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Abstract

A microbial fuel cell (MFC) is an electrochemical system designed for wastewater treatment,
with simultaneous electrical current generation. The chemical energy contained in an organic
wastewater is converted to electricity through electrochemically active microorganisms. MFCs
consist of an anode where the electron donor (organic wastewater) is oxidized and a cathode where
an electron acceptor is being reduced. MFC configurations can be divided based on the presence

of a cathode chamber to dual chamber and single chamber MFCs.

In this research, single chamber, four-air cathode, MFCs were constructed and operated using
a variety of different cost-efficient materials. Initially, experiments were conducted using synthetic
glucose medium as the organic wastewater, in order to compare the performance of the material
combinations. The highest power density achieved by a single chamber MFC was 14.2 W/m?3, with
graphite granules and a graphite rod as anode and four air cathode electrodes (Plexiglas — Gore-
Tex — MnO3). Notable results were obtained from the MFC operating with ceramic cathode
electrodes (Mullite — MnO-) and graphite granules with a graphite rod as anode, peaking at 5.5

W/m? power output.

Afterwards, the MFC assemblies that achieved the best performance in terms of current output
and efficient wastewater treatment were operated with different substrates originating from
household food waste. The effect of each feedstock on the MFC operation was investigated, using
FORBI (Food residue biomass) leachate, condensed vapors from dried household food waste
(condensate), anaerobic digestion reactors effluents (digestate) and cheese whey (originating from
a dark fermentation process). The single chamber MFCs were operated in both batch and

continuous modes.

Additionally, dual chamber MFCs were operated to investigate the recovery of heavy metals.
In this work the integration of the MFC technology in the recovery of heavy metals from end of
life (EoL) photovoltaic panels (PVP) was examined. Following a proposed EoL PVP recycling
process, which included mechanical, thermal and chemical processing of the PVPs, a chemical
extract containing the heavy metals of the PVP solar cell / thin film was generated. Initially
synthetic cathode solutions containing silver and indium were tested. Afterwards, the chemical
extract originating from 2" generation EoL PVP was used in the MFC cathode, to study the metal

recovery. Silver recovery was high in the cases studied (>93%), with silver depositions on the
vi



cathode electrode and sediments in the cathode chamber. Additionally, the maximum power
density obtained was 0.8 W/m? corresponding to a silver reaction rate of 2.65 g Ag/h/m?. Indium
recovery up to 96% was achieved during the synthetic indium wastewater experiments, with a
maximum power density of 0.17 W/m?2. On the other hand, during indium recovery from the EoL
2" generation PVP chemical extract, a higher power output was recorded (3.5 W/m?), with indium

depositions (oxides) on the cathode electrode, corresponding to 87% recovery.

To further examine the MFC performance a 2D model simulating the operation of a dual
chamber MFC was developed. The MFC technology was investigated experimentally and
computationally in order to optimize the performance of this beneficial and environmentally

friendly way to treat wastewater.
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1 Introduction

The development of technology has tremendously improved the quality of human life in the
last century. The technology advancements enable an increase in life expectancy and subsequently
an increase in the global populace. In 1950 it was estimated that the global human population was
2.5 billion people; 72 years later the projected earth population on November 2022 is 8 billion
people [1]. The increase in the global population results in greater demands regarding water, food,
electricity, housing and transportation among others. Additionally, to satisfy those needs a great
amount of waste (solid, liquid and gas) is being generated. It was estimated that for the year 2019
the global electricity consumption was 24000 TWh (terawatt — hours). In the last forty years
electricity consumption has tripled. In 2022, the global electricity demand is expected to increase
further by 2% (2021, 6%). The slower increase is attributed to the COVID-19 pandemic as well as
the global instability [2].

1.1 Clean electricity generation

Electricity is mainly generated by utilizing fossil fuels (61%), nuclear energy (19%) and
renewable power sources (20%) [3]. Fossil fuels include natural gas (38%), coal (22%) and
petroleum (0.5%). The majority of electricity is being produced by burning coal and natural gas in
power plants. The heat from incineration is used to generate steam, which rotates turbines that
produce electrical power. Fossil fuels are acquired by mining (solid) or drilling (liquid and gas).
Nuclear energy relies on splitting atoms to generate the heat for the steam turbines and
subsequently electricity. The advantage of nuclear energy is that little to no air pollution is caused
by the operation of nuclear power plants [4]. However, safety concerns, render nuclear power a

great debate issue.

In order to achieve transition to a less carbon-dependent energy system and to avoid the usage
of fossil fuels, the renewable energy sources are the option towards a more sustainable
development. Renewable energy is the energy produced from sources that are replenished at a
faster rate than they are consumed. The renewable energy sources (20% of global electricity
production) include wind (9%), hydropower (6%), solar (3%), biomass (1%) and geothermal
(0.4%) energy [3].



Wind energy is utilized through wind turbines, by rotating the blades of the turbine the kinetic
energy of the wind is converted into electricity by a generator. This method to produce
electricity emits no carbon dioxide, has a high conversion efficiency (40% - 50%, maximum
theoretical efficiency 59%) and is cost effective, given that land — based wind turbines provide
a low — price energy source [5].

Hydropower is the generation of electricity through the movement of water, often through a
dam. This method demands large amounts of water being stored and allowed to flow through
turbines generating electricity. Also, instead of a dam, hydroelectric power plants may be
placed near rivers, to utilize their flow [4]. Hydroelectricity offers a renewable, low emission
power generation, that is reliable and highly efficient (90%) [6].

Solar energy is the harnessing of the sun light to generate either heat or electricity. To generate
heat, sun light is used to directly to heat water or other fluids, by solar thermal panels. To
generate electricity solar PV panels are used. The electricity is generated by a semi — conductor,
often silicon, present in the PV panel.

Geothermal energy is the natural heat of Earth, which is generated by the core of our planet

and is transferred to its surface, through convection and conduction. The heat is used to boil
water in reservoirs (natural / manmade) beneath the Earth’s surface. The steam produced is
directed to a generator where electricity is produced [7]. This method of power generation is
environmentally friendly, renewable and reliable.

Biomass energy is the energy contained in living or once — living organisms. Biomass includes

wood, woodchip, agricultural residues, industrial or municipal waste etc. The conventional
method to generate electricity from biomass is through incineration, similar to the operation of
fossil fuel power plants. This way, electricity generation is reliable and contributes to the
reduction of waste landfilled. It is also a carbon neutral source, meaning the carbon dioxide
produced during the incineration is the same amount that was absorbed by plants during their
lifecycle. Biomass energy can be characterized as renewable, since biomass can be generated
quickly (within a human lifetime) [8]. Despite, the carbon neutrality, the burning of biomass
releases greenhouse gases, such as nitrogen oxides, carbon monoxide and methane,
contributing to air pollution and climate change [8]. To provide enough materials to generate
sufficient amounts of electricity, biomass requires a lot of energy to grow and transport to
power plants. Deforestation and reduced biodiversity are two consequences of biomass plants

2



production. Intense cultivation of plants for a single purpose, strips the land of nutrients,
damages local waters due to overuse of fertilizers and results in a negative impact on the
ecosystem, while the initial purpose of using biomass was the opposite. The efficiency of a
biomass combustion can reach 45% [9]. Despite, the disadvantages of conventional biomass
utilization, developing technologies suggest new pathways to benefit from waste, which do not
require incineration. In the following chapters of this thesis, alternative utilization of biomass

for electricity generation will be presented.

Various technologies have been developed to generate electricity, as humanity increasingly
relies on it. The increase of global population requires intense, efficient and reliable electricity
generation. Apart from the energy demand, there is a continuous need for other goods such as clean
water and food supply, housing and transportation, which human societies try to satisfy. Some
countries have achieved a higher rate of industrialization and individual income, while others
present a slow rate of industrialization and low income per capita. The quality of life offered
depends on the development of each country, resulting in “developing” and “developed” states.
The supplied goods produced by human societies are consumed, while at the same time, materials
discarded as no longer useful are characterized as waste.

1.2 Waste generation and treatment

The global waste generated may be linked with the population increase, but the consumerism
of the “developed” nations is its primary factor. In 2019, it was estimated that two billion tons of
waste were generated by 7.6 billion people [10]. The biggest waste generator is the U.S.A. with
each citizen producing 808 kg of waste / year on the average. Additionally, waste generation is
combined with waste mismanagement and ultimately uncontrolled disposal. Proper waste

valorization and treatment is required in order to avert the negative effects of waste accumulation.

In order to deal with the increasing amount of waste, various techniques are employed.
Landfilling is the oldest and most common form of waste disposal; when used correctly it can
contribute to the reduction of the waste generated. Landfilling, if not conducted properly, results
in the pollution of nearby soil or water bodies. Landfilling includes the covering of solid waste
with soil, in order to limit the escape of the landfill gases (carbon monoxide, dioxide and methane)
produced. The major advantage of landfilling is the low cost of the process resulting in broad use

of this waste disposal method [11]. The uncontrollable landfilling can lead to an increase in the
3



gases produced, which contribute to the greenhouse effect, especially methane. The pollution of
underground waters may be caused by a landfill if the membranes surrounding the waste rupture.
This affects the health of the population around the landfill, along with the wildlife [11]. On the
other hand, incineration includes the combustion of waste, converting the waste to ash and utilizing
the heat produced. This results in the reduction of the waste volume, removing any toxic substances
[12]. The problem revolving incineration is the emission of gasses such as suspended particles,
sulphur oxides, furans and other dangerous compounds as well as the need to landfill the generated
fly ash in a hazardous waste landfill. Furthermore, incineration has high capital and maintenance
costs. Composting is another method used for organic solid waste treatment; it relies on the aerobic
decomposition of organic compounds. It results in the removal of pollutants, homogenization of
waste and reduction in the overall waste volume. Composting is an environmentally friendly
method, which requires long periods of time until it is complete. Additionally, it depends on the
initial amount of organic waste used, requiring large areas. Often during the process of composting,
odors are emitted, which make it unpleasant for populations around the composting site. The major
advantage of composting is the sustainability of the method, as it reduces greenhouse gasses, since
produces large amounts of fertilizer and contributes to the improvement of soil quality [13].

1.2.1 Wastewater treatment

A part of the global waste produced corresponds to waters that have been contaminated,
originating from major sources including municipal wastewater (sewage), industrial wastewater
agricultural wastewater. Wastewater typically contains significant concentrations of solids,
dissolved and particulate (organic) matter, microorganisms (capable of causing health hazards),
nutrients (such as nitrogen and phosphorus compounds), heavy metals and micro-pollutants [14].
Wastewater has an adverse effect on the environment when discharged and causes health issues
on the human population either directly or indirectly. It is necessary to process the wastewaters in
order to remove the pollutants and reuse the valuable components. Additionally, global water
scarcity requires the minimization of water discharge and reusage of water streams. An example
of wastewater utilization is the material recovery (such as the nutrient recovery) and the use of

treated wastewater as irrigation water [15].

Wastewater treatment is the combination of the various techniques used to reduce and eliminate

the pollutants present in wastewaters. Moreover, throughout the treatment, wastewater is converted
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to an effluent that can be returned to the water cycle, resulting in a controlled impact on the
environment. The main techniques employed include physical, biological and chemical methods

for wastewater clarification.

e Physical techniques include screening, filtering, aeriation, sedimentation and thermal
processing

e Chemical techniques include neutralization, disinfection, flocculation through the use
of chemicals (e.g. chlorine used to eliminate bacteria)

e Biological techniques include anaerobic processes (e.g. anaerobic digestion), aerobic

processes

In Figure 1 a flow chart of the multiple processes (mechanical, chemical, biological)
incorporated in a typical wastewater treatment plant is presented. Municipal wastewater is
introduced to the preliminary processing, which includes screening, sieving and filtering for
removal of solids, gravel and coarse sand. Afterwards, the stream of wastewater is sent through a
sand collector. The pretreatment aims to protect the mechanical compartments from blockages due
to unwanted deposits. Afterwards, the sewage is introduced into a flow equalization tank, where
daily fluctuations are neutralized, offering a constant supply to the following processes. Sediments
are removed and utilized in production of biogas through anaerobic digestion. In the typical
wastewater treatment plant, the removal of suspended solids is carried out through a primary

sedimentation tank which is a widespread low-cost option.

After the primary follows the secondary treatment, in which biological and physicochemical
processes are used in order to remove the organics left from the previous processes. The biological
processes are carried out through the oxidation of organic matter by aerobic microorganisms. The
most common method encountered during the secondary treatment is the activated sludge process
(or activated sludge). Specifically, the activated sludge process includes an aeration tank where
the biological oxidation takes place and a secondary sedimentation tank where the microorganisms
settle. Subsequently, the wastewater enters the advanced or otherwise tertiary processing, during
which, the quality of the liquid characteristics is improved, mainly by the removal of nitrogen and
phosphorus. Then, the wastewater is disinfected destroying the micro-organisms in suspension.
The disinfection is usually carried out by the chlorination method. A secondary unit is utilized as
well, which aims at the separation and treatment of the activated sludge produced in individual

5



processes of the facility (excavations, sand collection, tanks of primary and secondary

sedimentation).

Sludge stabilization aims at the destruction of pathogenic microorganisms and at the
neutralization of odors. Anaerobic digestion is one process used by several biological treatment
plants for stabilization of the sludge and recovery of the energy it contains in the form of biogas
(biomethane). In the final stage, the sludge is dehydrated to facilitate its transport and to improve
its handling, also dehydration is carried out with filter presses. The initial stage of wastewater
treatment involves mechanical processes, which remove some 20% - 30% of solids in the water.
The speed with which the wastewater flows through the screens at each step is carefully controlled
to assure the effectiveness of the screening process. Any debris that has been collected on the

screens is sent to other process steps where the material gets dewatered and then incinerated.

The electricity demand of the various processes that form the wastewater treatment plant is
contributing to 25% - 40% of the total operating cost [16]. Additionally, wastewater treatment
plants generate greenhouse gas emissions directly (methane, nitrous oxide) or indirectly (through
the electricity consumption, fuel consumption for transportation, chemicals required in the
treatment process) [17]. Therefore, the optimization of the treatment process is required in order

to achieve carbon neutrality and maximize the benefits of its operation.



Figure 1. Flow chart of a typical wastewater treatment plant.
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1.2.2 Waste utilization for energy production

In order to deal with the increasing energy demand, an environmentally friendly and sustainable
approach is needed. Utilizing the waste produced by the population as the “raw material” for

energy production, is an efficient way to deal with both problems.

Humanity has managed to store electrical energy in chemical form (batteries) and convert it
back to electricity when needed. A similar process can be employed for simultaneous waste
treatment with energy production. The technology of bioelectrochemical systems (BESs) has the
ability to convert the chemical energy into electricity (and the reverse process if needed). This
unique ability is developed by the microorganisms in these systems, as part of their metabolism. It
has been the focus of scientific research, resulting in the development of multiple types of
bioelectrochemical systems depending on the bioprocesses conducted [18]. Microbial fuel cells
(MFCs) are BESs that can be used for the wastewater treatment (primarily) and at the same time

electricity production (secondarily).

The advantages that the MFC technology offers, regarding wastewater treatment and energy
production, make it a promising method for biomass utilization and waste reduction. This thesis
focuses on the optimization of MFCs while examining various wastewaters, as well as materials
recovered through reduction. The objective is to enhance the MFC technology with low-cost

interventions (cost — effectiveness) under the view of its practical implementation.



2 Theory

2.1 Bioelectrochemical systems

Bioelectrochemical systems take advantage of the microbial metabolism to convert the
chemical energy contained in waste into bioelectricity or biofuel (Methane, Hydrogen production)
or recovery of valuable products from waste streams (heavy metal recovery) [19]. The operation
of these systems is based on the oxidation of an electron donor followed by the reduction of an
electron acceptor. The oxidation reaction takes place in the anode chamber and it is catalyzed by
electrogenic bacteria which have the ability to transfer the electrons to their exterior
(electrochemically active bacteria) [20]. Similarly, the reduction reaction occurs in the cathode
chamber and may be catalyzed by microorganisms (biocathode) or catalysts such as platinum,
activated carbon etc. (abiotic cathode) [21]. Different types of BES have been developed such as
microbial fuel cells (MFCs), microbial electrolysis cells (MECs) microbial solar cells (MSCs)
[22], microbial electrosynthesis cells [23], microbial desalination cells (MDCs) [24] and enzymatic
fuel cells (EFCs) [25]. These electrochemical cells have been developed for simultaneous
wastewater treatment, current generation and production of other substances such as hydrogen in
the case of MECs [26]. The most studied BES systems are the Microbial Electrolysis Cells (MECs)
and the Microbial Fuel Cells (MFCs). The plethora of bioelectrochemical processes which are
catalyzed by microorganisms are exhibited in the multiple BESs that have been developed.

2.1.1 Microbial Fuel Cells

A MFC is a bio-reactor in which the chemical energy that is bound to the organic components
of a substrate, is converted into electricity, through catalytic reactions by microorganisms under
anaerobic conditions [27]. In general, bacteria gain energy by transferring electrons from a donor,
such as glucose, to an electron acceptor, such as oxygen. The greater the potential gradient between
the donor (lower potential) and the acceptor (higher potential) of electrons, the greater the energy
gain for the bacteria. The microorganisms capable of transferring the electrons from the inside of
their cells to an acceptor in their environment, such as an electrode, are characterized as
electrochemically active bacteria [20]. In the anode the oxidation of the wastewater takes place
and the products of the reaction are dispersed back into the electrolyte. The protons, which were

produced by the reaction, diffuse through the anode electrolyte and across a separator in the



cathode, where they react with electrons and with the electron acceptor. The anode and the cathode
liquids (anolyte — catholyte respectively) come in electrolytic contact through the separator. A
separator is a material that allows the passage of charged ions through it, but does not allow the
anode and the cathode solutions to mix, while bringing them in electrolytic contact. The usage of
a separator between the anode and the cathode also assists to avoid short circuit [28]. The oriented
flow of electrons enables the direct conversion of the bacteria's energy into electricity. The

operation of the MFCs is summarized in Figure 2.

Anode Cathode
_ e
¢ Flectron l
donor Electron
oxidation acceptor
(H | [H] reduction
Separator

Figure 2. MFC operation schematic

2.1.2 Microbial Electrolysis Cells

Hydrogen is considered a promising energy source and a clean burning fuel, since it does not
produce carbon dioxide during its combustion. The production of hydrogen is based on both
renewable and non-renewable sources, with the majority being produced by a non-renewable
process, steam reforming natural gas (fossil fuel utilization) [29]. The green production of
hydrogen includes the electrolysis of water, using renewable energy (wind, solar, geothermal or
biomass) [30]. A BES developed to produce hydrogen through the treatment of an organic
wastewater is the MEC.
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The MEC produces hydrogen gas (H2), while oxidizing an organic wastewater, through
microbial metabolism. Its operation is not spontaneous, and it requires an external voltage
application in order for the electrolysis to take place [31]. The cell consists of an anode and a
cathode. In the anode, electrochemically active bacteria oxidize the organic substrate, generating
carbon dioxide (COz), hydrogen cations ([H*]) and electrons. The electrons are transferred through
the anode electrode to the cathode, while the protons are diffused into the electrolyte (anode
solution). On the cathode surface, hydrogen cations are combined with electrons, through the
voltage application and form hydrogen gas. A catalyst is coated on the cathode electrode to reduce
the activation energy of the hydrogen evolution reaction and boost the efficiency of the hydrogen
MEC production [32]. The most notable hydrogen catalysts are expensive materials like platinum
or palladium, while cheaper materials, such as iron or nickel have been used as well. Furthermore,
biocathodes have been developed in MECs to catalyze the hydrogen evolution reaction [32]. The
hydrogen evolution reaction is considered as follows (adjusted potential for pH=7, 298 K and

expressed vs Normal Hydrogen Electrode NHE) [33]:

2Ht +2e~ > H,,E'°=- 041V Eq.1

Another advantage of the MEC technology is the ability to convert carbon dioxide to methane,
yielding biogas, rich in methane. The conversion of carbon dioxide is achieved through a
biocathode in the MEC. The production may be characterized as direct (Eg. 2) or indirect (Eq.3,4)

and the respective reactions are presented below [30], [32]:

CO, + 8H* + 8¢~ — CH, + 2H,0,E"° = - 2.44V Eq.2
2HY +2e” »> H,,E'°=- 041V Eq.3
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The MEC technology showcases the potential of the BESs, as it can produce hydrogen

while degrading organic matter, or it can convert carbon dioxide to methane through the utilization

of microbes in the cathode (biocathode).
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Figure 3. Process of hydrogen production (a) and methane production (b) through the MEC

technology, oxidizing acetic acid [34].

2.1.3 Microbial Solar Cells

Microbial solar cells (MSC) are a category of bioelectrochemical systems which utilize

photosynthetic / photoautotrophic microorganisms to produce electricity. The photosynthetic

microorganisms use the sunlight to produce organic matter, which in turn is oxidized by

electrochemically active bacteria, resulting in hydrogen cations [H*], carbon dioxide CO- and

electrons e. The oxidation takes place in the anode and is followed by the reduction of oxygen in

the cathode [35].
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Figure 4. Schematic of a microbial solar cell operation [35].

In Figure 4, the operation principle of a MSC is depicted, as illustrated by [35]. Initially,
photosynthesis takes place, which consumes sun energy, carbon dioxide and water to produce
glucose and oxygen (Figure 4, (a)). Subsequently, the organic compounds are transferred to the
electrochemically active bacteria present in the anode (Figure 4, (b)). There, the oxidation of
glucose takes place resulting in electrons, hydrogen cations and carbon dioxide (Figure 4, (c)).
Finally, through the transfer of electrons and hydrogen cations to the cathode, oxygen reduction is
achieved (Figure 4, (d)). The operation of a MSC is self — sustainable, not requiring addition of an
organic substrate. However, the mechanisms regarding electron transfer and photosynthesis are
not fully understood [36]. Different MSC configurations have been developed, with observations
regarding the reduction of the device size, increasing the mass transfer rate and the performance
[36]. Applications of MSC have been described by [35 — 37], presenting the potential of MSC
usage to operate low-power devices (such as sensor nodes) in remote and unattended areas.
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Miniature MSCs were reported to continuously operate and generate electricity during the day-
night cycle, accumulating organic material during its day cycle to produce electricity during the
night [35].

2.1.4 Enzymatic Fuel Cells

Enzymatic fuel cells (EFC) operate by oxidizing organic compounds and reduce oxygen or
hydrogen peroxide, generating electricity, similar to other BES. The difference lies in the usage of
oxidoreductase enzymes to catalyze the transfer of electrons [38]. An EFC consists of two
chambers, an anode and a cathode separated by an ion transfer membrane [38], as shown in Figure
5. EFCs offer a sustainable clean energy source, based on the properties of specific isolated
enzymes, which present high catalytic activity, while requiring ambient temperature and neutral
pH to operate. This reduces the cost of the EFC configuration, when compared to traditional fuel
cells. Moreover, the expensive anode — cathode separator may be omitted and the cathode catalyst
may be replaced with enzymes, due to the specificity of the enzymes [38]. The EFC is based on

the immobilization of these enzymes, either physically or chemically [38].
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Figure 5. Diagram of a glucose fed enzymatic fuel cell [39].
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Applications of EFCs include low power electronic devices, such as biosensors. Implantable
and wearable EFCs have been examined, but rejection and immune response of the human body

to the device may cause severe health hazards [38].
2.1.5 Electrofermentation

A recently developed aspect of the BESs is the improvement of a fermentation process through
bioelectrochemistry. Fermentation is the metabolic process that changes the chemical composition
of organic molecules under anaerobic conditions, conducted by microorganisms through enzymes.
Fermentation is broadly used to produce a variety of products such as beer, wine, solvents,
enzymes and biofuels among others [40]. To improve the traditional fermentative methods, a new
technique was developed, which includes the placement of electrodes in the fermentation tank and
the regulation of the metabolic processes through voltage application. This technique is called
electrofermentation and offers electrochemical control to the metabolic reactions through the
electrode implementation [41]. Electrofermentation improves the stability of the fermentation
process while it increases the yield of the valuable products [40]. In particular, electrofermentation
has been reported as a method to stabilize pH irregularities, while assisting the decomposition of
carbon compounds [40], [42]. Additionally, electrofermentation optimizes the yield of products,
either through boosting the overall efficiency or by allowing selective production of the required
material [43].

The addition of the electrodes in the fermentation and the voltage application convert the
process from biochemical to bioelectrochemical. The electrodes may operate as an electron donor
(anodic electrofermentation), an electron acceptor (cathodic electrofermentation) or just control

the potential to drive the oxidation — reduction reactions [43].
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2.2 Microbial Fuel Cell (MFC)
The principles of MFC operation have been described in 2.1.1.
2.2.1 Electron transfer in MFC

Regarding microbial metabolism, based on the electron acceptor, two metabolic pathways are
distinguished, respiration and fermentation. During respiration, the electron acceptors are in the
exterior of the microbes, while in fermentation the electron acceptors are in the interior of the
microbes. Most microorganisms, which are characterized as aerobic, follow respiratory
metabolism and use atmospheric oxygen as electron acceptor. The microorganisms that follow a
fermentative metabolism do not use oxygen in metabolic reactions and for this reason are
characterized as anaerobic [44]. There are many bacteria that are facultative, namely they may
grow under both aerobic and anaerobic conditions.

Bacteria try to maximize the energy they will gain by choosing the available electron acceptor
with the maximum potential. However, soluble electron acceptors can be depleted in the microbial
environment. In this case, the bacteria can choose the metabolic pathway of fermentation, or use
no soluble electron acceptors. In the latter case, in order for the reduction to occur, bacteria transfer
the electrons out of their cells. This process is known as extracellular electron transfer (EET) [45].
The EET process can be carried out through several mechanisms, which can be classified into two
main categories: indirect and direct electron transfer. In indirect electron transfer an organic or
inorganic soluble mediator is being reduced or oxidized. Subsequently, the mediator diffuses
towards the insoluble acceptor or electron donor, respectively [46]. Direct electron transfer is
conducted with the help of enzymes, which are bound to the cellular membrane (e.g. cytochromes)

or via conductive capillary diodes (nanowires) [45], [46].
2.2.2 Thermodynamic phenomena in MFCs

In a MFC, an electrochemical reaction pair is taking place, one oxidation (anode) and one
reduction (cathode). The reactions take place spontaneously, meaning no external energy supply
is needed to initiate them. In order to oxidize the substrate and produce electricity, the
electrochemical reaction needs to be favored thermodynamically. The Gibbs free energy is a

measure of the maximum work obtained by a reaction.
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[Products]?
[Reactants]”

AG, = AG? + RTIn( Eq.5
Where AG; is the Gibbs free energy (J) in particular conditions, AG? is the Gibbs free energy in
standard conditions (298 K, 1 bar, 1 M concentration of all species), R is the global gas constant
(8.31 J/(mol-K)), T (K) is the temperature and in the logarithm are the activities of the products
and the reactants, with their respective stoichiometric coefficients as powers. In MFCs it is more
convenient to use the cell’s total electromotive force (Eemr [V]), which is defined as the potential
difference between the cathode and the anode. The correlation between the Gibbs free energy and

the electromotive force is the following:

Where n is the number of electrons participating in the reaction and F is Faraday’s constant (96485
C/mol). The work (W [J]) that can be produced by the cell is defined as:

W = —AG, Eq.7

In order to determine whether the reaction pair will take place spontaneously in a MFC, the
Gibbs free energy has to be negative (<0), which based on Eq. 6, means that Eemr has to be positive.

The Eemr can be calculated by Eq. 6 if solved for it, resulting in the Nernst equation:

0 RT [Products]?
Egmr = Egmr _ﬁ' n

Eq.8
[Reactants]”
where Egwr is the electromotive force in particular conditions and E2, is the electromotive force
in STP conditions. Additionally, in the case of electrochemical reactions, the electromotive force

of the two reactions (pair) can be calculated from the following equation:

Eemr = Ecathode — Eanode Eq.9

where Ecathode IS the potential of the reduction reaction either in STP or particular conditions and

Eanode IS the potential of the oxidation reaction in similar conditions.
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According to the International Union of Pure and Applied Chemistry (IUPAC), the standard
potentials of the half-reactions taking place either at the anode or at the cathode electrode, are
defined in reference to the standard hydrogen electrode. The normal hydrogen electrode (NHE) or
standard hydrogen electrode (SHE), exhibits a value of its potential equal to zero, in standard

conditions (298.15 K, pOz =1 bar, [M] =1 M),

Reactants

The electromotive force and the Nernst equation provide an upper boundary of the reaction
potential. This theoretical estimation of the potential is higher than the experimentally achieved
one, since there are various ohmic losses present in the system. The difference between the redox
potentials of the electron donor and acceptor, respectively, determine whether the electrochemical
reaction will be spontaneous. A MFC operation is spontaneous, based on Eg. 6 and the required
AG has to be negative.

An example of MFC operation is the oxidation of glucose (Ce¢H1206) in the anode and the

reduction of oxygen in the cathode. Assuming the following equation for the glucose oxidation:
CeH ;04 + 6H,0 - 6C0, + 24H* + 24e~,E° = - 0.014V Eq.10

On the cathode electrode the oxygen is the electron acceptor and the following reaction is

assumed to take place:
0, +4H* + 4e~ - 2H,0,E° = 1.229V Eq.11

The oxidation potential of glucose in standard conditions is — 0.014 V [33] and the respective
reduction potential of oxygen is 1.229 V [33]. Assuming a pH equal to 7 and partial oxygen
pressure equal to 0.2 the potentials become, — 0.428 V (Glucose) and 0.805 V (Oxygen) [33].
Calculating the Eemr through Eq. 8, it is equal to 1.23 V, which results in a negative Gibbs free
energy when used in Eqg. 6, thus indicating the spontaneous operation of a MFC with glucose as
electron donor and oxygen as electron acceptor. Additionally, the voltage development of the

example MFC will never surpass the 1.23 V.
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2.2.3 Overpotential in MFC operation

The electromotive force (Eemr) is a theoretical value calculated by the Nernst equation (Eg. 8).
In order to measure the maximum potential developed by a MFC, an infinite resistance needs to
be connected between the anode and the cathode electrodes. The Open circuit potential (OCP) is
the potential achieved by the MFC when no current flows through the external circuit (infinite
external resistance). In theory, the OCP value should be equal to the Eemr, in practice though it is
considerably smaller due to internal losses. The overpotential (n [V]) is defined as the difference
between the potential of a MFC and the respective maximum theoretical potential (Eemr),

calculated by the following equation:

N = Egyr — Ucen Eq.12

The overpotential is equal to 0 V, when the Eemr is equal to the Ucen, which is never attained. The
highest potential achieved by the MFC is the OCP. The difference between the Eemr and the OCP
of the MFC is caused by phenomena such as the diffusion limitation of the electron donor in the
anode chamber, or diffusion limitation of the electron acceptor in the cathode chamber. The
separator or the membrane employed between the anode and the cathode contributes to the

decrease in the output of the MFC.

A MFC consists of an anode, a cathode, the separator between them and the external resistance
connected between the electrodes. The overpotential of a cell is calculated by the following

equation, which takes into account each distinct overpotential:

Nceu = Z Nanode T z Ncathode T Nohm Eq. 13

Where n¢.;; i the overpotential of the MFC, Y. Nanode @Nd Y. Ncathode are the total overpotentials
developed in the anode and cathode electrodes, respectively and n¢p,, is the ohmic overpotential.
The ohmic overpotential is the sum of the ohmic losses caused by the current flow (I) through the
ohmic resistance of the MFC (Rg):
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Nonm = I- R_Q Eq 14

To calculate the power output (W) of a MFC at any given moment, the following equation is used:

P = UCell -l Eq 15

In order to facilitate the comparison of power output between different MFC configurations, the
volumetric power density (W/m?d) is defined, normalizing the power output to the anode chamber

volume:

p="Ucen i Eq.16

where i is the volumetric current density (A/m?). Furthermore, the power density may be calculated

using the total surface area of the electrodes used (W/m?) using the surface current density (A/m?).
2.2.4 MFC polarization curve

To examine the various losses in a MFC, a polarization curve needs to be created. The
polarization curve is a plot of the potential of a MFC versus corresponding current (or current
density). The power curve is the respective plot of the power (or power density) versus the current
(or current density) of the MFC. In a polarization curve, it is possible to distinguish the various
overpotentials developed by the MFC (Figure 6). A polarization curve is extracted by measuring
the potential of a MFC and the current flowing through the external resistance, while altering the

value of the external resistance connected to the MFC [0 - «).
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Figure 6. Polarization curve (V —i), highlighting the different types of electrochemical losses and
their respective regions [33].

In Figure 6, E2,; is the maximum theoretical potential of the MFC (Eemr) and OCV is the same
as OCP. If the external resistance is high (—0), the current is minimal (—0) resulting in a high
potential (Ucen — OCP). By inhibiting the current flow, the maximum potential gradient is
developed between the MFC electrodes. In that curve area (Figure 6, area 1), where low current
and high voltage are observed, the activation overpotential dominates the losses of the MFC. The
activation overpotential is caused by the activation energy required by the bacteria in order to start
the oxidation of the electron donor. Phenomena such as the transfer of reactants and electrons from
the bacteria to the electrolyte and the anode electrode, respectively, contribute to the activation
overpotential [27]. To decrease the activation overpotential, heat can be supplied to the system, as
long as bacteria can tolerate the temperature. Additionally, the use of catalysts for the electron
acceptor reduction and the increase of the electrolyte’s conductivity can lower the activation

energy required.

If the external resistance is low (—0), the current is maximum (—Imax) resulting in a low
potential (Ucen — 0). By allowing the maximum electron flow between the MFC electrodes
(Rexternal — 0), no potential gradient is able to develop as the charged particles do not accumulate.

In that part of the curve (Figure 6, area 3), where high current and low voltage are observed, the
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concentration overpotential dominates the losses of the MFC. The concentration overpotential is
the limitation caused by the mass transfer. In particular, as the electrons are allowed non — stop to
flow from the anode to the cathode, the limitation in the power output of the MFC is caused by the
diffusion of the electron donor inside the bacteria cells. The concentration overpotential
corresponds to the reaction rate being the limiting factor of the MFC operation. To reduce the
inhibition of mass transfer, the stirring of the MFC chambers may be employed, allowing
continuous supply of electron donor to the microbes. Also, increasing the specific surface of the
anode electrode increases the interface between the electrochemically active biofilm and the

electrolyte containing the electron donor [45].

In Figure 6, the area 2 (- region of constant voltage drop) the ohmic overpotential dominates
the losses of the MFC operation. The ohmic losses of the system are attributed to the resistance of
electron flow through the electrolyte, the separator (anode — cathode), the electrodes and generally

the connection points of the circuit.

The polarization curve can be used to calculate the internal resistance of the MFC (Rinternal). In
the range of the useful current densities (Figure 6, 2), a linear dependency is observed between the
current and the potential.

Ucen = OCP — Ripternar * Eq.17

Where Ry, ternai - 1 1S the sum of the losses due to the internal resistance of the MFC.

Another way to estimate the MFC internal resistance cell is the peak power density method
(Jacobi's Law). According to Jacobi's Law: “At the transfer of maximum power from a source with
a fixed internal resistance to a load, the resistance of the load must be the same as that of the
source.” As mentioned, the polarization curve may be extracted by altering the Rextemal Of the MFC,
recording the voltage and the current of the cell. Using Jacobi's Law and calculating the power
output (Eg. 16), it is possible to determine the internal resistance, because when Pmax is achieved,
the Rexternal Which is applied to the system is equal to the Rinterma Of the system. A more accurate
method to determine the Rinterma Of the MFC is through electrochemical impedance spectroscopy
(EIS). Additional electrochemical characterization can be conducted by cyclic voltammetry and

linear sweep voltammetry.
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2.2.5 Electrochemical Impedance Spectroscopy (EIS)

EIS is a powerful tool to study electrochemical phenomena taking place in MFCs. During an
EIS experiment, an alternating current of small magnitude is applied to a MFC, studying the
response of the system during a perturbation at steady state. The technique can be conducted in a
MFC without altering the current — voltage properties of the biological cell [47], meaning it is a

non — intrusive experiment.

Impedance (Z) is a complex quantity and represents the inhibition of current flow, caused by
an electronic circuit, when subjected to an alternating / direct electric current. The real part of
impedance is called resistance (R) and the imaginary reactance (X). Based on Ohm’s law,
resistance is defined as the ratio of voltage to current. The electron flow is inhibited by two
additional phenomena inductance (L) and capacitance (C), which together form the reactance. As
inductance are described the self-induced voltages in a conductor, by the magnetic fields of current
[47]. Capacitance is the electrostatic storage of charge induced by voltage between conductors
[47]. Impedance is measured in ohm (Q). By alternating the frequency of an AC signal, it is
possible to get DC when the frequency tends to zero. In a DC signal, the resistance and the
impedance of a system are the same scalar quantity, the two differentiate when AC is applied to
the system. The impedance possesses both magnitude and phase angle as it is a complex number
[47].

The EIS method consists of perturbing a system located in equilibrium or steady state by
applying a small external disturbance (alternating current) and the simultaneous recording of the
response of the system. From the values of the alternating current and the recorded current and
voltage, the complex resistance of the system is calculated. Electrochemical properties of the
studied system are imprinted in the frequency spectrum of impedance and by proper interpretation

it is possible to provide information about various phenomena occurring within it.

EIS measurements are carried out with the help of a potentiostat which is equipped with a
frequency response analyzer (FRA). The MFC is connected to the potentiostat in a two or three
electrode set — up. In particular, the two-electrode configuration is better applied in the case where
the total internal resistance of the MFC is determined for an imposed potential while the three-
electrode system is used to analyze each electrode separately. In case of the three-electrode system,

one electrode is used as the working electrode, while the second electrode is the so-called auxiliary
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or counter electrode. The third connection is made with the reference electrode (reference electrode
e.g., Ag/AgCl) which is placed in either the anode or cathode chamber, close to the respective
electrode under study, reducing the signal noise. In the two-electrode case the counter electrode
also functions as the electrode reference without requiring the additional reference electrode. The
usage of two — electrode set — up is based on the assumption that the potential of the counter /

reference electrode does not vary during measurement, which is not always true [47].

The data collected with the EIS experiment is usually plotted in Bode and Nyquist plots. An
ideal resistance possesses only magnitude, while impedance has magnitude and phase angle
(complex quantity). The real part of the impedance is the resistance and the imaginary the
reactance. In Nyquist plots the real part of the impedance (x — axis) is plotted versus the imaginary
part of the impedance (y — axis), with each point in the graph corresponding to a different
frequency. In Bode plots the logarithmic frequency (x — axis) is plotted versus the absolute value
of impedance and / or the phase angle (y — axis). Furthermore, the analysis of EIS data includes
the simulation of the system by an equivalent electrical circuit, called Randle’s circuit (R(RC)).
The circuit consists of electrical elements like resistors, capacitors and inductors and is derived by
the fitting of the EIS data in the electrical circuit model. The elements of the circuit are
corresponded to similar properties of the MFC, such as a resistor to the biofilm resistance, a

capacitor to the double — layer capacitance, etc.
The main components to create the equivalent circuit to simulate the MFC are the following:

o Rs (Electrolyte resistance), is the inhibition of current flow by the electrolyte used. The
resistance of the electrolyte depends on the type of substances used and their ions, as well as
the geometry of the chamber (anode / cathode), where it is placed.

« Ca (Double — layer capacitance), is the perfect capacitor formed by the charge distribution in
any interface in a polarized system (e.g., electrode / electrolyte, electrolyte / biofilm in a MFC).

« Rct (Charge transfer resistance), is the resistance caused by the transfer of electrons from a
solution to the electrode (e.g., electrolyte — biofilm transfer to anode electrode in a MFC).

« CPE (Constant phase element), is the non — ideal capacitor formed by the charge distribution
in any interface in a polarized system. It may be used instead of the Cq and it takes into account

an uneven distribution of current flow across the interface studied.
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« W (Warburg element), is the equivalent electrical circuit element that corresponds to diffusion
impedance, since mass — transfer between the electrolyte and the biofilm affects the
electrochemical kinetics greatly. This is observed in low frequencies during the EIS
experiment.

« Rg(Biofilm resistance), is the resistance developed by the biofilm, in the MFC case that is the
electrochemically active bacteria and possible competing microorganisms, which grow in the
anode chamber.

« Cg (Biofilm capacitance), is the capacitor that forms in the interfaces of the biofilm, as charge

separation occurs across the biofilm to assist their metabolism (charged ions movement).

However, the MFCs are complex bio-electrochemical systems which cannot be fully interpreted
by a single technique. The application of the EIS method combined with cyclic voltammetry
alongside biochemical measurements, in combination with the practical implementation of the

technology is a solution for the best understanding of the processes that take place in MFCs.
2.3 Factors affecting MFC operation

To maximize the benefits of the MFC technology, the MFC configuration needs to be
constructed in a sustainable and economic manner. In this direction, many research groups have
examined MFCs either as stand-alone technology or as integrated in existing wastewater treatment
processes [48]-[51].

2.3.1 Different MFC geometries

Based on the cathode compartment two different geometries emerge. In the case the cathode
compartment is a surface, the MFC is called single — chamber and the electron acceptor is the

oxygen in the atmosphere.
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Figure 7. Single — chamber MFC schematic.

In the case of the single — chamber MFC, the electron donor is present in the anolyte. On the
internal surface, a separator is placed to allow the products of the oxidation to diffuse through, but
prevent the anolyte from spilling. The single chamber MFC geometry does not require electron
acceptor supply, because one side of the cathode electrode is exposed to the atmospheric air. This

offers continuously oxygen as electron acceptor to the system.

The cathode compartment may be a chamber with a set volume for the cathode electrolyte
(catholyte), this is called a dual — chamber MFC (H — type).
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Figure 8. Dual — chamber MFC schematic.

In the case of the dual — chamber MFC, the electron donor is present in the anolyte and the
electron acceptor in the catholyte. This configuration requires continuous aeration if oxygen is the
electron acceptor, or new cathodic solutions to supply new electron acceptors to the system.
Additionally, oxygen reduction requires a catalyst present on the cathode electrode. The dual
chamber MFC offers the treatment of two wastewaters, one requiring oxidation and one requiring

reduction, while generating electricity.
2.3.2 Microorganisms in the anode

The microorganisms are placed inside the anode chamber, along with the supporting electrolyte.
The supporting electrolyte is a solution containing the electron donor (e.g., Glucose) and a buffer
solution to assure proper pH, conductivity and feedstock for the microbes. The microorganisms
require anaerobic conditions, to perform their metabolism. They may be grown in cultures to be
placed inside the MFC or inserted as raw anaerobic sludge. In the latter case, anaerobic sludge
inocula are placed in the feedstock. The optimal conditions for microorganisms in MFCs are the
mesophilic. Additionally, the bacteria prefer neutral pH and the conductivity of the anolyte must
be high enough, so as not to inhibit charge transfer. It has been observed, that the highest current
outputs have been achieved by MFC inoculated with raw sludge or wastewater [20].
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2.3.3 Electron acceptors

The selection of the electron acceptor depends on the use of the MFC. Oxygen is a typical
example of an electron acceptor [52] used in single and dual chamber MFCs, due to its abundance
in the atmosphere. In the dual — chamber MFC, oxygen is the usual electron acceptor during
acclimation. The supply of oxygen in the cathode chamber is carried out via an air — pump.
Furthermore, many alternative acceptors have been studied such as chromium [53], indium [54],
copper [55] and silver [56], [57]. The ability of MFCs to reduce heavy metals in the cathode, makes
this technology suitable for recovery of these metals from wastewaters.

2.3.4 Materials

Based on the use of the materials in a MFC there are different requirements. The possible uses
of the materials are for electrodes, compartments, separators and connections. The selection of all
materials should take into consideration the preference of cost — efficient options.

In many cases the materials used for the construction of MFCs have been also used in other fuel
— cell technologies. An example is the use of the expensive proton exchange membranes as
separators between the anode and cathode. The MFC operation has some restrictions due to the
presence of electrochemically active bacteria, which do not appear on common abiotic fuel cells
[58]. The development of the MFC technology relies on the usage of low cost but highly efficient
materials and the avoidance of expensive catalysts (e.g., platinum), membranes (e.g., PEM) or

other chemicals (e.g., potassium permanganate and ferricyanide) [58].

The materials employed in the MFC should be biocompatible when in contact with the
electrochemically active biofilm. Additionally, high conductivity materials are used for electrodes
in order to reduce the overall resistance of the system [59]. High specific surface area is a
characteristic required for the anode electrodes, in order for the biofilm to grow on. The materials
in contact with the electrolyte should not be affected by the pH or corroded, in order to achieve

uninhibited operation for the maximum possible duration [60].

Apart from the technical characteristics required for the efficient operation of the MFC, the cost
of the individual materials needs to be considered [61]. The selection of cost — efficient materials
is necessary in order to improve the efficiency of the MFC, while at the same time keeping its

construction cost to a minimum. The MFC operation is spontaneous and requires no external
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intervention, for this reason reducing the expenditure on materials, wastewater treatment and

current generation are even more beneficial.
2.3.4.1 Compartments — chambers — structural support

The first material selection in order to assemble a MFC is the container. For the anode chamber
the material has to offer structural support, must not inhibit microbial growth (not poisonous) and
also should not be conductive. The use of conductive materials as the cell’s container may result
in a short — circuit and suboptimal operation. For the case of the cathode, similar materials like the
anode chamber will be used, since the prerequisites are the same. MFCs are usually made of glass

or Plexiglas, or other similar inert materials.
2.3.4.2 Electrodes

In order to optimize the MFCs performance, different electrode assemblies have been tested.
Depending on whether it is for the anode or the cathode the electrode should have specific

characteristics.
Anode

The anode assembly or the electrode assembly for the anode is used to refer to the electrode,
the current collector and the connecting material. It is worth noting that the anode electrode should
have high conductivity, in addition to a large specific surface area, resistance to corrosion, a high
porosity, resistance to clogging (by the sludge or wastewater used) and finally it should be cheap
and easy to manufacture, so that it can be applied on a larger scale. Common electrodes used in
the MFC anode are plain or coated graphite/carbon-based materials such as graphite granules [62],
felt [63], paper [64] and brush [65]. The preference of scientists for graphite and carbon is due to
their large surface area, as well as their low cost [44]. The advantage of these materials is the rapid
formation of strong biofilms, where subsequently electrochemically active bacteria dominate. The
drawback of carbon and graphite — based materials is the low conductivity, when compared to
other materials such as metals. To cope with this problem, researchers have combined graphite or
carbon with highly conductive materials such as stainless steel or titanium, resulting in the

reduction of ohmic losses in the assembly.

Cathode
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On the cathode electrode the reduction reaction takes place, combining the products of the
oxidation (anode) and the supplied electron acceptor. The same carbon — based materials are used
for the cathode electrode, but a catalyst may be added as well, for the reduction reaction to take
place. As mentioned already oxygen is a typical electron acceptor requiring catalysis. When using
oxygen as the electron acceptor, although spontaneous, it is a slow reaction, so in order to
maximize the rate, a catalyst such as platinum is coated on the cathodic surface [66]. Furthermore,
instead of expensive catalysts such as platinum, microbes have been used to catalyze the oxygen
reduction in MFC [67]. In this case the oxygen (gas) supplied to the chamber is reacting with the
protons (liquid) on the electrode surface (solid), where the electrons are transferred through the
anode. The presence of three phases in the cathode chamber has a considerable effect in the
development of overpotentials greater than the anode equivalents. This results in the cathode being
the limitation to the power production of the MFC.

2.3.4.3 Oxygen reduction catalyst

Oxygen reduction requires a catalyst to take place, however, usage of platinum in MFC has
been reduced, due to the high cost of the material [68]. The usage of different catalysts is under
research, in many cases developing cathode electrodes sustainably. A commonly used catalyst is

manganese dioxide (MnO.), which is already used in batteries (lithium, alkaline, zinc — carbon).
2.3.4.4 Anode — Cathode Separators

The separator between the anode and the cathode facilitates the transition of protons and helps
avoid short circuit. The high internal resistance of dual — chamber MFCs is the result of the high
ohmic resistances, high overpotentials and the pH gradients that are generated when using
membrane as a separator. Various separators have been studied, especially for the single — chamber
MFCs separators may even take structural role in the cathode electrodes. Aiming to decrease the
internal resistances along with the cost of MFC configuration, the possible materials qualifying as
separators are investigated. The advantage, regarding this matter, of single chamber MFCs is that
the expensive separator can be switched with a cheaper one, acting at the same time as the

structural material for the cathode electrode [69].
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2.3.4.4.1 Membranes

Conventional membrane separators (e.g., Proton Exchange Membranes), have a high cost [70]
and increase the ohmic losses [20] limiting the MFC performance efficiency [71]. The most
commonly used membrane separators are proton exchange membranes. Less expensive options
are cation and anion exchange membranes (CEM, AEM, respectively). Due to the selectivity of
these membranes, allowing one type of charged particles to cross through them, their cost increases
greatly, even for a few cm?. Another type of membranes used are the bipolar membranes, which
contain both an anion exchange and a cation exchange layer. The disadvantages of membranes,
apart from their high cost, include the increase of the MFC’s internal resistance, thus reducing its
performance and the possibility of back — migration phenomena. Migration is the movement of
charged ions due to the presence of a magnetic field. In the MFC a “forward” path may be
considered from the anode to the cathode, regarding the proton transfer. In many cases, a gradient
forms between the pH of the anode and the cathode due to the continuous flow of protons from the
anode to the cathode. This results in the pH increase of the anode and the respective decrease in
the cathode. Afterwards, the opposite process may take effect. A proton exchange membrane will

allow, for example, the back transfer of protons, due to the pH gradient.

In order to avoid the use of expensive membranes, their removal from the MFC configuration
is an approach examined [49]. Materials which have been proven useful to substitute membranes
in the MFCs are ceramic based cathode electrodes, which provide a structural support as well.
Another assembly is the use of Gore-Tex cloth with a catalytic paste, wrapped around a Plexiglas

tube for structural support [72].

2.3.4.4.2 Gore-Tex

The use of cheap and cost — effective materials has been the aim of this research. A material
which was adopted from past works [44], is the Gore-Tex cloth. A simple method was used to
convert a non — conductive material (GORE-TEX® fabric) in electrically conductive and
catalytically active material. GORE-TEX® fabric consists of layers of polytetrafluoroethylene
(PTFE), has small pores, is durable and waterproof. In every square inch of fabric there are over 9
x 109 tiny pores, while each pore is 20 times smaller than a drop of water. These properties make
Gore-Tex an ideal separator between the anode and the cathode in single chamber MFCs. Based

on the water — proof properties of Gore-Tex, the addition of a electrocatalytic paste on it, forms a
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cathode electrode for air cathode single chamber MFC. The Gore-Tex cloth requires structural

support which may be offered by a Plexiglas tube.

2.3.4.4.3 Mullite
Ceramic materials have shown comparable results with ion-exchange membranes at
significantly lower cost [58]. Such ceramic materials examples are mullite and terracotta; both

have been used as separators in MFCs, with mullite being more effective [73].

The use of ceramic materials in the MFCs is an option that offers advantages, such as resistance
to fouling [74], lower cost when compared to other materials used (eg. Platinum coated electrodes)
[58], thermal, chemical and mechanical stability [59]. Ceramic separators coated with oxygen

reduction catalyst have been successfully used in single chamber MFCs [73], [75][73], [75].

In order for the ceramic materials to be used as a structural component of the electrode, a
catalyst needs to be deposited on the surface exposed to air. Various techniques have been
employed to accomplish this. Assuming the oxygen reduction catalyst is activated carbon, the
following ways of deposition are the most notable. A two-step process was employed to create the
activated carbon catalyst, with a phytic acid-doped polyaniline coating and subsequent high-
temperature pyrolysis, by[76]. The catalyst was then placed on a stainless-steel mesh with
polyfluortetraethylene (PTFE) using a rolling method technique [76]. Another approach of
utilizing activated carbon was presented by [77], placing an activated carbon layer on a gravel bed
with a copper plate for the electrical connection. This set-up was used as the air-exposed cathode
electrode of a single chamber MFC [77]. Activated carbon mixed with carbon black placed on a
stainless-steel mesh was used by [78]. The activated carbon mix was prepared by adding carbon
black, activated carbon, PTFE and DI water using ultrasonication and afterwards spreading the
paste on stainless steel mesh [78].

2.3.5 Temperature, pH & conductivity

The temperature affects the microorganisms and consequently the performance of the MFC.
Research has shown that the performance of a single — chamber MFC is inhibited by a temperature
below 20 °C [79]. The optimal conditions for MFC operation are mesophilic. Most MFCs operate
under neutral pH conditions to favor the growth of electrochemically active bacteria. However,

during the operation of a MFC, the metabolism of the substrate by the microorganisms leads to pH
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changes in the anode and cathode. More specifically, the production of protons at the anode results
in a decrease in pH, while their consumption at the cathode leads to an increase in pH. To combat
this phenomenon and maintain the pH at neutral levels, a suitable buffer solution is often added.
The performance of a MFC depends to a significant extent on the conductivity of the anode and

cathode (if present) solutions.
2.3.6 Substrate / wastewater

The ideal conditions for MFC operation are different for each substrate. For this reason, each
different substrate requires separate examination to determine the efficiency of MFC operation,
while treating it. The variety of substrates used and their characteristics will be detailed in a
separate chapter. The substrate used in the MFC technology is one of the major factors affecting
its performance [80]. The MFC technology has exhibited high wastewater treatment efficiency
over a range of substrates [50], [69], [80].

2.3.7 External resistance (discharge) & Connecting points

For the operation of the MFC, a resistance is connected externally between the anode and the
cathode electrode. In order to monitor the voltage development of the MFC, the anode and cathode
electrodes are connected to a voltage recorder. Furthermore, connecting points exist within the
cathode electrodes between the current collector and the catalyst layer, where the reduction takes
place. In the anode, the respective current collector has to be placed in the electrode containing the
electrochemically active biofilm. All of these connections contribute to electrochemical losses,
resulting in reduced efficiency in the MFC operation. On the other hand, they are necessary for the

operation, as both the external resistance and the current collectors facilitate the electron transfer.

The external resistance is the load connected to the system in order for the converted chemical
energy to be utilized as electricity. An external resistance has the role of a lamp connected to an
electrical circuit. In the MFC as soon as the wastewater is placed in the anode and the resistance

is connected on the electrodes the operation initiates.
2.3.8 Operation mode (Batch / Continuous)

The way a MFC is operated affects the performance during the wastewater treatment.
Depending on the continuous, batch or semi-batch operation the power output of the MFC differs.
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The continuous operation has achieved higher power outputs, due to the nature of the operation,

but requires the addition of a feedstock pump to the system and a feedstock preservation system.
2.4 MFC advances and applications

A MFC possesses the ability to utilize an organic substrate and generate electricity. The organic
substrate is oxidized, which makes this technology ideal for the decomposition of organic
compounds found in wastewaters. The generation of electricity from wastewater treatment is what
makes this technology appealing and research has focused on the scale — up and potential
applications of the MFCs.

2.4.1 Configuration design, Scale — up and MFC stacking

In order to improve the overall efficiency and power output of MFCs, multiple cells can be
connected in parallel or in series, through external electrode connections. This way MFC stacking
can increase the combined current output or improve the overall performance efficiency of the
MFC array in comparison to the individual MFC operation. Another approach is the scaling up of
a MFC, but the increase in the electrode dimensions and the compartment dimensions does not
necessarily lead to an improved performance. Additionally, MFCs have been operated in a

cascade, which utilizes the effluent of one MFC as the inlet to the next.

It has been reported that the increase of the MFC scale led to a decreased power output [81].
The increase in the MFC compartment volume leads to increased internal resistances, whether they
are caused by the electrode distance or the increased amount of wastewater present between the
electrodes. To deal with higher volumes of wastewater requiring treatment, multiple small scale
MFCs can be employed, since the power output has been reported to increase with miniaturization
and multiplication, as well as stacking (external connections) [82]. The upscaling of MFCs requires
the connection of multiple individual cells instead of increasing the dimensions of one cell, which

may cause reduced current density output due to the increased electrode surface [81], [82].

Microbial fuel cells have been reported to generate lower energy when compared to traditional
fuel cells or batteries [82]. To further optimize the MFC setups ceramic materials have been
investigated as cathode electrodes or separators [83]. An example of ceramic materials used in a
MFC stack was presented by [73], utilizing mullite and terracotta for the cathode electrodes of the

MFCs, creating two arrays. The two arrays consisted of twelve MFCs each and treated the same
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wastewater (urine), operating continuously. The mullite stack achieved a higher power output (800
uW) when compared to the terracotta stack (520 Mw) [73]. Another MFC array was used by [81],
consisting of 5 individual MFC units, treating swine wastewater, in continuous operation and with
the wastewater cascading from one MFC to another. The parallel operation resulted in a higher
COD removal (83%) and a higher power output (175.7 W/m?), when compared to the series
operation (77% COD removal and 67.5 W/m?) [81]. The series connection presented greater
electrochemical losses due to the cross-conduction effect, which generates parasitic currents
inhibiting the MFC operation. Additionally, voltage reversals may be present in the series
connection of MFC units. Voltage reversal refers to the reversal of the polarity in the MFC
electrodes and the loss of power generation, which is caused by the common current running
through the MFC units of the array, when connected in series [81]. An array consisting of six MFC
units was developed by [82], operated continuously and in a cascade treating a synthetic
wastewater and achieving high COD removal (>95%). It was reported that the array presented a
more stable operation during the parallel connection, achieving higher power and current output
than the individual MFCs [82]. Another example of MFC optimization was presented by [84],
creating a MFC array consisting of four microfluidic MFCs. In particular, (microfluidic) channels
establish microscale laminar flow of the anode and cathode solution and no separator is required,
as a discreet liquid (anode) — liquid (cathode) interface is formed. The maximum power density of
the MFC array was 60.5 pW/cm?, described as four times higher than the power output of the
individual MFCs [84]. Larger number of MFCs have been also investigated in a stack
configuration. As reported by [85], two MFC stacks were created, each consisting of 32 individual
cells. The cells were made of a ceramic tube (terracotta) acting as the structural support and the
anode — cathode separator. The stacks were operated with urine as the feedstock, each achieving a
maximum power density output of 24 mW/m?2. Lower power density output was obtained after the
two stacks were connected in parallel (9 mW/m?) and in series (19 mW/m?) [85]. Another work
was reported to utilize 560 MFC units connected in an array, that generated a power output of 245
mW [83].

2.4.2 MFC in dye degradation

A valuable use of the MFC technology is the treatment of synthetic dyes. Dyes have been

reported as major cause of water pollution and pose a danger to human health and the environment
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[86]. Azo dyes are synthetic colorants found in the waste of textile industry. The treatment of the
wastewater containing these dyes requires a combination of anaerobic and aerobic treatment, due
to the resistance these substances present to degradation [87], [88]. The advantage the MFC offers
is the possibility of oxidizing or reducing the synthetic dye wastewater in the anode or cathode,

respectively, depending on the required process [89].

The MFC technology has been utilized, both the anode and cathode, for the successful
decolorization and degradation of an azo dye (Acid Orange 7) [87], [88]. The MFC technology
was reported by [87] to decolorize the Acid Orange 7 solution over the period of four days, whether
it was placed in the anode or the cathode chamber. A higher COD removal (80%) was reported for
the cathode solution containing the dye, than the respective COD removal (60%) of the anode
solution containing the dye [87]. Another work focused on the treatment of a synthetic wastewater
containing anthraquinone dye, achieving 80% - 90% decolorization over a period of four days
[86].

2.4.3 Biosensors and bioremediation for environmental pollution

Biosensors are devices that produce a measurable signal, proportional to the measurable value
(concentration, temperature), using bacteria. Bioremediation refers to the destruction,
detoxification or immobilization of harmful components with the help of microorganisms [90].
The MFC technology has been effectively used to detoxify Cr(VI) wastewater withing acceptable
discharge limits [90]. MFCs have been used as biosensors for a number of different substances,
such as organic toxins, heavy metals, BOD and VFAs among others [91].

2.4.4 Metal recovery from wastewater

Another use of the MFC technology is based on the cathode reduction, to electrochemically
recover materials present in the cathode solution. A variety of metal and heavy metal ions are
present as pollutants in wastewaters, which can be used as electron acceptors in MFCs, due to their
redox potential [92]. MFCs have been used to reduce and if needed recover a variety of heavy
metals including chromium (Cr(V1)) [53], [93], silver (Ag) [56], [57], copper (Cu) [55], [94],
indium (In) [54], selenium (Se) [95] and Gold (Au) among others [92]. The heavy metals have

been recovered from synthetic or real wastewaters with MFC configurations utilizing abiotic or
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bio-cathodes [96]. The majority of the heavy metal reduction experiments are conducted in a dual

chamber MFC where the electron acceptor is supplied in the electrolyte.

An application of the MFC technology for material recovery was studied in this work, as a part
of a proposed PV panel recycling process.

2.4.5 Power management system for optimized MFC performance

In order to implement the MFC technology in every day applications, the voltage development
has to be further increased. So far, the recorded voltage produced in a single MFC does suffice for
the requirement of electronic devices [97]. This issue has been partially addressed with the stacking
of multiple MFCs, creating MFC arrays. Connecting multiple MFCs in parallel or series
connection can enhance the overall voltage output of the system [98]. However, it still does not
fulfil the requirements in terms of voltage development of an electronic device, unless a large
number of MFC units is used. This leads to the disproportionate area of the MFC array compared
to the voltage development of the MFC array. Another proposal is to increase the voltage output

of the MFC technology through the use of power management systems.

Power management systems consist of electrical components such as a boost converter, a charge
pump, a super capacitor, solid state relays and a charge pump. These components have been used
in order to increase the voltage of MFC units to the requirement of specific electronic devices. An
example of a power management system was developed for a MFC, which powered successfully
a submersible ultrasonic receiver and a real time clock [99]. The type of cell used was a sediment
microbial fuel cell, deployed in Palouse River, Pullman, Washington. The MFC set — up consisted
of an anode (0.2 m?) and a cathode (2.4 m?) connected to the power management system, as shown
in Figure 9. The operation of the MFC powers the real time clock and excess energy is stored for
the submersible ultrasonic receiver. Once enough power is stored the receiver performs a scan,
detecting ultrasonic frequencies and recording the time from the clock. Afterwards, the receiver is
set idle and the process repeats. It was also highlighted that sediment MFCs were used to operate

temperature sensors [99].

37



SUR

Reduction of oxygen
B4 ‘-.§_:,_ .,.ﬂ__-v},.

PMS

Figure 9. Schematic diagram of the sediment microbial fuel cell connected to the submersible
ultrasonic receiver (SUR) and the real time clock (RTC) [99].
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3 Microbial Fuel Cell modeling

The different processes that occur within BES such as MFCs can be broken down into the
following phenomena: i) microbial metabolism on the anode electrode, ii) diffusion of the organic
substrate from the bulk into the biofilm of the anode chamber initiating the oxidation reaction of
the electron donor iii) transport of the organic substrate by diffusion and by stirring (convection)
in the bulk of the anolyte, iv) oxidation reaction and production of protons and electrons, v) transfer
of electrons through the wiring connection (external resistance) from the anodic electrode to the
cathodic electrode [100]. In the case of a MEC, instead of simply connecting an external resistance,
a voltage is applied between the anode and the cathode. The protons are diffused into the anode
and then are transported with convection and diffusion through the separator to the cathode
chamber (vi), to either participate in the reduction reaction or to balance out their concentration
gradient between the anode and the cathode. Other substances produced by the oxidation are
diffused into the bulk of the anolyte. In the cathode chamber the electron acceptor comes in contact
with the cathodic electrode and, combined with the electrons, starts the reduction reaction (vii).
The products of the reduction are deposited on the cathode electrode, settled in the cathode
chamber or mixed with the bulk of the catholyte (viii). Moreover, in the case of a bio-cathode,
microbial metabolism is also studied in the cathode. Overall, charge transfer and balance are
examined in the BES, along with losses regarding the developed voltage [100].

Modeling is a powerful tool, in order to understand the complex processes occurring within
MFC systems. Several models have been proposed in this direction. Because of the various MFC
set-ups (single chamber, dual chamber) and the variety of materials used for the electrodes and the
catalysts in combination with the different phenomena during the MFC operation, many models
have been developed [101], [102]. One of the first models describing MFC operation was created
by Zhang and Halme 1995 [103]. Zhang and Halme [103] simulated the operation of a dual-
chamber MFC by using Monod Kkinetics to describe the bacterial growth and substrate
consumption, coupling it with Faraday’s law to calculate the current generation. The model was
based on the assumption that mass transport and the cathodic reaction are faster than the
biochemical and oxidation reactions, thus focusing on the latter. As one of the first attempts in
MFC modeling, they highlighted the importance of control over the process by simulation [103].

An example of a model combining bioelectrochemical kinetics along with mass and charge
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balances in a dual-chamber MFC was developed by Zeng et al. 2009 [104]. The developed model
aimed to describe an acetate fed dual chamber MFC. In order to describe the electrochemical
phenomena, the combination of the Butler-Volmer expression with Monod kinetics was utilized.
Some of the parameter values were extracted from experimental data and some were estimated by
the model. Zeng et al 2009 concluded that the cathodic reaction is the limiting factor for the current
generation in a MFC. Furthermore, their results indicated that an increase in the electron donor

concentration was effective in boosting the MFC performance [104].

Various approaches have been presented in the literature, with different focus points. A study
on the biofilm of electrochemically active bacteria during the operation of a MFC was conducted
by Belleville et al. 2019 [105]. A 2D model was developed, examining the microorganisms on the
anodic electrode at a cellular level. Taking into account microbial growth and segregation, their
model aimed to predict the different types of bacteria (methanogens, electrogens) that grow, perish
or detach from the electrode during the operation of a glucose fed MFC [105]. Serra et al 2019
focused on the power output of MFCs through polarization curves and created a steady-state
electrical model to simulate them [106]. The polarization experiments were conducted by varying
the external resistance on six different MFCs from 1000 Q to 20 Q, with a simultaneous
refreshment of the synthetic wastewater. The model had different kinetics for the different power

losses (activation, ohmic, concentration) which may be present during the MFC operation [106].

Furthermore, the various operation modes of MFCs have been examined. A 2D model for
simulating the operation of a continuously fed, single-chamber MFC was developed by Day et al
2021 [107]. Different parameters, such as the variation of the hydraulic retention time (HRT) and
the alteration of MFC geometry were examined, in order to determine the optimal conditions for
simultaneous maximum current generation and substrate consumption. Matsena et al. 2021 created
a model simulating the operation of a MFC with hexavalent chromium as the electron acceptor
[108]. To describe the growth of the biofilm, Monod kinetics were used, taking into account
inhibition by the substrate and the intracellular mediator. Moreover, two types of microorganisms
were considered; one that contributes to electricity generation and one that consumes the substrate
without releasing electrons. For the description of the electrochemistry, the Butler-VVolmer
expression was utilized and for the coupling of electrochemistry with microbial activity Faraday’s

law was used. In order to simulate the reduction of hexavalent chromium they combined Faraday’s
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law with Bulter - Volmer and the mass balance equation was derived from the reaction of
dichromate (Cr.0") to Cr(ll1) [108].

Apart from simulation describing MFC operation, models have been developed to support
experiments. Sindhuja et al 2016 conducted electrochemical impedance spectroscopy (EIS)
experiments in a dual chamber MFC and developed a model to extract the equivalent circuit [109].
The model was developed for a MFC with charcoal electrodes and was used along with a fitting
model of Nyquist plot for graphite electrodes. Their aim was the determination of internal
resistances in both experimental configurations (charcoal, graphite-based electrodes respectively)
and the estimation of the rate determining step in their MFC operation, with glucose as the organic
substrate [109]. Oliveira et al 2013 published a study presenting a 1D MFC model [110]. This
particular model incorporated heat, charge and mass transfer phenomena at steady state across a
MFC configuration, consisting of an anodic electrode, a biofilm, the anolyte solution, the separator
(proton exchange membrane), the catholyte and the cathodic electrode. They successfully
compared their computational data to the respective results presented by Zeng et al. 2009 [104],
[110]. By briefly presenting these models it is easy to understand that MFC modeling is applied
over different focus points (i.e., cellular level, spatial and time dependent or dimensionless)

resulting in a plethora of publications describing different aspects of this technology.

41



4 Materials and Methods

In this chapter the set-up of each experiment is described. First, the construction of the
electrodes is presented along with the assembly of the MFCs. Then, the analytical techniques are
detailed. Finally, the acquisition, preparation and characterization of the effluents used is described
and the chapter closes with a table summarizing the various experiments with the different

parameters studied.
4.1 Single — chamber Microbial Fuel Cells assembly

The materials used for the single — chamber MFC construction were Plexiglas and Ertalon®.
For the anode electrodes, the materials studied were graphite granules, rods and paper, carbon veil
and felt and stainless-steel sponges. For the cathode electrodes different catalysts of the oxygen
reduction were examined including manganese dioxide, biochar, activated carbon, fly ash.

Additionally, Gore-Tex and mullite were tested as cathode electrode materials.
4.1.1 Single — chamber MFC geometry

For the single-chamber MFCs two different geometries were employed, one rectangular and

one cylindrical.

The rectangular single-chamber MFCs were made of Plexiglas. The Plexiglas compartment had
a height of 15 cm and the same width for all four sides at 9.5 cm. The thickness of the material
was 0.8 cm. The total volume of the Plexiglas single-chamber MFC was 0.6 L. The bottom and
the lid of the Plexiglas MFC had four 2 cm holes in order for the tubular cathode electrodes to run
through the compartment. Furthermore, the lid contained three holes, each 0.8 cm, two of these
were used for the inlet and outlet tubes and one for the graphite rod placed for the electron
collection. Finally, two holes (diameter 4 mm) were present in the lid for the tubes which were

used to circulate Nitrogen (N2) inside the Plexiglas MFCs to ensure anaerobic conditions.
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Figure 10. Rectangular Plexiglas single chamber air cathode MFC. a) Disassembled cell and b)
Assembled cell with Gore-Tex electrodes during leakage test.

The cylindrical single-chamber MFCs were made of Ertalon® with a total volume of 0.6 L. The
height of the cell was 11.5 cm whereas the “active height” (anode chamber) was 8 cm long. The
internal diameter of the unit was 11 cm. One circular Ertalon® lid seals the top of the chamber.
The lid is constructed to fit up to four tubes with external diameter 2 cm. The cylindrical lid
contained the same holes (0.8 cm) as the rectangular lid, in order to fit the graphite rod as well as
inlet and outlet tubes.
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Figure 11. Cylindrical Ertalon® single chamber air cathode MFC. a) Disassembled, top-down
view of the interior and b) Assembled cell with mullite electrodes.

An additional cylindrical single-chamber MFC was constructed of Ertalon® (top and bottom)
and Plexiglas (cylinder), in order for the anode chamber to be visible. This was different from the
other cylindrical MFCs due to the larger size, with a volume of 1.4 L. The height of the cell is 13

cm whereas the “active height” (anode chamber) is 9 cm long. The internal diameter of the unit is
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14 cm with 2 mm wall thickness. Two circular Ertalon® lids seal the top and the bottom of the
chamber. The lids are constructed to fit up to six tubes with external diameter 2 cm. Specifically
due to its relatively big internal diameter this MFC was selected for testing different number (up
to six) of cathode electrodes.

Figure 12. Cylindrical Ertalon® single chamber MFC with modifiable lid and bottom to fit 4 and
6 electrodes. a) Top-down view of the 4 electrode set — up and b) top down view of the 6 electrode
set — up.

In all cases the inlet is at the top, with the feedstock flowing towards the bottom of the anodic

chamber, for better fluid percolation. The outlet is placed on the side of the anodic chamber, relying

on overflow to remove excess liquid from the anode chamber.
4.1.2 Anode electrode preparation

The anode materials studied were carbon-based electrodes. In each MFC a support for the
electrochemically active biofilm to grow on, is required and also a current collector to facilitate
the electron transfer from the anode to the cathode. The anode configurations used, are presented

below:
« Graphite granules with a graphite rod

Graphite granules (type 00514, Le Carbone, Belgium), with diameters ranging between 1.5 and 5
mm, were used as the anodic biofilm support and conducting material, conveying electrons to a
graphite rod (13 cm long by 7 mm diameter) inserted into the packed bed of granules. The graphite
rod acts as the electron collector, allowing the voltage recording of the anode and the connection
of the external resistance on the anode electrode. The specific surface of the graphite granules was
817 — 2720 m?/m?. Prior to use the graphite granules were washed with HCI (0.1 M) to remove
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residues and other substances, maximizing the specific surface area. The washing process was

repeated four times and was similar to [111].

Figure 13. Graphite granules as the biofilm growth medium.
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Figure 14. Graphite rods used to facilitate the current collection from the graphite granule bed.

« Graphite felt

Plain graphite felt (Alfa Aesar, 6.35 mm thick, 99%) was used as an anode electrode, with a

titanium wire woven through it as the electron collector.
« Stainless steel sponge

Another material studied for its performance as anode electrode was the stainless-steel sponge.
Two cases of commercially available sponges were examined, one with plain stainless-steel

sponge and one with a stainless-steel sponge heated at 550 °C for 8 h. In both cases a stainless-
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steel wire was woven around the sponges as the current collector, on which the voltage recording

wires were connected.

Figure 15. Stainless steel sponges placed in a cylindrical single chamber air cathode MFC with 4
mullite electrodes.
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4.1.3 Cathode electrode preparation
The cathode electrode assemblies consisted of the following parts:

a) Structural support
b) Anode — Cathode separator
c) Oxygen reduction catalyst

d) Current collector
4.1.3.1 Oxygen Reduction Catalytic paste

Various oxygen reduction catalysts have been studied for their effect on the MFC performance.
To incorporate the catalyst in the cathode electrodes, each catalyst examined was placed in a
catalytic paste. The oxygen reduction catalytic paste was prepared similarly for all cathode
electrodes. In particular, graphite paint (12 g, YSHIELD HSF54), xylene (3 ml), ethanol (3 ml)
and 3 g of the selected catalyst were mixed and subsequently sonicated for 0.5 h, in a 5510 Branson
ultrasonic bath. The catalytic paste produced this way was used for each cathode electrode.
Specifically, the catalysts examined were manganese dioxide (MnO2, EMD Tosoh Hellas),
activated carbon (AC, Sigma-Aldrich, CAS 7440-44-0), fly ash (FA, acquired from Megalopoli

Power Plant in Arcadia, Greece), wood biochar (15-150um). The catalysts selected for each set of

experiments are specified in the corresponding sections.

Figure 16. Oxygen reduction catalytic paste spread on a Gore-Tex cloth with a copper wire inserted
for electron collection.
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4.1.3.2 Plexiglass — Gore-Tex electrodes

Two types of electrode configurations were tested, one with Plexiglas tubes as the structural
support and one with mullite. The process to create the Plexiglas — Gore-Tex electrodes is
described below.

Commercially available Plexiglas tubes (2 cm diameter, 2mm thickness) were used as the
structural support. Plexiglas tubes were uniformly perforated with circular holes (2 mm diameter)
which offer surface area available for proton transport from the anode to the cathode. Gore-Tex
cloth was used as separator and as support of the cathode oxygen reduction catalyst. The oxygen
reduction catalyst was contained in the catalytic paste which was spread on the Gore-Tex cloth,
inserting the current collector in the paste and leaving the mix to dry. Afterwards, the cloth is
tightly bound on the outside wall of each perforated tube, the side covered with the catalyst coating
being the air-facing side (cathode). In Figure 17, the stages of the preparation process of Gore-Tex

electrodes are presented.

Figure 17. Gore-Tex cathode electrode assembly process, a) perforated Plexiglas tube and
wounded thumb, b) oxygen reduction catalytic paste spread on Gore-Tex cloth with copper wire
and c) ready Gore-Tex cathode electrode, by wrapping (b) around the tube (a).

4.1.3.3 Mullite electrodes
The process to create the mullite electrodes is described below.
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The production of structural ceramic from mullite was achieved through a gel-casting method.
Specifically, the reactive organic monomers used in experiments were monofunctional acrylamide,
C2H3CONH2 (AM) and difunctional N, N-methylene-bisacrylamide (C2H3CONH,).CH:
(MBAM). The initiator was ammonium persulfate (NH4)S20sg and the reaction was accelerated
using the catalyst N, N, N, N, tetra-methyl-ethylenediamine (TEMED). An aqueous premix
solution of water-soluble monomer acrylamide and crosslinker methylene bisacrylamide (MBAM)
in 4:1 ratio was used to prepare the slurries. Darvan C was used as a dispersant in the premix
solution. For the suspensions of mullite, powders were prepared with solids loading 60%wt,
70%wt, 80%wt respectively. All suspensions were mixed by ball milling using zirconia spheres.
The amounts of 1uL. of ammonium persulfate (APS) and 0.5 pL of tetra methyl ethylenediamine
(TEMED) per gram of slurry were added in each suspension. The formed slurries were casted in
tubular molds of variable dimensions till gelation. Prior casting de-airing was performed using a
mechanical vacuum pump. The thermal behavior of the gelled system (methacrylate based polymer
matrix ceramic composite precursor) and its volatiles removal was followed by TGA
measurements under air from 20°C to 950°C with a 5K min-1 rate using a Setaram TGA 92 system.
Viscosity of the casting slurries was measured using a Brookfield DV-I1 Pro viscometer at 20 °C.
Final sintering temperature of the tubes were at 1200°C/2h providing the ceramic tubes of 18-20%
open porosity. The dimensions of these electrodes were: ® 25 x 180 mm with inner diameter ® 20

mm and useful internal catalyst surface of 0.44 m2,

4.1.3.3.1 Coating of the catalyst inside the mullite tubes
Three different techniques were applied in order to coat the oxygen reduction catalytic paste on

the inside of the mullite tubes:

Manually brushed (Brush-Coat — BC): The catalytic paste was allowed to dry until a thick slurry
was formed, which was afterwards applied inside the specimens using a brush (size 4 — Germany)
in 2 layers with natural drying in between. The produced specimens were left to dry naturally for

one day.

Using ultrasound (Sono-Coat — SC): The specimens were placed on the ultrasound device
(Vibracell 750 — SONICS, USA) so that the tip was put at a depth of 1 cm from their upper surface.
A quantity of the suspension (under stirring) was placed inside the specimens with the help of a

pipette, after they were sealed from below with a plastic cap, so that there were no leaks. The
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sounding process lasted 20 min at 19% of the range, during which suspension refills were needed,
so as its level in the test tubes remained the same. At the end of the process, the remained amount
of suspension was removed, the cap was taken away and the specimens were allowed to dry
naturally for one day.

Wash-coat (WC): during this technique, the slurry was poured into the inner surface of the tube

and left to dry physically (up to 24h). Four repetitions were enough for the deposition.

In Figure 18 the stages of mullite electrode production are presented. Starting from the
construction from scratch or using commercially available mullite tubes, preparing the oxygen
reduction catalytic paste and then employing the techniques to deposit the paste in the interior of
the mullite tubes, with the current collector inserted in the paste. The resulting mullite tube is
shown in Figure 18 d and e, with different current collectors used (copper wire and stainless steel
mesh, respectively).

Figure 18. Production process of mullite cathode electrodes, a) mullite tubes and oxygen reduction
catalyst, b and c) sono-coating of mullite with the catalytic paste, d and e) mullite cathode electrode
with copper wire and stainless-steel mesh as electron collectors, respectively.

After the construction of the cathode electrodes, they were inserted in each MFC. The anode
was placed as well in the MFC and leakage tests were conducted. Inlet and outlet tubes along with
gas sparging tubes were placed on the lid of the MFC and the assembly was completed. After this
process the cell was ready for use.

4.2 Dual — chamber Microbial Fuel Cell assembly

The ability of the dual-chamber MFC to treat two wastewaters simultaneously was

investigated, using glucose synthetic wastewater in the anode to be oxidized and a chemical extract
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containing heavy metals in the cathode to be reduced. Two H — type MFCs were employed for

these experiments.

The first was a glass dual-chamber MFC consisting of two 310 mL bottles, connected through
a glass bridge where the anode — cathode separator was placed. The anode electrode (2.5 cm x 3.8
cm) was made of plain carbon paper (10 wt.% wet proofing, E-Tek), while the cathode electrode
was made of carbon cloth, containing 0.5 mg/cm? of Pt catalyst (E-Tek). A proton-exchange
membrane (PEM, Nafion™ 117, DuPont) was used to separate the anode and cathode
compartments, with a total surface area of 3.8 cm?. The system was placed inside a temperature-

controlled box, set at 32 °C.
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Figure 19. Glass dual chamber MFC, operating with oxygen (air pump — black tube) as the electron
acceptor, during acclimation.

A second PTFE dual chamber MFC was used as well, which consisted of a 70 mL anode and
140 mL cathode. As anode electrode carbon felt (5 cm x 5 cm) woven with titanium wire was
selected. During the acclimation the cathode was the same Pt coated carbon cloth as in the glass
dual chamber MFC. For the heavy metal recovery experiments carbon paper (2.5 cm x 3.8 cm)
was used in the cathode. The anode cathode separator was a PEM (5 cm x 5 cm). The system was

operated in a temperature-controlled room (27 °C).
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Figure 20. PTFE dual chamber MFC, operating with oxygen (air pump — blue tube) as the electron
acceptor, during acclimation.

4.2.1 Cathode electrode preparation

Titanium wire (Sigma Aldritch, 0.8 mm diameter) was connected to the carbon paper and

carbon cloth using an epoxy resin (Conductive Epoxy, Circuit Works), for electron collection.
4.2.2 Membrane — Separator

The proton exchange membrane (PEM) was activated before the use in the MFC. The activation
process included two steps. Initially, the membrane was placed inside 0.2 M hydrogen peroxide
(H202) for 1.5 h, inside a bath to maintain 80 °C. Afterwards, the membrane was placed in 0.2 M
sulfuric acid (H2SOg4) for 0.5 h at room temperature. The membrane was rinsed with DI water and

stored in DI water until use. The same process is used to clean the membrane.
4.2.3 External Resistance — Assembly

The external load of the MFC was regulated using a resistance decade box. The external
resistance was determined by the use of Multimeter (Mastech, MY 61), set at 100 Q connected

between the anode and the cathode electrodes.
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4.3 Measurements and analytical methods

In this chapter are presented the measurement techniques, instruments and analytical methods
used for the characterization of wastewaters. Afterwards, the electrochemical techniques are

presented, used for the performance assessment of the MFC operation.
4.3.1 pH and Conductivity

The measurements of pH and conductivity were conducted using digital instruments WTW
INOLAB PH720 and WTW INOLAB, respectively.

4.3.2 Chemical Oxygen Demand (COD)

Chemical oxygen demand is an indicative measure of the pollutants in a liquid solution. It is
defined as the amount of oxygen required to fully oxidize the compounds found in waters and
wastewaters. For this reason, it used to quantify the pollutants present in a solution as well as to
determine the quality of a liquid. The measurements of COD were conducted according to
“Standard Methods for the Examination of Water and Wastewater,” 2012 [112]. The method used
to determine the COD was the “closed-reflux” for the soluble COD.

To measure the soluble COD, the samples were filtered initially, to remove solids which would
affect the measurement. The oxidation of the sample took place with excess of potassium
dichromate (K2Cr207) under heat (150 °C) in the presence of highly acidic conditions (H2SO4 with
dissolved Ag2S0Os). In order to avoid obstruction due to the presence of chloride, silver and
bromide ions, mercury sulfide (HgSO4) was added. The general oxidation of an assumed organic

compound (C,H,0,N,) by the dichromate ions is the following:
C,H,O N, + dCr,0%~ + (8d + c)H* - nCO, + fH,0 + cNH] + 2dCr3*

2n+a b ¢ _a+8d—30
3 6 3 2 f 2

After the heating of the reactants for two hours, the measurement of the soluble chemical
oxygen demand (sCOD) was done photometrically at 600nm in electronic photometer (Hach DR
2800). The calculation of the concentration of the COD was done by corresponding the absorbance
to a concentration, by means of a "standard calibration curve”. This curve is obtained by

photometry of standard samples of known COD.
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4.3.3 Volatile fatty acids (VFAS)

The volatile fatty acids (VFASs) were determined using a gas chromatograph (SHIMADZU GC
2010 plus). For the quantification of VFAs, 1 ml of sample acidified with 30 puL of 20% H2SO4
was analyzed via a gas chromatograph (SHIMADZU GC-2010 plus) equipped with a flame
ionization detector and a capillary column (Agilent technologies, 30 m x0.53 mm ID x1 um film,
HP-FFAP) using an autosampler (SHIMADZU AOC-20 s). The oven was programmed from 105
°C to 160 °C at a rate of 15 °C- min*! and subsequently to 225 °C (held for 3 min) at a rate of 20
°C-mint. Helium was used as the carrier gas at 30 ml- min‘, the injector temperature was set at
230 °C and the detector at 230 °C [113].

4.3.4 Total organic carbon (TOC) and total nitrogen (TN)

The total organic carbon (TOC) and total nitrogen (TN) of the samples were measured using a
TOC-L analyzer (SHIMADZU) with an auto sampler. The method of analysis relied on the
catalytic oxidation (680 °C) of the sample and the subsequent measurement of the carbon dioxide
produced. The carrier gas was a mixture of 80% oxygen and 20% nitrogen. The samples were
filtered using glass microfiber filters (Whatman GF/A, diameter 55 mm), in order to remove solids
that can block the sampling tubes.

4.3.5 Ammonium determination

To measure the ammonium a direct distillation method was followed, using KjelFlex K — 360
distillation device (Buchi). The samples were filtered before analysis (Whatman GF/A, diameter
55 mm) and 10 mL of the filtered sample were mixed with DI water until 50 mL. As the standard
solution, ammonium chloride (1 g/L) solution was mixed with DI water (1:20 ratio) and as the

blank solution DI water was used.

The following solutions were required for the operation of the KjelFlex K — 360 and in all cases
DI water was used (required conductivity < 50 puS/cm):

* Boric acid (H3BOg) solution, 20 g H3BO3 and 3 g of KCI were dissolved in 1 L of DI water.
After the dissolution of boric acid and potassium chloride, the pH of the solution was set at 4.65
with the addition of sodium hydroxide (0.1 M).

« Sodium hydroxide (NaOH) solution, 320 g of NaOH were dissolved in 1 L of DI water and

stirred for 45 min and placed in a cold bath.
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After the distillation, Bromocresol Green/Methyl Red indicator was added to the sample and it
was titrated with sulfuric acid (H2SOa4, 0.01M).

[ML(H25045ampie) ~ML(H2S04p1ank) | XNH2504XATN mg
recovery = Lstandard) x 1000 (T) Eq. 18
[mL(H2504sample)—mL(H2504blank)]XNH2$04XATN
NH3 — N = ml(standard) X 1000 (22) Eq. 19
recovery L

4.3.6 Voltage recording

The voltage of the two cells was recorded at 2 min intervals by a Keysight LXI Data Acquisition
/ Switch Unit (34792A), equipped with an Armature Multiplexer Module (20-channels). Copper
wires were used for the connection between the channels and the MFCs’ anodes and cathodes. The

voltage recorder was connected to a computer, where the data was stored.

4.3.7 Linear Sweep Voltammetry (LSV) & Electrochemical Impedance Spectroscopy (EIS)

experiments

Linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS)
experiments were carried out using a Potentiostat — Galvanostat (PGSTAT128N — AUTOLAB)
with an Ag/AgCI reference electrode. The electrochemical experiments were conducted at the
beginning of each operation cycle, after the feeding of the cells. Before the electrochemical
experiments, each cell achieved open-circuit voltage (OCV), by removing the external resistance.
LSV was conducted from OCV to short circuit with a negative step (0.005 mV/s), in order to
estimate the maximum power output of each cell. EIS measurements estimated the internal
resistance of each cell with a frequency range of 2 MHz — 1 mHz using a stimulus of 10 mV
amplitude. The overall performance of the cell was estimated using the anode as the working
electrode, the cathode as the counter electrode and the three-electrode set-up was completed with

a reference (Ag/AgCl) electrode in connection with the counter.

The values of internal resistances of the cell were calculated through Nova software fit analysis
considering a model equivalent circuit. The experimental fitting was applied considering the
solution resistance of the cell (Rs) in series with two parallel Ro components. As Ret was defined
the charge transfer resistance, Rgr the biofilm resistance, Qct and Qgr the capacitance of charge

transfer and biofilm respectively and Warburg element (W) as the diffusion impedance.
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The applied electrical equivalent was considered as depicted in Figure 21.

Figure 21. Electrical equivalent for EIS fitting

Where, Rs is the solution resistance, Rer corresponds to the biofilm resistance, Rcr is reported
as charge transfer resistance related to the nature of the wastewater, Qgr depicts the capacitance of
the biofilm, Qcr corresponds to the capacitance of mass transfer and W (Warburg element) depicts
the diffusion impedance. Together the Rs, Rgr and Rct form the internal resistance of the MFC.

4.3.8 Coulombic efficiency

In order to further assess the performance of the MFCs, the coulombic efficiency (CE) of the
cells was calculated. CE is defined as the fraction of the charge produced to the total charge
contained in the substrate and is calculated by Equation 20:

cp = Moz Jy 1dt

— Eq.20
F-b-V-ACOD

Where MO is the molecular weight of Oxygen (32 g/mol), | is the current generated during the
operation cycle (A), F is the Faraday constant (46985 C/mol), b is the number of electrons
participating in the reaction (4), V is the working volume of the cells (150 mL) and ACOD is the
consumed COD (Cinitial — Crinal, g COD/L).
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4.3.9 Electricity yield

In order to calculate the total amount of energy per operation cycle of the MFCs the Eyieid (MJ/g
COD/L) was calculated by Equation 21:

J Pt

E Eg.21

yield — CODcondensate
Where P is the power generated (in W) during each cycle and COD is the initial COD concentration

of each cycle (in mg CODI/L).

4.3.10 Scanning electron microscopy (SEM) and energy dispersive X-ray Spectrometry
(EDS-EDX)

To study the depositions on the electrodes during the heavy metal recovery experiments
Scanning Electron Microscopy (SEM) was employed along with Energy Dispersive X-ray
Spectrometry (EDS-EDX). After each experiment cycle in the dual-chamber MFC the cathode
electrode was stored in a desiccator, until the examination with SEM. Furthermore, the cathode
liquid was filtered using glass microfiber filters (Whatman GF/A, diameter 55 mm) which were
then studied using SEM and EDS in order to examine the solids which formed and sedimented,

not deposition on the cathode electrode.
4.3.11 Atomic Absorption Spectrometry (AAS)

During the experiments of silver reduction and recovery in the dual-chamber MFC, the

dissolved silver concentration was measured with Atomic Absorption Spectrometry (AAS).
4.3.12 Inductively coupled plasma - optical emission spectrometry (ICP-OES)

During the experiments of indium reduction and recovery in the dual-chamber MFC, the
dissolved indium concentration was measured with Inductively coupled plasma - optical emission
spectrometry (ICP-OES).

4.4 Experiments conducted in single chamber MFCs

In this chapter are described the experiments conducted in single chamber air cathode MFCs.
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4.4.1 MFC material comparison

The primary set of experiments consisted of material testing using different anode and cathode
configurations. In this sub — chapter the sets of the experiments conducted on the different

materials used are presented.
4.4.1.1 Glucose synthetic wastewater and MFC acclimation

In order to compare the results of the acclimation and the early operation of each MFC, the
same synthetic glucose wastewater was used across all experiments. The synthetic glucose
wastewater consisted of a phosphate buffer, potassium chloride, sodium bicarbonate, glucose (as
the electron donor) and trace elements of substances necessary for the microbial metabolism. In

detail the amounts used are presented in Table 1.

Table 1. Glucose synthetic wastewater composition

Component Concentration
Monosodium phosphate (NaH2PO4-2H,0) 529¢g/L
Disodium phosphate (Na2HPOj4-2H-0) 345¢g/L
Potassium chloride (KCI) 0.16g/L
Sodium bicarbonate (NaHCO3) 5g/L
Glucose (CsO12Hs) Detailed in each experiment separately
Trace element solutions (A, B, C) 1% v/v of each solution
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Table 2. Composition of trace elements solutions used in the synthetic glucose feed.

Component Concentration

Solution A
Calcium chloride dihydrate (CaCl-2H,0) 225¢g/L
Ammonium chloride (NH4CI) 359¢9/L
Magnesium dichloride dihydrate (MgCl.-2H20) 16.2g/L
Potassium Chloride (KCI) 117g/L
Manganese (11) Chloride MnCl,-4H20 18¢g/L
Cobalt (1) chloride (CoCl2-6H20) 27¢g/L
Boric acid (H3BOs) 051¢g/L
Copper (1) Chloride (CuCl2-2H,0) 0.24g/L
Sodium molybdate dihydrate (Na2Mo0Q4-2H20) 0.23g/L
Zinc chloride (ZnCly) 0.19g/L
Nickel (I1) chloride hexahydrate (NiCl2-6H.0) 0.2g/L
Tungstic acid (H2WOa) 0.01g/L

Solution B
Iron (1) sulfate (FeSO4) 0.7g/L

Solution C
Diammonium hydrogen phosphate ((NH4)2PO4) 7.21g/L
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For each operation cycle the MFC was emptied and refilled with fresh wastewater. Sampling

took place during the operation of the MFCs.

The characteristics of the synthetic glucose wastewater did not present variations, the pH was
7, due to the phosphate buffer presence, the conductivity was 11.5 mS/cm and the sCOD was
adjusted for the needs of each experiment. For the acclimation of the MFCs the initial glucose

amount of the feed was 1 g / L.

The first step in the MFC start—up is the acclimation of the biofilm. During this period,
anaerobic sludge inoculums 10% v/v were added to the MFC feed. This process was carried out
for the first three operation cycles of each MFC (unless stated otherwise). The anaerobic sludge
was obtained from the Wastewater Treatment Plant in Likovrisi, Athens, Greece. The anaerobic
sludge characteristics were measured before the use in the MFC and presented in the following
Table 3:

Table 3. Indicative characteristics of the anaerobic sludge used in the acclimation of the MFCs.

Anaerobic Conductivity  soluble COD  total COD
pH TSS(g/L) VSS(g/L)
sludge (mS/cm) (9/L) (/L)
7.3 4.4 0.47 21.9 49 21
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4.4.1.2 Oxygen reduction catalyst comparison

Three different catalysts were selected for comparison: manganese dioxide, activated carbon
and fly ash. Three rectangular single-chamber MFCs were constructed for this work. The cells
were made of Plexiglas and four ceramic tubes run through the anode chamber of each unit. The
anodic setup was similar for all three cells, consisting of graphite granules (250 g) and a graphite
rod embedded for the electron collection. The mullite tubes were internally coated with the oxygen
reduction catalyst. Three different catalysts were tested, one for each cell manganese dioxide
MnOg, activated carbon (AC) and fly ash (FA). Stainless steel mesh was placed on the catalyst
paste for better electron collection. An external resistance set 100 Q was connected to each cell,

except when electrochemical experiments were conducted.

The effective volume of each MFC was 150 mL, all cells were operated in batch mode and
inside a temperature-controlled room at 27°C. Glucose synthetic wastewater (1.5 g COD/L) was

used as the feedstock.
4.4.1.3 Cathode configuration comparison

Five similar single chamber air cathode MFCs were employed for this experiment. All five cells
had graphite granules (250 g) and a graphite rod as the anode. Four cathode electrodes were placed
in each cell. Four MFCs contained mullite electrodes with different oxygen reduction catalysts,
specifically: MnO2 (M-MnQ2), activated carbon (AC) wood biochar (BC) and coal fly ash (CFA).
One MFC contained Plexiglas wrapped with Gore-Tex electrodes with MnO as the catalyst. An
external resistance set 100 Q was connected to each cell, except when electrochemical experiments

were conducted.

The effective volume of each MFC was 150 mL, all cells were operated in batch mode and
inside a temperature-controlled room at 27°C. Glucose synthetic wastewater (1 g COD/L) was
used as the feedstock.

4.4.1.4 Cathode electrode number examination

One cylindrical single — chamber MFC was used for this study, with the characteristic to alter
the number of cathode electrodes. As the anode graphite granules (250 g) with a graphite rod
embedded in them were used. For the cathode Plexiglas — Gore-Tex electrodes with MnO. as
oxygen reduction catalyst were selected. Copper wire was used in the cathode for electron transfer.

61



The MFC was operated with four and then 6 cathode electrodes, while the anode remained the
same. An external resistance set 100 Q was connected to the cell, except when electrochemical

experiments were conducted.

The effective volume of the MFC was 300 mL. The cell was operated in batch mode and inside
a temperature-controlled room at 27°C. Glucose synthetic wastewater (1 g COD/L) was used as
the feedstock.

4.4.1.5 Anode electrode comparison

Three rectangular Plexiglas single chamber air cathode MFCs were constructed. One MFC
(SRCF) consisted of carbon felt anode, woven with titanium wire for current collection and three
mullite electrodes with MnO> as catalyst containing copper wire for electron transfer. One MFC
(SRGM1) consisted of graphite granules (250 g) and a graphite rod as anode and four Plexiglas
Gore-Tex electrodes with MnO2 and copper wire, as cathode. One MFC (SRCV) used a carbon
veil anode, woven with titanium wire and four mullite electrodes with CFA and stainless steel

mesh.

The effective volume of each cell was 150 mL and all cells were operated in batch mode, inside
a temperature-controlled room at 27°C. Glucose synthetic wastewater (1 g COD/L) was used as
feedstock. An external resistance set 100 Q was connected to each cell, except when

electrochemical experiments were conducted.
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4.4.2 MFC integration in a household food waste (HFW) valorization process

In this chapter the use of MFC in various stages of a HFW valorization process is investigated.
In particular, HFW was collected, shredded and dried, at municipality level in Halandri, Greece.
The drying and shredding process was conducted by the shredder in Figure 22. The products were
a soil — like material called FORBI (Food Residue Biomass) and a liquid originating from the
condensed vapors, during the drying of HFW, called condensate. FORBI and condensate were
used as feedstock for anaerobic digesters, which generated biogas. The generated biogas was then
refined and used as the fuel of the truck collecting the municipality HFW, presenting a circular
economy applied example. The MFCs were introduced in three stages, at first FORBI leachate was
used as feedstock, secondly condensate was used as feedstock and finally, the effluent of the

anaerobic digesters was used as feedstock.

FORBI and condensate were produced by a Dryer-shredder GAIA GC-300 (Figure 22). The
dryer/shredder was loaded with 120 kg of pre-sorted HFW. The drying took place at 172 °C for 9
h, with simultaneous shredding of the HFW. Two products were generated from the drying
process, the solid homogenous biomass product called FORBI (Food Residue Biomass) [114] and
vapors. By condensing the vapors, liquid condensate was produced [113].

The HFW feed in all cases was cooled at 4°C to avoid conditions favorable to the degradation
of its organic load and alteration of its characteristics. Also, the HFW feed was stirred continuously

to avoid sedimentation of suspended solids.

Figure 22. Shredder, dryer and condenser used for the exploitation of HFW in Halandri, Athens,
Greece.
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4.4.2.1 FORBI leachate treatment in MFC continuous and batch mode operation

Four rectangular single — chamber MFCs were used to treat wastewater originating from
organic food biomass (FORBI). Graphite granules (250 g) with a graphite rod embedded in them
were the anode electrode, in each MFC. Each cell had four Plexiglas tubes run through the anode
chamber, utilizing four Plexiglas Gore-Tex cathode electrodes, with MnO> as the oxygen reduction

catalyst and copper wire for the electron transfer.

The effective volume of each cell was approximately 120 mL The cells were operated in batch
mode, with synthetic glucose wastewater (0.8 g COD/L). An external resistance set at 100 Q was
connected to each cell during batch mode. The cells were placed in a temperature-controlled room,
at 27 °C.

Afterwards, the synthetic feed was replaced with food residue biomass (FORBI) extract and the
units were operated in batch mode for approximately 1000 h. Specifically, FORBI was mixed with
water and then filtered using a cloth filter. The produced solution was initially filtered with
Whatman filters (pore sizes 1.2 um to 0.7 um) and then it was diluted to a final concentration of
1.6 g COD/L. Phosphate buffer was added to the solution (PBS; pH 7) in order to adjust its pH
from 3.6 to 7.

During continuous operation the feedstock flowed from the top to the bottom of each unit and
went out by overflow, through a constant-level outlet tube, which was placed in the anode chamber.
The units were operated at a flow rate 48 mL/h. Each unit was fed individually from a common
feeding tank using a peristaltic pump (Masterflex, Cole- Parmer Instrument Company, Vernon
Hills, IL, USA). The individual external resistive loads (100 ) of the units were removed and the
four units were successively connected in series and in parallel connection under a common
external load of 100 Q (Figure 23).
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Figure 23. External resistance connections for: a) 2 MFCs, b) 4 MFCs connected in series and c)
four MFCs connected in parallel

4.4.2.2 Digestate originating from anaerobic digesters (mesophilic and thermophilic) as
MFC feedstock

During the experiments, four identical Plexiglas single chamber air cathode MFC units were
operated. The anode compartment was filled with graphite granules (250 g) (anodic liquid volume:
120 ml) while a graphite rod was inserted into the center of the chamber. Each MFC had four
Plexiglas Gore-Tex cathode electrodes with MnO: as catalyst and copper wire for electron transfer.
The cells were operated in batch mode, at 22 + 2 °C. An external resistance set at 100 Q was
connected to each cell.

As already mentioned, HFW was dried and shredded producing FORBI and condensate. FORBI
mixed with tap water (18 g/L) was used as the feedstock for two anaerobic digesters. One AD
reactor operating in thermophilic conditions (~50°C) with a volume of 0.5 m® and one AD reactor
operating in mesophilic conditions (~35°C) with a volume of 4 m*. Both AD reactors were CSTRs
and the effluent of each reactor was used as the feedstock for the MFCs. Each feeding was tested

in duplicate (Cells 1, 2: mesophilic digestate, Cells 3, 4 thermophilic digestate).

The digestate was filtered using a 5 um filter sludge bag and it was then inserted in the MFCs.
The characteristics of the mesophilic digestate are presented in Table 4 and the characteristics of
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the thermophilic digestate are presented in Table 5. The COD concentration of the digested, varied,

due to the continuous operation and the alteration of the feed organic load.

Table 4. Mesophilic Digestate Feeding Characteristics (after sludge bag filter).

Cycle  COD (g/L) pH Conductivity  yos /1) vSS(mg/l)  VFAs (mg/L)
(mS/cm)
Cell Cell Cell Cell Cell Cell Cell  Cell
Number 1 5 1 5 1 Cell 2 1 5 1 Cell2 Celll Cell2
1 56 5.6 6.9 6.9 24 24 178 17.8 4.8 4.8 305 305
2 63 66 72 72 24 2.4 4 37 34 31 38 -
3 72 6.3 6.8 7.2 24 24 4.7 4 3.9 3.4 32 385
4 8.1 7.2 6.9 6.8 24 24 4.5 4.7 4 3.9 800 32
5 6.3 9.7 6.7 7.3 24 24 2.9 1.3 24 1 510 88
6 3.7 11.0 7 6.8 24 2.5 4.1 4.9 3.5 4.2 325 779
7 - 3.7 - 7 - 24 - 4.1 - 35 - 325
Table 5. Thermophilic Digestate Feeding Characteristics (after sludge bag filter).
Cycle  COD (g/L) pH Cczrr:fg/‘fr'r‘]’)'ty TSS(mg/L)  VSS (mg/L)  VFAs (mg/L)
Cell  Cell Cell Cell Cell Cell Cell
Number 3 4 3 4 Cell3 Cell4 3 Cell 4 3 Cell 4 3 Cell 4
1 6.1 6.1 6.9 6.9 2.6 2.6 133 133 14 14 842 842
2 4.4 10.0 6.9 7.4 3.9 2.7 35 3.5 0.9 3.1 - -
3 10.0 8.8 7.4 6.7 2.7 3.9 35 5 3.1 4.4 1526 1526
4 8.8 8.6 6.7 7.4 3.9 4.6 5 3.4 4.4 2.9 - -
5 9.8 7.4 7.1 7 4.5 5.2 2.5 4.2 2.2 3.5 - -
6 7.4 8.1 7 7 5.2 1.8 4.2 11 3.5 0.9 - 3052
7 8.1 6.2 7 7.2 1.8 4.8 11 1.7 0.9 15 3052 2776
8 6.2 - 7.2 - 4.8 - 1.7 - 15 - 2776 -

4.4.2.3 Condensate originating from HFW as feedstock

Condensate was co-produced with FORBI during the drying and shredding of HFW waste. The

characteristics of condensate are presented in Table 6. The VFAs concentrations are the average

values of four different feed samples. Initially, different condensate concentrations were tested in

the MFC feedstock, in order to examine the effect on the MFC performance of the different

concentrations. Afterwards, “raw” condensate was used as the MFC feedstock. An external
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resistance set 100 Q was connected to each cell, except when electrochemical experiments were

conducted.

Table 6. Characteristics of condensate from HFW drying.

VFAs (mg/L)
COD H Conductivity Iso- Iso-
_ D ) . o
concentration (uS/cm) Acetic  Butyric  Propionic butyric  valeric
acid acid acid i )
acid acid
35+ 1008 £+ 144 +
13 262 £ 100 75+ 25 40+28 134
0.4 720 68

4.4.2.3.1 Different initial condensate concentrations in the MFC feedstock

Mullite was compared to Gore-Tex as a separator and to Plexiglas as structural support of the
cathode electrode. Two rectangular Plexiglas single chamber MFCs were constructed. Each cell
had four tubes running through the anodic compartment. The same anode electrode setup was used
for both cells, graphite granules (250 g) and an embedded graphite rod. Different cathode
electrodes were used for the two cells. For the first cell, four cathodic electrodes with Gore-Tex
cloth were assembled as already specified. For the second cell, the four cathodic mullite electrodes
were internally coated with the oxygen reduction catalyst paste, MnO2. The synthetic glucose
wastewater was used as feedstock. An external resistance set 100 Q was connected to each cell,

except when electrochemical experiments were conducted.

Following the acclimation period, the synthetic wastewater was switched with condensate

originating during the drying process of HFW.

Before feeding the condensate to the anode chamber, it was mixed with phosphate buffer (5.29
g/L NaH2PO4 -2H0, 3.45 g/L Na;HPO4 -2H>0) and potassium chloride (0.16 g/L). Following the
addition of the phosphate buffer and potassium chloride, the pH of the average pH of the anolyte
was 6.2 + 0.7 and the average conductivity 5 £ 0.6 mS/cm (Table 7). The same initial condensate
concentrations were examined in both cells, in order to compare the cell’s operation performance
with different separators. The condensate initial concentration (400 — 4000 mg COD/L) was

increased in consecutive operation cycles. For each initial condensate concentration two operation
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cycles were carried out. The characteristics of the condensate feed are presented in detail in Table
7

Table 7. Characteristics of the condensate feed after it was mixed with the buffer solution.

Cycle N, COD " Conductivity
(g/L) (mS/cm)
1st 0.4 6.7 5.9
2nd 0.5 6.9 5.0
3rd 0.6 6.6 5.0
4th 0.8 6.5 4.9
5th 1.2 6.6 4.9
6th 14 6.6 5.2
7th 3 51 54
8th 4 4.8 3.8

4.4.2.3.2 “Raw” condensate in the MFC feedstock
Following the operation with different initial condensate concentrations in the MFC feed, the

impact of “raw” condensate feed on the MFC performance was examined.

For this work, two rectangular single — chamber MFCs were used, the same as chpt. 4.4.2.3.1.
Each cell had four tubes running through the anodic compartment. The same anode electrode setup
was used for both cells, graphite granules (250 g) and an embedded graphite rod. Different cathode
electrodes were used for the two cells. For the first cell, four cathodic electrodes with Gore-Tex
cloth and MnO: as the catalyst were assembled. For the second cell, the four cathodic mullite

electrodes were internally coated with the same oxygen reduction catalyst, MnO. An external
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resistance set 100 Q was connected to each cell, except when electrochemical experiments were

conducted.

Following the acclimation period, synthetic glucose wastewater was replaced with condensate.
In order to improve the low conductivity and pH, phosphate buffer was added in the raw
condensate. After the mixing the improved pH and conductivity were 4.9 and 6.6 mS/cm,
respectively. The condensate feeding presented fluctuations because it originated from gathered
HFW, which varied each batch.

4.4.2.4 Condensate fed PABR outlet as MFC inlet

In order to “polish” the effluent of a condensate fed PABR a single chamber air cathode MFC
was employed. The anode consisted of graphite granules with a graphite rod embedded in them.
The cathode consisted of four mullite tubes coated internally with MnO> catalytic paste with a

copper wire as current collector.

Condensate was used as the feedstock for anaerobic digestion in a periodic anaerobic baffled
reactor (PABR), with an active volume of 77 L. When designing the PABR, the water bath was
placed on the inner cylinder, while the outer concentric cylinder is the active volume. The
temperature of the reactor was maintained in mesophilic (~35°C) conditions, via the hot water
circulating in the closed water bath-water heater system. The volume of the PABR gas phase was
equal to 20 L. The reactor was made of stainless steel and the external piping consisted of hard
PVC sections (3/4"), connected to 12 automatic solenoid valves. The solenoid valves were

connected electronically PLC control panel.

The PABR effluent was collected and used without any pretreatment in the MFC anode, with
an effective volume of 150 mL. An external resistance (100 Q) was connected to the MFC at all
times, except when electrochemical experiments were performed. The characteristics of the PABR

effluent are presented in Table 8.

Table 8. Condensate fed PABR effluent characteristics, used as MFC feedstock.

Conductivity
COD (g/L) pH TSS (mg/L)  VSS (mg/L)
(mS/cm)
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0.36+0.1 79%0.1 3+0.7 04+0.1 02+0.1

4.4.25 MFC technology combined with dark fermentation to efficiently treat cheese whey

The MFC technology was used in a two-stage system with a dark fermentation reactor. The DF
process took place in an integrated bio-electrochemical hydrogen (Hz) production system (IBH>S).
The IBH,S operated with cheese whey (CW) as feedstock [115].

A rectangular single chamber air cathode MFC was used for the IBH>S effluent treatment. The
anode consisted of graphite granules (250 g) with a graphite rod embedded in them for current
collection. The cathode consisted of four mullite tubes coated internally with fly ash (FA) catalytic
paste, using stainless steel mesh for electron transfer. The effective volume of the FA was 150 mL.
The MFC was operated in batch mode and in a temperature-controlled room (~27°C). An external
resistance set 100 Q was connected to the cell, except when electrochemical experiments were

conducted.

A synthetic dark fermentation (SDF) wastewater was created, containing similar concentrations
of acetic acid, butyric acid and ethanol as the IBH,S effluent. The SDF consisted of: 1.2 g/L acetic
acid, 3.5 g/L butyric acid and 2.5 g/L ethanol in mixed with DI water. The pH of the SDF was
adjusted to 6.5 by 2 M NaOH addition. The SDF was fed to the FAMFC to examine the effect on
the MFC performance.

The IBH>S effluent was filtered-sterilized through a 5 um sludge bag filter. The real dark
fermentation (RDF) wastewater was then diluted at 10% and 50% and used as feedstock in the
MFC, after the SDF feed. Three different cases were studied of RDF mixed with DI water, 10%
RDF, 50% RDF and 10% RDF effluent with increased conductivity by KCI addition. In all cases,
the pH of the RDF solutions was adjusted to 6.5, by 2 M NaOH.

Table 9. Characteristics of SDF and RDF wastewaters used as feedstock in FA.

COD
Wastewater pH Conductivity (mS/cm) concentration
(g/L)
SDF 6.2+0.1 16+0.2 48+0.2
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10% RDF 6.4 39+0.1 6.2+0.1
50% RDF 6.5+0.4 14+0.4 322+0.1
10% RDF + KCI 74+0.8 14+0.6 6.4+04

4.5 Experiments conducted in dual chamber MFCs
4.5.1 Silver recovery experiments

The aim of this work is to examine the feasibility of using MFC technology to recover silver
from a synthetic wastewater simulating PV hydrometallurgical process extract. The synthetic
wastewater simulated the characteristics of pH, conductivity and silver concentration of the
chemical extract that was generated from the hydrometallurgical process of 1% generation PV
panels in the framework of the PHOTOREC project [116]. In particular this process includes the
dismantling of 1% generation PV panel, thermal treatment of the solar cell at 550 °C and acidic

extraction of the Si, Ag and Cu, contained in the decomposed solar cell [117].

A dual chamber MFC (300 mL each chamber) was used for the experiments. Both chambers
were continuously stirred. Plain graphite paper was used as the anode. For the acclimation the
MFC operated with oxygen as the electron acceptor and the cathode electrode was graphite cloth
with Pt coating (ETek - 0.5 mg/cm?), as the oxygen reduction catalyst. For the silver recovery
experiments, plain graphite paper was used as the cathode electrode, connected to a titanium wire
using a silver conductive epoxy (Conductive Epoxy, Circuit Works). The dimensions of all
electrodes used were 2.5 cm x 3.8 cm. The anode solution consisted of synthetic glucose medium
(1.5 gCODI/L)

The synthetic wastewater simulated the characteristics (pH, conductivity, concentration) of the
chemical extract that was generated from the hydrometallurgical process of 1% generation PV
panels. The process to obtain the PV panel extract was the following: dismantling of a 1%
generation PV panel to remove the metallic frame, thermal treatment at 550 °C to remove the EVA,
sieving to separate the glass from the solar cell and the electrodes and collection of the solar cell
parts and electrodes. Afterwards, acidic extraction was employed using 5 N nitric acid (HNO3) for
3 h, at 25 °C of the PV panel’s solar cell [117]. Table 10 presents the characteristics of the real PV

panel chemical extract and the characteristics of the subsequent diluted solution.
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Table 10. Concentration of silver, pH and conductivity of chemical extract originating from 1%
generation polycrystalline silicon PV panel.

Conductivity
Ag (mg/L H
PV panel 9 (mg/L) P (mS/ecm)
chemical extract
5110 OoDL ODL
1:100 Diluted
PV panel 51 2 20

chemical extract

Four different recovery cases were examined (R1, R2, R3, R4) in order to examine the
influence of pH and conductivity. The initial silver concentration was kept the same for all
experiments (approx. 50 mg/L) similar to the concentration of the real chemical extract. The initial
concentration value was determined based on the liquid volume of the cell and the amount of PV
panel extract available. The corresponding dilution of the PV panel extract led to the
aforementioned silver concentration, as well as pH 2 and conductivity of ~20 mS/cm Table 10).
The effect of catholyte’s pH and conductivity on the silver reduction was studied. The experiments
were conducted at pH 7 and pH 2. Moreover, different supporting electrolytes (NaClO4 and KCI)
were used to increase the conductivity of the synthetic solution, simulating the high conductivity
of the extract (Table 10). In the first experiment (R1) silver nitrate (AgNO3) was dissolved in DI
water at the desired concentration and sodium perchlorate (NaClO4) was added, to increase the
conductivity of the catholyte (18.9 mS/cm). In the second experiment (R2), silver nitrate was
dissolved in DI water and potassium chloride (KCI), was added in order to increase the
conductivity (19.5 mS/cm). For the third experiment (R3), silver nitrate was dissolved in DI water
with no supporting electrolyte, leading to a considerably lower initial conductivity (0.006 mS/cm)
when compared with the other cases (Table 10). The fourth experiment (R4) was carried out with
silver nitrate (AgNO3) dissolved in DI water, sodium perchlorate (NaClOa) at pH 2, which was
adjusted using nitric acid (0.1 M HNOs3). The sodium perchlorate concentration (0.2 M) was kept
constant. At the beginning of each batch cycle the cathode was sparged with nitrogen (N2) in order
to remove the oxygen from the chamber and this process was repeated after every sampling. Table
11 presents the characteristics of the catholyte for each case (R1, R2, R3 and R4). Each experiment

was carried out for six consecutive batch cycles, in order to acquire repeatable results.
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Table 11. pH and conductivity of the synthetic silver wastewater for the R1, R2, R3 and R4
experiments.

Experiment Initial pH Supporting electrolyte Initial conductivity (mS/cm)
R1 7 NaClO4 18.9
R2 7 KCI 19.5
R3 7 - 0.06
R4 2 NaClO4 18

In order to calculate the maximum silver reduction rate (g Ag/h/m?) Faraday’s law was used:

i-Mr
nF

Rsitper = Eqg. 22

Where i is the maximum current density (A/m?) as obtained from electrochemical experiments,
Mr is the molar weight of the reacting substance, n is the number of the participating electrons in
the reaction and F is Faraday’s constant. By determining the maximum power output of the cell
through LSV experiments, the maximum rate may also be estimated. Also, in order to extract the
rate of the silver reduction, the experimental data were fitted with a linear curve, in order to

compare the two rates.
4.5.2 Indium recovery experiments

The aim of this work is to examine the feasibility of using MFC technology to recover indium
from a synthetic wastewater simulating PV hydrometallurgical process extract and afterwards
indium recovery from a 2" generation PV (CIGS) chemical extract. The synthetic wastewater
simulated the characteristics of the chemical extract that was generated from the
hydrometallurgical process of 2" generation PV panels (CIGS) in the framework of the
PHOTOREC project [116]. In particular the process of dismantling the 2" generation PV panel
included the mechanical processing (via a cryogenic mill) of the panel followed by the chemical

extraction using nitric acid (HNOz 70% w/v).

A dual chamber MFC (70 mL anode / 140 mL cathode) made of PTFE (polytetrafluoroethylene)
was used for the indium recovery experiments. The anode consisted of graphite felt (5 cm x 5 cm),
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woven with titanium wire. During the acclimation, oxygen was used as electron acceptor and the
cathode electrode was a graphite cloth coated on one side by Pt as the oxygen reduction catalyst
(2.5 cm x 3.8 cm). For the indium recovery experiments plain graphite paper was used as the
cathode electrode (2.5 cm x 3.8 cm), connected to a titanium wire using a silver conductive epoxy
(Conductive Epoxy, Circuit Works).

The anode solution used in all cases was the synthetic glucose wastewater (1.5 g COD/L).
During the indium recovery experiments the cathode solution was initially a synthetic wastewater
containing indium (InCls — 180 ppm) and afterwards the real 2" gen. PV panel chemical extract
was used. In particular the synthetic indium wastewater contained 180 mg/L indium, with a pH of
2, adjusted by adding hydrochloric acid (0.2 M). The MFC operation with synthetic indium
wastewater was carried out for 6 operation cycles. Afterwards, the cathode solution was switched
with the 2" generation PV panel chemical extract. Due to the pH of the extract being off detection
limits (ODL) the 2™ generation PV panel chemical extract was diluted with DI water (10%) and 3

operation cycles were performed.

The characteristics of the chemical extract originating from the processing of 2" gen. PV panel
(CIGS) are presented in Table 12.

Table 12. Characteristics of the 2" generation PV panel chemical extract and the diluted chemical
extract used in the MFC cathode

Concentration (mg/L)

Conductivity
In Cu Mo Ga Zn pH
(mS/cm)

Chemical extract 40 26 195 19 107 ODL ODL
Synth 165 - - - - ~2 2.5

Synth + KCI 130 - - - - ~2 15

Diluted (10%) chemical

4 2.6 19.5 1.9 10.7 ~1.2 84

extract

74



4.6 Table of Experiments conducted

In this chapter each experiment is summarized in Table 13, describing the experimental

configuration along with the substrate used in each case.

Table 13. Summary of experiments conducted in single and dual chamber MFCs.

. Cathode .
Experiment Feedstock (Anode | Operation
described Cell Anode
: Substrate) mode
in chapter # Separator | Catalyst
Electrodes P y
MnO; MnO;
Graphite
FA granules . Fly ash S.G.W. (15¢g
4.4.1.2 (250 g) + 4 Mullite | CODIL) Batch
AC Graphite rod Activated
carbon
M - MnO Gore-Tex
Plexiglas MnO:
P - MnO;
Graphite
BC granules Biochar S.G.W. (15¢g
4.4.1.3 (250 g) + 4 CODIL) Batch
FA Graphite rod Mullite Fly ash
Activated
AC carbon
Graphite
granules Gore-Tex S.GW.(15¢g
4.4.1.4 SCH (300 g) + 416 Plexiglas MnO, CoDIL) Batch
Graphite rod
Carbon Felt
SRCF +Ti wire 3
i . S.G.W. (15¢g
SRCV Cir?io\r;w\r/eell Mullite CODIL) Batch
4.4.1.5 MnO;
SMul Graphite 4
granules
(250 g) + Gore-Tex
SRGM Graphite rod Plexiglas
4421 Cell 1 4 MnO-
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Cell 2

Graphite
Cell 3 granules Gore-Tex Forbi leachate (0.8 Batch &
(250 g) + Plexiglas —1.6gCOD/L) | Continuous
Cell 4 Graphite rod
Cell1 Mesophilic
. digestate (4 —11g
Graphite
Cell 2 granules Gore-Tex CODIL)
4422 (250 ) + Plexialas MnO; Batch
Cell 3 Gra hi'?e rod g Thermophilic
P digestate (4.4 — 11
Cell 4 g CODI/L)
Gogee-l'll'ex Graphite Mullite Cozde’ggtg/(g“ -
4423 granules MnO; : Batch
(250 g) + Gore-Tex “Raw” condensate
Mullite cell | Graphite rod . 6— 13 q COD/L
Plexiglas ( 9 )
Graphire PABR effluent
effluen
4524 SMul granules Mullite | MnO, Batch
(250 g) + (0.4 g CODIL)
Graphite rod
Graphite SDF (5 g CODI/L)
4425 SRFA granules Mullite | Fly ash Batch
el (250 g) + RDF (6-30¢g
Graphite rod CODIL)
. Graphite
Graphite
45.1 Dual glass paper (2.5 paper (2.5 - SGW.(15¢ Batch
cmx 3.8 CODI/L)
cm x 3.8 cm)
cm)
Graphite
Carbon Felt
paper (2.5 i S.GW.(15¢g
452 Dual PTFE (5cmx5 om X 3.8 CODIL) Batch
cm) cm)
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4.7 Model development

The aim of this work was to develop a time-dependent 2D MFC model, containing mass and
charge conservation and transfer phenomena along with a combined Butler-VVolmer-Monod
kinetics. The model was developed with minimal computational requirements in order to extract
quick and accurate results taking into account the geometry of the cell and the materials that
comprise it. This model examines glucose consumption in an H-type MFC, calculating the voltage
output, substrate consumption and polarization curves. The model proposed an approach to quickly
predict and validate optimal conditions for MFC operation. This was accomplished by the use of
electrochemical kinetics along with parameters determined by experimental data fitting. The focus
of this work was the creation of an improved model to quickly predict accurate conditions, in order
to improve the performance of the particular MFC setup.

4.7.1 Experimental set-up

The model was based upon a dual-chamber MFC, in order to validate the computational results
with experimental data. Specifically, an H-type MFC was operated in batch mode, consisting of
an anode (0.3 L) and a cathode (0.3 L). The solutions in both chambers were continuously stirred.
Plain graphite paper (3.8 cm x 2.5 cm) and graphite cloth (3.8 cm x 2.5 cm) coated with Pt as the
oxygen reduction catalyst, were used as the anodic electrode and the cathodic electrode,
respectively. Titanium wire and a silver conductive epoxy (Conductive Epoxy, Circuit Works)
were used for the electrode connection. Between the two chambers a proton exchange membrane
(Nafion ™ 117, DuPont - PEM) was placed. Both chambers were under continuous stirring and
operated in a temperature control environment set at 30 °C. A resistance box set at 100 Q was
connected to the cell. The cell was operated with a synthetic glucose wastewater (1 g COD/L) in
the anode. For the cathode phosphate buffer (3.67 g/L NaH2POs and 3.45 g/L Na>HPO,) and
potassium chloride (0.16 g/L KCI) were used. The cathode chamber was continuously sparged

with air, supplying the electron acceptor (O>).

The cell’s potential was recorded at set intervals (2 min) using an Agilent Keysight 34972A
LXI Data Acquisition/Switch Unit. The pH and conductivity were measured by digital instruments
(WTW INOLAB PH720) and (WTW INOLAB) respectively. Soluble COD was measured
according to the standard methods [112]. Polarization experiments were conducted by altering the

resistance on the resistance box. Initially, the system achieved open circuit voltage (OCV) by
77



removing the external resistance for 3 h, thus resulting in infinite resistance between the two
electrodes. Then the resistance box was connected to the cell and different consecutive resistances
were applied (1 MQ — 0 Q). Each external resistance was applied for 6 min recording the voltage

and the current every 2 min. The current was measured using a multimeter.
4.7.2 Model description

The model was developed in the finite element software (FEM) Comsol Multiphysics® Version
5.2. The model focused on the description of the voltage output, the organic substrate (glucose)
consumption and the estimation of the maximum power through polarization curves.
Experimentally the glucose concentration was measured in g COD/L, but in the model the
corresponding glucose concentration (mol/m®) was determined. For this reason, the organic

substrate results were normalized with the initial value (C/Co).

The geometry was a vertical section (2D) of the MFC, depicted in Figure 24a. It consisted of
an anode, a cathode, the separator (PEM membrane [118]) and the two electrodes (2.5 cm x 3.8
cm). The third dimension (z — axis) was considered equal to the width of the electrodes (2.5 cm).
The distance between the two electrodes was 15 cm. The cell was considered to operate in batch
mode and at a set temperature (32 °C). As the electron donor, to be oxidized by the electrogen
biofilm, glucose was chosen. The reaction assumed to take place in the biofilm was presented in
Eq. 10 (Glucose oxidation) [33].

The biofilm was considered to be on the surface of the anodic electrode and glucose reacted as
it came in contact with it. Despite the porosity of graphite paper and the presence of
microorganisms, the reaction was assumed to take place homogeneously on the electrode. In the
anode chamber the carbon dioxide was considered dissolved in the liquid, thus taking into account
only the liquid phase. Furthermore, due to the presence of a phosphate buffer the changes in the
anodic pH were considered negligible. The concentration of microorganisms was considered
constant, as the assumption was made that the growth rate was equal to the decline rate. This
assumption led to a constant biofilm present on the anodic electrode. Moreover, the biofilm was
assumed to consist only of electrogenic bacteria and no competing biomass was considered
present. The description of the electrochemical reaction rate (mol/m?/s) taking place in the biofilm

was done by the Monod - Butler - Volmer expression. This equation combines the organic substrate
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consumption rate and the effect of electrochemical phenomena on it, taking into account the

overpotential.

CGlucose aaF
Ry =k exp ( M) Eq. 23
! ! KGlucose + CGlucose RT “

Where ki (mol/(m?h)) is the maximum specific growth rate multiplied by the biomass
concentration (K1 =k - Xpio), Colucose (Mol/m3) is the concentration of glucose in the anode
chamber, Kaiucose (Mol/md) is the half velocity rate constant for glucose, a, is the anodic transfer
coefficient, F (C/mol) is the Faraday’s constant, R (J/(molK)) is the gas constant, T (K) is the
temperature and n, (V) is the anode overpotential. No inhibition of the microbial activity by the

organic substrate was considered.

It was assumed that no diffusion of oxygen from the cathode to the anode takes place. To
describe the rate of the reaction in Eg. 11, a Monod-Butler-Volmer kinetic was employed,

assuming a Monod-type dependence on dissolved oxygen concentration [119].

C a-F
Oxygen exp (RCT Ne¢) Eq. 24

RZ == kz
KOxygen + COxygen

where k2 (m*2/(m*h)) is the forward rate constant of cathode reaction, Coxygen (Mol/md) is the
concentration of dissolved oxygen in the cathode chamber, Koxygen (Mol/m?3) is the half velocity
rate constant for oxygen, a. is the cathode transfer coefficient and n. (V) is the cathode

overpotential.

The correlation between reaction and rate and current development was done using Faraday’s

law:

Vila/c
R, =——— Eqg. 25

Where vi is the stoichiometric coefficient (i = glucose or oxygen), ia (A/m?) is the current density

(anode or cathode) and n; the number of electrons that take part in the reaction.
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In Figure 24b, the algorithm of the model is presented. An initial glucose concentration was
selected and as the simulation is initiated, the reaction rate is calculated by the Monod — Butler —
Volmer kinetics on the anode electrode surface. The initial value for the voltage between the two
electrodes is 0 V. By the use of Faraday’s law, the current density on the anode is calculated based
on the reaction rate. Through the external resistance the current brings electrons to the cathode
electrode, where oxygen reduction takes place. The respective current density is calculated by
Faraday’s law based on oxygen reduction reaction rate. The charge balance equations calculate the
total transfer of charge throughout the cell and the voltage developed between the two electrodes.
The overpotential is determined based on the voltage and the standard potentials of the reactions.
Simultaneously, the decrease in the glucose concentration and the respective glucose distribution
is determined. As a new glucose concentration on the electrode surface is calculated, a new

reaction rate is determined, taking into account the new overpotential value.

a) Charge and mass
balance equations
Anode VAN Cathode
/ \
Glucose oxidation ’/ R Oxygen reduction
by the biofilm 7
\ Separator /
15 em 3.8cm ’
Anode Cathode
Electrode _ Electrode
1 cm?
10 cm
15 cm
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b)

e — Initial glucose concentration (C,)

}

Glucose consumption rate (Monod —
Butler — Volmer)

|

Current density developed on the anode (Faraday’s law)
Current density developed on the cathode (Faraday’s law)

Ohm'’s law

|

Charge and mass balance equations

!

Voltage development & glucose distribution

!

Overpotential & remainder glucose calculation

Figure 24. a) Schematic of the MFC domain in the model and b) concise algorithm of the model

4.7.3 Mass and charge transfer equations

The anode and the cathode chambers were considered to be full of the aforementioned synthetic
solutions. For the transfer of mass through the anode and the cathode the Nernst — Planck equation
was used. This equation takes into account the change of concentration in time and the transport
of chemical species by diffusion, convection and migration. This equation takes into account the
transport of species due to the concentration gradient (diffusion), by the movement of the bulk of
the fluid (convection) and due to the presence of an electric field (migration).

oc V-|DV + bzk \Y
ot [ ¢ —uc+prc(Vo)
Eq. 26
_ { 0,in the bulk
~ |R,on the electrode surface

Where D (m?/s) is the diffusion coefficient of the species, u (m/s) is the velocity vector of the
liquid, z is the valence of the ionic species, ¢ (V) is the potential and R (mol/(m?h)) is the reaction
rate. On the walls, a no flux condition was applied and similarly no flux was applied on the

separator. Inside the cell, an incompressible Newtonian fluid was assumed.
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For the charge transfer in the cell, Ohm’s law was used along with charge balance equations.
More specifically, a uniform electrolyte medium was assumed for the transfer of charged ions and

activation overpotentials were also taken into account:

Vi = { 0, in the bulk ca 27
=10, on the electrode surface a-
ij = o;Ve; Eq. 28

Where ii (A/m?) is the current density (i = electrode / electrolyte), Q (C) is the total charge, o (S/m)
is the conductivity and ¢ (V) is the potential. Ohmic changes in the electrical connections were
considered negligible. For the calculation of the cell’s voltage, the open circuit voltage, the anode
and cathode overpotential and the ohmic losses in the electrolyte were considered, using the

following equation:

Vcell = VOCV + Nanode + Ncathode + Rcellicell Eq- 29

Where Vocv (V) is the open circuit voltage and Rcen (2) is the internal resistance of the cell,
consisting of the separator and the electrolyte resistances. Furthermore, Ohm’s law was used to

calculate the voltage between the anode and cathode electrodes.

Veetr = IRext Eq. 30

Where | (A) is the current of the closed circuit, Rext (€2) is the external resistance connected in the
MFC. After the initial simulation runs, the capacitance of the electrodes was incorporated in the
model to further examine its effect. The following equation was added to take into account the

changes in the potential in the electrode electrolyte interface, as well as the capacitance.

. {9(@electrode)
1= < - gct = Celectrode Eq. 31
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Where Celectrode (F/m) is the capacitance of the electrode. In the anode, the capacitance takes into
account the biofilm existence and is different for every acclimation, namely every biofilm. The

capacitance also depends on the type of the electrode.

The parameters of the aforementioned equations have been extracted by a fitting model
developed using the Aquasim software [16]. This model was a modified version of the respective
one by Zeng et al. 2009 [104]. The model contained altered mass balance equations, in order to
simulate a batch reactor instead of a CSTR. Glucose was assumed as the electron donor and
Andrews Kinetics were used instead of the Monod. The resulting Andrews — Butler — VVolmer

equation is the following:

CGlucose aaF
R: = k: —
l l CGlucoseZ P (RT na)
KGlucose + CGlucose + Ki

Eq. 32

Where Ki (mol/m®) is the inhibition of the glucose concentration. Experimental data of the
operation of the previously described dual chamber MFC were used as input values for the
estimation of the parameters. The results and more details of the Aquasim model were presented

elsewhere [44]. The values of the parameters used are presented in the following table:

Table 14. List of model parameters, presented in the order their equations were presented (23 -
32).

Symbol Description Unit Value Source
Maximum 2 el 103
! specific growth rate mol m=h 6-10
Half — velocity .
) ) Calculated by Aquasim
3 104
Keiucose rate ;?l:l;t)aslgt for mol m 3-10 model [44]
Anode transfer
%a coefficient B 0.05
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Forward rate

k, constant of cathode m*2 mol* ht 9.19-10°
reaction
Half — velocity
Koxygen rate constant for mol m™ 4.10°3
oxygen
a Cathode transfer B 0.7
¢ coefficient '
Anode )
Canode Capacitance Fm? 13721
Cathode )
Ceathode Capacitance Fm® 500
Glucose 3 3
Ks inhibition constant mol m 37-10
Faraday’s Coulombs
F constant mol! 96485 [120]
R Gas constant Jmol?t K1 8.31
Dissolved
oxygen 3
Coxygen concentration in the mol m 0.3125
cathode chamber [121]
Glucose
D diffusion m?s?t 0.5-107°
coefficient
Electrolyte 1
Oi conductivity Sm 12
Electrode 1
Oi conductivity Sm 10
Experimental values
Open Circuit
0
E Voltage v 0.75
Electrode
Selectrode sz 19

surface




Separator

Sseparator surface cm? 1
Electrode
delectrode distance cm 17
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5 Results of single chamber MFC material comparison

The presentation of the results will take place in three parts one for the single — chamber MFCs,
one for the dual — chamber MFCs and one for the simulation results. In each section, the objective

is stated and the experimental configuration is briefly described.
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5.1 Oxygen reduction catalyst comparison
5.1.1 Introduction

Utilizing by-products or waste as materials for MFC construction increases the sustainability
of the technology. Fly ash FA is generated during the combustion of coal or municipal solid waste
for energy production [122]. It is an industrial by-product and is recognized as an environmental
pollutant. In the past it was released in the atmosphere contributing to the air pollution, but strict
laws have greatly reduced the emissions. The reuse of FA has led to the reduction of it reaching
landfills. The main uses of FA are concrete and other structural material production as well as
agricultural uses (soil amendment, fertilizer ao.). Considerable research is being carried out
worldwide on the use of waste materials in order to avoid an increasing toxic threat to the
environment, or to develop more efficient waste disposal techniques [122]. Fly ash can be a useful

additive for electrode fabrication, since it has ion — exchange properties [123].

Activated carbon (AC) is a material originating from carbon — based source (wood, lignite,
coal) using either a physical or a chemical activation. The basic characteristic of AC is the high
surface area, which make it ideal for clearing water and air from pollutants. AC has been studied
as an oxygen reduction catalyst in the MFCs, presenting notable results, when compared with
different materials for cathode electrodes [124]. There are various ways to incorporate AC in the
cathode electrode, either as a packed bed on the electron collector [124], or more complex
techniques. AC was used a catalyst, initially subjected to coating and high — temperature pyrolysis,
followed by the placement on a stainless — steel mesh using a rolling method [76]. For an air
cathode single chamber MFC, an AC layer was placed on a gravel bed with a copper plate for the

electrical connection [77].

This work examines different materials as cathode catalysts in order to maximize oxygen
reduction occurring in single-chamber MFCs, while at the same time the effect of using mullite as
a cathode electrode on the cell’s performance is also examined. Specifically, MnO., fly ash and
activated carbon have been selected as catalysts and mullite as the structural material of the
cathodes. MnO- is a common catalyst used to accelerate the oxygen reduction rate, while fly ash
and activated carbon are potential cheap alternatives, the performance of which is assessed in

comparison with MnO..
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Experimental set — up: 4.4.1.2

Experiments conducted: The MFCs were operated in batch mode and were fed with a synthetic

glucose medium (1.5 g COD/L). During the first three batch cycles, the MFCs were inoculated
with anaerobic sludge, in order to start the adaptation of the electrochemically active biofilm.

5.1.2 MFC current output and wastewater treatment efficiency for each catalyst

Figure 25 presents the current output versus time for the acclimation and operation of the three
cells distinguished by color depending on the catalyst used (Green = MnO., Red = AC, Blue =FA).
The arrows indicate the point when no further sludge is added in the feed.
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Figure 25. Current output versus time during acclimation and operation of the three cells (Green =
MnO3, Red = AC, Blue = FA). Arrows indicate the points in time where acclimation for each cell
was considered complete

Following sludge inoculation, the current peaks during each successive cycle continue to
increase, due to the adapting bacteria. The acclimation is finished once the maximum current is
repeatable. The acclimation period for MnO2 cell was 700 h, for the FA cell 240 h and for the AC
cell 440h, respectively. The FA cell acclimated faster than the other 2 cells, as it presented first
repeatable current peaks. Following the acclimation, the maximum current (Imax) for the MnO2 was
recorded at the 4™ cycle and was equal to 2.79 mA. The FA cell achieved Imax equal to 1.9 mA at
the 6" cycle. The AC cell peaked at 0.6 mA, though the maximum current produced in each cycle
was unstable, as can be observed in Figure 25. The average COD removal of the MnOz and FA
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cells was 81% and of the AC cell 78%. The CE was 12% — 14 % for the MnO> cell, while for the
FA cell ranged between 6% — 18% and for the AC cell ranged between 2% — 7%. The increase in
the maximum current corresponded to the increase in the CE for the MnO; and FA cells. The AC
cell due to the low current output did not achieve similar CEs, indicating that the organic matter
was mainly consumed by antagonistic microorganisms, which did not contribute to the current

production.

Table 15 presents the average measurements of pH and conductivity at the end of the operation
cycles. In comparison with the feed, all cells presented an increase in the pH. This increase is
thought to have been caused by two factors. First, the continuous reduction of air’s O2 in the
surface of the cathodic electrodes, as this process consumes the [H*] and secondly, anaerobic
microbial reactions happening because of both electrogenic and other bacteria. Conductivity
measurements presented an increase in two cells (MnO2 and AC), while the FA cell presented a
small decrease. The increase of the conductivity is presumably caused by the microbial activity;

breaking down substances and increasing the dissolved ions in the anode, similar to

Table 15. Average pH and conductivity values of the effluent of the three cells (MnO2, FA, AC).

Oxygen reduction
MnO> FA AC
catalyst

pH 7.5+0.9 7.7+0.1 8+0.3

Conductivity (mS/cm) 152 +2.4 10.8+0.1 13.8 +1.6

5.1.3 Electrochemical characterization of the different MFC operations

Figure 26 presents the results of Linear Sweep Voltammetry experiments on the three cells. The
maximum power was achieved by the MnO- cell (2.32 W/m?) whereas the FA cell (1.21 W/m?®)
and the AC cell (0.35 W/m®) produced lower power output. The OCVs (open circuit voltages)
obtained were 0.489 V for the MnO- cell, 0.419 V for the FA cell and 0.54 V for the AC cell,
respectively. The AC cell reached the highest voltage in open-circuit conditions, although it
yielded the lowest power production in comparison with the other cells. The MnO: cell produced

both the highest current and power. The linear polarization curves indicate that ohmic losses
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dominate in all units. The FA cell achieved the highest CE among the three cells, but its maximum

volumetric power density was 1.2 W/m?®.
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Figure 26. Volumetric power density versus volumetric current density versus voltage as extracted

by LSV experiment on all three cells. (Green = MnO2, Red = AC, Blue = FA)

The results from EIS also explained the lower maximum power output for all the cells. Although

MnO> and FA depicted similar results in solution resistance (Rs), FA cell presented larger values

of charge transfer resistance, thus leading to lower power curves, as shown in Figure 27. AC cell

depicted lower resistances in biofilm (Reg), and charge transfer (Rct) leading to Warburg

resistance thus explaining the low power output.
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Figure 27. Nyquist plots of the 3 cells with different oxygen reduction catalyst. (Green = MnQOa,

Red = AC, Blue = FA)

Table 16. EIS fitted results for all the different oxygen reduction catalyst cases.

Fitted Parameters MnO2 FA AC
Rs (©2) 16.1 16.5 22.1
Rer () 2.1 2.7 11.2
Cer (F) 0.4-10° 0.3-10° 12.1-10°®
Cer (F) 7.2-10° 7.9-101 0.04
Rer () 9.9 34.6 56.4

5.1.4 Conclusions

In this work, three MFCs were operated in order to compare MnO2, AC and FA as oxygen

reduction catalysts. Mullite was selected as the material for the cathode and graphite for the anode

electrodes. The cell with the MnO> achieved a higher power output and COD removal efficiency
(2.32 W/m®) when compared with the FA cell (1.21 W/m?®) and AC cell (0.35 W/m?®). Further study

is needed in order to identify the factors contributing to these results as well as to examine the

long-term operation stability of these catalysts.
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5.2 Cathode configuration comparison
5.2.1 Introduction

Although many efforts have been made towards the practical implementation of the MFC
technology in the field of wastewater treatment, there are still practical barriers to overcome before
the utilization of these systems. The main obstacles are the low power output obtained, due to high
internal resistance, current instability as well as the high costs of the materials [125]. In this
context, the practical implementation of the technology can be achieved through a MFC system
that has the appropriate design for scaling up and can be conveniently combined with the existing
wastewater treatment facilities, while ensuring high performance using cost effective construction

materials.

In this direction, several air-cathode, membrane-less, single-chamber configurations have been
examined since these designs increase the power production and reduce the capital cost of MFCs
[62], [98]. In such systems, various inexpensive and sustainable materials have been tested as
separators and as cathode catalysts [126], [127]. In this view, ceramics are very promising
materials to be used as separators in MFCs due to their wide availability, low cost, structural
stability, durability and environment-friendliness when compared to other materials [128]. Several
studies can be found in the literature using different types of ceramics as separators while treating
wastewater [73], [129]-[132]. In addition, in order to overcome the low performance of the air-
cathode systems because of the poor cathode oxygen reduction reaction (ORR) [133], the use of
platinum has been widely examined [68]. However, since the use of Pt hinders the practical
implementation of the MFC technology due to its high -cost and low availability, platinum cathode
catalysts have been replaced by carbon-based metal-free, transition metal oxide-based catalysts as
well as met-al-nitrogen-carbon catalysts [134].

Beyond the cost effectiveness of the carbon metal-free catalysts, these materials have recently
gained significant attention because they do not suffer from crossover effects and have long-term
operational stability [135]. In particular activated carbon has high specific surface area, rich porous
structure, high mechanical strength and stable properties, as well as excellent acid/alkali resistance
[136]. In the same context, biomass-derived black carbon (biochar) has recently gained attention
as an electrode material in the MFC technology, since it is a cost- effective and environmentally

friendly material [137], [138]. In addition, manganese dioxide is a transition metal oxide that has
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been extensively used as a cathode catalyst in the MFC systems due to its environmentally-friendly

property, good electrocatalytic activity and chemical stability [62], [139], [140].

In this study, five different MFC configurations were developed to improve the cathode
performance of a single-chamber four-air cathode MFC under the view of using cost-effective and

environmentally friendly materials [141].

Experimental set — up: 4.4.1.3

Experiments conducted: The MFCs were operated in batch mode and were fed with a synthetic

glucose medium (1 g COD/L). During the first three batch cycles, the MFCs were inoculated with

anaerobic sludge (10% v/v), in order to start the adaptation of the electrochemically active biofilm.
5.2.2 Different MFC cathode configurations comparison

In order to assess the different cathode assemblies, following the acclimation of the units, the
MFCs operated in batch mode for approximately 480 h. Figure 28 presents the current output
profiles produced from the five units, while CE and COD removal efficiency, from MFCs
equipped with the different cathode materials (P-MnO2, M-MnO., CFA, BC, AC), are summarized
in Figure 29 and Figure 30.
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Figure 28. Current output during consecutive batch experiments of the five units with the different
cathode assemblies (P-MnO2, M-MnO2, CFA, BC, AC) versus time.
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Figure 29. Average COD removal efficiency values with deviations of the five units with the
different cathode assemblies (P-MnO2, M-MnOz, CFA, BC, AC) versus time.

o oY
&

& R
& &

NN W
=TV | B

[a—y
(—]

(=]

Coulombic Efficiency (%)
7

-i_
¢

Figure 30. Average CE efficiency values with deviations of the five units with the different cathode
assemblies (P-MnOz, M-MnO., CFA, BC, AC) versus time.

Results showed that the P-MnO> assembly achieved the highest Imax of 2.7 £ 0.2 mA, followed
by M-MnO, with 2.1 + 0.1 mA, BC with 1.5+ 0.1 mA, CFA 1.5+ 0.2 mA and AC 0.3 + 0.1 mA.
Although the maximum current output was obtained from the P-MnQO; assembly, the M-MnO- unit
outperformed in terms of CE, with the second highest CE value achieved from CFA unit. In
particular, CE values were 23.5 £ 2.7%, 20 £+ 3.3%, 17.5 + 3.6%, 7.6 = 1.5%, 3 + 1%, for the M-
MnO., CFA, P-MnO., BC and AC units, respectively. Regardless of the performance of the MFCs

in terms of current output and CE, all the systems successfully removed the organic substrate of
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the synthetic wastewater. Specifically, the following COD removal efficiencies were obtained: 94
+ 5% (AC), 93 £ 4% (BC), 91 + 3% (M-MnOy), 89 + 3% (P-MnOy), 85 + 5% (CFA). Despite the
different cathode assemblies used, the high COD removal efficiency values verify the presence of
non - electrogenic bacteria in the anode chamber which also consume the organic matter of the

wastewater along with the electrogenic bacteria [142].
5.2.3 Effect of the different cathode assemblies on the MFC power output

Figure 31a and Figure 31b show the dependence of the MFC voltage and the produced power
volumetric density, on the current density passing through the units with the different cathode

assemblies.
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Figure 31. MFC voltage (a) and power density (b) versus current density for the different cathode
configurations (P-MnO., M-MnO2, CFA, BC, AC).

As shown in Figure 31a, the open circuit voltage (OCV) was ~ 0.44 V for the assemblies M-
MnO2, CFA, BC and AC, whereas the OCV value for the P-MnO; configuration was 0.52 V. The
P-MnO: configuration achieved the highest maximum power volumetric density 7.7 W/m?3,
followed by M-MnO2 with 5.5 W/m3, CFA with 2.9 W/m3, BC with 1.9 W/m? and AC with 1.1
W/m? (Figure 31b).

In addition, the internal resistance (Rin) of the CFA, BC and AC assemblies, as determined by
the power density peak method was 133 Q, 177 Q and 298 Q, respectively. Moreover, the almost
constant slope of the polarization curves of these units (Figure 31a) indicates the very significant
contribution of ohmic losses (ohmic overpotential) for the CFA, BC and AC assemblies. The
internal resistance for the MnO. catalyst was lower when compared to other catalysts, regardless
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of the structural support used (Rin was 64 Q and 70 Q for P-MnO2 and M-MnO2 respectively).
On the other hand, when MnO; catalyst is used, in addition to the ohmic losses that occur, a rapid
voltage drop is also observed at high current densities, indicating mass transport limitations (Figure
31a).

5.2.4 Conclusions

The operation of five different MFC cathode assemblies was assessed and compared in terms
of organic matter removal and electricity generation. Although the wastewater treatment was
satisfactory for all cases (COD removal efficiency > 85%), the MnO: catalyst outperformed in
terms of power generation coal fly ash (2.9 W/m?), biochar (1.9 W/m?®) and activated carbon (1.1
W/md). In particular the P-MnO2 configuration achieved the highest maximum power volumetric
density (7.7 W/m®) in comparison to M-MnO- (5.5 W/m?®). Although the MnO> configurations
obtained the best performance, the results indicated that the exploitation of coal fly ash and biochar

as cathode catalysts in the MFC technology is promising.
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5.3 Effect of cathode electrode number

5.3.1 Introduction

The aim of this work was to investigate the effect on MFC performance of the number of
cathode electrodes.

Experimental set —up: 4.4.1.4

Experiments conducted: The MFC was operated in batch mode and was fed with a synthetic
glucose medium (1 g COD/L). The effective volume of the cylindrical cell was 300 mL.

5.3.2 Comparative operation with 4 versus 6 air — cathode electrodes in single — chamber
MFC

The MFC (SCH) with the modifiable lid and bottom, to fit 4 and 6 cathode electrodes, was
operated, using the already acclimated graphite granules originating from SRMul. The current
output and COD concentration, of the SCH operation, are presented in Figure 32.
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Figure 32. Current output and COD concentration versus time, during batch operation of MFC
with 4 and 6 cathode electrodes, respectively.
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During the operation with 4 cathode electrodes, the SCH cell achieved a repeatable maximum
current output equal to 1.8 £ 0.1 mA (Figure 32). The average COD removal efficiency for the
corresponding operation cycles was 94% (Figure 32). The CE of the SCH operation achieved a
maximum value of 36% during the 2" cycle, along with the maximum Eyieig for 2" cycle 23.5
mJ/gCOD/L. The CEs were relatively high during the two first cycles (31% - 1% cycle and 36% -
2" cycle), whereas it decreased during the following three cycles (13% - 3 cycle, 15% - 4" cycle
and 14% - 5" cycle). The Eyiels of SCH during the operation with 4 cathode electrodes varied (5
mJ/gCODI/L - 1% cycle, 24 mJ/gCODI/L - 2" cycle, 18 mJ/gCODI/L - 3 cycle, 10 mJ/gCOD/L -
4™ cycle and 12 mJ/gCODIL - 5" cycle).

Afterwards, the lid and bottom of the SCH were replaced by new ones in order to fit six cathode
electrodes in the unit, keeping the acclimated graphite granules in synthetic glucose wastewater in
the meantime (1 gCOD/L). The SCH was reassembled using 6 cathode electrodes (Gore-Tex
Plexiglas MnO.) and the same anode, as the operation with 4 cathode electrodes. Then it was filled

(effective volume 300 mL) with fresh glucose wastewater (1 gCOD/L).

The SCH operation with 6 cathode electrodes produced a current output of 2.6 mA initially,
followed by repeatable peaks at 3.1 £ 0.1 mA, (Figure 32). The COD removal efficiency averaged
91% + 4% (Figure 32). The CEs presented a similar trend for the different number of cathode
electrodes. During the 6 cathode electrode operation the SCH achieved CE 28% in the 6™ cycle
(Figure 32), followed by reduced CEs in the subsequent cycles (15% - 7" cycle, 18% - 8" cycle
and 13% 9" cycle). The maximum Eyield Was equal to 20 mJ/gCOD/L (6™ and 8™ operation cycle,
Figure 32). The minimum Eyielg Was observed during the 7! and 9™ operation cycle and was equal
to 13 mJ/gCOD/L and 12 mJ/gCODI/L, respectively.

The pH of SCH effluent presented a small increase when compared to the initial pH of the
synthetic glucose wastewater (pH 8 vs pH 7, respectively). The conductivity of the SCH effluent

was similar to the initial feedstock value (~11.5 mS/cm).

Overall, the highest current output (3.2 mA) was achieved with the 6 electrodes whereas CE
was higher in the case of 4 electrodes (CE 36%). Additionally, the CE during the 4 electrodes
operation was higher 36%, when compared to the maximum CE during 6 electrodes, 28%. In both
cases similar trends were presented by the respective CEs, as the maximum values were achieved

during the first operation cycles, followed by a drop in the subsequent cycles.
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5.3.3 Electrochemical characterization of MFC operation with 4 versus 6 air — cathode

electrodes

The results of the LSV experiments are presented in Figure 33 for the SCH operation with 4
and 6 cathodes. The power density versus current density is depicted by continuous lines, while
the voltage versus current density is depicted by dashed lines. The maximum power density was
achieved during the operation with 6 electrodes equal to 3.9 W/m® — 7" cycle and 3.4 — 8" cycle,
Figure 33. The power density during the 4 cathode electrodes peaked at 1.7 W/m?, Figure 33. The
internal resistances are calculated by the maximum power theorem and the lowest values were
achieved during the operation with 6 electrodes, 82 Q — 7" cycle and 66 Q — 8" cycle. The 4
cathodes configuration had a higher internal resistance across all operation cycles studied (120 Q
— 3 ¢ycle , 148 Q — 4" cycle and 161 Q — 5™ cycle). The difference in the maximum current
output (2 mA — 4 cathodes, 3.2 mA — 6 cathodes, Figure 32) and maximum power density achieved
(3.9 W/m?® — 6 cathodes, 1.7 W/m? — 4 cathodes, Figure 33) can be attributed to the difference in
the internal resistances (66 Q — 6 electrodes, 120 Q — 4 electrodes), between the configuration with

4 and 6 cathode electrodes.

The voltage versus current density dashed lines (Figure 33) indicate the domination of ohmic
losses during the SCH operation. However, for the 6 cathode electrodes at high current densities
(~20 A/m3, 7" and 8" cycles, Figure 33), the angle of the lines changed, hinting the electrochemical
losses due to mass transfer (substrate diffusion in the biofilm). The 4 cathode electrodes did not
present this pattern at the respective high current densities (~10 A/m® 4" cycle, ~11 A/m3 5" cycle
and ~ 14 A/m® 3 cycle, Figure 33), resulting in ohmic losses being visible in the voltage versus

current density.

99



_ # Electrodes / # Cycle - 1.2
5 —4 cathodes / 3rd
- 1
—4 cathode / 4th
‘g 41 —4 cathodes / 5th - 0.8 é
] )
%—: 6 cathodes / 7th s
2 37 L 0.6 =
= - 6 cathodes / 8th ~
3 -
5 2 [
2 1 - 04
S [
=X L
] L 0.2
0 ] r+r oo »n ... nnnrnr— o r .n.....o...... ... .11 I 0
0 5 10 15 20 25 30
Current density (A/m?)

Figure 33. SCH power density and voltage versus current density for the different cathode
configurations (4 Gore-Tex and 6 Gore-Tex cathode electrodes, with MnO2 oxygen reduction
catalyst).

5.3.4 Conclusions

The SCH cell operated with 4 and 6 Gore-Tex cathode electrodes, with MnO: as cathode
catalyst., with the same anode in both cases. The same synthetic glucose wastewater (1 gCOD/L)
was used across all operation cycles. The use of 4 cathodes achieved a maximum current output
of 2 mA and a maximum power density of 1.7 W/m?, with a minimum MFC internal resistance of
120 Q. By increasing the cathode electrodes to 6 and keeping the same anode and feedstock, the
MFC performance improved, achieving a maximum current output of 3.2 mA and power density
of 3.9 W/m®. The switch from 4 to 6 electrodes resulted in a lower internal resistance of the SCH
(66 ), which increased the power output of the cell. High COD removal efficiency was achieved
(>89%) across all cases.
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5.4 Anode configuration comparison
5.4.1 Introduction

In this chapter four anode materials are compared, with cathode electrodes containing MnO: as
oxygen reduction catalyst. The aim is to examine the performance of the MFC utilizing carbon

felt, graphite granules and carbon veil as anode materials.

Experimental set —up: 4.4.1.5

Experiments conducted: Four MFCs (SRCF, SRCV, Smul and SRGM) were operated in batch
mode and were fed with a synthetic glucose medium (1 g COD/L).

5.4.2 MFC operation with different anode electrodes

SRCF MEC operation

The results of the SRCF cell are presented in Figure 34. The maximum current output during
the SRCF operation was 2.5 + 0.2 mA. The cell presented high COD removal efficiency across all
operation cycles (~92%, Figure 34). The strength of the carbon felt as an anode material was
presented from the average CE achieved ~40%, throughout the SRCF operation (Table 17). The
CE values in combination with the COD removal efficiency indicate that a well acclimated biofilm
had developed in the carbon felt anode. The pH of the anode was constant, due to the presence of
the phosphate buffer (pHinitiat = 7, pHEffivent ~ 7.1). On the other hand, the conductivity of the SRCF
(8.5 £ 1.7 mS/cm) presented a decrease compared to the initial value of the synthetic glucose
wastewater (11.5 mS/cm, Table 1).
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Figure 34. Current output and COD concentration versus time for the single chamber MFC with
carbon felt as anode and 3 mullite MnO> electrodes as cathode.

The maximum Eyielg achieved was 34.8 mJ/gCOD/L (Table 17), during the 2" operation cycle

(Figure 34). Overall, the SRCF presented a stable and efficient performance during the synthetic

glucose wastewater treatment.

Table 17. Results of the SRCF operation with synthetic glucose wastewater (1 g COD/L) as

feedstock.
Cycle # Imax (MA) Atcycle CE (%) Eyield
(h) (mJ/gCODIL)
1 2.3 161 36 243
2 2.7 168 46 34.8
3 2.7 138 35 33.3
4 2.5 192 42 31.7
5 2.4 139 42 32.9
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6 2.5 125 39 28.1

7 25 186 37 28.6
8 2.0 152 41 29.6
SRCV MFC operation

Figure 35 presents the results of the SRCV cell. In particular this cell consisted of an anode
with carbon veil and a cathode with four mullite electrodes with MnO». The cell did not produce
notable current during its operation. However, the concentration of the COD was decreased in each
cycle (~80%, Figure 35). The current generation was inhibited by the anode material combination,
the electron collector used was a titanium wire woven around the carbon veil. No material was
used to glue together the titanium wire with carbon veil, which caused the low current output (~3
pA, Figure 35). The pH in the anode presented an increase (~8.8), compared to the initial value (7,
Table 1) of the synthetic glucose wastewater. This anode material combination with the cell’s
rectangular geometry and four cathode electrodes, did not operate as expected. As highlighted in
Figure 35, OCV acquisition experiments were conducted on the marked cycles. No OCV was
measured, which adds to the fact that the system short-circuited and malfunctioned due to the

connecting points of the titanium wire and the carbon veil. Carbon veil is a material which has
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been used in the MFC technology [147], without any modifications or pretreatment required,

reportedly producing up to 11.9 W/m? [147].
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Figure 35. Current output and COD concentration versus time of the single chamber MFC with
carbon veil as anode and mullite MnO; electrodes as cathode.

SRGM MFC operation

In Figure 36 the results of the SRGM acclimation are presented, with synthetic glucose
wastewater (1 g COD/L) and sludge inoculums. This cell consisted of a graphite granule and
graphite rod anode and four Gore-Tex cathode electrodes with MnO.. Initially, the current output
was low (0.6 mA 1% cycle and 0.5 mA 2" cycle, Figure 36). After the third cycle a notable increase
in the current output was detected peaking at 3.1 mA, Figure 36. The COD removal efficiency on
the first operation cycle was low (38%), due to the partially acclimated biofilm. The subsequent
cycles presented higher COD removal efficiency (>71%, Figure 36). The maximum CE achieved
was 43% (Table 18), indicating an efficient wastewater treatment. The maximum Eyieid Was 27.8
mJ/gCOD/L, (Table 18), during the synthetic glucose wastewater operation (1 g COD/L). The
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increase in the current output after the 2" operation cycle was attributed to the fully acclimated

biofilm and the dominance of the electrochemically active bacteria.
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Figure 36. Current output and COD concentration versus time for the single chamber MFC with
graphite granules as anode and 4 Gore-Tex Plexiglas electrodes with MnO> as cathode (SRGM).

Table 18. Results of the SRGM operation with synthetic glucose wastewater (1 g COD/L) as
feedstock.

Cycle# — Imx(mA) — Ateycle () CECH) (mJ/gsge;/L)
1 0.6 165 37 3.2
2 05 162 16 2.2
3 25 192 43 22.5
4 3.1 174 31 27.8

Smul MFC operation

In Figure 37 the results of the Smul MFC operation are presented, with synthetic glucose
wastewater (1 g COD/L) as feedstock. This cell consisted of a graphite granule and graphite rod

anode and a cathode of four mullite electrodes with MnO». Smul achieved repeatable maximum
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current output peaks (2.3 £ 0.1 mA, Table 19), indicating a well acclimated electrochemically
active biofilm. The COD removal efficiency achieved was high (> 94% + 3%) across all cycles.
Moreover, the maximum CE achieved was 38% (2" cycle, Table 19), with the CE of the rest cycles
ranging from 13% to 30% (1%, 39 — 10" cycle, Table 19). The maximum Eyied Was 45.7
mJ/gCOD/L (3" cycle, Table 19).
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Figure 37. Current output and COD concentration versus time for the single chamber MFC with
graphite granules as anode and 4 mullite electrodes with MnO: as cathode (Smul).

Table 19. Results of the Smul operation with synthetic glucose wastewater (1 g COD/L) as
feedstock

Cycle

#y Imax (MA) At cycle (h) CE (%) Eyiela (MJ/gCOD/L)
1 2.3 423 30 31.6
2 2.2 231 38 36.3
3 2.3 158 20 45.7

106



4 2.3 209 16 37.0

5 2.2 278 13 24.0
6 2.2 227 18 21.9
7 2.2 257 24 23.6
8 2.3 217 30 18.3
9 2.3 300 26 32.2
10 2.3 67 19 14.3

5.4.3 Electrochemical characterization of MFCs operating with different anode

configurations

To further assess the performance of the cells, LSV experiments were conducted and the results
are presented in Figure 38. The SRCV did not present current generation and no notable results
were obtained from the LSV experiments. The highest power density during each MFC’s operation
is compared. The SRGM power density was 14.2 W/m3, which was greater than the respective
maximum power densities achieved by the Smul cell 6.9 W/m?® and SRCF cell 4.6 W/m?®. The
lowest internal resistance was detected in the Smul cell equal to 57 Q. The SRGM cell internal
resistance was 72 Q, while the SRCF was 87 Q.

The voltage versus current density lines in Figure 38 indicate the different electrochemical
losses present. The SRCF (dashed red line) line indicates that in this case ohmic losses dominated
in the system. In the case of the Smul (dashed green line) and SRGM (dashed blue line), apart
from the line observed in the low and medium current densities (Figure 38), a curve formed at
higher current densities (Figure 38). The mass transfer losses are electrochemical losses due to
substrate diffusion in the biofilm. The fast decomposition of the substrate (glucose) is restricted
by the slow diffusion of glucose towards the biofilm and the oxidation products outwards from the
biofilm. The electrochemical losses due to mass transfer were visible in the two better performing
cells (SRGM, Smul), with higher power densities (14.2 W/m?® and 6.9 W/m?3, Figure 38). The cells
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which presented the highest power density output (SRGM, Smul), also presented the lowest

internal resistances.
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Figure 38. Power density and voltage versus current density for the three MFCs (Smul, SRCF,
SRGM), during operation with synthetic glucose wastewater (1 gCOD/L).

5.4.4 Conclusions

In this work different anode configurations were compared. Four MFCs were constructed and
operated with synthetic glucose wastewater (1 g COD/L). The different anode used were graphite
granules (SRGM, Smul), carbon felt (SRCF) and carbon veil (SRCV). The cathodes were mullite
electrodes (Smul, SRCF, SRCV) and Gore-Tex electrodes (SRGM), with MnO; as the oxygen
reduction catalyst. The highest current output was achieved by the SRGM cell (3.1 mA) along with
the maximum power density (14.2 W/m?®). Graphite granules with a graphite rod outperformed the
other anode assemblies (carbon felt + titanium wire, carbon veil + titanium wire). On the other
hand, the SRCF presented a high average CE (~40%), which corresponds to a well acclimated
biofilm in the pores of the carbon felt used. The combination of carbon veil with titanium wire did
not yield adequate results, due to the multiple connecting points of the titanium wire and the thin

carbon veil.
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6 Results of single chamber MFC (household) food waste treatment

Biowaste mainly consists of food waste (60%) and garden waste and corresponds to a share of
34% of the total municipal waste in the EU. Only in the EU-28, 88 million tons of food are wasted
every year [148]. Given the consequences of biowaste disposal as well as its potential for
valorization, biowaste has to be considered more as a valuable resource stream than as a waste to
dispose of. Usually, disposal of bio-waste, such as food waste, includes landfilling or incineration.
However, these approaches have a severe impact on the environment. Landfills cause leachate
formation and subsequent groundwater pollution, as well as greenhouse gas emissions [149]. On
the other hand, incineration consumes high amounts of energy and produces high amounts of
carbon dioxide emissions [150]. Given the fact that almost 53% of the total food waste produced
in the European Union corresponds to household food waste (HFW), along with the fact that HFW
is a material rich in carbon and nitrogen different approaches have emerged using HFW as a
feedstock [62], [151], for the production of energy and value added products such as biogas,
biosurfactants, bioplastics and organic fertilizers [62], [152], adsorbents for the removal of dye

effluents from water streams[149] and plat-form chemicals such as lactic acid [153], [154].

In order to fully exploit HFW, sorting at the source need to be carried out before its use as a
feedstock. Separate collection from households secures that plastic, metal, glass and other
inorganic materials are not mixed with HFW [155]. Moreover, HFW due to its high-water content
and its complex organic matter, has the tendency to be spontaneously biodegraded by aerobic
and/or anaerobic microorganisms emitting odors and raising health and environmental [156].
Under the view of confronting these drawbacks and valorize the valuable material of HFW, an
alternative approach has been recently developed within the framework of the Horizon 2020
Waste4Think Project [157]. During this Project, in the Municipality of Chalandri, Greece
volunteering households along with local food markets sorted their food waste, from the rest of
their waste streams. Moreover, in order to overcome the major issue of the HFW spontaneous
biodegradation, the collected HFW was dried and shredded thus producing a homogenized solid
biomass with low moisture content so that it may be stored for prolonged periods of time. The
main product from the drying process, named Food Residue Biomass (FORBI), is rich in carbon
and nitrogen, making it an ideal substrate for anaerobic processes [113]. FORBI combines several

advantages since it is homogenous, it does not emit odors, it has low —moisture, it can be long term
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stored without deterioration and it has 1/4 to 1/5 the weight of biowaste, implying reduced
transportation costs. Consequently, FORBI has been examined in different bioprocesses.
Specifically, it was used as a substrate for dark fermentation [158], as a feedstock in a periodic
anaerobic baffled reactor (PABR) [159] and as a substrate for electricity production in MFCs
[160]. FORBI was also examined for biofuel production (biohydrogen, bioethanol and methane)
[156].

However, along with FORBI production, during the drying process, approximately 75-80% of
the moisture contained in HFW is removed and the vapors are collected in the condenser [113].
The produced liquid, named condensate is a material with high organic and low nitrogen content
making it a potential feedstock for different processes [113]. Under the scope of fully exploiting
all the by-products from the drying process, Lytras et al. 2020 examined the approach of co-
digesting the condensate with waste-activated sludge (WAS). In particular, the condensate, due to
its low nitrogen content, was co-digested with WAS in a CSTR with 100 L of working volume
[113]. The condensate to WAS ratio was 1:5, resulting in an average methane percentage of 74.3%

in the produced biogas while the overall methane production was 343 mL methane/g COD [113].
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6.1 FORSBI leachate treatment in continuous and batch mode
6.1.1 Introduction

In this chapter are presented the results of the MFC operation with FORBI leachate. The aim
of this work, is to exploit a four-air cathode single chamber MFC design, which is constructed

with relatively low-cost materials, for bioelectricity production and HFW treatment.

Experimental set —up: 4.4.2.1

Experiments conducted: The MFCs were fed with FORBI leachate, created by mixing FORBI
and DI water and then filtering it. The FORBI leachate was then diluted to the desired COD
concentration (1.6 g COD/L). Phosphate buffer was added in the solution (PBS; pH 7) in order to
adjust its pH from 3.6 to 7. The four systems were operated in batch mode initially and then were
switched to continuous mode. During the continuous operation two different external connections

were examined between the four MFCs, parallel and in series.
6.1.2 MFC batch operation

Following the inoculation period, the units operated individually in batch mode for
approximately 1000 h. Figure 39, Figure 40, Figure 41 and Figure 42 show the current output and
the COD consumption versus time for the Cell 1, Cell 2, Cell 3 and Cell 4, respectively.

9 1800

S1e0 00 00 o L A ke ® S0 000000 O O SO0 0OGINSE @ F 1600

74 + 1400
-t ]
6 L1200 3
-
® COD -t 2
z 51 L1000 =
g =
= L
S 41 | \ 800 A
: | <
E 3 600 ‘S
< B I &
2 4 Laoo T

14 401 + 200

*UTT Tesles 048 >r 138}
0 — r - - 0
0 200 400 600 800 1000 1200 1400
Time, t(h)

Figure 39. Current output (mA) and COD concentration (mg/L) versus time of Cell 1, during batch
operation.
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Figure 40. Current output (mA) and COD concentration (mg/L) versus time of Cell 2, during batch
operation.
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Figure 41. Current output (mA) and COD concentration (mg/L) versus time of Cell 3, during batch
operation.
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Figure 42. Current output (mA) and COD concentration (mg/L) versus time of Cell 4, during batch
operation.

As shown in Figure 39, the COD is efficiently removed in all cases (> 85%). Moreover, during
the first 440 h of Cell 1 operation, the maximum current output (Imax) was in the range of 1.5 mA
to 2.5 mA, while the duration of the batch cycles was ~ 45 h (Figure 39). However, gradual increase
of Imax was observed in the next 150 h of Cell 1 operation. The maximum current output values
remained relatively high (4.2 mA to 4.6 mA) for the following ~ 703 h of Cell 1 operation, while
the cycles duration decreased to ~25 h. The cycle duration remained almost constant (~ 70 h)
during Cell 2 batch operation, while Imax was in the range 3.6 mA to 4.8 mA, with repeated higher
maximum current output values after 685 h of Cell 2 operation (Figure 40). Cell 3 performed
similarly to Cell 2, since Imax Was in the range of 3.5 mA to 4.8 mA and the duration of the cycles
was ~ 70 h in most of the cycles (Figure 41). On the contrary, although the same conditions and
the same handling for the Cell 4 occurred, Cell 4 underperformed in comparison with Cells 1, 2
and 3. In particular, even though Imax was gradually increased during operation, it remained
relatively low within the range of 0.8 mA to 3.3 mA. The duration presented variations among
cycles, between the values 50 h to 100 h (Figure 42). The operation of Cell 4, indicates the

difficulty to maintain similar performance among microbial fuel cells. The units cannot be
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identical since microbial communities are involved in the process. This is a crucial drawback to

overcome, particularly when stacks are constructed and a series connection is used [161].
6.1.3 MFC continuous operation with series connection

Following the batch operation of the cells, the operation was shifted to continuous mode (48 ml
/ h). The individual external resistive loads of the units were removed and the four units were
connected in series under a common external load of 100 Q. Figure 43 shows the current and the
power output of the stack during time, as well as the current output of the individual units

connected in series.
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Figure 43. Current output versus time of a) Cell Stack === ) Cell 1 , C) Cell 2 , d) Cell
3 ,e)Cell 4 and power versus time of f) Cell stack , during series connection.

As it can be seen from Figure 43, the stack operated for ~222 h under series connection. For the
first 154 h of operation, the current output of Cell 1 was I = 12.61 £+ 0.96 mA followed by a gradual
decrease to 6.24 mA at t = 222 h. The average current output for the Cells 2 and 3 and Cell 4 was
| =5.34£0.95mA, =550+ 1.04 mAand | =5.42 £ 0.38 mA, respectively. Although, different
cell performances were observed during their batch operation and even though some fluctuations
of the current output were observed, when the units were serially connected, the stack performance
was stable and the voltage reversal phenomenon did not occur. In particular, the average current
output of the stack was | = 6.41 £ 0.35 mA, while the average power output was P =4.1 mW. It is
worth mentioning that the higher current output value of the Cell 1, was gradually decreased close

to the respective values of Cells 2, 3 and 4.
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Moreover, the COD removal for the flow rate 48 ml / h, was ~ 67% for Cell 3 and ~ 58% for
the Cells 1, 2 and 4, respectively. The high organic consumption during batch operation (COD
consumption > 85%) indicates that higher organic removal could be achieved at flow rates lower
than 48 ml / h. Lower flow rates increase the residence time t of the anolyte within the anode

chamber, thus possibly enhancing the COD consumption efficiency from FORBI extract.
6.1.4 MFC continuous operation with parallel connection

Following the series electrical configuration, the units were connected in parallel (Rext = 100
Q) and the stack operated for ~322 h with this connection. Figure 44 shows the current output of

the units and the stack, as well as the power output of the stack in parallel connection.
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Figure 44. Current output versus time of a) Cell Stack === b)) Individual cells and power
versus time of c) Cell stack , during parallel connection.

During the parallel connection no fluctuations were observed on the current output and on the
power produced from the stack. Specifically, the average current output was | = 3.43 = 0.23 mA
while the power was equal to P = 1.2 mW, respectively. The current output of the units was the
same (1 =0.86 £ 0.06 mA), while the COD removal was ~ 62% for Cells 1, 2 and 4 and ~ 72% for
the Cell 3.

6.1.5 Electricity yield during batch and continuous operation

Table 20 presents the different Eyieis (MJ / gCOD / L) for the cells and the cell-arrays. During
batch operation Cells 1, 2 and 3 achieved similar yields, ~20 mJ / gCOD / L, respectively.
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However, similar to the current output (Figure 43) Cell 4 produced the lowest Eyield (6 mJ / gCOD
/ L), when compared to the other three cells. The highest Eyieid (2.6 mJ / gCOD / L) was observed
for the stack in continuous operation and series connection. Additionally, the Eyieq for the
individual units in series connection was calculated at the 150 h mark (Figure 44), where the
current of the individual cells converged to a similar value (~6 mA). The values of the Eyielq Were
2mJ/gCOD /L for Cell 1 and 0.5 mJ/ gCOD /L for Cell 2, 3 and 4.

Furthermore, the Eyieiq Of the stack in parallel connection was 0.7 mJ / gCOD / L and the Eyield
of the units connected in parallel configuration was ~0.2 mJ/gCOD / L), while in series the yields

varied. "

Table 20. The Eyieis (mJ / gCOD / L) of the individual cells and the stacks and the units within the
stack during batch and continuous operation.

Batch Continuous

Eyield Series Parallel

(mJ/gCcoD/L) Connection  Connection

Cell1 19 2 0.2
Cell 2 20 0.5 0.2
Cell 3 22 0.5 0.2
Cell 4 6 0.5 0.2
Stack 2.6 0.7

It is worth mentioning that although the external resistance of the units and the stacks during
batch and continuous mode operation was common (100 ), the external resistance of the units
within the stack varied. According to Kirchhoff’s law, the Rext for the individual units in series
connection was 25 Q while for the individual units in parallel connection was 400 Q. Thus, higher
current output for the individual units in series connection was observed in comparison with the

units in parallel connection (Ohm’s law).
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6.1.6 Conclusions

The work demonstrated that although high COD removals (> 85%) were achieved during batch
operation, the power output maintained its maximum value (~1.6 mW) per cycle only for ~ 5 h for
each cell. On the other hand, when the units operated continuously, the COD removal was lower
(67% to 58% and 62% to 72% for series and parallel connection, respectively) in comparison with
batch operation, but a constant power output was obtained (P = 4.1 mW, and P = 1.2 mW for series
and parallel connection, respectively). The highest Eyield (2.6 mJ / gCOD /L) was obtained from
the stack connected in series. In addition, although Cell 4 underperformed prior to its series
connection, the voltage reversal phenomenon did not occur. This result highlighted the difficulty
to set up identical MFC units, which is an optimal condition before the units are connected in
series. However, this was not an issue when the units were electrically connected, indicating the
feasibility to further increase the number of units within a stack thus treating higher volumes of

food residue biomass and enhancing the power production.
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6.2 Digestate originating from anaerobic digesters (mesophilic and thermophilic)
6.2.1 Introduction

The process of anaerobic digestion (AD) is promising for food waste treatment with
simultaneous production of biogas, namely methane and carbon dioxide [162], [163]. Although
AD technology is used extensively for industrial applications, such as FW treatment, it still faces
several technical challenges. Examples of the difficulties AD faces include of VFA accumulation
in the AD reactor, process instability, foaming, low buffer capacity and need for feedstock
pretreatment [164]. Another major issue is the potential use and treatment of its major by-product,
the so-called “digestate”. Digestate which originates from food waste is mainly used as a
biofertilizer, [165], [166]. However, there are environmental and economic constraints that limit
the use of this application [165]. In order to overcome these limitations and to exploit the relatively
high content of organic molecules and nutrients within the digestate, new technologies are
proposed in order to exploit AD effluents [167], [168].

Recently, an alternative exploitation of digestate using microbial fuel cell (MFC) technology
has been suggested [169], [170]. In particular, Kim et al [170] investigated the MFC performance
for use in removing total ammonia nitrogen (TAN) and residual COD using the effluent from an
AD fed with actual swine wastewater. Martinez and Lorenzo [169] reported the development of a
floating air-cathode microbial fuel cell using fresh digestate, directly collected from an AD effluent
and they suggested that the simplicity of such a system can pave the way for a sustainable
environmentally-friendly food waste treatment. Palma et al [171] studied the nitrogen removal
from the effluent of an AD, fed with livestock manure and agricultural waste with the MFC
technology. The volatile solids removal in the anode chamber was about 60 % while in the aerobic
chamber, a good nitrogen removal was observed (up to 60 %). Moreover, Domenico et al [172]
treated the digestate originating from an AD fed with agricultural by-products and cow manure.
The carbon content was reduced by up to 60%, while anaerobic ammonium oxidation (anammox)

bacteria contributed to nitrogen removal from the digestate.
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In this chapter the results of MFC operation with AD reactors effluents (digestate), as feedstock,
are presented. One digestate originating from a thermophilic AD reactor and one from a mesophilic

AD reactor.

Experimental set — up: 4.4.2.2

Experiments conducted: The MFCs were fed with AD effluents. Cells 1 and 2 were fed with

mesophilic digestate originating from a 4000 L CSTR anaerobic digester. Cells 3 and 4 were fed
with thermophilic digestate originating from a 500 L CSTR anaerobic digester. Both reactors were
fed with FORBI slurry. Solid liquid separation was employed on both effluents with 5 um filter
sludge bags, to avoid clogging inside the MFCs. Subsequently, the effluents were fed to the
respective MFCs (Mesophilic effl. Cells 1, 2 — Thermophilic effl. Cells 3, 4). The cells were
evaluated in terms of electricity production and digestate treatment. In order to characterize
electrochemically the MFCs and the effect of the two types of AD effluents on the performance of

the cells, their impedance characteristics were also investigated.
6.2.2 MFC operation with AD effluent as feedstock

Figure 45 and Figure 46 show the changes in the current output and the COD removal versus
time for the mesophilic and the thermophilic digestate, respectively. As shown in Figure 45, Figure
46, Table 21 and Table 22, the Cells 3 and 4 which were fed with the thermophilic digestate
obtained higher values of current output (maximum current output 2.979 + 0.643 mA and 2.264 +
0.611 mA, respectively) in comparison to the Cells 1 and 2 which were fed with the mesophilic
digestate (maximum current output 1.322 + 0.605 mA and 1.253 + 0.387 mA, respectively).

Table 21. Operation characteristics of the mesophilic fed MFCs.

Mesophilic operation

) COD removal
Cycle Duration (h) Imax (MA) ) TSS removal (%) VSS removal (%)
0
Number
Cell1 Cell2 Cell1 Cell2 Celll Cell2 Cell1 Cell2 Celll Cell2
1 550 441 234 199 85.3 82.4 98.0 - 95.4 -
2 255 157 153 1.23 76.1 85.0 - - 99.9 -
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3 199 255 0.87 1.25 87.5 84.3 89.1 88.9 87.0 89.2
4 141 109 0.94 0.75 82.1 89.5 69.2 92.1 72.2 90.6
5 137 167 0.65 1.35 73.1 91.2 43.5 58.8 40.0 65.4
6 255 143 0.72 1.35 46.1 91.4 - 82.9 99.9 84.6
7 - 157 - 0.95 - 56.3 - 65.1 - 70.1
Table 22. Operation characteristics of the thermophilic fed MFCs.
Thermophilic operation
Cycle Duration (h) Imax (MA) COD removal TS5 removal VSS removal (%)
(%) (%)
Number
Cell3 Cell4 Cell3 Cell4 Cell3 Cell4 Cell3 Cell4 Cell 3 Cell 4
1 116 417 3.71 294 83.9 84.5 90.5 95.0 75.7 75.0
2 228 188 341 263 77.3 90.5 79.3 84.7 35.6 89.4
3 186 253 357 266 903 891 88.4 87.1 88.5 87.7
4 234 109 3.34 2.69 84.6 89.3 95.2 77.4 96.1 74.6
5 129 167 3.1 1.48 96.9 87.3 88.2 90.9 98.1 95.1
6 220 144 2.68 1.89 88.1 81.0 92.1 51.8 96.0 48.3
7 148 173 227 1.48 82.0 69.2 62.3 - 59.6 -
8 174 - 1.97 - 80 - - - - -

Moreover, the COD removal ranged from 80 — 90% and was achieved within the first 24 to 48
hours of each cycle operation. Although after the first 24 — 48 hour period, the COD value
remained constant, electricity was still produced for more than 190 h. Digestates originating from
food waste anaerobic digestion have a low ratio of carbon to nitrogen [173], [174]. Thus, for both
the mesophilic and thermophilic digestates, this result can probably be attributed to the relatively

fast uptake and storage of the soluble COD in the biofilm of the anode electrode. Then, the organic
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matter could be slowly used as substrate from the electroactive bacteria generating electricity. It is
known that bacteria grown under excess carbon and nitrogen deficiency, can accumulate PHB and

poly B-hydroxybutyrate [173], [174] which are considered as energy storage polymers.

Moreover, as can be seen from Figure 45 and Figure 46, the current output curves are smoother
for Cells 3 and 4, whereas for the mesophilic fed cells the current curves present a fluctuation
among consecutive values (Figure 46). Thermophilic anaerobic digesters have higher rates of
hydrolysis and acidification, thus complex organic material is faster converted to basic monomers
producing more VFASs than mesophilic anaerobic digesters (Table 21 and Table 22) [175].

Large organic molecules cannot be directly consumed for electricity generation [176], [177].
Consequently, in the case of the mesophilic digestate, the complex organic molecules, which are
accumulated within the microorganisms, are more difficult to decompose and be consumed from
electrogenic bacteria, compared to respective organic molecules of the thermophilic digestate. This
leads to lower current output values, as well as to not smooth current curves in comparison with

the respective curves originated from the thermophilic digestate.

Additionally, the VFAs degradation profile followed the same trend as the COD removal.
Particularly, VFAs were completely consumed by the biomass within the first 24 to 48 hours of
each cycle operation, for both digestates. In the case of the mesophilic feedstock, the VFAs
consumption was accompanied with a slight pH increase (from pH~7 to pH ~7.6 ) which remained
constant until the end of each cycle. Moreover, the conductivity did not change during cycle
operation for the mesophilic feeding. On the contrary, the thermophilic digestate fed cells
presented a small decrease of the pH value (from pH~7 to pH ~6.3) during cycle operation.
Similarly, the conductivity decreased (from~3.6 mS/cm to~2 mS/cm). The origin of this decrease
is unclear but it may be related to the relatively big temperature difference between the inlet ¢55
°C) and the operation temperature ¢ 22 °C) of the systems [175]. Each batch cycle lasted
approximately 200 h for both digestates, whereas the TSS and VSS were reduced by ~83% and ~
86% respectively, in each cycle. The ammonium removal which was achieved from the mesophilic
fed MFCs was in the range of 46% — 79%, whereas for the thermophilic digestate fed MFCs it was
in the range of 85% — 95%.
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Figure 45. Current output and COD concentration of the (a) Cell 1 and (b) Cell 2 fed with
mesophilic digestate versus time. Black arrows indicate the times when electrochemical
experiments were carried out. The numbers in graph indicate the consecutive batch cycles.
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Figure 46. Current output and COD concentration of the (a) Cell 3 and (b) Cell 4 fed with
thermophilic digestate versus time. Black arrows indicate the times when electrochemical
experiments were carried out. The numbers in graph indicate the consecutive batch cycles.

6.2.3 Effect of the mesophilic and the thermophilic digestate on the polarization
performance of the cells

The maximum power output of the cells was determined with polarization experiments.
Particularly, LSV measurements were conducted when the batch cycles reached the maximum
voltage output at times t = 1134 h, 1277h, 1113 h and 1133 h for the Cell 1 Cell 2, Cell 3 and Cell
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4, respectively (Figure 45 and Figure 46). Figure 47 shows the polarization and power output
curves of the microbial fuel cells. As can be seen in Figure 47, similarly to the current output
curves, the thermophilic digestate fed cells produced higher maximum output (Cell 3: Pmax=0.428
mW, Cell 4 Pmax = 0.421 mW) than the respective maximum power output obtained from the
mesophilic digestate fed cells Cell 1: Pmax = 0.344 mW, Cell 2: Pmax = 0.347 mW). In addition, the
open-circuit voltage (OCV) was 0.191 V, 0.287 V, 0.432 V, 0.295 V for Cells 1, 2, 3 and 4,
respectively. Moreover, from the polarization curves, it is evident that low activation losses occur
in all cases, while at high current the contribution of mass transport losses is higher for the
mesophilic digestate fed cells. This result corroborates the assumption previously made, that the
mesophilic digestate is more difficult to consume by electrogenic bacteria, compared to the

thermophilic digestate.
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Figure 47. Polarization and power output curves of microbial fuel cells fed by mesophilic ((a),(b)
for Cells 1 and 2, respectively) and thermophilic ((c), (d) for Cells 3 and 4, respectively) digestate
under batch operation (dashed lines represent the power output curves)

6.2.4 Electrochemical characterization
In order to perform a detailed electrochemical characterization of the cells, EIS experiments

were conducted. Figure 48 depicts the Nyquist plots and the impedance characteristics of the four

cells under open-circuit conditions.

From the Nyquist diagrams, two arcs are observed followed by a Warburg element as previously
reported [139]. Our proposed EIS fitting model fits the experimental data (R?> = 99.98%)

considering that the nature of digestates further contributes to the charge transfer resistance of the
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cell. Table 23 presents the numerical values of Rs, Rer, Rct, as well as the capacitances of the

biofilm and the charge transfer (Csr and Cct respectively).
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Figure 48. Nyquist diagrams of mesophilic (Cells 1 and 2) and thermophilic (Cells 3 and 4) under

open-circuit conditions

Table 23. EIS fitted results for all cells at zero applied potential, during MFC operation with
digestate as feedstock, originating from mesophilic (Cell 1, 2) and thermophilic (Cell 3, 4)

conditions.
Fitted
Cell 1 Cell 2 Cell 3 Cell 4
Parameters
Rs () 51 55 10.1 10.5
Rer (Q) 2.2 2.6 10.3 11.1
Cer (F) 0.4-10°3 0.3-10°° 12.1-10°® 11.1-10°®
Cet (F) 8.2.10°° 7.9-10° 0.02 0.02
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Rer (Q) 11.9 11.6 26.4 23.2

The first arc of Figure 48 is attributed to biofilm formation. The second capacitive loop
corresponds to charge transfer resistance [47]. The equivalent resistances (Rgr) are higher in the
thermophilic cells indicating larger voltage drops but smaller formation periods as suggested by
the values of Cgr. This phenomenon is obvious in Figure 47 as the thermophilic digestate fed cells
start with higher OCV values than the mesophilic digestate fed ones. Also, the type of digestate
used has an impact on the values of the solution resistances. The solution resistances of
thermophilic digestate are higher for the cells fed with it than those fed with mesophilic digestate,
contributing to more favorable electron pathways. High charge transfer resistance values of (26.4
Q and 23.2 Q) are practically increased, in comparison with mesophilic cells (11.9 Q and 11.6 Q),
and the total attributed to the increased anodic reaction rates of the cells. As biofilm resistances
are increasing, microbial consortia are using enhanced direct electron transfer pathways according
to the literature [139], [178]. Regarding the fast drop in COD for both types of cells, the biomass
in both cases is capable of up taking the organic content. The fast consumption of the COD is
correlated with the values of Rct which implies that the thermophilic cells may accumulate
relatively more organic matter, slowly releasing it afterward producing higher power outputs. The
value of charge transfer capacitance also verifies the former statement in which the thermophilic
digestate promotes evident more electrogene pathways, thus enhancing the power output and COD

removal.

Regarding the stability of the cells, experimental EIS measurements were held at applied
constant values of OCV and half-OCV voltage. The experimental fitted data are represented in

Figure 49.
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Figure 49. Comparative Nyquist diagrams of mesophilic ((a),(b) for Cells 1 and 2, respectively)
and thermophilic ((c), (d) for Cells 3 and 4, respectively) under open current, OCV and half-OCV
applied potential

It is clear that the operation of the above cells differs from the data extracted at open current.
More specifically, the EIS model used was the one reported in [47] and was used in other similar
MFCs. The reverse operation of these cells by applying direct current is evident to the
electrochemical reactions that occur within the cells. According to Figure 49, for each cell, after
voltage application, the effect of the nature of the digestate is negligible to the operation. This is
proved by the different Nyquist plots of the cells in comparison with open current conditions. The
two distinguishable arcs followed by a Warburg element implies the operational stability of the

cells under reverse operating conditions [47], [139], [178].
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6.2.5 Conclusions

The work demonstrated that digestate from fermentable household food waste (FORBI) can be
successfully treated using the microbial fuel cell (MFC) technology. The easily biodegradable
organic matter was removed by 80 — 90 % within the first 24 — 48 h. The experiments indicated
that the MFCs performed better with the thermophilic digestate in comparison with the mesophilic
digestate. Moreover, a fast uptake and storage of the soluble COD within the biofilm possibly

occurred for both types of digestate. This assumption is corroborated from EIS measurements.
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6.3 Condensate at different initial concentrations
6.3.1 Introduction

In order to examine the effect of condensate concentration in the MFC feed, different initial
concentrations of condensate were tested ranging from 0.4 — 4 gCOD/L. The aim of the study was

to determine the effect of the initial condensate concentration in the MFC performance.

Experimental set —up: 4.4.2.3.1

Experiments conducted: Condensate originating from HFW was used as a MFC feedstock.

Condensate was mixed with phosphate buffer and potassium chloride and then it was diluted to
the desired initial concentration [400 — 4000 mg COD/L]. The condensate initial concentration

was increased in consecutive operation cycles.
6.3.2 MFC operation with different initial condensate concentrations in the feedstock

Following the operation period using synthetic wastewater with glucose, condensate was used
as substrate. Different condensate concentrations were examined in the range of 400 mg COD/L
to 4000 mg COD/L. The current output and the COD concentration versus time for the different
initial condensate concentrations for the Gore-Tex and Mullite cell, are shown in Figure 50 and

Figure 51, respectively.
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Figure 50. Current output (left) and COD concentration (right) versus time of the Gore-Tex cell.
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As can be seen from Figure 50 and Figure 51, the COD removal efficiency was high for all
initial concentrations (>86%). In the case of Gore-Tex cell, the maximum current output (Imax) for
all cycles was approximately 0.5 mA except the case of 500 mg COD/L where the maximum
current output was somewhat higher (0.6 mA) (Figure 52). Although the COD removal efficiency
and the current output remained relatively stable increasing the initial condensate concentration,
the duration of cycles, the CE and the Eyiels Were affected by the initial organic load. The duration
of the cycles was increased as the initial condensate concentration increased (Figure 50 and Figure
51). A similar observation was made by [179], increasing the initial COD in a two chamber MFC.
The Eyieg for all cycles, as calculated by Eq. 21 are presented in detail in Table 24 and the
coulombic efficiencies (CE) as calculated by Eq. 20 are presented in Figure 52. In particular, the
duration of each cycle increased from 34 h to 121 h, as the initial condensate concentration
increased from 400 mg COD/L to 4000 mg COD/L. On the contrary, CE and Eyieild Were decreased
by 67% and 60% respectively when the initial condensate concentration gradually increased from
400 mg COD/L to 4000 mg CODI/L, (Figure 52). Specifically, the maximum CE (4.3%) was
obtained at 400 mg CODIJL, indicating that the Gore-Tex cell operated better at lower initial
condensate concentrations. Similarly, the maximum Eyieig Was achieved at 400 and 500 mg COD/L
and was equal to 1.25 and 1.54 mJ/g CODI/L, respectively (Table 24 and Figure 52). This behavior
may be attributed to the decrease of the anolyte’s pH and conductivity as the initial condensate
concentrations increased (400 mg COD/L: pH 6.7, 5.9 mS /cm to 4000 mg COD/L: pH 4.8, 3.8
mS /cm) (Table 7). It is known that electrogenic bacteria perform better at an environment close
to neutral pH [180], whereas low conductivity values also limit the performance of the cells [50].
Additionally, although relatively low CE values were achieved, high COD removal efficiency was
obtained indicating that antagonistic microorganisms consumed a high portion of the organic
material [33].
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Figure 51. Current output (left) and COD concentration (right) versus time of the Mullite cell.

In the case of the Mullite cell, the maximum current output values that were achieved were 2-
to 3- fold higher when compared with Gore-Tex cell. In particular, Imax ranged between 1.2 and
1.6 mA for the initial condensate concentrations 400 to 1400 mg COD/L, whereas Imax was 0.6
mA and 0.4 mA for the 3000 and 4000 mg CODI/L initial concentrations, respectively (Figure 52).
Additionally, the duration of each cycle was approximately 3- to 4- fold longer than the
corresponding Gore-Tex cell cycles, except in the case of the higher initial condensate
concentrations (3000 and 4000 mg COD/L), where similar cycle durations were observed for both
cells (Table 24). The duration of the cycles ranged between 96 h and 179 h and on the contrary
with Gore-Tex cell, the duration of each cycle did not increase with the initial COD concentration
increase. Similarly to the Gore-Tex cell, CE and Eyieid (calculated by Eq. 20 and Eq. 21) were
decreased by 96% and 98% when the initial condensate concentration gradually increased from
400 mg COD/L to 4000 mg CODIL, respectively (Table 24 and Figure 52). In particular, the
maximum CE (51%) was obtained at 400 mg COD/L. Similarly, the maximum Eyielq Was achieved
at 400 mg COD/L and was 26.5 mJ/g COD/L. Although both cells achieved high COD removal
efficiency values, it is clear in both cases that the decrease of the anolyte’s pH and conductivity
with the initial condensate concentration increase deteriorates the cell’s performance. Moreover,
the performance of the cells in terms of electricity production is more efficient using the mullite

separator instead of the Gore-Tex cloth.
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Figure 52. Maximum current (left) and CE (right) versus the initial COD concentrations of

condensate fed to the two cells.

Table 24. Operational characteristics (maximum current output, cycle duration, COD removal
efficiency, CE and Eyieiq) Were achieved for Cell 1 and Cell 2 at different initial condensate

concentrations.

Initial At Cycle (h) COD Removal Eyietd (MJ/g COD/L)
condensate

concentration Celll  Cell2  Celll  Cell2  Celll  Cell2

(mg CODI/L)
400 34 140 90% 89% 1.31 25.9
500 35 96 91% 99% 1.51 12.2
600 36 113 93% 93% 0.53 15.3
800 49 164 95% 95% 0.77 6.8
1200 57 179 97% 96% 0.51 5.8
1400 54 164 92% 99% 0.46 7.9
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3000 113 148 86% 89% 0.53 0.9

4000 121 152 98% 87% 0.50 0.5

6.3.3 Linear Sweep Voltammetry experiments at different initial condensate

concentrations

Linear sweep voltammetry (LSV) experiments were conducted in order to examine the effect
of condensate concentration on the polarization performance of the cells. Polarization curves were
obtained for initial concentrations of 600, 800, 1400 and 3000 mg COD/L. Figure 53 and Figure
54 present the results of the LSV experiments, voltage and power density versus current density

for the Gore-Tex and Mullite cell, respectively.
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Figure 53. Power density versus current density as extracted by LSV experiments on the Gore-
Tex cell, for the following initial condensate concentrations (mg COD/L) a) 600 , £) 800 mm
, C) 1400 mmm and d) 3000 s

As can be seen from Figure 53, the maximum power density (Pmax 0.55 W/m?) was achieved at

600 mg COD/L. Additionally the increase of the initial condensate concentration led to a gradual
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decrease of Pmax values (600 mg COD/L: 0.55 W/m?®, 800 mg COD/L: 0.48 W/m®, 1400 mg
COD/L: 0.4 W/m?, 3000 mg COD/L: 0.23 W/m?®). The lowest maximum power output (0.23 W/m?)
was obtained at 3000 mg CODY/L. Based on the voltage versus current density lines (Figure 53), in
all cases, ohmic losses dominated in the Gore-Tex cell. The slope of the voltage versus current
density lines indicates the internal resistances, which are greater the steeper the slope. The internal
resistances of the Gore-Tex cell which are calculated using the power density peak method also
increased with increasing initial condensate concentration (600 mg COD/L: 848 Q, 800 mg
COD/L:956, 1400 mg COD/L: 1016 Q, 3000 mg COD/L: 1365 Q).

3.0 0.70
mg COD/L
75 | —3000 | .60
o 600
E L 0.50
E 2.0 - 800 <
z L 040 =
z —1400 | T &
g 1.5 1 il
" / L 030 S
z
S 1.0 -
A L 0.20
0.5 1 L 0.10
0.0 . \ 0.00
0 10 20 30
Current Density (A/m?)

Figure 54. Power density versus current density as extracted by LSV experiments on the Mullite
cell, for the initial condensate concentrations (mg COD/L) a) 600 , £) 800 mmmm | C) 1400 mm
and d) 3000 == , respectively.

The highest maximum power output (2.4 W/m?®) for the Mullite cell, was achieved at 600 mg
COD/L. Moreover, the lowest power density (0.6 W/m?®) was obtained for the 3000 mg COD/L
initial concentration. For 800 mg COD/L and 1400 mg CODI/L the corresponding maximum power
densities obtained were 2.1 W/m® and 1.9 W/m?®, respectively. Similarly, to the Gore-Tex cell,
ohmic losses were exhibited in all cases for the Mullite cell. Using the power density peak method,
the internal resistances were calculated for the corresponding initial condensate concentrations
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(600 mg COD/L: 91 Q, 800 mg COD/L: 110 Q, 1400 mg COD/L: 113 Q, 3000 mg COD/L: 115
Q). The internal resistances of the Mullite cell presented a similar pattern as for the Gore-Tex cell.
Specifically, by increasing the condensate concentration, the internal resistances increased
whereas the maximum power was decreased. Overall, in terms of power output, the Mullite cell
outperformed the Gore-Tex cell, indicating the potential of the ceramic material to be effectively
used as a separator. In all cases, at low initial condensate concentrations (600 mg COD/L) the
maximum power output was high in comparison with the maximum power output values which
were obtained at higher initial condensate concentrations (800 — 3000 mg COD/L). Similar results
have been previously observed in [181]; by increasing the initial condensate concentration the

maximum power output did not present an increase beyond a certain value.
6.3.4 Electrochemical impedance spectroscopy characterization

The results from the LSV experiments indicated that increasing the initial condensate
concentration the internal resistance of the cells also increased. In order to define the contribution
of the different resistances to the total internal resistance a detailed electrochemical
characterization using Electrochemical Impedance Spectroscopy (EIS) measurements was carried
out. Figure 55 and Figure 56 present the Nyquist diagrams of the Gore-Tex and Mullite cell,
respectively. In both Figures, two distinguishable arcs are presented followed by a Warburg
element. The first arc is combined with the biofilm resistance (RBF), while the second arc is
attributed to the charge transfer resistance (RCT) as explained by [182], for single-chambered
MFCs. RS is calculated by the intersection of the left side of the first arc with the x-axis of the

Nyquist diagrams.
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By applying the fitting model described in earlier publications [62], [72] the internal resistances
from each EIS experiment are calculated and presented in Table 25 and Table 26 for the Gore-Tex

and Mullite cell, respectively.

Table 25. Gore-Tex cell EIS fitted parameters for different initial condensate concentrations

mg COD/L
Fitted Parameters
600 800 1400 3000

Rs (Q) 330 488 551 741
Rer (Q) 349 347 354 349
Rer (Q) 119 150 173 293
Rint (Q) 798 985 1078 1383

Table 26. Mullite cell EIS fitted parameters for different initial condensate concentrations

Fitted mg COD/L

Parameters 600 800 1400 3000

Rs (Q) 19 24 27 30
Rer (Q) 31 33 35 34
Ret (Q) 45 49 52 56
Rint (Q) 95 106 114 120

As can be seen from Table 25 and Table 26, by increasing the initial condensate concentration
the total internal resistance (Rin) increases for both cells. These results are in accordance with the
previous observation that the decrease of the anolyte’s pH and conductivity which occur with an
initial condensate concentration increase, deteriorates the cells’ performance. This is reflected on

the solution resistance (Rs) and the charge transfer resistance (Rct) increase for the Gore-Tex and
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Mullite cell, respectively. On the other hand, the biofilm resistance (Rgr) is practically constant
which denotes a well-established acclimation procedure on the anodic electrode. In particular, in
the case of the Gore-Tex cell, the Rs and the Rct were 2.5 times higher (Rs increase: 125%, Rcr
increase: 146%) with the initial condensate increase from 600 to 3000 mg COD/L whereas Rgr
was in the range of 347 to 354 Q. Additionally, in the case of the Mullite cell, the Rs and the Rct
increased by 59% with an initial condensate increase from 600 to 3000 mg COD/L, while Rgr was
in the range of 31 to 34 Q.

Furthermore, it is observed that the Mullite cell has significantly lower values of Rs, Rgr and
Rcrin comparison with the Gore-Tex cell. This result is correlated with the nature of the cathodic
electrode configuration since all the other parameters were kept the same. Specifically, in the case
of the Mullite cell, the cathodic electrode exploits the mullite porosity as the exchange medium in
which the anolyte infuses and reaches the dense area of the catalytic paste. The whole reaction is
enhanced through the significant larger area of the electrode (inner area of the tube) and oxygen
reduction is more favored in this electrode in comparison with the Gore-Tex cell. Thus, the lower
performance of Gore-Tex cell is attributed to the perforated Plexiglas tubes, which inhibit the full
contact of the anodic solution, in contrast to the mullite tubes. Under this consideration, all the

values of the resistances are lower in the Mullite cell.

In particular, Rct is correlated to the overall electron mobility and the enhanced surface area of
the cathodic catalyst [173], [182]-[184] and in case of Gore-Tex electrodes a power blockage of
the cathodic electrode itself is a restricting factor. In addition, the smaller Rgr of the Mullite cell is
also attributed to the enhanced surface area of the cathodic catalyst which possibly resulted in the
formation of more electrogenic bacteria on the anodic electrode, since microorganisms developed
in a better environment. Moreover, the increase of condensate concentration caused a drop of the
solution conductivity (Table 7). The measured resistance of the solution, Rs, (Table 25 and Table
26) was in accordance with that result, since it increased as the condensate concentration increased.
As the initial condensate concentration was increased in the feed of the MFC, the pH and the
conductivity were reduced. The reduction in the conductivity led to an increase in the resistance
of the solution, inhibiting the performance of the MFC. The improvement in the electrochemical
performance of the MFC, by increasing the electrolyte conductivity, has been observed before

[75]. Moreover, the pH reduction affected the microorganisms which operate better at close to
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neutral pH (~ 6.5 - 7) [185]. The LSV and EIS experiments validated the observation regarding
the MFC performance. Increasing the initial condensate concentration, led to a higher initial COD
in the feed, which in the case of the Gore-Tex cell, resulted in longer operation cycles. In the case
of the Mullite cell, no such increase was observed in the operation cycle duration, possibly

attributing this to the better performance of the Mullite cell, due to the use of mullite electrodes.
6.3.5 Conclusions

The operation of two single-chamber MFCs, using different cathode assemblies (Gore-Tex
assembly, mullite assembly) was assessed, when operating at different food waste condensate
concentrations (400 — 4000 mg COD/L). The work demonstrated that condensate was successfully
treated in all cases (COD removal efficiencies >86%). However, the highest values of maximum
power output and maximum Eyieid Were obtained at lower concentrations with the Mullite cell
outperforming the Gore-Tex cell. In particular, the maximum power density was obtained at 600
mg CODY/L initial condensate concentration (Cell 1: 0.55 W/m?, Cell 2: 2.4 W/m?®) whereas the
maximum Eyiels was achieved at 400 mg COD/L for the Mullite cell (25.9 mJ/g COD/L) and at
500 mg COD/L (1.51 mJ/g CODI/L) for Cell 1. Moreover, the highest current output was 1.6 mA
and 0.6 mA, for the Mullite and the Gore-Tex cell, respectively.

The results indicate that the mullite cathode assembly exploits the mullite porosity in which the
anolyte infuses and reaches the dense area of the catalytic paste whereas, the perforated Plexiglas
tube, found to deteriorate this contact. In addition, it is shown that although the decrease of the
anolyte’s pH and conductivity which occur with an initial condensate concentration increase, limits
the cells’ electrical performance, condensate is successfully treated in all cases. The Rin values,

originated from EIS experiments corroborate the above results.

These findings indicate that the MFC technology, with further improvement, can be effectively
used in the alternative proposed management scenario of HFW. Thus, the MFC can be used after
drying and shredding of the HFW, for the treatment and exploitation of the condensate by-product

originated from this procedure.
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6.4 “Raw” condensate treatment in MFC operation
6.4.1 Introduction

In this chapter, the results of MFC operation with “raw” condensate as feedstock are presented.
The performance of two single chamber MFCs with different cathode assemblies (ceramic and

Gore-Tex) was examined, with a “raw” condensate solution as feedstock.

Experimental set —up: 4.4.2.3.2

Experiments conducted: Condensate originating from HFW was used as a MFC feedstock. In

order to improve the low conductivity and pH, phosphate buffer was added in the raw condensate.
The condensate feeding presented fluctuations because it originated from gathered HFW, which

varied each batch.
6.4.2 MFC operation with “raw” condensate feedstock
Gore-Tex cell

The duration of the acclimation period of the Gore-Tex cell was 660 h. For the acclimation to
be considered complete, there had to be repeatable current peaks and high COD removal, implying
development of the electrogenic active biofilm. The maximum current output for the acclimation

cycles was 0.5 mA.

Following the acclimation period, the glucose synthetic feed was replaced with raw condensate
and the results are presented in Figure 57. Five cycles were carried out; the detailed results of each
cycle are presented in Table 27. The current output was comparable to the maximum current
achieved during the acclimation, approximately 0.5 mA. However, the maximum current output

was decreased over time, 1% cycle 0.62 mA and 4" cycle 0.42 mA.
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Figure 57. Current output and COD concentration versus time during “raw” condensate operation
of the Gore-Tex cell.

Table 27. Measurements and calculations of the Gore-Tex cell operation.

Cycle # CODin (g/L) Inlet pH Imax (MA) COD Removal (%)
1t 9.9 5.9 0.62 95%
2nd 9.2 4.0 0.52 96%
3 12.7 4.9 0.44 94%
4t 14.7 3.8 0.47 92%
5th 13.8 4.3 0.42 7%

The Gore-Tex cell achieved high COD removal (>92%) in all five cycles, but a decrease was
observed in the last cycle (77%). The inlet characteristics in terms of COD and pH have possibly
affected the performance of the cell, as the inlet COD is increased and the pH is lowered through

the cycles. The maximum current output (0.62 mA) was achieved in the first cycle, where both a
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low inlet COD (9.9 mg/L) and highest pH (5.9) were measured. Coulombic efficiencies calculated

for the five cycles were very low, approximately 2%.
Mullite cell

The duration of the acclimation of the Mullite cell was 2010 h. The maximum current output
for the acclimation cycles was 2.28 mA. Following the acclimation period, the synthetic glucose

feed was replaced with raw condensate and the results are presented in Figure 58.
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Figure 58. Current output and COD concentration versus time during “raw” condensate operation
of the mullite cell.

Four cycles were carried out, the detailed results of each cycle being presented in Table 2. In
particular, the maximum current output achieved was 2.02 mA, similar to the acclimation
maximum current output (2.28 mA). However, the maximum current output decreased with time,
as it can be seen in Figure 58 and Table 28 (current output for the 1% cycle 2.02 mA and 0.83 mA
for the 4™ cycle, respectively). As it can be seen from Figure 58, during the 3™ cycle the current
output of the Mullite cell (red line) presented fluctuations which are attributed to the electrical

connection issues.
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Table 28. Measurements and calculations of the Mullite cell operation.

COD
Cycle # CODin (g/L) Inlet pH Imax (MA) Removal (%)
1t 10.9 5.9 2.02 96%
2nd 6.2 6.1 1.54 91%
3 10.5 4.8 1.26 95%
4t 12.5 3.8 0.83 94%

The COD removal (>91%) was high for the Mullite cell. The maximum current output is
affected by the low pH and the high COD of the raw condensate while a drop is observed in its
maximum value during time (2.02 mA 1% cycle, 1.54 mA 2" cycle, 1.26 mA 3" cycle and 0.83

mA 4™ cycle). Coulombic efficiencies calculated for the four cycles ranged between 4% - 9%.

The VFAs were almost completely consumed by the microorganisms, leading to an increase in
the pH in both cells at the end of every cycle (e.g., Gore-Tex cell 1% cycle inlet pH=5.9, outlet
pH=7.13, Mullite cell 4" cycle inlet pH 3.8, outlet pH=4.36).

6.4.3 Electrochemical Characterization

Figure 59 presents the polarization curves of the two cells.
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Figure 59. Volumetric power density versus volumetric current density versus voltage as extracted
by LSV experiment on the two cells. (Black = Gore-Tex cell, Red = Mullite cell)

The maximum power output was achieved by the Gore-Tex cell Pmax = 0.52 mW/m?, while the
Mullite cell achieved Pmax = 0.3 mW/m?®. The OCVs (open circuit voltages) obtained were 0.23 V
and 0.45 V for the Gore-Tex and Mullite cell, respectively. The voltage versus volumetric current
density curves indicate that, in both cells, ohmic resistances dominated, but were greater for the
Gore-Tex cell, due to a higher slope (698 Q internal Gore-Tex cell resistance, 211 Q internal
Mullite cell resistance). Despite the facts that acclimation was not as fast and the OCV was not as
high as for the Gore-Tex cell, the Mullite cell overall performed better in terms of power output,

waste treatment efficiency and CE.
6.4.4 Conclusions

The liquid fraction of dried fermentable household waste was treated using two single chamber
MFCs using different cathode assemblies (Gore-Tex and mullite assembly, respectively). The
Mullite cell performed better than the Gore-Tex cell in terms of COD removal and power output.
The results indicated that both cells had difficulty treating the raw condensate wastewater, because
of its high COD 13 g/L and low pH 3.5 and conductivity 2.62 mS/cm.
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6.5 Effluent, from PABR fed with condensate, as MFC feedstock
6.5.1 Introduction

The direct power production during the wastewater treatment using the MFC process could be

a solution to the current issues that the conventional wastewater treatment practices face.

In particular, aerobic activated sludge requires large amounts of energy for aeration,
recirculation and wastewater pumping. A MFC could be used in a treatment system as an
alternative to the energy-demanding activated sludge system, resulting in net energy pro-duction
rather than consumption. Moreover, the activated sludge process produces large amounts of
sewage sludge, since it is an aerobic process, compared to the anaerobic MFC technology which
generates only a small amount of microbial mass. Sludge handling drastically increases the
operational and energy costs of the typical wastewater treatment plants [33], [186]. Currently,
anaerobic digestion (AD) is widely applied as an alternative method for wastewater treatment since
it saves energy sources and is highly effective in converting organic chemicals into methane (CH4)
gas. However, the AD technology, un-like the MFC process, is not in general feasible when
treating low-strength wastewater, such as municipal wastewater. Additionally, the use of AD as
an electricity producing process is a two-step process (methane generation followed by burning in
an internal combustion engine) in contrast to the MFC system, which directly produces electricity
[187].

The aim of this work was to use a two-stage system consisting of a PABR and a single chamber

MFC with fly ash as oxygen reduction catalyst.

Experimental set — up: 4.4.2.4

Experiments conducted: Condensate originating from HFW was used as PABR feedstock. In

order to utilize the PABR effluent and “polish” it, taking advantage of the already treated effluent,
while maximizing energy recovery, a MFC (SRMul) was used as the second stage of treatment.
MFC current generation and wastewater treatment during operation with PABR effluent was
examined aiming to utilize the treated wastewater for maximum energy recovery, while

“polishing” it.
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6.5.2 MFC operation with condensate fed PABR effluent as feedstock

The SRMul was operated with synthetic glucose wastewater (1.5 g COD/L) prior to the PABR
effluent operation.
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Figure 60. Current output and COD concentration versus time, during batch operation of MFC fed
with PABR effluent.

In Figure 60, the current output of the SRMul operation with PABR effluent is presented.
Despite the low initial COD concentration of the PABR effluent (0.36 £ 0.1 g COD/L, Table 8)
SRMul achieved repeatable maximum current output 2 £ 0.2 mA, through the six operation cycles
(Figure 60). The COD removal efficiency was high (78% + 8%) across the experiments conducted.
The SRMul performance was also characterized by high CE, indicating the efficient treatment of
the wastewater. In particular, the highest CEs were achieved during the first operation cycles (43%
— 1%tcycle, 39% — 2" cycle and 36% — 3" cycle). The corresponding initial COD concentration of
the PABR effluent was ~ 0.3 g COD/L, during the three first operation cycles, Figure 60. In the
following cycles, the CEs presented a decrease (27% — 4™ cycle, 23% — 5™ cycle and 15% — 6
cycle), which was attributed to the fluctuations of the initial COD concentration for these cycles
(0.5 g COD/L — 4" cycle, 0.25 g COD/L — 5™ cycle and 0.36 g COD/L — 6" cycle).
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The Eyieid presented a similar pattern as the CE, achieving maximum values during the first
three operation cycles (Figure 60), (40 mJ/gCOD/L — 1% cycle, 36 mJ/gCOD/L — 2" cycle and 38
mJ/gCOD/L — 3" cycle). The Eyiels decreased in the following cycles (25 mJ/gCOD/L — 4™ cycle,
20 mJ/gCOD/L — 5" cycle and 14 mJ/gCOD/L — 6" cycle). The values of CE and Eyieiq indicate
the potential of the MFC technology to exploit even treated wastewaters for maximum energy
recovery. Specifically, during the 1% operation cycle the CE was equal to 43%, indicating the
percentage of the COD consumed that contributed to current generation, coupled with the highest
Eyield Value, gaining 40 mJ per treated gCOD/L. Similarly, the 2" SRMul operation with PABR
effluent as feedstock, achieved 39% CE, with a 36 mJ gained per gCOD/L.

The pH of the PABR effluent was 7.9 + 0.1 (Table 8), while in the SRMul effluent a pH of 7.5
+ 0.1 was measured. The conductivity of the PABR effluent was 3 £ 0.7 mS/cm (Table 8), while
an increased conductivity (4 = 1.4 mS/cm) was measured in the SRMul effluent. The increase in
the effluent conductivity, compared to the initial value, may be attributed to the salts retained in
the graphite granules, which were washed out during the PABR effluent cycles. These salts
originated from the synthetic glucose wastewater, with which the SRMul operated prior to the
PABR effluent. Regarding the concentrations of total suspended solids (TSS) and volatile
suspended solids (VSS), both presented a decrease (22% TSS and 44% VSS).

6.5.3 Electrochemical characterization during MFC operation with PABR effluent

To further examine the SRMul performance, while “polishing” the PABR effluent, linear sweep
voltammetry (LSV) experiments were conducted. The results are presented in Figure 61.
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Figure 61. Volumetric power density (W/m?®) and voltage versus volumetric current density (A/m?)
versus voltage as extracted by LSV experiments on the MFC operating with PABR effluent as
feedstock.

In Figure 61 the power density versus current density is depicted by continuous lines, while the
voltage versus current density is depicted by dashed lines. The maximum power density was
achieved during the 5™ operation cycle, equal to 5.4 W/m?, corresponding to a 0.25 g COD/L initial
condensate concentration of the PABR effluent. The power density achieved during the 2"
operation cycle was equal to 5 W/m?3, with an initial COD concentration of 0.33 g COD/L. Lower
power densities were achieved during the rest operation cycles (0.9 W/m2 — 1% cycle, 2.6 W/m? —
3 cycle and 3.1 W/m® — 4™ cycle). Using the maximum power theorem, the internal resistance of
the SRMul was calculated during the LSV experiments. For the 2" and 4™ operation cycle, the
lowest Rinternal Were observed equal to 76 Q and 78 Q, respectively. The Rinteman attained higher
values during the rest of the LSV experiments (150 Q — 1% cycle, 104 Q — 3™ cycle and 136 Q —
4™ cycle), justifying the differences which were observed in the power densities. The voltage
versus current density lines indicate the type of electrochemical losses present in the SRMul. The
linearity of the dashed lines in Figure 61, corresponds to ohmic losses dominating during the

SRMul operation.
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6.5.4 Conclusions

The MFC technology was efficiently used to “polish” the treated effluent of a PABR. The
PABR operated with HFW condensate as its feedstock, resulting in an effluent with low COD
(0.36 £0.1 g CODIL, Table 8). The SRMul exploited the supplied effluent, resulting in a maximum
current output of 2 mA and a maximum power density output of 5.4 W/m?, during its operation.
Additionally, the low initial COD concentration resulted in high CEs (43% — 15%) and high Eyieid
(40 mJ/gCOD/L — 14 mJ/gCOD/L), showcasing the capabilities of the MFC technology to take
advantage of the wastewater despite its characteristics, recovering as much energy from waste as

possible.
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6.6 MFC technology combined with dark fermentation to efficiently treat cheese

whey
6.6.1 Introduction

Cheese whey is the remains of the cheese — making process, containing carbohydrates, lactose,
lactic acid and salts [52]. The cheese industry generates large quantities of this wastewater,
estimated at 190 billion kg/y, which poses an environmental problem given its high quantity and
high organic load. Various bioprocesses have been used in order to exploit CW, including
anaerobic digestion (AD), dark fermentation (DF), Biopolymer production and BESs [188].
Additionally, combinations of the above technologies have been tested for CW treatment, the most
promising being the combination of DF with AD, although DF has been combined with BES for
maximum exploitation of the CW to produce H: or electricity, during its treatment. Regarding
MFCs treating CW, both dual and single chamber configurations have been tested [188]. It was
noted that treating CW with a single chamber MFC produced higher power output (439 mW/m?),
than the dual chamber MFC CW treatment (46 mW/m? — 6.7 gCODI/L initial concentration) [188].

The aim of this work was the utilization of the MFC technology as a second stage in cheese
whey treatment, coupled with DF. Additionally, coal fly ash was examined as an oxygen reduction
catalyst, used with mullite electrodes, aiming to increase the performance efficiency of the MFC
treating CW.

Experimental set — up: 4.4.2.5

Experiments conducted: The SDF was used as the MFC feedstock for 4 operation cycles.
Afterwards, the RDF was used as the feedstock at different concentrations (10%, 50% RDF) and
with increased conductivity (10% RDF + KCI) with each concentration conducted in duplicate, in

order to confirm the reproducibility of the results.
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6.6.2 MFC operation with synthetic DF wastewater (SDF) as feedstock
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Figure 62. Current output and COD concentration versus time, during batch operation of MFC fed
with SDF wastewater.

As it can be seen in Figure 62, a decrease of the maximum current output was observed from
Cycle 1 to Cycle 2 (from 1.8 mA to 0.5 mA). Following this decrease, the maximum current output
remained approximately constant for the next operation cycles (3rd Cycle: 0.6 mA, 4th Cycle: 0.6
mA). This drop is partially attributed to an acclimation period of the biofilm from the switch of
the glucose medium to the SDF wastewater. The COD removal efficiency was high in all cases
(86% £ 8%). The CE ranged from 1.4% to 3.2%, indicating that the MFC performance was
hindered by parasitic activities, such as antagonistic microorganisms [33]. The pH of the MFC

effluent was almost stable (6.3 + 0.2).

Furthermore, the current generation was inhibited by the low initial conductivity of the SDF
solution (1.6 £ 0.2 mS/cm, Table 9). The conductivity of the MFC effluent presented a decreasing
trend from cycle 1 to cycle 4 (4.2 mS/cm 1% cycle, 1.6 mS/cm 2" cycle, 1.4 3™ cycle and 1 mS/cm
4™ cycle). The conductivity of the 1% cycle was influenced by the residual synthetic medium in the

porous anode electrode. In cycles 2 through 4, the effect of the low conductivity SDF wastewater
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on the current generation of the MFC was observed, resulting in a maximum current output of 0.6
mA.

6.6.3 MFC operation with real DF wastewater (RDF) as feedstock

Afterwards, SDF was replaced with filter sterilized and diluted RDF (IBH>S effluent). Initially,
10% RDF was used as feedstock, followed by 50% RDF. The effect of the RDF initial
concentration was examined on the MFC performance. To further compare the two cases, the
conductivity of the 10% RDF was adjusted from 3.9 mS/cm to 14 mS/cm (Table 9), by the addition
of KCI. the experiments were conducted in duplicates, to test the repeatability of the results. The

current output and COD concentration of the MFC are presented in Figure 63.
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Figure 63. Current output and COD concentration versus time for the MFC operation with RDF
(10% diluted RDF — left, 50% diluted RDF — middle, 10% diluted RDF with KCI — right).

During the MFC operation with 10% RDF as feedstock (1% and 2" cycle — Figure 63), the
current output increased (0.8 mA 1% cycle, 0.9 mA 2" cycle — Figure 63) in comparison with the
SDF cycles (0.6 mA 3 and 4" cycles — Figure 62). The current output further increased to 1.6 mA
(Figure 63) during the 3" cycle with 50% RDF as MFC feed. During the 4" cycle, the maximum
current was 0.9 mA (4" cycle — 50% RDF — Figure 63). In order to examine the effect of
conductivity, after the 50% RDF the feedstock was switched to 10% RDF+KCI. The addition of

KCI led to an initial conductivity similar to the 50% RDF (14 mS/cm). The maximum current
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output was 1.3 mA and 1.4 mA for the 5 and 6 cycle with 10% RDF+KClI as feedstock (Figure
63).

The duration of the MFC operation cycles averaged 212 + 21 h, presenting an increase from the
respective SDF duration (167 £ 21 h). The COD removal efficiency was high across all RDF cases,
averaging 93% = 12%. During the 50% RDF operation the COD concentration decreased by 48%
in the first 24 h of the cycle (3™ cycle — Figure 63). Afterwards, the COD further decreased,
achieving COD removal efficiency of 98% after 100 h of MFC operation. Although the organic
matter was almost totally removed from the bulk solution, the current output became practically
zero after 409 h of cell operation (Figure 63). This indicated that the chemical energy obtained
from substrate decomposition (first 100 h) was stored, resulting in continuous current output for
509 h. It has been noted by [111], that in case of excess substrate the electrochemically active
biofilm temporarily stores energy. The stored energy is then slowly released by the
electrochemically active bacteria resulting in electricity generation. Furthermore, similar MFC
behavior to a different substrate was documented by [62], presenting the rapid decomposition of
the organic load and storage of the energy by the biofilm. The COD concentration of the 4th cycle
presented a similar trend as the 3" cycle, with 50% RDF feedstock. A rapid decrease (85%) during
the first 50 h was observed, followed by a 98% COD removal efficiency over 300 h. The durations
of the 3™ and 4™ cycles with 50% RDF as feedstock, were 509 h and 397 h, respectively. The
current output lasted in both cases for more than 350 h, showing the slow release of energy from

the electrochemically active biofilm.

Additionally, the conductivity of 50% RDF (14 mS/cm — Table 9) was considerably higher than
the respective 10% RDF (4 mS/cm — Table 9), contributing to the difference in current output (0.9
mA 10% RDF, 1.6 mA 50% RDF, respective maximum current output). In both cases the MFC
effluent conductivity decreased, from 3.9 + 0.1 mS/cm to 1.6 £ 0.2 mS/cm for the 10% RDF and
from 14 £ 0.6 mS/cm to 1.7 £ 0.2 mS/cm for the 50% RDF.

The 10% RDF+KCI achieved similar conductivity values as 50% RDF, resulting in similar
values to the current output (1.6 mA 50% RDF — 1.4 mA 10% RDF + KCI, Figure 63). The
maximum current output for the 10% RDF was 0.9 mA (Figure 63) with an initial conductivity of
3.9 £ 0.1 mS/cm, in comparison to the respective output for the 10% RDF + KCI, which was 1.4
mA (Figure 63) with an initial conductivity of 14 mS/cm. Both the 10% RDF and 10% RDF+KClI
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had similar initial COD concentrations (6.4 g COD/L — 10% RDF, 6.2 g COD/L — 10% RDF+KCI)
and high average COD removal efficiencies (82% — 10% RDF, 97% — 10% RDF+KCI). The pH
of the MFC effluent was similar to the initial pH of the RDF solutions studied in all cases. The
COD removal efficiency was high (>82%) for the whole of MFC operation whereas the CE ranged
from 0.7% to 3.7%.

6.6.4 Electrochemical characterization of MFC operation with DF wastewater

LSV experiments were conducted at the beginning of each operation cycle when the current

output of the cycle reached its maximum value.
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Figure 64. Power density and Voltage versus current density for three SDF cycles (1st - 3rd - 4th)
(a) and the RDF (b) as feedstock for the MFC.

Figure 64 presents the power density versus current density curves with a straight line and the
voltage versus current density curves with a dashed line. The maximum power density achieved
for the SDF feedstock (Figure 64 — a) was 0.7 W/m?3 corresponding to a 5014 mg COD/L initial
concentration and 1.8 mS/cm initial conductivity. The maximum power obtained for the RDF
feedstock (Figure 64 — b) was 1.2 W/m?, corresponding to 50% RDF case, with an initial
concentration of 32 g COD/L and 14.4 mS/cm initial conductivity. During the 10% RDF operation
the MFC achieved 1.1 W/m?, with a 6.4 g COD/L and 3.9 mS/cm conductivity initially (Table 9).
Despite the difference in the initial COD concentration and conductivity, the maximum power
output was similar between the 10% RDF (1.1 W/m?) and the 50% RDF (1.2 W/m?®). The internal
resistance of the MFC was calculated using Jacobi’s law for the different experiments. The lowest
internal resistance (202 Q) was observed during the 1st SDF operation cycle, where the operation

of the MFC was influenced by the residual glucose medium. The following cycles presented an
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increase in the internal resistance of the MFC (3" SDF 645 Q, 4" SDF 509 Q). This was caused
by the conductivity of the SDF (1.5 £ 0.3 mS/cm, Table 9). The switch of the SDF wastewater
with the RDF diluted wastewater resulted in a reduced internal resistance (10% RDF 369 Q, 50%
RDF 248 Q). The increased conductivity of the RDF solutions (Table 9) led to reduced internal
resistance of the MFC, thus improving the power output (Figure 7 — b) and the current output
(Figure 63) across all cases studied. Across both experiments the voltage versus current density

lines indicated the ohmic losses dominating in the MFC.
6.6.5 Conclusions

The MFC technology was proposed as an addition to DF (IBH2S) processing CW. High COD
removal efficiencies were achieved (86% + 8%) across all cases examined. Maximum current
output (1.6 mA) was observed for the 50% RDF feedstock. Similarly, maximum power density
(1.2 W/m?®) was obtained for 50% RDF feedstock. The temporary storage of energy by the biofilm,
was detected for all RDF cases, due to the rapid (24 h) COD concentration decline accompanied
with a long (>180 h) duration of current output. This result showed that high strength substrates
such as IBH>S effluent can be successfully treated by this type of MFC and opened up the
possibility of attempting to apply directly the undiluted effluent in future investigations.
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7 Dual — chamber MFC results

In this chapter the results of the dual — chamber MFCs operation is presented. The experiments
were focused on the use of MFC technology for the recovery of heavy metals from the MFC
cathode. The anode solution was kept the same glucose synthetic medium. The cathode solution
was the focus of this study, in order to detect the heavy metals reduction. The heavy metal solution
originated from the hydrometallurgical processing of PV panels (1%t and 2" generation). Two sets
of experiments were conducted one was focused on silver recovery from a synthetic solution
simulating the 1% generation PV panel chemical extract and one on indium recovery using the 2™
generation PV panel chemical extract. The performance of the dual — chamber MFCs was
compared to the operation with oxygen as the electron acceptor

7.1 MFC operation with silver as electron acceptor — Silver recovery experiments
7.1.1 Introduction

In this chapter the results of the dual — chamber MFC operation for silver recovery are
presented. The aim of this work is to examine the feasibility of using MFC technology to recover

silver from a synthetic wastewater simulating PV hydrometallurgical process extract.

Experimental set — up: 4.5.1

A dual — chamber MFC was used with a PEM as the anode and cathode separator. Graphite
based electrodes were used for both chambers. The anode solution was the synthetic glucose
medium (Table 1). The cathode solution was a synthetic solution containing silver, simulating the
characteristics (pH, conductivity and silver concentration) of the 1% generation PV

hydrometallurgical process extract.

Experiments conducted: Four cases of silver recovery were studied for four different synthetic

solutions. The silver concentration (~ 50 mg/L) was kept the same across all cases, while the pH

and the conductivity were altered to further examine the silver recovery process.
7.1.2 Current output and silver reduction during MFC operation

The maximum current output which was achieved during each experiment (R1, R2, R3 and
R4) versus the number of the batch cycle is presented in Figure 65. Figure 66 presents the dissolved

silver concentration versus time for each case. The dissolved silver in the synthetic wastewater
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was considered completely recovered once the dissolved silver concentration was reduced to

approximately 0 mg/L.
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Figure 65. Maximum current output (mA) of the batch cycles of R1, R2, R3 and R4 experiments
(cathodic solution for each case: R1: silver nitrate and sodium perchlorate at pH 7, R2: silver nitrate
and potassium chloride at pH 7, R3: silver nitrate at pH 7 and R4: silver nitrate and sodium
perchlorate at pH 2).
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Figure 66. Silver concentration versus time for the R1, R2, R3 and R4 experiments, (cathodic
solution for each case: R1: silver nitrate and sodium perchlorate at pH 7, R2: silver nitrate and

potassium chloride at pH 7, R3: silver nitrate at pH 7 and R4: silver nitrate and sodium perchlorate
at pH 2).
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As it can be seen from Figure 65 the maximum current output (Imax) for the R1 batch cycles
was equal to 0.93 mA. Moreover, the silver was almost completely recovered (silver recovery >
99%) (Figure 66). In the R1 case the dissolved ions formed silver perchlorate reacting as is
presented in the following reaction:

NaClo, + AgNO; = AgClO, + Na* + NO3 Eq. 33

The anion of silver perchlorate being unstable, led to the formation of silver cations [189].
Subsequently, the reduction of the silver that occurred in the catholyte was the following:

AgT+e” > Ags) L Eq. 34

As it can be seen from Figure 66 the silver reduction occurred within 5 h for the R1 case. The
R1 cathodic solution had an average conductivity of 17.8 £ 2 mS/cm at the end of each cycle
(initial conductivity 18.9 mS/cm). This may have been caused by the reacting substances of the
cathodic solution and the formation of silver, resulting in the decreased conductivity of the
cathodic solution.

Table 29. Equations of the silver reduction rates extracted from the dissolved silver concentrations
for the four experiments (R1, R2, R3, and R4).

Experiment sets R1 R2 R3 R4
Fitted equations | c=-10.451t+53.38 c=41.839%exp(-0.112t) | c=-19.65t+49.469
of silver reduction R2=0.9953 R2 =0.9887 R2=0.9821

During the R2 experiment, potassium chloride was used to increase the electrolyte’s
conductivity (Figure 66). No silver reduction took place since the silver ions reacted almost
immediately with chloride ions forming silver chloride. This reaction led to low dissolved silver
concentration at the beginning of the cycle (t=0h, 0.5 mg/L). In particular, the following reaction
(Eg. 35) took place:

KCl+ AgNO3; - AgClsy L +K* + NO3;  EQ.35

In the R2 experiment the synthetic wastewater was initially blurred due to the presence of silver

chloride. However, at the end of the batch cycles, the catholyte was no longer blurred and deposits
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were visible on the cathodic electrode. The silver concentration at the end of the cycle was 0 mg/L.
The maximum current output of all batch cycles was Imax = 0.51 mA (Figure 65). Due to the low
initial silver concentration (0.5 mg/L) in the R2 case, the current peaks observed (Figure 65) were
attributed to the reduction of an alternate electron acceptor.

The catholyte’s pH at the end of the cycle increased to 10.3 £ 1.8, from the initial pH 7. The
final cathodic conductivity presented a slight decrease (18.5 £ 0.4 mS/cm) when compared to the
initial value (19.5 mS/cm, Table 11). This decrease was attributed to the formation of silver

chloride. The dissolved silver was bound with the ions occurring from the supporting electrolyte.

In the case of R3 experiment, using silver nitrate and DI water, the maximum current output
was Imax = 0.03 mA (Figure 65). This caused the slower reduction of silver, which occurred within
24 h. The silver recovery at the end of the batch cycle was approximately 93% (Figure 66). An
increase in the pH of the cathodic solution was observed from 6.7 to 7.9. The conductivity of the
R3 cathodic solution at the end of the batch cycle increased by (287%) (0.24 mS / cm) (Table 11).

The maximum current (Imax) Which was obtained during the R4 experiment was 0.95 mA
(Figure 65). Furthermore, a high percentage of silver recovery was achieved (> 99%) (Figure 66).
The silver recovery was completed within 3 h (Figure 66). Moreover, an increase of the catholyte’s
pH was observed (initial pH 2, final pH 2.8). The increase in the pH is caused by the transfer of
the hydrogen cations (migration) through the separator from the cathode to the anode [190]. The
conductivity of the R4 cathodic solution decreased after the end of the batch cycles to 15 + 2
mS/cm versus from the initial 18 mS/cm (Table 11). This change was attributed to the formation
of silver perchlorate (similarly to R1 case, Eg. 33), from which subsequently the solid silver was

formed, hence reducing the conductivity of the cathodic solution.

The silver reaction rates were extracted from the data of Figure 66 and are presented in Table
29. For the R1 and R4 cases, where the reduction was completed within 3 h and 5 h respectively,
a linear equation (c=at+b) was the best fit. Since silver reduction was faster in the R4 case, a
smaller “t” coefficient was calculated (R1 a=-10.451 versus R4 a=-19.65). For the R3 case an
exponential equation (¢ = 41.839exp(-0.112t)) fitted the data best. As mentioned above, silver
reduction was not observed for the R2 case.
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Overall, the addition of sodium perchlorate (NaClOg) led to faster silver recoveries (R1 5 h,
R4 3 h) by increasing the conductivity of the cathodic solution. When no supporting electrolyte
was added in the catholyte (R3), silver was recovered within 24 h. Despite the absence of
supporting electrolyte a high silver recovery (93%), was achieved in the R3 case (Figure 66). The
addition of potassium chloride (R2) inhibited silver recovery by decreasing the initial dissolved

silver concentration.

The maximum current output which was obtained for the R1 (Imax = 0.93 mA) and R4 (Imax =
0.95 mA) cases was higher than the R2 (Imax = 0.51 mA) and R3 (Imax = 0.03 mA) cases (Figure
65). This is attributed to the supporting electrolyte which was used in each case. The R3 case did
not present a notable current output (Imax = 0.03 mA) due to its low initial conductivity (Ginitial =
0.06 mS/cm). Consequently, the high initial conductivity (cinitia = 18 — 19.5 mS/cm, Table 11)
affected the current output for the R1, R2 and R4 cases. The reduction of the initial cathodic pH
to 2 for the R4 case (Table 11) did not affect the maximum current as it was similar to the R1 cases
(Figure 65). However, the low pH value decreased the time required for the silver reduction to
occur from 5 h (R1) to 3h (R4). No notable change in the anode pH for the R4 case at the end of
the silver reduction (~ 3 h) was observed. The phosphate buffer used in the anode maintained the
pH at the desired value for the microorganisms ~ 7 pH. Additionally, no proton back migration

was noted from the low pH cathode (~ 2) to the higher pH anode (~ 7).

At the end of silver reduction, COD removal of the R1, R3 and R4 cases was approximately
50%. The assessment of the bio-anode performance was carried out by calculating the coulombic
efficiencies (CE) for the batch cycles, using Eq. 20. The highest CEs were 8.8%, 7.6%, 0.04% and
16% for the R1, R2, R3 and R4 cases, respectively. The highest CEs were achieved for the R4 and
the R1 cases. Similarly, during the R1 and the R4 experiments faster silver recoveries (5 h R1 case
and 3 h R4 case) and higher current outputs (Figure 65) were obtained. The R3 case presented the
lowest CE because of the absence of supporting electrolyte, resulting in the lowest current output

overall (Figure 65).
7.1.3 SEM imaging and EDS analysis

After the silver recovery experiments the cathode electrodes were studied with SEM and EDS,

to detect the silver depositions on the electrode surface.
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Figure 67. SEM micrograph (a, b) and EDS spectra (c, d) of the cathodic electrode surface for the
R1 recovery. Pure silver crystals (a, ¢) and formed chloride salts (b, d).

In the SEM images of the R1 electrodes, silver deposits on the carbon paper surface were
observed. Pure silver crystals were formed and in some cases chloride salts can be seen (Figure
67a and Figure 67b). The deposition of pure silver on the electrode is confirmed by the SEM
images (Figure 67a and Figure 67b) and EDS spectra (Figure 67c and Figure 67d).

R2 experiment

During the R2 experiment, potassium chloride was used as the supporting electrolyte instead

of sodium perchlorate. The cathodic solution was filtered and the solid phase was analyzed with
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SEM and EDS. Figure 68a and Figure 68c present the SEM and EDS analysis on the electrode and
Figure 68b and Figure 68d present the analysis on the filtered precipitate.
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Figure 68. SEM micrograph (a, b) and EDS spectra (c, d) of the R2 cathodic electrode (a, ¢) and
filtered solids of the catholyte (b, d).

The images of the SEM and the EDS spectra confirmed the formation of a silver chloride layer
on the cathodic electrode (Figure 68a, Figure 68c), as well as the precipitation of silver chloride
(Figure 68b).

R4 experiment

The R4 experiment was conducted with NaClO4 (0.2 M, pH 2) as supporting electrolyte in the

cathode. Silver crystals were observed on the graphite paper from SEM images. In Figure 69a and
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Figure 69b pure silver crystals are observed between the graphite fibers. The EDS-EDX revealed
the high purity of the silver crystals (Figure 69a and Figure 69d).
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Figure 69. SEM micrograph (a, b) and EDS spectra (c, d) of the cathodic electrode surface for the
R4 recovery.

In Figure 67c the presence of chloride salts was visible on the cathodic electrode. By
comparison, in Figure 69c and Figure 69d no corresponding notable peaks are present, indicating

the absence of chloride salts. This is caused by the decrease in the pH to 2 for the R4 case.
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7.1.4 Polarization experiments during silver recovery experiments
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Figure 70. Polarization and power curves for the three silver recovery experiments (R1, R2 and
R4)

Figure 70 presents the results of polarization experiments which were conducted at the
beginning of the batch cycle (t = 0 h), for the three cases (R1, R2 and R4). No polarization curve
was extracted for the R3 case, since the cell did not produce power, as presented in Figure 65. The
maximum power (Pmax) was 0.64 W/m?3, 0.19 W/m? and 0.8 W/m3, for the R1, R2 and R4
experiments, respectively. Furthermore, a lower internal resistance was calculated for the R4 case
in comparison with the R1 and R2 experiments (R4 = 604 Q, R1=1103 Q and R2=2010 Q). The
R4 case presented higher power output and lower internal resistance, operating more efficiently
when compared with the other cases. The operation of the MFC becomes better the greater the
difference in the pH of the anode and the cathode (R4 case) [190]. The linear slope of the
polarization curves (Figure 70) indicated that the ohmic losses dominated in all cases. The ohmic
losses are attributed to the geometry of the H-type dual chamber MFC, as well as all the
connections between the electrodes, the external resistance and the voltage recorder. In the R2
experiment where the potassium chloride was used as the supporting electrolyte the maximum

power was Pmax = 0.19 W/m®.
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The current densities at maximum power were 1.39 A/m? and 2.08 A/m? for the R1 and R4
cases respectively (Figure 70). The maximum silver recovery rates were calculated using
Faraday’s law. For the R1 case it was 1.77 g Ag/h/m? and for the R4 case 2.65 g Ag/h/m?. For the
R2 case the silver recovery rate was 0 g Ag/h/m?, due to the formation of silver chloride. In the R3
case the recovery rate was 0.05 g Ag/h/m?, because of the absence of the supporting electrolyte

slowing down the electron transfer.
7.1.5 Conclusions

For this work silver recovery using the MFC technology was studied. A synthetic silver
wastewater was prepared simulating a PV panel chemical extract. The particular PV panel
recycling process was proposed by the PHOTOREC project [116]. A dual chamber MFC was
constructed and the pH and conductivity of the cathodic solution were examined in four cases (R1
— R4). Silver recovery was high (>93%) in all cases, except when potassium chloride was used a
supporting electrolyte, where silver precipitated as silver chloride. Silver crystals were deposited
on the cathodic electrodes in the R1, R3 and R4 cases. The best performance in terms of power
output and internal resistance was achieved at pH 2 (0.8 W/m?, 604 Q) and sodium perchlorate as
the supporting electrolyte. Moreover, at pH 2 (R4 case) the MFC completely recovered the silver
in 3 h, when compared with the other cases (5h, 24 h for the R1 and R3 cases respectively). The
maximum silver reaction rate, using the Faraday’s law, was obtained during the R4 experiment
and was equal to 2.65 g Ag/h/m?. By using the MFC technology the heavy metal recovery is
feasible, but parameters such as the conductivity and the pH of the wastewater should be further

examined in order to improve the MFC performance.
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7.2 MFC operation with indium as electron acceptor - Indium recovery experiments
7.2.1 Introduction

Indium (In) is a heavy metal broadly used in electrical applications such as solar cells for
photovoltaic (PV) panels, liquid crystal display (LCD screens), transistors and microchips among
others [191]. The recovery of indium from the various waste streams is essential due to its extended
use and acquisition method (by-product of zinc refining). The aim of this work is to examine the
feasibility of using MFC technology to recover indium from a synthetic indium wastewater and a

2" generation PV panel chemical extract.

Experimental set — up: 4.5.2

Experiments conducted: Three cases of indium recovery were examined. In the first case, the

synthetic indium wastewater (~170 mg/L) was used in the MFC cathode. Afterwards, potassium
chloride was added in the synthetic indium wastewater, in order to simulate the high initial
conductivity of the real PV panel chemical extract. In the third and final case, the real indium
wastewater originating from the 2" gen. PV panel chemical extract was used in the cathode. In all
experiments the anode solution was kept the same synthetic glucose wastewater (1.5 gCOD/L)

7.2.2 Current output and indium reduction during MFC operation

In Figure 71a, the diluted indium concentration in the MFC cathode versus time is presented.
During the MFC operation with the synthetic indium wastewater (Synth), the maximum current
output was 0.09 mA (Synth — 1% cycle) and 0.14 mA (Synth — 2" cycle). The duration of indium
recovery was 45 h and 46 h for Synth — 1%t and Synth — 2", respectively (Figure 71a). In both cases
high indium recovery was achieved (96% Synth — 1%t and 97% Synth — 2"%). The pH of the cathode
solution presented an increase from ~2 (Table 12) (controlled by 2 M HCI addition) to ~6,
indicating the decrease in the hydrogen cation ([H*]) concentration. Additionally, the pH of the
anode decreased from ~7 (due to buffer solution) to 6, because of the hydrogen cation migration
from the cathode to the anode. The conductivity of the cathode solution (initially 2.5 mS/cm, Table
12) did not present a notable change, ~1.6 mS/cm at the end of the Synth MFC operation. The
conductivity of the anode solution presented a drop in the Synth MFC operation from 11.6 mS/cm
initially to 9.5 mS/cm at the end of the indium recovery. The COD removal efficiency in the anode

was 75% and 60% for the Synth — 1% and Synth — 2" operation cycles, respectively.
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Figure 71. Indium concentration versus time in the cathode solution, during the indium recovery
experiments, cathodic solution for a) Synth — synthetic indium wastewater and Synth — KCI
synthetic indium wastewater with increased conductivity, b) Real — diluted PV panel chemical
extract.

After the Synth MFC operation the cathode solution was switched with synthetic indium
wastewater with increased conductivity, by KCI addition until ~15 mS/cm (Table 12). The
increased conductivity was examined to determine its impact on the indium recovery. The
maximum current output during the Synth — KCI experiments was 0.2 mA. The indium recovery
was faster (~27 h, Figure 71a), when compared to the Synth experiments (~46 h, Figure 71a), due
to the higher initial conductivity of the Synth — KClI solution (15 mS/cm, Table 12), than the Synth
solution (2.5 mS/cm, Table 12). High indium recovery (97%, Figure 71a) was observed in the
Synth — KCI case, as well. The COD removal efficiency in the anode during the Synth — KCI
experiments was 53%. The conductivity of the cathode solution presented a decrease from the
initial value (15 mS/cm, Table 12) to 9 mS/cm. The conductivity decrease observed during the
Synth and Synth — KCI experiments was attributed to the reduction of the diluted indium in the

cathode and the deposition of indium oxides on the electrode surface.

Following the MFC operation with synthetic indium wastewater, the PV panel chemical extract
was used as the cathode. In particular the 2" generation PV panel chemical extract was diluted
(10%), due to the extremely low pH (out of detection limit, Table 12), in order to avoid possible
damage on the MFC materials and pH imbalance between the anode and the cathode. Moreover
the characteristics of the cathode solution were presented in Table 12. The diluted indium
concentration during the PVPextract operation is presented in Figure 71b. The maximum current

output during the PVPextract was 1.1 + 0.1 mA. The duration of the indium recovery experiments
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was 11 h, 9 h and 4 h for the 1%, 2" and 3™ PV/Pextract cycles (Figure 71b). The higher current
output and faster indium reduction during the PVPextract experiments, when compared to the
synthetic indium wastewater experiments, was attributed to the higher initial conductivity of the
solution used (~84 mS/cm, Table 12) and the low initial indium concentration (Figure 71b). The
COD removal efficiency during the PVPextract experiments was 46%, despite the fast depletion
of diluted indium in the cathode solution (4 — 11 h, Figure 71b). The low initial pH of the
PVPextract (1.2, Table 12) used in the cathode, affected the anode pH, regardless of the buffer
solution used in the anode. The initial anode pH was ~7 (regulated by the buffer solution in the
synthetic glucose wastewater) and the anode pH after the PVVPextract experiments was reduced to
~2, indicating the hydrogen cation back migration from the cathode to the anode, resulting in the
anode pH drop. Moreover, the cathode pH (initially 1.2, Table 12) presented a slight increase to
~2, after the indium recovery from the PVPextyract. The conductivity of the cathode solution was
~84 mS/cm (Table 12) initially and after the MFC operation the final conductivity of the cathode
solution was 26 £ 2 mS/cm. The conductivity of the anode solution initially was 11.5 mS/cm and
after the indium recovery with the PVPextract it was increased to 21 + 2 mS/cm. The drop in the
cathode conductivity was attributed to the reduction of the diluted indium in the cathode and the
deposition of indium oxides on the electrode surface, similarly the Synth and Synth — KCI
experiments. The MFC achieved a higher current output (~1.1 mA) during the PVPextract, than
the Synth (0.14 mA) and Synth — KCI (0.2 mA). The indium recovery was faster across all
PVPextract cases (4 — 11 h, Figure 71b), than the Synth and Synth — KCI experiments (46 h and
27 h, respectively Figure 71a).

7.2.3 SEM imaging and EDS analysis

After the indium recovery experiments the cathode electrodes were studied with SEM and EDS,
in order to determine the depositions on the electrode surface.

Synthetic indium wastewater

In Figure 72a, the depositions on the electrode surface imaged by SEM are presented. In Figure
72b the respective EDS is presented. Indium deposits were detected, corresponding to indium
hydroxides and indium oxides, based on the EDS analysis (Figure 72b). Furthermore, a small

amount of crystalline indium was detected (< 4%, weight (%), Figure 72b). Similar results were
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obtained by [54], detecting indium hydroxides and achieving a high indium removal (91% - 93%)

from synthetic indium wastewater used in a dual chamber MFC.

a) | b)

Spectrum 28
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Figure 72. SEM micrograph (a) and EDS spectra (b) of the cathodic electrode surface for the Synth
experiments.

Apart from the cathode electrode, the cathode solution after the MFC operation was filtered in
order to collect possible sediments. The filter was then studied with SEM and EDS, extracting
Figure 73a and Figure 73b, respectively. The deposits on the filter were similar to the deposits
observed on the electrode surface (Figure 72). Indium oxides were observed with a small amount
of crystalline indium (< 3%, Figure 73b). Impurities were detected in both cases Figure 72 and
Figure 73.
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Spectrum 19
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Figure 73. SEM micrograph (a) and EDS spectra (b) of the filter after the cathode solution solid —
liquid separation for the Synth experiments.

Real indium wastewater

After the Synth and Synth — KCI operation the cathode solution was switched with the
PVPextract. Following the indium recovery from PVPextract the cathode electrode was studied
with SEM and EDS, presenting the results in Figure 74.
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Figure 74. SEM micrograph (a) and EDS spectra (b) of the cathode electrode’s surface after the
PVPextract operation.

On the electrode surface multiple depositions were detected (Figure 74b), including selenium
(Se), copper (Cu), molybdenum (Mo), indium (In) and silver (Ag). No gallium was detected since

it cannot be recovered electrochemically. Selenium, copper, molybdenum and indium are all
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present on the thin film of the 2" generation PV panel. Silver deposits were considered impurities,
originating from the conductive epoxy damaged by the extremely low pH of the PVPextract (Table
12). Indium formed hydroxides similarly to the synthetic indium wastewater experiments. A small

amount of crystalline indium (< 3%, Figure 74b) was detected in this case as well.

7.2.4 Polarization experiments during indium recovery experiments
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Figure 75. Polarization and power curves for the indium recovery experiments (Synth, Synth —
KCI and PVPextract).

To further examine the MFC performance during indium recovery experiments, LSV
experiments were conducted to measure the maximum power output of the MFC. The maximum
power was normalized to the anode volume (70 ml). The maximum power density was achieved
during the PVPextract experiments, peaking at 3.5 W/m?3 (orange lines - Figure 75). The power
density during the Synth experiments was 0.08 W/m? (blue lines - Figure 75) and the addition of
KCI led to a power density of 0.17 W/m3 (green lines - Synth — KCI, Figure 75). The initial
conductivities of the cathode solutions justify the power density obtained across the three different
experiments (2.5 mS/cm — Synth, 15 mS/cm — Synth — KCI and 84 mS/cm — PVPextract Table
12). Using the maximum power theorem, the internal resistance of the MFC was calculated during
the different indium recovery experiments. The lowest internal resistance was measured during the
PVPextract equal to 320 Q. The Synth — KCI achieved an internal resistance of 1800 Q and the
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highest internal resistance was recorded during the Synth experiments equal to 2600 Q. The lowest
internal resistance corresponded to the highest power density output (PVPextract Figure 75) and

the highest internal resistance corresponded to the lowest power density output (Synth Figure 75).
7.2.5 Conclusions

In this work indium was recovered using a dual chamber MFC, with synthetic and real PV panel
chemical extract as the cathode. The highest current and power density output was detected during
the PVPextract experiments (2 mA and 3.5 W/m?, respectively). Indium was successfully
recovered from the cathode solutions, with at least 85% removal efficiency, across all experiments.
The deposits on the electrode surface indicated the deposition of indium in the form of oxides and
hydroxides. The low pH of the PVPextract lowered the anode pH despite the usage of buffer
solution in the synthetic glucose wastewater. The MFC technology has the ability to efficiently
treat an organic wastewater in the anode, reduce the indium from the wastewater in the cathode
and generate electricity at the same time. The usage of MFC technology in PV panel recycling has

the potential of a clean and sustainable method for material recovery.

7.3 Comparison of dual — chamber MFC performance during operation with

different electron acceptors

This study was conducted in order to examine the MFC technology as an addition to PV panel
recycling, in particular for material recovery, through the cathode reduction of the MFC. The
proposed process for PV panel recycling was carried out in the framework of the PHOTOREC

project.

Regarding the synthetic silver wastewater, high recoveries were achieved (>93%) with a
maximum current output of 0.9 mA. The indium synthetic experiments achieved a high recovery
of indium (97%) with deposits of indium oxides on the electrode surface. The current output even
with increased electrolyte conductivity (Synth — KCI) achieved a current output of 0.2 mA, which
is lower than the respective current generated during silver reduction. The indium recovery from

the PVP extract achieved a higher current output 1.1 mA and a fast recovery time (4 — 11 h).

By using the MFC technology the heavy metal recovery is feasible, but parameters such as the
conductivity and the pH of the wastewater should be further examined in order to improve the

MFC performance.
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8 Model results

8.1 Introduction

The aim of this work was the development of a model simulating the operation of a dual
chamber MFC.

MFC model and configuration brief description: 4.74.7

A time — dependent 2D model was developed in the COMSOL Multiphysics® software,
containing mass and charge conservation and transfer phenomena. Electrochemical kinetics were
incorporated through the combined Butler — VVolmer — Monod equation. The model took into
account the geometry and the materials used of the H — type MFC. The experimental set — up
included a dual — chamber MFC, operating with a synthetic glucose medium (Table 1). The
parameters used in the equations were estimated during an identical MFC operation and have been
described elsewhere ([192]).

Phenomena studied: The model was used to simulate the glucose consumption, the voltage

development and the power output of the dual — chamber MFC. The model was validated by
comparing the simulation data with experimental results. Subsequently, the effect of different
initial glucose concentrations on the MFC performance was examined and the effect of different

initial electrolyte conductivities on the MFC performance.
8.2 Preliminary model result presentation and comparison with experimental data

The model presented quick convergence, in under one minute, simulating the consumption of
glucose in the MFC and the simultaneous voltage output. Initially, the results from the model were
compared with the operation of the two - chamber MFC, with an external resistance set at 100 Q.
Figure 76a presents the concentration of the organic substrate calculated during one batch cycle as
this was extracted by the model, as well as the concentration obtained from the experiments. Figure
76b shows the voltage output of the cells as calculated by the model as well as the respective values
originating from the experiment. Specifically, the concentration was normalized to the initial
substrate concentration (1 g COD/L) while voltage recording started as soon as the MFC was fed

with fresh glucose synthetic wastewater.
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Figure 76. Comparison of simulated results (blue line) with experimental data (red circles and red
dashed line) for the MFC with the external resistance set at 100 Q. Glucose concentration versus
time (left) and voltage output (right). The black arrows in both figures indicate the point when the
voltage plateau drops.

As shown in Figure 76a, the concentration initially presents a linear drop and then tends
asymptotically to zero (blue line Figure 76a). The COD removal achieved by the cell was 91%
(Figure 76a). The simulation continued until the substrate concentration inside the cell reached 0
mol/m?. The operation cycle lasted for 75 h, while the simulated time for the model was 100 h
(Figure 76a). The model predicted a 98% substrate consumption at the 75 h mark. The
experimental measurements of substrate concentration (red circles) were in agreement with the

simulation data.

The voltage output originating from the model at 100 Q case, was close to the experimental
data (Figure 76b). In particular, the maximum voltage was 29 mV, while the respective voltage
peak during the experiment was 31 mV. The voltage plateau was close and with the same duration
for both experimental and computational results (~ 40 h). The difference between the experiment
and the model was that the plateau formed immediately in the model (0 h) while in the experiment
the maximum voltage was achieved after 10 h of cell operation. This was attributed to the glucose
diffusion in the biofilm and the activation energy required to initiate the glucose oxidation. On the
other hand, in the model, the reaction takes place on the electrode surface and it comes immediately
in contact with the organic substrate, thus achieving the maximum value at the beginning of the
cycle. The second difference between the results of the experimental data and the model prediction,
is observed after the plateau and the voltage decrease trend. The experimental data show that it
takes 19 h for the voltage to be reduced to 0 V, but the model requires 59 h to decrease this value

to 0 V. This deviation is attributed to the ohmic losses which are present during the experiment,
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because of the electrical connections. In the case of the model (100 Q), a slower and smoother
voltage decline takes place. Overall, the model fitting regarding the voltage output of the units at
100 Q external load, is considered to be satisfactory. The experimental data used in the modified
Zeng model [104] were extracted from the operation of the cell with a 100 Q external resistance.
The voltage output and the substrate consumption were in good agreement with the experimental
measurements in the MFC operation with 100 Q, because these experimental data were used for

the parameter calculation.

For better understanding of the organic substrate distribution, four different images are

presented in Figure 77. The concentration of glucose was normalized to the initial value (Co).
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Figure 77. Organic substrate distribution (normalized concentration C/Co) for 0, 25, 50 and 75

h, with 100 Q external resistance.

The distribution of the substrate is presented in Figure 77a, when the oxidation had not started
yet. At 25 h (Figure 77b) the substrate consumption was 45%, at 50 h (Figure 77¢) it was 87% and
at 75 h 98% (Figure 77d). The distribution of the substrate in the anodic chamber is uniform, with
the exception of a gradient present at 25 h and 50 h. This was observed around the anodic electrode,
as expected, since the reaction takes place on its surface. Moreover, in all four cases (Figure 78 a
— d) the effect of the separator was observed, inhibiting the transfer of glucose from the anode to

the cathode (Ccathode = O, dark blue color).
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In order to validate the model and test its ability to predict the MFC performance with Rex: 1000
Q, more data were compared. Figure 78 presents the results of the simulation of glucose
concentration and the voltage output during cell operation (at Rext 1000 ), in comparison with the

respective experimental data.
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Figure 78. Comparison of simulated results (blue line) with experimental data (red circles and
red dashed line) for the MFC with the external resistance set at 1000 Q. Glucose concentration
(left) and voltage output (right) versus time. The black arrows in both figures indicate the point

when the voltage plateau drops.

By shifting the external resistance in the model to 1000 Q, similar results were obtained with
the respective experimental data (Figure 78). The experimental COD removal was 89% at the end
of the batch cycle. The cycle duration for the 1000 Q experiment was 92 h close to the simulated
time (110 h), for the full depletion of substrate in the anode chamber. At 92 h the model calculated
98% substrate consumption (Figure 78a). A similar pattern is observed from the results originating
from the system set at 100 Q, as expected, since the consumption of glucose primarily depends on
the Monod kinetics and not on the external resistance. The substrate concentration decreased
similarly in the model and in the experiment. The voltage output peak was 220 mV for the model
and 210 mV for the experiment (Figure 78b). The voltage plateau was maintained for 63 h in the
simulation and 72 h in the experiment. The voltage output reached its maximum value (210 mV)
after 10 h of cell operation, while the model predicted that the voltage reaches its maximum value
(220 mV) at 0 h. The voltage decrease lasted for 52 h simulated time, but this decrease for the
experiment was faster (7 h). Similarly, to Figure 76b, the time difference between the model and
the experiment is attributed to glucose diffusion within the biofilm, to the voltage losses because

of the electrical connections and the cell’s geometry (H-type). Moreover, when the simulated
176



voltage plateau ceased in both cases at 40 h and 63 h (see black arrows in Figure 76b and 17b), the
organic substrate was reduced by 75% and 81%, respectively (see black arrows in Figure 76a and
17b). The prediction of the MFC operation with an external resistance set at 1000 Q was considered
successful, validating the developed model

After simulating the MFC operation with two different external resistances (100 ©, 1000 Q)
and comparing the results with experimental data, the next step was the extraction of the
polarization curve. A parametric study was carried out on the external resistance variable, testing
a range of values (0.5 MQ -0 Q).
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Figure 79. Comparison of polarization curves extracted by the model and experiments, for 1 g
CODI/L initial glucose concentration. The blue arrow indicated the maximum power density

simulated and the red arrow indicated the maximum power density measured in experiments.

The polarization curve calculated by the model (blue line Figure 79) was in agreement with the
respective curve resulting from the experiment. Both power and current values, were normalized
to the surface of the anodic electrode (Table 14), in order for the results to be easily comparable
with other cases. The model’s maximum power density (47 mW/m?) was obtained at external
resistance equal to 5000 Q and current density equal to 63 mA/m?. The corresponding experimental
power density (49 mW/m?) was achieved at 1900 Q and at 80 mA/m?. Despite the apparent
consistency of these results, the same maximum power was achieved for different external
resistances (Simulation: 5000 Q, Experiment: 1900 Q) and consequently different current densities
(see blue and red arrows in Figure 79). On the other hand, the model was able to predict the range

of the current densities 2.6 — 154 mA/m? produced by the MFC (0 — 149 mA/m?). The difference
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between the experimental and the computational polarization curves was observed in the 20 — 140
mA/m? range. In Figure 5 the |1 — V curves for both the experiment (red line) and the simulation
(blue line) were also presented. The slope of the lines indicates in both cases the ohmic resistances
as the main cause of electrochemical losses. The OCV of the model is 0.75 V and the respective
value measured in the experiment was 0.7. In the simulated | — V curve, apart from the ohmic
losses, the effect of substrate diffusion is also visible, for high current densities and low voltages.

The experimental | —V line does not indicate other electrochemical losses apart from the ohmic.
8.3 Different initial substrate concentrations

The model was also validated in terms of its ability to predict the MFC performance when the
initial glucose concentration is changed. The initial glucose concentration ranged between 0.125 —
4 g COD/L. In terms of Chemical Oxygen Demand removal (COD) 90% COD removal was
considered adequate of a well performing MFC. The time required for the 90% COD removal, was
defined as the time required for the MFC model to achieve a satisfying substrate treatment.
Furthermore, the duration of the maximum voltage output was maintained for the different initial

substrate concentrations. The results are presented in Figure 80.
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Figure 80. Duration of maximum voltage output (Vmax) plateau (left) and duration until 90%

COD removal (right) versus the initial glucose concentration in g COD/L.

The duration of the plateau, during which maximum voltage output was maintained, increased

with increasing glucose concentration (Figure 80 black line). A similar increase was observed for
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the time to 90% COD removal corresponding to a glucose increase (Figure 80 red line). In the case
of glucose concentration at 0.125 g COD/L the maximum voltage value was 15 mV, which was
lower than the one achieved for the other concentrations (29 mV) and was maintained for less than
1 h. For 0.25, 0.3 g COD/L the maximum voltage (29 mV) was kept for 1 h, as well. As the initial
glucose concentration increased, the duration of the maximum voltage increased as well,
presenting a linear correlation between the two. For the 90% COD removal duration a similar
pattern was extracted from the model. The time required for 90% COD consumption was higher
than the respective duration of the maximum voltage required for lower initial concentrations
(0.125 -2 g COD/L). On the other hand, for values higher than 2 g COD/L the two lines intersected
at approximately 2.5 g COD/L and the duration of the maximum voltage was higher than the
corresponding time required for 90% COD removal. This result indicated that there may be an
initial concentration which when fed to a MFC will achieve a more intensive and effective
operation, in successive batch cycles. Moreover, for lower initial concentrations, the MFC
underperforms in terms of voltage output as it did not achieve the maximum voltage value. The
maximum voltage (29 mV) achieved did not depend on the increasing initial glucose concentration
for the bigger part of the range examined (0.4 — 4 g CODI/L).

8.4 Different initial electrolyte conductivities

In order to examine the model’s capabilities, a parametric study was conducted on the effect of
electrolyte conductivity, maintaining all other parameters at their respective initial values (Table
14) and the external resistance at 100 Q. The electrolyte conductivity was adjusted in the
experiments by the addition of potassium chloride, sodium hydroxide and the trace elements, all
of them increased the conductivity of the synthetic glucose solution to 1.2 S/m. The range of the
electrolyte values tested was 0.036 S/m — 100 S/m. The initial glucose concentration corresponded
to 1 g CODI/L.
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Figure 81. Maximum voltage output versus the corresponding electrolyte conductivity. The
black arrow indicates the electrolyte conductivity value used in the experiments and in the initial

model simulation.

Figure 81 presents the results from the electrolyte conductivity parametric study. The maximum
voltage output was 30 mV and the lowest voltage was 2.1 mV. For a better presentation of the
computational results a logarithmic scale was used for the x-axis, aiming to indicate the effect of
the electrolyte conductivity on the voltage output. The point of the electrolyte value (1.2 S/m) used
in the experiments and the initial runs (100 Q, 1000 Q) is highlighted in Figure 81 (black arrow).
An increase in the maximum voltage output was observed as the electrolyte conductivity was
increased. Furthermore, at higher conductivity values (> 2 S/m), the maximum voltage from each
simulation converged to the same value (30 mV). The initial value of the electrolyte conductivity
selected (1.2 S/m) achieved a similar maximum voltage (29 mV). These results indicated that by
increasing the electrolyte conductivity up to 2 S/m, the maximum voltage output by the MFC
increased as well. Further increasing the electrolyte conductivity (>2 S/m), did not have a similar
effect on the voltage and the maximum value remained the same. Based on this conclusion, it was
deduced that in order to increase the performance of a MFC, the addition of electrolyte salts was
effective, up to a critical value, beyond which adding extra conductivity boosters has no effect on

the maximum voltage.
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The different electrolyte conductivities did not have an effect on the COD removal. This
observation was expected as well, since the conductivity does not affect directly the substrate
consumption, but affects the voltage which through the overpotential is implemented in the Monod
— Butler — Volmer. The voltage was not high enough to have an impact on the glucose
consumption, nor did it affect the transport of species due to migration since the electric field was

weak.
8.5 Conclusions

In this work, a 2D MFC model was developed in order to simulate the complex operation of
MFCs. Electrochemical kinetics along with mass and charge transfer equations were solved in the
FEM software Comsol Multiphysics®. The results were compared with experimental data from
the operation of the MFC on which the model was based on. The model predicted well the value
of the maximum voltage output of the MFCs operated at Rext 100Q (simulation: 29 mV;
experiment: 30 mV) and Rext 1000 Q (simulation: 220 mV; experiment: 210 mV), respectively.
Moreover, by shifting the external resistance of the MFC, the polarization curve extracted from
the model resulted in a similar maximum power (47 mW/m?) as the corresponding experimental
data (49 mW/m?). By changing the initial organic substrate concentration, the maximum voltage
output decreased for low initial concentrations (0.125 g COD/L) and for higher values (0.25 -4 g
CODIL) peaked at the same value (29 mV). Increasing the initial substrate concentration increases
the duration of the maximum voltage. It was determined that an appropriate initial concentration
for both high COD removal (90%) and lasting maximum voltage was approximately 2.5 g COD/L.
Finally, examining the effect of the electrolyte conductivity, a maximum voltage was achieved (29
mV) by increasing the value beyond 2 S/m. These findings need to be validated with respective
experiments conducted in the H-type MFC. This model despite the adequate MFC simulation,
focuses on a specific MFC configuration with various assumptions. Further examination is needed
in order to optimize and enrich the model with more electrochemical phenomena, aiming at a more

complete MFC simulation.
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9 Conclusions

In this chapter, the key findings of this work are summarized.

a. Single — chamber MFC

>

Successful treatment (COD removal efficiency) of FORBI leachate, Condensate,
Digestate, PABR effluent, Cheese whey (DF effluent) and synthetic glucose wastewater
The conditions supplied through the synthetic glucose wastewater produced the highest
power density achieved (14.2 W/m?®), from a single chamber MFC with four air cathode
Gore-Tex electrodes (with MnO. as the oxygen reduction catalyst) and graphite
granules with a graphite rod anode.

At higher power densities, electrochemical losses due to mass diffusion were observed
in the polarization curve.

By creating an array consisting of 4 similar MFCs (4 Gore-Tex MnQ; cathodes, graphite
granule and graphite rod anode) continuous efficient treatment of FORBI leachate was
achieved.

Efficient implementation of single chamber MFC technology in various stages of a food
waste valorization process.

Coupling of MFC technology with other biological processes (anaerobic digestion, dark
fermentation) to maximize wastewater treatment and energy from waste recovery.
Detection of antagonistic microorganisms present in the anode biofilm, inhibiting the
current production but contributing to the waste decomposition.

Mullite was studied as a cathode material, combined with stainless steel mesh or copper
wire for electron collection, achieving similar efficiency as the operation with Gore-Tex
electrodes.

Fly ash, biochar and activated carbon were studied as oxygen reduction catalysts in
single chamber MFC cathodes, producing promising results in terms of current output,
power output and COD removal efficiency.

By increasing the number of cathode electrodes from 4 to 6 the current output and power
output of the MFC presented an increase (1.7 to 3.9 W/m?).

182



» During the condensate examination as a MFC feedstock, different initial concentrations
were used at the feedstock, resulting in higher current and power output during lower
concentrations.

» During the raw condensate feedstock, MFC performance presented unstable current
output due to the high organic content of the feed, inhibiting the efficient MFC
operation.

» The equivalent circuit used to simulate the EIS data presented convergence during the
various wastewaters treatment in the single chamber MFCs.

b. Dual — chamber MFC

> Silver recovery from synthetic wastewater simulating PV panel chemical extract
utilizing dual chamber MFC. High recoveries were detected (>93%), with visible silver
depositions on the electrodes, confirmed by SEM and EDS-EDX analysis.

> Indium recovery from synthetic and real wastewater originating from PV panel
chemical extract (>85%), with indium depositions on the cathode electrode which
consisted of indium oxides, as revealed by the SEM and EDS-EDX analysis.

» Higher power output was achieved during the indium recovery from the PVVP chemical
extract (3.5 W/m®)

c. Model

> After the validation of the proposed MFC model, the initial conductivity and initial
substrate concentration effect on the MFC performance was investigated.

» By increasing the initial electrolyte conductivity above 1.2 S/m the current output did

not COI‘I’ESpOI’]d to a current output increase.
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10 Future Prospects

Based on the work conducted and the conclusions extracted, the following ways are proposed

for the continuation of the research:

a. Continuous operation of single chamber MFC units connected externally to form MFC
arrays, in order to maximize the power generation.

b. Continuous operation of dual chamber MFCs treating simultaneously two wastewaters,
one requiring oxidation and one reduction, in the anode and cathode respectively.

c. Further development and adaptation of the proposed MFC model to include single
chamber MFCs, with focus on the simulation of the continuous operation of the four air
cathode single chamber MFC.

d. Coupling of the MFC technology with different BESs to maximize bioelectricity and

bioproducts generation.

The proposed work for continuation of the research aims at the better utilization of the MFC
technology, in order to practically implement this method for wastewater treatment outside of the

lab environment.
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