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ABSTRACT

Conventional fossil fuel resources have been using these days for meeting world’s growing
energy demands. The use of coal, oil, and natural gas results in greenhouse gases emissions
as well as environmental pollution. Clean energy resources are of much interest these days
to meet energy demands and reduce environmental pollutions. The Microbial Electrolysis
Cell (MEC) is a novel technology for wastewater treatment to produce bioenergy.
Typically, an assimilated biofilm is required by the MEC bio-anode to break down the
organic content, but biofilm assimilation is a time-consuming process. This study used an
unassimilated nickel-foam anode in a single-chamber MEC and reported successful
bioenergy production at the end of the first cycle. Synthetic Dairy Manure Wastewater
(SDMW) was used as a substrate as well as an inoculum in this solar-powered tubular
MEC.

The effects of the exposed surface area of the bio-anode on bioenergy production were also
evaluated, using rate limited bio-anode - MEC and fully exposed bio-anode - MEC
separation techniques. The former technigue achieves a maximum methane production rate
of 30.35 = 0.03 ml/I, 14.2% more than that achieved by the later mentioned technique (26.4
+ 0.05 ml/l). Hydrogen production was approximately 800 = 5 mm? in both
experimentations. The maximum generated current in the rate limited bio-anode — MEC
was 35.5 mA. Scanning Electron Microscope (SEM) images confirmed the formation of
rod-shaped along with round-shaped microbial communities on the anode surface and,
interestingly, round-shaped bacteria were also grown on the cathode surface. The
production of bioenergy via an unassimilated bio-anode after 13 days of operation, in
conjunction with the formation of a microbial community, was a significant success in this
area and has opened up many research opportunities for producing instant bioenergy from

organic waste.

Keywords: Microbial electrolysis cell, Hydrogen production, methane production,

Bioenergy production
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1.1 Background

Chapter 1

Introduction

World energy consumption forecast depicts a sharp rise in the energy demand trend,

with the annual consumption of energy projected to reach around 16.5 billion tons and

increased by 15 % before 2030 [1]. 21st century has not yet seen any substantial decrease

in conventional fossil fuel demands. Therefore, natural gas, coal and oil remains the main

resources to meet energy demands like, fuel production, electricity generation, heating, and

energy for power plants. Figure 1-1 depicts the energy consumption (million tons) of

conventional fossil fuels (coal, oil, and natural gas), nuclear energy, hydro energy, biomass

and biofuels, wind and solar energy in the year 2020 and compares it with forecasted energy

consumption rate in the year 2030 [2].

6000

«» 5000

S

=

S

< 4000 1

S

E 3000

S

g 2000 +—

>

2

o

© 1000 +—

: B = el
Nuclear Hvdro Biomass Wind and
Coal Natural gas Oil ener enyer and solar
gy gy biofuels energy

02030 3601 4130 5766 764 365 1605 356
m2020 3193 3451 5074 776 321 1428 162

Figure 1-1 : 2020 and 2030 energy consumption [2]
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Energy generation at such a fast pace using conventional fossil fuels will ultimately
deplete most of the natural available energy resources and results in future energy security
crisis. In addition to this, the combustion of fossil fuel produces Greenhouse gases (GHGS)
that are primarily accountable for global climate change and greenhouse effect [3][4]. The
world’s most used energy resource is oil, and the transportation sector is the major
contributor for this high oil consumption. GHG emissions from the transportation have
increased at much rapid pace than any other energy consuming sector and reported to be
increased by 84% since 1970. The emissions from transportation sector could reach around
12 Gt COqlyear by 2050 without implementation of proper environmental adaptation
strategies. According to a recent study, 1 GWh energy generation using coal produces 889
tons CO> followed by oil and natural gas that is about 735 and 502 tons CO; respectively.
Energy security, GHG emissions, global warming, and climate change are some of the
major concerns caused by rapid consumption of conventional fossil fuels, especially oil.
Therefore, the most crucial preventive action in the immediate future is to lessen the energy
consumption rate as well as to invest in alternative, carbon free, renewable energy
resources to mitigate such environmental concerns and to fulfill the necessities of living in

a sustainable society [5,6].
1.2 Hydrogen — Fuel of Future

Hydrogen (H>) is considered as a viable option for clean energy production because
combustion of hydrogen ends up with useful energy and water only. Hydrogen as an energy
sources is gaining more importance due to its odorless, lightest, colorless and non-
carcinogenic properties. It is the most promising, cost-efficient solution as a clean
secondary energy fuel for the future economy as it is an environmental friendly,
sustainable, non-toxic fuel, has the highest energy content per weight and has nearly zero
pollutant emissions and water as the only end product [7,8]. Hydrogen can be used as fuel
in power generation systems using fuel cells, in transportation sector and in turbines or
internal combustion engines to produce electricity. Various hydrogen production methods
(Figure 1-2), both renewable and non-renewable, have been developed so far i-e natural
gas reforming, auto-thermal reforming, partial oxidation, pyrolysis of organic matter, coal
gasification, biomass conversion, biomass gasification, biomass reforming, dark

2



fermentation, thermochemical water splitting, plasma arc decomposition, photo-
electrolysis, metal acid reaction and water electrolysis using renewable energy resources

(wind, solar, tidal etc.), but all have certain limitations [9-12].
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Figure 1-2 : Hydrogen energy production methods and major uses of hydrogen gas [13]



1.3 Conventional Techniques for Hydrogen Production
1.3.1 Steam Reforming

Steam reforming is the most developed, highly efficient and least expensive
industrial process for hydrogen production by the catalytic conversion of natural gas to
syngas (H2 + CO). The first step is heating of the gas using steam at 700-1100 °C in the
presence of a nickel catalyst. This reaction is endothermic in nature and splits CH4 into Hy
and carbon monoxide (CO) [14].

CH, + H.0 — CO + 3 H,

The byproduct of this reaction, CO, goes through a water gas shift reaction to
convert this byproduct to useful hydrogen energy. This step involves passing of CO with
steam at 360 °C over the iron oxide or other oxides.

CO + H20 — CO> + H»

The downside to this process is that its byproducts are major atmospheric release
of CO,, CO and other greenhouse gases. The major drawback of this process is that it
requires an external heating source and also byproducts like CO2, CO and other greenhouse

gases are associated with this process [10].
1.3.2 Partial Oxidation

Partial oxidation of methane or other hydrocarbons is an energy efficient
technology similar to reforming with conversion efficiency up to 70%. Partial oxidation
involves combustion of methane by supplying limited amount of air or oxygen (less than
that required for complete oxidation) to produce Ha rich syngas. This process is less
expensive than that of stream reforming as it does not requires any catalyst but high
temperature of this process and complex handling makes this process inappropriate for

industrial scale production [15,16].
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Figure 1-3 : Thermodynamic representation of the partial oxidation and steam reforming of methane
[15]

1.3.3 Coal Gasification

Coal gasification is an economical and technically practical option to produce
hydrogen in the large-scale plants because the raw material for this process is cheap and
abundant in nature. The hydrogen production cost by this process is slightly higher than

that of steam reforming due to its reactor setup and operational costs [16,17].

Nevertheless, it is difficult to validate that the use of hydrogen merely can overcome
the climatic issues. The interesting point to be noted here is that hydrogen is a secondary
energy source like electricity and is derived from primary energy resources. The method
selected for production of hydrogen is of critical concern which defines whether to get
environmental benefits and energy security by using hydrogen or not. Hydrogen production
using coal as primary energy will ultimately results in same difficulties of energy security,
GHG emissions and climate change but if hydrogen is produced using renewable energy
resources (wind, solar, hydro, biomass etc.), it reduces GHG emissions, minimizes climate

change problem and contributes to the energy security for future generation [18].



Therefore, carbon neutral, environmental friendly and sustainable hydrogen production

methods are of keen interest [10].
1.4 Waste to Hydrogen — Innovative Technologies

Hydrogen production from organic wastes, wastewaters, and biomass proves to be
one of the most efficient and sustainable hydrogen production methods. The major biomass
resources are forest residues, agricultural crops and resides, animal residues and
wastewaters, domestic wastewaters and industrial effluents. Organic wastes from all these
activities can act as the electron donors, react with the produced proton, and used for
fermentative biohydrogen production. In spite of the great potential of extracting renewable
and sustainable energy out of the organic wastes and agricultural residues, we haven’t
achieved the maximum vyield due to lack of mature technologies. So as to make biomass
energy affordable and practical in the near future, renewable energy researchers have to
purpose innovative and cost-effective techniques to capture precious energy out of these
organic substrates. To cope with this, innovative and emerging technologies such as
Microbial Electrolysis Cell (MEC), Dark Fermentation (DF), Photo-fermentation or a
combination of these technologies could be a good decision to obtain the biohydrogen

energy from biomass [12,18,19].
1.4.1 Photo-fermentation

Photo-fermentation process is a very confident method to produce hydrogen owing
to the sufficient hydrogen production rate, use of renewable energy for fermentation, the
mild reaction conditions, and utilization of organic waste. Photosynthetic bacteria
(nitrogenase enzymes) play a vital part in conversion of substrate to hydrogen during
photo-fermentation process. Therefore, the selection of photosynthetic bacteria is a critical
step as it has direct effect on the conversion efficiency. Treatment of organics wastes and
excellent conversion of organic waste to H, and CO> are some of the major advantages of
this process. The disadvantages of this process include low light conversion efficiencies,
the high energy demand by nitrogenase enzymes and need of anaerobic conditions for large
areas [12,19,20].
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Figure 1-4 : Schematic representations of Photo fermentation and Dark-fermentation [19]

1.4.2 Dark Fermentation (DF)

Dark fermentation is a unique fermentative conversion method to extract stored
biochemical energy from organic wastes in absence of light and convert it into other useful
forms of energy. This conversion technique is less expensive as compared to photo-
fermentation as the DF process does not require solar input processing. This technology
can be used for wastewater treatment as well as various organic substrates can be used for
bio-hydrogen production in DF process but comparative low H: yield, low COD removal
rate and lack of control on this technology makes it hard to adapt. Low COD removal
means the effluent from DF still have capability to produce bio-hydrogen. Therefore,

solution for this problem is of great interest [20-24].

Figure 1-5 depicts the biochemical reactions undergoing in various biological

processes for bio hydrogen production using organic waste as substrate.



Biophotolysis
12H,0 — 12H, + 60, (Green algae)
CO + H,0 = H; + CO; (Photosynthetic bacteria)

Light
dependent

Photofermentation
CgH1205 + 6H,0 — 6CO, + 12H, (Phototrophic bacteria)
(Organic carbon)

Biohydrogen
(Hz)

Dark fermentation

CeH 205 + 2H,0 — 2CHCOOH + 2CO; + 4H; (heterotrophs)
(Organic carbon)

Light
independent

Microbial electrolysis cell
|CsH ;05 + 2H,0 — 2CH;COO0H + 2C0; + 4H;
Anode : CH.COOH + 2H;,0 —2C0, + 8¢ + 8H'
[Cathode : 8H™ + 8" — 4H,

Figure 1-5 : Biological ways for producing biohydrogen (H2) [20]
1.4.3 Microbial Electrolysis Cell (MEC)

MEC is an innovative BES technology, which produced hydrogen by decomposition
of organic wastes (Liquid) or wastewaters in anodic compartment in a sustainable and
renewable manner. Various organic substrates, wastewaters as well as effluent from
industrial process can be used as substrate in MEC; therefore, the problems associated with
DF effluent can also be solved using MEC. This technique of biohydrogen generation
requires small external voltage (0.3-0.9), which is approximately half of that required for

electrolysis of water [25-27].

MEC is an innovative technique for the wastewater treatment and has significant
leads over other hydrogen generation technologies. (1) The output by the electrolysis of
waste organic matter is hydrogen gas which makes it a value-added technology (2) The

hydrogen recovery from MEC is in the range of 67%-91%, while its value is only 20% in
8



dark fermentation. (3) Water electrolysis has ten times less maximum energy yield as
compared to MECs. Moreover, MECs require small external voltage (0.3-0.9), which is
approximately half of that required for electrolysis of water [28,29]. (4) The microbial
organisms present in MEC inoculum and anode can breakdown various available
substrates, ranging from industrial and lignocellulosic waste as well as different
wastewaters [29-31]. Despite its many advantages, MECs are not still matured enough to
take over the other hydrogen production technologies because of various problems
discussed in section 1.5.

1.5 Problem Statement

MEC has great potential to be the most prominent technology for bioenergy
production (hydrogen and methane) as it can exploit organic byproducts and wastewaters
to produce bioenergy, but the main problem associated with MEC is that most of the
researchers utilized the conventional power supply to run MEC which indirectly affects the
environment. Sustainable Development Goal (SDG) 7 focuses on a clean and sustainable
energy supply to meet the worldwide energy demand [32]. Numerous alternative energy
resources are available but solar energy is pondered as the most suitable choice for
fulfilling the energy needs because the enormous energy content of sunlight (1000 W/m?)
is available on the earth daily [33,34]. Therefore, solar cells were suggested as a
replacement for conventional DC power sources because they can deliver adequate power

for MEC operation.

All the researchers have utilized the pre-assimilated bio-anode in MEC for hydrogen
evolution. The time needed for the assimilation of biofilm at bio-anode surface is a time-
consuming process. The assimilation of microorganisms on bio-anode surface was usually
done by using anode in the Microbial Fuel Cell (MFC) for at least two months. Biofilm
assimilation can also be done by using anode in MEC until a stable amount of hydrogen
was produced for at least 5 batch cycles. The time needed for the assimilation of biofilm
for bioenergy production should be reduced or such material should be used that produces
bioenergy without assimilation in order to commercialize this technology. If a

breakthrough in the bioenergy production rate could be achieved, then it will provide a
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promising solution for the production of biofuels especially hydrogen with low input

energy.
1.6 Objectives

Taking into account all the recent advances of MEC, this research will use the most
suitable materials in MEC for enhancing bioenergy production using wastewater. The
objectives of this research are as follows:

e Use of unassimilated Ni-foam bio-anode to evaluate its effect on bioenergy

production.

e Enhancing the bioenergy production rate using dairy manure wastewater both as

inoculum and substrate.

e Prevent the rate limitation due to bioanode using co-axial configuration of anode to

increase surface area.

e Using a renewable energy resource (solar cells) to supply the required power to
MEC.

1.7 Scope of research

In this research, an unassimilated Ni-foam was used as anode in solar-powered single
—chamber tubular MEC and the effects of exposed surface of unassimilated anode was
examined using two different separation techniques. The substrate utilized in this study
was synthetic dairy manure wastewater due to its abundance in country, easy availability,
and presence of microbial community in it. Gas chromatography, Scanning Electron
Microscopy and Electron Dispersive X-Ray Spectroscopy was performed to evaluate the
bioenergy production rate of methane and hydrogen, growth of microbial community on

bio-anode and variations in elemental composition before and after the experiment.
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1.8 Thesis Structure

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

* Provides an overview about world energy
consumption, followed by the discussion on
hdrogen- future fuel.

« Various hydrogen production methods have been
discussed in detail. The objectives of this research
and the scope of the ressearch was also discussed.

» The comprehensive literature review was

presented in this chapter.

* MEC reactor configuration, electrode materials,

substrates utilized and hybrid MEC systems were
discussed in detail.

» This chapter covered the complete flow of

research. The discussion started from the
designing of the MEC, followed by its
construction and configuration.

» At the end of this chapter, the startup of MEC

followed by analysis and calculatons was
discussed.

All the results obatined using lab-sclae MEC was
plotted in this chapter.

Discussion on the parameters and reasons that

could be responsible for these results have been
ellaborated.

» This chapter concludes the complete research

methodology, obatined objectives, the results
obtained by this research and a thorough
discussion on obtained results.

» Recommendations for upcoming researchers have

also suggested.
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Summary

This chapter discussed the background of the proposed work and enlightened how
hydrogen gas could be a competitive alternative as a clean energy source. Various
conventional hydrogen production techniques i.e., steam reforming, partial oxidation, and
coal gasification, were discussed in detail and the advantages and disadvantages of each
technique was presented in this chapter. Furthermore, innovative waste to hydrogen
production techniques that are Dark Fermentation, Photo-fermentation, and Microbial
Electrolysis Cell (MEC), were compared and it was suggested that MEC was novel and
competent technology to effectively produce bioenergy. Finally, the reason behind
selection of this research, the objectives of this study and the scope of the proposed work

was discussed.
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Chapter 2

Literature Review

2.1 Microbial Electrolysis Cell

Microbial Electrolysis cell (MEC) is a novel BES technology, related to Microbial
Fuel Cell (MFC), which interrelate the exoelectrogens metabolism with electrochemistry
to produce hydrogen in sustainable and renewable manners from organic wastes (Liquid)
or wastewaters. The perception of MEC was first presented in 2005 by two different
laboratories [1]. A conventional MEC consists of a microbial anode, separator (lon
exchange membrane), a hydrogen evolution cathode, and H-shape double chamber
configuration, even though researchers have also developed single chamber MECs by
eliminating the need for a separator. Figure 2-1 shows a schematic representation of an
MEC consists of bio-anode and cathode to bio-hydrogen.

External
Power

Organic
substrate

Exoelectrogens

Figure 2-1 : Microbial Electrolysis Cell (MEC) - schematic diagram
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The anode of MECs has biofilm consisting of electrochemically active bacteria that
oxidizes the organic matter present in wastewater and generates protons and electrons.
Directional migration of these charged particles towards cathode is supported by small
external voltage (0.2-0.8V), where they combine to produce hydrogen [2]. MEC has
significant leads over other hydrogen generation technologies. MECs have engaged much
attention in the researcher’s community, as proved by the fact that the base critical review
article on MEC has more than 750 citations till now [3]. More than 10 comprehensive
review articles have been published on MECs over the last decade, which shows the
massive research work that has been carried out to enhance sustainable hydrogen
production. These review articles contain updated information about suitable substrates
used in MECs [4,5], biocatalysts used in MECs [6], anode and cathode materials utilized
in MECs for hydrogen production [7,8], potential applications, advances and challenges of
the MECs, biocathodes utilized till now and future prospects about them [2], available
MEC reactor configuration and design for production of biohydrogen [9], separators

utilized in MEC and the use of MEC in wastewater treatment systems [10].
2.2 Reactor Configuration

MEC can be divided into two reactor configurations:

1. Double Chamber MEC
2. Single Chamber MEC

Both MEC have more or less same working principle with only difference between
these two is presence of ions exchange membrane between anode and cathode in double
chamber MEC.

2.2.1 Double Chamber MEC

A simple double chamber MEC has H-shaped reactor setup and ions exchange
membrane is placed in a tube which connects anode and cathode chambers. Numerous
membranes, such as proton exchange membrane (PEM), cation exchange membrane

(CEM), and charge-mosaic membranes (CMM), were utilized till now to separate both
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compartments. Membrane is a vital component of double chamber MEC and is used to

avoid diffusion of generated hydrogen from cathode to anode [9][11].

The anode of MEC operates in a fully anaerobic atmosphere and has microbial
community present on its surface to oxidize the organic substrates. A gas collection bag or
syringe was attached on top of cathodic compartment to collect produced gas. Considering
acetate as substrate in double chamber MEC, following reaction are responsible for

hydrogen production:

Anode: CoH40; + 2H,0 - 2CO, + 8e + 8H*
Cathode: 8H* + 8¢ 2 4H;

Particularly, this configuration has various energy losses due to many factors, such
as Ohmic loss, activation loss, and concentration loss [1][12]. Figure 2-2 demonstrates the

schematic representation of double chamber membraneless MEC.
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Figure 2-2 : Double Chamber Microbial Electrolysis Cell [13]
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2.2.2 Single Chamber MEC

Single-chamber MEC has been designed to simplify the reactor configuration. This
design was first proposed and experimented in 2008 in order to overcome the potential
ohmic losses and to enhance bio-hydrogen production rate [14]. In a single-chamber MEC,
both anode and cathode are present in same anaerobic compartment and the assimilated
biofilm at the anode surface break-down the organic wastewater substrate by producing
free-moving protons and electrons. The electrons move from the outer circuit towards

cathode and the protons can directly diffuse to the cathode to produce hydrogen [15].

High hydrogen production by decrease in internal resistance can be achieved in
single chamber MEC with less system cost. The drawback with single chamber MEC is
the easy diffusion of hydrogen to the anode resulting in methane formation and severe
energy loss because of interruption in the anode reaction and consumption of produced
hydrogen by methanogenic microorganisms [16]. Figure 2-3 demonstrates the schematic

representation of single chamber membraneless MEC.
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2.3 Electrode Materials

Carbonaceous and metallic materials are usually used for anode and cathode,
respectively. Both electrode materials must undertake electro-catalysis for the breakdown
of organic substrate at the anode and bio-hydrogen production reaction at the cathode. The

most critical parameter in microbial electrolysis cells is biofilm development [17].
2.3.1 Cathode materials

The breakdown of organic substrate takes place at the anode surface which releases
electrons and protons. The generated electrons flow through an external circuit toward the
cathode, where they react with the protons that migrate from the anolyte to the catholyte
crossing the membrane to produce bio-hydrogen [18].

Various materials can be used as cathode in MEC, including carbonaceous
materials, stainless-steel meshes, nickel-foam, and titanium. Carbon-based cathodes have
slow Hydrogen Evolution Reaction (HER) rate due to their high over-potential [19]. HER
rate depends on the strength of hydrogen-metal bond, and therefore of the electrode
material. Various catalysts like platinum can be used with cathode to reduce this problem
but platinum is very rare and expensive material. Moreover, platinum may have negative
effect on MEC performance after getting contaminated by other compound i.e. sulfides and
cyanides [20].

The most satisfactory substitutes of platinum for fast HER are transition metal
compounds of first row of periodic table because of their moderate catalytic activity,
abundance, and stability [21]. The stainless steel and nickel-based materials, among other
materials, are the extensively reported cathode materials till now because these materials
have low cost, are plentiful in nature, excellent catalytic action for HER and have stable
electrochemical property [12,18]. A large number of comparative experiments and
researches (Table 2-1, Table 2-2, Table 2-3, Table 2-4) discovered that the use of transition
metal elements could significantly enhance the HER performance of the cathode in MEC.
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2.3.2 Anode materials

An ideal material for anode should possess large surface area, excellent
biocompatibility to facilitate bacterial attachment growth, decent corrosion resistance, and
high electronic conductivity. Usually carbonaceous materials such as carbon mesh, carbon
cloth, carbon paper, vitrified carbon material, graphite felt, graphite rod, graphite fiber
brush, and activated carbon granules were used as anode in MEC. The cost, handling of
material, availability of materials, and stability should be taken into consideration before
selecting it as anode in MEC. Every carbonaceous material has its own downsides

depending upon its chemical properties [18,22].

Carbon cloth is a durable and flexible choice for MEC but it is comparatively more
expensive than carbon paper. Carbon paper is cheap and thin material but due to its low
strength, it does not allow biofilm formation. Carbon felt can take over this biofilm
formation issue, but large electrical resistance of this material limits its use. Graphite
materials have superior stability and electric conductivity compared to the ordinary carbon-
based materials but is more expensive. The graphite fiber brush is considered as the most
favorable anode material in future because of its easy availability, low electrical resistance
and high surface area [12,17,23].

Aside from graphitic and carbonaceous anodes, there are some highly conductive,
corrosion-resistant, highly porous materials, which can also be used as anodes in MECs.
Nickel foam, stainless steel meshes, and titanium are some of these materials, which form
anode by joining with graphite fiber or carbon cloth. These prospective materials must be
pretreated at high temperature with ammonia to reduce the start-up time of the reaction and
enhancing the overall hydrogen production efficiency of the system [18]. A list of
extensively used anode materials is presented in Table 2-1, Table 2-2, Table 2-3, Table
2-4.

2.4 Substrates

Researchers utilized various substrates including glucose, cellulose, acetic acid, and

different organic wastewaters to produce hydrogen using MECs.
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2.4.1 Non-fermentable organics
2.4.1.1 Sodium Acetate

Acetate (Sodium Acetate) has been reported as the most commonly used substrate
for MEC (Table 2-1) as it is obtained as a by-product from dark fermentation. Rozendal et
al. reported one of the first performance efficiencies of the MEC, fed with acetate and
reported the maximum HPR of 0.02 m3-H, /m3-d in MEC reactor having working volume
of 6.6 L and applied voltage 500 mV [24]. The best performance efficiency of MEC fed
with acetate was reported by Rivera et al. in 2015, He stated the use of 0.55 V applied
voltage to get a maximum HPR of 81 mL-H2/L-d in a double chamber configuration [25].
Jeon et al. used P-type Polyaniline Nano-fibers (PANInfs) cathode material in three
different MECs using acetate as substrate and reported the maximum HPR of 1.78 m?-
H2/m3-d and C.E of 98% at an applied voltage of 0.8 V [26] The latest study reported the
maximum HPR of 7.06 £ 0.24 L-H/L-d by applying 1 V voltage for tubular configuration
of MEC. The hydrogen recovery efficiency was more than 98% according to that study
[27]. Recent research conducted by Hesibar et al. in 2020 to find the most competitive
MEC for hydrogen production reported the best HPR of 0.31 + 0.08 mmol-H?/L-d at 0.8
V applied potential and the concentration of acetate was 6 g/L in a single chamber MEC
(Table 2-1) having working volume 100mL [28]. Acetate is the most commonly used
substrate till now as it is required for anode colonization before using any other organic

wastewater as substrate.
2.4.1.2 Glycerol

Glycerol, a widely used commodity chemical by pharmaceutical industries, is a
non-fermentable carbon source. Glycerol is mainly obtained as a by-product during the
biodiesel purification techniques. It is being overproduced as 10L of glycerol is being
produced for every 100L of biodiesel purification. Initially, researchers believed that
glycerol can only be used in MECs with a mediator to produce hydrogen (Table 2-2). Initial
studies reported very low HPR through MEC fed with Glycerol, an experimental study
carried out in 2007 reported the utilization of glycerol containing wastewater as a substrate
in double chamber MEC having platinum mesh cathode. The reported maximum HPR for
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0.5 V applied voltage was only 0.77 mol Hz/ mol-glycerol [29]. Another study reported the
use of continuous flow series plates MEC configuration with working volume 200 mL and
cathode made-up of E-TEK gas diffusion electrode with platinum (Pt) load of 0.5 mg cm-
2 to produce hydrogen from glycerol without any mediator, the maximum HPR of 0.6 L-
H>/L-d was obtained by that experimental setup at an applied voltage of 1.0 V [30]. The
latest research utilized crude glycerol in an alkaline MEC having a single chamber cubical
configuration (Table 2-2). Graphite fiber with Polytetrafluoroethylene (PTFE) diffusion
layer and 5 mg Pt/cm?was used as cathode and the maximum HPR of 0.46 L-H/L-d and
C.E of 55% was achieved for 0.8 V applied potential [31].

2.4.1.3 Glucose

Hydrogen production using glucose substrate is also a critical point of research
during the last decade (Table 2-3). Selembo et al. reported the maximum HPR of 1.87 +
0.30 m® Hy/ m®/d and the C.E 105 + 10% at applied voltage 0.9 V. He used a single chamber
membrane-less microbial electrolysis cell with working of 28 mL, fed with glucose to
produce hydrogen [32]. Research published in 2012, reported the maximum HPR of 0.37
+0.04 m3-Hz/ m®-d using glucose as a substrate in single-chamber MEC at 4 °C temperature
and applied voltage 0.8 V [33]. Zhang et al. published a research paper in which he utilized
double anode configuration, single chamber membrane-less reactor, and methane inhibitor
to enhance HPR using glucose as substrate. His research work reported a maximum HPR
of 2.39 + 0.3 m3H2/m%/d at an applied voltage of 0.8V [34]. A recent publication reported
the use of glucose in single-chamber MEC (Table 2-3) and compared it with various other
substrates. He reported that glucose was not that much effective compared with other

substrates like sodium acetate and glucose produce only 9.12% hydrogen [5].
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Table 2-1: Reported MECs fed with acetate as a substrate

Reactor

Volume

Applied

C.E

Max. HPR

Design (mL) Anode Cathode Voltage (V) (%)  (m3H2/m3%/d) Ref.
Graphite felt Titanium mesh
Doubl . . +3.
Chg::bZr 3300 x 2 (dia. with 0.5 mg/cm? 0.5 5353 0.02 [24]
240mm) Pt catalyst
Single Brush made Brush made of
chan?ber 48 of graphite stainless steel- 0.6 78+5 1.7+0.1 [35]
fibers 304L
92.0 7.86 £ 0.31
0-35 +1.8 mL/L/d
. 93.2
Double 35 Plain carbon Carbon Paper 54 N 10.95+£0.64 [36]
Chamber paper with Pt ' 06 1 mL/L/d
80 98.0 1454 £ 0.12
' +1.9 mL/L/d
Graphite felt .
Double Ni-foam
Chamber 40 3} (1360 kg m?) 1o %0 50 [37]
compressed
Graphite Carbon cloth with
Double 30% PTFE and 0.08
12 h-H v --
chamber 0 brus eat 0.5 mg/cm? Pt 0 mmol/L/d [38]
treated
catalyst
Anode = Cjo\rbon .
Double 550 fibers Stainless steel
attached on mesh (304L 1.0 91 0.53 [39]
Chamber  Cathode .
stainless Grade)
=225
steel plate
Single 34 P-type Polyaniline 0.4 61 0.18
Chargber 7.3 -- Nanofibers 0.6 91.5 1.02 [26]
13.3 (PANInNfs) 0.8 98.2 1.78
316L
Tubular . N
Double 1000 Stalnl.ess Pt coated titanium 10 98 7.06+0.24 [27]
steel fiber mesh tube L/L/d
Chamber
felt
Carbon cloth with
Single ) 0.31+0.08
Chamber 100 Carbon cloth 0.5 mg/cm?® Pt 0.8 -- mmol/L/d [28]

catalyst
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Table 2-2 : Published MECs fed with glycerol as a substrate

Reactor Volume Applied CE Max. HPR
) Anode Cathode Ref.
Design (mL) Voltage (V) (%) (m3H2/m?3/d)
0.77 mol
Double Carbon )
300 Platinum Mesh 0.5 -- Ha/mol- [29]
Chamber cloth
glycerol
0.5 mg/cm? Pt
Continuous . catalyst loaded
. Graphite
flow- series 210 felt E-TEK gas 1 -- 0.6 L/L/Md [30]
e
plates diffusion
electrode
Graphite Wet-proofed 0.5 99+10 0.80+0.08
Single brush — carbon cloth
28.27 ) ) ) [32]
Chamber Ammoni  with a platinum 0.9 104+7 201041
a treated catalyst
0.015 £
. 0.6
Graphite . 0.003
stainless steel
Double brush 0.029 +
25 mesh and 0.8 -- [40]
Chamber (Heat 0.0008
carbon cloth
treated) 0.050 %
1.0
0.0008
graphite 0.5 mg/cm? Pt
Double .
28 fiber catalyst coated 0.8 35 0.021 [15]
Chamber o
brush graphite fiber
Graphite Fiber
Cube — )
) with PTFE
MEC — Graphite o
) 400 diffusion layer 0.8 55 0.46 L/LMd [31]
Single brush
and 5mg
Chamber
Pt/cm? Pt
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Table 2-3 : Reported MECs fed with glucose as a substrate

Applied
Reactor  Volume CE Max. HPR
) Anode Cathode Voltage Ref.
Design (mL) (%)  (m3H2/m3/d)
%
Wet-proofed 127 +
+
Graphite 0.5 ’3 0.83+0.18 [32]
Single brush — carbon cloth
28.27 ) .
Chamber Ammonia with a
. 105 +
treated platinum 0.9 1.87+0.30
catalyst 10
82 +
0.6 (4°C) 13 0.25+0.03
. . carbon cloth
Single graphite ]
26 with 0.5 [33]
Chamber brush 0.8(4°C) 74+8 0.37+0.04
mg/cm? Pt
0.6(25°C) 59+6 1.01+0.05
0.5 70 1.65+0.11
Single Square
) carbon cloth
Chamber graphite )
64 with 0.5 mg 0.8 75 2.39+0.3 [34]
Membran felts -2
) Pt/cm?
e-less pieces
0.9 75 2.24+0.2
Single 9.12%
Chamber _
500 Carbon felt Platinum 1.0 -- [5]
Membran ( Hydrogen
e-less Recovery)
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2.4.2 Fermentable organic substrates

Lignocellulosic biomass is the most plentiful substrate available for the production
of bio-ethanol and other biofuels. This raw material consists of cellulose, hemicellulose,
and a binding agent (lignin). Virgin biomass, Waste biomass, and energy crops are the
three major classifications of lignocellulosic biomass. It is an auspicious feedstock for
profitable and low-cost energy production due to its easy availability and renewability.
Only few studies reported the use of lignocellulosic biomass as substrate in various MECs.
Maximum HPR using cellulose as substrate was validated by Cheng et al. in a dual-
chamber MEC at hydrogen yields (63%). It was estimated that producing 1kg of H2 would
take 7.5 kg of cellulose at a 100% yield [41].

Another study stated the production of hydrogen using cellulose effluent and
reported the maximum HPR of 1.01. + 0.16 L-HJ/L-day and 220% energy efficiency by
comparing energy from hydrogen produced during the process with required electricity
[42]. However, this feedstock cannot be directly utilized in MECs as microbes can’t digest

lignin (high-molecular weight compounds) readily to produce hydrogen.

2.4.3 Domestic wastewater

Ditzig et al. accomplished a major breakthrough in 2007 as he reported the
production of hydrogen using domestic wastewater as a substrate in MEC () and founded
Bio-electrochemically Assisted Microbial Reactors (BEAMRS). He used a carbon
electrode with graphite granules in an anode compartment and achieved a maximum HPR
of 0.0125 mg-Hz2/mg-Chemical Oxygen Demand (COD) at applied voltage 0.41 V and C.E
of 26 % [43]. Many researchers are working on BEAMRSs to produce sustainable hydrogen
using domestic wastewater as it can help to mitigate water pollution as well as in the
production of cost-effective fuels. A study reported the use of single chamber MEC with
continuous flow operation mode, inoculated with 100 mL domestic wastewater and an
applied voltage of 1V, to produce hydrogen at a rate of 0.462 L-HJ/L-d [44].
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Table 2-4 : Various reported MECs fed with fermentable organic substrate

Applied Hydrogen
Reactor ~ Volume
) Anode Cathode Voltage Recovery Ref.
Design (mL) (%)
V) (%)
0.23 9.6 2.8
nonwet- 0.5 mg/cm? Pt 0.32 10.4 3.3
Double 192 or
proofed catalyst loaded 0.41 12.0 1.8 [43]
Chamber 256
carbon paper carbon paper 0.50 16.8 10.5
0.59 26.4 375
65 --
Continuo Ni-based gas 59 45
us flow Graphite felt  diffusion electrode 1- 57 44 [44]
Single 5mm thick (GDE) with a Ni Constant 55 42
Chamber load of 0.4 mg/cm? 54 43
38 45
6 sheet of stainless steel wire 0.015 L-
120L 1.2 55 [45]
Cassettes carbon felt wool - grade 1 Ha/L/day
985 0.69+0.05
EDCORE/ Pt
+1.0 m3-H2/m3-d
86.9 0.80+0.03
Tubular ] AMI-7100CR/Pt
MEC 1000 Graphite felt 0.9 +50 mi-Hym3-d  [46]
Acrylic framed
735 0.92+0.03
AEM wrapped by
+6.8 m3-Hym3-d
carbon cloth/Pt
Ni-plate 45.1 0.817
Double ] Stainless steel-
250 Graphite 1.0 54.5 1.329 [47]
Chamber mesh
Ni-foam 59.1 1.594
Nickel Foam/ 54.6
Double ) . . 4.38 [48]
Plain graphite NiO.rGO 7
chamber 250 ) 1.0
plate Nickel Foam/ 56.6
- box 3.66
C0O304.1GO 4
Dual ) ) NiMoOu/Nickel 58.7
250 Plain graphite 1.0 4.28 +0.13 [49]
Chamber foam
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Heidrich et al. published research in 2013, stated the maximum HPR of 0.015 L-
H/L/day and C.E 55% was achieved using raw domestic wastewater in a cassette-like
reactor configuration having a working volume of 120 L and applied voltage 1.2 V [45].
The latest research reported the tubular MEC configuration fed with domestic wastewater
substrate and membrane electrode assembly to produce hydrogen at the rate of 0.92 + 0.03
m3-Hz/m®/d at an applied voltage of 0.9V with C.E of 73.5%. This study utilized 3 different
material combinations but acrylic framed anion exchange membrane draped by carbon
cloth/Pt exhibited the maximum HPR [46].

2.4.4 Sugar industry wastewaters

Sugar industry wastewater gets much attention during the previous 2 years as more
than 10 research papers have been published on the title “hydrogen production using sugar
industry effluent”. Research utilized double chamber MEC and investigated three unique
materials as cathode (Nickel foam, Nickel Plate, and stainless steel) to check the most
suitable material for maximum hydrogen production using sugar industry effluent. Nickel
foam showed the maximum HPR of 1.59 mmol/L-D using sugar refinery effluent at an
applied voltage of 1.0 V [47]. Metal oxide/graphene nanocomposite catalysts had also been
used for the biohydrogen production in MEC fed with sugar refinery. NiO.rGO and
C0304.rGO nanocomposites were synthesized and coated on Nickel cathode. A study
reported superior performance of the cathode with nanocomposites and at an applied
voltage of 1.0V displayed the maximum HPR of 4.38 + 0.11 mmol/L/D, cathodic hydrogen
recovery of 20.8%, and C.E of 65.6% [48]. The latest paper reported the enhanced
hydrogen production using the nickel molybdate nanocatalyst, those synthesized
nanocatalysts were applied at nickel foam cathode surface used in MEC to produce
hydrogen. Anode utilized in this study was graphite felt and the substrate used was sugar
industry effluent having COD 4200 =20 mg/L. The MEC with the novel catalyst
performed exceptionally well and achieved the maximum HPR of 0.12 + 0.01 L-H/L/D
with 58.2% C.E [49].
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2.45 Industrial wastewaters

Researchers are trying to make MECs more efficient and sustainable in nature
therefore lots of research have been done on MECs using industrial wastewaters as their
substrates. A study reported hydrogen production at the rate of 0.74 m3-Hy/ m*/d using
potato industry wastewater in a single chamber membraneless MEC reactor having a
working volume of 28 mL. Graphite fiber brush with ammonia treatment was used as an
anode, wet proofed carbon cloth with Pt catalyst was used as cathode and the voltage of
0.9V was supplied through DC power supply. Dairy manure was also utilized in this study
but reported that MEC fed with dairy manure didn’t produce current [22]. Tenca et al.
utilized two different industrial wastewaters; methanol-rich industrial wastewater and
wastewater from a food processing industry. Wastewater from the food processing industry
was rich in complex carbohydrates and had much less COD removal rate than industrial
wastewater (85%). Three different cathodes were utilized but only cathode containing Pt
produce a significant amount of biogas using industrial wastewater with C.E 10 = 2 % [50].
A recent study performs experimental analysis using three different substrates, counting
vegetable waste, rice waste, and mixed substrate, in a dual-chamber MEC and reported the
maximum HPR of 2.46 mmol/L/D at an applied voltage of 0.8 V with 4.67 g/L
concentration of the substrate at the start of experimental analysis. These outcomes
recommend that mixed substrates may be more appropriate for hydrogen production in
MEC [51].

2.5 Hybrid MECs

MECs solely can produce biohydrogen through organic wastes but are still not
capable enough to take over the markets, therefore, integration of MECs with other
technologies is the most prominent option to make these systems efficient and market

competitive.

2.5.1 Anaerobic Digestion (AD)-MEC hybrid system

Waste organic matters break down in a sequence of processes to yield biogas in a
conventional AD process. AD process occurs in the absence of oxygen, which is a major

requirement for the growth of methanogenic bacteria [52]. MEC-AD hybrid systems
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(Figure 2-4) have gained much importance during the last five years because this integrated
system promotes the degradation of organic matter [53] and enriches the exoelectrogen
species and hydrogenotrophic methanogenic species on anode and cathode surfaces
respectively, thus enhancing the biogas yield [54]. A recent publication reported the 1.4-
fold enhanced biogas which is approximately 0.18-0.2 mL-CHa/mL-d methane production
by utilizing AD-MEC integrated system [55]. This integrated system faces numerous
problems such as low efficient large-scale operation and biofilm development at electrode

surfaces [56].

Gas
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Figure 2-4 : Schematic diagram of the Microbial Electrolysis Cell (MEC) - Anaerobic Digestion (AD)

[57]
2.5.2  Microbial Fuel Cell (MFC)-MEC hybrid system

MFC-MEC hybrid systems (Figure 2-5) have many advantages but the major
advantage is the solution to the energy requirement problem for biohydrogen production.
The First MFC-MEC hybrid system was experimented by Sun et al. in 2008, he reported
the power supply through MFC, and hydrogen production was from the degradation of
acetate in MEC [58]. MFC-MEC hybrid system may also be used for CO> reduction or
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carbon capture as reported in a study published in 2012. This study focused on the
production of formic acid in MEC powered by MFC [59]. Liu et al. published a study in
which he reported fecal water treatment as well as electric power generation using
Anaerobic Baffled Reactor (ABR)-MFC-MEC integrated system. The maximum COD
removal rate was 1.35 kg COD/m®/day, and 0.42 V output voltage was achieved by the
combined system [60]. However, here are three problems associated with MFC-MEC
hybrid systems that need to be solved: cathodic pH in both the MFC and MEC has a slight
effect, substrate concentration has an impact on the system efficiency, and continuous

operation needs to be further investigated.
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Figure 2-5 : Microbial Electrolysis Cell (MEC) - Microbial Fuel Cell (MFC) Hybrid System [59]

2.5.3 Solar Powered MEC - hybrid system

Solar energy is a great source of renewable energy. Solar cells can be used to
provide the required power using sunlight to the MEC for hydrogen production. The solar
cell-MEC hybrid system (Figure 2-6) is a very promising technology as it can be used to
convert sunlight into valuable fuels like methane, hydrogen, and ethanol. The first such
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system was reported in 2009, a dual-chamber H-shaped MEC was used for hydrogen
production, and the external power of 0.6V, required for MEC, was supplied with Dye-
sensitized solar cell (DSSC). The reported hybrid system utilized Pt coated titanium plate
cathode to produce 400mmol H and the cathode recovery efficiency and C.E was reported
to be 78% and 40% respectively [61]. In the same year, another DSSC-MEC hybrid system
(Figure 2-6) was introduced and the cathode used in MEC was Pt free, made up of carbon
nanopowder coated electrode. The hydrogen produced by Pt free cathode MEC at an
applied voltage of 0.7 V was almost of the same amount as reported by Pt cathode MEC
[62]. No significant work has been made till now in this field and future work is needed to
make efficient solar-powered MEC systems.

Dye Sensitized Solar Cell

-~ -

DR
z
i

I i I

(a)

Figure 2-6 : (a) Schematic diagram of self-sustained Hybrid system - Microbial Electrolysis Cell
(MEC) - Dye Synthesized Solar Cell (DSSC). (b) Experimental setup of Microbial Electrolysis Cell
(MEC) - Dye Synthesized Solar Cell (DSSC) Hybrid system [62][63]

2.5.4 Microbial Desalination Cell (MDC)-MEC hybrid system

MDC-MEC hybrid systems are of unique importance because they boost the energy
recovery, effective nitrogen removal, and desalination performance of the system. The first
practical demonstration of the MDC-MEC hybrid system (Figure 2-7) was performed by
Mehanna et al. in 2010. This study reported the maximum HPR of 0.16 m®-Hz/m%/d and 68
% conductivity was reduced in a single cycle at 0.55 V applied voltage [64]. Another study
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reported the use of a MDC-MEC hybrid system for simultaneous salinity and organic
matter removal. This study stated a higher salt removal rate of about 84%, C.E
approximately equal to 100%, and the maximum HPR of 3.6 m3-H2/m%(d, at an applied
voltage of 1.2 V [65]. The latest publication by Li et al. found that the MDC-MEC hybrid
system achieved a positive energy balance of 0.0267 KW h/m2. He also reported a 63.7%
salinity removal rate within 48 hours of the operation at the concentration of 5 g/L [66].
This hybrid system faces a large deviation in pH value during its operation between anode

and cathode chamber and still needs improvements to get commercialized.
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Figure 2-7 : Microbial Desalination Cell (MDC)- Microbial Fuel Cell (MEC) Hybrid System[66]
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Summary

This chapter compiles most of the previous published work on Microbial
Electrolysis Cell (MEC). Firstly, the history of the MEC along with its basic components,
its importance and advantages were reported. Afterwards, the chapter emphases mainly on
the MEC reactor configuration, the experimented electrode materials in MEC and the
substrates used in MEC for bio-hydrogen production.

Double chamber MEC and single chamber MEC are two basic configurations of
the reactor. Double chamber MEC produces pure hydrogen in the cathode compartment
but is an expensive system and has energy losses due to the presence of membrane between
anode and cathode. Single chamber MEC has been designed to simply the reactor
configuration, reduce system cost and to overcome energy losses by directly exposing both
electrodes eliminating the use of membrane. The downside of single chamber MEC is

conversion of produced hydrogen to methane due to the presence of methanogens.

Metallic materials are usually utilized as cathode in MEC due to their fast Hydrogen
Evolution Reaction (HER) rate. Anode of MEC is usually made up of carbonaceous
materials i.e., carbon paper, carbon felt, graphite felt etc. but nickel foam, stainless steel
and titanium can also be used as anode. Another section of this chapter discussed the details
of most reported substrates in MEC i.e., non-fermentable organic substrates (acetate,
glycerol, and glucose), fermentable organic substrates, and variety of organic wastewaters

(domestic, industrial and sugar industry effluent).

Lastly, the integration of MECs with other technologies have been discussed in
detail, such as, Anaerobic Digestion (AD)-MEC hybrid system, Microbial Fuel Cell
(MFC)-MEC hybrid system, Solar Powered MEC - hybrid system, and Microbial
Desalination Cell (MDC)-MEC hybrid system. These are the most prominent options to

make MEC systems self-sustainable as well as to compete in the market.
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Chapter 3

Materials and Methodology

3.1 Designing of the MEC

Design of the MEC was one of the most complicated problem that must be solved prior to

experimentation. The designing of the MEC was divided into two categories:

e Designing of the reactor chamber

e Designing of the electrodes

Two types of the MEC reactor were generally in use to produce bioenergy. The first
possible design was H-shaped, double chamber MEC, and was first introduced in 2005 [1].
This chamber consists of separate anode and cathode compartments and has mostly used
where purity of the hydrogen gas is the first priority. The disadvantage of this design is the
use of membrane, which makes this design very expensive. Single chamber, tubular or
rectangular MEC was the second possibility. This study selected the single-chamber,
tubular reactor design for bioenergy production. The reasons for the selection of this design
were the easy fabrication of single chamber MEC, the cost effective way to produce
hydrogen as no membrane was required, and high substrate utilization efficiency [2,3].

The designing of the electrodes for MEC was referred as the placement and
orientation of the electrodes during the MEC operation. Mostly, both electrodes were
placed at corners of the single-chamber MEC. The electrodes were placed at 1.5 cm apart
using plastic screws or J-cloth. Electrodes were cut in rectangular shapes and
approximately had same surface area (Figure 3-1) [4]. The placement distance of both
electrodes and the surface area of the anode with respect to cathode were two key

parameters for designing the effective MEC.
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Figure 3-1 : Electrodes shape and placement (previous study) [4]

This research focused on using tubular shape reactor bottle and the anode and
cathode, utilized in this research, were placed in a coaxial configuration (Figure 3-2) to
increase the surface area of the anode, to improve the hydrogen production efficiency of

MEC, and to avoid rate limitation due to bio anode [5].

(b)

Figure 3-2 : (a) Schematic and (b) Experimental representation of the MEC Design
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3.2 Construction of the MEC

Various reactor working volume have been reported for bio-energy production. Most
of the researchers employed a reactor having 27 ml working volume to examine the
performance of the MEC. This study utilized a single-chamber MEC reactor was
constructed from a soda-lime glass bottle with a working volume of 200 ml (total volume
~ 250 ml, 50 ml headspace, 52 mm diameter, and 106 mm height) (Figure 3-2-b).

The selected reactor chamber was completely sealed with silicon glue to prevent the
infiltration of oxygen into the reactor and to maintain an anaerobic environment. The
coaxially arrangement of electrodes was selected. The anode was placed in outer circle
having diameter nearly equals to 4.7 cm There is a 0.3 cm separation (two types) between
both electrodes. The cathode utilized in this research was placed inside the separation and

have diameter of 3.5 cm.

The Ni-foam (Figure 3-3), having a thickness of 2 mm and surface density of 300
g/m? (Anping Longyi Mesh Manufacture Co., Ltd., China) was used as the anode in MEC
to produce biohydrogen. The selection of Ni-foam as anode was because of its large surface
area, excellent biocompatibility to facilitate bacterial attachment growth, decent corrosion
resistance, and high electronic conductivity. Anode material was immersed in 500 ml of
deionized water for 2 h, then rinsed with deionized water, and set on aluminum foil for

drying prior to the use in MEC.

Figure 3-3 : Ni-foam with 300g/m? surface density - anode
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The Stainless-Steel Mesh (SSM) grade 304L (Anping Longyi Mesh Manufacture
Co., Ltd., China) was used as cathode in the MEC system for bioenergy production (Figure
3-4). SSM mesh is finely flat electrode, therefore, it allows very close electrode spacing.
Otherwise, if graphite or carbon felt was utilized, it would not allow close electrode spacing
as it may cause short circuit. Moreover, the SSM mesh could also produce higher surface
areas because of various pores as compared to that of flat sheet electrode [6]. The utilized
cathode was of 100 mesh size and had the filter accuracy of 150 microns. SSM cathode
was smoothed with SiC sandpaper, rinsed with deionized water ultrasonically, washed with
acetone, and then again washed in deionized water and placed in an incubator for drying

overnight (>12 h) prior to the use.

Figure 3-4 : Stainless steel mesh grade 304L - cathode

Both electrodes were maintained at a distance of 0.3 cm apart using two different
separation techniques shown in Figure 3-5.

e Rate limited bio-anode — MEC
e Fully exposed bio-anode - MEC

The rate limited bio-anode - MEC separation technique was utilized to investigate
the effects of limited exposed surface area on the bioenergy production. In rate limited bio-

anode - MEC separation technique, both electrodes were separated by utilizing an acrylic
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pipe having thickness 0.3 cm. There was total 21 holes present on that acrylic pipe. Each

hole had a diameter of 0.8 cm making total exposed surface area to be 10.56 cm?).

The fully exposed bio-anode — MEC was utilized to compare the results of rate
limited bio-anode — MEC, discuss the impacts of fully expose bio-anode on the MEC
performance efficiency, and to suggest to most compatible separation technique. This
technique utilized a plastic mesh having thickness of 0.3 cm and 20 mesh size (20 number
of openings per square inch), making total exposed surface area to be approximately 63.12

cm?.

Figure 3-5 : Rate limited bio-anode - MEC (left) and fully exposed bio-anode - MEC (right)

A 99.9% pure copper wire was used as a current collector for both electrodes.
Copper wire was soldered with Ni-foam anode to make a rigid connection. It was wounded
tightly with SSM cathode as the SSM could not be soldered with copper wire. There are
four openings on the reactor covering lid which were used for the anode, cathode, gas
collection, and nitrogen purging. Figure 3-2 (b) represented the fully assembled single-
chamber, tubular MEC.

49



3.3 Configuration of the MEC system

Hereafter, the fabricated cell was ready for the auxiliary connections to complete
the MEC system for bioenergy production (Figure 3-6). All the supplementary connections
were made using a silver coated copper wire. Allegator clips were used in all wiring
connections as they could make a firm connection. The voltage required for the MEC
system operation was supplied using a polycrystalline silicon solar cell. The supplied

voltage was controlled by using a potentiometer.

The current collector of the bio-anode, made up of Ni-foam, was connected to the
positive terminal of the power supply and the negative terminal led to a highly precise
external resistance of 10 Q and the cathode. A potentiometer is placed between the positive
terminal of the solar cell and anode’s current collector to control the supplied voltage from
the source. A data acquisition system was connected across the 10 Q external resistance to
record the voltage. The produced gas from the MEC system was collected in a graduated
cylinder, held in inverted position with the help of stand.

Polycrystalline Solar Cell A
Y~

Resistance Box (10 Q)

Potentiometer

Stand

Displaced Volume

Graduated Cylinder

.................

Data Logger

Cylinder opening
Beaker
Water

Microbial Electrolysis Cell

Figure 3-6 : Schematic representation of the complete MEC system
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3.4 Characteristics of the wastewater:

The Dairy manure wastewater slurry (DMWS) was obtained from National
Agricultural Research Centre (NARC), Islamabad, Pakistan and stored at 4 °C. The DMWS
sample was rigorously examined and categorized in the laboratory prior to its use in MEC.
The DMWS was used as a microorganism source in unassimilated chamber, which would
help to break down the organic content. The microorganisms present in the stored DMWS
got hibernated at 4 °C. These microorganisms got revived in an incubator working at 37 °C
for 24 hours before use in the MEC.

Hereafter, various additives such as, 1 g/L of sodium acetate (electron donor), 25
mL vitamin and mineral solution, 0.31 g/L ammonium chloride, 0.13 g/L potassium
chloride, were added to DMWS. The pH of the prepared solution was adjusted close to
10.5 using buffer solution. The buffer solution was made up of 0.1 M NaHCO3 soultion
with 2.10 g NaOH added into it. The final solution obtained after adding all these additives
was Synthetic Dairy Manure Wastewater (SDMW). Characteristics of raw DMWS and

SDMW were summarized in Table 3-1.

Table 3-1 : Dairy wastewater characteristics

Parameters Synthetic dairy manure Dairy manure wastewater
wastewater slurry
pH 10.52 8.67
Salinity (PSU) 5.73 2.35
Conductivity (mS) 10.14 441
Resistivity () 98.6 227
TDS (g/L) 5.075 2.210
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3.5 Characteristics of the solar cell:

The polycrystalline silicon solar cell was imported from China (Solarshining Co.,
Ltd, China). The total surface area of the solar cell was 54 x 54 mm. This solar cell
exhibited an open-circuit voltage ( Voc) of 1.6 V, a short circuit photocurrent ( Isc) of 4.05
mA/cm?, the solar conversion rate of 16% and a fill factor (FF) of 0.73 under standard
operating conditions ( 1000 W/m?, 1.5 A.M). The purchased silicon solar cell had no
connections, but there was place for positive and negative connection was marked.
Therefore, copper wires were soldered at the given points using a solder rod and wire. The

other ends of the wires were attached with allegator clips for easy connections.

The silicon solar cell was illuminated using an artificial light source (100 W
Daylight LED, Eco Smart). The light produced using the 100 W lamp has irradiance of
about 834 W/m?. This intensity of emitted irradiance in the specific lab area was measured
using a solar meter (DS-05A solar meter, Daystar Inc.) The silicon solar cell was tested in
smart grids lab, prior to its use to the MEC system. The solar cell, placed at 1 feet distance
from the light source, was lightened up using a 100 W lamp. A digital multimeter was used
to check the voltage generated by the solar cell at these radiations. A potentiometer was

also utilized to check and control the produced voltage from the solar cell.

Figure 3-7 : Polycrystalline silicon solar cell
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3.6 MEC start-up and operation:

One all the auxiliary connections were made with MEC chamber, the system was
ready for the first cycle (Figure 3-8). The first MEC utilized a fresh Ni-foam anode to
examine the effect of unassimilated bio-anode on the bioenergy production of the MEC.
The MEC system was operated in fed batch mode and started up with SSM 304 L cathode.
The MEC was fed with a 250 ml of SDMW. After injecting the fresh SDMW in the reactor,
the reactor was flushed with nitrogen gas (purity > 99.9%) for 15 min to make anaerobic

environment in MEC.

The produced gas from the MEC chamber was collected and measured from an
inverted 100 ml graduated cylinder by the water displacement method. Firstly, the tub was
filled with water and placed near the MEC system. Then the 100 ml cylinder was
completely filled with water and its opening was covered with cardboard. The cylinder was
carefully inverted into the tub to avoid air pockets in it. A stand was utilized to hold the

inverted cylinder in position.

ight Source %

esistance
ecade Box

Microbial
Electrolysis Cell
4

Displacement Method = _°
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) v,
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Figure 3-8 : Set-up of complete lab-scale MEC system
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The dairy manure could have the capability to produce methane in presence of
anaerobic environment. Therefore, a control system was also utilized control to check the
production of methane solely from the DMWS. For this purpose, a sealed anaerobic glass
chamber, filled with 200 ml DMWS, placed in an incubator at 37 °C and 120 rpm, was
considered as a control system. The produced gas was daily collected from the inverted
glass cylinder and examined for gas compositional testing. All the MEC experiments were
conducted at a constant supplied voltage of 0.6 V, controlled temperature (31 °C) with
standard atmospheric pressure (14.7 psi). All the reported data have a percentage error of
+ 5%.

3.7 Investigations and Calculations:

The collected gas sample was taken out by syringe and needle from the top of the
inverted cylinder, which was sealed by a silicon lid. The extent of various produced gases
(H2, CH4, CO, etc.) in the sample were examined using gas chromatography (GC-2010
Pro, SHIMADZU Japan) equipped with TCD column (RT-MS5A, 30 m x 0.32 mm ID, 30
pm) and nitrogen as a carrier gas. The voltage across the resistance was recorded to
measure the current (mA) using a data acquisition system (Hangzhou Pangu
Automation System Co., Ltd) with a recording frequency of 30 minutes. The resistivity,
electrical conductivity (EC), salinity, total dissolved solids (TDS), and pH were assessed
by a portable Multi-parameter Professional Waterproof EC/TDS/Resistivity/Salinity Meter
(H1'98192 - HANNA Instruments, Italy).

The morphology of each electrode and the pattern of the assimilated biofilm at the
anode surface were tested and validated using a Scanning electron microscope (SEM)
(VEGA 3, TESCAN, Czech Republic) before and after the experiment. Both utilized
electrodes were taken out of the MEC reactor and dried before the SEM analysis [7]. Some
elemental analysis should be performed to check the effect of the grown microbial
community on the electrodes. The harsh environment due to the use of SDMW could also
have impact on the elemental composition of the electrodes. Therefore, quantitative
composition and elemental analysis of electrodes were determined using Energy-dispersive

X-ray spectrometry (EDS) (Oxford Instruments, UK).
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In all the experiments conducted, the maximum volumetric bioenergy production
rates (Qn2, Qcha) are desirable to be evaluated to examine the performance of unassimilated
bio-anodes in MECs. The “Q” expresses the volumetric production rates of hydrogen (QH2)
and methane (Qcn4) and can be calculated by dividing the collected volume of a specific

gas (m®) per chamber volume (m?) per day.

Figure 3-9 : (A) Gas chromatography - GC-2010 (B) Portable Multi-parameter Professional Waterproof
EC/TDS/Resistivity/Salinity Meter (C) Data acquisition system and (D) Scanning electron microscope (SEM)
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Summary:

This chapter discusses about the various stages for the set-up of a full lab-scale
MEC system. Firstly, the designing of the MEC chamber was considered and it was
classified into two categories. The single chamber MEC design with co-axial orientation
of the electrodes was selected for optimum operation. The MEC was constructed in a
tubular glass bottle and the Ni-foam was selected as anode and the stainless-steel mesh
304L was selected as cathode material. Two electrode separation techniques were utilized
to check the performance of MEC, based on the exposed electrode’s surface area. All the

auxiliary connections, made with MEC to make a full lab-scale system, was discussed.

The characteristics of Synthetic Dairy Manure Wastewater (SDMW) as well as the
characteristics of the polycrystalline silicon solar cell was discussed in detail. The start-up
of the MEC system, injection of SDMW, nitrogen purging, and the collection of produced
gas was reviewed. Finally, the analysis of the produced gas using gas chromatography and
the examination of the electrodes was performed using scanning electron microscopy

(SEM) and Energy-dispersive X-ray spectrometry (EDS).

56



References

[1] Liu H, Grot S, Logan BE. Electrochemically Assisted Microbial Production of
Hydrogen from  Acetate. Environ Sci  Technol 2005;39:4317-20.
https://doi.org/10.1021/es050244p.

[2] Hassanein A, Witarsa F, Lansing S, Qiu L, Liang Y. Bio-Electrochemical
Enhancement of Hydrogen and Methane Production in a Combined Anaerobic
Digester (AD) and Microbial Electrolysis Cell (MEC) from Dairy Manure. Sustain
2020;12. https://doi.org/10.3390/su12208491.

[3] Montpart N, Rago L, Baeza JA, Guisasola A. Hydrogen production in single
chamber microbial electrolysis cells with different complex substrates. Water Res
2015;68:601-15. https://doi.org/https://doi.org/10.1016/j.watres.2014.10.026.

[4] Kadier A, Simayi Y, Abdeshahian P, Azman NF, Chandrasekhar K, Kalil MS. A
comprehensive review of microbial electrolysis cells (MEC) reactor designs and
configurations for sustainable hydrogen gas production. Alexandria Eng J
2016;55:427-43. https://doi.org/https://doi.org/10.1016/j.aej.2015.10.008.

[5] Rousseau R, Etcheverry L, Roubaud E, Basseguy R, Delia M-L, Bergel A. Microbial
electrolysis cell (MEC): Strengths, weaknesses and research needs from
electrochemical  engineering  standpoint.  Appl Energy  2020;257.
https://doi.org/10.1016/j.apenergy.2019.113938.

[6] Zhang Y, Merrill MD, Logan BE. The use and optimization of stainless steel mesh
cathodes in microbial electrolysis cells. Int J Hydrogen Energy 2010;35:12020-8.
https://doi.org/https://doi.org/10.1016/j.ijhydene.2010.08.064.

[7] Gomes LC, Mergulhdo FJ. SEM Analysis of Surface Impact on Biofilm Antibiotic
Treatment. Scanning 2017;2017:2960194. https://doi.org/10.1155/2017/2960194.

57



Chapter 4

Results and Discussion

4.1 Polycrystalline solar cell - MEC mechanism

The spontaneous electron transfer process, the energy band diagram of the
polycrystalline silicon solar cell, and the redox potential of various other stages of the
Hybrid Solar — MEC system were shown in (Figure 4-1). The essential applied potential,
needed by the MEC for directional migration of charges for hydrogen production, was
provided by the solar-powered MEC. The MEC and solar cell jointly work in a way similar
to the Z-scheme in the natural photosynthesis process [1-3]. P-doped and N-doped silicon
semiconductors were joined together to form a P-N junction, where the N-doped silicon
material shifted the Fermi level nearer to the conduction band and the P-doped silicon
material shifted the Fermi level closer to the valence band [4,5]. The excess electrons
present in the N-type region, transfer towards the P-type region to fill the excessive present
hole in that region. The transfer of the majority carriers from both regions created a

potential barrier.
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Figure 4-1 : Solar - MEC system electron transfer mechanism representing Z scheme of
photosynthesis
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In this system, sunlight is absorbed by electron-hole pairs and excites electrons to
move towards the conduction band, leaving behind holes that move in similar manners but
in opposite directions towards the valance band of the polycrystalline silicon. Electrons
present in the conduction band move toward the cathode of the MEC through an external
circuit and react with H™ to produce hydrogen. This difference between energy levels
results in an electromotive force that can generate current in a closed circuit (by connecting
it with MEC). In the meantime, the exoelectrogenic microorganisms like Geobacter
sulfurreducens, present in the bio-anode of MEC, oxidize the organic substrate available
and produce H* ions and electrons [6,7]. The generated electrons were moved towards the
p-type region of the solar cell to recombine with the hole and make electron-hole pair,
making the circuit complete. The cycle continues as long as the solar energy lightens the
polycrystalline silicon solar cell, and the organic substrate is oxidized.

4.2 Bioenergy production from the unassimilated anode

The fresh Ni-foam anode was placed in the MEC without prior exposure to the
biological environment. Ni-foam was selected as the anode because of its large surface
area, excellent biocompatibility to facilitate bacterial attachment growth, decent corrosion
resistance, and high electronic conductivity. The control produced a negligible quantity of
methane by the end of the 13" day. Therefore, it was not further investigated. Figure 4-2
and Figure 4-3 depicts the trend of total hydrogen production (mm?) as well as variations
in the methane production rate per day using a rate limited bio-anode - MEC repectively.

Hydrogen production linearly increased for the first four days of operation and the
maximum production was 139.1 + 0.05 mm? by the end of day 4. This linearly increasing
hydrogen production could probably be due to the presence of exoelectrogenic bacteria in
the SDMW, such as Pseudomonas and Geobacter sulfurreducens [8-10]. These bacteria
promoted the breakdown of organic content into electrons and protons and transferred the
produced electrons toward the cathode, where they recombined with H* ions to produce
hydrogen. When the measured current dropped below 0.1 mA, we concluded that all the
substrate was utilized. This separation technique took 13 days for complete utilization of
the substrate. It was observed that the performance of existing microbial species in

synthetic wastewater reached its maximum by the end of day 4 and then experienced an

59



exponential decrease in the hydrogen production, resulted in a 76.28 % decrease in
production by the end of day 13 as compared to that of maximum production. This decline
in hydrogen production rate could be an indication that most of the organic content has
been utilized or it may be due to the scavenging effect of inevitably existing acetoclastic

and hydrogenotrophic methanogens [11].
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Figure 4-2 : Hydrogen production using rate limited bio-anode - Microbial Electrolysis Cell

These methanogens, especially hydrogenotrophic, were responsible for CHa
production in acetate-fed MEC working under alkaline conditions, as they converted the
produced hydrogen gas into methane [12]. Figure 4-3 shows that there was very low
methane production rate (ml/l) was recorded till the end of the 7" day, which was
collectively less than 10 % of the maximum methane production rate. As soon as the
retention time of synthetic wastewater exceeded the one-week duration, an exponential
increase in methane production rate was noted and the maximum methane production rate
was 30.35 + 0.03 ml/I by the end of the 13" day. About 67 % of the total produced gas was
methane on the 13" day and the total produced methane was about 32.13 + 0.15 ml. This
rapid increase in the methane production rate after the first week was likely due to the
dominant growth of hydrogenotrophic methanogens with time in an alkaline environment

[13]. These methanogens formed microbial communities on the bio-anode and cathode
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surfaces during the cycle time. Consequently, converted the produced hydrogen gas into

methane.
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Figure 4-3 : : Methane production rate using rate limited bio-anode - Microbial Electrolysis Cell

Figure 4-4 presented the bioenergy production rate and trends, recorded using the

fully exposed bio-anode — MEC. The total cycle time was noted to be approximately 3

days. This fast-paced utilization of substrate was probably due to the increased available

surface area of the bio-anode [14,15]. The amount of produced biohydrogen was about 800

+ 5 mm?3 by both MECs, but the maximum methane production rate and the total produced

methane using this technique was only 26.4+ 0.05 ml/l and 15.21 £ 0.15 ml respectively.

This was not as high as the previously discussed technique (rate limited bio-anode — MEC).

This reduced methane production rate was due to the difference in cycle duration time of

both MECs because the rate limited bio-anode took roughly 4 folds more time than that of

fully exposed bio-anode — MEC. The reduced experimental time might not allow

methanogens to completely grow on the electrode surfaces because of their low growth

rate, resulted in less production of methane [16].
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An initially reported MEC, fed only with dairy manure wastewater, did not produce

a measurable quantity of biogas with 0.43 mA current production [10], but this study
successfully produced a measurable quantity of biogas ( Hz and CH4; 800 mm? and 0.031
m3/m3/day respectively). This could be due to the use of highly porous anode material as
well as due to the addition of additives in dairy manure wastewater.
The maximum methane production rate from this work (30.35 ml/l = 0.031
m®/m3/day) using unassimilated bio-anode (rate limited separation technique) was equal to

11.54% of the CHs production rate obtained by the previously reported Anaerobic
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Digestion (AD) coupled MEC system (0.26 m3/m®day) [17]. This comparative analysis
indicated that the obtainable CH4 solely from unassimilated MEC fed with dairy manure
wastewater, was of moderate quantity and more research work in this area could shift the
focus towards the unassimilated MEC system.

4.3 Current generation from the unassimilated anode

The effects of the exposed surface area of the bio-anode on current (mA) generation
were studied with the help of two electrode separation techniques (rate limited bio-anode
MEC and fully exposed bio-anode MEC) and the results were plotted in Figure 4-5. The
rate limited bio-anode - MEC completely utilized the substrate in about 13 days with a
maximum current generation of 35.5 mA.

It was noted that the total biogas production as compared to such a high generated
current was not satisfactory. This lack of biogas production could be due to the continuous
oxidation of the organic substrate at the bio-anode, which results in the continuous
generation of protons and electrons. Due to the less exposed surface area of the anode, the
generated protons could not reach the cathode surface to combine with electrons coming
from the external circuit for hydrogen evolution [18]. The unexploited electrons return to
the anode surface, making the electron flow circuit complete. These electrons again travel
from the outer circuit with newly generated electrons toward the cathode surface, resulting
in an increased total amount of generated current [19].

All the suppositions about the rate limitation due to the bio-anode were confirmed
by using the fully exposed bio-anode — MEC, as this technique completely digested the
organic substrate within 3 days. The maximum generated current with this separation
configuration was recorded to be 5.3 mA. This maximum generated current was achieved
with in 24 hours after start of the MEC cycle. This may be due to the fact that
microorganisms present in the inoculum readily started digesting the organic substrate as
it feeds to the system and as there was no limitation, all the produced hydrogen ion and
electrons move towards the cathode to produce bioenergy. The total biogas produced by

the later configuration was half of that produced by the rate limited bio-anode — MEC.
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4.4 Biofilm assimilation at electrodes
SEM was considered as the best and effective technique utilized for the
examination of surface morphology of electrodes, characteristics of the assimilated biofilm
or microbial community, and structural breakdown of the electrodes. Many previous
studies have been reported till now that utilzied SEM to verify the formation of microbial
community as well as the structural changes in the electrodes [20,21].
The anode and cathode of the rate limited bio-anode - MEC were of great interest
because they produced more total biogas, had high current generation, and more chances
of microbial community growth due to the long cycle time. Therefore, SEM-EDS analysis
was performed on both electrodes before and after one complete cycle of the rate limited
bio-anode — MEC. These characterization techniques were utilized to examine the growth
of the microbial community, corrosion, structural damage on the electrode surfaces, and
variations in the elemental composition of electrodes due to microbial community
formation.
The Ni-foam anode has a highly porous structure (Figure 4-6). Therefore, it could
promote the growth of an extensive microbial community by providing a large surface area
for adherence and propagation of biofilm [20,21]. Figure 4-6 (A, B, C) and Figure 4-9 (A)
presented the SEM images of the Ni-foam anode and the SSM 304L cathode, taken before

64



the startup of the MEC respectively. They demonstrated a flawless, smooth, and uniform
surface of both electrodes.

Dairy manure debris got stuck on the major portion of the Ni-foam anode and
caused clogging of the electrode pores, clearly visible at 200 um magnification (Figure
4-6-D). This clogging of the pores may affect the assimilation of the microbial community
as these clogged pores were not further exposed to the microorganisms. The presence of
microbial community was also observed on the bio-anode surface as indicated by small
bumps, encircled by white color and shown in Figure 4-6 (D, E, F) with the magnification
of 200um, 50 um, and 20um respectively.

The shape of the microbial community could only be recognized at higher
magnification, like 10 um, 5 pum, or 2 pm [22,23]. More magnification could also be utlized
for the evaluation of the microbial community but it appeared to be less relevant as only
the bacterial cell was visible at that scale and no electrode surface was sought. Therefore,
the area marked with a red rectangular box in Figure 4-6 (G) was selected for in-depth
analysis, and SEM images with a magnification of 10 um and 2 pum were captured at that
location. The grown microbial community on the bio-anode surface was shown in Figure
4-6 (H, I).

The rod-shaped (encircled green) along with round-shaped bacteria (encircled
white) were formed in this community. The rod-shaped bacteria could be Geobacter or
Enterobacter because they grow in an anaerobic environment, have exoelectrogenic nature,
and a rod-shaped structure [24,25]. These microorganisms were reported for hydrogen
production in previous studies [10,26,27]. The round-shaped microbial community
observed on the anode surface could be Methanococcus, responsible for the conversion of
produced CO and Hz into CH4. [28-30].

The initiation of microbial community formation on the Ni-foam surface was
almost identical to the previously reported studies [31,32], confirming the successful
formation of the anodic biofilm community. It was also confirmed now that the production
of the bioenergy was due to these bacteria growth as they started the breakdown of organic
content present in the wastewater. The repeated exposure of electrodes in the bacterial
environment and synergistic effect of microbial community could help in the proliferation

and growth of formed community [33,34].
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Figure 4-6 Scanning Electron Microscopy (SEM) images of Ni-foam bio-anode: (A, B, C) Ni-foam
images before use with 200 um, 50 um and 20 um magnification respectively; (D, E, F) Ni-foam
images after use in MEC with 200 um, 50 um and 20 um magnification respectively for comparison
of morphological changes; (G, H, 1) Images of biofilm formed on Ni-foam surface and shape of the
microbial community formed with 20 um, 10 um and 2um. (Red box depicts the area from where
magnified SEM image was taken in next frame) (Round or circular microbial community was
marked with yellow circles and rod-like microbial community was marked with green circles)
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Figure 4-7 presents the EDS results obtained from the Ni-foam anode. The SEM-
EDS elemental analysis by weight percentage of the Ni-foam anode was presented in
Figure 4-8. The comparison of both data revealed the reduction of nickel content by 15%
weight percent, which was likely due to the removal of the oxide layer from the bio-anode
surface. The change in the overall elemental composition of the electrode was also noticed
and it was due to the accumulation of other elements on the Ni-foam surface, such as
magnesium, silicon, calcium, and sodium that may come from SDMW. The variation in
oxygen content from 0.8% to 13.7% was also a significant change in the elemental
composition of the bio-anode and this was probably due to the assimilation of living

microorganisms on the bio-anode surface.

- = et o 2 4 6 8 10 12 14 16 18 2

Figure 4-7 : EDS results of Ni-foam anode (a)before use and (b) after use
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Figure 4-8 Elemental compositions (weight %) of Ni-foam anode (a) before and (b) after
experimentation

The SSM grade 304L cathode was also examined by SEM-EDS, before and after
utilization for one complete cycle in MEC and the captured images were presented in
Figure 4-9. Figure 4-9 (b) revealed the attachment of debris to the electrode surface due to
the presence of solid particles in the SDMW. It was noticeable in the red rectangular box
that no pitting or wire distortion was observed on a debris-free section of the cathode, which
was an indicator that no corrosion was noted after one complete cycle. This observation
was also verified by comparing the elemental composition using EDS of the cathode

material before and after the MEC cycle.

A 3 A L g I
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Figure 4-9: Scanning Electron Microscopy (SEM) images of Stainless Steel Mesh 304L cathode with
20um magnification (A) before utilization and (B) after use (Round or circular microbial community
was marked with yellow circles and debris-free SSM wire was marked with red rectangular box )
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Interestingly, the round-shaped microbial community (yellow circle), which was
identical to the Methanococcus bacteria grown on the anode surface, was also detected on
the cathode surface. Operating MEC under negative chamber pressure [35], shorter MEC
cycle duration, high applied voltage, or adding bromoethanesulfonate as an additive to
MEC [36], are some of the techniques that have been suggested in previously published
works to limit the growth of methanogens and to reduce the conversion of hydrogen to

methane. Figure 4-10 presents the EDS results obtained before and after the MEC cycle.

Spectrum2 Spectrum 2

0
Full Scale 1098 cts Cursor. 0.000 keV [Full Scake 657 cts Cursor. 0,000 ke

Figure 4-10 : EDS results of Stainless steel mesh 304L cathode (a) before use (b) after use.

Figure 4-11 presents the elemental composition analysis (weight percentage) of SSM
grade 304L (a) before and (b) after experimentation. There was a significant reduction in
chromium content by 15.8% weight after one complete MEC cycle, which was perhaps
due to the effect of alkaline pH resulting in leaching and reduction of chromium content.
The weight percentage content of carbon, oxygen, magnesium, silicon, calcium, and sulfur
was also increased, possibly because of exposure to SDMW, alkaline buffer solution, and

living bacteria.
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Figure 4-11: Elemental compositions (weight %) of Stainless-steel mesh 304L (a) before and (b) after
experimentation
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Summary

The most critical part of the research was described in this chapter. Results and
discussions about the bioenergy production using an unassimilated bio-anode in the MEC
was discussed in detail. The integration of solar cell with MEC and the electron transfer
mechanism was discussed. It was suggested that the electron transfer took place as z-
scheme of photosynthesis. The hydrogen produced using both separation techniques was
about 800 mm?. The methane production rate was 30.35 + 0.03 ml/I by from rate limited
bio-anode — MEC and 26.4 £ 0.03 ml/l from the fully exposed — MEC system.

The rate limited bio-anode — MEC produced 2 times more total methane as
compared to the fully exposed bio-anode — MEC. Therefore, it was of more concentration.
The highest generated current from the rate limited bio-anode — MEC was 35.5 mA. The
SEM images of the anode confirmed the assimilation of the microbial community. The
assimilated community was rod-shaped bacteria, could be Geobacter or Enterobacter, and
round-shaped microbial community,could be Methanococcus. This growth of microbial
community within 13 days of MEC operation along with bioenergy production was a
breakthrough in this field.
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Chapter 5

Conclusion and Recommendations

5.1 Conclusion

This study utilized a single chamber, tubular MEC configuration for bioenergy
production. The use of polycrystalline silicon solar cell was recommended because it could
provide enough voltage for the MEC operation. The MEC and solar cell jointly work in a
way similar to the Z-scheme in the natural photosynthesis process. The coaxial
configuration of electrodes was a successful variation and could avoid rate limitation
during the reaction. Unassimilated Ni-foam was proved to be very effective for instant
bioenergy production from the wastewater. This experimental set-up successfully produced
bioenergy (hydrogen and methane) without prior biofilm assimilation on the anode surface.
Two different separation techniques were utilized to examine the effects of the exposed
surface area of the bio-anode on bioenergy production. The rate limited bio-anode - MEC
technique achieves a maximum methane production rate of 30.35 + 0.03 ml/I, 14.2% more
than that achieved by the fully exposed bio-anode - MEC technique (26.4 + 0.05 ml/I). The
total methane produced using formerly mentioned technique was 32.13 + 0.15 ml, which
was 2 times more than that produced by the later (15.21 + 0.15 ml) mentioned technique.
This was due to a prolonged retention time of 13 days. Hydrogen production was
approximately 800 + 5 mm? in both experimentations. The maximum generated current
was 35.5 mA. SEM images helped to understand the characteristics of the grown microbial
community after one complete cycle, and it was noted that both rod-shaped and round-
shaped bacteria were formed on the anode surface, but only round-shaped
(Methanococcus) bacteria on the cathode surface. The production of bioenergy during the
first cycle using unassimilated bio-anode along with the growth of the microbial
community, was a breakthrough in this field. These unique outcomes of using
unassimilated bio-anode in the MEC make it a viable alternative strategy to produce

bioenergy using wastewater instantly.
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5.2 Recommendation

e The rate of bioenergy production directly depends upon the substrate utilized in the
MEC, therefore future work using novel substrates (food processing wastewater,
industrial wastewater) having high organic content can be utilized.

e The Ni-foam electrode produces significant amount of the bioenergy but the
deposition of some highly efficient catalyst on bare Ni-foam (Molybdenum,
disulfide, CNT's) could be an effective technique for future researchers.

e This research work focuses on the operation of MEC at 31 °C temperature, however
it is possible to check the working of MEC at Psychrophilic, Thermophilic or hyper-
thermophilic temperatures.

e There may be some leakage of the produced biogas while collecting in syringe and
taking it for GC analysis, therefore, it is recommended to use a portable gas

analyzer to avoid such error.
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time in solar-powered MEC for bioenergy production. Synthetic dairy manure

on bioenergy production were evaluated by utilizing two different separation
techniques (rate-limited bio-anode - MEC and fully exposed bio-anode - MEC).
The former technique achieves a maximum methane production rate of 30.35
+ 0.03 mL/L, 14.2% more than that achieved by the later mentioned technique
(26.4 + 0.05 mL/L). Hydrogen production was approximately 800 + 5 mm?® in
both experimentations. The maximum generated current in the rate limited bio-
anode - MEC was 35.5 mA. Scanning electron microscope images confirmed
the formation of rod-shaped along with round-shaped microbial communities
on the anode surface, and, interestingly, round-shaped bacteria were also grown
on the cathode surface. The bioenergy (H, and CH,) produced using SDMW
within first 13 days of operation, along with the formation of a microbial com-
munity, was a significant success in this area and has opened up many research
opportunities for producing instant bioenergy from organic waste.
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1 | INTRODUCTION energy, which is expected to rise to 8.4 x 10" MIJ in

2060." About 70% of the world's electricity generation is
The exponential growth of the world population along still from conventional fossil fuels, that is, coal, natural
with rapid urbanization has resulted in huge demand for gas, and gasoline. The high concentration of greenhouse
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