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Due to the thermodynamic barrier, volatile fatty acids formed during dark fermentation
cannot be oxidized further to produce hydrogen. In this work, we have designed an H-type
bio-electrochemical cell to oxidize the acetate, a common intermediate product of dark
fermentation reaction, to produce energy in the form of electricity and hydrogen gas. The
hydrogen gas can be used as a fuel source and as an energy vector to supply the energy
during the drought season. The inoculation was done on carbon felt and carbon cloth
electrodes by daily replacing the medium for up to 7 weeks. Acetate was used as a model.
The generation of voltage in the cells suggested successful degradation of the organic matter
by microorganisms. The overpotential existing in the cells was determined by modelling the
polarization behaviour, and the internal resistance of the cells was found in the range 405 Q-
715 Q. The system was efficient in reducing the COD level by 80% in a batch operation.
The electrochemical characterization of the cathode materials was done in a half-cell setup,
and Nickel foam catalyzed with platinum (0.5 mg/cm?2) exhibited better performance in the
reduction zone. The coulombic efficiencies of the cells ranged from 2.28% to 15.80%. The
coulombic efficiency was determined as a function of charge transferred in the circuit due to
the oxidation of substrate at the anode. The influence of competing microorganisms at the
anode and the internal resistance on the efficiency of the cells were also studied. The
hydrogen production rate was determined by translating the charge available in the circuit
using Faraday’s law. Voltage and Concentration were linearly increased to see their effect on
the hydrogen production. At lower voltage (0.5 V, 0.8 V) and lower concentrations (5 mM,
10 mM), the production of hydrogen was almost insignificant; while at higher concentrations
(20 mM) and voltage (1.0 V), hydrogen gas was produced at a rate of 0.005-0.006
m3/m3/day.
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SYMBOLS AND ABBREVIATIONS

SYMBOLS

nan

Ncat
I

Rq

Rext

ErxE
Eag/agal

Rq

Rext
oCcv

Pressure

Temperature
Resistance

Power

Electromotive force
Cathode potential
Anode potential
Gibb’s free energy
Standard gibb’s free energy
Anode overpotential
Cathode overpotential
Current

Ohmic resistance

External resistance

Potential against reference hydrogen electrode

Potential against reference Ag/AgCl electrode
Ohmic resistance
External resistance

Open circuit voltage

Scan rate

Change in COD

COD removal efficiency
Number of electrons
Double layer capacitance
Molecular weight

Volume of anode chamber

number of electrons transferred per moles of
oxygen

Initial COD concentration
Instantaneous COD concentration
Actual charge transferred

Theoretical charge available

bar

°C, K
ohms (Q2)
watts (W)
volts (V)
volts (V)
volts (V)
J.mol!
J.mol!
volts (V)
volts (V)
Ampere
ohms (Q2)
ohms (Q)
volts (V)
volts (V)
ohms (Q)
ohms (Q)
volts (V)
mV/s
mg/L

%

uF/ cm?
g/mol
litres (L)

mol/mol

mg/L
mg/L
coulombs

coulombs



ABBREVIATIONS

BES Bio-electrochemical system
BOD  Biological Oxygen Demand
BPM  Bipolar Membrane

CA Chronoamperometry

CC Carbon cloth

CE Coulombic efficiency

CEM  Cation exchange membrane
CF Carbon felt

COD  Chemical oxygen demand
Cv Cyclic voltammetry

DET Direct electron transport
ESCA  Electrochemical active surface area
EU European Union

HER  Hydrogen evolution reaction
LSV Linear sweep voltammetry
MBR  Membrane bioreactor

MEC  Microbial electrolysis cell
MET  Mediated electron transport
MFC  Microbial fuel cell

MPP  Maximum power point
MPP  Maximum power point
OCV  Open circuit voltage

OER  Oxygen evolution reaction
PEM  Proton exchange membrane
PGM  Platinum group metals
PTFE  Polytetrafluoroethylene
VFA  Volatile fatty acids

HPP  Hydrogen partial pressure
Constants

F Faraday’s constant 96500 coulomb/mol
R Gas constant 8.314 J.mol™!. K!
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Introduction

The conventional methods of harnessing energy from fossil-based fuel sources have become
a major concern as they add up to the issue of emission of greenhouse gases. Additionally,
fuel sources derived from fossils such as coal, petroleum, and natural gas have been projected
to deplete in the next fifty years [1]. Therefore, it has become important to search for
renewable sources of energy as a substitution to non-renewable ones. Acknowledging the
issues of climate change, several international and governmental organizations, including
European Union (EU), have started to implement laws and regulations to reduce the carbon
footprint [2]. As a result of such initiatives, harvesting renewable energy from wind, solar,
geothermal, and biomass has been initialized with an aim to overcome the foreseen energy
crisis [3,4]. However, the existing renewable energy cannot be utilized to their utmost
potential due to high initial capital cost and seasonal variations. Photovoltaic systems require
sunlight, wind turbines require air flow, and hydro turbines require water flow to generate
electricity [5]. Energy vector solutions — a tool used in storing and transporting of energy —

are being explored to address the issues of intermittent supply of renewable energy sources.

Hydrogen gas is a valuable alternative to the conventional fuel sources. It has high-energy
value, can be produced from renewable energy sources, and has abundant availability of raw
materials — biomass for example [6—8]. Thermochemical, biochemical, electrochemical,
photoelectrochemical, and bio-electrochemical processes are used to produce hydrogen from
renewable sources of energy [3,9,10]. Thermochemical conversion for producing hydrogen
gas is seldom preferred as it is an energy extensive process and economically inefficient [11].
The techno-economic analysis suggests that the hydrogen produced using solar energy is
economically incompetent compared to hydrogen gas produced from fossil-based fuels [9].
Biochemical production of hydrogen by anaerobic digestion of biomass yields low amount
of hydrogen — less than 15% — and to become economically feasible, the yield should be 60-
80% [12,13]. Bio-electrochemical system (BES) is a novel and eco-friendly concept in the
regime of renewable energy that has gained considerable amount of attention because of its

ability to produce energy from renewable sources [14].

With rapid industrialization and urbanization, the consumption of water has increased. The

use of water is diverse, including drinking, sanitation, processing, diluting, and so on. The



water post-consumption coming from different sources such as hospitals, manufacturing
industries, and municipal contains different types and levels of contaminants. Green
hydrogen produced from wastewater has a high energy value and can act as an energy vector.
In a closed system using Microbial electrolysis cell (MEC), the organic matter of wastewater
can be degraded into hydrogen gas. The fundamental of a Microbial fuel cell (MFC) serves
as the basis for MEC [15]. When oxygen is supplied, the reduction of protons at cathode
takes place to generate electricity, shown in Equation 3; and in an oxygen-deficit
environment, hydrogen is produced from the reduction of protons, as shown in Equation 4.
The intermediate compounds produced during fermentation of hexose such as acetate and
butyrate, which contributes to a lower hydrogen yield, can be further utilized by
microorganisms to produce energy, thereby increasing the yield. Stoichiometrically, it is
possible to convert volatile fatty acids (VFA) into hydrogen; however, the conversion is not
thermodynamically possible, due to non-spontaneity of the reaction.[16,17]. The standard
Gibb’s free energy (4G?) for Equation 1 is +104 kJ/mol. A positive Gibb’s free energy shows

is non-spontaneous, and external energy must be provided to produce hydrogen.
CH;CO00~ + 4H,0 —» 2HCO3 + H* + 4H, Equation 1

Theoretically, by applying a voltage of around 0.25 V hydrogen gas can be produced using
MECs. To put that into comparison, producing hydrogen from the electrolysis of water

requires at least 1.6 V [15,17,18].

At anode:
2HCO3 + 8e~ + 9H* — CH;C00~ + 2H,0 Equation 2
At cathode:
0, + 4e™ + 4H* - 2H,0 Equation 3
4H* + 4e~ - 2H, Equation 4

Since MEC is a noble concept, its commercial application is challenged by scale-up, low
current densities, and competing microorganisms [19,20]. Further research aiming at

continuous improvement of MEC will help to mitigate the global energy crisis, promote



circular economy by sustainable utilization of wastewater, and prevent the contamination of

aquatic bodies.
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1. Literature Review

1.1.Wastewater

Water pollution has been one of the concerning issues, and it tends to increase at an alarming
rate with the rise of human population. The organic carbon present in wastewater depends
upon the source of origin and it is present as fats, volatile acids, carbohydrates, amino acids,
and proteins [21]. Residues resulting from industrial, municipal, industries agriculture, and
livestock wastewater contribute to contamination of water with various organic and
inorganic chemicals [22]. For example, in 2022, about 416 million tonnes of paper was
produced. With the production of paper, side streams are also produced containing high
levels of Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD),
chlorinated organic matter, and volatile contaminants [23]. Almost half of the effluent
resulting from pharmaceutical industries are discharged without effective pre-treatment to
contain the contaminants [24,25]. According to a result published in 2019, dairy industries
in 27 European Union (EU) countries produce 19.2x107 m® of wastewater annually [26]. The
wastewater, rich in organic and inorganic matters, cannot be discharged into inland water
sources, as the inorganic pollutants affect the aquatic life directly, and organic matters
indirectly challenge the survival of floral and fauna through eutrophication [27]. With the
introduction of environmental policies to prevent water contamination, several treatment
methods for effluents resulting from industries, municipalities, and agriculture have come

into existence.

1.1.1. Treatment methods

The treatment of water using physical, chemical and biological methods are often utilized,
but these treatment methods come with high operation cost and results in generation of
secondary waste. The existing water treatment system — activated sludge, for example — can
significantly reduce the COD concentration, but the whole operation can be expensive as it
requires continuous aeration with high operational cost and also high amounts of solids are
generated as sludge. In certain regions, due to a lack of technology and sufficient information
regarding proper waste management, the sludge resulting from effluent treatment is directly

incinerated or dumped into landfills, which is even worse as harmful gases are released
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contributing to global warming [28,29]. On the other, a lack of incentives and proper
policies, industries consider the treatment as an obligation rather than an opportunity [30,31].

As a virtue, in-plant wastewater treatment facilities are designed at the cost of quality [32]

1.1.1.1.Flocculation/Coagulation

It is a physiochemical treatment system where small colloidal particles are agglomerated
into larger flocs which can be separated in the subsequent separation processes, such as
filtration, sedimentation, or centrifugation [33]. Coagulants, such as iron, aluminium, and
active silica aid in the coagulation of the small particles[34]. Although this process aids in
the down-stream separation process, it is less competitive compared to other separation
processes. These include the production of high amounts of sludge, the need for high

residence time and continuous dosing of chemicals [35].

1.1.1.2.Activated sludge treatment

Activated sludge (AS) is a traditional, yet effective, system that is used for treating the
wastewater resulting from industries and municipal sources. The in-plant treatment of the
wastewater resulting from industries such as food and beverages, dairy, confectionery,
textile, and pulp-and-paper is done using this technology. Flocculating consortium of
microorganisms utilize the waste stream to produce contaminant-free effluent and solid
sludge [36]. The resulting sludge is called “activated” because it contains bacteria, protozoa,
and fungi [37]. The system is equipped with continuous aeration that supports the suspension
of agglomerated microorganisms. The community of microorganisms present is thus aerobic
and heterotrophic. The adsorption of bio-degradable compounds takes place on the surface
of the flocks, which are later degraded by the biochemical activity of microorganisms. The
effectiveness of the treatment system is enhanced through pretreatment techniques that
combine mechanical and chemical processes. Post-treatment involves filtration and sludge
recycling to further improve results. An integrated AS treatment system containing a mixer,
aerator, and clarifier was able to reduce the COD content in wastewater by 96% [38].
Although AS system is effective in producing quality effluents, specific waste resulting from
different industrial processes, and the high cost of operation challenge its application. For

example, about one cubic meter sludge is generated for each ton of paper produced [23].
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According to [Elissen et al. 2006], the solid handling cost associated with the AS treatment

method contributes to one-third of the total operational cost.

1.1.1.3.Membrane-based filtration treatment

Pressure driven membrane-based filtration techniques are effective in physical removal of
solutes from wastewater. The type of filtration technique used such as microfiltration,
ultrafiltration, and nanofiltration depends on the concentration and type of solutes present in
wastewater, The operating principle for each filtration technique remains the same, while the
pore-size varies which is a deciding factor in the efficacy of solute removal. Filtration based
separation techniques are used in multiple stages to improve the efficacy. [Park et al. 2001],
used a two-stage filtration by taking the permeate of ultrafiltration to a nanofiltration system,

reducing the BOD of the stream by 90%.

1.1.1.4.Membrane bioreactor (MBR)

Membrane bioreactor is an advancement to the activated sludge treatment system. In this
dual mechanism system, membrane-based filtration system is equipped with an AS treatment
system. Such configuration improves the separation efficiency, as well as reduces load on
the microbial community. [Dhaouadi et al. 2008], studied the efficiency of MBR to remove
phenolic compounds in an olive mill wastewater system. Poor removal of COD was
observed because of the inability of microfiltration to retain carbohydrates, and monovalent
ions. To enhance the membrane life and prevent fouling, basic pre-treatment methods are
employed to remove larger components from the stream going into the membrane module.
The disadvantages of this system are that it requires routine cleaning of membranes, high

cost for membrane installation, and the complexities associated with the membrane material.

1.1.1.5.Wetlands

These are naturally occurring treatment systems that take advantage of the microbial
assemblies, soil, and vegetation. They can also be operated in a controlled environment,
called “constructed wetlands”. Wetland treatment systems usually come with low initial
costs, and most of the costs are only required for the maintenance of the surrounding
environment. Wetlands are quite effective in removing organic compounds and suspended
solids. The vegetation serves as a channel for settling the suspended particles and the

assembly of microorganisms degrades the organic matter. The presence of mixed
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microorganisms’ community makes it possible for aerobic and anaerobic digestion of organic
matter, while they cannot remove metallic contaminants in less-controlled operating
conditions. Since this process exists in an open area, the breakdown of larger molecules from
wastewater releases malodorous gases like methane, carbon dioxide, hydrogen sulphide, and
others, and the absence of a gas containment system causes accumulation of greenhouse

gases.

Most of the existing treatment systems, for industrial and municipal wastewater, are
unidirectional as their focus is on reducing the contamination level in the wastewater to an
acceptance level. Huge capital is required in designing the system and optimizing the process
conditions. In addition to that, ineffective solid management post-treatment indirectly
creates environmental issues. Thus, there has been a growing interest among the interested
parties to utilize the wastewater in producing valuable goods, while also keeping the quality

of effluent at a safe level.

1.1.2. Valorization methods

Wastewater valorisation techniques are extensively researched with the aim to treat the
wastewater and producing value added products from it, therefore promoting a circular
economy. Electricity, biogas and hydrogen gas, nutrients, biofuel, cosmetic products, and
dyes can be produced from wastewater using a single or combined treatment systems

[16,17,42-45].
1.1.2.1. Anaerobic treatments

Anaerobic treatments are carried out in a closed oxygen-deficit environment where a range
of microorganisms (bacteria and archaea) anaerobically digest the organic content present in
the source material using several routes. The final product can vary depending upon the
process condition and types of microbes present. The major products of interest from
anaerobic fermentation are Hydrogen (H2) and Methane (CH4). Hydrogen, along with acetic
acid and carbon dioxide (CO»), is produced through a stepwise conversion process, including
hydrolysis, acidogenesis, acetogenesis. The synthesis of CHas, along with CO», requires a
subsequent step, called methanogenesis, where Ha, acetic acid (CH3COOH) and COa, is
produced by incorporating hydrolysis, acidogenesis and part of the CH3COOH and CO; are

converted into CH4 [46,47]. The presence of oxygen is highly toxic for the microorganisms
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responsible for the digestion, therefore anaerobic treatments method is operationally
different from AS.
e Biogas (CHs and CO;):

Biogas produced from organic waste can be used to produce energy in form of electricity
and as a source of fuel, sustaining a circular economy [48]. Biogas produced from organic
waste is not a new concept. In a developing country like Nepal, biogas production from cattle
manure using digestor has been in existence for decades and can meet the energy demand
for cooking purposes in a single household [49]. The breakdown of acetic acid, resulting
from acetogenesis, and the CO; reduction are the two major routes followed by methanogens

to produce methane. The scheme of the reactions involved is shown in Figure 1.

.| Acetic Acld

Complex biomolecules Simpler Compounds nethanogensis
(carbohydrates, proteins, ol (oligosachharides, §
lipids) monosaccharides, amino ACRIOQEN eSS
acid, glycerol, fatty uud)l \ '

-  CO, H, Methane (+CO,)

Hydrolysis Acldogenesis nethanogensgis

Figure 1. Schematic diagram of anaerobic digestion.

First, complex molecules such as proteins, lipids, and carbohydrates are broken down into
smaller compounds like amino acids, fatty acids, glycerol, hexoses, and oligosaccharides
takes place [48]. These intermediate compounds are utilized by acidogenic bacteria
producing CH3COOH, CO, and H» as major products. CO; and H; are transformed into by
acetogens into CH3COOH, which acts as a precursor for methane production.
Hydrogenotrophic methanogens reduce CO; to produce CH4, as shown in Equation 5,
whereas acetoclastic methanogens utilize the acetic acid, produced by acetogens, to produce
methane and CO», as shown in Equation 6 [50]. Hydrogenotrophic methanogens contribute
to up to 30% of the methane produced through anaerobic digestion, and acetoclastic
methanogens contribute the remaining share. Acetoclastic methanogens, compared to
hydrogenotrophic methanogens are more sensitive to changing process conditions. Thus, it

1s necessary to optimize the temperature, pH, and concentration to yield better performance.
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CO, + 4H, —» CH, + 2H,0 Equation 5
CH;COOH - CH, + CO, Equation 6

The yield of biogas is influenced by pH, substrate, temperature, incubation time, moisture
content, agitation, and presence of contaminants. Temperature has an impact on mass
transfer, viscosity, and surface tension of the medium, and therefore anaerobic digestion in
a mesophilic condition (40-60 °C) results optimum output. In terms of pH, values between

6 and 8.5 are relevant [23].

Biogas produced from anaerobic digestion of wastewater contains majorly CH4 and COa»,
with traces of hydrogen sulphide (H»S), ammonia (NH3), and hydrocarbons [51]. The
presence of CO: in biogas stream reduces the energy value of fuel. Therefore, it should be
removed using separation columns such as adsorption, cryogenic distillation, membrane, or
chemical absorption [52]. Moreover, the presence of H>S, which is a corrosive contaminant,
damages the equipment and operations. In order to use CHy4 for commercial applications, it
is necessary to remove the contaminants. The use of robust operating units makes the
valorisation of methane an energy-intensiv and economically challenging process.
e Hydrogen:

The organic matter is utilized by certain classes of microorganisms such as Enterobacter sp.,
Clostridium acetobutyricum, Thermoanaerobacterium sp., Clostridium butyricum, Bacillus
sp. to produce hydrogen [53—56]. A mixed culture of microorganisms is preferred because
of their ability to adapt to changing process conditions. The hydrogen production can be
reduced by two parallel reactions consuming hydrogen. On the one hand, the presence of
methanogenic archaea reduces the hydrogen production of by consuming hydrogen by
utilizing the produced hydrogen and carbon dioxide to produce methane [14]. On the other
hand, autotrophic homo-acetogens use hydrogen along with carbon dioxide to produce acetic
acid. Thus, to improve the hydrogen yield, inhibition of hydrogen-consuming bacteria and
methanogenic archaea is done using chemical inhibition, ultrasonication, heat treatment to

remove undesired microorganisms present in the consortium.

In a dark fermentation, the formation of non-fermentable VFA lowers the rate of hydrogen

production. Stoichiometrically, as much as 12 moles of hydrogen can be produced from
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hexose fermentation as shown in Equation 7. The formation of such intermediate compounds

limits the complete degradation of carbohydrates to produce hydrogen (Equation 8)

CeHi O + 6H,0 —» 6CO, + 12H, Equation 7
CeHiz O + 2H,0 — 2CH3;COOH + 4H, + 2CO, Equation 8

In addition to that, reduced VFA, other than acetic acid, further competes with the yield of
hydrogen [47]. Such intermediate compounds limit the complete conversion of
carbohydrates to produce hydrogen. Dark fermentation is seldom used in the commercial
production of hydrogen as the process is not economically viable. Therefore, anaerobic
degradation of complex organic compounds using biofilm offers a pretreatment step
solution. Such implementation, along with the downstream valorisation, improves the

performance of overall process.

1.1.2.2.Phytoremediation

The treatment of wastewater using algae cultivation is an eco-friendly technique towards
sustainability. The organic and inorganic pollutants present in wastewater are used by algae
to sustain their growth and metabolism, thereby producing biomass [57]. Phytoremediation
has twofold benefits — 1) CO, fixation via photosynthesis and ii) synthesis of value-added
products. Due to its potential applications in a variety of areas, including pharmaceuticals,
aquaculture, supplements for human and animals, agriculture, and biofuels, microalgae have
gathered a lot of attention. For example, Dunaliella salina, a pond-based alga, has been
widely utilized in commercial production of B-carotene pigment [42]. The carbohydrates
present in algal biomass can be used as precursor to produce biogas and biohydrogen [58].
Photoautotrophic microalgae take energy from sunlight making the treatment process more

sustainable.

However, the dark colour of the wastewater hinders the exposure of sunlight to the algae.
Most research has been conducted on a laboratory scale, as scaling up the process presents
challenges, particularly in ensuring adequate sunlight exposure across the increased surface
area of the reactor. The separation of algal biomass needs to be done carefully, for which
adjustable support structures need to be installed. The valorisation of the nutrient-rich

biomass requires adequate drying, which is an added cost in the down-steam processes.
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These challenges must be acknowledged and addressed before the implementation of

wastewater treatment using algae on an industrial scale.

1.1.2.3.Bioelectrochemical system

The breakdown of organic substrate by microorganisms forms intermediate compounds
which cannot be utilized for further oxidation, resulting poor yield of hydrogen. Anaerobic
fermentation lacks a high-energy electron acceptor, which is essential for the full oxidation
of substrates. Usually, for scientific purposes, acetate serves as a because of the limited
microbial transformations that can be performed. A bio-electrochemical system (BES) has a
dedicated system where acetate oxidation generates electrons that can be used to produce
energy. Microorganisms can anaerobically oxidize the inorganic and organic compounds in
wastewater to produce electricity and fuel gases. The biofilm is adhered on anode, and
therefore the anode is ‘bio-catalysed’. If electricity is produced, the system is called
‘Microbial Fuel Cell (MFC)’; and if energy is provided externally to produce value-added
products like H> and CHy, it is called ‘Microbial Electrolysis Cell (MEC).

The energy required in an AS system per kg of COD removal ranges from 0.7 to 2.0 kWh
[59]. In contrast, the energy associated with MFC varies from 0.5-1.5 kWh/kg COD [60]. A
reduced production of sludge thereby saves the cost associated with sludge management
[61]. Moreover, the AS treatment system is carried out in an open atmosphere. The aeration
further facilitates the release of malodour compounds. Since, a BES is operated in a closed

system, this helps in containing the odour within the system.

As previously stated, the anerobic digestion process can produce CH4 or Ho, depending on
the bacterial metabolism. The yields of H, achieved were high in most MECs, unlike dark
fermentation where the yield of hydrogen could reach as high as 33 % due to incomplete
organic breakdown (Equation 8) [62]. The hydrogen yield from anaerobic fermentation is
15-20%, while the conversion can reach up to 90% using a MEC [63]. The production of
methane becomes economically challenging as the final stream needs to be separated from
COz and other contaminants like H>S, NH3, hydrocarbons to achieve fuel-grade CHa. The
energy value of CHais 50 MJ/kg, while Ha, compared to CH4, has a higher energy value at
150 MJ/kg [6,20]. Thus, it becomes more energy efficient to produce H> from wastewater

than CH4. The anaerobic fermentation, solely, cannot offer robust treatment solution as the
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organic compounds in the resulting effluent are still present. Apart from hydrogen gas,
additional value-added products have been produced using a similar system. The hydrogen
gas which is produced using BES can either serve as an energy vector or be used in a fuel

cell to generate electricity.

Hydrogen-fuel cells and water electrolysis techniques have been used for industrial
applications, which is an opportunity to BES as the principle of operation is similar. Water
electrolysis is an alternative for producing green hydrogen with little to no waste. The
electrolysis of water is recognized by two main reactions — i) Hydrogen evolution reaction
HER and ii) OER [64]. The extent of the evolution of H> and O is challenged by the kinetic
barrier in respective electrodes called ‘overpotential’ [65]. Therefore, catalysis is a solution
to mitigate the overpotential and favour the OER and HER. The anode overpotential is a
bottleneck in a water-electrolysis cell, as it is four times higher than the cathode
overpotential; therefore, limiting the OER. Platinum group metals (PGM) such as Ru, Ir, Pt,
and Pd are used as catalysts to favour the OER at the anode. Despite the catalysts being
effective in promoting OER, the process becomes challenging from economy perspective
because of the high cost of PGMs. Additionally, the dissolution of IrO2 and RuO: further
adds up to the cost. Therefore, attempts to improve the OER have been made by doping
noble earth metals with heteroatoms like Cu, alloying with transition metals, surface
modification, or non-noble-metal-based electrocatalysts [64—67]. However, transition metal
catalysts exhibit a poor performance in an acidic medium hinder the growth. BES is an
alternative solution as the catalysis of done is done using microorganisms, which can be
obtained from renewable sources. The energy harvested from wastewater through microbial
activity further facilitates the electrolysis mechanism by providing ‘assistance’ to the
required external energy for hydrogen production. Mixed consortium of microorganisms is

able to oxidize various compounds, which further enhances the treatment of wastewater.

Water electrolysis should not be considered as an obstacle to the development and global
acceptance of MECs, as the operations of these two processes are comparatively similar
being the only difference the energy supplied by the microbial consortium used in the MEC.
The commercial application of MEC is limited by its poor columbic efficiency and high
internal resistance. The development in the configuration of electrolyser, and optimization

of HER can benefit MEC systems as well. The rising need for effective treatment of
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wastewater and harvesting energy using sustainable materials makes MECs as a suitable

option.
1.2.Bioelectrochemical System

The digestion of various contaminants present in wastewater can be done using
microorganisms. The biofilm developed on anode surface oxidizes the organic matter to

produce electrons and protons shown in Equation 9.

CH;CO0~ + 4H,0 — 2HCO3 + 9H* + 8e™ Equation 9

The electrons reach to the anode from several possible routes — direct transport of electrons
from biofilm to electrode, and mediated electron transport using redox molecules. The
accumulation of electrons at the anode creates a negative potential difference, and the
electrons migrate towards cathode to maintain an equilibrium. The electrons migrate from
anode to cathode using the external circuit, and protons reach the reduction site by passing

through membrane that has selective permeability for cations.
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Figure 2. Dual-chambered MFC
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The protons at cathode are reduced using electrons. Electron acceptors, such as manganese
oxide, ferricyanide, and oxygen, use the incoming electrons to reduce protons at cathode.
The formation of final products depends on the acceptors provided at the reaction site. The

resulting reactions are shown in Equation 10, Equation 11, andEquation 12. [17]

0, + 4H* + 4e” - 2H,0 Equation 10
Fe(CN)3™ + e~ —» Fe(CN)¢~ Equation 11
Mn(0), + 2e~ + 4H* - Mn?* + 2H,0 Equation 12

Depending on electron acceptors used, oxygen for example, the reaction could become
spontaneous. In the anodic chamber, acetate oxidation has a cell electromotive force (Eemf,
anode) 0f-0.296 V at pH 7, and 5SmM concentration [17,68]. Meanwhile, the cathode potential
(Eemf, cathode), for the catholytes mentioned in Equation 10, Equation 11, and Equation 12,
range from 0.361 to 0.805 V [68]. The difference in electrode potentials results in a positive
cell emf, indicating that the reaction is spontaneous. However, if the product of interest is
hydrogen, the reduction reaction at cathode has an Eemf, cathode 0f -0.41 V. The resulting cell
EMF becomes negative, making the overall reaction thermodynamically unfavourable,
requiring, therefore, and external energy supply. The thermodynamics of these system is

explained below.

1.2.1. Hydrogen production (MEC)

MEC shares similarity with MFC in terms of cell configuration, the setup of anodic chamber,
and electrogenic reactions at anode. The major difference lies in the reduction reaction
occurring at cathode and the spontaneity of the system [69]. The lack of Oz supply at
reduction site eliminates the possibility of gas diffusion and prevents the formation of
explosive mixture. Oxygen at anode is not desired to maintain an anaerobic environment
for oxidation. Furthermore, the prevention of oxygen diffusion also decreases the current
density as the diffused oxygen utilizes the electrons at anode, thereby reducing the current

[17,70]



21

\'
- Power Suppl -
Ae pply v e
-Anode
% - Cathode
e . =
2l
I P it — —— === vy B “H.‘_‘_‘

Saclere Cation Exchange Membrane

Figure 3. Two-chambered Microbial electrolysis Cell (MEC)

1.2.1.1.Microorganisms

The biofilm is adhered on the surface of electrode at anodic chamber; thus, the anode is
biocatalysed. For both MEC and MFC, the acclimatization of microbes on anode remains
similar. In an oxygen deficit environment, anaerobic microbes, including exoelectrogens and
fermentative (methanogenic) can prosper. Thus, the culture in MEC can vary from the

culture present in MFC [15].

The cathodic reaction can also be carried out by microorganisms. These microbes can also
be attached to cathode surface, producing comparable results to the chemical Pt/C electrode
[71]. The types of cathodic microbes present or required is yet unclear. The methanogenic
consortium can utilize the produced hydrogen and the bicarbonate buffer in the medium. The
formation of methane reduces the hydrogen yield and purity. It can be inhibited by periodic
purging of cathode to inhibit methanogenesis [71]. Based on the study by Call & Logan
(2008) the current density was not vastly affected, and methane content remained below 1%.

[60]. When hydrogen gas is the product of interest, inhibition of hydrogen-consuming
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microorganism is required. Adjusting the pH, heat treatment, and reducing the retention time

can be useful techniques to limit the growth of methanogenesis.
1.2.1.2.Electron transport

The electrons generated in a BES by microorganisms can reach to the surface of anode
through different mediums. The biofilm is adhered to the electrode’s porous structure. The
microorganisms can transfer the electron directly through physical contact, or through some
intermediate species that serves as a “shuttle” for transportation of electrode from the biofilm

to the surface of electrode [72,73].

Dleciide U otem e

Droct Elnctron Traraport (DET)
hrough noarowi o

a P Mgt Elnctron Transped (MET
L3

=) through redox proteens

‘f,_x‘., Modated Elocton Transport (MET)
Wrough sdmensd reckis mokscules

Q,

Figure 4. Electron transport mechanisms

Microorganisms secrete flavin — a natural mediator — which serves as an electron shuttle
[74]. The process of electron migration is influenced by the nature of the electrode and its
surface morphology, electrolyte type and its conductivity, microorganism’s species, and
biofilm integrity [74-77].

1.2.1.2.1. Direct Electron Transport (DET)

Certain species of microorganisms, such as Rhodoferax, Schwanella, Geobacter can digest
the organic substrate and generate electrons, which move to the electrode by the means of
cytochrome or nanowires [74]. The exterior membrane of bacteria contains conductive wires
and cytochromes which greatly assist in developing current densities and forming active
biofilms [78]. In contrast, bacteria of the same group (Geobacter) which lacks cytochrome
and molecular pili had poor biofilm formation and ultimately resulted in reduced current

densities [79]. Therefore, not all bacterial species are capable to DET but are still able to
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digest a wide range of organic compounds. Hexoses are utilized by Rhodoferax sp., but

Geoobacter sp. and Shewanella sp. cannot digest hexoses.

1.2.1.2.2. Mediated Electron Transport (MET)

Electron transport through MET can produce current at an improved rate compared to DET.
MET can be classified into exogenous and endogenous. Exogenous MET is the transport of
electrons by redox species such as Neutral red, Methylene Blue, Thionine, or Safranine [80—
82]. Inorganic redox mediators in MET need to be constantly fed to maintain a uniform
current density, which makes the use of exogenous mediators environmentally unfriendly.
Endogenous mediators are natural mediators synthesised by microorganisms themselves and
participate in the transport of electrons. Flavin is an example [76]. Such organic mediator
accepts electrons and becomes reduced, and subsequently becomes oxidized after donating
electrons. Endogenous redox species are capable in producing a huge number of redox

cycles; thus, a small colony becomes capable of electron transport [81,82].
1.2.1.2.3. Interspecies Electron Transport

Mixed cultures of bacteria can participate in electron transport by themselves. The ability of
certain species (Geobacter, Schwenella) to oxidize and reduce the substrate makes it possible
to transport electrons from one point to another [83,84]. Adding conductive minerals, natural

or synthetic in origin, can assist in interspecies electron transport mechanism.

1.2.1.3.Substrate

Different types of substrates are oxidized in a MEC. The production of hydrogen varies with
the types of substrates being used because the microorganisms’ consortium prefers the
digestion of simpler organic compounds over complex substrates. A summary of hydrogen
production using various substrates is shown in Table 1. Acetate, among the non-fermentable
substrates, yields significantly higher rate of hydrogen production. Wastewater from
biorefineries containing polymeric sugars, and municipal, containing a mixture of
carbohydrates, proteins, and lipids were successful in production of hydrogen. A lower rate
of hydrogen production using lignocellulosic effluent was observed because exoelectrogens
are not effective in fermentation of polymer molecules. Additionally, the domestic
wastewater yielded less amount of hydrogen, assumably due to presence of complex matters

and proteins. When proteins are used in a MEC, as a standalone substrate, the hydrogen
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production rate remained low, despite having high current densities. This is because the
intermediate compounds formed during the fermentation transfer electrons from bacteria to

metal oxides. Such mechanisms scavenge hydrogen production [94,95].

Table 1. Hydrogen production in MEC as a function of substrate type

Substrate Hydrogen production References

rate (m*/m>/day)

Acetate 6.3-50 [69,85-87]
Volatile fatty acids (VFAs) 0.072-1.04 [63]
Lignocellulosic effluents 3443 [88.89]
Polymeric sugar (cellulose, starch) <0.02 [90,91]
Glucose, Glycerol 1.03-2.01 [92,93]
Pure proteins 0.05-0.54 [94]

The production of hydrogen can be improved by the integration of MEC with a dark
fermenter (DF), where non-fermentable VFAs can be utilized in a MEC yielding hydrogen
up to 10.2 moly, /molpexose [95]. This model improved the hydrogen with a 538% increase

in yield; while hydrogen was produced at a rate of 1.6 moly, /molyexose in a stand-alone
dark fermenter, the production rate increased to 10.2 moly,/molpeyosein an integrated

MEC-DF system. Additionally, the acidic effluent from DF further enhanced the inhibition

of methanogens to favour hydrogen production.

1.2.1.4.Reactor Design

The main elements of MEC reactors are cathode, anode, electrode spacing, membrane,
chamber containment, and power supply. Membranes in a MEC are not mandatory, and it
has been shown that hydrogen with an improved current density produced in a single-
chambered MEC without employing a membrane [86]. configurations type and their
configuration have an important role in generation of good current densities. The electron
generated at anode ultimately reaches cathode, to produce hydrogen. The transport of
electrons in the electric circuit is challenged by the resistance arising from electrodes and

circuit connections. The ions, migrating across the chambers, also encounter resistance from
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the membrane and medium (electrolyte) [17,96,97]. Thus, the performance of a MEC system
can be improved by optimizing the configuration of cell. For example, improving the active
surface area of electrodes, optimizing the space between electrodes spacing, selecting

suitable electrolytes, and minimizing the resistance caused by the membrane [17,60,98].

The traditional design of MEC consisted of electrodes which were separated by a membrane.
The design was successful in providing true-to-life results by generating hydrogen [16]. Liu
et al. 2005, used two bottles, each containing electrolytes, and immersed the cathode
(Platinum catalysed carbon cloth) and anode (carbon cloth) in respective bottles. The two
bottles were clamped together, and a PEM was placed at the junction. The hydrogen recovery

and columbic efficiency were found to be >90% and 60-78% respectively.

Cheng et al. 2007, modified the system by replacing the PEM with an AEM. The hydrogen
production rate (1.1 m*/ m’/day) and the energy efficiency (288%) were improved by
reducing the spacing and increasing surface area of membrane-to-electrodes in the system.
Kyazze et al. 2010, changed the reactor architecture by using cathode, membrane, and anode
in a concentric tube to produce hydrogen at a rate of 200 cm’stp/Lanode/day by applying 0.85
V.

MEUC can also be operated without a membrane. Call et al. 2008, studied a MEC system in
a single chamber reactor. The reduced resistance experienced by the electrons and protons
allowed the columbic efficiency to increase up to 96%, and H> was recovered at a rate of 3.1
m?>/m?/day, which is almost double compared to hydrogen recovered from conventional
MEC design. The elimination of membrane not only reduces the resistance but also decreases
the overall capital cost associated with the system. Since, the bacteria, product, substrate,
and electrodes share a common space, the hydrogen is likely utilized by autotropic acetogens
and methanogens to produce acetate and methane respectively [100]. The purity of hydrogen

1s compromised with the evolution of additional products.

Hasibar et al. 2020, produced H> in a one-chambered MEC. Plain cloth of carbon was used
as anode and for the cathode the carbon cloth was catalysed with platinum. Using a mixed
microorganisms consortium and operating the system for 3 months at 0.8 V, the
acclimatization of exoelectrogens on carbon cloth was done. Methanogens were chemically
inhibited, and acetogens were inhibited by periodically purging the system with nitrogen.

When the system was purged with N>, the concentration of acetate periodically decreased
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but with a mixture of H> and CO2 (80% Hz by volume), the acetate concentration increased
by 8% over 24 days of analysis period. Therefore, the hydrogen yield is affected by design
and types of microorganisms present. The hydrogen yield was 1.4 moly, /mol,cetate- The
HPP influences production of H» in single-chambered MEC reactors. It was shown that the
reactors which were purged with nitrogen lowered the HPP and suppressed the activity of
homoacetogens. Furthermore, the DNA sequencing of the microbial consortia revealed that
the electroactive materials were dominant in nitrogen-purged MEC, while the Ho/CO»-

purged reactors had a shared concentration of homoacetogens.

The integration of MEC with other biological systems optimizes the energy usage and
achieve high yield of value-added products. For example, the non-fermentable components
resulting from dark fermentation fed into a MEC imporves the overall H» yield. Varanasi et
al. 2020, found a rise in H yield to up to 13-fold via the incorporation of a MEC with dark
fermentation. BES, like MEC and MFC, can be combined to reduce the energy load where
the electric energy produced by MFC can be utilized by a MEC, thereby producing hydrogen
with no additional energy input [102—104]. Sun et al. 2008, combined a MEF with a MEC

in series to achieve a hydrogen recovery up to 96%. Moreover, 1.21 moly, /mol,cetate Was
produced from this configuration with any external energy supply.

It has been made possible to improve the efficiency of MEC by adapting different reactor
designs, changing electrode and membrane dimensions, and integration with other biological
systems. Continuous improvement to the existing methods can make the process

economically viable and environmentally sustainable.

1.2.1.5.Anode

The anodic chamber’s configuration in MEC has resemblance to MFC, both being anaerobic.
Materials used in MFC can be utilized to grow biofilm on electrode surface [69]. Carbon
cloth, carbon felt, or graphite granules are utilized as anode in MEC. The anode must be
conductive, porous, and participate in electron transport. Plain sheets of metals are not
preferred due to poor biofilm adhesion on their surface [14]. Pretreatment of anode surface,
at high temperatures using ammonia, can be done to enhance biofilm formation on anode

surface [105].
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Anode material is an important part of a BES as it represents the site where development of
biofilm, oxidation of substrate, and transfer of electrons take place. Different types of anode
materials have been explored. The selection of anode material depends on cost, porous
structure, and its toxic nature to microorganisms. Carbonous materials are often preferred as
they offer good conductivity, are cheap, and provide high surface area for the adhesion of
microorganism [106]. The anode can be subjected to chemical or physical treatment
techniques to improve its functional properties and stabilize the biofilm during BES

operation.

1.2.1.6.Cathode

The evolution of hydrogen through proton reducing occurs at cathode. Different types of
electrodes are used to promote the HER. A non-catalysed cathode has a very high
overpotential. For example, the overpotential of carbon cloth in IM KOH is -0.32 V (vs.
RHE) [107]. Catalysis of base materials is done to reduce the overpotential and improve the
energy efficiency. Platinum group metals (PGMs) are the state-of-the-art catalysts [107,108].
Platinum coated over carbon cloth in the range of 0.1-0.5 mg/cm? favours the HER in a MEC
[16,109]. The coating of Platinum over carbon cloth and titanium mesh yielded hydrogen in

the range 1.6 m*/m®/day to 3.12 m*/m?/day [98].

Since PGM are rare noble metals, employing such expensive catalysts in turn increases entire
cost of the system. Moreover, PGM are subjected to degradation due to the presence of
contaminants, such as sulphides, in wastewater [69]. More research is being done to use
PGM free catalysts with an aim to substitute the state-of-the-art platinum catalyst. Stainless
steel, nickel alloys, palladium, and tungsten carbide, are also preferred to promote the HER
[110-113].

Biocatalysis of cathode has also been explored [71]. The anode was acclimatized with
hydrogen-oxidizing bacteria, and by changing the polarity biocathode was produced.
[Jeremiasse et al. 2010], performed an experiment in a MEC using a full biological and found
current in the range 0.79-0.85 A/m? and hydrogen production from 0.08 L to 0.11 L, at an
applied potential of 0.8 V. The catalysis of cathode using microorganisms has not been fully

developed and thoroughly studied. The type of microorganisms present greatly affects the
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hydrogen yield as methanogenesis and acetogenesis are highly prominent in the presence of

hydrogen.
1.2.1.7.Membrane

The purpose of membrane is to isolate the chambers and to prevent the migration of
undesired components to and from the membrane. It has been shown that H> in MEC can be
produced in absence of membrane (single-chambered cell). A single chambered MEC
simplifies the design to save the cost associated with the membrane [60,69,115]. Membranes
are of the essence in a water electrolysis system to prevent the formation of explosive
mixture of hydrogen and oxygen. The lack of oxygen in MEC provides an advantage.
Moreover, membrane-less MEC reduces the mass transfer resistance encountered by the ions
during migration. However, the presence of substrate, bacteria, and protons in the bulk
mixture reduces the yield of hydrogen as methanogens consume the produced hydrogen.
Call et al. 2008, studied the scope of a membrane-less MEC in production of hydrogen.
Since, the gases were collected from a single point, hydrogen along with traces of CH4 and
COz were also collected in the mixture. This configuration allowed to minimize the distance
between electrodes and increased columbic efficiency due to unhindered transport of ions.
Therefore, by applying a potential of 0.8 V the upper limit for H> production was found as
high as 3.12 m*®/ m’/day. It can be noted that the membrane-less system facilitates the
migration of protons, and the produced hydrogen was almost two times the production
capacity of a dual chambered cell. Wastewater media consists mixed consortium of
microorganisms which can either generate hydrogen or consume produced hydrogen.
Further research should be aimed at inhibition of methanogens in a membrane-less MEC

without compromising efficiency of the system.

Membranes used in a MEC include PEM or CEM, AEM, and bipolar membranes
[20,116,117]. Traditional two-chambered MEC included PEM (Nafion ®) which allows the
migration of protons across the chambers. Nafion ® is the often used and has a high
selectivity for protons characterised by the presence of sulfonic group attached to
Polyfluroethane [116]. However, in wastewater, concentration of competing ions such as
Na’, Mg, and K" is high [16]. The concentration gradient across the membrane forces these

cations to migrate at a higher rate than the protons, leading to a shift in pH and conductivity
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imbalance [117-120]. Consequently, the protons produced at anodic chamber are not utilized

at cathode, at the rate current is being produced, causing a reduction in hydrogen yield [69].

On the other hand, AEMs have polymer matrix functionalized with cationic functional
groups that selectively allows the migration of anions [121]. AEM strictly restricts the
transport of cations across the two chambers in a MEC and consequently promotes the
evolution of hydrogen at cathode due to increased pH and inhibition of methanogens due to

reduced pH. Hydrogen at a rate of 1.1 m®*/ m*/day was produced by applying 0.6 V [91].

BPMs are a novelty in the regime of membranes of a bio-electrochemical system. BPMs are
produced by combining PEM and CEM allowing transfer of both protons and hydroxides.
They have been proven to remove heavy metal ions, and their application for MEC system
needs further exploitation. Chacon-Carrera et al. 2019, installed a BPM and analysed the
performance of MEC. The COD removal efficiency was 45%, and power density
(maximum) reached 3.6 mW/m?. These results, under direct comparison with Nafion ®,
were far inferior. BPM can be effective in maintaining the pH at cathode and anode at a fixed
value during the treatment of high concentrated wastewater. The future potential of BPMs
lies in the treatment of highly concentrated wastewater, subsequently preventing pH shift

due to ions migration.
1.2.1.8.Thermodynamics

The spontaneity of a redox reaction is determined by its Gibb’s free energy (AG;), shown in

Equation 13.

AG, = AG, + RT.In [K] Equation 13

where, AG,: Gibb’s free energy at standard conditions (J.mol™'), R: Gas constant (8.314

Jmol!. K1), T: Temperature, k: ratio of concentration of product to reactant (unitless)

The production of hydrogen from acetate oxidation (Equation 1) at pH=7, T=25 °C, and
pressure=1 bar has a free energy of +104.6 kJ/mol. A positive AG; means that the reaction is
not spontaneous, and vice-versa. The electrochemical behaviour of the system can be
described in terms of electromotive force (Eemf). The relationship between Eemrand Gibb’s

free energy is shown in Equation 14
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AG

, Equation 14
Eemr = _ﬁ = Ecat — Ean

where, n: number of electrons, F: Faradaic constant (96500 coulombs.mol™!), Eca: cathode

potential, Ean: anode potential

The Equation 1 can be written in terms of Eemras:

(AG,), RT . [product] Equation 15
nF nfF [reactant]

Eems =

At standard conditions [product]=[reactant], thus:

(AG,), Equation 16

© nF

where Eis the electrode potential at standard conditions.

Therefore, the Equation 15 can be re-written as:

RT  [product] Equation 17

Eemt = Ey — —In————
emf = Ro T g rl[reactant]

Using acetate as a model, the overall reaction to produce hydrogen can be separated into

oxidation and reduction reactions occurring in individual half-cells

e Anodic half (oxidation)

2HCO3 + 8e™ + 9H* - CH3;C00™ + 2H,0 (E,=0.187V)  Equation 18

C_o1gy KT, _[CHC00]
an = T nF - [HCO32[H*]°

At standard biological conditions, pH=7, T=25 °C, P=I bar, [CH3CO0 ]=[CH3CO0 =1 M
(except protons)

pH =7 = —log[H]*

[H]* =107"M
E,. =0.187 8.314 « 298 ( ! )— 0.279V
an = U 896500 \12x10-63)

e Cathodic half (reduction)

2H* +2e” > H, (Eo=0 V) Equation 19
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The concentration for gas is expressed in the form of partial pressure

8314298  py,

Ecat =0 — nF In ([H+]2)

L, _8314%298 1 _
@t = 72496500 10-%

Recalling Equation 14,

Eemf = Ecat — Ean = —0.41 — (=0.279) = —0.14 V Equation 20

The net potential, shown in Equation 20, is useful in determining the extra voltage that needs
to be fed into the system to make the oxidation of acetate for hydrogen gas production

thermodynamically favourable.

The external supplied potential must be greater than the thermodynamic value because of
the possible losses that occur in an electrochemical system. Such loss is called overpotential,
and it is categorized as i) Ohmic losses and ii) Electrode overpotential. The ohmic losses
arise from the connection between the electrodes and the conducting wires, and membranes;
while the electrode overpotential refers to the voltage that is lost at the electrodes to activate
a reaction. Moreover, in case of bio-catalysed electrodes, certain amount for the energy is

utilized by the microorganisms to sustain their metabolism and growth.

For example, in an MFC, the reduction of oxygen (pH=7) has a thermodynamic potential of
0.805 V. However, in practice the potential is recorded only up to 0.2 V. The OCV that could
be generated from oxidation of acetate (5 mM) is about 27% less than the expected potential,
and about 44% loss is observed when closed circuit potential is measured [122,123]. This
difference in the potential is the voltage loss that exists in an electrochemical system, shown
in Equation 21. Voltage losses are inevitable, but they can be minimized to improve the

overall energy efficiency of a BES.

Emeasured = Eemf — Nan — Neat — IRq Equation 21

where, Emeasured: measured potential, Eems: thermodynamic potential, ma.: anode
overpotential, near: cathode overpotential, Ro: ohmic losses (function of current)

Such energy losses are also prevalent in a MEC system. A certain fraction of the applied

potential is lost into the system and the net energy available replenishes. Hence, the overall
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reaction becomes non-spontaneous. Therefore, the applied voltage must surpass the

theoretical voltage required in the system.

Eext = Eemf — [Man + Neat + I(Rq + Rexo)] Equation 22

where, Ecxi: Externally supplied voltage, Rexi: external load in the circuit
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2. Aim and scope
The aims of this thesis are described below:

e Develop biofilm on the surface of different anode materials by inoculation and
analyse the performance of the system during the start-up operating as MFC by
monitoring the exerted voltage

e Characterize the internal losses of the system by modelling the polarization
behaviour

e Analyse the MEC operation by determining the treatment efficiency of the system,
measuring the COD removal

e Analyse the MEC operation by determining the hydrogen production by changing

the voltage supply and substrate concentration
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A BES utilizes the activity of microorganisms to harness energy. In this experiment, the

microbial communities were allowed to develop over the porous anode in a controlled

environment. A H-type reactor was designed using two graduated glass bottles and clamping

them against each other. The effective volume of each bottle was 250 mL. A PEM was placed

at the junction to allow the selective permeation of protons. Cathode and anode in the H-cell

were spatially separated by approximately 10 cm. The circuit was made closed by connecting

electrodes present in both chambers using a stainless-steel conducting wire through a resistor

(R). The load in the circuit was varied depending upon the setup condition (MEC/MFC).
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Figure 5. Schematic diagram of experiment setup A) MFC B) MEC

The potential difference across the resistor was measured using a KEITHLEY 2000 SERIES
digital multimeter and the data was logged into a computer. To prevent oxygen entering the
anode chamber from the atmosphere, and contain the hydrogen produced at cathode of the
MEC, the mouth of both chambers was sealed using PTFE protected silicon rubber seals.
Two 6mm hoses were withdrawn from both chambers for sampling and collecting the

produced gas. A schematic diagram of the experiment setup is shown in Figure 5.

3.1.MFC

During the initial setup, the adhesion of microbial community on anode was studied using
two different materials — carbon cloth and carbon felt. Carbon cloth was installed in one cell,
while carbon felt in the other. The cell containing carbon felt was replicated to check the
reproducibility of results. An additional cell, uninoculated, was operated to isolate the
chemical and the biochemical processes taking place at the BES. Therefore, total four cells

were prepared, and a general overview is shown in Table 2.

Table 2. Overview of MFC configuration.

Cell N°  Anode material Cathode material Microorganisms Abbreviation

Control  Carbon cloth (CC)  Carbon cloth (CC) N CCo

1 Carbon cloth (CC)  Carbon cloth (CC) Y CCl1
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2 Carbon felt (CF) Carbon felt (CF) Y CF2
4 Carbon felt (CF) Carbon felt (CF) Y CF3
Note:

Y: Anolyte inoculated with microbial culture, N: Anolyte without microbial culture

The inoculation of the cells was done by mixing the anolyte with activated sludge in equal
volumes (50% v/v). The activated sludge was used because it contains a mixed consortium
of microorganisms that are capable of oxidation of a wide range of organic compounds, and
it was taken from a bioreactor of a water treatment plant that had been operating for several
weeks. Algae, if present, in the activated sludge can consume the substrate, therefore limiting
the substrate available to the exo-electrogens. Therefore, the whole setup was surrounded

with opaque sheets to inhibit the algae metabolism by preventing the exposure to sunlight.

Figure 6. Microbial fuel cell (MFC) setup

The inoculation was repeated every time the voltage dropped below 5 mV. Each time 200
mL (80% v/v) of the anolyte was replaced with a fresh one, while the remaining 50 mL (20%
v/v) was preserved in the cell that served as inoculating source for a new batch. The duration
between two consecutive substrate loading was recorded and labelled as one cycle. After
each inoculation, the anodic chamber was purged with N> gas for ten minutes to eliminate
dissolved O; from the medium and to maintain an anaerobic condition. The whole MFC

setup is shown in Figure 6.
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Figure 7. Air bubbling system.

The system was operated at room temperature and the microbial culture was maintained at
aneutral pH. A comprehensive description of medium composition is shown in Section 3.1.2.
The cells were placed on a magnetic stirrer to allow a homogenous mass transfer of substrate.
The aeration of cathodic chamber was done with air compressor. To avoid the evaporation
of catholyte, the air coming from the compressor was passed through a bubbling system
containing water so that the air entering the cathodic chamber was saturated. The air bubbler

unit used in the experiment is presented in Figure 7.

3.1.1. Electrodes preparation

Carbon cloth and carbon felt (purchased from BASF Fuel Cell, Inc.) were used as anode in
the cells. For cathodes, Carbon cloth, Nickel foam, Titanium sheet, and Nickel sheet were
explored for HER. The anodes were prepared by cutting in a square-shaped dimension (2.5
cm x 2.5 cm x 0.8 cm), shown in Figure 8, and conditioned using isopropyl alcohol followed
by water in an ultrasound for 30 minutes each. The conducting wire was weaved into the
electrodes several times to allow proper conductance. The resistances between the wire and

the electrodes, measured using an external multimixer, were found in the range of 14-153 Q).
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Figure 8. Carbon felt (left) and Carbon cloth (right)

The cathodes were conditioned in the same way. In case of metal sheets, the surface of the
electrode was polished using sandpaper followed by winding of the conducting wire around
the protruding head of the electrodes. To ensure that the extending head of the metal sheet
does not take part in the electrochemical reaction, parafilm was wrapped over it. The
preparation steps are illustrated in Figure 9. While for the carbon cloth and nickel foam, the
wire was connected to the electrode using conducting glue, shown in Figure 10. The

resistances between the cathodes and the conducting wire ranged from 0.4 Q to 0.7 Q.

Figure 9. A) Conditioned electrode B) Electrode-wire union C) Electrode coated with
catalyst
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Figure 10. Platinum coated A) Nickel Foam B) Titanium sheet C) Carbon Cloth D) Nickel
sheet

The cathodes were catalysed using Platinum (20% Pt/C) following the method described in
[124]. Platinum was dissolved in a solvent containing alcohol, and 5% Nafion solution (7
uL per mg of catalyst). The catalyst loading was fixed at 0.5 mg/cm?. A homogenous ink
solution was prepared by placing the vial containing the mixture in ultrasound bath for 30
minutes. The resulting solution was coated over the surface of the cathode material by drop-
dripping method over a hot plate. After coating, drying of catalysed cathodes was done at an

ambient temperature for 24 hours.

3.1.2. Medium Preparation

In a working cell, the medium contained electrolyte, substrate, trace element mixture, and

inoculum from the previous cycle. The composition of each solution is listed in Table 3.

Table 3. Medium and their compositions

Solution Component (concentration) Reference

Catholyte KH2PO4(0.91 g/L), K2HPO4 (0.61 g/L), KCl1 [18]
(2.22 g/L)

Anolyte KH2PO4(0.91 g/L), K2HPO4 (0.61 g/L), KCl1 [18]

(2.22 g/L), NH4Cl (0.56 g/L), CaCl, (0.0075
g/L), MgS04.7H,0 (0.1 g/L)
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Substrate (stock solution) CH3COONa (100 g/L) [18]

Trace element mixture FeClL.4HO (2 g/L), H3BOs3 (0.05 g/L), [125]
ZnCl; (0.05 g/L), CuCl> (30 mg/L),
MnCl2.4H,0O (0.5 g/L), (NH4)sMo7.4H2O
(50 mg/L), AICI3 (50 mg/L), CoCl2.6H20
(50 mg/L), NiCl> (50 mg/L), EDTA (0.5
g/L), Conc. HCI (1 mL/L)

The chemicals were prepared using analytical grade reagents obtained from Sigma-Aldrich

and PANREAC. The dissolution was done with mili-Q water.

Table 4. pH and conductivity of electrolytes

Electrolyte pH Conductivity (mS/cm)
Anolyte 6.90 4.96
Catholyte 7.10 4.21

The resulting pH and conductivity of the anolyte and catholyte are shown in Table 4.

3.1.3. Characterization
3.1.3.1.Electrochemical properties

The voltage generated across 820 Q load in the MFC was continuously recorded using a
digital multimeter. The voltage was measured for every 300 seconds, and data were logged
into a computer. The circuit current can be monitored either by breaking the connection and
keeping it in series with the multimeter, or by using Ohm’s law, shown in Equation 23 based

on the voltage across 820 2.

V=IR Equation 23

where, ‘I’ is the current in Amperes (A), and ‘R’ is the resistance in Ohms ().

The electrochemical characterization of the cathodes was done using a potentiostat
(AUTOLAB PG302N) in a three-electrode setup. The electrolyte used in the analysis was
the same catholyte used in the MFCs which had a resulting pH 7.1.



41

Figure 11. Potentiostat for electrochemical characterization

The cathode was used as a working electrode; Ag/AgCl as a reference; and a plain graphite
rod as a counter electrode. Linear sweep voltammetry (LSV) was performed in the range 0
to -2.4 V (vs RHE). The equation for conversion of the reference potential from RHE to
Ag/AgCl is shown in Equation 24.

Erue = Eag/agal + (Eo)Ag/AgCl + 0.059 * pH Equation 24

where, Eruge: Potential against reference hydrogen electrode (RHE), Eagagci: Potential

against Ag/AgCl electrode, (Eo)ag/agci: Standard potential of Ag/AgCl

The electrochemically active surface area (ESCA) was calculated by performing cyclic
voltammetry in the non-faradic region (-0.1 to 0.1 V) at different scan rates (1 mV/s, 2 mVJ/s,
5mV/s, and 10 mV/s). The double layer capacitance (Cai), shown in Equation 25, gives an
idea about the ESCA for each electrode.

I,— 1 Equation 25

C. =
al 2v

where, I, and Iy, are the oxidation and reduction current potential respectively; and v is the
scan rate in mV/s.

The stability of the electrodes in the long run was analysed by performing
chronoamperometry at -1.5 V (v Ag/AgCl) for 5 hours.

The polarization behaviour of the cells was analysed using a two-electrode setup. The

working electrode was connected to the cathode, and the reference-counter electrodes were

connected to the anode. The potential was linearly swept, starting from OCV to 0V, and the
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corresponding current in the cell was recorded. The resulting current was normalized against

the surface area of the anode. The power generated in the cell was calculated using Equation

26.

P=V.I =11IR Equation 26

where, P: Power (W/cm?), V: Voltage (V)

The voltage losses resulting from the ohmic overpotential and the electrodes overpotential

can be represented by Equation 27 [126]

V=E,— bln(l) — IRohm — me™ Equation 27

where E, is the theoretical emf, b is a constant representing the activation loss, Ronm is the
ohmic resistance, and m and n represent the concentration polarization losses. The constant
parameters, in the Equation 27, were estimated using Excel Solver by fitting the predicted
voltage against the experimental voltage. The value for E, was set as the open circuit voltage

measured in cell, and the rest of the parameters were set as non-negative values.

The activation loss is active at lower current densities, while the concentration polarization
is active at higher current densities. The ohmic loss falls between these two losses. The
polarization behaviour of a MFC shows that the activation and concentration losses follow
a non-linear behaviour, and the ohmic loss exhibits a linear pattern. Thus, a MFC that has a
linear polarization behaviour indicates that the ohmic losses are mostly dominant, and the

Equation 27 can be modified as [17]:

V = 0CV — IRy Equation 28

where, Rin is the internal resistance that accounts for all the voltage losses that current
dependent. The value for internal resistance can be determined from the power-curve by
locating the maximum power delivered and returning the value to Equation 26. This is
because, according to the maximum power point (MPP) theory, the maximum power is

delivered when the internal resistance is equal to the external resistance [69].
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3.1.3.2.Analytical techniques

The pH and conductivity were monitored each time while replacing the medium using
benchtop GLP22 Multimeter and GLP31 EC-Meter respectively, and while the cells were

under batch operation, the pH was measured using pH-indicator paper.

Figure 12. COD testing cells (LEFT), COD measuring device (RIGHT)

The Chemical Oxygen Demand (COD) was analysed using the COD testing cells (range 10-
150 mg/L), purchased from Merck KGaA. During the COD analysis, the sample was taken
from the anodic chambers using syringe. The sample was filtered through a 0.30-micron
filter and diluted ten times using mili-Q water before the analysis. 3 mL of the sample was
injected into the testing cell and vigorously mixed. The cell was placed into a heating block
for 2 hours of which temperature was fixed at 148 °C. After the completion of the heat
treatment, the cells were placed in a cell rack for 10 minutes, followed by gentle swirling
and further cooling at room temperature for 30 minutes. The COD concentration (in mg/L)

was measured using Spectroquant® Prove 100 shown in Figure 12.

3.2.MEC

When the biofilm was properly developed on the surface of the anode, indicated by a stable
voltage generation, the system was switched from MFC to MEC mode. The new setup is
shown in Figure 13. The whole configuration remained the same except that the aeration of

the cathodic chamber was stopped. The cells were externally provided with voltage using
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NANKADF ® DC POWER SUPPLY (WPS305H). The power-supplying devices were
purchased from Shenzhen Zhicheng Electronic Technology Co., Shenzhen, China and could
supply voltage and current in the ranges of 0-30 V and 0-5 A respectively.

LW

Figure 13. Microbial electrolysis cell (MEC) for hydrogen production

The hydrogen gas was collected in a tedlar bag from the headspace of the cathode chamber.
Before installation, the tedlar bags were purged with nitrogen and vacuum compressed to

prevent the contamination of hydrogen gas from atmospheric gases.

3.2.1. Coulombic efficiency (CE) and Removal efficiency

The coulombic efficiency (CE) was determined for two different setups — MFC and MEC.
While the cells were operated in MFC mode, the cathodes in each cell were non-catalysed
plain carbon cloth and carbon felt. After the electrochemical characterization (see Section
3.3), the cathodes were replaced, and the cells were operated in MEC mode. In the MFC
mode, the voltage was continuously monitored across the 820 € resistor, and the equivalent
current was determined by using the ohmic law of current (Equation 26); and in the MEC

mode the circuit connection was modified, as shown in
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Figure 5B, and the equivalent current resulting from the electrochemical reaction was
measured by monitoring the potential difference across the 1.1 Q resistor.
The coulombic efficiency in the circuit was determined by taking a ratio of the charge

transferred in the circuit (Qexp) to the theoretical amount of charge that could have been

transferred, shown in Equation 29 [69].

t
1.dt .
Coulombic efficiency(CE) = Cexp _ ACfOOD Equation 29
ch F b.V.
M, D Van

where, F is the Faraday’s constant (96500 coulomb/mol), ACOD is the change in COD, b is
the number of electrons transferred per moles of oxygen (mol/mol), Van is the volume of

anode chamber, My, is the molecular weight of oxygen (g/mol).
Alternatively, the coulombic efficiency based upon the production of hydrogen against the
amount of charge available is calculated by:

QHZ _ QHZ
Qtn fOtI. dt

Coulombic efficiency(CE) =

t
Qn, = Cr * f I.dt Equation 30
0

Next, the efficiency of the system in successful removal of organic matter is determined

using the Equation 31.
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COD, — CODy 100 Equation 31
Ncop = TDO *

where, Ncopis the efficiency of substrate removal, COD, is the initial COD concentration,

COD:x is the instantaneous COD concentration.

3.2.2. Hydrogen production

In a BES, CE is an important parameter because it provides information regarding the
electron’s availability for redox reaction. Hydrogen gas is produced at cathode from the
reduction of protons using the available electrons. The amount of charge available from
Equation 30 can be used to determine the electrons for reduction of protons at cathode. Every
mole of electron carries 96500 coulombs charge. This is available from the Faraday’s
constant (F) value. After finding the number of electrons available at cathode, the equivalent

moles of hydrogen produced are available from the reaction:

2H* + 2e~ - H, Equation 32

Recalling Equation 30, the number of moles of hydrogen will be:

CE fot I.dt Equation 33
nHZ = T

Finally, the moles of hydrogen can be converted into volumetric hydrogen production at STP
using the Equation 34.
Volume of Hydrogen at STP in mL(Vy, ) Equation 34
= ny, * 22.4 x 1000

where 22.4 liters is the volume of gas at STP.

The production of hydrogen was analysed by applying different sets of voltages (0.5 V, 0.8
V, 1.0 V), and changing the substrate concentration (5 mM, 10 mM, 20 mM).

A flowsheet of the methodologies, as well as the summary of the characterization
techniques used in the experiment is shown in Figure 14.
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4. Results and discussion

4.1.Voltage generation

Figure 17. shows the development of voltage during the inoculation phase. During the initial
phase of inoculation, the voltage generation is slow and almost negligible. After 4 days, the
voltage starts to increase, indicating development of biofilm on anode. The voltage recorded
in CC1, CF2, and CF3 were 0.089 V, 0.108 V, and 0.09 V respectively. In this growth period,
the voltages in each cell were almost identical. The rapid increase in voltage is consistent
with the results available using pristine carbon felt as anode where voltage rapidly increased

up to 275 mV after 4 days of inoculation [127].

After four weeks of inoculation, a steady voltage was recorded in each cell. At this phase,
differences in voltages resulting from carbon cloth and carbon felt were observed. The
magnitude of the voltage reflects how well the biofilm is developed on the anodes. In CF3
and CF2, the voltage reached a maximum of 0.27 V and 0.29 V. This suggests that the results
were reproducible using the same setup. The porous 3D structure of carbon felt allows better

adhesion of biofilm to the surface compared to carbon cloth. [128,129].

After 1 week of inoculation, the voltage started to generate in full cycle. In the early phase
of the cycle, the voltage rose sharply before reaching a maximum, and afterwards it started
to drop to approximately 5 mV with the consumption of substrate by the microorganisms.

The length of the cycle was 11 days for CC1, 10 days for CF2, and 9 days for CF3.

As the final week of inoculation approached, the cycle time reduced for each electrode
attributed to a stable biofilm formation. In CC1, the cycle time reduced to 5 days and 4 days
after the fourth and fifth week of inoculation. In case of CF2 and CF3 the cycle time reduced
to 7 days in each. A snapshot of the voltage generation after the fourth week of inoculation
is shown in Figure 15. This cycle time served as a reference for future experiments. To see
the effect of variables, the cells were operated for one complete week, and this was defined
as one batch. This result suggests that the biofilm develops more favourably when carbon

felt is used.
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Figure 15.Voltage trend after second week of inoculation

It can be noted that the cycle time in CC1 was low even after developing lower voltage
compared to its counterparts. This could happen from the presence of competing

microorganism like methanogens, and algae in the culture, shown in Figure 16.

Moreover, the algal mass produces oxygen which goes against the requirement of an
anaerobic environment at anode. Thus, in future experiments, it was ensured that the cells

were properly sealed from external sunlight to restrict the formation of algae.

Figure 16. Algae growth on the interior wall of cell
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In contrast, the voltage developed in the counter cell was almost negligible. This result
allows us to conclude that the oxidation of the organic matter on a plain electrode does not
take place due to chemical processes, being the responsible the biochemical ones. The
biofilm deposition on the electrodes’ aids in the oxidation process and takes part in electron
transportation. The use of microorganisms at the anode can offer a sustainable solution
against the use of conventional PGM catalysts. After this, the inoculation of the control cell

was done in a same way (see Section 3.1), and hereafter labelled as CCO.

4.2.COD removal efficiency

One complete batch operation of the cells was done, and the anodic COD was measured each
day for 7 days, and the removal efficiency was calculated using Equation 31. The COD in
the cells at the beginning ranged from 574 mg/L to 582 mg/L. COD concentration decreased
as time progressed, as illustrated in Figure 19. During the initial phase, the COD reduction
was low where a maximum reduction of 48 mg/L and 49 mg/L was observed for CC1 and
CF2 respectively. The least reduction of COD was observed in CCO (16 mg/L) and CF3 (20
mg/L). The removal efficiency for COD is illustrated in Figure 18Error! Reference source
not found.. After 2 days, the efficiency of COD removal increased exponentially from 21.5-
35.9% to 79.9-81.6%. At the end of the batch, the COD removal efficiencies were
approximately similar for all cells. The effective removal of COD reflects two things —
breakdown of acetate in the medium by microorganisms and electrons generation from
oxidation. On one hand, the treatment of the wastewater can be done, and on the other hand,
energy can be harvested using a BES. The reduction of COD can be correlated with the
voltage developed in the cells. The evolution of voltage and reduction of COD as a function

of time is presented in



52

100
90
80 @ -
70
60 *
50 A cc1
40 & CF2

30 A CF3
—CCo
20

10

[

COD Removal Efficiency (%)

> @

0 1 2 3 4 5 6 7 8
Time (days)

Figure 18. Substrate consumed by bacteria presented as function of COD removal efficiency

The voltage in CCO and CCl1 started from zero, which was consistent with the theoretical
behaviour. However, in case of CF2 and CF3, the voltage started from 0.31 V and 0.27 V
respectively. The anode in CF2 and CF3 — carbon felt — is more porous than plain carbon
cloth. Since, the electrodes were left undisturbed while changing the medium, it could have
been possible that carbon felt had well-developed film from the previous cycle in its porous
structure and absorbed certain volumes of the substrate to yield a higher potential difference

at the beginning of the new cycle.

The recording of the voltage from each cell was continued until the potential difference
across the resistor dropped to a significantly lower value. The voltage in the CCO dropped
t0 0.00051 V (0.51 mV) at the end of 4 days. The biofilm in the CCO was recently developed.
In contrast, the biofilms in other cells were developed over a longer period. Moreover, the
less porous structure of the carbon cloth, compared to carbon felt, might have also resulted
in a lower potential difference value. A similar trend was observed in CC1 where the
generated voltage was significantly lower than the cells using carbon felt as anode, while
higher than CCO because of properly developed biofilm. The voltage in CC1 at the end of 6
days was recorded to be 0.0008 V (0.8 mV). At this point, the substrate in the anodic chamber

was assumed to be utilized by the microorganisms.
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The COD reduction efficiency was almost similar in each cell (80.94+0.44%). Regardless of
the electrodes used for developing the biofilm, the acetate in the medium was digested with
almost same efficiency. Theoretically, for almost the same amount of COD consumed, the
same number of electrons should have been generated. However, it is evident in that the
voltage generation was not the same for all electrodes. Therefore, a conclusion can be
derived that the electrodes alone play no significant role in the degradation of substrate, but
biofilm does. The extent to which electrons are transferred from biofilm to the electrodes
determines the magnitude of voltage. It is clear from the results that the voltage generation
using carbon felts outperforms carbon cloth, which means that the electrons from the biofilm
to the anode are transferred better with carbon felt. The availability of electrons on the anode
surface is important because these electrons migrate toward cathode and complete the

electrochemical reduction.

Additionally, it is also possible for the substrate to be consumed by non-exoelectrogens, or
otherwise the electrons utilized by methanogens. In any case, the potential that could have
been produced diminishes. To mitigate such issues, the conditioning of the anodes and use
of mediators can be done to facilitate the transport of electrons. The inhibition of

methanogens in the mixed culture can also help to limit the undesired utilization of electrons.

4.3.Cathode electrochemical analysis

Pristine Carbon cloth and Carbon foam have a very high overpotential [107,108]. Thus, it
was necessary to determine the correct choice of electrode that could be installed in the MEC
for HER. The electrochemical analysis performed on different cathode materials catalysed
with 20% Pt (0.5 mg/cm?) provides information on the performance of electrode in the
regime of HER. The electrodes under analysis were Platinum catalysed: 1. Nickel Foam
(NiF/Pt), 2. Carbon cloth (CC/Pt), Nickel sheet (Ni/Pt), and Titanium sheet (Ti/Pt). The
overpotential for each electrode was the potential measured with reference electrode because

the standard potential for HER at standard condition is zero.

The LSV analysis shows that the overpotential of 1.20 V at 10 mA/cm? for NiF/Pt was lower
than Ni/Pt (1.54V) and Ti/Pt (1.39 V) (Figure 20A). The highest overpotential of 1.75 V was

observed in CC/Pt among the tested electrodes. The overpotential gives idea regarding the
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extra amount of voltage required by a particular electrode to induce the HER. A lower

overpotential is desired from the energy efficiency point of view.
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Figure 20. [A] Linear Sweep Voltammetry (LSV), [B] Overpotential at 10 mA/cm?, [C]
Chronoamperometry (CA), [D] Electrochemical active surface area (ESCA)

To study the electrochemical active surface area (ESCA), cyclic voltammetry was performed
at different scan rates and Cq1 was determined. A higher Cq represents a higher surface area
for the electrocatalytic activity [108]. As shown in Figure 20D, a linear relationship of the
Caiagainst the scan rate was observed. NiF/Pt had superior ESCA compared to Ni/Pt, CC/Pt
and Ti/Pt. Finally, the performance of electrodes in the long run was investigated with the
help of chronoamperometry. As shown in Figure 20C, after 5 hours, the current density using

NiF/Pt had declined by 4.93%, which is a promising result for long-term use.
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Table 5. Cell configuration after cathode replacement

Cell N° Anode material Cathode material Abbreviation
Control Carbon cloth (CC)  Nickel foam/Platinum (NiF/Pt) CCo

1 Carbon cloth (CC)  Nickel foam/Platinum (NiF/Pt) CC1

2 Carbon felt (CF) Nickel foam/Platinum (NiF/Pt) CF2

4 Carbon felt (CF) Nickel foam/Platinum (NiF/Pt) CF3

Note: Catalytic loading of Platinum (20% Pt. in Vulcan) in each electrode was 0.5 mg/cm?

From the electrochemical characterization of different cathode materials, the best performing
cathode in a neutral medium was found to be NiF/Pt, indicated by lower overpotential at 10
mA/cm?, higher electrochemical active surface area, and negligible reduction of current
density in the long run. Therefore, the existing cathodes (carbon cloth and carbon felt) in

each cell were replaced with NiF/Pt, and the new configurations is shown in Table 5.

4.4.Polarization curve

The LSV results of the cells are shown in Figure 21. When potential was swept in the cell,
the current was produced which implies the corresponding oxidation and reduction occurring
at anode and cathode respectively. The voltage had a linear relationship with the current in
each cell, shown in Figure 21, indicating that the ohmic overpotential was mostly dominant.
The internal resistance (Rint) was measured by locating the maximum power delivered in the
circuit, and later using the Equation 26. As shown in Table 6, the internal resistances for the
cells CF2 and CF3 were 762.07 € and 740.81 Q. In case of CC0O and CCl1, the internal
resistance was found to be 414.47 Q and 565.21 Q) respectively. It is evident from the results
that the internal resistance for the cells that used carbon felt as a support material for bio-

anode, exhibited higher internal resistance than carbon cloth.

Once the biofilm is properly developed, the transportation of electrons encounters resistance
from the connection between electrodes and conducting wire, electrolyte, and membrane. In
each cell, the electrolyte and membrane were the same. However, the anode was different
and the resistance between the electrode-wire connection for carbon felt was around 5-18

times higher compared to carbon cloth. A higher internal resistance contributes to the loss in
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potential. As shown in Table 6, the OCV for CC0O and CC1 was 0.7873 V and 0.73981 V
respectively and is greater compared to OCV recorded for CF2 and CF3 (0.4289 V and
0.6844 V respectively). The carbon felt in CF3 had the highest resistance (153 Q) among the
cells. This high resistance could have contributed to a reduced OCV for carbon felt

electrodes.

Table 6. Fitting parameters for modelling of the polarization curve

Fitting Parameters CF3 CF2 CC1 CcCo

Eo (V) 0.4289  0.6844 0.7873 0.73981
OCV (V) 0.2906  0.4789 0.5702 0.5632

b (V/dec) 0.0001 0.0001 0.0059 0.0175
Rohmic (€2) 705.0772 693.2405 564.0000 414.479
Rint () 740.8198 762.0786 565.2173 421.0648
m (V) 0.1231 0.1716 0.2461 0.264851
n (A1) 1.0002  1.0002 0.9856 1.0001

During the inoculation phase, however, the carbon felt electrodes exhibited higher potential
than carbon cloth electrodes. It was assumed that the growth of algae inside the cells that
had carbon cloth anode contributed to a poor performance. Later after replacing the cathodes
(see section 4.3), the inoculation was carried out ensuring dark surroundings. Such operating
conditions limited the growth of algae and ensured a maximum availability of substate to the
biofilm developed on porous anode. Therefore, having a low internal resistance, the cells

with carbon cloth anodes delivered higher voltage.

The recorded current was fitted into the Equation 27 to identify the individual losses
(activation, ohmic, and concentration). The activation overpotentials resulting from the
electrodes had very little effect on reducing the achievable potential. The parameter b was
lowest in CF3 (0.000016 V/dec) and highest in CCO (0.0175 V/dec). Activation losses are

associated with the extra energy required to proceed electrochemical reactions at electrodes.
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Since the CCO was inoculated later than the other cells. It could be possible that the immature
biofilm on CCO could have contributed to a higher activation loss compared to other cells.
However, the difference is not very evident when compared to the larger overpotential

contributed by the ohmic losses.
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Figure 21. Polarization curves

The Ronmic available from the fitting gives information about the current-dependent losses in
the cells. The ohmic resistance for CF3 and CF2 is 705.07 Q and 762.07 Q respectively,
which are almost similar as the electrode material was also the same. The ohmic resistance
was least for CCO (414.47 Q) followed by CC1 (565.21 Q). It can be noted that the ohmic
resistance predicted by the model is close to the internal resistance. Such closeness further
supports the assumption that the ohmic overpotential was dominant in the cells. The R,

represents the overall resistance experienced by the electrons and protons including in the
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circuit, membrane, and electrodes. In the literature, the internal resistance has been reported
from 35 Q to 1286 Q using two-chambered acetated-fed MFC [130,131]. Such variance in
values of Ri; comes from the design of the cell, types of membranes used, and the
concentration of the electrolytes. In the experiment, the PEM had very small surface area
exposed to the anode volume coupled with a less conductive electrolyte. A higher surface
area is favourable for ions passing through membrane. A small surface area of the membrane
relative to the anode volume leads to concentration polarization resulting in a higher internal
resistance. Additionally, an increased concentration gradient across the membrane can
accelerate the migration of cations other than protons, leading to a rise in ohmic overpotential
due to the compromised ability of the electrolyte to conduct ions. Membranes in the
experiment were used without conditioning and were kept intact throughout the period. It is
possible that the membrane could have been subjected to fouling during the whole period.

Thus, by periodic cleaning of the membrane the ohmic resistance could have been reduced.

The overpotential from concentration potential was less prominent in the cells. The
parameter n is approximately 1 for each cell. A system that has a low 7 is less sensitive to
the concentration polarization. The value for 7 in the literature has been reported in the range
53-5000 (amp~') [132]. Compared to this, the n value for the experiment was very low. In
addition, the polarization behaviour in the literature had a non-linear trend, suggesting that
the concentration polarization was also relevant. By looking at the linear trend in the

polarization results, we can conclude that the concentration polarization was barely effective.

4.5.Coulombic efficiency

The CE of cells operated in MFC mode is shown in Figure 22. The CE ranged from 0.42-
9.99% where a higher CE was achieved in CF3 (9.99%) followed by CF2 (9.57%). In
contrast, the cells with carbon cloth, CCO and CCl, offered poor coulombic efficiencies
compared to cells with carbon felt. In case of CCO, the CE is below 1% which is the lowest
among the cells in experiment. The biofilm in the CCO was in the developing phase,
therefore, the migration of electrodes from the biofilm to the electrode surface was
comparatively poor. This information can be correlated with the voltage generation. As
shown in Figure 19, the voltage generated in the CCO is in the scale of 0.05 V, which is

considerably lower against other cells. However, the COD removal efficiency in CCO is close
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to 80%. This suggests that acetate is oxidized in the medium itself which contained a mixed
culture of microorganisms, instead at anode. Once the biofilm was properly developed at
anode, electroactive microorganisms actively take part in the substrate oxidation, therefore
increasing the electrochemical performance. In case of CC1, even with a developed biofilm,
there is no significant improvement in the CE compared to CCO. The CE in CC1 was found
to be 3.19%, which is almost three times lower than the CE of the cells containing carbon
felt anode. It’s not exactly sure why the CE declined; it is possible that the growth of algae
competed with the electron doners for substrate. Furthermore, a lower voltage generated in
the CC1 (see Figure 19) further supports our intuition that the presence of substrate-
consuming microorganisms limits the electrochemical performance of cells. The CE of the

CF2 and CF3 were almost similar.

The CE of MFC using acetate in a double chamber system containing graphite felt and
carbon cloth as anode has been found up to 31% and 55% respectively [130,131]. The
coulombic efficiencies of the cells in our experiment were low compared to the results found
in literature. It can be noted that the cathodes used in the literatures work were catalysed
with PGMs, which was not the same in our case. A plain carbon felt, and carbon cloth show
higher overpotentials in the reduction zone [107,108]. Furthermore, a higher R;, of the cells
resulted a higher overpotential in the cells. This causes the current flowing in the circuit to
be lower than the current predicted theoretically. Consequently, the efficiency of the system

drops.
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Figure 22. Coulombic efficiencies of non-catalysed MFC (CE-MFC (NC)) and catalysed
MFC (CE-MFC(C))

After electrochemical characterization of cathode, NiF/Pt was installed in the cathode
chamber replacing the non-catalysed cathodes, the CE was measured again. This time, the
inoculation of CCO was done in a more controlled environment. After one month of
inoculation time, the CE is shown in shown in Figure 22. When there was no presence of
algal mass, and the cells exhibited low internal resistance (see section 4.4), the CE also
improved. The CE of the CCO after inoculation increased from 0.42% to 15.80%. There was
no significant improvement observed in the CCI1, because the algal mass deposited on
electrode surface. While inoculating the cells, the internal surface of the cells was cleaned,
but the electrodes were not disturbed to avoid damaging the developed biofilm of exo-
electrogens. However, the algal biomass was developed in the electrode of CC1 from the
start, and the presence of this limited the hindered the cell performance. In case of CCO, the
cells and electrode were conditioned before incubation. Therefore, even after having same
anode material, the CCO has improved performance than CCI. In case of CF2 and CF3, the

CE did not improve much, because of large Rin:.

4.6.Hydrogen production (MEC)

The cells were operated in MEC mode by applying an external voltage from a power source.
The amount of hydrogen gas produced was determined using the steps described in section

3.2.2. The evolution of hydrogen was calculated by linearly increasing the voltage and
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concentration of the substrate, and a summary of the hydrogen evolution is shown in Table
7. The hydrogen evolution at lower voltages (0.5 V and 0.8 V) was almost negligible. When
the voltage from the power source was fixed at 1 V, the achieved hydrogen evolution was
0.0004 moles. It can be noted that the theoretical voltage required by the MEC system to
generate hydrogen is 0.14 V [69]. A part of the applied voltage is lost across the Rin. The
internal resistance in the experiment was mostly dominant in the ohmic region and ranged
from 415-705 Q (see section 4.4). For such a high resistance system, the voltage lost
internally would also be high. Therefore, the voltage that is accessible to the system is below

the amount that is externally applied.

Assuming a 100% recovery of current for hydrogen production, and with the calculated
coulombic efficiency, the MEC system fed with 10 mM acetate was successful in producing
0.005 m* Hy/m?/day. In the literature, while applying 1.0 V in a double-chambered MEC,
0.05 m® Ha/m?/day was produced using 2.72 g/L acetate solution [133]. The results are
tenfold lower than what it has been reported in the earlier. The concentration and the volume
of the system used in the literature was almost ten folds higher, which could have provided
better results. Moreover, a reduced system volume ensures higher membrane-to-medium
surface area. A higher membrane surface area available for migration of protons further
facilitates H> production [69]. Considering experiment results, and direct comparison with
literature, it can be said that the production of hydrogen using the setup was possible at a

potential of 1.0 V.

It was found in the literature, with a CE of 78%, H» production could be achieved by applying
a minimum 0.25 V [16]. A higher CE implies better transfer of charge in the system
contributed by a lower internal resistance. Therefore, to maximize the H> production in a
MEC, the limiting factors such as internal resistance, membrane surface area, and growth of
competing microorganisms should be optimised. The electric energy used by the system to
produce 1 kg of hydrogen gas was found to be 91.37 kWh/kg-Ho. In a water electrolyser, the
demand for electric energy ranges from 50 kWh/kg-H> to 60 kWh/kg-H> [134]. The results
from the experiment show promising aspects when compared to real-word electrolysers as,
despite a high internal loss, the energy demand for each kg of hydrogen production is almost
similar. This gap can be further minimized in favour of MEC by optimizing the system

design. With an improved charge-transfer efficiency and reduced the internal losses,
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hydrogen gas in a MEC can be produced with a lower applied potential, therefore reducing

the energy demand.

Table 7. Hydrogen production in an MEC

Variable Voltage CE (%) Concentratio  Moles of kWh/kg-H» m’
(V) n (mM) H (mole) H»/m?/day
0.5 6.90 10 3.67x107 194.1966 0.0004
Voltage 0.8 12.31 10 7.84x10°8 174.2473 1.0x10-5
1 29.33 10 0.0004 91.3790 0.0050
0.8 7.17 5 2.41x107 299.0390 0.0003
Concentrati
0.8 12.31 10 7.84x108 174.2473 1.0x107°
on
0.8 25.87 20 0.0005 82.8787 0.0059

While changing the substrate concentration, a similar trend was observed. The Hz production

at lower substrate concentrations (5 mM and 10 mM) was significantly lower. By applying

0.8 V, the moles of H; achieved was 0.0005 moles. When concentrated organic matter is

available for the microorganism for biodegradation, a higher number of electrons are

released which are ultimately utilized in producing H>. The hydrogen evolution was possible

even at an applied potential of 0.8 V.

The coulombic efficiency of the system was 25.87%, which is low compared to literature

where the CE in a dual-chambered, acetate-fed MEC ranged from 60-80% [16,133]. The

energy required by the system to produce hydrogen at 20 mM of acetate concentration was

found to be 82.88 kWh/kg-H,, while the volumetric production of H, was 0.006 m’

Hy/m’/day.
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Conclusion

A dual-chambered bio-electrochemical cell was designed, and the biofilm of exoelectrogens
was developed during seven weeks of inoculation time. The voltage started to generate due
to oxidation of acetate by microorganisms from the first week of inoculation. The voltage
appeared in cycles where each cycle after stabilization spanned over 1 week. Voltage in the
cells was generated ranging from 0.18 V to 0.30 V, while voltage in the control cell, where
the inoculation was not done, was almost negligible. This indicated that the oxidation of

acetate was not possible in absence of the microorganisms.

The electrochemical characterization of the catalysed electrodes was done to find the best
performing cathode in the given operating conditions, and it was found that the Platinum
catalysed Nickel foam (NiF/Pt) exhibited best performance against carbon cloth (CC/Pt),
Titanium (Ti/Pt), and Nickel sheet (Ni/Pt) in the neutral medium. The overpotential of NiF/Pt
at 10 mA/cm? was 1.20 V, which was the least among the tested electrodes. The NiF/Pt had
better electrochemical active surface area (ESCA) indicated by the Ca parameter.
Furthermore, the current density declined only by 4.93% over 5 hours of operation,
indicating good stability.

The system’s efficacy to reduce the organic load was determined by continuously measuring
the COD from start-up of the batch to the end. It was found that almost every cell had COD
removal efficiency of over 80%. However, when correlating the COD reduction trend with
the voltage generation, it was observed that the substrate was not solely utilized by the
exoelectrogens. Methanogens present in the medium and the growth of algal mass competed
with exoelectrogens for the available substrate. The growth of algal mass was evident in cells
that were partially exposed to sunlight.

The polarization curve showed that the ohmic resistance was mostly dominant in the cells.
The internal resistance ranged from 415 Q to 705 Q, where the carbon felt (CF) anodes
containing cells had higher resistance compared to carbon cloth (CC). A maximum CE of
15.80% was found in the cell CCO, while CE as low as 2.28% was found. The CE was lower
than the values found in the literature. This might have arisen from the high internal
resistance, lower surface area of membrane relative to anode volume, membrane fouling,

and the presence of competing microorganisms.
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The production of H> gas was achieved by externally feeding the voltage, where 0.004 moles
(0.005 m* Ho/m?/day) and 0.005 moles (0.006 m*> Ho/m?/day) of hydrogen gas was produced
at an applied potential of 1.0 V and substrate concentration 20 mM respectively. The energy
demand of the system ranged from 82.8 kWh/kg-H> to 91.3 kWh/kg-H>. Even with a poor
efficiency of the system, this value was close compared to conventional water electrolysers.
Therefore, by pinpointing the limiting factors and optimizing the system design, hydrogen

gas can be produced using a MEC system at higher rate while also reducing the energy load.
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