007

993

991

990

991

991

18/11

996

996

1000

999

998

996

997

997

19/11

1001

1002

1010

1001

1001

1000

1002

1003

20/11

1006

1006

1006

1006

1006

1004

1006

1006

24/11

1007

1007

1007

1006

1007

1006

1007

1007

25/11

1003

1001

1024

1004

1003

1001

1005

1004

26/11

996

996

1008

999

997

997

998

998

27/11

992

992

1007

995

993

992

994

992

01/12

982

982

1005

983

986

984

983

984

02/12

990

990

991

991

992

989

989

991

03/12

996

996

998

994

994

996

999

998

04/12

994

994

994

994

994

994

999

998

09/12

1004

1006

1005

1007

1005

1003

1005

1005
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Table A2-5: Gas chromatography results for the 0.5 cells. Percentage values of methane and carbon
dioxide
Date

5-A

5-B

3-B

0.5-A

0.5-B

0.5-C

%

CH4

CO2

CH4

CO2

CH4

CO2

CH4

CO2

CH4

CO2

CH4

CO2

27/10

60.2

39.8

60.8

39.2

63.9

36.1

9.4

90.6

10.1

89.9

9.9

90.1

30/10

67.7

32.3

70.2

29.8

71.0

29.0

32.6

67.4

35.8

64.2

31.0

69.0

06/11

70.1

29.9

76.1

23.9

76.2

23.8

61.8

38.2

64.7

35.3

64.5

35.5

12/11

52.7

47.3

77.2

22.8

74.6

25.4

63.7

36.3

67.2

32.8

63.0

37.0

19/11

8.4

91.6

78.3

21.7

70.0

30.0

64.8

35.2

67.2

32.8

65.7

34.3

26/11

0.0

100.0

78.4

21.6

64.1

35.9

62.2

37.8

66.4

33.6

66.7

33.3

04/12

5.2

94.8

79.0

21.0

65.5

34.5

62.5

37.5

68.1

31.9

69.1

30.9

09/12

0.0

100.0

80.5

19.5

68.3

31.7

52.7

47.3

69.1

30.9

68.2

31.8

!

