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In recent times, mankind is undergoing a momentous transition, facing a significant
energy demand while grappling with issues like biodiversity loss and climate change, which
make our world challenging to inhabit. Presently, most of our energy needs are met by fossil
fuels, but many countries are actively seeking green renewable energy sources for long-term
sustainability in alignment with the UN's sustainable development goals (SDGs). While solar
energy, wind energy, geothermal, and hydrothermal energy are promising renewable options,
they come with drawbacks such as high energy-intensive processes, substantial capital
requirements, geographical limitations, landscape transformation, and ecological disturbances.

To address these limitations, plant microbial fuel cells (PMFCs) emerge as a potential
solution. They offer renewable, self-sustainable, green, eco-friendly, and cost-effective energy
generation without requiring intensive processes or landscape alterations. PMFCs contribute to
CO2 reduction and leave a minimal carbon footprint, supporting a sustainable future with
simultaneous power generation and biomass production.

Indoor air pollution is known to be a serious kind of pollution with associated many
health implications. Many indoor plants have the ability to mitigate various indoor air
pollutants. Therefore, this study explores the effectiveness of various indoor plants in
mitigating indoor air pollution through PMFC operation. The bioelectricity generation pattern
was observed for four indoor plants, with Philodendron erubescens showing the highest power

density, followed by Epipremnum aureum, Anthurium andreanum, and Dracaena braunii with
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maximum and minimum power density of 32.21 mWm2and 18.6 mWm 2 respectively. The
total energy production per week was almost constant for these plants, with P. erubescens being
the species with the best performance at 234 J. This is followed by E. aureum, A. Andreanum
and D. braunii with 204 J and 187 J, 155 J respectively. A long-term performance study for
over six month showed that the better root development and adaptability of plant species under
moist conditions enhanced PMFC performance and stability, reducing the cell's internal
resistance.

The study emphasizes the importance of different operating conditions in influencing
plant growth and development, thereby impacting PMFC performance. The significance of
photoperiod and light source is highlighted in their effect on electricity generation by indoor
plants. The photoperiods of 16/8, 12/12 and 8/16 hours were tested using plant P. erubescens
and the resulting power output was found to be 24.38 + 0.8 mW m 2, 23.64 + 1.4 mW m2and
21.38 + 0.4 mW m2, respectively. Since the photoperiod of 12/12-hour light and dark cycle
closely resembles natural lighting process, therefore for optimum utilization of both the plants
at bio anode and microalgae at the bio cathode the said photoperiod was used for all succeeding
studies.

Similar to photoperiod, the source of light is equally important for photosynthesis. The
voltage generation pattern by two indoor plant E. aureum and P. erubescens were studied under
different lighting conditions i.e., Red, Blue, Red + Blue, and White light. The maximum power
density was obtained under white light i.e., 26.42 + 0.4 mW m 2and 22.38 + 0.4 mW m?from
PMFC with P. erubescens and E. aureum respectively. A relatively lower power density of
15.32 + 1.2 mW m2and 12.46 + 1.4 mW m2 were obtained for both the PMFCs under red
light. Maximum biomass increase was seen for both plant and microalgal under white light
with chlorophyll concentration increasing from 3.09 + 0.046 pug mL 10 29.36 + 1.6 ug mL L.

Also, the addition of novel plant growth media can influence plant growth and power
generation in a PMFC leading to enhanced root and shoot development. The maximum power
density and current density obtained were 27.41 mW m251.60 mA m2 contributing to a 31%
increase in power generation compared to PMFCs without growth media.

Electrode material plays a crucial role in PMFC performance, and carbon fiber, known
for its eco-friendliness and adaptability to moist soil environments, was modified with acid
treatment to improve biofilm development and power generation. Characterization studies
were performed by FTIR, RAMAN, FESEM-EDS analysis. FTIR analysis indicates presence
of significant peaks of alcohol and carboxyl functional groups on its surface after modification.
These functional groups helped to enhance the electron transfer between electro-catalytic
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surface of bacteria and the electrode, owing to the formation of hydrogen bonding between
these functional groups of electrodes with peptide bonds present in bacterial cytochrome.
Raman analysis shows the ID/IG ration of modified carbon fibre to be 0.89, which is lower
than the unmodified part (1.02), indicating that acid modified carbon fibre has higher graphitic
degree and lower disordered structure, that was beneficial for electrode performance. FESEM
images confirms development of favourable environment for bacterial attachment to the
electrode surface after modification with enhancement in fibrous nature of the material. This
may have resulted from hydrogen bonding between the bacterial cytochrome and carboxyl
group of the electrochemically oxidized carbon fibre. The modified carbon fiber showed
significant enhancements in power density and current density without causing any adverse
effect to the microorganisms and the plants. The biofilm development analysis through 16S
rRNA gene amplicon high-throughput sequencing revealed the presence of Firmicutes
(56.84%) and Bacteroidetes (38.45%) as the dominant bacteria.

The study also presents the development and comprehensive characterization of low-
cost ceramic membranes, showcasing their potential to replace expensive commercial
membranes without much compromise on PMFC properties and its performance. Different
types of ceramic membranes were developed by blending natural clay with bentonite, flyash,
Na.COs3, NazSiO3, H3BO3 at various composition. Physical and chemical characterization were
carried out by using TGA, XRD, FESEM, FTIR, water uptake, proton conductivity, oxygen
and acetate diffusion and compared with Nafion117. Among all, the membrane B having
composition of clay, bentonite, fly ash, Na.Cos, Na.Sios and HzBos at a concentration of 40%,
20%, 20%, 10%, 3%, and 7%, respectively, demonstrated superior cation transport ability and
reduced oxygen diffusion and substrate crossover, resulting in higher bioelectricity generation
and overall improved PMFC performance. The membrane achieved a maximum power density
of 22.38 mW m which was 78% higher than PMFC with control membrane (100% clay). As
a result, a decline in internal resistance was seen from 346 Q to 234 Q. The cost of making the
ceramic membrane was estimated to be extremely low at 1,279 ft™2 in comparison to
nafion117 (280,580 ft™2), and it represent economically viable alternative. The membrane
demonstrated extreme stability for long term operations involving more than six months.

Throughout the study, the PMFC setup underwent a design evolution from a membrane-
less two-chamber design to a modular three-chamber structure. The introduction of a physical
membrane improved ion transport and anaerobic environment creation minimize O leakage to
anode surface. Three chamber PMFC with narrow bottom anode chamber helps in creating
favourable anaerobic environment with 26% decrease in O concentration and increasing
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power generation by 60 % with respect to membrane less two chamber design. The novel
modular design of PMFC plays a significant role for ease of operation and maintenance of
PMFCs during long term usage.

Incorporation of pre-acclimatized electrodes reduced start-up time significantly. The
voltage generation pattern between the initial 20-60 days’ time was very crucial as it depicted
the nutrient transition period from synthetic nutrient to plants released nutrients through
rhizodeposits. The use of SSN in PMFCs provided a smooth nutrient transition for
microorganisms thereby obtaining continuous power generation. The study also explored the
integration of bacterial and microalgal bio-cathodes, with microalgae enhancing power
generation by 17 % as compared to bacterial counterpart. It also and reduce the need for energy-
intensive mechanical aeration as microalgal bio cathode help to increase O» concentration in
the cathode chamber with a maximum DO concentration recorded to be 10.7 + 0.26 mg L.
Furthermore, the long term performance is also compromised due to electrode biofouling in
bacterial bio cathode. This signifies the self-sustainable nature of PMFC, where plants-
bacteria-microalgal mutual collaborative approach leads towards a better PMFC performance.

The study concludes with the design of an energy harvesting system using PMFCs
connected in different cluster arrangements to understand the power generation pattern. Eight
PMFCs, in series-parallel arrangements showed highest power output of 2.95 + 0.08 mW
among all which helps to charge a supercapacitor faster. Three different supercapacitors, viz.,
2.2 F, 3.3F and 4.7F, are chosen and connected to the cluster and a comparative analysis was
carried out through repeated charging-discharging cycles. It takes nearly ~18 hours to fully
charge the supercapacitors from OV to 2.7V. The plant recovery profile showcases almost~8.5
hours required to recover the voltage to its starting point. The DC/DC boost converter
(BQ25570) provides a constant step-up voltage of 4.8V for 157 + 5 seconds, while the
supercapacitor of 4.7F discharge from 2.7V to 100 mV. It takes nearly 7days to fully charge a
300 mAh rechargeable battery. The battery was used to charge a smartwatch and a pair of
wireless earbuds having 170 mAh and 43 mAh capacity in 120 minutes and 60 minutes,
respectively. The study demonstrates the potential of PMFCs to power electronic gadgets for
day-to-day applications, emphasizing their role as a sustainable and eco-friendly energy

solution.

Keywords: Bio-electricity; Indoor plants; PMFC; Carbon fibre electrode; Ceramic membrane;

Power management system
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Chapter |

Introduction

1.1 Global Energy Scenario

Mankind at present is going through tremendous energy crisis on global scale and
thus, there is always a huge demand for an alternative form of energy that is renewable as well
as sustainable (Imhoff et al., 2004; Solomon et al., 2007; Sharmina et al., 2017). More
specifically, these forms of energy should be available in the form of electricity and fuels. The
need for energy is increasing and is expected to keep on increasing in the coming decades.
Currently most energy (81%) is generated by conversion of fossil fuels into electricity or fuels
(Fig. 1.1).

Among all the sources of energy, coal has strengthened its role as the dominant energy
source, maintaining its strong position in power generation as well as being the fuel of choice
for many industries (especially heavy industries such as iron and steel). Coal demand nearly
tripled between 2000 and 2019, accounting for half of primary energy demand growth. Today,
coal meets 44% of India’s primary energy demand, up from 33% in 2000. Coal has played a
significant role in India’s economic development while also contributing to air pollution and
growing GHG emissions. Similar to global energy scenario, India’s energy demand has tripled
over the last three decades: the share of traditional biomass has fallen, leaving coal and oil
dominant (Fig. 1.2).

Solar, Wind, Sources of Global Energy
Other
11% \
Hydro
2%
Nuclear
6% oil

33%

Gas N
21%

Fig. 1.1 The current contributions to our global energy from different sources (Source:
International Energy Agency (iea.org)).
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Fig.1.2 Total primary energy demand in India (Source: India Energy Outlook 2021,
International Energy Agency; Mtoe = a million tonnes of oil equivalent).

1.2 Renewable energy and its importance

The major drawback of using fossil fuels is that their conversion into electricity or
fuels is polluting the environment by emission of carbon dioxide, nitrogen oxides, sulphur
dioxide, volatile organic compounds, heavy metals, and fine particles. These emissions result
in all kind of environmental problems such as climate change, acid rain (Larssen et al., 2006)
and public health issues. Furthermore, they can be considered to be not renewable (they are
renewable but only on a time scale of millions of years), which inevitably resulting in depletion
of these resources. To overcome these drawbacks, the ideal energy form of the future should
be derived from renewable sources and converted into electricity or fuel via clean technologies.

Facilitation of transition to non-conventional sources holds the key towards global
development aspiration and specially for developing countries like India. A revolutionary shift
towards non-conventional sources can bring about transformational opportunities for
sustainable economic development. Transition to renewable and green sources of energy is a
crucial enabler for sustainable development and climate resilience paving its way towards
creation of more equitable, inclusive and sustainable society. Five major non-conventional

sources of energy prevailing today are as follows:
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1.2.1 Solar Energy

Solar energy refers to the energy received from the sun in the form of light and heat.
It can be harnessed by converting into electrical energy in solar plants. India, is a tropical
country and its geographical location makes it a conductive source of energy. There has been
a significant impact of the solar energy in India in recent years.

India has a favourable location in the solar belt (400S to 400N) making it one of the
best recipient of solar energy with abundant availability. Its generation has increased by more
than 18 times from 2.63 GW in March 2014 to 49.3 GW at the end of 2021 (India Energy
Outlook 2021, International Energy Agency). Compared to conventional sources of energy,
solar electricity offers a sustainable and environment friendly electricity supply for regular
growing demand. There are now hybrid models where power is drawn from both the grid and
solar cells thus reducing the dependency solely on grid which mainly runs on non-renewable

source of energy.

1.2.2 Wind Energy

Wind power is a clean, reliable, renewable and cost—competitive sources of renewable
energy that has been used for decades. Wind power generation along with solar power (Hybrid
renewable power) is becoming quite popular now and many more wind turbines are getting
installed globally. Conversion of wind energy has been expensive so far, along with the impact
of a variable resource on the grid and siting. Hoverer, technology has advances rapidly in recent

years to accommodate these factors.
1.2.3 Geothermal Power

Geothermal power is a renewable form of energy utilizing underground hot water or
stream created by the natural heat beneath the earth’s surface. Low-temperature geothermal
sources can be utilised to heat and cool by installing heat pump systems. Hot water or steam
from high temperature geothermal sources can be used to power turbines to produce clean and

renewable electrical energy.
1.2.4 Hydropower

Hydropower harnesses the energy of water moving from higher to lower elevations.
It can be generated from reservoirs and rivers. Reservoir hydropower plants rely on stored
water in a reservoir, while run-of-river hydropower plants harness energy from the available

3
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flow of the river. Hydropower reservoirs often have multiple uses - providing drinking water,
water for irrigation, flood and drought control, navigation services, as well as energy supply.
Hydropower currently is the largest source of renewable energy in the electricity sector. It relies
on generally stable rainfall patterns, and can be negatively impacted by climate-induced
droughts or changes to ecosystems which impact rainfall patterns. The infrastructure needed to
create hydropower can also impact on ecosystems in adverse ways. For this reason, many
consider small-scale hydro a more environmental-friendly option, and especially suitable for

communities in remote locations.
1.2.5 Bioenergy

Bioenergy is produced from a variety of organic materials, called biomass, such as
wood, charcoal, dung and other manures for heat and power production, and agricultural crops
for liquid biofuels production. Most biomass is used in rural areas for cooking, lighting and
space heating, generally by poorer populations in developing countries. Modern biomass
systems include dedicated crops or trees, residues from agriculture and forestry, and various
organic waste streams. Energy created by burning biomass creates greenhouse gas emissions,
but at lower levels than burning fossil fuels like coal, oil or gas. Also it may change land use
pattern and create competition for food sources. Apart from traditional bioenergy resources,
there are other modern forms of bioenergy such as biodiesel, biohydrogen, bioethanol etc.,
developed from various agricultural waste feed stock and microalgal biomass which has gained
considerable popularity in recent past due to being green, economical and non-competitive for

food sources.
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Fig. 1.3 Major forms of renewable energy.

1.3 Significance of Non-Conventional Sources of Energy

Transition to non-conventional sources of clean energy ensures the attainment of three
Es that often find mention in energy policies-energy security, economic development and
environmental sustainability. The shift towards non-conventional sources of energy will make
this planet a better place to live. Apart from addressing the issue of climate change and global
warming, transition to renewable sources of energy will reduce air pollution and will further
contribute to better public health outcomes.

Additionally, the trust on non-conventional sources of energy can fetch economic
gains for a country like India. The shift towards non-conventional sources of energy can bring
down the cost of energy supply and can also ensure enhanced delivery of affordable clean
energy that is accessible to all. The realisation of Govt of India’s Aatmanirbhar Bharat
Abhiyaan (https://aatmanirbharbharat.mygov.in/) also depends on the enhanced accessibility
and affordability of green/clean energy sources.

Apart from environmental aspects, the economic benefits are also significant. The
transition to renewable energy source will aid Indian economy to delink itself from volatile
international oil prices. It can also ease out subsidy burden of government currently spend on
conventional energy sources including kerosene. Further, the transition to non-conventional

sources of energy results in more employment and entrepreneurship opportunities in the
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domain of renewable energy. India can also lead in exports of non-conventional energy sources
such as wind electric generators, biomass gasifiers, solar energy systems, electric vehicles etc.
Further, India could also handhold other developing nations to explore the path of sustainable
development via making best utilization of non-conventional sources of energy. As of 31
August 2022, renewable energy sources, including large hydropower, have a combined
installed capacity of 163 GW (Invest India, 2022).

India ranks 3™ in renewable energy country attractive index in 2021 and 3" largest
energy consuming country in the world. India stands 4™ globally in Renewable Energy Installed
Capacity (including Large Hydro), 4™ in Wind Power capacity and 4" in Solar Power capacity
(as per REN21 Renewables 2022 Global Status Report). As per the central electricity authority
report, the total installed capacity increased by CAGR 15.92% between financial year 2016-
22. To combat climate change, India promised on five pledge (Panchamrit) at COP 26,
Glasgow, which includes:

> India will get its non-fossil energy capacity to 500 GW by 2030;

> India will meet 50% of its energy requirement from renewable resources by 2030;

» India will reduce total projected carbon emissions by one billion tonnes from now
onwards till 2030;

> By 2030, India will reduce the carbon intensity of its economy by less than 45%;

> By the year 2070, India will achieve the target of net-zero.

This is the India's largest expansion plan in renewable energy. India was the second
largest market in Asia for new solar PV capacity and third globally (13 GW of additions in
2021). It ranked fourth for total installations (60.4 GW), overtaking Germany (59.2 GW) for
the first time. India’s installed renewable energy capacity has increased 396% in the last 8.5
years and stands at more than 174.53 Giga Watts (including large Hydro), which is about 42.5%
of the country’s total capacity (as of February 2023). India reported the highest year on year
growth in renewable energy additions of 9.83% in 2022. The installed solar energy capacity
has increased by 24.4 times in the last 9 years and stands at 63.3 GW as of Feb 2023. The
installed renewable energy capacity (including large hydro) has seen an increase of around
128% since 2014 (India Energy Outlook 2021; Invest India, 2022).

1.4 Importance of Plant Microbial Fuel Cell Technology
The pursuit for alternative clean, green and sustainable energy technologies to fulfil
energy requirements is a principle challenge in view of rising greenhouse gases (GHGS) levels

6
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and to mitigate climate change issues and socioeconomic instability. There are also several
challenges associated with the new technologies and their long term economic viability. Wind
energy, solar energy and hydro power energy are interesting alternatives as future energy
source because they are inexhaustible; however, their commercialization at a mass scale has
some limitations. At the same time, environmental impact of both wind turbines (avian
mortality, visual impacts, noise, electromagnetic interference) and solar panels (visual impacts,
loss of green space and biodiversity, increasing dark surface, use of polluting metals) is
negative and quite controversial (Campoccia et al., 2009; Kazmerski, 2006).

Amidst all such speculation, generation of bioelectricity employing microbial fuel
cells (MFCs) are gaining serious attentions due its several benefits mainly waste to energy
approach and greener in nature. MFCs generate electrical energy by utilizing the metabolic
activities of electrochemically active microbes (EAM). It represents an innovative approach
whereby EAM oxidises organic fraction of waste to be harnessed in the form of bioelectricity.
In spite of being a wonderful technology, MFCs carry some major limitations which restrict its
commercial applications; which includes:

1. The complete utilization of waste substrate by microbes in a MFC results into
interruption of power generation process after a specific time duration;

2. The magnitude of voltage generated by a MFC is very limited, therefore it cannot be
translated into a usable practical application.

The substrate for MFC technology being the organic fraction of waste biomass,
therefore its continuous supply is desired to achieve continuous and sustainable output.
Incorporation of plants in the anode chamber of the MFC is a good alternative to generate
sustainable and green energy. A comparative difference between a MFC and a PMFC (plant
MFC) is presented in Fig 1.4. Moreover, it is a source of electricity that are green and safe and
can reduce the burden on food crop like corn and soybean for generation of bio-energy which

is resulting in food crisis in many countries around the world (FAO, 2021).
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Fig. 1.4 (a) Comparative representation of conventional MFC with its limitation (b) PMFC
and its advantages over conventional fuel cells.

1.5 Principles of Plant Microbial Fuel Cell

The plant microbial fuel cell (PMFC) uses the activity of living plants and bacteria to
generate electricity. The naturally occurring processes around the roots of plants helps to
directly generate electricity in a PMFC. The plant utilizes sunlight and CO> to produce organic
matter via photosynthesis, however a large portion of this organic matter remain in the soil as
dead root material, lysates, mucilage and exudates. The bacteria living near the root surfaces
can oxidize these organic matters releasing CO», protons and electrons. The electrons thus
produced are donated by the bacteria to the anode of a microbial fuel cell. The anode is coupled,
via an external load to a cathode. The released protons at the anode side travel through a
membrane or spacer towards the cathode. At the cathode, oxygen is reduced together with
protons and electrons to water (Strik et al., 2008). Thus, the PMFC technology works on two
principles, excretion of unused organic compounds by plant roots i.e. rhizodeposition, and
utilization of unused plant based food by electrochemically active bacteria for generation of
bioelectricity in a microbial fuel cell (MFC) (Sarma et al., 2019; Timmers et al., 2013). The

reactions taking place are shown below. A schematic presentation of a PMFC is shown in Fig.

15.
2CsH1206+ 6H,0—6CO2 + 24H™ +24¢” (Anode reactions) (1.1)
602+ 24H"+ 24e —12H>0 (Cathode reaction) (1.2)
8
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CeH1206+602, —6CO2 + 6H20 + electricity (Overall reaction) (1.3)

Fig.1.5 Schematic representation of working of a PMFC.

1.5.1 Photosynthesis

Photosynthesis is the first step towards electricity production. Photosynthesis is the
conversion of light energy to chemical energy, stored as organic compounds and O as by
product. Therefore, considering Oz as by product, photosynthesis is the leading O2 supplier in
the Earth’s atmosphere. Photosynthesis is performed by many organisms viz., plants, algae,
cyanobacteria etc. In the case of plants, light is absorbed by pigment-protein complexes located
in the thylakoid membranes in the chloroplast. This process is known as light dependent
reactions which convert light energy into adenosine triphosphate (ATP) and reduced
nicotinamide adenine dinucleotide phosphate (NADPH). In addition to these reactions various
other light dependent reactions converting ATP and NADPH into carbohydrates by
incorporating CO: i.e., the Calvin-Benson-Bassham cycle (Johnson, 2016). In the plant
kingdom, three photosynthesis pathways occur. Therefore, plants are organized into three
groups: C3, C4, and Crassulacean Acid Metabolism (CAM) plants. Out of these, the C3
pathway is the oldest and most common: approximately 95% of terrestrial plants use this
pathway (Bowes, 1993).

The amount of light from sun that a plant is able to convert into chemical energy is

expressed as photosynthetic efficiency, npnot. It is the energy content of the biomass that can be
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harvested annually divided by the annual solar irradiance over the same area (Blankenship et
al., 2011). Many external factors determine the photosynthetic efficiency: CO2 concentration
in the atmosphere, light intensity/availability, leaf nitrogen concentration, water availability,
and temperature (Zhu et al., 2010; Seemann et al., 1987). Photosynthetic efficiency varies
greatly between plants and locations, however under ideal conditions it varies around 4.6—6%
(Zhu et al., 2010). In this process nearly 70 billion tons of annual carbon is fixed by plants
globally out of total fixed carbon (450 billion tons) (Zheng et al., 2020). Various losses occur
in the process leading to the resulting photosynthetic efficiency, which can be summarized in
three categories: (1) absorption losses before light enters the photosynthesis process, (2) losses
during the photosynthesis process, and (3) losses during secondary processing. Most energy
lost is dissipated as heat, while a small fraction is emitted as fluorescence (Maxwell and
Johnson, 2000).

1.5.2 Transport of carbohydrates to exoelectrogens

In the second step in the working principle of PMFCs, the product of the photosynthesis
has various fates in the plant. A portion of the carbohydrates is stored as starch in the sink
organs (roots, stems, flowers). This is used for respiration, plant metabolism and growth.
However, a relative portion of photosynthates (about 75%) translocated below ground into
roots and released into the soil as rhizodeposits where exoelectrogenic microorganisms use
them for current production (Kuzyakov and Domanski, 2000; Warembourg et al., 2003; Jones
et al., 2009; Lynch JM, Whipps, 1990). The rhizodeposits are released by the plants during all
stages of plant growth and development, however it varies with age of the plant. It can be
mainly categorised into four different types:

1) water soluble exudates, such as sugars, amino acids, organic acids, hormones and
vitamins which leak from the root without the involvement of metabolic energy;

2) secretions, such as polymeric carbohydrates and enzymes which depend upon
metabolic processes for their release;

3) lysates, released when cells autolyse including cell walls, and, with time whole roots;

4) gases such as ethylene and carbon dioxide.

Additionally, the degradation products of the roots including dying cells from the root
cap, root debris and other low molecular weight organics (sugars, amino acids, organic acids)
have been presented as an alternative source of substrate material to the exoelectrogenic

microorganisms (Timmers et al., 2012; Bais et al., 2006; Pinton et al., 2007). Nearly 47.25
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billion tons of fixed carbon are translocated to the roots and finally released into the rhizosphere
in the form of exudates (sugars, organic acids, etc.), polymeric secretions rich in carbohydrates
and enzymes, gases such as ethylene and COz, and dead cell materials into the rhizosphere by
the process of rhizodeposition (Lynch JM, Whipps, 1990).

1.5.3 Conversion to electrical charges and current collection

The third step in the working principle of PMFCs is the conversion of the electron
donors to electrical charges by exoelectrogens and current collection at the electrodes. A
variety of losses occurs in this step including ohmic, activation, metabolic, and mass transport
losses. The theoretical maximum open-circuit voltage (OCV) of any fuel cell corresponds to
its electromotive force: Egps = Ecqr — Eqn, Where Eq¢ and E,,, represent the cathode and
anode potential respectively. Considering sucrose oxidation by exoelectrogens, it will be
metabolized to carbon dioxide at the anode, with a release of hydrogen ions (protons) and
electrons. The redox potential of the anodic half-reaction could go up to 0.430 V. At the
cathode, the protons and electrons, together with oxygen, form water molecules worth 0.805
V, finally leading to the maximum electromotive force of 1.235 V (Schroder, 2007). However,

in practice, the highest open circuit potential reached so far is 0.8 V (Liu et al., 2005).
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Review of Literature

2.1 Background of Plant Microbial Fuel Cell Technology

The idea about the potential of microbes to generate electricity was put forward for the
first time by Porter in 1910. Initially, not much attention was drawn; however, researchers
gradually welcomed this technology's advent due to no environmental footprint associated with
it. The main highlighting interest was the conversion of waste to energy by using
microorganisms. With time, many advancements and modifications were made in the MFC
technologies. A new horizon among MFCs was proposed in the form of PMFC, where plants
were incorporated in the anode region to provide organic substrates for bacteria (Helder et al.
2010, 2013a, 2013b; Timmers et al. 2010; Arends et al. 2014; Chiranjeevi et al., 2019;
Kuleshova et al.,, 2022). A detailed understanding of PMFC technology involves
multidisciplinary expertise from studying microbes, plants, electrochemistry, and different
engineering fields (Table 2.1). Therefore, exploration of these fields in PMFCs seems to be
essential to understand the role and relationship that exists among them. The PMFC is a
biosystem comprising biotic and abiotic components for producing biomass and bioenergy.

Therefore, a holistic interrelationship is highly essential among the various factors in a PMFC.

Table 2.1 Role of the multidisciplinary field in PMFC.

Fields Research Interest

Plant science Choice of suitable plants based upon morphology and physiology
Higher adaptation better rhizodeposition

Microbiology Understanding the biofilm structure and microbial community
involved, Studying better-adapted electrogens

Chemical Favorable  electrochemistry,  designing  better  electrode

engineering configuration, developing better membrane technology for easy ion
transport, and reducing transmission loss

Electrical Obtaining the best possible combination for stacking and scale-up

engineering with building a suitable energy-storing device

Environmental Waste water treatment, heavy metal removal, Studying the impact of

engineering indoor plants on purifying air, and simultaneous energy generation
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2.2 Electron transfer mechanism in Plant Microbial Fuel Cell

In the plant rhizosphere region, EAM uses organic substances for their growth and
metabolism and, in turn, produces carbon dioxide (COz), protons (H*), and electrons (e’). The
microbes transfer the electrons to the anode surface, which move towards the cathode through
an external circuit to be reduced by oxygen. In the process, bioelectricity is produced, and water
as a by-product. The reaction mechanism has been explained in Chapter-1. The electron transfer
mechanism from EAM to the surface of the electrode is a complex one and is mainly assumed

to be taking place in two ways (Bond et al., 2003).

Q) Indirect Electron Transfer: Certain bacteria secret mediators to shuttle the electrons
from bacteria to the anode surfaces.
(i) Direct Electron Transfer: Biofilm forming bacteria transfer electrons through

membrane bound cytochromes or nanowires.

L
Nanowire

Direct electron

transfer

Biofilm

. Med

Indirect electron o
transfer
Medred

Fig. 2.1 The electron transfer mechanisms from exoelectrogens to the anode. Electrons from
microbe’s flow to the anode directly through nanowires or indirectly through an electron
mediator. Medreq - reduced electron mediator; Medox -oxidized electron mediator (Source: Cao
etal., 2019).
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2.2.1 Indirect Electron Transfer (IET) through Mediators

The IET process takes place through the presence of a mediator (either exogenous or
endogenous). Fermentative microbes in the rhizosphere, such as Pseudomonas, Shewanella,
Lactobacillus, and Enterococcus, cannot transfer electrons directly to the anode. Hence these
microbes require an external mediator (natural: flavins, melanin phenazines quinines, and
cyanins; artificial: thionine, benzyl viologen) to assist the transfer of electrons from a bacterial
cell to an anode surface by mediated electron transfer (Sekar and Ramaswamy,2013;
Raghavulu et al., 2012). Some bacteria, such as Pseudomonas aeruginosa, secrete phenazines
while few Shewanella sp. secrets flavins and Fe®* which are helpful for electron movement
from bacteria to anode surface (Ramaswamy and Mukherjee, 2012).

Moreover, several critical microbial metabolites, such as (formic acid, succinic acid,
and biotin) are produced in the rhizospheric zone and are also known to mediate electron
transfer (Schroder et al., 2007). These mediators can carry electrons from the microbial
metabolism (with its reduced form) to the surface of a solid anode. Then, it is transformed to
an oxidized compound and diffuses back to the cell. This complete cycle repeatedly occurs
with the same combination.

ET mechanisms through a mediator are predominant in the case of sediment-MFC,
where the electrons produced far away from the anode surface require electron mediators to
reach the electron-accepting anode. Another example of mediated electron transfer is illustrated
in Fig. 2.2 with the help of a bacterial electron transport chain. The electron transfer in the case
of the electron transport chain begins with a biological transport molecule, i.e., NADH
releasing a high energy electron (e) and a proton (H*). The electron passes through the large
protein molecules in the mitochondrial membrane following the red path. As the electron
passes through each protein, it pumps hydrogen ions (H*) through the membrane. In the case
of a typical bacterial cell, the electron continues along the dotted red path, where it combines
with oxygen to make water. However, in an MFC, the electron continues along the solid red
path, which is picked up by a mediator molecule and taken to the electrode surface (Song et
al., 2015).
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Electron Transport Chain

1= Q®  Tramport proteins

r O

NADH

"

Fig. 2.2 Mediated based electron transfer in a bacterial cell (Source: Mercer/Campbell and
Reece/Pearson Education, Inc).

2.2.2 Direct electron transfer (DET)
2.2.2.1 Electron transfer through membrane-bound Cytochromes

The transfer of an electron from the source (oxidized organic matter) to the anode's
surface occurs directly or through cytochrome or via pilli present on the surface of bacteria.
The process does not require a mediator to shuttle electrons from the enzyme active site to the
electrode surface, minimizing complexity. As mentioned, the DET via outer membrane redox
protein requires physical contact of bacterial biofilm with the anode. Pandit et al. (2014) studied
the direct electron transfer to the electrode surface on Shewanella putrefaciens cultures during
lactate metabolism. The outer cytochromes in S. Putrefaciens were important for mediating
electrons to the anode surface and for generating bioelectricity (Wang and Ren, 2013).

Among the electro active microbes (EAMS), archaea and eubacteria comprise most of
the population. They contain unique heme-containing membrane-bound proteins known as the
C-type Cytochromes (CTCs), widely spread across the cell wall (Holmes et al., 2006). These
proteins assume a most valuable role in the electron displacement technique for electricity
harvesting by EAMs. S. oneidensis MR-1(model species) contains 42 putative CTCs, where
80% are situated in the external layer and involve 8-34% of the entire cell surface (Huang et
al., 2011). In the periplasm of S. Oneidensis, numerous individual C-type cytochromes are
involved in the electron transport mechanism (Schuetz et al., 2009).

A cytoplasmic membrane-bound tetra heme-CTC (CymA) belonging to NapC/NirT
protein family with the N-terminal bound in the inward film and the C-terminal presented to
the periplasm which directs the electrons from menaquinol to periplasm (Myers and Myers,
2000). CymA is of incredible significance as it takes an interest in numerous Shewanella
anaerobic respiration forms. CymA can legitimately associate with numerous terminal

reductases in the periplasm, such as fumarate reductase (FR) and nitrate reductase (NR). CymA
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is a significant electron channel to periplasmic space. Similar to Shewanella, Geobacter also
contains c-type cytochromes used for DET that exist on the bacterial cell surface, including
OmcS, OmcE, and OmcB (Matsena and Chirwa, 2022)

Exoelectrogens are chiefly the Gram-negative (G°) microscopic organisms since the
Gram-positive (G*) cell divider is ominous for EET (Extracellular electron transfer). However,
G* microorganisms are the predominant dissimilatory metal-reducing bacteria (DMRB) in
certain situations. A couple of Gram-positive species, for example, Thermincola potens are fit
for performing direct electron transfer systems. Its genome has 32 putative CTC genes and a
close arrangement on the external layer, thus building up an electron section for anode
reduction (Logan, 2008).

2.2.2.2 Electron transfer through nanowires

The presence of some conductive appendages attached to the bacterial cell of Geobacter
sulfurreducens and Shewanella oneidensis known as nanowires. These appendages allow
microbes to reach and utilize more distant solid electron acceptors without physical whole-cell
contact (Harnisch et al., 2011). The role of nanowires in metal-reducing bacteria Shewanella
oneidensis were described by EI-Naggar et al. (2010) and Gorby et al. (2006) to be involved in
electron transfer to anode. These nanowires were conductive, serving as an alternative medium
for extracellular electron transfer electrons. The nanowires are also responsible for developing
a thicker electroactive biofilm at the anode surface, thus increasing anode performance
(Harnisch et al., 2011).

2.3 Characterization of PMFCs

Characterization of the MFC/PMFC is defined by studying the potential generated by
the cell and the reaction mechanism responsible for it. One of the most significant limitations
of PMFCs is the low power output and the internal resistance of PMFC. These parameters have
a substantial role in limiting the power output (Srivastava et al., 2015). Usually, the measured

cell voltage produced in an MFC is represented through the following equations:

Ecell = Eocv — IRint (2.1)
Rint = (Eocv — Ecen) /1 (2.2)
18
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Where, Eocv is the open-circuit voltage, Ecen is measured cell potential, and IRin: represents all
the voltage losses, which is proportional to the system's current output and internal resistance
(Srivastava et al., 2015).

Polarization curves represent a powerful tool for analyzing and characterizing fuel cells.
A polarization curve represents the voltage as a function of current (density). Polarization
curves are plots of electrode potential (or MFC voltage) as a function of current or current
density. It can be recorded for the anode, the cathode, or the whole MFC using variable external
resistance. A polarization curve can generally be divided into three zones: (i) starting from the
OCYV at zero current, there is an initial steep decrease of the voltage: in this zone, the activation
losses are dominant; (ii) the voltage then falls more slowly, and the voltage drop is fairly linear
with current: in this zone, the ohmic losses are dominant; (iii) there is a rapid fall of the voltage
at higher currents: in this zone the concentration losses (mass transport effects) are dominant
(Fig. 2.3a).

On the other hand, a power curve describes the power (or power density) as the function
of the current (or current density) calculated from the polarization curve. Fig. 2.3b (solid line)
shows a typical power curve based on a polarization curve (Fig. 2.3a). Initially, no power is
produced as no current flows for open circuit conditions. From this point onward, the power
increases with current to a maximum power point (MPP). Beyond this point, the power drops
due to the increasing ohmic losses and electrode overpotentials to the point where no more
power is produced (short circuit conditions).

In practice, the actual voltage output of an MFC is less than the predicted
thermodynamic ideal voltage due to irreversible losses (i.e., overpotentials). The four major
irreversibilities that affect MFC performance are: activation losses, ohmic losses, and mass
transport losses. These losses are defined as the voltage required to compensate for the current
lost due to electrochemical reactions, charge transport, and mass transfer processes in both the
anode and cathode compartments (O’Hayre et al., 2015). The extent of these losses varies from
one system to another. The real operational voltage output (Vop) of an MFC can be determined
by subtracting the voltage losses associated with each compartment from the

thermodynamically predicted voltage as follows:
Ecell = Eocp — #77cat — 77an — | (RM) (2.3)

Here 7cat is cathode over potential (), and #an is anode over potential (V), and RM is membrane

resistance (Qm) (Liu et al., 2014). The anode and the cathode overpotential include losses in
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the form of activation loss due to reaction kinetics, ohmic loss from ionic and electronic
resistances, and concentration loss due to mass transport limitations. The above equation shows
that cathode and anode overpotentials collectively limit the performance of MFCs and that the

overall performance can be improved by optimizing both the anode and cathode.
2.3.1 Activation losses

Current production in MFCs depends mainly on the oxidation and reduction reaction
Kinetics at the anode and cathode, respectively. The reaction kinetics is limited by an activation
energy barrier which impedes the conversion of the oxidant into a reduced form (i.e., Eqg.1.1,
Chapter-1). When current is drawn from a fuel cell, a portion of the anode and cathode potential
is lost to overcome this activation barrier. The potential loss due to activation is called
activation loss (i.e., activation overpotential) (O’Hayre et al., 2015).

Activation losses result in a characteristic, exponentially formed loss on the current—
voltage curve at low current densities (Fig. 2.3 ). As more current is taken from the MFC, the
activation loss increases and results in a lower cell potential (Larminie and Dicks, 2003). As
with chemical and biological fuel cells, the activation losses dominate the performance of
MFCs (Gil et al., 2003). The magnitude of activation overpotential depends on the reduction
kinetics. Kinetic performance can be improved by decreasing the activation barrier and

increasing the reaction interface area, temperature, or oxidant concentration.

Open Circuit Voltage (OCV)

[ \ Activation Losses ‘
s Il £
S Z
§ Ohmic Losses \ S
= -
3] e
S :
-
Mass Transport Losses
Current Density ——— Current Density ——
(@) (a)

Fig. 2.3 (a) Schematic potential losses displaying activation, ohmic, and mass transport losses

in a polarization curve. (b) A typical power—current curve.
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2.3.2 Ohmic losses

As in every electronic device, PMFC performance is also restricted by ohmic
overpotentials, also known as intrinsic resistances resulting in voltage drop. This loss is the
voltage required to drive the electron and proton transport processes. Since MFC conductors
are not ideal, they have an intrinsic resistance to charge flow (Larminie and Dicks, 2003)._The
ohmic overpotential (770nmic), therefore, represents the voltage lost to accomplish charge

transport (i.e., electrons and protons). This loss generally follows Ohm's law:
Hohmic = IRohmic (2-4)

Where, i is the current (A), and Rohmic IS the MFC's ohmic resistance (€2). The ohmic resistance
is a combination of both ionic, Rion, and electronic, Reiec resistances and includes the resistance

from the electrode, electrolytes, and interconnections:
Rohmic = Rion + Relec (2.5)

The electrolyte resistance usually dominates internal resistance since the ionic conductivity is
orders of magnitude lower than the electrical conductivity of the electrode materials (O’Hayre

et al., 2015). The ohmic resistance of the electrolyte, Rion, Can be expressed by

Rion = I/AK (2.6)

Where, | is the distance (cm) and A is the cross-sectional area (cm?) over which the ionic

conduction occurs. K is the specific conductivity Q' cm ! of the electrolyte (Larminie and
Dicks, 2003).

The ohmic loss is more pronounced at medium current densities and, following Ohm's

law, the operating voltage decreases linearly as the current increases (Fig. 2.3a). Reducing the

ohmic losses is essential for improving the performance of MFCs.
2.3 Bacterial Metabolic losses

The electrochemical kinetics of bacterial metabolism allows electron transport from the
electron donors at a low potential to a higher potential (Logan and Regan, 2006a). The bacteria
will gain more energy if this potential difference is increased, leading to a lower MFC potential.
The anode potential should therefore be kept as negative as possible. However, a too-low anode

potential will enable other metabolic pathways, e.g., fermentation or methanogenesis, where
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gas is produced instead of free electrons (Rismani-Yazdi et al., 2015). However, in the case of
a plant microbial fuel cell, there is little control over the anode potential and, consequently,

these losses.

2.3.4 Mass transport losses

As mentioned in equations (1.1) and (1.2) (Chapter-I), the concentrations of all
elements part of the oxidation or reduction reaction should be high enough to limit the internal
resistance. The process of supplying oxidants (i.e., O2) and removing products (i.e., H20) at
the cathode is governed by mass transport. Insufficient mass transport to or from the electrode
causes reactant depletion or product accumulation. Reactant depletion affects cell voltage and
the reaction rates, leading to a performance loss. This loss is the voltage required to drive mass
transport processes, referred to as concentration loss or mass transport loss (O’Hayre et al.,
2015)._Mass transport losses occur at high current density, and the magnitude increases with
increasing current density (Fig. 2.3a).

Mass transport limitations due to oxidant transport in the cathode compartment are
typically much more severe than transport limitations in the anode compartment. Hence, when
determining mass transport losses in fuel cell systems, only the limiting concentration for the
oxidant is considered.

2.3.5 Reducing losses

The cell over potentials and internal losses impact the efficiency and power output of
MFCs/PMFCs and represent a significant challenge for research and development (Zhao et al.,
2006; Morris et al., 2007). Several studies have explored different approaches to improve the
performance of the MFCs by lowering the overpotential. These approaches include using
mediators, electrode modification with catalysts (metal-based, biocatalyst), and optimizing
operational conditions. Anodic and cathodic ohmic losses can be minimized by increasing the
conductivity of the electrolyte materials used and the proton-exchange membrane.
Improvement can also be introduced by reducing the path distance between the cathode and
anode electrodes.

On the other hand, mass transport is dependent on convection and diffusion. Mass
transport in bulk electrolyte is dominated by convection (i.e., macroscopic flow). In contrast,
diffusive transport at the electrode surface typically dominates mass transport. Maintaining

high bulk concentrations and an even distribution of anaerobic and aerobic environments in the
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anode and the cathode compartment can reduce mass transport losses. In addition, optimization
of MFC operating conditions, electrode material, and anode and cathode compartment

geometry can minimize mass transport limitations and performance losses.

2.4 Microbial community in PMFCs

Wide varieties of species of microorganisms are involved in generating bioelectricity
in MFCs and PMFC is no different (Logan and Regan, 2006b). A wide-diverse species
composition is seen in the natural microbial community in PMFCs (Timmers et al., 2012;
Ueoka et al., 2016; Lu et al., 2015). The microbial community associated in the plant
rhizosphere region varies with substrate composition, pH, electron donors, electron acceptors,
availability of nitrogen, dissolved oxygen, humidity, temperature, plant species and their
rhizodeposit, type of electrodes, etc. (Rusyn, 2021). More than 27 prominent bacterial families
in PMFC demonstrated with Glyceria maxima in a synthetic medium (Timmers et al., 2012)
and in the microbiome of natural paddy waterlogging (Ueoka et al., 2016). Molecular-genetic
analyzes by Timmers et al., 2012 and Ueoka et al., 2016, found that the species composition of
bacteria adhered to the anode and in the soil of the surrounding electrode space differ. Bacteria
Anaerolineaceae, Caldilineaceae, Geobacteraceae, Acidobacteriaceae were observed in much
higher quantities on the anode than the interelectrode space (Timmers et al., 2012; Ueoka et
al.,, 2016). In the microbial population of PMFC, three main groups of rhizosphere
microorganisms can be determined according to their function in generating bioelectricity and
localization (Fig. 2.4) such as:

1. Anode microorganisms, which contain a maximal amount of exoelectrogenic
microorganisms transferring electrons, formed during metabolism to the anode, and
also associated electron-donor microorganisms that feed them (Kaku et al., 2008;
Timmers et al., 2012; Kouzuma et al., 2014)

2. Cathode microorganisms, the called biocathode, mostly formed by electrotrophs, which
accept electrons coming from the anode and reduce oxygen, nitrate or sulfate ion, etc.,
(Liu and Logan, 2004, Logan et al., 2019)

3. Microorganisms of the root surfaces and surrounding electrodes, so-called
microorganisms of interelectrode space, where are located most of the microorganisms-
cooperators of exoelectrogens that feed electroactive microorganisms, providing them

with simple compounds as a result of the breakdown of complex organic compounds
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of plant residues and root secretions, as well as a small number of electroactive

microorganisms (Timmers et al., 2012; Ueoka et al., 2016).

4

" Biocathode

Fig. 2.4 Schematic representation of the PMFC microbial community, which includes a wide
variety of species interrelated microorganisms of biocathode, anode, and interelectrode space
(Source: Rusyn, 2021).

2.4.1 Microorganisms at Anode

The genus Geobacter has garnered significant attention in the study of Plant Microbial
Fuel Cells (PMFCs) as one of the most extensively researched electroactive bacteria (Rusyn,
2021). Geobacter, specifically G. sulfurreducens, has been well-studied for its ability to
colonize the MFC anode, form biofilm, and contribute to bioelectricity generation (Bond and
Lovley, 2003; Qu et al., 2012). Studies have confirmed the presence of Geobacter and its
species G. sulfurreducens, G. metallireducens, G. grbiciae, G. hydrogenophilus, in the anode-
associated microbiome of PMFCs, especially in systems using different plant species like G.
maxima and O. sativa. (De Schamphelaire et al., 2010; Timmers et al., 2012). Kouzuma et al.
(2014) revealed the presence in the anode-associated microbiome of G. psychrophilus and
syntrophically related species in sedimentary MFCs operating in paddy fields. 16S rRNA
analysis of PMFS with O. sativa in waterlogged areas showed that bacteria of the family
Geobacteraceae, G. pelophilus and G. psychrophilus, were present in the interelectrode
substrate in a whole small amount <0.1%, while in anode samples there were 10 times more
of them, 1.8-2.4% (Ueoka et al., 2016). In high-current PMFCs with plant G. maxima, the
presence of Geobacteriaceae was notably higher than in low-current PMFCs, 0.74% vs. 0.13%,

respectively (Timmers et al., 2012). The obtained data also indicate that even in a small
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quantity, microorganisms play an essential role in bioelectricity production. The study of the
species composition of the anode microbiome of PMFC with different species of plants, media,
and electrode systems has demonstrated high biodiversity and the abundance of different
prevailing species from families, mainly those other than Geobacteriaceae (Rusyn, 2021). This
includes nitrogen-fixing bacteria such as Rhizobiales, Beijerinckiaceae, and Natronocella
acetinitrilica, cable and sulfate-reducing bacteria of the family Desulfobulbaceae and non-
cultivating archaebacteria, Rhizobiales, Geobacter, Myxococcus, Deferrisoma, Desulfobulbus
and archaea, Geobacter, Anaeromyxobacter and Anaerolineae, Anaerolineaceae (Kaku et al.,
2008; Timmers et al., 2012; Rusyn, 2021). Geobacteriaceae and fermentative bacteria
Anaerolineaceae were prevailing on the anode in the constructed wetland PMFC with C. indica
(Lu et al., 2015). Apart from the presence of bacteria, some fungi, such as Aspegillus spp. and
Penicillium spp. were revealed in the anodic biofilm in PMFC with natural soil and plants
suggesting the development of bacteria-fungi consortia (Rusyn, 2021). The anode microbial
community in PMFCs shows high biodiversity, including various bacteria, archaea, and fungi
species (Aspegillus and Penicillium), forming complex consortia. While Geobacteriaceae is an
essential component, it is not always dominant among anodic microorganisms’ (Lu et al.,
2015). Other soil bacteria have also been found to significantly contribute to bioelectricity
generation in MFCs. Overall, the range of anode electron-transferring microorganisms in
PMFCs is extensive and presents a promising field for further research. Understanding the
interactions and contributions of different microbial species in PMFCs can lead to
advancements in bioelectricity production and optimization of these sustainable energy

systems.
2.4.2 Microorganisms at Cathode

Unlike the anode, where the anaerobic oxidation of substrates and electron transfer
process occurs through microbial biofilm on to electrode surface, various substances can be
used as electron acceptors at the cathode (Clauwaert et al., 2007; Liu et al., 2004). However,
oxygen is known to be a reliable electron acceptor because of its abundance and sustainable
nature with high redox potential (Zhao et al., 2006). The reaction at the cathode can be carried
out chemically or biologically (Wu et al., 2017). The most commonly used catalyst for oxygen
reduction in MFCs is Pt, but its high cost and sensitivity to poisoning limit widespread
applications in larger-scale systems. (Kiely et al., 2011; Saito et al., 2010). To make more cost-
effective cathodes, various non-noble metal catalysts have been developed to replace Pt,
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involving transition metal macrocyclic complexes such as cobalt tetramethoxyphenylporphyrin
(CoTMPP) and iron phthalocyanine (FePc) (Zhao et al., 2005; Yu et al., 2007; Liew et al.,
2014). Additionally, metal oxides such as MnO, (Liew et al., 2014), carbon materials (Zhang
et al., 2009) as well as composite catalysts (Burkitt et al., 2016) were also used to replace Pt.
While these materials can work well, their performance can be degraded over time. (Zhang et
al., 2011).

2.5 Biocathode Design Techniques

Three methods were mainly used for designing oxygen reducing (OR) bio cathode. The
first one is based on the natural ability of microorganisms to develop biofilms spontaneously
on material surfaces. In this case, no polarization is applied to the electrode, the biofilm grows
under open circuit conditions. Subsequently, electrochemical activity was observed when the
biofilm-coated electrode was tested electrochemically (Cournet et al., 2010a; Cournet et al.,
2010b; Erable et al., 2010; Xu et al., 2010). Such microbial bio-cathodes have notably been
formed from seawater (Erable et al., 2010; Xu et al., 2010) and from laboratory cultures of
single bacterial strains (Cournet et al., 2010a; Cournet et al., 2010Db).

In a second way, a bio-cathode can be obtained by polarizing the electrode at a potential
lower than the open circuit potential. The cathode polarization can be carried out directly from
the operating MFC (Wang et al., 2014; Cristiani et al., 2013; Zhang et al., 2012; Chen et al.,
2012) or by using a potentiostat at a constant potential (Quemener et al., 2016; Rimboud et al.,
2015; Rimboud et al., 2016; Debuy et al., 2015; Rothballer et al., 2015; Milner et al., 2014;
Glaven et al., 2013; Xia et al., 2012). This process is widely used to form effective OR-
biocathodes in various environments, viz., sewage sludge or wastewater (Cristiani et al., 2013;
Rothballer et al., 2015; Rothballer et al., 2015; Xia et al., 2012) industrial/agricultural
wastes (Wang et al., 2014; Zhang et al., 2012), seawater and sediments (Debuy et al., 2015;
Glaven et al., 2013), soil and/or derived leachate (Quemener et al., 2016; Rimboud et al., 2015;
Rimboud et al., 2016).

Finally, the third technique is to obtain an OR-bio cathode by polarity reversion of
already established bio anodes (Cheng et al., 2010). Generally, acetate-fed bio anodes can be
turned into OR-bio cathodes after consecutive exhaustion of the acetate using oxygen. A
practical benefit of reversible bio electrodes used in MFCs is that they can be periodically

reversed to neutralize acidification at the anode and alkalinizing at the cathode. The pH
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gradient formed between the anode and cathode can thus regularly be neutralized, which helps
to maintain the MFC performance during long-term operation (Strik et al.,2010). Moreover,
the biofilm acidification that occurs during the anode phase has been shown to favour the
subsequent reduction of oxygen (Blanchet et al., 2014)

2.5.1 Aerobic bacterial Bio cathode

A diverse species of aerobic microorganisms that use oxygen as the terminal electron
acceptor is used in the cathode. Among the bacterial population, Gammaproteobacteria
predominated on the cathode of PMFC with O. sativa (Ahn et al., 2014). In another rice-based
PMFC, Rhodobacter gluconicum was detected on the cathode (Kaku et al., 2008). It belongs
to the purple non-sulfur anoxygenic phototrophic bacteria (Madigan et al., 2008), and its role
in electrogenesis is still unclear. Among the diversity of bacterial orders on the cathode,
uncultured bacteria were found, such as Thiotrichales, Chromatiales, Legionellales,
Methylococcales, and Acidithiobacillales, belonged to Gammaproteobacteria (Ahn et al., 2014)
including many bacterial species of purple sulfur bacteria that can oxidize sulfur compounds.
Acidiferrobacter thiooxydans, an acidophilic, thermotolerant, facultatively anaerobic, and
chemolithoautotrophic bacterium, occupied the highest proportion on the cathodes and
occurred only when the circuit was connected (Ahn et al., 2014). These bacteria detected on
the cathode apparently obtain energy from the oxidation of ferrous iron and reduces sulfur
compounds to be used as terminal electron acceptors (Hallberg et al., 2011; Ahn et al., 2014).
Thel6S rRNA gene-based microbial identification did not detect any archaeal, suggesting that
archaea played a minor role in the cathodic reaction (Ahn et al., 2014). The composition of the
microbial populations of the cathode operating under different conditions, such as soil-based
PMFCs or waterlogged rice field/sediment-based PMFCs is qualitatively different due to the
influence of other plant species on the microbiome. Other factors, such as substrate and light
accessibility also play an important role. Large numbers of photoautotrophic purple bacteria
are detected on the cathode of marshy PMFCs (Madigan et al., 2008) and are not adapted to
metabolism and growth in the dark. The results of Ueoka et al. (2016) suggest that the cathodic
microbial consortia is highly important and improvement in biocathode development is crucial
for eliciting the maximum capacity of rhizosphere bacteria to generate bioelectricity in PMFC.
Therefore, the identification and study of microbial community PMFC play a valuable role in
understanding the mechanisms of microbial relationships in electrogenesis and creating

optimal conditions for them during improving electro-biosystems.
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2.5.2 Microalgae and cyanobacteria as Bio cathode

Green algae and cyanobacteria are valuable microorganisms in Plant Microbial Fuel
Cells (PMFCs) as they can perform photosynthesis, producing dissolved oxygen levels higher
than aeration, which reduces the cost and makes it more sustainable (Huang et al., 2011; Arun
et al., 2020). Algae cultivated in the cathode can also reduce CO, generated from bacterial
metabolism. The biofilm formed on the cathode surface plays a crucial role, and its formation
rate depends on the cathode material (Zhou et al., 2011; Wu et al., 2013).

Various BFC technologies operated with algal and cyanobacteria biocathode can
address wastewater treatment, desalination, CO: capture, bioremediation, bioenergy
production, and high-value compound synthesis (Saratale et al., 2017; Enamala et al., 2020).
Technological parameters like light, pH, and temperature influence biocathode performance.
Microalgae and cyanobacteria in the cathode chamber can remove carbon, nitrogen,
phosphorus compounds, antibiotics, and heavy metals for wastewater treatment. They can also
produce biomass with high lipid content for biodiesel production (Elakkiya and Niju, 2020;
Golub and Levtun, 2016) and carotenoids (Gouveia et al., 2014). The production of lipids can
make the BFC technology more attractive due to simultaneous wastewater treatment and
generation of bioelectricity and biodiesel (Nayak and Ghosh, 2019). Alternatively, the dead
microalgae biomass may be used as a substrate at the anode in BFCs (Cui et al., 2014). For
optimum growth of microalgal biomass, Wu et al. (2013) noted the requirement of a dark stage,
because high levels of illumination and high oxygen concentration can inhibit photosynthesis
and cause photooxidation. In the dark stage, less electricity is produced because oxygen is not
produced and is consumed by algae for respiration. For the sustainable current generation, 50%
of electrode immersion is proposed (Ling et al., 2019). Thus, in dark condition, oxygen from
air become an electron acceptor at the cathode, while oxygen from the catholyte will be used
by microalgae for respiration. Commault et al. (2014) obtained a maximum power density of
11 mWm2 (projected anode area) using a mixed algal community, including yellow—green
algae, diatoms, and cyanobacteria while operating MFC for over six months without feeding.

However, there are challenges, such as the high cost of CO; as a feedstock for algal
growth (Chi et al., 2011). The performance of MFCs with biocathode containing diverse
microorganisms shows promise for increased power density and wastewater treatment
efficiency (Wetser et al., 2015; Yadav et al., 2020). Overall, microalgal biocathodes have great
potential for sustainable current generation, wastewater treatment, and biofuel production in

BFC technologies.
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2.6 Operational Factors influencing PMFC performance

Various researchers highlighted many factors influencing a PMFC's performance (Long
et al., 2021, Jiang et al., 2021). Apart from the species of plant affecting the bioelectricity
generation, various other operational parameters affect PMFC performance such as reactor
design and its configuration, light source and its intensity, placement of electrodes and
membranes, type of available microbial inoculum, plant growth promoters in use, etc (He et
al., 2021). In addition to these, many minor lacunas in the systems (Chu et al., 2021; Liu et al.,
2021) must be thoroughly investigated before moving towards ideal design and performance
criteria (Zhang and Liu, 2021) for PMFC. This is a sincere attempt to discuss those missing

aspects of PMFC Research.
2.6.1 Effect of light intensity

Photosynthesis is the most significant factor and precursor of bioelectricity production
in PMFCs. It depends on carbon dioxide concentration and photosynthetic active radiation
(PAR) light intensity (Neogi et al., 2021). Magsud et al. (2015) reported that time and solar
radiation are crucial factors affecting a PMFC. Electromagnetic radiation in the wavelength
range of 400 — 700 is considered PAR (Dou and Niu, 2020). The incidence rays from the sun
arrive in two ways, as direct flux manner and diffuse fluxes manner or both. A direct flux is
formed when the light photons pass through the atmosphere remain unscattered. When photons
are scattered due to various barriers like molecules in the air, aerosols, and clouds, the flux
formed is known as diffuse flux. While this flux reaches out to the vegetation canopy, the
photons hitting other plant elements and leaves undergo automatic removal from incidence
light. This photon flux that strikes the plant parts is termed the intercepted PAR flux and is
popularly called interception of radiation (IPAR) (Kukal and Irmak, 2020). This fraction of
IPAR radiation has the potential to carry out photosynthesis efficiently. Some fraction of
radiation of IPAR also gets reflected, while some portion results in transmission by elements
of interception, and hence it is not utilized for photosynthesis reaction. So, the merely absorbed
photons in the region of the vegetation canopy are termed as absorbed PAR (APAR) flux and
might be used for photosynthesis reaction (Kumar et al., 2021). This value of APAR is naturally
less than IPAR; hence, a constant coefficient of 0.85 is required for calculation (Kukal and
Irmak, 2020). APAR = 0.85 IPAR is the general relation between APAR and IPAR considered
for analyses. Also, among the PAR radiation, the spectra’ blue and red regions are known to be

essential for plant growth. Therefore, finding and analyzing the PAR data for the region where
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PMFC assembly is to be set up and operated is recommended. It will help to understand and

optimize the photosynthesis activity of the plants and hence power generation in PMFC.

2.6.2 Effect of electrode material and surface area

Anode is assumed to be the heart of an MFC from where all the reaction mechanism
starts. Therefore, the Electrode material used for anode in PMFC should be conductive,
biocompatible, chemically stable, and affordable for application (Sonawane et al., 2020).
Different forms of electrodes of carbon like compact graphite plates, cloth made up of fibrous
material, granules or rods of different dimensions, foam-shaped objects, and paper felt are
advisable as anode for MFC application (Salehmin et al., 2021). Electrodes with higher surface
area are recommended as they can provide more site for bacterial attachment and biofilm
formation. But it is essential to maintain the porous nature to allow the protons to reach ion
exchange membrane and cross it, resulting in the circuit's completion and maintenance of redox
gradient in the system (Li et al., 2021). Electrodes with ideal configuration for MFC should
possess two criteria, the first one is greater availability of surface area for adherence of bacterial
community and the second one is efficiency in current collection. A detailed discussion on the
different types of electrode materials for anode and cathode and their modification strategies

can be found in section 2.8.
2.6.3 Effect of additives on the performance of PMFC

The performance of a PMFC is critically dependent on the interaction of plants and
microbes; therefore, the health of the plant and the microbes present is highly important. The
widespread implementation of PMFC technology has opened new arenas for researchers to
study the performance of PMFC concerning the use of different additives, including plant
growth promoters. Different researchers across the globe identified various additives for
increasing the resultant power of MFCs. It isn't easy to compare and interpret their performance
accurately due to use of different electrode materials, different configurations, and designs of
MFC, different sources and types of substrates used, and other environmental parameters
(Gadkari et al., 2020). But the ultimate aim of introducing additives in the substrate was to
amplify and enhance MFC's overall performance and sustained output. Some of the relevant

and recent additives are discussed below.
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2.6.3.1 Substrate salinity

The performance of a cell is significantly affected by substrate salinity. Till a specific
limit, cell performance increases with substrate salinity. However, beyond that extent, the
exoelectrogens lose their ability to survive (Guo et al., 2021). This exact concentration of
substrate salinity at which MFC performance is maximum changes from MFC to MFC and the

type of bacterial community present (Guo et al., 2021).

As per recent reports, a higher concentration of salts in the solution releases higher
numbers of protons and electrons. As a result, the anolyte's pH decreases, inhibiting
exoelectrogens' growth (Bejjanki et al., 2021). In an another recent study, on performance
evaluation of MFC with wastewater from sewage and reverse osmosis (RO) concentrate using
Luffa aegyptiaca anode, it was found that more proportion of RO concentrate was responsible
for more power generation and hence could be considered as component of feed in MFC
(Thakur and Das, 2021). Therefore, this aspect must be worked thoroughly while designing a
highly efficient PMFC setup (Merino-Jime-nez et al., 2017).

2.6.3.2 Biochar addition

Applying coconut-based biochar is a cost-effective additive component in MFC to
enhance power production (Ayyappan et al., 2018). The application of biochar for developing
low-cost electrodes (Anode and Cathode), electrocatalysts, and efficient proton exchange
membranes was critically reviewed (Chakraborty et al., 2020). It was reported that biochar and
copper-based electrodes produced maximum power compared to other metal and biochar
treatments (Senthilkumar and Naveenkumar, 2021). A study also reported the development of
a biochar-based biocatalyst by synchronous carbonization and graphitization of eggplant
biomass. It has witnessed an excellent electrochemical performance in a neutral medium with
a maximum power density of 667 mWm2, more than the traditionally used Pt catalyst with a
power density of 621 mwWm™ (Zha et al., 2020). Therefore, incorporating different
compositions of biochar in MFCs/PMFCs studies could be beneficial for the overall
performance of a cell. However, more studies need to be carried out to draw authentic

conclusions.
2.6.3.3 Plant growth promoter

PMFC technology is a concurrent bioelectricity generation process where in biomass

growth and electricity is produced simultaneously (Helder et al., 2010). Therefore, the good
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health of a plant is highly crucial, and it influences the amount of rhizodeposits released for
the microbes, thereby affecting energy recovery from a PMFC. Therefore, a balanced growth
media consisting of all significant macro and micronutrients is vital for plants in a PMFC.
Hoagland growth media is a popular liquid-based balanced media used in aquaponics plant
culture and as an anolyte in PMFCs where the plant is directly grown (Helder et al., 2010;
Helder et al., 2012a; Timmers et al., 2010). On the other hand, commercially available potting
mix and a natural sandy loam soil were also used to enrich microbial community and plant
growth in PMFCs (Khudzari et al., 2018).

2.6.4 Effect of the long operational period

PMEC is a relatively new technology, and most of the plant species employed to date
are the wild grass species or plants with very little commercial value (Shaikh et al., 2020).
Also the efficiency of PMFCs were not studied for long duration. Certain factors affect the
rhizodeposition potential of the plants, such as plant physiology and age. Therefore, with time
the structure of a microbial community in rhizosphere changes and due to limited
rhizodeposits, the potential of PMFC decreases, restricting its use for longer duration
(Gomathy et al., 2021). Another most important factor that is responsible for low power
output in the long run is the rise in the value of internal resistance of the anode with time due
to biofilm formation on the surface (Munjal et al., 2020). The thicker biofilm decreases the
electrodes' porosity and restricts the ability to exchange protons across the membrane.
Similarly, biofouling of membrane is another concern regarding the performance of a BFC
(Discussed in detail in Section). Due to this overall process, the net redox potential is reduced,
resulting in less power magnitude. Hence, it is required to replace the electrodes after specific
time duration to maintain the power sustainability of PMFC in long run (Jadhav et al., 2021).
All these aspects must be addressed so that resultant enhancements should be reproducible

and scalable technologically.
2.6.5 Effect of cell architecture

The cell architecture plays an essential role in the operation and performance of an
MFC/PMFC. Most importantly, the design should allow the development of anaerobic
conditions at the anode while favouring the build-up of aerobic conditions at the cathode.
Regarding design architecture two most commonly used types of PMFC seen were Tubular
design and Flat-plate design (Described in Section 2.7). Subsequently, very little information

is available regarding architectural design evolution.
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As part of cell architecture, the nature of the electrode (material, displacement and
spacing) plays an essential role in bioelectricity generation. In addition to the selection of
materials and their modifications, proper electrode spacing in the deep root zone of the plant
is crucial; at times, the roots might cover the anode making it unavailable for biofilm
formation. A study by Deng et al. (2014) on the effect of electrode positions on various soils
and water interface depicted that MFCs with a soil depth of 5 cm and a water interface of 3
cm has the highest power density of 0.72 mWm2 along with reduced ohmic resistance. Like
the electrode, membrane design (shape, thickness) and its placement inside a cell are equally
essential to enhance MFC performance and decrease the cell's internal resistance. More in-

depth work on the architectural designing of MFC/PMFC is expected in future.

2.7 Architecture of PMFC reactor

For the practical applicability of any design, various factors come into play: design
language, cost-effectiveness, ease of operation and handling, environment friendliness long-
term management to name a few. Construction cost poses a hurdle that needs to be overcome
for practical use of MFCs. The significant cost involves the material cost of making the setup
including cost of electrode, membranes, nutrients, mediators etc. For efficacious PMFC
construction, using a non-catalysed carbon-based electrode and a proton exchange membrane
remains key. However, the uniqueness about construction of PMFC is the non-requirement of
periodic nutrient input as bioelectricity is driven by rhizodeposition of the living plants.
Following the working principles of an MFC, the basic PMFC design can be divided into
1.  Single-chamber PMFC where one chamber serves as both anode and cathode with

membrane-less operation.

2. Double-chamber PMFC wherein anode and cathode chambers are separated by a proton-
exchange membrane (PEM) to facilitate a proton's movement towards the cathode. The
PEM also helps to prevent catholyte and O diffusion to the anode.

3. Three-chamber PMFC, wherein one anode chamber sandwiched between two cathode
chambers. The chambers being separated by a proton-exchange membrane (PEM).
Apart from the chamber structures, some of the essential factors that need to be

considered while designing architecture of PMFCs are placement of anode, the distance

between anode, cathode and membrane, and the dimensions of the electrodes, etc. The
efficiency of a PMFC can be improved through inclusion of different substrates, inoculums,
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efficient proton exchange membranes, decreasing cell resistances, etc. Among the various
types of designs, a tubular model and a flat-plate model are the two PMFC designs, used in
different studies for bioelectricity generation. The sustainability and practicality of the system
depends upon its cost-effectiveness, long term operation, ease of handling and environmental

friendliness.

2.7.1 Tubular Model PMFC

The tubular design PMFC is a robust and efficient setup that can be integrated into large
cultivated areas to maximize power generation without disturbing the top layer of soil. This
design was first developed by Timmers et al. in 2013 and consists of a tubular-shaped anode
with a membrane attached at the bottom and the cathode beneath it (Fig 2.5a). Electrons
generated by rhizodeposits breakdown are received at the anode and move through the external
circuit to the cathode, while protons pass through the membrane and are reduced at the cathode.
A variety of materials can be used for construction of tubular design PMFCs. A glass based
setup was designed by Strik et al. (2008) where in a glass tube filled with graphite granules
was used as the anode compartment. A proton exchange membrane was attached to the bottom
of the glass tube. The cathode compartment was made up of a glass beaker containing graphite
and surrounding the anode compartment. Polyvinyl chloride (PVC) is one of the most easily
found component to be directly used for designing a tubular PMFC. A T-shaped PVC socket
is used, where in PVC disk were fixed inside at both the ends to create water tight
compartments. A tubular filtration membrane was fixed between the two disk. The anode was
located outside the ultrafiltration membrane while the cathode was located inside the
membrane, constituting graphite granules and felts respectively (Timmers et al., 2013).

A study similar to Strik et al. (2008) was carried out by Ruud et al. (2010) with plant S.
anglica; however, with a different current collector, i.e., golden wire glued to a Teflon-coated
copper wire connected to both anode and cathode. Similarly, S. anglica and P. australis were
grown in salt marshes and peat soil respectively in a vertical PVC tube placed in wetlands. The
bottom was covered with a PVC cap. Anodes and cathodes were made of graphite felt attached
to a cation exchange membrane linked to a golden wire as a current collector (Wetser et al.,
2015). Arends et al. (2014) used plexiglass material for making tubular PMFC containers and
affixed with graphite interlaced with carbon rods as anode and cathode. This was used to study
greenhouse gas emissions in rice paddy fields. Helder et al. (2010) used a plexiglass cylinder

like the anode compartment filled with graphite granules. A cation exchange membrane was
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placed at the bottom of the anode compartment. The anode chamber was placed inside a glass
beaker acting as a cathode compartment with gold wire is woven graphite felt. Low-density
polyethylene containers filled with red soil and planted with P. setaceum was used as PMFC
for wastewater treatment and bioelectricity generation. Non-catalyzed graphite discs as anodes
were placed vertically in the soil near the rhizosphere while the cathode was kept at the top
exposed to air (Chiranjeevi et al., 2019). A centrifuge tube was also used as tubular PMFC.
The tube was placed inside a lightproof plastic container filled with fresh paddy soil with an
anode at the bottom and air cathodes on the soil's surface (Chen et al.2012). A PMFC was
constructed by Lu et al. (2015) using a polymethyl methacrylate cylinder perforated graphite
disk anode at the bottom of the reactor. An annular carbon cloth was tied on the container wall
with a nylon mesh that acts as an open air cathode. A tube within a tube-type tubular design
PMFCs was applied to a wetland with silicon tubes for gas diffusions by Wetser et al. (2017)
where anode was wrapped around an ultrafiltration membrane. The cathode is wrapped around
a silicon tube and inserted in the inner circle of the membrane-anode assembly (Wetser et al.
2017). Sophia and Sreeja, (2017) used a clay-based ceramic tubular structure for the PMFC
study. The anode chamber was a cylindrical structure made of kaolinite and montmorillonite
mix acting as membrane for ion transport. Carbon brush anodes were as anodes and covered
with hydrated carbon cloth acting as air cathode, connected using copper wires. Although
tubular designs were popular among researchers, a major limitation with the tubular model is
that the average transport distance for a proton from the anode through the membrane to the

cathode is relatively long, hindering power generation process.

2.7.2 Flat-Plate Model PMFC

Another design of PMFC setup not very widely used is a flat-plate configuration which
consists of a cation exchange membrane sandwiched between the anode and cathode
compartment (Fig.2.5b). The design being vertically flat, the anode and the cathode can be
placed next to each other, separated by a membrane. The flat-plate configuration helps to
reduce the distance between the electrodes. Hence, protons have less distance to travel in the
flat plate setup. This configuration decreases ion transport resistance and membrane resistance
(Helder et al., 2012b).

To carry out a comparative analysis with tubular design, Helder et al. (2012b) designed
a flat plate PMFC. They studied the effect of internal resistance on bioelectricity generation for

a longer period, i.e., 703 days. The setup used graphite felt for both anode and cathode. The
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power and current densities per geometric planting area with the flat plate design (0.22 W m
and 0.15 A m) were found to be higher than the tubular design (0.44 W m? and 1.6 A m?) A
three chamber PMFC setup was designed for the first time by Wetser et al. (2015). The design
had one anode chamber sandwich between two cathode chambers. The anode and cathode were
composed of graphite felt, and the chambers were separated by a bipolar membrane (BPM). A
long-term operation was carried out for 151 days which, with a maximum power production of
240 mWm, In recent studies on flat plate PMFC, the activated carbon and marine sediments
(in different compositions) were used as the anode in Spartina anglica operated PMFC, with
results showing activated carbon concentration 33% (AC 33%) setup outperformed with
enhanced power output (1.04 mWm=2 PGA) and current output (16.1 mAm2PGA) than all other
compositions (Helder et al., 2012b). Flat plate design is indisputably the more efficient design
regarding the area and material utilization for power production in PMFC setup. However, the
main bottleneck remains the field scale application and scale-up challenge. Flat plate design is
incompatible with application in natural ecosystems like constructed wetlands and paddy
fields. Thus, future research in PMFC design should be aligned toward efficient flat plate

design and feasible scalability.

a

Fig. 2.5 Tubular (a) and flat-plate (b) design of a Plant Microbial Fuel Cell, in which A= anode,
C = cathode, M= membrane, dan = average distance between anode and membrane. Distance
between anode and membrane is shorter in flat-plate design than in tubular design. (Source:
Helder et al., 2012).

2.8 Electrode material

Electrodes is the most crucial element of an MFC for power generation; therefore,
choice of materials is essential for effective microbial adhesion and biofilm development.
Though the criteria for material selection for anode and cathode differ, in general, both should

possess the following properties:
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2.8.1 Properties of Electrode

Surface area

Internal resistance is the primary cause of ohmic losses, which reduces the overall
performance of an MFC, and surface area and porosity significantly influence the overall
internal resistance of a cell. It can be minimized by increasing the effective surface area, while
keeping the volume constant. Moreover, high surface area enhances electrode kinetics by

providing more reaction sites (Di Lorenzo et al., 2010).

Electrochemical properties

Electrode materials should possess high electrical conductivity with low interfacial
impedance to facilitate the adequate flow of electrons through the circuit. The cathode should

also maintain ionic conductivity to facilitate triple-phase boundary reaction (Sun et al., 2015).

Material stability and cost-effectiveness

The prevailing oxidizing and reducing environment in a MFC, microbial growth and
attachment on electrode surfaces often lead to the decomposition of the electrode materials.
Thus, the electrode material should be stable and durable with high mechanical strength to
provide long-term performance with minimum fouling or degradation. Furthermore, electrode
material should be low-cost, easily available, and sustainable for the technology's economic

viability at a large scale (Wang et al., 2013).
Biocompatibility

Anode materials should be highly biocompatible to facilitate effective bacterial
adhesion and biofilm formation without altering the properties of anolyte and catholyt and
should cause adverse effect on microbial consortium. It should be resistance to corrosion and
environmentally friendly thereby increasing overall MFC performance (Tao et al., 2016).

Carbonaceous and metallic-based materials are the main types of electrode adopted,
which possess all the above-mentioned characteristics (Rimboud et al., 2014; Wei et al., 2011).
Carbon is one of a trusted material where it can be used as electrode effectively which is
available in numerous forms of structure such as carbon cloth, carbon paper, carbon fiber,
carbon rod, carbon felt, granular activated carbon, carbon nanotube-based composites, and
graphene based nano-composites. Carbon can be used in any type of MFC because of its
flexibility in its size and shape. Cost of carbon electrode is significantly cheaper for
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commercialisation. Among metals based materials, stainless steel plate, stainless steel mesh,
stainless steel scrubber, silver sheet, nickel sheet, copper sheet, gold sheet and titanium plate

were used as commercially available electrode material.

2.8.2 Classification of electrodes

Electrodes used in MFC applications could be classified commonly on the basis of their
configuration into plane electrodes and three-dimensional electrode (Tiquia-Arashiro et al.,
2020). Structurally a carbon based electrodes can be classified into a brush like structure, fully

packed arrangement structure and plane type of structure (Kumar et al., 2021).
Plane type of structure

The most common plane structure used as electrodes are carbon paper, carbon sheet,
carbon cloth and graphite plates (Cai et al., 2020). Among all these types of electrode there are
some advantages and disadvantages associated like graphite plates or sheets possess greater
strength as compared to paper of carbon (der Kuan et al., 2021). Also roughed graphite
electrodes produce more power than the flat graphite electrodes (Malakooti et al., 2021). A
cheaper and more feasible alternative for carbon cloth and carbon paper could be carbon mesh

treated with ammonia gas.
Packed structure

For generation of a larger surface area for bacterial attachment, irregularly shaped
packing materials such as graphite granules, granular rods, granular activated carbon (GAC)
were used in anode chamber (Tan et al., 2021). For better performance in long run and to make
complete bed conductive packing material were placed next to each other (Govender et al.,
2020). As porosity of these packed electrode is ranging from 30% to 50%, but after certain
time interval clogging of pores takes place which decreases the overall performance of MFC

in long run (Caizan-Juanarena et al., 2020).

A comparative study of carbon felt as well as graphite granules of 2 and 5 mm reported
graphite material to be a superior material for anode with a power generation up to 386 Wm-
(Caizan-Juanarena et al., 2020). Similarly, a higher power density by 2.5 times was reported in
GAC over carbon cloth as anode in MFC system (Matsena et al., 2021), which showed the

potential of GAC in power generation and its applicability.
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Brush structure

Another type of electrode structure is a brush structure which is designed to achieve a
high surface area, efficient current collection and higher magnitude of porosities makes
graphite brush electrodes as ideal choice for anode in MFC (Kaur et al., 2020). These type of
electrode was first introduced by Logan, in 2007. These brush electrodes were designed by
twisting the carbon fibers of desired length over two non-corrosive titanium wires. It can be
made into different dimensions by varying the diameter and length of the electrode to achieve
the desired surface area. (Yagoob et al., 2020; Nandy, 2018).

2.8.3 Electrodes for Anode

Anode in an MFC functions as an electrode that allows electrons released from an
anaerobic process to the load. Anode surface area (or projected area) also affects the overall
performance because the anodic surface is the site for microorganism attachments and
electrons’ release (Logan, 2006). The important key criteria for selection of a material for anode
depends on its biocompatibility, convenient microbial adhesion, electrochemical efficiency and
electron transfer mechanism from microbial cell to the electron acceptor (Dumitru and Scott,
2016; Loubna et al., 2019). Therefore, the material for anode development should improve the
attachment of electro active microorganisms to the electrode surface as well as current
collection. Materials possessing good intrinsic biocompatibility for microbial inoculums, its
growth and attachment to the surface and excellent conductivity for electron transfer are
desired. Other properties, includes large surface area, highly porous structure, long-term
stability, and favourable surface modification, are also utmost necessity. Therefore, one of the
major objectives in the MFC research is to design and synthesize low-cost advance electrode
materials with increased efficiency, and improved durability. To improve the electron transfer
mechanisms in MFC, there are various strategies applied such as, application of bioactive redox
compounds, modification of anode etc. (Nosek et al., 2020; Zhao et al., 2010).

As mentioned previously, carbon remains one of the trusted material along with other
metal based materials were also commonly used as anode for MFCs (Wang et al., 2009; Wei
etal., 2011; Wen et al., 2013). Anode is the conductor of electron and carbon materials which
are used as anode has little electro catalytic activity which limits their performance; Thus,
modification of carbon materials is the main approach to improve their conductivity (Wang et
al., 2015). Semiconductors as well as their composite material have been used to modify the

anodes in order to improve their electrochemical properties (Narayanasamy and Jayaprakash,
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2020). Nanostructured metal oxides are also commonly used for anode modification as they
possess high surface area, good biocompatibility, chemical stability and electro-conductive

properties (Liu et al., 2020a).
2.8.3.1 Modification of anode electrodes

Anode modifications therefore be done for dual objectives of increasing active surface
area for bacterial attachment and improving electrical conductivity of surface (Scott et al.
2007). The anode modification thus provides sufficient support and conductive surface for
bacterial growth and bio-film development. Surface modification can be achieved by three
different treatment methods on carbon fiber brushes: acid soaking (CF-A), heating (CF-H), and
a combination of both processes (CFAH) (Feng et al. 2010). The combined heat and acid
treatment exhibited improved power production which was higher by 34% than the untreated
one, 25% higher than only acid treatment and 7% higher than heat treatment alone. Nitric acid
treated activated carbon fiber improved the power density of a MFC considerably (Zhu et al.
2011) which was accounted to surface charge increment. Similarly, formic acid treated carbon
cloth enhanced the bacterial attachment thereby increasing the system performance by 38.1 %
than untreated one (Liu et al., 2014). Alternate treatment of anodes in acid and base was also
practiced by researchers (Deepika et al., 2015). The acid pre-treatments (Nitric acid) was found
to be promising for granular cathode carbon which exhibited 1050 mV higher than previously
reported values (Erable et al. 2009).

Apart from acid treatment, a variety of materials such as semiconductors, metal
oxides, carbon nanostructures and conductive polymers have been extensively explored as
anode modifiers as coatings due to their excellent biocompatibility, chemical stability, good
electron conductivity and high specific surface area. Some significant developments made
towards developing anode materials are mentioned in Table 2.2. It represents the overview of
MFC performance using modified anodes. Some anode modifications strategies can be
classified broadly into following categories

1. Modifications using Carbon nanotube (CNTSs) and conductive polymer (CPs)
2. Graphene based modifications

3. Modifications using metal/metal oxides
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2.8.3.1.1 Anode modification using carbon nanotube (CNTs) and conductive polymers
(CPs)

CNTs have exhibited very promising properties for uses as electrode material because
of their large specific surface area, extraordinarily high conductivity and mechanical flexibility.
However, due to their inhibitory or even toxic effect on microorganism, they are rarely used in
MFC in unmodified form. Hence, various modifications on CNT are done to make it
biocompatible. Qiao et al. (2007) reported that anode modification with CNT and polyaniline
composites reduces cellular toxicity and also improves the electrocatalytic activity and reported
a power density of 42 mWm2 which was 1.2-fold higher than that of unmodified electrode.
Liu et al., (2020b) modified multi-walled carbon nanotube with graphene oxide nanoribbons
containing oxygen and nitrogen separately by microwave and ammonia treatment respectively.
As a result, the power density increased from 970 mWm to 3291 mWm and 3444 mWm?,
respectively primarily due to the improved biofilm adhesion. The specific surface area was
known to increase from 18.1 to 49 m?g ! and 72.4 m?g* due to the formation of micropores and
macropores structures on the surface.

Conductive polymers are organic polymers that have potential of electricity
conduction. They can be metallic conductors or semiconductors. Polyaniline (PANI) is a
conductive polymer and has desirable use for MFC anode preparation due to its high electrical
conductivity, facile processability, hydrophilicity, good biocompatibility and high stability
(Qiao et al., 2007). The positive charge on outer surface of PANI facilitates its interaction with
negatively charged bacterial cell membrane that leads to high bacterial density on its surface.
Several researchers have combined PANI with metal oxide or graphene or graphene oxide to
improve its specified surface area and reluctant conductivity. Metal oxides accelerate the
electron transfer between anode and bacterial cells, thus improving the efficiency of MFC.
Along with graphene and/or graphene oxide, PANI improves biocompatibility, thus
influencing the bacterial adhesion capacity and extracellular electron transfer (EET) efficiency
(Khilari et al., 2015; Huang et al., 2016; Fu et al., 2020; Jian et al., 2020; Rajesh et al., 2020).

2.8.3.1.2 Anode modification using graphene

Graphene has large specific surface area, high electronic conductivity and good
biocompatibility, thus have application as electrode material (EIMekawy et al., 2017; Yuan and
He, 2015). Various researchers have used graphene modified electrodes in MFC due to its

above-mentioned properties and found improvement in power generation in comparison to
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respective bare electrode. Liu et al. (2012) modified carbon cloth with graphene oxide and
observed a 2.7 fold increased in power generation in MFCs. Zhang et al. (2011) modified
stainless steel mesh (SSM) using porous graphene and PTFE (Polytetrafluoroethylene) paste
and used as anode in MFC reactor fabricated using two round polymethylmethacrylate
templates and observed improved MFC performance. The maximum power density of 2668
mWm2 was reported when modified electrode was used which is 18 times larger than that
obtained from the MFC with the SSM anode (without modification). Xiao et al. (2012) tested
different shapes of graphene modified anodes and observed that graphene oxide shape which
deliver higher surface area also deliver higher power density. Zhao et al. (2013a) have reported
that when anode is modified using graphene could achieve 4.2 times higher power density over
bare carbon paper anode. Geetanjali et al. (2019) modified the carbon cloth using NiWO4/GO
and used as anode electrode in a single chambered MFC of 0.8 ml volumetric capacity operated
using simulated wastewater sample and reported a power density of 1458 mWm2 which is 8.5

fold more than bare electrode reported by them.
2.8.3.1.3 Anode modification using metal/metal oxides

Semiconducting metal oxide have great potential to work as anode catalyst in MFCs
due to its high rate of redox reaction and electrical conductivity. Metal oxide such as TiOg,
MnO., FeOz, Fe2O3 have properties such as structural stability, low cost, nontoxicity and good
biocompatibility (Priya et al., 2020) and widely used as catalyst to improve the performance of
MFC. Precious metals such as Pt or Au or Ag are widely employed in industries dealing with
electrochemistry processes owing to their catalytic activity and high conductivity (HaoYu et
al., 2007). However, the high cost of these metals makes them unsuitable to be used as anodic
material in MFCs. The catalytic activity of semiconducting metals (PANI or graphene-based
catalyst) or non-noble metals (such as Fe-based or Co-based catalysts) and their oxide
nanoparticles is almost comparable to that of the precious metals, which can explicitly reduce
the ohmic resistance and enhance the attachment of exo-electrogenic bacteria on the surface of
the anode (Hindatu et al., 2017). Therefore, the topic needs to be widely explored in terms of
the use of such semi conducting materials which have promising catalytic activity, conductivity
and are not cost intensive.

One such promising material suitable for modification of anode can be Ti or TiO>
which has high biocompatibility, anti-corrosion properties, optical and dielectric properties and
reduced cost as compared to other metals. Thus, this metal oxide is a prospective material to
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be used for modifying anode electrode. Some of the anode modification along with their power

generation are tabulated in brief in Table 2.2.

Table 2.2 Modification of anode and its performance in term of power output

MFC  Electrode Anode Volume  Power Power References
Type material modifier of the density density
reactor (control) (modified)
mwm-? mwm-?
Single Carbon Graphene + 28 454 +47 884+96 Huangetal.
chamber cloth PAnNI (2016)
Single Carbon PAni 28 454 £ 47 589 +38 Huangetal.
chamber cloth (2016)
Dual Carbon NCP (Nickel 500 15 2.5 Nourbakhsh
chamber cloth oxide/ et al. (2017)
CNT/PAnNI)

Dual Carbon PAnI 250 166 216 Rajesh et
chamber felt al. (2020)
Single Carbon PDA-rGO 28 2337 £15 2047 +£58 Lietal.

chamber cloth (2020a)
Dual Carbon  Graphene/Fe;Oz 250 129+ 4 334 +4 Fu et al.
chamber felt (2020)
Dual Carbon Titanium 288 163. 2073 Li et al.
chamber cloth suboxide/ (2020Db)
Graphene/PAni
Single Carbon Graphene 28 454 £ 47 634+78 Huangetal.
Chamber cloth (2016)
Dual Carbon PPy-MnO- 120 598.4 + 2139.7+  Zhaoetal.
Chamber cloth 315 67.5 (2020)
Single Carbon Ru/Fe 40 0.223 0.6 Qiu et al.
Chamber felt (2020)
Dual Graphite FeMoO4 250 758+15 10622  Mohamed
Chamber plate et al.
(2020)
Dual Carbon WO3 50 0.49 + 321+ Das and
Chamber felt 0.11 0.22 Ghangrekar
(2020)
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2.8.4 Electrodes for Cathode

Unlike anode, performance of a MFC depends on various cathode properties, redox
potential being the most important one. Other desirable cathode properties include low
corrosion, good electrical conductivity, high porosity and high specific surface area. The
cathode materials should possess high redox potential so as to capture protons easily, which
improves the performances of MFCs (Zhou et al., 2011). In MFC operation, O is an important
molecule to act as an electron acceptor in the cathode chamber. Slow oxygen-reduction reaction
(ORR) kinetics, an important issue in MFC operation, also directly affects the power generation
efficiency. To maintain high rate of ORR, platinum (Pt) based catalysts are preferably utilized
as cathode catalyst in MFC due to their potency in reducing the Ea (activation energy) of
cathode reducing reactions (Mohan et al., 2014).

Generally, carbon materials are used as cathode such as carbon cloth, carbon felt, and
carbon paper (Merino-Jimenez et al., 2016). Other material such as graphite sheet, graphite
paper steel mesh, or other are preferred less than the carbon based material due to their less
efficacy in increasing ORR rate. To improve the performances of MFCs, the cathode can be
modified using active catalyst. Pt is most popularly used catalyst and supposed to reduce the
activation energy and increase the cathodic reaction rate (Li et al., 2017a). Considerably the
high cost and very limited availability of platinum hinders its use to large scale MFC. Surface
modification can also be achieved by acid soaking, heating, and a combination of both
processes on carbon fiber material (Feng et al. 2010). Researchers have used several
modifications to develop a cheap and highly active noble catalyst for its potential and specific

application as a cathode catalyst in MFC operation.

2.8.4.1 Modification of cathode electrodes using non-Pt catalysts

Many other cathode catalysts have been researched so far that can have manifested
similar performances as platinum used as catalyst. Moon et al. (2006) used graphite felt coated
with Pt as cathode in their microbial fuel cell and reported a power density of 150 mWm2,
which was thrice times higher when graphite felt used without modification (Bare graphite
felt). As Pt is very expensive metal so this can’t be used for realistic application. Activated
carbons have been reported with comparable performance to Pt-doped carbon cathodes (Zhang
and Zhao, 2009). Cheng et al. (2006) found that the potential did not change noticeably
(maximum of 19%) when the Pt loading on the cathode ranged from 0.1 to 2 mg cm™. This

finding resulted in the Pt modified cathode still being competitive and cost-effective. Li et al.
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(2017b) used NiCo204/carbon composite as catalyst to improve the oxygen reduction rate of
cathode (carbon cloth) in MFC and reported a power density of 1249.86 mWm. Sonawane et
al. (2019) used PANI/Cu hybrid as catalyst to improve the performance of carbon cloth
electrode and used as cathode in MFC and obtained a power density of 0.101 + 0.01 mWm™.
Li et al. (2019a) modified bacterial cellulose by doping with Cu and P heteroatoms. It was
freeze-dried and subjected to high-temperature pyrolysis. Doping resulted in changes in
functional group and an increase in the number of active sites, thereby increasing the oxygen
reduction reaction catalytic activity. The bacterial cellulose-based catalyst was coated on to an
air diffusion layer (Ma et al., 2018) and utilized as the cathode in MFC with activated sludge
as the inoculum. The results of this study were compared with another similar work that
employed a platinum-based catalyst (Li et al., 2019a). A maximum power density of 1177.31
mWm2was obtained for the Cu-P-Co doped bacterial cellulose-based catalyst, while the Pt-
based catalyst achieved a power density of 1044.93 mWm™2. The recent modifications of
different cathode electrode are elaborated in Table 2.3 with the power generation and COD

removal values reported in the literatures.

Table 2.3 Modification of cathode and its performance in term of power output

MFC Electrode  Catalyst Volume Power Power References
Type material of the density density
reactor  (control)  (modified)
wm3 wm3
Dual Carbon  Co-N-CNT 80 2.9 51 Turk et al.
chamber felt (2018)
Cylindrical  Carbon C0304 80(A) 296+0.20 6.62+0.33 Bhowmick
chamber cloth & 250 et al.
(2019)
Single Carbon MnCo0204/ - 1.77 6.11 Khilari et. al.
chamber cloth PPy (2014)
Dual Carbon Rh/AC 70 3.65 9.36 Rajesh et
chamber felt al. (2020)
Single MnO; 900 0.491 1.64 Noori et al.
chamber (2016)
Single Carbon  Co/FeTMPP 100 - 334 Zhao et al.
chamber cloth (2013b)
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2.9 Membrane for MFCs

Membranes are an important constituent of a MFC configuration, where in its main
objective is to prevent oxidation and reduction reactions happening in the same place, i.e.,
oxidation of organic matter by anaerobic microbes should be separated from reduction of O at
the other side as described redox reaction in Chapter I. Otherwise if the redox reaction occurs
in the same place, it will get short-circuited. Therefore, the use of a membrane or separator is
essential for the configuration. On the other hand, the membrane must have the ability to
function as a channel, allowing the flow of ionic species generated by oxidation. In contrast,
generated electrons migrate through an external wired connected circuit from the anode to the
cathode. Nafion-117 membranes are one of the most commonly used proton exchange
membranes (PEMs) available commercially. Its excellent proton conductivity makes Nafion
the choice of researchers for use in fuel cells (Venkatesan et al., 2014; Sangeetha et al., 2019;
Logan,2008 Logan and Regan, 2006a; Kim et al., 2014; Rabaey and Verstraete, 2005).

The performance of any membrane depends on its physical and chemical properties. In
the case of membranes with pores in their structure, membrane performance is the function of
pore size and the number of pores (porosity). Nevertheless, there are nonporous membranes
where porosity is conceptualized as the phase-separation degree between hydrophobic and
hydrophilic phases, playing a significant role in membrane performance. The size of ion
clusters (size of ion transport channel/pathways), and ion exchange hydrophobic and
hydrophilic phases, play a significant role in membrane performance. The size of ion clusters
(size of ion transport channel/pathways) and ion exchange capacity (IEC) are other important
factors to consider when evaluating nonporous membrane performance. Porous membranes do
not have functional groups; therefore, they do not have IEC (Sun et al., 2021). Thus, depending
on the presence of pores, membranes have been classified into porous and nonporous
membranes. The nonporous membranes, also called ion-exchange membranes (IEMs), are in
turn classified into three groups based on the type of ion that is transferred: cation-exchange
membranes (CEMs), anion-exchange membranes (AEMs), and bipolar membranes (BPMs).
On the other hand, porous membranes have been grouped into ultrafiltration membranes,
microfiltration membranes, ceramic membranes and pore filter materials (Sangeetha et al.,
2019; Li et al., 2011; Scott, et al., 2016).
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2.9.1 Function of Membranes in Microbial Fuel Cells

The membranes used inside an MFC carries out several essential functions. It should
have a high ionic conductivity, increasing an MFC's performance. Its primary purpose is to act
as a barrier between the anode and cathode to prevent short circuit. It must perform as ion-
conducting channel (protons, anions, or both) from anode to the cathode or vice versa (Fig.2.6).
For non-porous membranes like 1IEM, should have hydrophilic properties to provide ion
transport channels. However, for a porous membrane it may have hydrophobic properties. The
membranes must inhibit oxygen (O2) diffusion from cathode to anode with high selectivity.
This is necessary for maintenance of anaerobic conditions in the anode chamber required for
metabolic activities of electrochemically active microbes (EAM) (Scott, (2016); Hernandez-
Flores etal., 2016). In case of use of PEMs, it should selectively avoid transfer of other electron
acceptors viz., sulphates, nitrates, H.O2, ammonia, ferricyanide permanganate, trichloroethene,
perchlorate and few heavy metals, that may irreversibly alter the anodic microbial community
structure and in turn favour development of other non-electrochemically active microbes
(Logan, 2008; Catal et al., 2009; Wang and Ren, 2014; Mathuriya and Yakhmi 2014).
Similarly, for the cathode side, the membrane should not favour fuel crossover, i.e., it should
prevent the transfer of soluble low molecular weight organics from anode to cathode (Logan,
2008). Also, in cases when different microorganisms were used in both the chambers, the
membrane should also prevent crossover or exchange of microbes across the chambers. Apart
from these functions, the membrane should exhibit good mechanical and chemical stability to

prevent membrane oxidation and microbial degradation (Velez-Perez et al., 2020).
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Fig.2.6 Membrane functions (Source: Ramirez-Nava et al., 2021)
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2.9.2 Disadvantages of Using Membranes in Microbial Fuel Cells

An ideal membrane should meet all the criteria as described in section. However,
chemical composition of the membranes along with physiochemical and microbiological
features of anolyte and catholyte with which membrane is continuously engages, certain
deviations in the membrane characteristics may takes place from time to time. Major

disadvantages associated with use of membranes are the following (Ramirez-Nava et al., 2021):
2.9.2.1 Increasing in Total Internal Resistance of the Cell

The total internal resistance of a cell, Rint is one of the main factors related to the power
generation. The Rin: of an MFC is the sum of the resistances caused by design factors and
physico-chemical properties of the materials used in the construction of the MFC (Sangeetha
et al.,, 2019; Leong et al., 2013). The membrane itself, depending on its nature (organic,
inorganic, or mixed compound) and the number of pores, contributes significantly to increasing
the total Rint 0f an MFC. The resistance imparted by a membrane is associated with its capacity
to exchange ions across the chamber i.e., ion exchange capacity (IEC). The IEC is affected by
operating conditions of the cell: temperature, electrolyte type, pH, and concentration of the
electrolyte solution. A low proton diffusion from the anode to the cathode will be reflected by
low MFC performance.

Porous membranes are generally considered to have lower resistance, e.g.,
microfiltration membranes. However, a low resistance value does not reflect positive MFC
performance as these membrane has high oxygen and fuel crossover values that translates into
low MFC performance in terms of power output (Leong et al., 2013). On the other hand, non-
porous membranes are known to have high value membrane resistance. However, despite this
disadvantage, non-porous membranes are preferred instead of porous membranes. While using
a non-porous membrane, a thinner one is not recommended for MFC use in spite of its property
to increase conductivity with decreasing thickness. Sun and Zhang (2019), demonstrated that
thinner membranes such as Nafion-212 and Nafion-115, in comparison to NF-117, have a
higher permeability to electro-active species, an undesirable effect. Moreover, usually, thinner
IEMs have lower mechanical properties. Thus, the use of thinner nonporous membranes will

not improve the overall membrane performance.
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2.9.2.2 Oxygen Diffusion

Oxygen is the primary electron acceptor at the cathode because of its high redox
potential (Krauskopf and Bird (2003); Velez-Perez et al., 2020). However, the presence of
oxygen in the anodic chamber negatively affects the MFC’s performance (Watson et al., 2011).
The presence of facultative bacteria as biocatalysts in the anode acts on dissolved oxygen
before the anodic substrate. This will lead to aerobic oxidation process which is undesirable
(Harnisch and Schroder, (2009); Leong et al., 2013; Watson et al., 2011). The job of an ideal
membrane is to prevent diffusion of oxygen from the cathode chamber to the anode chamber.
Unfortunately, nonporous membranes (including Nafion membranes) fail to meet this
requirement. That is because oxygen has a significant solubility in water. For instance, Qu et
al. (2012), used an air cathode based single chamber MFC with a membrane filter as separator
and a pure culture of Geobacter sulphurreducens, where it was found that the dissolved oxygen
concentration at the anode reached 6 mg L™, a concentration close to oxygen saturation levels.
Consequently, growth of G. sulfurreducens was inhibited. The ion-exchange functionality in
nonporous membranes is maximized when the membranes have been fully hydrated. Therefore,
OD is associated with the need to keep the membrane hydrated (Scott, (2016); Leong et al.,
2013). In general, porous membranes have a greater tendency to allow the passage of oxygen
from the cathode to the anode due to the presence of pores compared to nonporous membranes.
However, considering IEMs need to be hydrated to acquire their functionality, it will be
difficult to synthesize a membrane that avoids OD entirely.

2.9.2.3 Substrate Crossover

In theory, nonporous membranes do not allow non-ionic species to cross to the cathode.
However, in the anode, different pure compounds such as acetates, butyrates, and propionates,
and wastewater with a large amount of dissolved low molecular weight organic compounds,
have been evaluated as fuels or substrates resulting in susceptibility to the substrate/fuel
crossover phenomenon. It is a similar phenomenon to that experienced by oxygen diffusion,
however in the opposite direction. This phenomenon is observed when dissolved organic
compounds are used as a source of energy by biocatalysts may diffuse through across the
membranes from the anaerobic to the aerobic cathode chamber (Sangeetha et al., 2019; Scott,
(2016); Leong et al., 2013). The hydrophilic nature of the membrane favors the embedding of
aqueous organic substrate into the membrane and crossover towards the cathode as a function
of the current concentration gradient.
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Unlike ions, organic compounds are considerably larger in size. Therefore, in the case
of nonporous membranes, the occurrence of substrate crossover is practically negligible, except
in AEMs which has characteristic positively charged ionic groups. Consequently, negatively
charged organic compounds has the tendency to diffuse across AEMs at a slower rate. On the
other hand, porous membranes having larger pores induces the substrate crossover
phenomenon at a higher speed.

When the substrate migrates from the anodic to the cathodic chamber, several effects are
observed:

1. The amount of substrate available at the anode for the microorganism’s decreases;

2. The substrate is oxidized at the cathode by aerobic bacteria producing electrons for

the ORR that is carried out at the cathode;

3. Biofouling is generated at the cathode surface and reduces oxygen interactions with

the active cathode surface.
The power generation decreases due to each of these mentioned activities (Sangeetha et al.,
2019; Scott, (2016); Leong et al., 2013).

2.9.2.4 Biofouling

This phenomenon is characterized by the adherence of organic compounds used as on
the membrane surface, exposed towards the interior of the anode section (anodic biofouling)
or towards cathode section (cathodic biofouling). Both porous and non-porous membranes go
through the process of biofouling. Diffusion of O> from cathode to anode followed by long
term operational period leads to organic matter oxidizing under aerobic conditions, favoring
the proliferation of aerobic microorganisms on the membrane (Scott, (2016); Leong et al.,
2013). Aerobic oxidation is carried out at a higher speed than anaerobic oxidation processes.
Also, in this process, a large amount of energy (65%) is applied to generate new cells that will
be translated into a greater quantity of sludge, while in anaerobic conditions, the amount of
energy employed to create new cells is considerably lower (10%).This aerobic oxidative
microenvironment generated on the surface of the membrane causes: (i) substrate consumption
at a higher speed susceptible to conversion into electrical energy, (ii) a negative oxygen
gradient due to the aerobic bacteria demand; the latter leads to more oxygen passing from the
cathode to the anode, and (iii) an additional barrier between the anolyte and the membrane, the

biofilm results in increasing overall internal resistance of the cell.
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In case of cathodic biofilm formation, substrate crossover from anode play an important
role favouring biofouling on the surface of the membrane exposed to the cathodic section.
Depending on the porosity, cathodic biofouling will be mostly observed in porous membranes.
However, in AEMs (nonporous membranes), this phenomenon has also been observed,
although to a lesser extent, since some low molecular weight organic acids can cross the
membrane (Sangeetha et al., 2019).

Therefore, biofouling is a process that depends on substrate crossover, Oz diffusion,
membrane porosity, and MFC operational time. The greater the substrate or oxygen crossover
and operating time, the greater the thickness of the biofouling will be. This will increase the
thickness of the membrane, while increasing the overall internal resistance of the cell;

therefore, the MFC performance will decrease (Sangeetha et al., 2019; Leong et al., 2013).
2.9.2.5 pH Splitting

This phenomenon associated with a wide variation in pH between the anodic and
cathodic chambers during MFC operation. Based on the type of anolyte and membrane use, a
characteristics pH gradient can be observed between chambers as a result of pH splitting. The
presence of any cation-rich anolyte (105 times higher than the H™ concentration) such as NHa4",
Na*, K*, Mg.", and Ca,", and a CEM, leads to splitting effects compared to the use of an AEM.
The high concentration of cations will compete directly against H* ions for crossing over to
cathode. These cations will first pass before the H™ ions, causing its accumulation in the anode
resulting in acidification of the anode chamber. Under acidic conditions, anaerobic bacterial
oxidation is inhibited, resulting in decreased proton and electron generation. Besides, in the
absence of H* transfer to the cathode the pH of the catholyte increases, thereby decreasing
MFC performance. AEMs represent a good option for eliminating this phenomenon because
the anions of the AEM are responsible for transferring H* ions. In MFCs using this type of

membrane, pH splitting is practically not observed (Sangeetha et al., 2019; Leong et al., 2013).
2.9.2.6 Water Loss by Evaporation

The hydrophilic nature of the membrane facilitates water transport and water
evaporation. In a single chamber MFC, it was observed that for every H* transferred to the
cathode, 3H-O molecules pass through the membrane (Scott, (2016)). Hernandez-Flores et al.
(2017) operated two single chamber MFC using different membranes. The first used Nafion-

117 as a PEM, while the second operated using Zirfon as an AEM. In both designs, the cathode
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section aerated by natural convection and exposed to an environment with a low humidity

percentage favored water loss by evaporation.
2.9.2.7 Undesirable lons Crossing

In the case of nonporous membranes specifically in CEMs and AEMs, the permeability
of H+ and OH- ions is not 100% efficient and depends on the concentration of other ions
present in the anolyte and catholyte. In the case of CEM, the presence of other cations NH4",
Na*, K*, Mg.", and Ca," will compete with H*, and there is a possibility that they will cross the
membrane and generate pH splitting. Besides, in the case of AEM, anions other than OH", such
as Cl-and SO4%, can pass through these membrane types. The transfer of ions other than those
desired becomes a problem throughout the operation of the membrane system (Sangeetha et
al., 2019; Hernandez-Flores et al., 2019).

2.9.2 Types of membranes

While designing the MFC architecture, the choice of material for the membrane is very
critical as its nature, geometry, and properties significantly decrease the overall internal
resistance of the cell and contribute towards its performance and also its practical application
(Ramirez-Nava et al., 2021). Membranes used in MFCs can be classified into Porous and Non-

Porous membranes and are described in detail as follows:
2.9.2.1 Non-Porous membranes

2.9.2.1.1 Cation-Exchange Membranes (CEMS)

CEMs are characteristically designed to allow the passage of positive ions through them
selectively. Their chemical composition is characterized by the presence of negatively charged
such as SOz, COO", PO3%, HPO3 and CgH4O™ among others, when the membrane is hydrated
(Sangeetha et al., 2019). Membranes such as Nafion-117, Hyflon, Zirfon, Ultrex, and CMI-
7000 are some types of membrane that have been used in MFCs as CEMs (Sangeetha et al.,
2019; Leong et al. 2013; Kazemi et al., 2012; Pandit et al., 2018).

The main characteristic of these membranes is that a negatively charged sulfonate
functional group is attached to the hydrophobic structure of fluorocarbon; the hydrophilic
nature of the sulfonate group promotes the transport of protons through the membrane
(Sangeetha et al., 2019; Leong et al., 2013). Among all the CEMs, Nafion-117 is the most

widely used in MFCs due to its high proton conductivity and low ohmic resistance, translating
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into high power output. Ultrex CMI-7000 membranes have also produced power densities
similar to those of NF-117 (Leong et al., 2013). Despite their excellent characteristics,
unfortunately, this membrane has certain limitations:

1. High cost. Cost is one of the most critical disadvantages since it represents a percentage
greater than 50% of the system's total cost. It is one of the criteria that prevents MFC
technology from being scalable (Christgen et al., 2015);

2. Sensitivity to cations. Many cations present in the anolyte competes with H* ions, thus
decreasing proton conducting capacity;

3. Permeability to oxygen. A significant amount of oxygen can pass through the
membrane from the cathode to the anode chamber;

4. Biofouling—a phenomenon that is associated with the adherence of a mixture of
substrate with microorganisms and metabolic products of bacteria on the surface of the
membrane, generating a barrier between the soluble transferable H* and the membrane
(Sangeetha et al., 2019; Chae et al., 2008; Kim et al., 2007).

2.9.2.1.2 Anion-Exchange Membranes

Contrary to CEMs, anion exchange membranes (AEMSs) have the characteristics and
properties to allow negative ions to pass through them. They are an important group of
membranes and the second most-used group of membranes in MFCs, only after CEMs. The
presence of positive charges (cations) such as NH4*, NHR>*, NR2H*, NRs*, PR3, and SR,* on
the surface of the polymer matrix helps in the transfer of negative ions accross it (Sangeetha et
al., 2019; Scott, (2016)).

The main demand for AEMs are in alkaline fuel cells, where PEMs like Nafion and
PTFE unable to meet expectations. In MFCs AEMs mainly allow anions such as OH", CI', SO4
and has the characteristic property to inhibit cation transfer. Using an AEM instead of a CEM
is based on the existing interference due to the passage of cations, different from the cation of
interest (H"), through the CEM. This interference reduces the pH in the anode chamber and
inhibits microbial activity; consequently, a high pH in the cathode chamber represents a
reduction in the cathode potential (Mahendiravarman and Sangeetha, (2017); Rossi et al.,
2020). Fumasep membranes are a group of AEMs; some have been evaluated as separators in
MFCs (Scott, (2016)). AEMs used in MFCs are inexpensive and highly porous, e.g., fiberglass
and nylon (Li et al., 2011; Zhang et al., 2010; Guo et al., 2010). A polyvinyl chloride coating
is applied to increase the mechanical stability of the AEMs. Kim et al. (2007) reported an
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improvement in power density of 610 mWm2 while using an AEM in MFCs as compared to
the typical Nafion at 514 mWwm2.

--- OH™

e 503— <,

t
Cation exchange membrane Anion exchan19e membrane

(@) (b)

Fig. 2.7 Main ions transported in a microbial fuel cell working with (a) a cation-exchange

membrane and (b) an anion-exchange membrane (Source: Ramirez-Nava et al., 2021).
2.9.2.1.3 Bipolar Membrane

A third category of the non-porous membrane is made by the union of a CEM with an
AEM with an objective to transport H* and OH™ simultaneously and contribute to a load
balance. Heijne et al. (2006) used an MFC with a BPM and operated it continuously, achieving
ferric iron reduction on a graphite electrode at the cathode. On the other hand, Kim et al. (2017)
carried out a comparative performance study between a PEM and a BPM using two dual
chamber MFCs for Cré*removal from wastewater. Apart from these reported studies, the BPMs
are not very popular for use in an MFC. However, they are mainly used in electrodialysis
processes where water molecules dissociate into H" and OH™ and move in opposite directions
(Logan 2008).

2.9.2.2 Porous Membranes

As compared to non porous membranes, these types of membranes are considered to
be low cost alternatives. On the other hand, porous membranes are not very selective permeable

to ions as compared to IEMs (Sangeetha et al., 2019).
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The function of porous membranes is based on their pore size and porosity. H/OH™
ions and other large molecules are transferred directly through the electrolyte solution that has
become embedded in the membrane’s pores. The high porosity of these membranes is reflected
by its low Rint value, which provides a great advantage in terms of its performance in MFCs.
However, the porosity also undesirably affects the performance of the membranes such as its
susaptability to oxygen and substrate crossover leading to biofouling (Leong et al. 2013; Scott
et al., 2016 ). Based on the pore sizes, at least four types of porous membranes can be applied:
UFM, MFM, CMs, and pore filter materials. Apart from these, glass wool has also been used
as a porous membrane due to its low cost for wastewater treatment and bioelectricity

generation.
2.9.2.2.1 Ultrafiltration Membranes (UFMs)

Ultrafiltration membranes are mainly used for treatment of water and waste water for
separating particulate pollutants based on their molecular weights. The membrane permeable
to cations and anions is also used in dual chamber MFCs. However, while using such
membranes in MFCs oxygen diffusion and substrates, crossover is noticed, reflected by its low
performance. Some UFMs evaluated based on their molecular weights were UFM-0.5K, UFM-
1K, and UFM-3K; all presented a high Rint value (especially the UFM-0.5K) and low power
density values of 5 mWm2. On the other hand, when an AEM and a CEM was used under
similar condition, a better performance was observed (33-38 mWm) (Sangeetha et al., 2019;
Logan and Rabaey, 2012).

2.9.2.2.2 Microfiltration Membrane (MFMs)

Like the UFMs, MFMs are also largely used for waste water treatment and sludge
separation. They are known to be stable for long-term operations; hence these attractive
characteristics propose to use of these membranes in MFCs as separators. Due to its porosity,
different types of ions and neutral molecules can pass through this membrane. Some examples
of cheap MFMs that have functioned in MFCs are nylon mesh, cellulose filters, and
polycarbonate filters. However, these membranes also suffer from similar problems as UFMs:

O diffusion, fuel crossover, and a high Rint (Sangeetha et al., 2019; Scott et al., 2016).
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2.9.2.2.3 Ceramic Membranes (CMs)

In recent times, ceramic membranes are gaining popularity for use in MFCs due to its
versatility and low cost of manufacturing (Behera et al., 2010a; Behera and Ghangrekar.,2010).
The composition of the membranes can be customized based on porosity, and permeability
giving it a hydrophilic character. The composition of membranes includes various cations such
as Ca®*, Mg?*, K*, Na*, H" and AI®*, where the first four cations are referred to as the base
cations, whereas the last two are referred to as acidic cations. The presence of acidic cations IS
important for proton transfer (Sangeetha et al., 2019).

Park and Zeikus (2003) first reported the use of ceramic membranes on a single
chamber MFC obtaining a maximum power density of 788 mWm using sewage sludge as the
biocatalyst. Behera and Ghangrekar (2010) also demonstrated the potential of CMs as
separators in MFCs, generating a volumetric power output of 16.8 Wm™. In the same year,
(Behera et al. 2010a; Behera et al. 2010b) used commercial earthen pots to test their efficiency
in pollutant removal and electricity production at different pHs using WW from rice mills as
substrate. Winfield et al. (2013a) investigated ceramic and terracotta materials' properties,
focusing on the material's porosity, wall thickness and the hydration of the cathode. They
showed that the cylindrical, clay-based MFCs produced significantly higher current and power.
Compostable starch-based bags (BioBag) and ceramic were compared with a commercially
available cation exchange membrane to understand the practical applicability in terms of cost
and operational stability of eco-friendly materials. Despite the limited life span of around 8
months, the starch bags proved to be an effective material for the microbial environment
(Winfield et al., 2013b). The performance of different low-cost CMs was recently compared
against commercial PEM in MFC by Pasternak et al. (2016). The finding showcased the highest
volumetric power of 6.93, 6.85, 4.98 and 2.60 mMWm3obtained from pyrophyllite, earthenware,
mullite, and alumina, respectively. Merino-Jimenez et al. (2017), (2019) report advances in
using ceramic cylinders with different porosities.

The various studies showed that ceramic membranes can be used in MFCs as a viable
low-cost, sustainable, and widely available alternative. Another advantage of CMs is that they
provide the chassis of the MFCs, thus decreasing overall reactor cost. However, an increase in

Rint in long-term usage in MFCs is one of the major concerns of this type of membrane.
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2.9.2.2.4 Coarse-Pore Filters

Certain materials, such as porous fabrics, glass fiber, cellulose filters, agar—agar
membranes, nylon mesh, and non-woven paper fabric filters, have been used as separators in
Microbial Fuel Cells (MFCs) due to their property of not obstructing charge transfer, as well
as their cost-effectiveness (Hernandez-Flores et al., 2015; Hernandez-Flores et al., 2016; Li et
al., 2011; Choi et al., 2013). The use of these materials provides insulation and prevents short
circuiting in MFCs. However, some of these materials have the drawback of higher oxygen
and substrate exchange, leading to biofouling issues in the long term (Zhang et al., 2009).

Researchers have explored various separator materials to optimize MFC performance.
Fan et al. (2007) used J-cloth fabric as a separator, reducing internal resistance (Rint) and
achieving impressive volumetric power outputs in both batch and continuous flow modes.
Canvas has also shown promise as an effective separator material for MFCs (Zhuang et al.,
2009). Fiberglass has been found to be a superior material compared to J-cloth due to its non-
degradability, as reported by Zhang et al. (2009).

Choi et al. (2013) used a non-woven paper fabric filter (NWF) as a separator in MFCs
and compared its performance with a Nafion-117 separator. The MFC with NWF demonstrated
higher power generation (1027 mWm-3) and showed stable cell performance for over 300 days,
outperforming the Nafion-117 separator (609 mWm-3), which experienced biofilm formation

and chemical precipitation on its surface.

2.9.3 Membrane-Less Microbial Fuel Cells

To address the limitations associated with using membranes in Microbial Fuel Cells
(MFCs), researchers have explored membrane-less MFC configurations. The presence of
nonporous or porous membranes in MFCs can lead to various issues such as increased internal
resistance (Rint), biofouling, and decreased performance, while also significantly raising the
setup costs (Logan, 2008; Du et al., 2008; Santoro et al., 2020; Leong et al., 2013). To
overcome these challenges, the option of operating MFCs without membranes has been
considered.

The concept of membrane-less MFCs was first explored by Liu & Logan (2004), who
experimented with single-chamber MFCs using Nafion-117 and without a spacer between
carbon electrodes, using domestic wastewater and glucose as substrates. Subsequent studies,
such as those conducted by Santoro et al. (2013), reported the successful operation of

membrane-less single-chamber MFCs with human urine as the substrate.
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The presence of oxygen at the anode in MFCs competes for electrons generated during
oxidation, while crossover fuel towards the cathode reduces the available anodic fuel load for
anaerobic oxidation by electrochemically active bacteria. This crossover of fuel also harvests
electrons through the external circuit of the system, affecting overall MFC performance (Logan
and Regan 2006; Yang et al., 2010; Liu and Logan, 2004; Logan, 2008; Li et al., 2011; Liu et
al., 2005). Overall, membrane-less MFCs offer a potential solution to overcome membrane-

related challenges and enhance the efficiency of MFC systems for various applications.

2.10 Variations in PMFCs
2.10.1 PMFCs with vascular plants

Plants utilized in Plant Microbial Fuel Cells (PMFCs) are those that can thrive in
waterlogged conditions, avoiding oxygen interruption in the anode and promoting anaerobic
conditions. Different grass species, including both C3 and C4 plants, have been explored for
PMFCs. C3 plants, like Glyceria maxima, utilize the Calvin cycle but suffer from energy loss
during photosynthesis due to photorespiration. In contrast, C4 plants, such as Arundinella
anomala, Spartina anglica, and Arundo donax, use the C4 pathway, which enhances their
photosynthetic efficiency and rhizodeposition, making them more suitable for PMFCs
(Chiranjeevi et al., 2019).

Salt-tolerant plants have also been studied for PMFCs, and the use of rice plants in
paddy fields has shown promising results due to their flooded and anaerobic conditions.
Marshy grasses, like Spartina anglica and Arundinella anomala, have demonstrated high
biomass production, salt resistance, and adaptability, making them the most promising plants
for PMFC applications (Helder et al., 2010). A. donax, although following the C3 pathway,
exhibits high photosynthetic rates and rapid growth, making it an ideal energy crop for
bioenergy production in PMFCs (Angelini et al., 2009).

The field of PMFCs has evolved significantly over the years, with a substantial increase
in maximum power density yields. The combination of wetland plants and microbial fuel cells
in CW-MFCs offers an innovative approach to wastewater treatment and bioenergy generation
concurrently (Fang et al., 2013). The continued research and exploration of various plant
species hold promising potential for the development of sustainable and efficient PMFC

technology.
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2.10.2 Constructed wetland-MFC (CW-MFC)

Wetlands, often considered as waste lands, are ecologically essential for sustaining
diverse species and playing a significant role in carbon and nitrogen cycles. Unfortunately,
wetland water pollution has become a concern due to uncontrolled waste dumping, harming
aquatic life and biodiversity. Constructed wetland-based Plant Microbial Fuel Cells (CW-
MFCs) offer a promising solution to combat water pollution, combining the advantages of
MFCs and constructed wetlands.

In CW-MFCs, wastewater is received and then discharged in the presence of plants,
which act as natural aerators (Xu et al., 2016; Fernandez et al., 2014). This hybrid system
utilizes two biological approaches to degrade organic matter, benefiting from both MFCs and
constructed wetlands (Corbella et al., 2014; Doherty et al., 2015). The system capitalizes on
the redox gradient that naturally exists between the electrodes, depending on the influent flow
direction and wetland depth (Doherty et al., 2015).

The key difference between a typical PMFC and a wetland-based PMFC is the source
of Electron-Accepting Materials (EAMs). In PMFCs, EAMs are fed by rhizodeposits, whereas
in CWs, EAMs are fed with both rhizodeposits and wastewater from treatment facilities (Strik
et al., 2008; Doherty et al., 2015). This dual feeding system allows CW-MFCs to achieve both
wastewater treatment and bioenergy generation simultaneously (Fang et al., 2013).

CW-MFCs generate power through microbial oxidation of organic matter released by
aquatic plants via rhizodeposits (Timmers et al., 2012). Plant roots inserted into the cathode
release O2 via the rhizosphere, enhancing CW-MFC performance (Dong et al., 2011).
Additionally, plant biomass absorbs dissolved nutrients and heavy metals, providing the dual
benefits of bioelectricity generation and wastewater treatment (Ju et al., 2014; Song et al.,
2011).

The development of CW-MFCs has seen progress with various systems, such as vertical
flow subsurface, horizontal subsurface flow, and surface flow with floating macrophytes, tested
for treating different types of wastewater. Reported maximum power densities for CW-MFCs
range from 35mWm™ to 184.75 + 7.50mWm, demonstrating their potential as effective
solutions for wastewater treatment and bioenergy production (Mohan et al., 2013; Yadav et al.,
2012; Villasenor et al., 2013; Oon et al., 2017).
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2.10.3 Macrophyte based PMFC system

Macrophytes are multicellular aquatic plants that grow submerged or floating through
the surface of marine, estuarine or in fresh water ecosystems (Pieterse and Murphy,1990,
O'Hare et.al., 2018). They form important parts of aquatic habitats as they provide shelter
(Suren et.al., 2000), food (Gross et.al.,, 2001) or influence the hydrology and sediment
dynamics of aquatic systems. The macrophyte based PMFC represents an ecologically
engineered system in which macrophytes are used as the biota. Macrophytes manufacture their
food via photosynthesis, where rhizodeposits and released exudates are used as supplemental
organic matter (OM) in the CW-MFC for the generation of electricity (Liu et.al., 2013). The
Macrophytes have major effects on the removal efficiencies of pollutants (N, P and heavy
metals) as well as some communities of microbial (Vymazal, 2011). During photosynthesis,
the Oz excreted from macrophytes is used to construct efficient biocathodes for PMFCs (Zhao
et.al., 2013a). Mohan et al. (2010) used submerged and emergent macrophytes with filter
feeders to treat domestic sewage (DS) and fermented-distillery wastewater (FDW) from a
hydrogen producing bioreactor, where the system could significantly remove COD, nitrate and
turbidity. Later, a submerged and emergent macrophyte based sediment microbial fuel cell
(SESMFC) was developed by Chiranjeevi et al. (2013) to generate bioelectricity with
concurrent wastewater treatment. Similarly, Kokabian and Gude, (2013) tested different
macrophyte-based Sediment-MFC with aquatic plants Limnobium laevigatum, Pistia
stratiotes, and Lemna minor and obtained a volumetric power density of 80.22 mW m™=,

The above has clearly demonstrated the potential of this aquatic species to generate
bioelectricity and requires further research as to its future application. Finally, aquatic plants
and algae proved to be efficient in treating both wastewater and fermented distillery

wastewater.

2.10.4 Bryophyte based PMFC system

Bryophytes are plants known to be more tolerant to dehydration than other plants
because of not having vascular tissues (Bombelli et al., 2016; Turetsky, 2003, Piyare et al.,
2017). This unique physiological characteristic enables them to accumulate water and nutrients
to survive in a wide range of adverse temperature and habitats. Bryophytes do not have roots;
however, they possess hair-like rhizoids, which helps them to bind to different surfaces on
which they grow. In this way, they stabilize soils and prevent nutrient loss by erosion. The
bryophyte biomass can be a source of organic matter for microbes, if placed in the anode
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chamber, thus influencing carbon/nitrogen cycling between the atmosphere and PMFC to
generate power (Bombelli et al., 2016; Turetsky, 2003). The first bryophyte based PMFC was
reported by Hubenova and Mitov (2011) using the forest moss Dicranum montanum. Similarly,
a moss plant Physcomitrella patens was studied in a bryo PMFC by Bombelli et al. (2016) to

generate bioelectricity and obtained a maximum power output of 6.7 + 0.6mwWm=,

2.10.5 Algae-based PMFC system

Algal-based Plant Microbial Fuel Cells (PMFCs), also known as photosynthetic
PMFCs, are considered self-sustaining. Algae in a PMFC can serve as either an electron donor
or acceptor, enabling carbon capture in the anode or cathode, respectively (Gajda et al., 2015).
Algal biomass proves to be an efficient source for producing bioelectricity without any pre-
treatment. When used with activated sludge or wastewater in the anode, algae become part of
the wastewater microbiome, aiding in substrate oxidation and nutrient removal (Wang et al.,
2010; Wu et al., 2014).

The use of algae in the anode chamber has shown comparable bioelectricity generation
to other organic substrates like acetate. However, the complex substrate of microalgae with
slow electron release can hinder its effective utilization in the anode. Pre-treatment techniques
like sonication, thermal treatment, or microwave treatment can overcome this limitation and
enhance algal biomass utilization (Rashid et al., 2013; Kondaveeti et al., 2014; Gadhamshetty
etal., 2013).

While inorganic substitutes like acetate have been more effective in catalyzing substrate
oxidation at the anode, algae have proven advantageous in the cathode chamber of MFCs. They
reduce the requirement for aeration as they produce oxygen through photosynthesis, and after
growth, harvested algal biomass can be used as biofuel, reducing net expenditure in wastewater
treatment (Christenson and Sims, 2011; Arora et al., 2021). Algal biomass can also transport
cations like ammonium ions, aiding biomass growth and potentially lowering the cost of MFC
technology (Gajda et al., 2015).

Algal biofilms have been directly used at the cathode, but operating parameters like
light intensity, algal biomass concentration, and carbon dioxide supply influence PMFC
performance (Jadhav et al., 2019; Jadhav et al., 2017). Efficient ways of using wastewater for
chlorella biofilm growth on stainless steel mesh cathodes have been explored (Ma et al., 2017).
However, increasing biomass concentration under high light intensity may decrease coulombic
efficiency (Bazdar et al., 2018). In general, higher light intensity and biomass concentration
with high light/dark frequencies result in higher power density in PMFCs (Ma et al., 2017).
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In conclusion, algal-based PMFCs offer promising opportunities for sustainable
bioelectricity generation, with potential applications in wastewater treatment and cost-effective
energy production. Nevertheless, optimizing operating parameters and exploring innovative
approaches will be essential for realizing the full potential of algal-based PMFC technology.

2.11 Approaches for improving power generation in PMFCs

The practical appliaction of PMFC technology is a small step towards greener future.
During the last decade, the advancement in MFC/PMFC technology has opened up new
dimensions in the biotechnology field for sustainable and cost-effective bioelectricity
generation. However, MFC/PMFCs generate very low voltages (Prasad and Tripathi,
2018b, Zabihallahpoor et al., 2015, Ren et al., 2012). In the case of PMFCs, it improves
comparatively; however, the power generated by PMFCs are still insufficient to run any
electronic device. To increase the output voltage, making large MFC/PMFC is ineffective
because the voltage does not increase proportionally to the surface area of the anode. Over the
last few years, many researchers have carried out various innovations in terms of modification
and use of novel products to design and develop electrodes, membranes, reactor assembly, etc.,
to increase power generation (As explained in previous sections). In the proceess, overall cost
of MFCs increases (Kim et al., 2007). MFC/PMFC have definitely evolved over these years;

however, voltage generation is still very low.
2.11.1 PMFC stack as a power source

MFCs are complex biological systems, and building a reliable model is challenging.
Also, the characteristics of the cell keep changing with the environmental and operational
conditions affecting the overall power output. Due to thermodynamics limitations a single MFC
generates a very low voltage (< 1.16V), which is not enough to power electronic devices such
as led lighting, cell phone charging, wireless sensors, etc. LED lighting and sensors, for
example, require a voltage level between 3.0 V to 5.0 V. Therefore, connecting multiple MFCs
in a series has a higher chance of voltage generation. Parallel and series connections to the
MFC were designed to amplify the output voltage (approximately 3 V) for the sensor (Paule et
al., 2015) and LED lighting (Prasad and Tripathi, 2018a; Mateo et al., 2018). A stack of six
MFCs configured as a vertical cascade demonstrated higher power in parallel combination but
exhibited considerable voltage loss under a series connection (Zhuang et al., 2012). The voltage
of MFC may be enhanced by connecting some of MFC in parallel and series combinations, but
this strategy requires a considerable number of MFC, which take up a wide area. Limited
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studies have been performed on stacked MFCs, and most reported energy loss due to voltage
reversal. Aelterman et al. (2006) studied the stacked MFC by connecting six MFC units (total
volume of 1.9 L) in series and parallel with acetate as substrate. The reactor produced a power
density of 51 Wm™ when connected in series, while parallel connection demonstrated a power
of 59 Wm, The performance of individual MFC units showed unequal voltages, with some
having negative voltage leading to voltage reversal. The other group designed a novel
serpentine-type stack MFC using 40 tubular air cathodes with a total volume of 10 L with
brewery wastewater as substrate. The stack produced a power of 4.1 Wm=when connected in
series, whereas a series-parallel connection generated 1.5 times more power than series

connection (Zhuang et al., 2012).
2.11.2 Development of power management system (PMS) for PMFCs

As mentioned previously, series connections of MFC amplify the voltage; however, the
current output becomes low, and the cell goes through the problem of voltage reversal because
of the nonlinear nature of MFCs. Parallel connections help maximize current output, but the
overall operational voltage remains unamplified. Moreover, series-parallel combinations
require a large number of MFC, which take up a wide area.

The main disadvantage of MFCs/PMFCs has low voltage with an irregular variation.
The problem cannot be solved by stacking MFCs. Therefore, introducing a power management
system (PMS) comes into play. It raises the voltage of the MFC to the voltage required for the
electronic device. Each type of MFC has a different maximum efficiency operating point. Also,
for MFCs to be compatible with conventional electronic components, some technical
limitations must be overcome. In this regard, a programmable maximum power point tracking
(MPPT) technology was applied along with DC-DC booster, capacitors and Voltage
Complementary Oxide Semiconductor (LVCMOS) to optimize the power transfer from the
PMFC.

Nevertheless, a very little or no study was reported for power enhancement using PMFC
(Areej et al., 2014). Recently, a PMFC stack was established by installing multiple anodic
chambers in an algal raceway pond. During long-term operation, the highest power density of
the stack with capacitors reached 2.34 Wm, which was 77% higher than that without
capacitors (1.32 Wm) (Yang et al., 2019). More study is required with P-MFC for successful
commercialization of the technology.
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2.12 Applications of PMFCs

The biggest highlighting fact about PMFCs is the continuous supply of organic matter
at the anodes in the form of rhizodeposits for long-term in-situ bioelectricity generation (Deng
etal., 2012). However, this new technology has the potential for diverse applications including
few already in use, such as monitoring of environmental conditions (Donovan et al., 2008),
biosensing of plant maturity (Chen et al., 2012), bioremediation of polluted waters, recovery
of heavy metals from contaminated environments (Habibul et al.,2016), generation of
bioelectricity from paddy field, rhizosphere and wetlands (Kouzuma et al., 2014). Beside, many
related products are emerging (Strik et al., 2011; Gude et al., 2013). More than 50% of
companies around the world are willing to consider sustainable solutions for their systems
rather than paying more for non-sustainable solutions. Social acceptability of PMFCs will be
very high in developing countries by decentralized application with more than 1.2 billion
people worldwide accessing electricity production. The main applications of PMFCs are
discussed below and represented in Fig.

2.12.1 PMFCs for wireless energy-neutral sensing

Wireless sensor networks (WSNs) and the Internet of Things (loT) are among the
hottest research topics in the 21st century and blooming industrial trends. They offer unique
benefits in smart healthcare, smart homes, environmental monitoring, and security services.
The 4th industrial revolution is expected to be driven by emerging concepts of artificial
intelligence (Al) and loT (Rapanyane and Sethole, 2020; Williams et al., 2017). In this context,
Plant Microbial Fuel Cells (PMFCs) present a sustainable and green option for powering these
systems for wireless sensing (Schievano et al., 2017; Rosa et al., 2021).

To apply PMFCs effectively for power applications, implementing a power
management system becomes essential to provide continuous power for loT-based sensors in
a setup (Rosa et al., 2019). This is a significant development that enables battery-less operation
of sensor nodes for ‘temperature data acquisition' and ‘cloud-based data storage." For instance,
Rosa et al. (2021) designed an array of PMFCs powered by Areca bamboo palm (Dypsis
lutesens) to achieve long-range transmission from the sensor nodes with the help of a power
management system.

The concept of ‘floating gardens' was introduced by Schievano et al. (2017), combining
sediment MFCs and PMFCs for accurate remote monitoring of water bodies. This setup
generates power for remote environment sensors, facilitating data transmission for over a year.
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Piyare et al. (2017) developed a wake-up radio receiver-based sensor that uses power from
PMFCs for transmission and sensing applications. Additionally, Xu et al. (2021) introduced
graphene quantum dots (GQDs) to catalyze PMFCs, enhancing the 5G and WiFi signal range.
A continuous electrical power output of 320 mWm-2 was achieved by PMFCs, which serves
as a power supply for 10T uses, such as Bluetooth connections, and also amplifies the 5G signal.
Consequently, this technology has the potential to reduce the number of 5G base stations,
saving square meter areas, and expanding the 5G signal range to remote areas without excessive
infrastructure and power needs.

Thus, PMFCs show promise in powering low-energy devices like wireless sensors for
loT applications. They can be particularly useful for sensing applications in remote areas where

providing a power source might be technically and economically challenging.

2.12.2 Flow-through system based PMFCs

PMFCs find practical applications in eco-electrogenic engineered systems (EES), such
as FTS (Fishpond Treatment Systems), which aim to tackle pollution problems by treating
wastewater and recycling in wetlands while simultaneously generating power (Chiranjeevi et
al., 2013; Mohan et al., 2011; Lu et al., 2015; Moulin et al., 2001; Habibul et al., 2016). The
integration of PMFCs into FTSs allows for the creation of artificial wetlands, mimicking
natural ecosystems, which can be utilized to reconstruct wetlands while incorporating
fishponds. This approach proves beneficial in restoring ecosystems that have been impacted by
significant mining activities, rehabilitating lakes and rivers, and remediating hazardous waste
sites. Furthermore, FTS interventions, as part of EES, offer ecologically sound solutions to
modify and improve deteriorating existing ecosystems, thereby addressing various
environmental concerns (Mitsch and Jorgensen, 1989).

2.12.3 Ecological floating bed for pollutant removal

PMFCs have been employed in Ecological floating bed (EFB) due to its reputation of
green economy, convenience, and efficiency in treating diverse eutrophic landscape
wastewater. The application has been proven to be eco-friendly with high organics removal
and stable power generation capabilities than other treatment systems (Habibul et al., 2016).
PMFC technology was also employed in low-cost wastewater treatment units (Lu et al., 2015).
An easily constructed low-cost miniature ecological system embedded with a P-MFC showed
maximum chemical oxygen demand (COD), color, and turbidity removal Chiranjeevi et al.,
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2013; Strik et al., 2008). A variety of nutrients from the water such as C, N, P can be removed
by plants through the process of water self-purification, plant uptake, microbial assimilation,
adsorption-sedimentation and other pathways. Under the comprehensive actions of various
pathways, the eutrophication can be avoided by decreasing the pollutant concentration in water
and inhibiting the growth of phytoplankton (Wang et al., 2020). There are many researches
focused on the selection of plant species in EFB. A variety of plants such as windmill grass,
goldfish algae, water hyacinth and water spinach were used by Yang et al., (2021) for nitrogen
removal and bioelectricity generation.

2.12.4 PMFCs in Agriculture

Agriculture is the backbone of the Indian economy and the primary earning sector of
most Indians in rural India. Sustaining a fast increasing world population with present-day
agricultural practices will be a task looking for limited water and land resources. Science and
technology have a more significant role in next-generation sustainable agriculture. Continuous
monitoring of plant health and its requirements (water, soil, nutrients, pH, and temperature) is
vital for smart farming (Jayaraman et al., 2016). Apart from traditional income from
agricultural products, farmers can generate revenue by producing electricity during cultivation

processes by applying PMFC technology as a decentralized system.
2.12.4.1 PMFCs for next-generation farming

Next-generation farming stands to be revolutionized by the implementation of Plant
Microbial Fuel Cells (PMFCs), which can serve as biosensors and power sources for wireless
embedded electronics. These PMFC-powered sensors have the capability to continuously
monitor environmental parameters and plant health. A study by Brunelli et al. (2016) explored
a PMFC-powered wireless sensor that can monitor parameters like light intensity, soil
moisture, and plant physiological activities, while sending the data remotely. This advancement
allows Wireless Sensor Networks (WSNSs) to monitor, acquire, and store precise agricultural
data, aiding in optimizing irrigation practices and providing comprehensive crop production
requirements for precision agriculture (Srbinovska et al., 2017).

PMFCs harness power from root exudates, directly correlated with photosynthetic
activity, making them highly efficient and energy-neutral sensors (Kaku et al., 2008).
Additionally, PMFCs find application in monitoring water content in farming setups,

facilitating efficient water resource utilization and preventing wastage (Kuleshova and Gall,
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2021). By integrating PMFCs into loT-based sensor networks, smart and connected farming
practices (Mat et al., 2016) become achievable, further contributing to sustainable food
production to meet the growing demands of the global population (Tapia et al., 2017; Yoon et
al., 2018; Stafford, 2000). This integration of PMFC technology into modern agriculture has
the potential to revolutionize farming practices, leading to more efficient resource utilization

and improved food production for a rapidly growing world population.
2.12.4.2 Hydroponic cultivation system

Hydroponics-based vegetable cultivation is recognized as an advanced form of
agricultural system gaining popularity worldwide due to its resource-efficient nature and
production of high-quality food. This system utilizes nutrient-laden water to nourish plants,
eliminating the need for soil and relying on natural precipitation. The hydroponic approach
maximizes agricultural efficiency in limited land space, making it suitable for integration into
energy harvesting systems (Lee and Miller, 2018). By combining hydroponics with energy
harvesting, aquaponics can be achieved, integrating fish farming with soilless vegetable
cultivation.

Yadav et al. (2020) integrated a drip hydroponics-microbial fuel cell (MFC) system
design with multiple small reactors using domestic wastewater and cocopeat as a support
material for Cymbopogon citratus. Cocopeat, known for its high water retention ability, can
hold up to 8-9 times its weight in water, making it ideal for the hydroponic system.
Additionally, its natural rooting hormones and anti-fungal properties make it a valuable
element in this setup. The integrated system not only achieved maximum power densities of
31.88 mWm-2 but also efficiently removed pollutants from wastewater, providing a sustainable
solution.

Similarly, Paucer and Sato (2022) designed a hydroponic-MFC system to remove and
recover nutrients (phosphorus, P, and nitrogen, N) from wastewater while simultaneously
producing edible plants. The MFC-Hyp system they developed exhibited a remarkable power
density of 250.7 mWm?2. This innovative system efficiently recovers nutrients from
wastewater, enabling the growth of edible plants and offering ease of operation, thereby
showing potential for large-scale application.

Therefore, hydroponics coupled with microbial fuel cells presents an environmentally

friendly and efficient approach for vegetable cultivation, wastewater treatment, and energy
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generation, making it a promising solution for sustainable agriculture and resource

management.

2.12.4.3 Paddy field PMFC

The cultivation of rice as one of the major food products has opened up possibilities for
a dual application of rice-based Plant Microbial Fuel Cells (PMFCs), which have been
extensively studied in numerous works (Takanezawa et al., 2010; Mogsud et al., 2015; Ueoka
et al., 2016; Srivastava et al., 2018; Chen et al., 2011; Kouzuma et al., 2014). These PMFCs
have proven to be successful in not only providing bioelectricity but also in reducing methane
gas emissions when installed in wetlands and paddy fields (Wetser et al., 2015; Arends et al.,
2014).

The unique anoxic-oxic interface created at the soil/sediment-water interface and the
presence of rhizodeposits in the paddy ecosystem create suitable conditions for the installation
and operation of PMFCs, as demonstrated by Kiran et al. in 2020. This has led to the
development of innovative applications, such as floating gardens based on O. sativa-based
PMFCs, which were showcased at the EXPO2015 world exposition in Milan. These floating
gardens not only powered the supply of environmental sensors and data transmitters but also
showcased the potential of PMFCs in powering other devices. Additionally, PMFCs based on
marshy grasses, particularly S. anglica, have been equally employed for similar purposes
(Wetser et al., 2015).

Further advancements in PMFC technology have been made by researchers at
Wageningen University, who have been experimenting with various new tubular designs. They
have successfully applied PMFCs in diverse environments, including wetland systems,
marshes, river deltas, and floodplains, enabling power generation and facilitating
multifunctional commercial use of land. This initiative has led to the creation of a spin-off
company named "Plant-e," which was established in 2013 to explore the commercial potential

of these PMFC applications.

2.12.4.4 Green rooftop PMFC

Green rooftop PMFC combines the advantages of green rooftops and power generation,
restoring green cover, and increasing biodiversity while producing electricity. This concept is
getting popular nowadays, which can be easily transformed in to efficient power house. It
works well with grass species covering extensive areas and does not necessarily require a

membrane, making it cost-effective and productive. It makes effective use of a space rooftop
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that is otherwise not used productively. The green electricity roof offers numerous benefits,
including aesthetics, rainwater retention, biodiversity preservation, improved oxygen content,
insulation, and reduced urban temperatures (Borker et al., 2017; Sarma and Mohanty 2019).
The rooftop PMFCs installed by Helder et al., (2013) at Wageningen University, The
Netherlands was used to test the resilience in harsh winter conditions. Tapia et al. (2017) used
green rooftop PMFC to test its bio-sensing capabilities. The study proved to be an efficient
biosensor for estimation of water content making PMFCs suitable for semi-arid ecosystems.
The technology is weather-independent, generating electricity day and night with minimal

maintenance. With further improvements, it holds potential for year-round electricity

production (Helder et al., 2013b). The application of PMFCs is represented schematically in
Fig.2.8.

‘ Wireless Sensor Network & ‘

o L Paddy field PMFC ]

[ Ecologically Engineered System ]

Fig.2.8 Application of Plant Microbial fuel cells

2.13 Knowledge Gap

The literature survey above highlights a significant number of studies focused on the
development of Microbial Fuel Cells (MFCs); however, the technology of Plant Microbial Fuel
Cells (PMFCs) remains relatively unexplored, with untapped potential. While a considerable
portion of PMFC-based research has concentrated on bioelectricity generation from wetland

and paddy-based plants, there is a scarcity of reports on PMFCs operated with indoor plants.
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Indoor air pollution is a pressing global issue, and NASA recommends the use of indoor
plants to improve air quality by removing toxic substances and absorbing CO>. As these indoor
plants are easy to grow, research is now exploring their capacity for bioelectricity generation
alongside their environmental benefits.

Enhancing the design of PMFC reactors is essential for improving performance,
efficiency, and operational ability while reducing maintenance requirements. So far, only two
types of reactors, namely flat-plate and tubular systems, have been reported, leaving ample
room for further improvement.

The high operational costs of MFC technology, including nutrient requirements,
expensive chemical catalysts, electrode modifications, and commercially available
membranes, make the overall system unsustainable. A cost-effective approach is necessary for
the long-term sustainable bioelectricity generation of PMFCs, involving the development of
affordable electrodes and membranes.

Although the development of bio-cathodes has been a crucial achievement in MFC
research, their implementation in PMFC studies has been limited. Exploring the performance
of microalgal bio-cathodes in PMFCs could be beneficial, as plants and microalgae share
similar photosynthetic requirements. The use of membranes has been underrepresented in the
literature due to the presence of soil in PMFCs. However, their addition can physically separate
the anode and cathode, creating anaerobic and aerobic environments on each side, leading to
improved overall cell performance.

Long-term operational behavior of PMFCs without external nutrient input is also an
area with limited research, indicating the need for continuous improvement for sustainable
operation. Currently, practical applications of PMFCs are primarily limited to low-power
requirements in sensors and 10T-WSN devices. Nevertheless, the potential for diversifying its
applicability through efficient power management systems (PMS) and powering more
advanced electronic devices remains promising. Overall, exploring these areas can unlock the

full potential of PMFC technology in various environmental and technological applications.

2.14 Research Hypothesis

Plant microbial fuel cell has the potential to become an alternate form of renewable and
sustainable energy. The thesis work is targeted to improve the performance and power
generation ability from indoor PMFCs by incorporating the following:
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> ldentify best performing indoor plants in a PMFC by studying different operating
parameters.

» Enhancing proton transfer ability across chambers with the incorporation of novel low
cost ceramic membrane, thereby finding an alternative to expensive commercial nafion
membrane.

» Design and develop modern and modular PMFC setup for ease of operation.

> Develop a power management system to store energy from PMFCs under low power
output to be able to utilize to run electronic devices.

2.15 Objectives

This research aims to design and develop a Plant Microbial Fuel cell for sustainable
bioelectricity generation. Throughout the study, the following objectives were established and
accomplished.

> Design, develop and characterize different plant-based microbial fuel cells.

> Studies on the effect of different operating parameters on performance of plant
microbial fuel cells.

» Performance evolution studies considering bacterial and microalgal bio cathode and
identification of the microbial community present in PMFC.

> Development and comprehensive characterization of low-cost hybrid clay based
ceramic membrane for power enhancement in plant based microbial fuel cells.

> Development of power management system for energy harvesting from PMFCs to run
small electronic devices.
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3.1 Overview

Indoor air pollution is known to be one of serious type of pollution prevailing in the
indoor environment. To combat this, the easiest way is to grow indoor plants which are known
to purify the indoor air by absorbing various air pollutants and are also believed to bring
happiness and prosperity by purifying indoor atmosphere (Claudio 2011; Wolverton et
al.,1989). Therefore, for this study, four different indoor plants were selected to obtain dual
benefit of purifying indoor air and bioelectricity generation at the same time. These plants are
easily available, requires minimal maintenance and has a high growth rate. The plants also
provide no competition with food production, do not require direct sunlight and grows well in
the range of 18-25 °C temperature. Different plants behave differently when intergraded in a
PMFC environment. Therefore, this chapter highlights a fascinating comparative study of four
different indoor plant species to find out best performer in terms of bioelectricity generation
without compromising on growth.

In addition to plant species, a variety of factors plays a crucial role for improving
bioelectricity generation capabilities in a PMFC including photoperiod, light source, growing
media, setup design, electrode modification and its placement, presence of microbial
community to name a few. The health of the plants in a PMFC plays a vital role for
bioelectricity generation, owing to the fact that a healthy plant is equipped to perform
photosynthesis in a better way and thus release nutrients for the microbes to breakdown. From
the perspective of plant physiological, lights play a substantial role on plant photosynthesis and
growth (Shuai et al., 2016). Several researchers have investigated the application of red and
blue LEDs on the growth behaviour and photosynthetic activity of indoor plants (Pennisi et al.,
2019; Piovene et al.,, 2015; Carvalho et al., 2016; Bantis et al., 2016). However, direct
correlation study of different light source affecting bioelectricity generation in PMFCs was not
performed previously.

Over the past decades, numerous electrode materials have been tested, and various
modifications strategies showcases increase in surface area for improved biofilm development,
thus enabling improved electron transfer rates. However, most of the electrode materials,
including metals, graphite, carbon, composite, employed in the past and their modification
strategies are complex and involves high cost and are practically unpromising. Also, the use of
two different materials for anode and cathode separately increases the complexity of the MFC
setup. On the other hand, the implementation of carbon fibre-based electrode for both anode
and cathode is environmentally friendly and well suited for PMFC condition (Magsud et al.,
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2015). Placement of anode is as important as electrode modification as its placement close to
plant roots does vitiates the PMFC performance owing to O release through root exodus. An
ideal PMFC setup should facilitate anaerobic oxidation at the anode and proper transport of
proton towards cathode side.

Therefore, this study presents a comprehensive documentation of use of different types
of indoor plants in PMFC, influence of numerous operating parameters on bioelectricity
generation potential of PMFCs including study of effect of different photo periods, effect of
red-blue-white light sources, role of composite plant growth media, role of electrode
modification and anode location and finally carrying out microbial community analysis

associated with bioelectricity generation in PMFCs.

3.2 Materials and Methods

3.2.1 Effect of plant species on bioelectricity generation in PMFC

To study the effect of plants species on bioelectricity generation in PMFCs, four
different indoor plants viz., Anthurium andreanum, Dracaena braunii, Epipremnum aureum
and Philodendron erubescens were incorporated in a three chamber PMFC with microalgal
biocathode and comparative analysis was carried out (Fig. 3.1). The plants were grown in a
plant assembly containing mixture of soil, compost and cow dung in 3:2:1 ratio. The chambers
were separated by a ceramic membrane made up of Clay-55%, Bentonite-15%, Flyash-15%,
Na2Co03-8%, Na>Sios-2% and HzBo03-5%. The electrodes used were the modified carbon fibre
brush (Mentioned in detail in section 3.2.6). Anode chamber is filled with anaerobic microbial
culture containing all the essential nutrients (Mentioned in detail in section 5.2.3.1). Nitrogen
purging was done to maintain anaerobic conditions. Similarly, cathode chambers were
inoculated with microalgal culture of Chlorella sorokiniana (Mentioned in detail in section
5.2.3.3). All PMFCs studies were conducted under indoor lightning conditions and maintained
at a temperature of 23 + 2 °C. The pH of the cathodic chamber was maintained around 7-7.5
by periodically purging CO. while anodic chamber was monitored using soil survey
instruments (DSMM®600, UX General Tools and Instruments, New York, USA). Detail
regarding PMFC design evolution and development of biocathode and ceramic membranes

were discussed in subsequent chapters.
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Fig. 3.1 Different plants used in PMFC.

3.2.2 Effect of Photoperiod on bioelectricity generation

To study the effect of photoperiods on the performance of the PMFCs, three different
photoperiods were used, viz., 16 h of daylight with 8 h of darkness (16/8 h), 12 h of daylight
with 12 h of darkness (12/12 h), and 8 h of daylight with 16 h of darkness (8/16 h). The
photoperiod tests were conducted in a three chamber PMFC having microlagal bio-cathode
with plant Philodendron erubescens. The test run was carried out in the following order: 16/8
h — 12/12 h — 8/16 h. The change of photoperiod was not done abruptly, instead 1 h per day
change in photoperiod was implemented to reduce the light-related stress on the plants and
were kept in a particular photoperiod for at least a month.

3.2.3 Effect of Red-Blue and White spectral light on PMFC performance

Red and blue lights is known to significantly affect the photosynthetic properties of
plants (Lan et al., 2013; Wang et al., 2016). Therefore, to study and understand its effect on
plant growth and in turn bioelectricity generation capabilities in PMFCs, four different light
treatments (100% red, 100% blue, 50% blue + 50% red, 100% white) were applied with LED
glow lights at 610 nm and 435 nm for red and blue spectrum respectively (Fig. 3.2). Each
experimental conditions were fulfilled by four 9 W glow lights (Bajaj Electricals Ltd., India)
with an average light intensity of 1200 lux measured during the light phase by using LUX
meter (Lutron LX 101, Taipei, Taiwan). The light intensity was kept constant throughout the
study. Two different plants viz., Epipremnum aureum and Philodendron erubescens were

grown under the 12:12 h light/dark cycle at 23 + 2 °C under indoor conditions in a three
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chamber PMFC with microlagal bio-cathode. The initial and final total chlorophyll content (a
and b) of microalgae Chlorella sorokiniana were measured by spectrophotometric method
similar to previously studied PMFC with Chlamydomonas reinhardtii (Lan et al., 2013;
Malakar et al., 2022). To calculate the concentration of chlorophyll in the sample, modified

Arnon’s equations were used as mentioned below.

Chlorophyll a: 16.72 x Ases — 9.16 X Aes2 (3.2)
Chlorophyll b: 34.09 x Ags2 — 15.28 X Aess (3.2)
Total Chlorophyll (ug mL™) = Chlorophyll a + Chlorophyll b (3.3)

(©) (d)
Fig. 3.2 Lab scale setup of PMFCs with plant E. aureum and P. erubescens under different
lighting condition. (a) Red light (b) Blue Light (c) Red-Blue Light (d) White light.
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3.2.4 Effect of plant growth medium on power output of PMFC

To understand the effect of growth medium on the power output of a PMFC, different
types of plant growth inducing substances containing all the necessary macronutrients,
micronutrients, hormones, vitamins, proteins etc., were mixed together to form a novel
composite media to be used for the first time in a PMFC study. A 1000 mL solution was
prepared by dissolving all the plant nutrients as per Table 1. 10 mL of the prepared nutrient

solution was sprayed at the plant thrice a week.

For this study, two different three chamber PMFC were setup containing indoor plant
P. Erubescens. To make a comparison analysis of effect of growth medium on plant growth
and in turn bioelectricity generation, growth media was not sprayed in PMFC-1 while plant
assembly of PMFC-I1 was enriched by spraying 10 mL of growth media thrice a week. At the
end of the study, plant biomass growth was measured in both the PMFC. This involves
manually calculating number of branches and leaves. To evaluate the roots development, plants
were removed from the plant assembly and roots were washed with water to remove soil

particles and then measurements were taken.

Table 3.1 Composition of plant growth medium

Nutritional Ingredients % by weight
Seaweed Extract 12
Amino acid + Fulvic acid + Humic acid 9
Nitrogen (N2) + Phosphorus (P20s) + Potassium (K20) 9
Calcium (Ca) + Magnesium (Mg) + Cupper (Cu) + Zinc (Zn) 64
Boron (B) + Sulphur (S) + Iron (Fe) + Sodium (Na) Molybdenum (Mo) 4
Vitamins + Brassinolide 2
Auxin + Gibberellins + Alginic acid + Cytokinines 1.5

3.2.5 Effect of electrode location on bioelectricity generation

Positioning of anode inside in a PMFC is very crucial for its performance. Placing
anode away from the vicinity of roots, helps in creating better anaerobic conditions for
microbes as plants are known to release oxygen via their roots (Liu et al., 2018). Plants are
known to release oxygen through their roots in to the rhizosphere region and causes reduction
in PMFC performance through root induced oxygen loss effect if anode is placed at the vicinity
of roots (Liu et al., 2018). Therefore, in this study, three different positioning of the anode was

tested as shown in the Fig. 3.3. Three different PMFCs were constructed with plant
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Philodendron erubescens. Carbon fibre brush anode of size 5 cm in diameter was placed at
three different locations i.e., 3cm, 7cm and 11cm respectively in three individual PMFCs as
shown. Carbon fibre brush cathodes in all the PMFCs were fixed at 7 cm perpendicular to the
membrane. The anode and cathode chambers of the PMFCs were inoculated with anaerobic
and microalgal cultures respectively, and the chambers were separated by clay based ceramic

membranes.

Plant assembly

Plant assembly

\ 7 \ /

Membrane Membrane Membrane

Fig.3.3 PMFCs setup with different positioning of anode A1, A2, A3.
3.2.6 Design, modification and characterization of the electrode

Electrode are the heart of a fuel cell, allowing development of microbial biofilm over
it surface either at anode or cathode (bio-cathode). As previously discussed in chapter-11, the
carbon fiber is known to be a suitable material for use in PMFC considering its cost
effectiveness and eco-friendliness and particularly suited for PMFC operation and
incorporating it in soil do not hamper root growth and development (Magsud et al., 2015). The
carbon fibre modification is an essential requirement for achieving improvement in biofilm
development and bioelectricity generation capabilities of PMFCs.

Carbon fibre (Hindoostan Mills Limited, India) was used for making the electrodes.
The carbon fibre surface modification was carried out by sonication using the ultra-sonication
bath (50 Hz) containing H2SO4 and HNOs (3:1 v/v) for 1 h. Carbon fibre was thereafter washed
with distilled water several times until pH of the washing solution reached 7. It was air dried
prior to its use as brush anode (Numfon et al., 2012). For development of carbon fibre brush,
the carbon fibre cloth was cut into the desired length and twisted to form brush with the help

of copper wire for effective surface area development.
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Morphological characterization of electrode surface was studied under Field Emission
Scanning Electron Microscopy (FESEM Gemini 300, ZEISS). Elemental composition was
determined by using Energy dispersive spectroscopy (EDX) coupled with FESEM. The KBr
pellet technique was employed to record the Fourier transform-infrared (FTIR) spectra over a
wavenumber range of 400-400 cm™*. Raman spectra were recorded with LabRAM HR Raman

microscope (laser: 514 nm).

3.2.7 Bacterial community structure analysis of bio anode

For analysis of microbial communities present in the anodic chamber of the PMFC,
biofilm samples were collected from the surface of the brush anode and analyzed using 16S
rRNA gene amplicon high-throughput sequencing. The analysis was carried out for closed-
circuit PMFC during the consistent power generation period.

The hypervariable V3 and V4 regions of microbial 16S rRNA genes were amplified
using universal primers: 341F (5-CCTACGGGNGGCWGCAG-3) and 805R (5'-
GACTACHVGGGTATCTAATCC-3"). The 16S rRNA gene amplicons were sequenced on a
MiSeq platform (Eurofins Pvt Ltd, Bengaluru, India). The resulting community of 16S rRNA
gene sequence data were processed using QIIME (Milner et al., 2016). The sequences were
assigned to operational taxonomic units (OTUs) with a 97% pair-wise identity threshold and
classified taxonomically according to the Ribosomal Database Project (RDP) for use in the
taxonomic analysis. Since each OTU may be made up of many sequences, therefore OTUs
were subsequently picked by using the UCLUST clustering method against a closed reference
table. A representative sequence from each OTU was determined based on the most abundant
sequences in each OTU, and their taxonomic affiliation was assigned using the Green genes
OTU database (version 13 _8). This resulted in different chart figures at different taxonomical
levels. The raw sequence was submitted to NCBI sequence read archive (SRA) database with
the accession number PRINA750906.

For phylogenetic analysis, the representative sequences of each OTU's, i.e., a single
FASTA file containing one sequence per OTU's were extracted. Phylogeny was constructed
using 50 most abundant representative sequences based on Multiple Sequence Alignment
(MSA) via "MUSCLE" algorithm in QIIME, and maximum likelihood distance generated
using 'FastTree' algorithm in QIIME (Arulmani et al., 2021).
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3.2.8 Analysis and calculations

The start-up process of all the PMFCs was carried out under open circuit potential
(OCP). This helps microbes and plants get acclimatized to its new environment and accelerate
biofilm development at anode and cathode, respectively, during start-up. Close monitoring of
the start-up phase was carried out by a multimeter (Fluke 17B+, Everett, WA, USA). Gradually,
when stable cell potentials were obtained, all the PMFCs were connected to a data acquisition
system (Arduino, Atmega 328P) linked to a personal computer. The potentials were recorded
at regular intervals for the entire duration of the experiment. Once stable cell potentials were
achieved continuously for a few days, PMFCs were connected in closed circuit configuration
through an external resistance of 100 Q for continuous measurement of operational voltage

(OV). Using Ohm's law, the current | in Amperes (A) was calculated against OV

I=V/R (3.4)

where V is the operating voltage in volts (V), and R is the external resistance in Ohms. The
Power yield of the PMFCs was calculated by taking the square of the multiplication of current

and known resistance (Provost et al., 2011).

P =I2R (3.5)
The polarization curve was then plotted by changing the external resistance values from 15 KQ
to 50 Q using variable resistance. Power density and current density were normalized to anode
surface area. During the 8™ week of the experiment, after 18,000 s (5 h) of a closed circuit,
polarization curve and power density curve was plotted for determining the maximum output
power by prepared manually by adapting a series of external resistances, i.e., 15,000, 10,000,
1000, 560, 470, 330, 220, 150, 100 and 56, every 10 min from open circuit voltage. The

equations (5.9) and (5.10) obtained current density and power density, respectively.
%4

= a_R (36)
_r
P=— (3.7)

Where, a is the surface area of the anode. in our case anode surface area was taken into
consideration. The total energy generation per week during the entire duration of the

experiment was measured in Joules by using Eq (5.11)

(I/m?) =XPx* t (3.8)
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Where, P = average power density in Wm~2 during a week and t = one week containing 604,800
sec.
All data measurements were done in triplicates and expressed as mean + standard

deviation (SD). Statistical analysis was carried out using Origin 9.0.

3.3 Results and discussion

3.3.1 Effect of plant species on bioelectricity generation

All the four PMFCs were operated for an extended period of over six months, to access
long term durability and reliability as a sustainable source of bioelectricity. During this period,
constant monitoring was done without adding any inoculum. The potentials were continuously
recorded using an Arduino-based data logging system. The four plants grown in the PMFC
reactors showed a significant increase in size and weight during the six-month operational
period which confirmed that plant growth was unaffected by long term bioelectricity generation
in a PMFC system. The plant E. aureum had grown from = 15 cm to 75 cm whereas, P.
erubescens, A. Andreanum and D. braunii had grown from = 18 cm to 40 cm, = 10 cm to 24
cm, and = 17 to 23 cm respectively. The plant E. aureum, a climber, showed maximum increase
in height followed by P. erubescens, whereas the other two plants did not show any
significantly increase in height. However, among all the four plants number, three plants viz.,
E. aureum, P. erubescens, A. Andreanum showed increase in number of branches, whereas in
case of D. braunii, the growth was almost stagnant as seen in Fig. 3.4a. The voltage generation
pattern remained almost constant at around 1V from the 12" week onwards in case of PMFC
with P. erubescens with a highest power density of 32.21 mW m among all (Fig. 3.4a, Table
3.2). The results show that the PMFC can sustain bioelectricity generation for an extended
period. Whereas, a low voltage in case of D. braunii can be attributed to its stagnant growth.
During the stable state condition, the total energy production per week was almost constant,
with P. erubescens being the species with the best performance at 234 J. This is followed by
E. aureum, A. Andreanum and D. braunii with 204 J and 187 J, 155 J respectively. This stable
energy generation was possible because of the continuous nutrient supply from plants' thereby
sustaining the microbial biofilm and its metabolic activity and resulting in higher and prolonged
energy generation. Here, the plant's root hairs elongation in the anodic chamber plays a pivotal
role in ensuring proper plant nutrient availability for the microbes. All the measured electrical

parameters were summarised in Table 3.2.
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Table 3.2 Performance of different PMFCs.

Electrical parameters A.andreanum D. braunii E.aureum P. erubescens
Open circuit potential (mV) 810+8 626 £ 6 900 £ 10 1020 + 8
Operating voltage (mV) 468 + 8 312+6 510+ 4 586 + 4
Max. current density (mA m2) 49+1.6 32+14 5714 63+ 1.2
Max. Power density (mW m2) 22.37+0.6 186+08 27.63x0.6 3221+04
Internal Resistance(ohm) 220+ 5 263+ 5 2105 189+5

The long-term study was significant to analyze the behavior of all these plants species.
The difference in power generation in P. erubescens with respect to other species could be due
to different types of root systems. P. erubescens has a thick root system, while the E. aureum
and A. Andreanum have finer root systems. Moreover, roots development is progressive in the
order P. erubescens > E. aureum > D. braunii > A. Andreanum (Fig. 3.4b). A. Andreanum was
more difficult to maintain among all plants because of its low tolerance to moisture conditions.
On the other hand, P. erubescens and E. aureum did not require much maintenance and
responded more efficiently to moisture conditions, which was needed to enhance performance
in PMFC environments (Apollon et al., 2020). As a result, P. erubescens and E. aureum
survived for a more extended period of time exceeding six months while A. Andreanum died
gradually. Long term growth of all the four plants were also monitored outside PMFC condition
in the same indoor environment. Growth pattern of P. erubescens, E. aureum and D. braunii
were almost similar both inside and outside PMFCs, however A. Andreanum being a slow
growing plant stays heathy outside PMFC environment. A few comparative performance
analysis of different PMFCs by various researchers incorporating various plants were

summarized in Table 3.3.
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Fig. 3.4 (a)Long term performance with voltage generation and plant growth for all PMFCs (b)
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Table 3.3 Comparision of various PMFCs performance

Chapter-II1

Plants used Membrane  Operation Electrode used Max. Max. Electron Reference
used time voltage Power acceptor
(days) (mV) Density (catalyst)
(MW m™2)
S. anglica CEM 180 graphite felt - 222 Potassium ferric Helder et al.,
A.anomala 400 22 cyanide 2010
Rice plant Soil Carbon fiber 700 23 02 Mogsud et al.,
2015
granular activated carbon Liuetal.,
I. aquatic Gravel 40 (anode) 650 12.42 02 2013
stainless steel mesh
(cathode)
L. minuta Water 45 carbon felt 700 380 02 Hubenova and
filter Mitov, 2012
Rice plant soil 120 graphite felt 300 6 02 Kaku et al.,
2008
S. anglica CEM 703 graphite felt 600 440 Potassium ferric Helder et al.,
cyanide 2012
S. anglica BPM 151 graphite felt 600 679 O2(bacteria) Wetser et al.,
2015
P. australis UFM 136 graphite felt ~600 22 02 Wetser et al.,
S. anglica 82 2017
G. maxima Tubular 85 Graphite felt - 10 Potassium ferric Timmers et al.,
UF Graphite granules - 12 cyanide 2013
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3.3.2 Effect of Photoperiodism on bioelectricity generation

Photosynthesis is a light driven process, hence duration of photoperiod is crucial for plant
productivity. To understand the best photoperiod among the three, that improves PMFCs
electricity production, the power densities were compared considering 21 days’ experimental
period in a two chamber PMFC. Since excessive light induces photo inhibition resulting in
decrease in photosynthetic efficiency, hence photoperiod was not increased beyond 16 h. The
average power density over three photoperiods of 16/8 h, 12/12 h and 8/16 h was found to be 24.38
+ 0.8 mW m2, 23.64 + 1.4 mW m2and 21.38 + 0.4 mW m 2, respectively. The power output
during photoperiods of 16/8 h and 12/12 h showed nearly similar results however, when the
PMFCs were exposed to lesser duration of lights i.e., photoperiods of 8/16 h the power output
decreases (Fig. 3.5). There was no adverse effect of drop in power density observed while shifting
from one photoperiod to another as change in photoperiod was done in very gradual manner. Since
photoperiod of 12/12 h light and dark cycle closely resembles natural lighting process considering
the geographical location of the study, therefore for optimum utilization of both the plants at bio
anode and microalgae at the bio cathode the said photoperiod was used for all succeeding studies.
There was no significant variation in power output was observed during light and dark phase in all
photoperiods. This may be because of the fact that bioelectricity generation process in a PMFC is
not only dependent on plant photosynthesis process rather a mutual operational process of plants

and microbes which works day and night.
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Fig. 3.5 Bioelectricity generation under different photoperiod with plant P. erubescens.
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3.3.3 Effect of Red-Blue spectral light of PMFC performance

The voltage generation pattern by two indoor plant E. aureum and P. erubescens were
studied under different lighting conditions. The behaviour of both the plants were similar with
respect to the change in lightening condition. For ease of representation, OCV generated by PMFC
with plant P. erubescens is presented in Fig.3.6a during two months’ study period. Among the two
different lights tested blue light alone had a significant effect on performance of the PMFC as
compared to red light. On another instant when blue light is supplemented with red lights the
voltage generation is further increased. The white light on other hand shows highest PMFC
performance among all. PMFC arrangements under different lightening conditions can be seen in
Fig. 3.6a and corresponding power densities were documented in Table 3.4. The max power
density obtained from PMFC with P. erubescens exceeds PMFC with E. aureum and the respective
values were 26.42 + 0.4 mW m2and 22.38 + 0.4 mW m 2. The two indoor plants viz., E. aureum
and P. erubescens have different morphological features in terms of growth characteristics. The E.
aureum plant being a climber shows rapid elongation of stems as compared to P. erubescens.
However, P. erubescens has extensive root system as compared to E. aureum which may help in
easy release of nutrients through root exodus resulting in a higher performance delivered by PMFC
with P. erubescens as compared with plant E. aureum under similar conditions. The biomass
increase was seen in both the plants, which is highest in case of white light and least in case of red
light. A detail long term effects of red and blue light on plant growth and development and
understanding plant physiological response to changes in lights can be found elsewhere (Zheng et
al., 2017; Pennisi et al., 2019).

The variation in lightening condition not only affect the growth of plants but also the
photosynthetic organism present at the bio cathode i.e., Chlorella sorokiniana. Initially during the
start of the experiment, the cathode chamber looked light green, while the chlorophyll
concentrations measured were 3.09 + 0.046 ug mL* (Chlorophyll a=1.36 pug mL™2, chlorophyll
b=1.73 pg mL™1). The photosynthetic activities of the microalgae were reflected by chlorophyll
concentrations which carry out photolysis of the water that releases oxygen needed as terminal
electron acceptor. During the later operational period, the cathodic chamber culture turned dark
green as a result of increased chlorophyll content with time, however maximum chlorophyll
concentration of 29.36 + 1.6 ug mL ™ (chlorophyll a=13.76 pg mL™*; chlorophyll b=15.58 pg

mL™1) was obtained under white light conditions at the end of two months. However, a much
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thicker concentration of algal biomass limits light penetration inside the chamber due to self-
shedding effects (Yadav et al., 2020). The values of initial and final chlorophyll concentration
were summarized in Table 3.4 considering an average value among the two PMFCs. It can be seen
that a single source of white light enhances plant and microalgal biomass at the same time, which

results in increase in power density as compared to other light sources.
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Fig. 3.6 (a) Variation of voltage generation with time under different lighting condition. Plant
growth pattern under different lighting conditions (b) E.aureum and (c) P.erubscence.
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Table 3.4 Effect of light quality on plant growth and chlorophyll concentration of C. sorokiniana
and variation in power densities of PMFCs.

Plant Light Plant Power Density Total Chlorophyll (ug mL™)
Species Quality Length (cm) (MW m™) Initial Final

Red 25x15 1246+ 14 19.36 £ 2.0
E.aureum Blue 32+1.6 16.21+06 3.09+0.046 22.42+1.6
Red + Blue 44+ 15 2026 +1.1 26.67 £ 1.2
White 51+1.2 22.38+0.4 2842+ 1.4
Red 23+0.5 1532+1.2 20.12+1.8
P. erubescens Blue 25+0.8 1720+£0.8 3.09+0.046 21.46+14
Red + Blue 32+0.6 22.86+ 1.6 2756+ 1.0
White 36+1.0 26.42 +0.4 29.36 £ 1.6

3.3.4 Effect of plant growth medium on power output of PMFC

It was observed that the during the whole experimental period, the PMFC-II was
performing better than the PMFC-I owing to healthier condition of the plant in PMFC-II as
compared to PMFC-I. Fig. 3.7A represent the initial period of PMFC-I and PMFC-II, where
growth of both the plants were identical. From the shoot and root development of both the plants
during the end of the experiment, it was seen that, P. erubescens plant in PMFC-II has large
number of leaves and better roots development as compared to PMFC-I (Fig. 3.7B) owing to the
use of growth media. The bioelectricity generation pattern in both the PMFCs were presented in
Fig. 3.7B.

It can be seen that the initial period (first 40 days) both the PMFCs performed similarly,
however during the steady state period, PMFC-II has higher voltage generation of 846 £ 5 mV as
compared to PMFC-I 768 £ 5 mV (OCV). This phase indicates a high amount of energy
accumulated inside anodic biofilm. During this steady state, PMFCs were connected to an external
resistor of 1000 Q resulting in drastic voltage drop and power density and current density increases
as the bacteria captures low energy (Khudzari et al., 2018). The maximum power density of 27.41
mW m~2and a current density of 51.60 mA m~2 was obtained from PMFC-I1, which was an overall
31% increase in power generation with respect to PMFC-I with a corresponding value of 21.30
mW m~2and of 44.52 mA m 2 respectively. The higher power and current density obtained during
the steady state (starts from the scale marked as zero) also confirms that the nitrate and sulphate

reduction do not significantly affect voltage generation as reported in literature. This may be
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because of the fact that a heathy plant releases sufficient nutrients through root exodus for the

bacteria to breakdown and release electron at the anode to be supplied at the cathode side.

However, over time due to the depletion of carbon source, the voltage drops quickly in both the

cells. In this phase also PMFC-II performs better due to good root exodus as compared to PMFC-

I under similar condition. Thus, voltage generation is not affected. However, a lot of study need to

be carried out in near future to confirm this fact.
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Fig. 3.7 (a) PMFCs setups at the start of the experiment (Left side: PMFC I, Right side: PMFC II)
(b) Shoot and roots growths at the end of the experiment (A) PMFC | (B) PMFC II. (c) Voltage
generation pattern of PMFC | and PMFC Il under OV and OCV condition during steady state.
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3.3.5 Effect of electrode location on bioelectricity generation

To study the effect of anode positioning, all the PMFCs were initially operated under open
circuit voltage (OCV) condition until a constant stable voltage starts to appear after 6 week to be
considered as steady state. All the PMFCs were then connected to a 1k  resistor to measure
operating voltage (OV). It was interesting to note that anode potential measured against Ag/AgCl
electrode increases with the depth of positioning of anode from Al to A2 but decreases slightly at
A3 (Fig. 3.8a). However, cathode potential remains almost similar. Therefore, OCV differences
were caused by anode potential. The maximum OCV and OV were obtained in case of PMFC with
anode A2 and not with PMFC with A3. To further investigate the reason for this voltage difference,
the oxygen profiles of all the three PMFCs were measured quantitatively using an electrochemical
O2 microsensor (Unisense OX-25). The Oz concentration significantly decreases as we go down
from 3 cm to 11 cm resulting in more anoxygenic environment which is favourable for anaerobic
oxidation of organic matter. However, at the same instance, the positioning of electrode and
membrane in a cell plays a significant role in proton exchange which in turn drives reduction
reaction at cathode. In the PMFC with anode A3, the positioning of the anode is far away from the
membrane surface as compared to PMFC with anode A2, thereby increasing solution and mass
transfer resistance, whereby protons have to travel a longer distance from anode to cathode as
mentioned by Logan (2008). Also the reason for lower electrogenic activity near A3 region might
be because of lesser availability of root exodus. Therefore, it may be confirmed that the positioning
of electrode and membrane is very critical for PMFC performance and in this study PMFC with
anode A2 shows one of the favourable configurations where in anode, membrane and cathode are
aligned in a single line and are nearest to one another. The power density and current density of
the PMFC with anode A2 (at a 7 cm depth) respectively were 2.2 times and 3.5 times higher, as
compared to PMFC with anode Al (at a 3 cm depth) (Table 3.5).

Also, it was observed that, PMFC with anode Al had relatively greater variation in OCV
as compared to PMFC with anode A2 and anode A3. This may be because of influence of leakage
of oxygen due to inter-junction transition from plant assembly to anode chamber or plant roots
causing continuous changes in pH and oxygen content which is relatively less as we move deeper.
Therefore, placing anode into the soil containing plant roots or near to roots as in anode Al may
shows difference in the PMFC performance because of root induced oxygen loss effect (Fig. 3.8b).
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Therefore, anode and membrane positioning inside a PMFC plays an important role to obtain best

performance in terms of bioelectricity generation.
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Fig. 3.8 (a) Bio-electrochemical behavior of three PMFCs showcasing anode and cathode cell

potential (b) Oxygen concentration profiles at different anode depth Al, A2, A3.

Table 3.5 Performance analysis of PMFCs with anodes at different depth.

Electrical parameters PMFCs with different Anode
Position
Al A2 A3
Open circuit voltage (mV) 780+ 2 842 +5 806 £ 2
Operating voltage (mV) 376 £2 486 + 2 440 + 2

Max. current density (ImAm2) 15.04+0.2 52.65+1.2 4546+ 1.8

Max. Power density (MW m™2)  12.46+0.6 27.21+0.8 24.30+0.6
Internal Resistance(Q) 2805 2205 266 +5

O Profile at bottom (umol L™) 27.25+1.4 154+20 13.6+2.0

3.3.6 Morphological characterization of electrode
3.3.6.1 FTIR analysis

To examine the change in chemical properties of the carbon fiber before and after the acid
treatment, the FTIR studies of carbon fiber were carried out. FTIR spectra of acid treated carbon
fiber and untreated carbon fiber were presented in Fig. 3.9a. The broad band obtained at 3436 cm™
and 1590 cm™?, can be ascribed to stretching vibration of OH and C=0 of ketone and carboxyl
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groups, respectively. The Presence of a notable peak at 1036 cm ™%, confirmed the bending vibration
of —OH. The relative intensities of the peaks listed above were increased after the electrochemical
oxidation treatment of carbon fiber cloth, indicating the formation of alcohol and carboxyl
functional groups on its surface. These functional groups helped to enhance the electron transfer
between electro-catalytic surface of bacteria and the electrode, owing to the formation of hydrogen
bonding between these functional groups of electrode with peptide bonds present in bacterial
cytochrome (Crittenden et al., 2006). They also demonstrated that the carboxylic acid terminus of
the modified electrode can facilitate binding of bacterial cytochrome on its surface, thereby
increasing the current production owing to the enhanced transfer of electrons from the interior of

the cells.

3.3.6.2 Raman analysis

The structures of the carbon fibre were analyses before and after acid treatment and the
resulting changes in structural features were compared using Raman spectroscopy. Raman
spectroscopy is a powerful non-destructive tool for distinguishing ordered and disordered crystal
structures of carbon. As shown in Fig. 3.9b, characteristic carbon peaks were observed at 1349 and
1585 cm™%, demonstrating that the presence of carbon in a disordered structure. The D band around
1349 cmtis associated with the disordered microstructure of carbon materials, while the G band
at about 1585 cm ™ corresponding to the E»q mode of graphite is assigned to graphitic carbon (Sun
et al., 2013). The ID/IG ratio, which derives from the peak intensities of D and G bands, is used to
evaluate the graphitic degree and analyse the structural features of carbonized materials. The ID/IG
of treated carbon fibre is 0.89, which is lower than the untreated portion (1.02), indicating that acid
modified carbon fibre has higher graphitic degree and lower disordered structure, that was

beneficial for electrode performance (Chen et al., 2018).

3.3.5.3 FESEM- EDS analysis

The morphological characterization of carbon fibre were carried out by FESEM analysis
wherein finer details of the carbon fibres were observed. Acid treatment of carbon fibre resulted
in enhancement of the fibrous nature of the material. FESEM images confirms development of
favourable environment for bacterial attachment to the electrode, which may have resulted from
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hydrogen bonding between the bacterial cytochrome and carboxyl group of the electrochemically
oxidized carbon fibre.

A comparative performance analysis of acid treated and untreated carbon fibre brush anode
was carried out in a two chamber membrane less PMFC using plant E. aureum and D. braunii.
The detail description of the PMFC setup is presented in Chapter-V. The results confirm higher
bioelectricity generation using acid treated electrodes as compared to untreated one (Table 3.6).
Therefore, the electrochemically active bacteria that colonized on the anode surface appeared to
facilitate the electron transfer from bacteria to anode. It was seen that small quantities of bacterial
colonies were formed on the surface of the untreated carbon fibre brush anode, whereas
significantly large, thick, and dense biofilms were formed on the surface modified anode.

The carbon fibre is very well suited for soil micro environment (Magsud et al., 2015)
therefore it helps to achieve a stable long term performance in PMFC system. Fig. 3.9d showed
carbon fibre brush electrode enclosed by plants roots (E. aureum), from which it was clear that
carbon fibre does not affect the root development process as an electrode, thereby ensuring proper
plant nutrient availability in the chamber. Also, a higher concentration of root development
resulted in release of surplus substrates for microorganism to metabolize and thus enhanced
metabolic activity resulting in higher bioelectricity generation.

EDS attached to FESEM revealed the carbon content of both acid treated and untreated
carbon fibre. It can be seen that after acid treatment, carbon content decreases from 91.80 to 87.02

wit%. whereas concentration of constituents such as O, Al, S increase marginally (Fig. 3.9d).
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Fig. 3.9 Surface compositions of the carbon fibre electrode (a) FTIR spectrum (b) Raman spectrum
(c) FESEM image of carbon fibre showing microbial biofilm development and (d) EDS spectrum

(e) Plant root development enclosed around anode.

Table 3.6 Comparision of voltage, power and current generation with modified and unmodified

electrodes.
PMFCs Peak Voltage Max. Power Max. Current

(mV) density density

(MWm™) (MAmM2)
Epipremnum aureum (acid treated) 620 15.38 38.46
Epipremnum aureum (untreated) 466 14.06 20.76
Dracaena braunii (acid treated) 432 12.42 16.23
Dracaena braunii (untreated) 276 10.60 7.54
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3.3.7 Bio-anode microbial community analysis

The microbial community distribution over the biofilm was obtained, and 16S rRNA gene
pyrosequencing libraries of our bacterial sample KMPJS were constructed with around 178,754
high-quality reads for each library. A total base of 70,850,454 was generated, resulting in 70.85
Mb Data. The Good's Coverage estimator indicated that the sizes of libraries were sufficient to
cover 97%-99% of the bacterial communities.

The distribution of relative abundance profiles of OTUs in samples with taxonomic
assignments was carried out from the data and plotted at various taxonomic levels. The various pie
charts showed the absolute abundance of each division within each bacterial community. From
Fig. 3.10a, it can be inferred that the most abundant phyla are Firmicutes (56.84%) and
Bacteroidetes (38.45%). The most commonly reported phyla obtained from BES with a high level
of dominance are known to be Proteobacteria, Firmicutes, and Bacteroidetes. The presence of these
phyla is also known to produce higher performance in an MFC [4]. Among these, the most widely
reported one is Firmicutes, a dominant integral member among bacterial communities favoring
electron shuttling mechanism. Within the phylum Firmicutes, the most abundant class obtained is
Clostridia (43.4%), belonging to order Clostridiales (42.96%). The most abundant family of
bacteria obtained were Porphyromonadaceae (38.37%) belonging to Bacteroidetes phyla.
However, the abundant genus remains unclassified from Porphyromonadaceae Family (38.32%).
The second most dominant bacteria obtained was Sporanaerobacter (13.71%), belonging to
phylum Firmicutes. The phylogenetic tree was constructed based on 16s rRNA gene sequences
data of anodic biofilm (Fig. 3.10b). Top 50 OTUs were aligned in the form of a phylogenetic

profile where most microbes belong to phylum Firmicutes, Bacteroidetes.
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3.4 Conclusion

This study signifies the importance of different operating parameters playing a crucial role
in growth and development of plants in a PMFC. The photoperiod in a PMFC operated with
microalgal bio cathode is an important factor where in an optimum duration of light-dark period
is highly essential for growth of both the organisms. The study demonstrated that 12/12 h light and
dark phase was optimum to extract maximum performance from PMFCs without creating
operational stress. Also, the addition of novel plant growth media can influence plant growth and
power generation in a PMFC. The study also demonstrated that white light is more effective than
any other source of light for enhancing plant growth and increasing microalgal chlorophyll
concentration at the bio cathode. Electrode modification is an important criterion for biofilm
development and enhancing performance of PMFCs. The power density and current density
increased significantly when carbon fibre was modified by acid treatment. The configuration of
PMFC setup and placement of electrodes and membranes are highly important criteria affecting
utilization of anaerobic environment necessary for PMFC performance. Plant species also plays
an important role in performance of PMFC. Among all the plants' species, Philodendron
erubescens showed the best performance as compared to the other species with a maximum power
density of 32.21 mW m. A long-term performance study showed that the better root development
and adaptability of plant species under moist conditions enhanced PMFC performance and
stability, reducing the cell's internal resistance. Anode microbial community structure shows

Firmicutes (56.84%) and Bacteroidetes (38.45%) as the most dominating bacteria present.
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4.1 Overview

A considerable amount of development has been made in MFC technology in terms of
electricity generation in the recent past (Kondaveeti et al., 2014); however, it suffers from various
constraints, viz., high cost of materials including an electrode, membranes, catalysts, etc. Further,
MFCs also suffer from unstable performance and low energy harvesting efficiency, which limits
their large-scale practical application (Gajda et al., 2015; Kabutey et al., 2019; Shaikh et al., 2020;).
However, an ion-selective separator's role is indispensable for the efficient and stable operation of
MFCs. Commercialization of MFCs is one of the main challenges due to the cost of the materials
involved in the operation of the MFCs, especially the electrodes and membranes. 38% of the total
capital cost of an MFC is borne by the membrane alone (Tiwari et al., 2016). Nafion is a preferred
choice as far as cation exchange membranes are concerned for its higher proton conducting ability
due to the presence of negatively charged sulfonate groups (Chae et al., 2008). However, certain
drawbacks, such as high cost, oxygen back diffusion into the anodic chamber, and permeability to
cations like Na* and K*, hinder nafion’s proton transfer ability and thrive researchers to look for
cheaper alternatives (Behera and Ghangrekar, 2011; Neethu et al., 2019; Ghadge and Ghangrekar,
2015). In recent years, researchers have gained significant interest in the ceramic membrane
because of its unique thermal, chemical, and mechanical characteristics and offers a significant
advantage over polymeric membranes (Ghadge and Ghangrekar, 2015; Flores et al., 2016;
Winfieldet al., 2013; Chakraborty et al., 2020). The performance of terracotta and earthen pot
materials was also tested as a low-cost PEM separator in an MFC (Ajayi and Weigele, 2012; J.
Winfield et al., 2012; Behera et al., 2010).

One of the advantages of plant-based MFCs is that it does work without a membrane
separator, as the soil in which a plant grows carries out the role of a membrane for ion transport.
Although membrane-less PMFCs reduce the design process's complexity and material cost to some
extent, their performance is compromised due to the diffusion of oxygen from outside to the anode.
Thus growth and bioactivity of the anaerobic bacteria are hindered and result in the loss of organic
matter excreted by the plants (Tiwari et al., 2016). Also, it was found that electrodes inserted
directly into the soil were preoccupied with soil particles. Hence, less surface area is available for
biofilm formation leading to a decrease in PMFC (Detail in Chapter-V). Therefore, membrane-

assisted PMFCs are preferred as they physically separate anode and cathode compartments in an
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aqueous system and help to maintain electro-neutrality by allowing only protons to pass through
to the cathodic chamber and restricting the backflow of oxygen (Behera and Ghangrekar, 2011;
Neethu et al., 2019).

Natural clay is already known to have ion exchange capabilities; however, natural clay is
very soft and does not possess enough strength for long-term usage as a membrane in PMFCs.
Various studies have investigated natural clay membranes and shown them to perform better than
costly Nafion membranes (Ghadge et al., 2015). However, it has not been used in PMFC research
to date. The motivation behind this study was to develop a low-cost ceramic membrane that can
be an excellent substitute for the commercially available Nafion 117 for actual time application in
a PMFC with enhanced shelf life. Therefore, this chapter focuses on the potential of natural clay
along with other ingredients viz., bentonite, flyash, sodium carbonate, sodium metasilicate and
boric acid in different concentrations to fabricate ceramic membranes. The presence of sodium
metasilicate helps create silicate bonds with clay particles thus increases mechanical strength while
sodium carbonate improves dispersion properties, creating homogeneity in membranes. The
application of boric acid helps creates metaborates during the sintering process, thereby increasing
mechanical strength (Reed, 1995; Jana et al., 2010). The presence of bentonite clay in a membrane
provides excellent cationic exchange and semi-permeable properties (Tang et a., 2014; Bohac et
al., 2019). In contrast, fly ash is known to provide high porosity, superior specific surface area
(SSA), enhanced chemical and thermal stability, resistance to high pressure, and excellent catalytic
properties due to its intrinsic nature. Therefore, the presence of fly ash enhances life of a ceramic
membrane thus making it an ideal ingredient in manufacturing PEM for MFC applications
(Namburath et al., 2015). Physiochemical characterization was carried out by using TGA, XRD,
FESEM, FTIR, flexural strength test, water uptake, proton conductivity, oxygen and acetate
diffusion and compared with Nafion117. Performance of ceramic membranes in PMFCs were

evaluated by using the plant E. aureum with carbon fiber brush electrode.

4.2 Materials and Methods

4.2.1 Fabrication of Membranes

Natural clay was collected from the neighborhood of IIT Guwahati campus in Assam,
India. It was dried in an oven, and uniform powder were selected by passing through a 150 mesh

screen. The basic properties of the clay such as pH and bulk density was measured by using
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standard protocols (Chesworth, 2008). For the casting of the membranes, clay was mixed with
varying concentrations (weight percent) of sodium carbonate, sodium metasilicate, boric acid,
bentonite, and fly ash, as shown in Table 1. As per membrane type, ingredients are adequately
mixed with an optimum quantity of water to make the clay soft and form a dough. The dough is
then rolled into a sheet and cut into a circular plate size of 12 cm diameter and 8 mm thick. The
raw circular plates were sun-dried for 8-10 h to remove moisture. In a muffle furnace, sintering
was done in a step-by-step incremental temperature (50 °C in 15 min) from 800 °C - 900 °C for 6
h. On cooling to room temperature, the membrane was removed, washed with distilled water, and
dried before being used in different PMFCs. The final size obtained was 10 cm diameter and 6 mm
thickness (Fig. 4.1).

Membrane A Membrane B Membrane C

™

Membrane D Membrane E

Fig.4.1 Different types of ceramic membranes.
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Table 4.1 Compositions of different types of membranes.

Materials Membrane A Membrane B Membrane C  Membrane D Membrane E
Clay (%) 95-80 70-40 100 50 Nil
Sodium Carbonate(%) 3-10 5-10 Nil Nil Nil
Sodium 1-3 2-3 Nil Nil Nil

Metasilicate(%)

Boric acid(%) 1-7 3-7 Nil Nil Nil
Bentonite(%) Nil 10-20 Nil 25 50
Flyash(%) Nil 10-20 Nil 25 50

4.2.2 Characterization of membranes

4.2.2.1 Component, structural and morphological analysis

The component analysis of all the membranes were carried out by X ray diffraction (XRD)
technique. The membrane surface was cleaned, dried and placed into the sample holder to identify
inorganic components with Cu-Ka irradiation (A =1.543 A) using X’pert-pro high-resolution
diffractometer (Smartlab, Rigaku, Japan). The Bragg angle (26) was varied from 10° to 120° at a
scan rate of 0.12°/s during analysis.

The thermal transformation of the membranes during the whole sintering process was
evaluated between 30 °C to 900 °C temperature range through thermogravimetric analysis (TGA)
(Hitachi STA7200, Japan).

The functional groups associated with the structures of all the membranes were analyzed
by Fourier Transform Infrared Spectrometer (FTIR) (Spectrum Two, Perkin-Elmer, Singapore).
To carry out the analysis, KBr was mixed with dry powder samples of membranes in a mortar
pestle and a flat round pellet was made by hydraulically pressing it. The pellet was placed under
the IR beam, and FTIR spectra was recorded between 400 cm™* and 4000 cm'™.

Morphological characteristics of all the membrane surfaces containing different types of
pores and its distributions were observed using Field Emission Scanning Electron Microscopy
(FESEM) (Gemini 300, ZEISS). A small portion of all the ceramic membranes was taken for
analysis and entirely dried in a hot air oven overnight at 100 °C. Samples were uniformly sputter
coated with carbon particles, and images were obtained by incident electron beam energy of
10KeV.
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4.2.2.2 Water uptake and swelling ratio

The water-absorbing capabilities of all the membranes were determined and compared by
the difference in the weight of the membranes before and after soaking with water (Jiang and Jiang,
2012). Similarly, the swelling ratio (%) was determined by observing the change in the thickness
of membranes upon water uptake by using following Eq (1).

((D2 — D1) X 100)

Swelling ratio =
D1

(4.1)

where, D2 (in mm) and D1 (in mm) are the thickness of membrane under wet and dry conditions,

respectively.

4.2.2.3 Proton conductivity and transfer coefficient

The proton conducting ability of all the membranes were abiotically determined in a two-
chambered MFC, each chamber having an equal volume (v, cm®). The chambers were separated
by the membrane of interest having an exposed surface area (a, cm?). Deionized water containing
different proton concentrations (Caand Cc) was used to fill the chambers. Chambers were
maintained at two different pH, i.e., 10.5 and 6.5, by adding NaOH and deionized water,
respectively. The change in pH from one chamber to another was monitored continuously by using
a pH probe to determine the proton mass transfer coefficient (K, cm s™*) and proton diffusion
coefficient (Dn, cm?s™?) as per Eq (2) and (3) respectively (Neethu et al., 2019; Chae et al., 2008;
Ghadge and Ghangrekar, 2015).

_ (v (Ca+ Cc — 2Cct)
Ky = ot In ca (4-2)
Dh=Knxd 4.3)

Where a is the exposed surface area of the membrane, and v is the volume of the deionized water
inside the chambers. Caand C. are the initial concentration of protons in the anode and the cathode
chamber, respectively; Ce is the concentration of protons in the cathode chamber at time t, and d

is the average thickness of the membrane.

137
TH-3249_156151005


https://www.sciencedirect.com/topics/chemical-engineering/deionized-water
https://www.sciencedirect.com/topics/chemical-engineering/deionized-water
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/diffusion-coefficient
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/diffusion-coefficient
https://www.sciencedirect.com/topics/chemical-engineering/deionized-water

Chapter-1V

4.2.2.4 Oxygen diffusion coefficient

To understand the diffusion of oxygen from one chamber to another across the membrane,
anaerobic condition was maintained in one of the chamber by sparging nitrogen; whereas, in the
second chamber, an adequate concentration of oxygen (Oad, mg L) was retained by continuously
aerating the deionized water. The change in dissolved oxygen (DO) concentration in the anaerobic
chamber (O, mg L) was constantly monitored by using a DO meter (Extech DO700) to determine
the change in DO value. The oxygen mass transfer coefficient (Ko, cm s™1) and diffusion coefficient
(Do, cm?s 1) of the membranes were calculated using Eq (4) and (5), respectively (Neethu et al.,
2019; Kondaveeti et al., 2014; Ghadge and Ghangrekar, 2015).

_ (v (Osat — 0)
Ko= 2at In Osat (4'4)
Do =Ko % d (4.5)

4.2.2.5 Acetate diffusion coefficient

Acetate crossover from one chamber to another across a membrane in an MFC was
measured using the same experimental setup as above. In one of the chambers, acetate was added,
while the change in acetate concentration in the adjacent chamber was measured using a gas
chromatograph. (GC, Agilent Technology, USA) (Ghadge and Ghangrekar, 2015). The diffusion

coefficient (Da, cm?s™t) of all the membranes was calculated by Eq (6)

_ (~v.d) .. [(€a-2cb)
Da = 2at n [ Ca ] (4.6)

where v is the volume of liquid inside the chamber, d is the average thickness of the membrane in

cm, a is the exposed surface area of the membrane, t is time in sec, Ca is the initial acetate

concentration in the chamber. Cy, is the acetate concentration in the other chamber at a certain time

interval t.
4.2.3 Application of membranes in a PMFC

For evaluating the performance of the casted membranes in a PMFC, a two-chamber PMFC
setup was made with poly-acrylic sheets (Fig. 4.2a). The ceramic membrane was fixed in between
anodic and cathodic chambers. To make a performance comparison, the PMFC with membrane C
containing only clay was considered as a control. Therefore, five different PMFC setups were
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configured using different membranes (Fig. 4.2b). The electrode used in the setup was a carbon
fiber brush electrode. Cathode and anode chambers were inoculated with aerobic and anaerobic
bacterial cultures, respectively. For the study, Epipremnum aureum plant was chosen, considering
it to be well suited for PMFC conditions and easy to grow with low maintenance. The plant has
also shown excellent bioelectricity generation abilities.

The start-up process of all the PMFCs was carried out under open circuit potential (OCP).
This helps microbes and plants acclimate to their new environment and accelerate biofilm
development at anode and cathode, respectively. Close monitoring of the start-up phase was
carried out by a multimeter (Fluke 17B+, Everett, WA, USA). Gradually, when stable cell
potentials were obtained, all the PMFCs were connected to a data acquisition system (Arduino,
Atmega 328P) linked to a personal computer. The potentials were recorded at regular intervals for
the entire duration of the experiment. Once stable cell potentials were achieved continuously for a
few days, PMFCs were connected in closed circuit configuration through an external resistance of

100 Q for continuous measurement of operational voltage (OV).

|
(a)
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(With Membrane A) (With Membrane B) (With Membrane C) (With Membrane D) (With Membrane E)

(b)
Fig. 4.2 (a) Schematic representation of PMFC design (b) Experimental setup of PMFCs.
4.2.4 Measurement of voltage, current, and power density

Continuous monitoring of the open circuit voltage (OCV) and the potential across a resistor
i.e., operating voltage (OV) was measured using a data acquisition unit (Arduino, Atmega 328P).
Power output of the PMFCs was calculated by taking the square of the multiplication of current
and known resistance P = I?R. The behavior of the PMFCs were studied by polarization curve
and power density curve prepared manually by varying a series of external resistances from 15000
Q to 50 Q during the steady state period. In this way, the cell's maximum current density and power

density can be obtained, respectively. The current density and power density were obtained by the

. v V2 . .
equations I = — and P = o respectively normalized to anode surface area o.

4.2.5 Electrochemical kinetics

To understand the mechanism of oxidation and reduction in any MFC, cyclic voltammetry
(CV) remains an established and straightforward technique. The response of the redox current peak
under CV can provide information about the electrocatalytic reactions going on the surface of the
anodic biofilm (Gunaseelan et al., 2021). Therefore, the CV technique was carried out in three-
electrode setups employing an Ag/AgCl reference electrode coupled to a potentiostat. The
electrode characterization was done during the bio electrocatalytic (turnover) condition using
anode as the working electrode, Ag/AgCl as the reference electrode, and cathode as the counter

electrode. CV was performed in the potential range of -0.5 V to + 0.5 V at a slow scan rate of 10
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mV st at 25 °C, and the resulting response current peaks were recorded by using potentiostat
PGSTAT 302N (Metrohm, Autolab) (Martinez et al., 2011).

Electrochemical Impedance Spectroscopy (EIS) technique measured the cell's internal
resistances. It was carried out in two-electrode setups where the cathode acts as a
reference/auxiliary electrode in the frequency range of 100 kHz to 10 MHz with 10 mV amplitude
of AC signal using potentiostat PGSTAT 302N (Metrohm, Autolab) (Ghadge and Ghangrekar,
2015; Gunaseelan et al., 2021).

4.3 Results and Discussion

4.3.1 Properties of clay and chemical characterization of membranes

The basic properties of clay obtained were pH (7.2), bulk density (1370 kg m), organic
matter (0.96%), and soluble matter (3.0%).

4.3.1.1 X-ray diffraction (XRD) analysis

The powdered samples of all the membranes were analyzed by XRD technique which
shows the presence of various hygroscopic oxides viz., SiO2, Al.O3z, Fe203, FeO, CaO, Na20, K>0,
MgO, etc. Among all, the major peaks corresponded to SiO2, Al2O3, Al2(SOa4)3, and Al>SiOs, which
is a major constituent of quartz and mullite present in clay, thus seen in the case of membrane C.
These hygroscopic oxides are known to improve the hydration property of the membrane along
with its strength (Jana et al., 2010; Neethu et al., 2018), and facilitate proton transport through
Grotthuss and vehicle mechanisms (Grancha, et al., 2016; Neethu et al., 2019; Chae et al., 2008).
Therefore, these oxides are incorporated in the case of the Nafion membrane to increase proton
conductivity and retain bound water. A major constituent of flyash is mullite and quartz, along
with other oxides such as TiO2, Fe203, Ca0, etc. On the other hand, bentonite consists of quartz
and mullite as major constituents along with nepheline (Na2O, Al2O3, 2Si0z), albite (NaAISizOsg)
and kaolinite (Al2(OH)4Si20s). The corresponding peaks of all these constituents are seen in XRD
patterns of Fig. 4.3. In the case of a composite membrane consisting of clay, bentonite, fly ash,
Na>CO3, NazSiOs, and H3BO3, the intensity of all these peaks increased, which may further assist

in proton transport.
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Fig. 4.3 XRD analysis of the membranes.

4.3.1.2 Thermogravimetric analysis

During the heating process, the mass loss in the case of membrane A and membrane B was

more than in other membranes (Fig. 4.4a). In the first phase, up to 150 °C the, membrane A and

membrane B lose 2.8% and 3.6% of their mass, whereas a mass loss of 0.12%, 0.23%, and 0.46%

TH-3249_156151005
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was seen for membrane D, membrane C, and membrane E respectively. These mass losses can be
attributed to the loss of loosely bound water molecules (Jana et al., 2010). In the second phase,
from 50-350°C, the evaporation of crystal water in the interlayers occurs. The presence of
hygroscopic components in sodium metasilicate and boric acid may have led to higher mass loss
in membrane B. By comparing all TGA curves (Fig. 4.4a), it was observed that between 300 °C
to 500 °C a higher mass loss occurred in case of membrane A and membrane B. This mass loss
may be attributed to the boiling point of boric acid as a component of these membranes is around
300 °C. Finally, negligible weight loss in the range of 350—700 can be attributed to the structural
dehydration of the neighboring hydroxyl group. However, mass loss for membrane C containing
clay is negligible throughout the heating process. After 600 °C, marginal mass change was
observed for all the compositions. Thus, the minimum sintering temperature for all membranes

were kept above 600 °C.

4.3.1.3 FTIR analysis

FTIR spectra of all the membranes are represented by Fig. 4.4b, where strong absorptions
were obtained around 1030 cm™ for membrane B and deviated towards 1100 cm™* following the
order: membrane B> membrane D> membrane A> membrane E> membrane C. A relatively higher
peak intensity around 1030 cm™* corresponded to the presence of a sulphonic acid group (-SOsH)
similar to Nafion 117 (Jiang and Jiang, 2012; Neethu et al., 2018), which is known to enhance the
proton conductivity of a membrane. Bands around 2320 cm™* have appeared due to the NH group
of amine salts in all the membranes. The peaks around 3416 cm™ - 3551 cm™ in all the membranes
showed (-NH) stretch. The presence of peaks around wave number of ~3600 cm™ was associated
to the stretching vibration of the hydroxyl group which proved the ease of proton transfer (Tiwari
et al., 2016). A sharp intensity obtained by membrane B makes it a good candidate for proton
exchange. Also, sharp peaks are seen around 779 cm™* - 797 cm™* and 1600 cm™in all membranes,

showing complexity of ceramic membranes as compared to Nafion 117.
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Fig. 4.4 (a) Thermogravimetric analysis of different membranes (b) FTIR spectra of all the
membranes.

4.3.2 Physical characterization of membranes

4.3.2.1 Water uptake and swelling ratio

The mobility of the proton is known to be strongly affected by the membrane's water
content or water uptake capacity. The presence of water inside the membrane is generally known
to enhance the ion conductivity of membranes in many instances (Neethu et al., 2018). The
presence of bentonite, flyash and other chemical ingredients, viz., Na2CO3, Na,SiO3 and H3BOs,
used in membrane A and membrane B increases hydrophilicity of the membranes. The water
absorption capabilities and swelling ratios of different membranes, casted with different
proportions of bentonite, fly ash, Na2COs, Na2SiOz and H3BOg, are presented in Table 2. An
increasing trend in water absorption was observed in membrane A with an increase in the
concentration of Na,COs, Na SiOz and H3BO3 from 3-10%, 1-3% and 1-7% (w/w) respectively,
while water absorption decreases beyond this weight percentage. The decrease in water absorption
with further increased concentration of Na>COs, NaxSiOz and H3BOs may have resulted in
reduction of effective surface area due to the aggregation with clay particles. This further resulted
in the reduction of interspace volume responsible for the channeling of water. However, in the case
of membrane B, an increase in water absorption from 21.4 + 1.7 to 26.4 + 1.7 was observed with

an increase in the concentration of bentonite and fly ash from 10 to 15%. However, with a further
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increase in the concentration of the same ingredients from 15 to 20% a proportional increase in
water absorption was not observed (Table 4.2).

The stability of the membrane can be easily understood by membrane swelling behavior
when placed under water. All the membranes were examined in terms of their water uptake
capacity to understand their swelling nature. Keeping aside the trend observed in water absorption
pattern, the swelling ratio was found to increase with an increase in concentration of Na>COs,
NaSiOs and H3BOs. The swelling ratio increases from 1.1%, to 2.0% in membrane A with
increasing concentration of Na,COs, Na,SiOz and H3BOs from 3-10%, 1-3% and 1-7% (w/w)
respectively. Similarly, with increased bentonite and fly ash concentrations from 10% to 20% in
membrane B, the swelling ratio increases from 2.1% to 2.9% respectively. However, when
concentration of bentonite and fly ash increased from 15% to 20%, a very tiny increase in water
absorption and swelling ratio was observed in membrane B. In case of membrane D as well, water
absorption and swelling ratio was found to increase with increasing concentration of bentonite and
fly ash (Table 4.2).

Therefore, considering water absorption and swelling pattern; membrane B casted using
concentration of bentonite, fly ash, Na>COs, Na>SiOz and H3BOs at 15%, 15%, 8%, 2%, 5%,

respectively was used for application in PMFCs.

4.3.2.2 Proton conductivity and proton transfer coefficient

The proton mass transfer coefficient (Kn) of membrane C (100 % clay) was found to be 2
+0.20x107° cm st. However, when clay concentration was decreased by 5% in membrane A by
addition of Na2COs, Na,SiO3z and H3sBOg3, no change in Ky value was observed. Further increasing
concentration of Na,COsz, Na>SiOz and H3BOs with 80% clay concentration increases the value of
Kn up to 7.2 £ 0.46x10°cm s in membrane A (Detail in Table 4.2). The corresponding proton
diffusion coefficients are also listed in Table 2. Similarly, membrane B decreases clay
concentration further to 70 % by adding bentonite, fly ash, Na2CO3, Na>SiOz and H3BOs at
10%,10% 5%,2%,3% increases proton mass transfer coefficient to 7.6 x107°cm s™*. The proton
mass transfer coefficient further increases to 8.2x107° cm/sec when clay concentration decreases
to 55%, however further decrease in clay concentration up to 40%, the proton mass transfer
coefficient decreased slightly to 7.8x10°cm st due to reasons not known (For detail please refer
Table 2).
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The values in Table 4.2, depict that the addition of Na,CO3, Na>SiOs and H3BOs3, bentonite
and fly ash at specific concentrations enhances the water absorption capacity and proton transfer
efficiency of the membranes significantly at the same time. The proton mass transfer coefficient
of Nafion 117 is much higher (24.0x107° cm s™1) as compared to membrane B (8.2x10°cm s?)
probably because of a thin thickness of Nafion membrane (0.18 mm) as compared to the casted
ceramic membrane (6 mm). However, considering the thickness of the membranes, membrane B
has a higher proton diffusion coefficient, Dn (50.84 + 0.30x107® cm? s™1) as compared to Nafion
117 (4.32x10°° cm? sY). The water absorbing capacity was controlled by the presence of
hygroscopic oxides like SiO2 and other functional groups associated with clay, bentonite and fly
ash in the membrane. Thus this induces water uptake and supports the proton transfer process
through the Grotthuss mechanism due to the presence of hydrogen bonds in water molecules
(Grancha et al., 2016; Ghadge and Ghangrekar, 2015; Neethu et al., 2018).

4.3.2.3 Oxygen and substrate diffusion coefficient

Oxygen and acetate diffusion across the chamber through the membrane will experience a
detrimental outcome on the performance of MFC since the presence of oxygen at an anodic
chamber act as an electron acceptor and causes aerobic oxidation of organic matter, thus reducing
performance efficiency. A greater diffusion of oxygen into an anodic chamber can cause direct
aerobic oxidation of the organic matter, thus reducing the power generation from the PMFC
(Neethu et al., 2019; Ghadge and Ghangrekar, 2015; Neethu et al., 2018).

Oxygen diffusion from cathode to anode across the membrane was monitored over time
using a DO probe (Fig. 4.5). Among all the ceramic membranes tested, membrane B with a
concentration of bentonite, fly ash, Na2COz, Na2SiO3 and H3BOz3 at 15%, 15%, 8%, 2%, and 5%
respectively resulted in relatively smaller oxygen mass transfer coefficient of 2.09 x10™* cm s
(Table 4.2); whereas the clay separator showed much higher oxygen mass transfer coefficient of
8.24 x 10~*cm s, The other membranes had intermediate oxygen mass transfer coefficients. On
the other hand, Nafion showed an oxygen mass transfer coefficient of 3.0 x 10%cm st (Table
4.2). The respective oxygen diffusion coefficient of all the membranes are listed in Table 4.2.
Therefore, it can be seen that even after being a thinner membrane, Nafion showed greater oxygen
diffusion than membrane B. The ceramic membrane on the other hand, being a compact structure

due to the presence of bentonite and fly ash, acts as filler material and may hinder oxygen diffusion.
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Similar to oxygen diffusion, the performance of an MFC is severely affected by the
diffusion of the substrate from the anodic chamber to the cathodic chamber. To evaluate any
acetate diffusion, samples were collected from the cathodic chamber twice a day at an interval of
12 hours. PMFC with Membrane B showed the lowest acetate diffusion coefficient among others
with a value of 5.96 + 0.28x10® cm s™* (Table 4.2). The said value was 1.6 times lower than the
control. On the other hand, the Nafion membrane having very fine and uniform porosity showed

much less acetate diffusion than all ceramic membranes in this study (Table 4.2).
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Fig. 4.5 Dissolved oxygen profile of ceramic membranes.

4.3.2.4 Mechanical strength

The physical strength of all the membranes were measured by a three point bending
flexural strength test (Instron-Dynamic UTM 8801). The flexural strength of membranes increases
with elevating sintering temperature without change in composition (Jana et al., 2010). For
membrane A, flexural strength increased from 2.54 MPa (800 °C sintered) to 3.79MPa (900 °C
sintered). In the case of composite membrane B, consisting of clay, bentonite, fly ash, Na,COs3,
Na>SiOs and HsBOs the highest flexural strength is obtained. Membrane B's flexural strength
further increases from 3.56 MPa (800 °C sintered) to 6.79 MPa (900 °C sintered). This was due to
the formation of nepheline as indicated by XRD which is known to impart higher mechanical

strength to ceramic materials (Kiran et al., 2020). However, among all the membrane C with 100%
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clay has the lowest flexural strength. Similarly, increasing percentage content of bentonite, fly ash
Na.,COs3, Na SiOs and HzBOs to clay enhances the flexural strength as represented in Table 4.2.
During membrane manufacturing, it was also observed that, with increasing concentrations of
Na>CO3, Na SiO3, and H3BO3 beyond 10%, 3%, and 7% (w/w), respectively, and sintering at 900
°C, abnormal cysts-like lesions developed over the membrane surface resulting in creaking the

surface, which becomes non useful (Fig. 4.6).

Fig. 4.6 Picture showing abnormal cysts like lesions developed over the surface of membrane.
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Table 4.2 Comparison of characteristics of casted membrane separator used in this study

Membranes Water Swelling Kh Dn Ko Do Da Flexural
absorption ratio (cm/sec) (cm?/sec) (cm/sec) (cm?/sec) (cm?/sec) strength
% % x107° %1076 x107* x107 %1076 (MPa)
Membrane A
Clay-95% , Na;CO3-3%, Na;SiOs-1%, 52+0.7 1.1 2+0.18 1224+040 6.60+0.46 4.09+0.80 3.60 £ 0.46 2.76
H3BOs-1%
Membrane A
Clay-90%, Na2C0O3-5%, Na,SiO3z-2%, 120+1.3 1.7 32+024 19.86+0.42 574+0.36 3.55+0.76 3.20+£0.30 3.09
H3BO3-3%
Membrane A
Clay-80%, NaCO3-10% Na;SiOs- 19.4+1.2 2.0 72+046  44.64+0.80 348+0.20 215+042 2.80+£0.12 3.79
3%,H3BOs-7%
Membrane B
Clay-70% Bentonite-10%, Flyash-10%, 21.4+1.7 2.1 76+048 47.12+084 3.20+0.18 1.98+0.36 3.20+£0.20 5.60
Na,CO3-5% Na28i03—2% H3BOs-3%
Membrane B
Clay-55% Bentonite-15%, Flyash-15%, 26.4+1.7 2.7 82+056 50.84+030 209+010 129+024 2.26+0.2 6.79
N3.2CO3-8%, Na28i03-2%, H3BO3-5%
Membrane B 27.0+£1.2 2.9 7.8+0.47 46.36+0.68 2.0+£0.08 1.20+0.20 250+0.3 6.55

Clay-40% Bentonite-20% Flyash-20%
Na,CO3-10%, Nazsi03-3%, H3BO3-7%

Membrane C 6.0+1.7 1.1 2+0.20 12.40 £ 0.16 8.24+054 4.09+0.60 5.60 £ 0.5 1.24
Clay-100%
Membrane D
Clay-80% Bentonite-10% Flyash-10% 8.2+15 1.2 29+0.24 17.98+0.28 3.31+0.18 2.05+0.16 3.05+05 2.29
Membrane D
Clay-70%,, Bentonite-15%, Flyash-15%, 9.8+1.1 1.6 3.0+£0.26 18.60 £ 0.24 298+0.26 4.78+0.40 2.86+0.32 3.29
Membrane D
Clay-50% 106+14 2.0 3.8+0.32 2356+0.26 2.60 £ 0.22 5.02+0.48 2.60+0.24 4.02
Bentonite-25% Flyash-25%
Membrane E
Bentonite-50% Flyash-50% 76+16 1.4 26+0.24 16.12+0.20 423+£036 262+020 4.47+054 3.24
Nafion 117 28.0+24 5.6 240+1.6 4.32+0.20 3.0+£0.24 0.54+0.08 0.47+0.20 --

Kw: Proton mass transfer coefficient; Du: Proton diffusion coefficient; Ko: Oxygen mass transfer coefficient; Do: Oxygen diffusion coefficient; Da: Acetate
diffusion coefficient
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4.3.2.5 FESEM analysis

After performing characterization of all the membranes for proton conductivity, oxygen
and acetate diffusion, field emission scanning electron microscopy (FESEM) was performed
to observe the surface structure of the best performing membranes from each category (Fig.
4.7). The thickness of the all membranes was around 0.62 cm. Among all the membranes, the
most uniform distribution of pores was seen on the surface of membrane B with pore size of
100-200 nm, followed by membrane A, membrane D and membrane E (Fig. 4.7). The presence
of little larger but uniform pore size of 100-250 nm are seen on the surface of membrane A and
membrane D with more uniform distribution seen on membrane A rather than membrane D.
This might be because of the addition of sodium carbonate, boric acid and sodium metasilicate,
which resulted in uniform cross linkage between clay, bentonite and fly ash particles present
in membrane A and membrane B respectively by acting as conductive filler material thus
obtaining uniform and narrow pore sizes. This helps in inhibiting oxygen diffusion from
cathode to anode chambers as well. However, pores present on the surface of membrane C is
very non-uniform and are larger in size starting from 200 nm to 1pum thus increasing oxygen
entry in the anodic chamber while minimizes electrogenesis and reducing power harvested by
PMFC. Pore size ranging from 150-200 nm were also seen on the surface of membrane E
containing bentonite and fly ash only. However, in case of Nafion membrane the pore sizes
were quite smaller (10-20 nm) (Ghadge and Ghangrekar, 2015). Sintering temperature is
known to play a vital role in determining pore size, however from a small section of membrane
under FESEM, not much difference was observed with increase in temperature from 800 °C to
900 °C.
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Fig. 4.7 FESEM pictures of membranes.

4.3.3 PMFC application and performance comparisons

After characterization of all the eleven membranes, the best performing membranes
from each category of membrane A, B and D viz., Membrane A (Clay-80%, Na,C0O3-10%,
Na2Si0O3-3%, H3BOs-7%), Membrane B (Clay-55%, Bentonite-15%, Flyash-15%, Na,COs-
8%, Na»SiO3-2%, H3BOs-5%) and Membrane D (Clay-50%, Bentonite-25%, Flyash-25%)
were used for application in PMFCs grown with plant E. aureum. The performance of all three
membranes were compared with Membrane C (Clay-100%) and Membrane E (Bentonite-50%,
Flyash-50%).

All the five PMFCs behavior was similar during the start-up period, showing voltage
fluctuations at 180 £ 10 mV (OCP) for two weeks due to new environmental conditions and
the slow growth rate of microorganisms. Gradually stable voltage started to appear after 20
days of inoculations, typically in the range of 200 + 10 mV to 400 + 10 mV from all PMFCs
(Fig. 4.8a) implying the presence and colonization of electrodes by exoelectrogenic bacteria.
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At this stage, all the PMFCs were connected with a 100 Q external resistance to measure the
operating voltage (OV), thus assessing the real electricity generation potential.

The open-circuit voltage (OCV) generation pattern in all five PMFCs was almost
similar with the maximum voltage obtained during 49" -56" days. It remained almost constant
until the end of the experiment, with plants maintained under healthy conditions. However,
PMFC with Membrane B shows the highest OCV of 780 + 6 mV, followed by Membrane D
(742 £ 2 mV), Membrane A (710 £ 2 mV) and Membrane E (655 £ 2 mV) (Fig 7a). The control
PMFC with Membrane C showed a lower voltage of 586 + 2 mV during the steady state.

The OCV and the respective OV, as seen in Table 4.3, clearly showed that the PMFC
with Membrane B produced higher OCV and OV than the rest of the PMFCs. This signifies
superior ion transport across Membrane B leading to significant enhancement in the
performance of the said PMFC as compared to others.

Polarization curves (Fig. 4.8b) and power curves (Fig. 4.8c) were obtained during
steady-state on the 8" week. The maximum power density of 22.38 mW m2 with a current
density of 45.24 mA m~2 was obtained from PMFC with Membrane B, showing an overall 78%
increase in power generation with respect to control PMFC. A more significant voltage drops
in the case of membrane C (control) can be witnessed from the voltage vs. current curve (Fig.
7b) compared to other PMFCs, mainly in the region of the ohmic and concentration polarization
range. This voltage drop may have resulted because of ohmic loss and mass transfer losses due
to resistance provided by the membranes and inefficient transfer of oxidized compounds
towards the cathode. The trend of power densities of PMFCs with different membranes was in
the order of Membrane B > Membrane D > Membrane A > Membrane E > control. This
difference in power densities might be due to differences in the physical characteristics of the
membranes, such as diffusivity, conductivity, porosity etc. From the slope of the polarization
curve, the internal resistance of all the PMFCs were calculated. The parameters obtained from
all the PMFCs are reported in Table 4.3.
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Fig. 4.8 (a) Cell voltage curve (b) Polarization curves (c) Power curves of different PMFCs
assembled with different membranes.

Table 4.3 Performance analysis of different membranes.

Electrical parameters PMFC 1 PMFC 2 PMFC 3 PMFC 4 PMFC 5
with with with with with
Membrane A Membrane B Membrane C Membrane D Membrane E
Open circuit potential (mV) 710+ 2 7806 586 + 2 742+ 2 655 + 2
Operating voltage (mV) 276 2 366 + 2 220+ 2 2792 2362
Max. current density (mA m_z) 33.62+1.2 4524 +1.4 23.46+0.8 37.26£1.2 29.34+0.8
Max. Power density (mW m_z) 18.46 + 0.6 22.38+0.4 126+1.2 20.21+1.1 16.26+1.4
Internal Resistance () 3105 2345 346 £5 2575 2805

The practical application of clay-based ceramic membranes in MFCs has been seen for a while

(Winfield et al., 2013; Gunaseelan et al., 2021). However, its use in a PMFC is a very new
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concept and not very widely used. However, Table 4.4, compares different types of PMFC

operated with a clay-based ceramic membrane.

Table 4.4 Comparison of various PMFCs performance based on the application of clay-based
ceramic membranes.

Max. Power Internal
Plants Used Membrane Used Electrode used Density Resistance Reference
(MW m) (Ohm, Q)
Rice Plant Clay Based Graphite felt 16.8 188 Kiranetal.,
(Oriza Sativa) terracotta tube 2020
Brassica juncea Clay-mix container Carbon brush 69.32 138 Sophia and
Trigonella foenum- (Clay, kaolinite, (Anode) 80.26 33 Sreeja, 2017
graecum Montmorillonite) carbon cloth 222.54 23
Canna stuttgart (Cathode)
Rice plant Earthenware Carbon fibre 60 Regmi and
(Oriza Sativa) Nitisoravut,
2017
O. ficus-indica Ceramic stick Graphite felt 6.60 Apollon et al.,
0. joconostle (Anode) 5.76 2020
O. robusta Zinc sheet 2.01
O. albicarpa (Cathode) 5.47
Vetiver plants (Vetiveria Cylindrical graphite fiber 68 60 Regmi et al.,
Zizaniodes) earthen pot 2018

4.3.4 Electrochemical analysis

Cyclic voltammetry (CV) is a wonderful technique for the characterization of the
electron transfer interactions in fuel cells. CV analysis was carried out for all the PMFCs during
steady state operation on 49" day which revealed higher redox current in PMFC incorporated
with Membrane B (Fig. 4.9a). A peak current of 21 mA, 20 mA, 17 mA, 13 mA were obtained
from PMFC with Membrane B, Membrane D, Membrane A and Membrane E respectively. On
the other hand, a lesser faradaic current (11 mA) was obtained from the control PMFC with
Membrane C (100% clay). The higher current generation in the case of PMFC with Membrane
B is because of the optimum translation of microbial activities into end product due to efficient
proton diffusion across the membrane resulting in lesser ohmic polarization. The CV current
obtained was in the order of PMFCs with Membrane B > Membrane D > Membrane A >
Membrane E > control PMFC. Also, the width of the graphs progressively decreased in similar
order indicating decreasing current density trends, which also correlates with the polarization

curves. In addition to the presence of a superior membrane in a PMFC, an efficiently growing
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biofilm on the surface of the electrode with membrane-bound electron transfer proteins
attached to bacterial cells produces higher bioelectrocatalytic activity, leading to an increase in
current. In the case of membrane B, adding Na.COs3, NaSiOs, H3BOs, bentonite, and flyash
increases the surface uniformity. It reduces the overall porosity of Membrane B, which helps
in resisting oxygen diffusion from the cathode chamber thereby providing an efficient
environment for exoelectrogenic biofilm formation on anode surface. Similarly, it also reduced
acetate crossover from anodic to cathodic chamber. Therefore, PMFC with Membrane B
proved to be superior among others while comparing the bioelectricity generation capabilities.

The Nyquist plot acquired by EIS techniques also describes internal resistance
predominating in these PMFCs. The curved semi-circular portion of the graph (Fig. 4.9b)
symbolizes the redox process occurring on the surface of the biofilms as a result of nutrients
breakdown into electrons and protons representing solution and charge-transfer resistance. On
the other hand, the linear portion of the graph manifests the mass transfer process at the
electrode-electrolyte interface (Ghadge and Ghangrekar, 2015). The biofilm formation over the
surface of the electrodes, nutrient solution inside the chambers, and the membrane structure
significantly influenced the overall internal resistance of the cell. Among all the PMFCs, lowest
internal resistance was obtained from PMFC with Membrane B, indicating the maximum
number of ions passing through the membrane, which increases the rate of reduction at the
cathode and reduces the over potential at the same time. While for the control PMFC, a higher
internal resistance was noticed. EIS was interpreted by using an equivalent circuit diagram
which shows ohmic resistance Rq of PMFCs due to variations in the charge transfer ability of
membrane and electrolyte solutions. The rate of transfer of ions from electrolyte solution and
biofilm to the electrode is affected by charge transfer resistance Rcr. Diffusion resistance from
the electrolyte solution to microbial biofilm can be represented by Warburg element (Wg). An
electric double layer exists between electrode and membrane, equivalent to a capacitor. Cqi can
represent its capacitance. The values of all the parameters obtained by the equivalent circuit
are presented in Table. It can be seen that compositional changes in Membrane B enhance its
physical and chemical properties leading to improve charge transport and higher reduction
kinetics resulting in reduced charge transfer resistance Rct. The decrease in the magnitude of
Rct may be because of well-developed biofilm development at the electrode and higher proton
transfer through membranes. The capacitance of a capacitor is inversely proportional to its
impedance. In this case, higher Cq indicated the ability to pass more current to charge the

capacitor faster. Higher Wy values (Table 5) indicates higher mass transfer losses which are
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maximum in PMFC with Membrane C. The internal resistance values acquired from the EIS

data also support the data achieved through the polarization curve in section 4.3.3.
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Fig. 4.9 Electrochemical characterization of PMFCs (a) with anode as the working electrode.

(b) Nyquist plots of ceramic membranes.

Table 4.5 Different components of PMFC impedance.

PMFC Types Ra (Q2) Ret(Q) W4 (Q S?) Car (UF)
Membrane A 48.4 261.56 610.4 1.88
Membrane B 53.2 181.2 464.1 2. 36
Membrane C 44.6 301.10 670.5 1.68
Membrane D 51.3 205.7 489.3 2.08
Membrane E 24.1 256 572.7 1.87

4.3.5 Long term stability of membranes

The long-term stability of the membranes was also tested for a period of over six

months’ duration. It was found that the presence of sodium metasilicate, sodium carbonate, and

boric acid makes a membrane more stable underwater with an improved life span. Similar is

the case with bentonite and flyash being present as ingredients of the clay membrane. In our

study, we have found that over six months, there has been little to no degradation in the physical

structures of these membranes. However, in the case of the membrane with clay as the only

ingredient, the physical structure looks weaker over time. It loses its firmness either due to

microbial degradation or continuous water absorption. Accumulation of biomass in the
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membranes was seen, leading to clogging of the pores due to fouling. This may be one of the
reasons for reduction in power generation over time, indicating the necessity of replacement.
In our study, it was seen that the membrane fouling was very evident in case of Membrane C
(with 100% clay), however with the inclusion of bentonite, flyash, sodium carbonate, sodium
metasilicate and boric acid with clay, fouling was comparatively less evident, probably due to
shinny surface structure of the membrane restricting attachment of biomass. However, as the
cost of making a membrane is significantly less than the commercially available Nafion
membrane, the problem can be easily solved by easily replacing it after use.

4.3.6 Cost analysis

One of the prime objectives of this study was to develop a ceramic membrane that gives
superior performance in an MFC with respect to the already existing polymeric membranes in
the market without compromising in its durability and at a lower cost. The cost of
manufacturing a ceramic PEM is comparatively very low and can be further lowered if
produced in large quantity. A major portion of total cost of fabrication in any MFC goes
towards manufacturing membranes. Therefore, making a low-cost membrane was necessary to
lower the production cost of a PMFC setup. At the same time, it was a challenge to make a
ceramic membrane with superior qualities and performance that can take on the widely used
commercially available Nafion membrane. Therefore, a cost comparison was made for the best-
performing membrane in this study with respect to the Nafion membrane. The breakdown of
cost analysis was done considering the combined cost for materials, transportation charges and
manufacturing process involved in membrane casting (Table 6). The cost of certain materials
viz., clay, bentonite and fly ash could be further lowered in certain locations where
transportation cost is very low. It can be seen that final cost of the ceramic membrane was
significantly less than the Nafion membrane, and considering its superior performance, it
qualifies as a potential candidate for any MFC application and can easily replace costly Nafion

membrane.
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Table 4.6 Cost breakup for fabrication of membranes.

Ingredients | Priceg?(®) | greqdft? | Priceft?(®)
Clay 10 1100 11
Sodium Carbonate 873 160 140
Sodium Metasilicate 583 40 23
Boric Acid 1017 100 102
Bentonite S 300 1.5
Fly ash 5 300 15
Membrane Casting cost 1000
(Labour, Electricity, etc)
Total Cost 1,279
Nafion 117 80,580

4.4 Conclusion

The study demonstrated the development of low-cost ceramic membranes which can
potentially replace extremely expensive commercial membrane without much compromise on
properties and performance of PMFCs. Different types of ceramic membranes were developed
by blending natural clay with bentonite, flyash, NaxCOs, Na»SiOs, H3BO3z at various
composition. Membrane characterizations revealed that the presence of bentonite, flyash,
Na>,COs3, NaSiOs, H3BO3 improved the performance of MFC by supplementing its cation
transport ability and reducing the oxygen diffusion and substrate crossover. The addition of
bentonite, fly ash, Na>COs, Na>SiO3z and H3sBOs at a concentration of 15%, 15%, 8%, 2%, and
5%, respectively to clay in membrane B improves the conductivity of the membrane. Hence,
higher bioelectricity generation and superior performance was achieved by its application in a
PMFC. Long-term study showed that the membranes were able to sustain PMFC operation for
more than six months with little to no compromise in the bioelectricity generation capabilities.
Beyond this time frame, the replacement of membrane is recommended mainly due to fouling.
The cost of making the ceramic membrane was estimated to be extremely low at 1,279 ft 2in
comparison to nafion117 (280,580 ft2), and it represent economically viable alternative to
commercially available proton exchange membranes due to its ease of use in modular PMFCs.
However, there is always a scope to improve properties of ceramic membranes using other
ingredients and cation exchangers in the future for large scale PMFC applications and building

a road map for further advancement in terms of scale-up of PMFC technology.
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5.1 Overview

To bring microbial fuel cells nearer to practical application is a challenge because of
their low power output, higher cost of materials and scale-up difficulties, and difficulty in
maintenance over an extended period (Hubenova and Mitov, 2012). Some significant and
essential criteria that can significantly affect the performance of a PMFC is its overall design
(Wetser et al., 2017). Technology scale-up is most important when it comes to the design of a
PMFC setup. Researchers around the globe have incorporated various MFC reactor design
approach and structural modifications from time to time. This includes single and multiple
chamber configurations (Wetser et al., 2015, 2017; Timmers et al., 2013; Helder et al.,2012),
different materials for electrodes (Khudzari et al., 2019; Zhou et al., 2017; Chen et al., 2018),
membrane and membrane-less arrangements (Ghadge and Ghangrekar, 2015; Chakraborty et
al., 2020; Lu et al., 2020), anodic and cathodic modifications (Gulamhussein et al., 2020),
different types of inoculum (Wu et al., 2017) as well as focusing on the use of low tech and
low-cost raw materials while designing MFCs (Ghadge and Ghangrekar, 2015).

Ever since the MFC technology was developing, only half of the system, i.e., the anodic
chamber, was biological, involving microbial oxidation of organics. In contrast, the cathodic
chamber was abiotic, involving chemical catalysts (e.g., Pt, CuO). Using a chemical catalyst
as a terminal electron acceptor for reduction reaction at the cathode improves the performance.
However, they are expensive and are not eco-friendly. However, now researchers worldwide
are carrying out studies involving complete biological setups (Wu et al., 2017; Milner et al.,
2016; Rusli et al., 2019; Hubenova and Mitov, 2012). This consists of using microorganisms
at the cathode, representing a "biocathode". The use of biocathode presents significant
advantages over abiotic and chemical cathodes minimizing investments and operational costs.
Also, the use of microorganisms creates an eco-friendly environment rather than the use of
hazardous chemical catalysts.

The presence of oxygen for the cathodic reactions in any MFCs is the most favorable
option as a terminal electron acceptor because of its high redox potential and infinite presence
in the atmosphere. The mixed culture aerobic microorganisms are known to perform better
oxygen reduction than pure cultures because of their ability to rapidly form biofilm on the
electrode surface. This has resulted in higher power output due to its ability to adapt to changing
environmental conditions with less substrate specificity, thus making the process economically
viable. Moreover, their easy availability, robustness and sustainability make them an ideal

candidate for bio cathode. However, despite its advantages, additional mechanical aeration is
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required at the cathode chamber, which seems costly, thus increasing the expenditures by
approximately 50% of the total operational costs (Wu et al., 2017; Milner et al., 2016).

Replacing chemical catalysts and mechanical aeration processes with photosynthetic
microalgae species in an MFC is also promising to improve cathodic performance. Among the
various possible configurations, the microalgal biocathodes represent a more attractive and
effective solution to overcome the limiting aspects of oxygen (O2) reduction and other
limitations caused by abiotic and general biocathodes in MFCs. This helps avoid the need for
energy-intensive mechanical aeration and its subsequent energy costs. The microalgae generate
0> via photosynthesis at the biocathode resulting in the enhancement of PMFCs performance
in an environmentally sustainable way. This, in turn, helps reduce the overpotentials caused by
various losses. The microalgae absorb CO> from air or the anode chamber for their growth
(Rusli et al., 2019; Hubenova and Mitov, 2012). There have been reports where CO> generated
by anaerobic degradation of organics can get diffused through pores of the separator and reach
the cathodic chamber for utilization by microalgae (Timmers et al., 2013). The applications of
microalgal biocathodes in MFCs require knowledge of both engineering and science to provide
asuitable environment to have an efficient COz sequestration, in-situ Oz generation, wastewater
treatment (nutrient uptake), biomass for biofuel, biofertilizer, and other value-added products
generation. Therefore, utilizing microalgal biomass or living algae directly for power
generators can become a promising approach.

This chapter describes the evolution journey of PMFCs from a two-chamber membrane
less design to a three-chamber modular structure. A bio cathode performance comparison study
was carried out between a bacterial and a microalgal assisted bio cathode. The performance of
the PMFCs were appraised in terms of their power generation capabilities, biofilm development
at anode and cathode, and ease of operation.

5.2 Materials and Methods

5.2.1 Design, development and performance evolution of PMFCs

The design of PMFC setup plays an essential role in its performance; therefore,
continuous improvements in design configurations become vital for obtaining long-term
sustainable bioelectricity generation capabilities. The study goes through a series of
upgradation in setup design from a two-chamber PMFC to a three-chamber PMFC to find out
the role of chamber architecture on the bioelectricity generation capabilities.
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For this study, four different PMFC designs were incorporated to find out the role played by
chamber architecture on the bioelectricity generation capabilities. In all the PMFCs, a bacterial
bio cathode was used. The PMFC-1 is a membrane-less design, whereas in the case of others,
the chambers were separated by a ceramic membrane made up of Clay-55%, Bentonite-15%,
Flyash-15%, Na>,Cos-8%, Na»Sios-2% and HzB03-5%. The size of the membranes used was 10
cm in diameter and 6 mm in thickness with a surface area of 78.6 cm?. The said membrane has
already shown the best performance among all ceramic membrane tested previously (Chapter-
IV), therefore, it was used in all subsequent studies. The plant of interest for the study was
Philodendron erubescens, which showed excellent bioelectricity generation potential due to its
ability to adapt in a moist environment and develop an excellent root network system (Section
3.3.7, Chapter-111). For all PMFCs, the plants were grown in a mixture of soil, cow dung and
compost in a ratio 3:2:1. While planting, 50 g of dried roots of each plant cut in the length 4-8
cm were added to the soil of the new plant assembly setup. The presence of dried roots in the
chamber is known to reduce soil compactness and help the bacterial community to grow and
accelerate the start-up process (Wetser et al., 2015). The plants were grown under indoor
conditions in the temperature range of 22 + 3°C. Artificial lighting was provided using light-
emitting diode LED grow lights (9W, Bajaj Electricals Ltd. India), and 12 h day/night condition
mimic conditions were maintained mimicking natural conditions using an automatic timer.
Sisalation was used at the top to reflect light on plants mimicking outdoor growing conditions.
To eliminate any potential surface contamination, the electrode brushes were washed with
acetone and ethanol and finally rinsed with deionized water before placing them inside their
respective chambers. At the start of the experiment, the anode and cathode of all PMFCs were
inoculated with anaerobic and aerobic media mentioned later in sections 5.2.3.1 and 5.2.3.2,

respectively.

5.2.1.1 Two chamber membrane-less PMFC

In this preliminary design, the PMFC experimental setup were made up of two different
plastic containers with anode and cathode chambers having dimension (diameter x height) 10
cm x 14 cm and 14 cm x 5 cm, respectively. The design is a membrane-less arrangement,
wherein a bentonite clay layer of thickness 1 cm was prepared and used at the base of the anode
chamber in PMFC to act as a separator between soil and catholyte. At the bottom of the anode
chamber segmented perforation was made all around the perimeter for effective movements of

cations from anode to the chambers across the bentonite clay layer.
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PMFC experiment was initiated by growing plant in the anode chamber and allowed to be
acclimatized to the new conditions for at least 10 days. The basic properties of soil and
separator used in the experiments are summarized in Table 5.1. Acid-treated carbon fibre was
used as electrodes. The anode was made up of carbon fibre brush using copper wire (4 cm in
diameter and 6 cm in length and weight of 4.7 g) for effective surface area development and
was placed perpendicular to the growth of plant roots just above the bentonite clay layer
(separator) in close proximity to the roots. The cathode comprises carbon fibre cloth (2 cm in
width and 21 cm in length and weight 4.2 g) wrapped outside the lower perforated segmented
of the anode chamber. The anode chamber is placed inside the cathode chamber, as shown in
Fig. 5.1. The electrodes were connected externally by epoxy copper wire with an external

resistance of known value.

Brush Anode

J
Resistor

I—

Anodic chamber
containing soil
and plant

L ][ ] 1 |

Cathodic chamber > ' -
containing aerobic Microbes culture k&%k\\\\\\\k\\\\ )/

and electrode half submerged

Carbon fiber Cathode

Bentonite clay layer for ion transport with perforation in the container

Fig. 5.1 Schematic representation of PMFC-1 with membrane less design setup.

Table 5.1 Basic properties of Soil and Separator used in the experiment.

Parameters Soil Separator
pH 7.4 8.2
Moisture content (%) ~ 65 <10
Density of particle (g cm™3) 3.256 2.635

5.2.1.2 Two chamber PMFC

To further improve the performance of a PMFC and to address the flaws of existing
setup, a new two-chamber PMFC setup was made with poly-acrylic sheets of 8 mm thickness
for higher stability (Fig. 5.2). The anode chamber has a 1000 mL capacity and a cathode
chamber with 800 mL working volume. In this design, plants were not grown directly in the
anode chamber as in the previous design; instead, the anode chamber of the previous design
(Section 5.2.1.1) is used as plant assembly having a same dimension of 10 cm x 14 cm and
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placed inside newly made anode chamber. In the plant assembly, perforations were made at the
lower portion for effective root elongation, thus enhancing nutrient transportation and
movements of microbes. Unlike the use of a bentonite clay layer in the previous design, here,
a proper novel ceramic membrane was introduced for the first-time separating anode and
cathode chamber. Unlike carbon fibre cloth used as cathode in the previous design, here in this
design setup, both the electrodes were made up of carbon fibre brush. The electrode material
used in the study is an acid-modified carbon fibre cloth, to enhance roughness and
hydrophilicity as mentioned in our previous chapter (Chapter-I11). This will enable better
bacterial cell distribution and would enhance biofilm development and mass transfer process.
The carbon fibre was then cut into the desired length and twisted to form a brush with the help
of titanium wire for effective surface area development and used as both anode and cathode
with a dia of 5 cm and 2.5 cm for anode and cathode, respectively. The anode was placed
perpendicular to the direction of plant roots growth in the anode chamber. Unlike the previous
design (Section 5.2.1.1), this allows the surface of the anode not to be preoccupied with the
soil particles and instead allows more surface area for microbes for biofilm formation under
wet conditions. The wet environment helps in the growth of exoelectrogenic bacteria compared
to dry environments. In the present design, the electrodes were made with titanium wire (1.0
mm in diameter) instead of the copper wire used previously. The titanium wire is non-corrosive
and well suited for wet and moist environments and decreased internal resistance to ion
transport.

After inoculating the anodic chamber with anaerobic culture, plant assembly was placed
inside it and edges were sealed. To remove any unwanted O, nitrogen purging was done to

maintain anaerobic conditions.

"le

CERAMIC
MEMBRANE

Fig. 5.2 Schematic representation of PMFC-2 incorporating ceramic membrane.
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5.2.1.3 Three chamber PMFC

This design further extends to the two-chamber PMFC described in section 5.2.1.2.
Here an anode chamber is sandwiched between two cathode chambers. The PMFCs has an
overall dimension of 16 x 30 cm with an anode chamber capacioty of 1000 mL and two cathode
chambers with 400 mL each working volume of catholyte. The three-chamber configuration
enhances the performance of a PMFC compared to the two chamber PMFC. Hence, this
configuration was used in this study. Both the cathodes were connected as a single unit while

operating.

C
Fig. 5.3 Schematic representation PMFC-3 with three chamber design setup.

5.2.1.4 Three chamber narrow bottom anode PMFC

In this design, PMFC setups were designed using a similar polyacrylic sheet as before
for high stability. Here the shape of the anodic chamber was designed in “V”” shaped with 1000
mL capacity with a narrow bottom to favour the development of anaerobic conditions for the
microbes. On either side of the anodic chamber, two cathodic chambers were fixed, separated
by a ceramic membrane, each with 400 mL capacity. The cathode chambers have wider bottom
for easy circulation of air. However, the overall size remains the PMFC remains same as in
Section 5.2.1.3.
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Aerobic bacterial culture

CATHODE

CERAMIC
MEMBRANE

Fig. 5.4 Schematic representation PMFC-4 with three chamber design setup having narrow

bottom anode.

" PMFC Design Evolution H

(a) (b) (©) (d)
Fig. 5.5 Schematic representations of PMFC designs evolution from a two chamber PMFC to
a three chamber PMFC (a) Two chamber PMFC with anode integrated into soil. (b) Two
chamber PMFC with plant assembly is separated from anode. (c) Three chamber PMFC with

anode sandwich between two cathodes. (d) Three chamber PMFC with a narrow bottom anode.

Fig. 5.6 Laboratory arrangement of all the four different PMFC setup design.
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5.2.2 Design of a modular PMFC setup

To make regular operational and maintenance work easier, an upgradation in the design
of the three chamber PMFC i.e., PMFC-3 was carried out. The modular PMFC was designed
using same polyacrylic sheet of 8 mm thickness for higher stability. The working volume of
chambers remains same as PMFC-3 with a narrowed bottom anodic chamber to enhance the
development of an anaerobic environment. On the other hand, a wider base at the cathodic
chamber will help in the aeration, supplemented by the use of silicon rubber tubes (Fig.5.7) for
easy diffusion of outside air into the section (Wetser et al., 2017). The three chambers PMFC
has been made completely modular in design, thus, provides ease of changing and assembling
every part without any hassle. The membrane assembly is uniquely designed to easily change
and replace membranes, and the setup can be easily assembled.

Similarly, changing and replacing plants, electrodes and nutrient media in the PMFC
setup is easy and convenient. With this design concept, the plant assembly is also a separate
entity where plants were allowed to grow in a separate plastic container, which was later
incorporated into the anode chamber without disrupting the setup. The PMFC design provides
an advantage of changing the plants in case they die or become non-performing. The carbon
fiber brush electrodes were fitted with screw caps with an interior thread design, making them
easy to fit inside the chamber and remove at the same time to replace them due to fouling.

The placement of an exhaust valve at the base of each chamber is a part of our modular
design PMFC which helps the user to replace spent media from each chamber easily and
independently of other chambers and without disturbing the other chambers or the whole setup.
A complete schematic representation is laid in Fig. 5.7(a) and (b) for better understanding.

In the new modular design, the membrane assembly is uniquely structured (described
in Fig. 5.7) to affix different types of ceramic membrane in the junction between anode and
cathode chambers. Since membranes are fixed between anode and cathode chambers, its
placement is critical for PMFC stability so that liquid content of the chambers do not leak from
one chamber to another and outside.

In any conventional MFC design setup, a membrane has to be fixed permanently at the
junction of chambers, making it difficult to open at the end of operation cycle. Also assembling
a new membrane is the same place was tedious and thus work is delayed. In case of the new
modular design, the membrane assembly is a slide-in-out mechanism wherein ceramic
membrane is placed and locked in place (to make non-movable) by using a rotating circular

dice inside the assembly. The membrane assembly consist of two parts, one part is fixed in
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anode chamber and another in the cathode chamber (Fig. 5.7). The chambers are fixed by
sliding cathode chamber part inside anode chamber part without using any screw or glue to fix
chambers. The rubberized gasket placed inside makes the entire setup leak proof. This process
makes working with PMFC very easy as chambers can be easily opened and membrane can be

easily replaced.

Carbon Fibre
Brush Electrode

©l [0

Membrane Assembly

Fig. 5.7 The modular design of the Plant microbial fuel cell (PMFC)with breakup explanation

of every components (a) PMFC setup design (b) Membrane assembly design

[(A) Photosynthetic Substances Expelled by Roots (B)Upper cavity (Soil Layer) (C)Brush Cathode (D) Brush
Anode (E)Active Anaerobic Microbes (F)Active Aerobic Microbes (G)Solid Phase Nutrient (H) Nitrogen Purging
(1) Silicon Tubing (J)Air In (1) Outer Cpvc Casing 11 cm dia (2) Inner Rubber Gasket (3) Casted Acrylic Ring
with Rotational Lock (4) Outer Rubber Gasket (5) Ceramic Membrane (6) Inner Cpvc Casing 10.7 cm dia (7)
Inner Fixed Gasket (8) Site for Electrode Placing with internal thread (9) Outlet for Removal of Nutrient Media].

5.2.3 Performance comparison of Bacterial and Microalgal Bio-cathode

For this comparison study, the PMFC-4 architecture was used with the plant of interest
being P. erubescens and E. aureum grown under the same condition in a plant assembly setup

as mentioned in section 5.2.1.

5.2.3.1 PMFC inoculation and operation

A biological sludge sample was collected from the bottom sediment extract of the
sewage treatment plant of 1IT Guwabhati for culturing anaerobic microorganisms. Mixed liquid
suspended solid (MLSS) and mixed liquid volatile suspended solids (MLVSS) analysis were
out as per protocol described elsewhere (APHA, 1985). 10 mL of this sewage sample were
cultured in artificial media containing 8 g L™ sodium acetate, 7 g L glucose 7 g L™ fructose,
10 g L! peptone 8.2 NazHPO4.2H,0, 5.2 g Lt NaHPO4.H,O (Tommasi et al.,2016). For
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faster biofilm development, pre-acclimatization of the brush electrodes in the respective anodic
and cathodic microbial media was carried out for at least 7 days before insertion into the PMFC
chamber. Nitrogen gas purging was carried out in the culture bottle to maintain the anaerobic
condition and the cultures were maintained at 37 °C.

One of the key reasons for using mixed culture anaerobic microbes instead of pure
cultures is to avoid contamination by other organisms. Pure culture microbes are known to be
superior in the degradation of organics; however, they need to be monitored continuously, and
different contamination avoiding techniques are required, which results in higher operational
costs. Hence, mixed cultures microbes which are naturally occurring are more suited for the
study as it offers faster biofilm development and better synergetic interaction during the
electron transfer mechanisms than the pure culture (Gunaseelan et al.,2021).

To reduce start-up period in a PMFC, a solid-state nutrient (SSN) source was prepared
similar to that of Tommasi et al., (2016), containing all the mentioned nutrients and a
solidifying agent called agar. The prime idea is to convert liquid nutrient source into a solid
one, which will store nutrients for extended periods of time, increasing their density and a slow
release over time. Once the SSN was put into the cell, mixed culture bacterial solution grown
under anaerobic condition was poured over it (Fig. 5.8¢c). Chemical oxygen demand (COD)

was measured at the start of the experiments and in case of decline in cell potential.

(@) (b) (©)

Fig. 5.8 (a) Carbon brush electrode (5 cm i.d.) (b) dried roots used during PMFC setup (c)

Picture of the agar-based solid-state nutrient (SSN) inside the anodic chamber.

5.2.3.2 Development of Bacterial Biocathode

For inoculation of biocathode, the same anodic media mentioned in section 5.2.3.1 was
used. However, instead of sodium acetate, 0.94 g L% NaHCO3; was used (Wu et al., 2017).

For the development of the aerobic condition, air circulation is done using an aquarium air
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pump, and fresh media was introduced twice a week into the cathode chamber. The pH was
maintained at 7 + 0.5 throughout the experiment by adding dilute NaOH and HCI. For the
study, two best performing indoor plant i.e., P. erubescens and E. aureum were in PMFCs with
and without SSN. Further, these PMFC perfornmance were compared with a control setup
without plant but containing bacterial biocathode. The cathode chamber was agitated
periodically for maintainance of aerobic culture using an aquarium pump (SOBO, SB548A).

Fig. 5.9 shows the experimental setup.

Fig. 5.9 Experimental setup of PMFCs with bacterial biocathode [(A) E. aurium (B) P.

erubescens (C) Control without plant].
5.2.3.3 Development of Microlagal Biocathode

For biocathode development using microalgae, a locally isolated strain i.e., Chlorella
sorokiniana KMBM _K, was used for the study. The microlagal strain was isolated from a water
body in IIT Guwahati identified and maintained in our laboratory in the traditional BG11
growth medium. The BG11 nutrient medium comprises of 0.075 g L™ magnesium sulfate
(MgS04.7H,0), 0.036 g L* calcium chloride (CaCl,.2H20), 0.006 g L citric acid (CeHsO7),
0.006 g L* ferric ammonium citrate (Ce¢Hs + 4yFexNyO;), 0.006 g L' EDTA
(C10H14N2Na20s.2H20), 0.02 g L sodium carbonate (NazCQOs), 1.5 g L™ sodium nitrate
(NaNOs3), 0.04 g Lt dipotassium hydrogen phosphate (K2HPQO4), and 1 mL L trace element

mix. The trace element mixture contains 2.86 g L™* boric acid (HsBOs), 1.81 g L™ manganese
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chloride (MnCl2.4H20), 0.222 g L™ zinc sulfate (ZnS04.7H20), 0.39 g L ! sodium molybdate
(NazM004.2H,0), 0.079 g L* copper sulfate (CuSO4.5H,0), and 0.0494 g L cobalt nitrate
(Co(NO3)2.6H20). The microalgae were maintained by artificial illumination through white
fluorescent tube light (around 5000 lux) at a temperature of approximately 25 °C, with a light:

dark cycle of 12:12 h. Culture media used in anode and cathode is shown in Fig.5.10 (c) and
(d).

When the algal biomass concentration reached 0.8 g L™ and was visibly green during
the exponential growth phase, it was used as the inoculum for the cathode chamber. Microalgal
growth, biofilm development, and electrode colonization were monitored periodically. The two
indoor plant viz., P. erubescens and E. aureum was used for the study in two different PMFC.
To analysis the performance of biocathode, these PMFCs were compared with control PMFCs
(without plant and absence of microalgal biocathode, wherein tap water was used in the cathode
chamber) Schematic representation of PMFCs with microalgal biocathode and experimental
setup is shown in Fig. 5.10 (a) and (b). It was agitated periodically using an aquarium pump
(SOBO, SB548A). To understand the sustainability of microalgal biocathode a PMFC setup
without a plant was also used a control.

The microalgal growth profile in the cathodic chamber of the PMFC was monitored by
measuring the optical density of the microalgal culture at Asso Nnm in a UV-Vis
spectrophotometer (Thermo Fisher Scientific, USA) at an interval of every 24 h. The biomass
concentration in dry cell weight (DCW) was estimated by proper calibration between the
absorbance value at 680 nm and the dry cell weight.

The overall biomass productivity (Pw, mg L™t d™?), specific growth rate (i, d%), and
the cell doubling time (D, d™*) was estimated by the following equations:

Pw = (Ws- Wo)/ (T¢-To) (5.1)
H=1In(Y2-Y1) / (T2-Ta) (5.2)
Dr=1In 2/u (5.3)

Where Yz and Y1 are the biomass concentration (g L) at time T, and T respectively, and Ws
and W, are the biomass concentration (g L) at cultivation time Tr and To, respectively
(Malakar et al., 2022a, 2022b).

The chlorophyll a and b were extracted using pure methanol by a previously reported
spectrophotometric-based method (Provost et al., 2011). The concentration of chlorophyll in
the sample was calculated by using 3.1-3.3 mentioned in section 3.2.2 (Chapter-111).
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To speed up the initial start-up process, both anode and cathode were pre-acclimatized
in their respective media for ten days prior to placing inside PMFCs. In this way, microbes get
extra time to acclimatize to a new environment. The biofilm development process is faster once

the electrodes are placed inside PMFCs.

A\l

MEMBRANE

(©) (d)

Fig. 5.10 (a) Schematic representation of PMFC with microalgal bio cathode (b) Experimental
setup of PMFCs [(A) E. aurium (B) P. erubescens (C) Control without plant (D) Control with
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P. erubescens (E) Control with E. aurium] (c) Mixed culture of anaerobic microbes (d) Culture
of Chlorella sorokiniana.

5.2.3.4 Electrochemical kinetics

To understand the mechanism of oxidation and reduction in any MFC, cyclic
voltammetry (CV) remains an established and straightforward technique. The response of
redox current peak under CV can provide information about the electro catalytic reactions
going on the surface of the anodic biofilm (Alessandro et al., 2011). Therefore, the CV
technique was carried out in three-electrode setups employing an Ag/AgCl reference electrode
coupled to a potentiostat. The electrode characterization was done during the initial period
(non-turnover) and in bio electro catalytic (turnover) conditions to understand and analyze the
transition of electrodes towards biofilm development and its bio electro catalytic behaviour
with the help of redox current peak response.

For the analysis of the entire cell, the anode was used as the working electrode,
Ag/AgCI as the reference electrode, and the cathode as the counter electrode. Similarly, bio
cathode characterization was also executed by engaging cathode as working electrode,
Ag/AgCI as the reference electrode positioned inside the cathodic chamber. The anode, in this
case is the counter electrode. CV was performed in the potential range of -0.5V to +0.5V at a
slow scan rate of 10 mV s tat 25°C. While varying the potential, the resulting response current
peaks were recorded by using potentiostat PGSTAT 302N (Metrohm, Autolab) (Gunaseelan et
al.,2021).

Electrochemical Impedance Spectroscopy (EIS) technique was used to measure the
cell's internal resistances. EIS being a powerful and non-destructive technique, works without
disturbing the biological functions of PMFCs. It was carried out in two-electrode setups where
cathode acts as reference/auxiliary electrode in the frequency range of 100 kHz to 10 mHz with
10 mV amplitude of AC signal using potentiostat PGSTAT 302N (Metrohm, Autolab)
(Alessandro et al., 2011; Zhou et al., 2015).

5.2.3.5 Electrode surface analysis using SEM

To observe the presence and formation of anodic and cathodic biofilm on the electrodes
surface, a portion of the electrode surface was cut and was washed with sterile water, followed
by fixation using 3% glutaraldehyde and PBS buffer (pH 7.0). Subsequently the surface was
dehydrated using ethanol (10%, 25%, 50%, 75%, and 100%) to observe the biofilm formation
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under Field Emission Scanning Electron Microscopy (FESEM Gemini 300(ZEISS)) (Abbas et
al., 2018).

5.3 Results and Discussion

5.3.1 Effect of PMFC design structure on bioelectricity generation

The design of a PMFC setup is an important criterion, as it plays a significant role on
the bioelectricity generation capabilities of PMFCs. The design evolution of PMFC setup
shows substantial improvement in bioelectricity generation capabilities. The behavioral
response and bioelectricity generation pattern from all the four PMFCs are shown in Fig. 5.9
and the obtained parameters are presented in Table 5.2. During the initial period i.e., 10-15
days, the output from all the PMFCs were similar; however, with the progress of time, an
apparent variation in power generation pattern was observed among all the PMFCs (Fig.5.11a).
The voltage output pattern from PMFCs having a membrane (PMFC-2, PMFC-3, PMFC-4)
were almost similar during 15-30 days’ period with PMFC-2 having least values. However, in
case of membrane less PMFC initially voltage output was less but increases sharply during 18-
24 days to around 580mv and was maintained till 40" day before declining. The voltage
generation rises again after second inoculum was fed of 45" day. This type of response may be
because of effective ions with less resistance due to absence of a membrane. However, the
decline in voltage was because of depletion of nutrients. Polarization curves (Fig. 5.11b) and
power curves (Fig. 5.11c) obtained during steady-state on the 8" week shows the maximum
power density of 29.12 mW m™2and a current density of 53.23 mA m2from PMFC-4, showing
an overall increase of 8 %, 29 % and 60 % in power generation with respect to PMFC-3, PMFC-
2 and PMFC-1 respectively. From the polarization curve's slope, the systems' internal
resistance was calculated and presented in Table 5.2. The performance enhancement can be
attributed to upgradation in design aspects and materials used in PMFC.

The results show superiority of new design PMFCs (PMFC-2, PMFC-3 and PMFC-4)
in terms of power generation as compared to membrane less PMFC (PMFC-1). The
incorporation of liquid media in the anode chamber and presence of a membrane makes it
becomes easier for the protons to travel through the nearest PEM towards the cathode side and
reduced itself. Therefore, a consistent increase in voltage generation was observed and its
sustainability is maintained without addition of external media. While in case of PMFC-1, the
incorporation of anode directly inside the soil results in preoccupation of a large amount of

surface area of brush anode by soil particles. This reduces the number of active sites for biofilm
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formation. Also inside the anode chamber in PMFC-1, the O, concentration was found to be in
the range of 45-35 umol L2, which is relatively high as compared to other PMFCs (Fig.5.12).
Therefore, incorporation of anode in the vicinity of roots restricting the anaerobic bacterial
biofilm development dur to predominating oxygen loss from roots (Liu et al., 2018).
Similarly, reduction rates also increase with the incorporation of membrane based
PMFCs. This can also be seen from the CV curves with anode as working electrode in Fig.5.11d
with an obtained current densities of 19.6 mA m2, 28.8 mMA m2, 34.4 m A m 2 and 39.6 mA
m~2 from PMFC-1, PMFC-2, PMFC-3 and PMFC-4 respectively. Incorporation of two
cathodes on either side of anode also improves reduction rates in PMFC-3 and PMFC-4.
Among the three chamber PMFCs, a slight improvement in bioelectricity generation was also
observed in PMFC-3 as compared to PMFC-2 probably because of having a narrow bottom
anode chamber which restrict mixing of the content of the chamber and helps in creating
necessary anaerobic environment. On the other hand, having a wider bottom cathode chamber
eases out air circulation at the bottom thus creating aerobic environment. To ascertain this fact,
the oxygen profile was determined quantitatively using an electrochemical O> micro sensor
(Unisense OX-25, Denmark). The maximum O2 concentration in all the PMFC was
approximately 25-27.5 umol L2 at a depth of 3 cm from the junction of the plant assembly.
In contrast, the O, concentration at a depth of 14 cm was lowest in the case of PMFC-
4 with a narrow bottom anode with a value of 11.25 umol L™ (Fig 5.12). In the case of anode
chamber in PMFC-1, the O2 concentration decreases with depth; however, the presence of roots
at the lower portion of the chamber, a rise in Oz concentration was seen. A higher concentration
of O2 was also found at a significant depth below the exposed soil surface, i.e., 2-4 cm from
the inter-junction of anode chamber and plant assembly in the case of PMFC-2, PMFC-3, and
PMFC-4 predominantly because of oxygen loss by the roots exodus. The O profile for all four
PMFCs is summarised in Table 5.2. It was observed that O, concentration at the bottom of the
anode chamber in PMFC-4 was nearly 26% less than PMFC-2 and PMFC-3 owing to its narrow
button design, which significantly enhanced the development of necessary anaerobic
conditions and proved to be superior for bioelectricity generation among all PMFCs.
Therefore, it was confirmed that the design criteria of a PMFC play an essential role in
its performance, wherein the position of the plant root and the anode chamber's depth influence

the development of anaerobic conditions and, subsequently the power generation in PMFCs.
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Fig. 5.11 (a) Cell voltage curve (b) Polarization curves (c) Power curves of different PMFCs

(d) Electrochemical characterization of PMFCs with anode as the working electrode.
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Table 5.2 Performance analysis of PMFCs.

Electrical parameters PMFCs with different Setup Configurations
PMFC-1 PMFC-2* PMFC-3*  PMFC-4@
Open circuit voltage (MmV) 680 + 10 780+6 8165 856 £5
Operating voltage (mV) 285+ 2 3702 486 £ 2 492 £2

Max. current density (MAm2) 41.67+08 4483+14 5265+08 53.23+0.8
Max. Power density (MW m™2) 18.23+0.3 2249+0.6 27.21+0.8 29.12+0.4
Internal Resistance(£2) 260+ 5 238+5 220+ 5 182 +5

O; Profile in anode (umol L) 35.23+2.0 1236+20 124+20 11.25+24
*Two chamber PMFC, # Three chamber PMFC, @ Three chamber PMFC with narrow bottom anode chamber

5.3.2 Effect of the new modular design on working performance of PMFCs

The new design PMFC have proved to be very useful for easy assembling and
disassembling of chambers at the start and end of the experiments respectively. Therefore, the
modular nature of the setup makes operation easy and significantly reduces time for assembling
multiple PMFCs at a time. The new design has been used extensively for more than 180 days.
The performance of PMFCs decreases after 180 days, owing to accumulation of spent organic
matters inside the chamber leading to fouling of surfaces of membranes and electrodes.
Therefore, the modular design helps to replace these parts easily and the PMFCs can be made
ready for next cycle at the earliest as compared to previous designs. Also the modular design
helps to replace individual components i.e., plant assembly, electrodes, membranes etc. as per
requirements without disturbing the whole setup thereby improving the efficiency of the
PMFCs.

In recent times many novel works have been highlighted by the research community
around the world. However, it is very difficult to compare results in terms of power output, as
different researchers use different configurations and techniques to calculate power densities.

However, a summary of a few of them is reported in Table 5.3.
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Sl PMFC Design Criteria and its Plants Used Electrode used Max. References
no type influence Power
generation
1 Three A modular design E. Aurium Carbon fiber 24.56 This study
chambers which is easy to brush (mW m)
assemble and
disassemble.
The design makes
operation and
maintenance easy.
2 Three A biocathode was S. anglica Graphite felt 240 Wetser et al.,
chambers intergrated for the first (MW m) 2015
time in a PMFC
2 Single Soil mixture and
Chamber thickened WAS used W. thyrsiflora
as substrate. GAC 1036
Use of a complete wet C. papyrus (Anode) (mwW m3)
chamber helped in the Carbon sheet 510
growth of electrogenic coated with Pt. (mwW m3)
bancerial and also aids (Cathode) Gulamhussei
in hydrogen ion nand
transport. Randall, 2020
3. Single A membrane-electrode
Chamber assembly (MEA) was Graphite felt
incorporated into stem P. macrocarpa as anode. 7.61 Luetal.,
coupled PMFC. P. alba Graphite paper (MW m?) 2020
Mutualism between the coated with Pt.
bacteria and plant stem (Cathode)
was established. 3.60
(mW m)
4 Single Vertically integrated 6.60
Chamber plug-in ceramic stick-  O. ficus-indica Graphite felt (mW m)
based PMFCs. It O. joconostle (Anode) 5.76 Apollon et
reduced the top-soil O. robusta Zinc sheet (MW m) al., 2020
surface occupation of  O. albicarpa (Cathode) 2.01
the cathode. (mWm2)
5.47
(mW m2)
5 Single PMFCs as green roofs  R. rotundifolia 0.02
Chamber in a subtropical T. angustifolia Carbon felts (MW m)
metropolis. It provides  P. alopecuroides 2.86 Guan and Yu,
cooling effect to (MW m™) 2021
buildings and regulate 1.31
urban heat island (MW m)
(UHI).
6 Single Green renewable Carbon fiber 1471.68
Chamber energy harvesting A. viridis brush (Anode) (MW m3) Arulmani et
system with Stainless steel al., 2021
simultaneous food crop T. aestivum (Cathode) 1731.64
productions. (mwW m3)
7 Single Membrane-less light- Carbon felt
Chamber driven PMFC and its Pleurocapous (Anode) Castresana et
ability to moss Glass coated 25 al., 2019
harvest energy from with CuO- (mwW m3)
MOosS. Cu20
photocatalyst
(Cathode)
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8 Single Horizontal and vertical 9.1
Chamber designs of terracotta- Rice Plant Graphite Felt (mW m) Kiran et al.,
based ceramic-PMFCs 16.8 2020
(mW m2)

5.3.3 Development of Bacterial Biocathode
5.3.3.1 Start-up and MFC performance

During the start-up phase, the behavior of all the PMFCs were quite similar. The
(MLSS) and (MLVSS) values of the anaerobic biological sludge were obtained to be 1537 mg
Ltand 1110 mg L1, respectively. The obtained MLVSS/MLSS ratio of 1.38 reflected the very
good quality of seed organisms and COD values were in the range of 167 + 27 mg L™t Many
voltage fluctuations were observed at 200 £ 10 mV due to the slow growth rate of
microorganisms that retarded the growth of proper biofilm on electrode surfaces. After 15 days
of inoculations, a stable voltage of 460 £ 10 mV was produced from all the five types of PMFCs
(Fig. 5.13a), which shows that exoelectrogenic bacteria had been acclimated on the surface of
the anode. However, within the next 10+ days, the cell voltage of three PMFCs, i.e., without
solid-state nutrient (SSN) and without plant, started to decline, as shown in Fig. 5.11a. This
might be due to the depletion of nutrients for the microorganisms since new inoculum was not
added to any of these PMFCs. The COD values for PMFCs without SSN (P. erubescens and
E. aurium) and without plant were obtained to be 128 + 18 mg L%, 126 + 22 mg L™* and 117
+ 23 mg L respectively on 25" day, confirming nutrient loss. The two PMFCs with solid-
state nutrient (SSN) maintained the stable voltage for the next 20 days with a steady increase.
The voltage in the cell reached 856 + 5 mV and 830 + 5 mV on the 49" day for P. erubescens
and E. aurium respectively. On the other hand, it required around 60 days to achieve the same
maximum cell voltage for the PMFC without solid-state nutrient. The difference in voltage
generation pattern between PMFC with and without SSN clearly showed the advantage of using
SSN to enhance the cell's initial performance. However, in the later period (after 60 days), both
the PMFCs performed similarly. On the other hand, the control MFC (without plant) operated
for around 45 days and finally being discarded due to low voltage output (Fig 5.13a). Thus, it
was observed that the incorporation of solid-state media helped to maintain the constant
nutrient requirements for the microbes and acted as a nutrient bridge between synthetic
nutrients fed to the chamber and plant root exodus.

All the PMFCs were operated under open circuit potential for the initial 60 days and

then switched into close circuit mode by connecting a resistor of 100 Q (ohm) after stabilizing
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voltage for a week. Upon stabilization of voltage, polarization curve was obtained on 8" week
by utilizing methods as mentioned in section 3.2.8 (Chapter-111). Subsequently, the maximum
power density of 29.12 mW m2and 25.56 mW m~2with a current density of 53.23 mA m
and 52.45 mA m~2was obtained from P. erubescens and E. aurium respectively (Fig 5.13b).
Pre-activation of electrodes helped in the development of bio-electrode both at anode and
cathode in a shorter time. It may have helped to enhance the performance along with a lower

internal resistance of 180 as obtained from the polarization curve.

1000 900 30
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Fig. 5.13 Cell voltage curve (a) of different PMFCs (b) Polarization and power density curve
of PMFC with SSN.

5.3.3.2 Electrochemical characterizations (CV and EIS)

To evaluate the performance of the PMFC system, total cell cyclic voltammetry (CV)
was carried out on the 35" day of operation. For PMFCs with solid-state nutrient (SSN) a
current density of 36 mA m2and 33 mA m2 was obtained for P. erubescens and E. aurium
respectively. On the other hand, for PMFCs without SSN the current density obtained were 32
mA m~2 and 27 mA m2 respectively. However, the control PMFC without plant achieved a
current density of 19 mA m2 (Fig 5.14a). The higher current in solid-state nutrient PMFC
showed the active presence of electroactive microorganisms during nutrient transition state,
which helped in faster biofilm development. The presence of redox peaks in PMFCs with and
without SSN at the potential -0.25 and +0.26 confirms the presence of exogenous mediators
produced by microbes. This suggests electrons transfer through the nutrient solution in the
chamber due to enhanced microbial actions. The decrease in current in the PMFC without SSN
was due to depletion in nutrient in the chamber and non-availability of plant nutrients during
that period as seen from the voltage generation pattern from Fig. 5.14. On the other hand, the
CV graph for control PMFC signified the non-availability of nutrients, and hence no significant
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redox peaks were generated (Fig. 5.14a). The CV curve obtained on 60" day of operation shows
increase in current density to 44 mA m~2and 39 mA m2 for P. erubescens and E. aurium
respectively.

The electrochemical behaviour of the biocathode was also studied on the first week as
well as on the 60" day of installation. CV analysis of the biocathode (Fig. 5.14b) showed a
reducing current density of -29 m Am2 and -27 m Am2 at around -0.5 V for P. erubescens
and E. aurium respectively. This shows catalyzing oxygen reduction due to biofilm
development on the electrode surface. A significant difference was seen from the graph on zero
(0) day vs 60" day, showcasing proper biofilm development on the cathode surface. CV
analysis was also done on the 35" day; however, difference was negligible compared to the
initial days, concluding that proper biocathode development is a time-consuming process. The
enhancement of anodic and cathodic current can be attributed to the microstructure of carbon
fibre brush electrodes, as seen in FESEM images (Fig. 5.14), which significantly enhanced
specific surface area for biofilm development.

To further probe the electrochemical properties of the PMFCs, an EIS analysis was
carried out. The Nyquist plot obtained through EIS techniques provides detailed information
about prevailing internal resistance in the PMFC. The biofilm formation over the electrodes'
surface significantly influenced the cell's overall internal resistance. Also, the presence of
nutrient solution inside the chambers and the membrane structure induces ohmic and charge
transfer resistance incrementing the overall internal resistance of the cell. The curved semi-
circular portion of the graph corresponded to the redox process occurring on the biofilm surface
due to the breakdown of nutrients. In contrast, the linear section showed the mass transfer
process at the electrode-electrolyte interface (Zhou et al., 2015). The overall internal resistance
obtained from Fig. 5.14¢ shows around 200 Q for two PMFCs with SSN and around 250 Q for
PMFCs without SSN, whereas the PMFC without plant shows a value above 300 Q. The
internal resistance value obtained from the EIS curve coincides with the values obtained
through the polarization curve. EIS was interpreted by using an equivalent circuit diagram
similar to section 4.3.4 (Chapter-1V). The values of all the parameters of the equivalent circuit
are presented in Table 3. In the presence of SSN in two PMFCs, an improved charge transport
with higher reduction kinetics was observed in the initial (25th day) period, resulting in reduced
charge transfer resistance Rct. However, after the 60" day, the behaviour of all four PMFCs
was similar, with overall internal resistance under 200 Q. In the case of the control PMFC
without plant, a higher Rct value was observed due to the deficiency of nutrients. Also, a higher

W value (Table 3) indicates higher mass transfer losses which are maximum in control PMFC.
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The internal resistance values acquired from the EIS data also support the data achieved

through the polarization curve in Fig.5.13b.

40

—— PMFC with SSN (2 erubescens)
—— PMFC with SSN (E. aurium)

——— PMFC without SSN (P, erubescens)
—— PMFC without SSN (E. aurium)
—— PMFC without Plant

—— PMFC with SSN (2 erubescens)
54 — PMFC with SSN (. aurium)
~—— PMFC without Plant

Current Density (mAm?)
=)
!

Current Density (mA m2)
=]
!

204

-25

T
0.0

(@)

2(Q)

E/V vs Ag/AgCl

05

-0.5 070 0.5
E/V vs Ag/AgCl

(b)

120

100+

80+

60

404

204

—&— PMFC with SSN (P. erubescens)
—e— PMFC with SSN (E. aurium)
—a— PMFC without SSN (B erubescens)

—a— PMFC without SSN (E. aurium)
—=— PMFC without Plant W
Rq

100 200 300
7'/(Q)

(©)

Ca

400 500

Fig. 5.14 Electrochemical characterization of PMFC (a) with anode as working electrode (b)

with cathode as working electrode (¢) Nyquist plots of biofilm carbon electrodes.

5.3.3.3 Long term performance and biofilm development

The biofilm development on the electrode surface influences the long-term
performance of the PMFC system (Timmers et al.,, 2010). The carbon fibre surface is

continuous, smooth, and non-porous. However, the FESEM image of acid-modified carbon

fibre showed a longitudinal wavy surface, increasing the fiber's roughness, promoting

microbial colony formation and biofilm development. Our previous investigation (Chapter-I11)

aimed to increase the power density of PMFCs by tailoring and optimizing carbon fibre

material to increase the bacteria loading. The electrode modification helped provide a
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microenvironment for improving electron transfer and promoting long-term stability of
interfacial bacterial biofilm at the electrode surface, thus resulting in improved power density.

During the long-term performance of PMFCs for nearly six months, a well-developed
biofilm formation was seen both on the anode and cathode surfaces during the initial three
months. PMFCs were kept under constant observation during this period without adding any
external microbial inoculum. The voltage generation pattern was monitored continuously using
an Arduino-based data logging system. The performance of all the PMFCs remained almost
constant at around 880-900 mV from 55-60 days onwards, which showed that the PMFC could
produce bioelectricity sustainably for an extended period. Continuous plant health monitoring
was carried out, and a similar growth pattern was seen, as mentioned in section 3.3.7 chapter-
I1l. A stable and well-developed anodic biofilm resulted in higher and prolonged energy
generation. The biofilm structure and morphology were observed by high-resolution Field
emission scanning electron microscope (FESEM) images obtained per the protocol mentioned
elsewhere (Jagna, 2009). Fig. 5.15a showed the presence of microbial biofilm on the surface
of the anode, confirming the availability of nutrients in the plant rhizosphere region. The
microfibre structure with rough groves formation after acid modification helped the biofilm to
adhere to its surface. Fig. 5.15b shows the development of a well-defined biocathode with
biofilm growth on the carbon fibre surface.

The performance of PMFCs starts decreasing after three months, probably because of
the development of white patches on the cathode (Fig 5.15c), indicating the commencement of
cathode fouling, which resulted in increased internal resistance and declined performance. The
power generation decreased by 40% from the maximum power that was obtained steady state.
Similar fouling was seen on the membrane surface on the cathode side. Surface of the
membrane showing anode and cathode side can be seen in Fig 5.15d taken on 24" week. White
fungal patches were seen on cathode side, while on the anode side a slime layer was observed
due to organic matter attachment thereby clogging the pores. Applying an antifungal agent,
fluconazole reduced biofouling; however, further in-depth investigation is needed to mitigate
such fouling and restore PMFC performance.
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Anode Side Cathode Side

(c) (d)

Fig. 5.15 Biofilm development on the surface of (a) anode and (b) cathode (c) biofouling of
cathode [ (A) 14" week (B) 18" week (C) 22" week] (d) biofouling of membrane.

5.3.4 Development of Microlagal Biocathode
5.3.4.1 Start-up and PMFC Performance

During the start-up period, the behaviour of all four PMFCs was similar, considering
their performance. The (MLSS), (MLVSS), and COD values of the anaerobic biological sludge
were similar to the previous experiment (Section 5.3.3). The COD values of the anodic
compartment decreased a bit by the end of two weeks and then again increased and remained
almost constant at 130 + 22 mg L throughout the experiment. This showed that a constant
source of nutrients was available from plants even after synthetic nutrients had been exhausted.
During the initial 15 days, OCV was measured, and it showed voltage fluctuations at 200 + 10
mV due to new environmental conditions and the slow growth rate of microorganisms.
Gradually stable voltage started to appear from 15-18 days' period of inoculations, typically in
the range of 450 + 10 mV from all PMFCs (Fig. 5.16a). This showed that exoelectrogenic
bacteria and the microalgae had been acclimated on the respective electrode surfaces. In the

control setup without a plant, the voltage generation started to decline from the 27" day
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onwards; however, the PMFC ran till the 57" day with low power output due to exhaustion of
nutrients.

The initial open-circuit voltage (OCV) generation pattern in all five PMFCs was almost
similar. However, after 2" week the voltage started to increase for PMFCs with P. erubescens
and E. aurium, and the highest OCV of 1020 £ 5 mV and 900 £ 10 mV, respectively, was
obtained on the 56" day (Fig. 5.16a). The increase in power generation is due to continuous
nutrient supply as plant exodus and microalgal biocathode. The control PMFCs with P.
erubescens and E. aurium showed a lower voltage of 586 + 10 mV and 504 + 6 during the
steady state, probably because of ineffective reduction at the cathode. The OCV and the
respective OV, as seen in Table 5.4, clearly showed that the PMFCs having bio-cathode
produced higher OCV and OV than the control PMFCs. This signified that the biocathode
presence significantly enhanced the performance of an MFC compared to a conventional MFC.

Polarization curves (Fig. 5.16b) and power curves (Fig. 5.16¢) were obtained during
steady-state on the 8" week. The maximum power density of 32.21 mW m™2and a current
density of 63 mA m~2 was obtained from P. erubescens, showing an overall 17% increase in
power generation with respect to bacterial bio-cathode. From the polarization curve's slope, the
system's internal resistance can be calculated. The parameters obtained from all the PMFCs are
reported in Table 5.4

The performance enhancement in the new PMFCs can be accredited to the chambers'
new design and the use of microalgal biocathode in PMFC. Also, the pre-activation of
electrodes was instrumental in developing bio-electrode at the anode and cathode within a short

period, thus enhancing PMFCs performance.
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Fig. 5.16 (a) Cell voltage curve (b) Polarization curves (c) Power curves of different PMFCs.
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Table 5.4 Performance analysis of PMFCs with Bacterial and Microalgal Biocathode.

Electrical parameters Bacterial Biocathode Microalgal Biocathode Control Control
E.aurium P.erubescens Control E.aurium P.erubescens Control With With
PMFC-II PMFC-II (without  PMFC-I PMFC-I (without  E.aurium P. erubescens
Plant) Plant)
Open circuit voltage (mV) 8305 856 +5 446+5 90010 1020 £ 4 450+ 5 504 + 6 586 + 10
Operating voltage (mV) 486 + 2 492 + 2 234 +5 510+ 4 534 +2 2305 241 267
Max. current density mAm2) 5245+08 53.23+1.8 - 57+1.4 62.23+0.8 - 23 25
Max. Power density (mW m™2) 2556+0.4 27.12+0.6 - 276306 3140+x04 - 11.7 12.6
Internal Resistance(Q2) 186 +5 1825 - 2105 190 +5 - 329 352
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5.3.4.2 Electrochemical characterizations (CV and EIS)

The extracellular electron transfer process of the electroactive microbial biofilm was
evaluated by performing total cell cyclic voltammetry (CV) during the initial period (1 week)
and at the high-performance steady state (8" week) (Fig. 5.17). All four PMFCs performed
similarly, and a significant difference was seen between the 1% and the 8" week graph. During
the 15t week (7" day) of operation, no redox peak was obtained in any of the PMFCs, and the
graph obtained was almost flat; hence, only one PMFC was shown in Fig. 5.17. The PMFCs
were still not stabilized, and the microbial biofilm development was nascent.

The CV results on the 8" week showed that the oxidation current started at about -0.25
V and reached a plateau of about 0.25 V. The exogenous mediators produced by microbes were
reflected by prominent redox peaks obtained for P. erubescens and E. aureum at 0.25 and 0.1,
suggesting enhanced electron transfer due to enhanced microbial actions. However, redox
peaks were not evident in the rest of the PMFCs. The current densities of 42m A m2 and 36
mA m~2were obtained for PMFC with P. erubescens and E. aureum, respectively (Fig. 5.17a).
However, in the control PMFC with P. erubescens, the current density obtained was 32 mA m
2, The decrease in current in control PMFC with respect to the others may be because of an
inferior oxygen reduction reaction compared to bio-cathode (Fig. 5.17a). Also, the width of the
graphs progressively decreased from P. erubescens > E. aureum > Control PMFC with P.
erubescens > Control PMFC with E. aureum, indicated decreasing current density trends,
which does correlate with the polarization curves as well. All four plants were growing
optimally and in very healthy conditions, providing a sustainable nutrient supply to the
electroactive microorganisms resulting in higher current. This helped in faster biofilm growth
and development.

The oxygen reduction characteristics of all the PMFCs were analyzed by studying the
electrochemical behavior of the biocathode during the first week (7th day) and on the 8" week
of the experiment. A noticeable difference was seen between the 7" day vs. 56" day graph,
thus inferencing the active biofilm development on the cathode surface. The maximum current
was obtained from the bio-cathode of P. erubescens in both forward scan (12.7 mA m) and
reverse scan (-16.2 mA m2), followed by E. aureum with (10.1 mA m™2, -7.1 mA m2). A
relatively lower current output was obtained from control abiotic cathodes viz., P. erubescens
(9.7 mA m2, -5.6 mA m2) and E. aureum (7.6 mA m2, -6.8 mA m2) (Fig. 5.17b). These
results indicated that in addition to the electrode material's microfibrous structure, biocathode
development with Chlorella sorokiniana played a vital role in the catalytic behavior of the

oxygen reduction reaction.
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Additionally, the Nyquist plot acquired by EIS techniques simulated by the equivalent
circuit describes internal resistance predominating in a PMFC. The biofilm formation over the
surface of the electrodes significantly influenced the overall internal resistance of the cell. Also,
the presence of nutrient solution inside the chambers and the membrane structure induces
ohmic and charge transfer resistance incrementing the overall internal resistance of the cell.
The overall internal resistance was obtained under 200 Q for PMFC with P. erubescens and E.
aureum. While for the control PMFCs, the internal resistance of nearly 240  was noticed. The
internal resistance values acquired from the EIS data were tallied with that obtained through
the polarization curve in Fig. 5.16b.

It can be seen that the PMFCs having a microalgal biocathode, an improve charge
transport and higher reduction kinetics was observed resulting in reduced charge transfer
resistance Rcr. However, in the control PMFCs with P. erubescens and E. aureum a
comparatively higher value of Rcr values was observed due to improper reduction kinetics
because of absence of a well-developed biocathode. The capacitance of a capacitor is inversely
proportional to its impedance. Therefore, a higher Cq indicated the ability to pass more current
to charge the capacitor faster. Higher Wy values (Table 5.5) indicates higher mass transfer

losses which are higher in control PMFCs.

Table 5.5 Different components of PMFC impedance

Bacterial Biocathode

PMFC Types Ro(Q) Rcr(Q) Wi(QS?  Ca (UF)
PMFC with SSN (P. erubescens) 28.5 177.5 410.7 2.05
PMFC with SSN (E. aurium) 24.8 165.2 418.4 1.90
PMFC without SSN (P. erubescens) 22.6 211.1 450.5 1.67
PMFC without SSN (E. aurium) 19.3 225.7 560.3 1.46
PMFC without Plant 25.1 280.0 673.2 1.44

Microalgal Biocathode

PMFC Types Ro(Q) Rcr(Q) W4(QS? Cai (UF)
PMFC with P. erubescens 25.6 165.2 380.4 2.80
PMFC with E. aurium 38.2 181.5 410.7 2.08
Control PMFC with P. erubescens 36.4 210.7 560.3 1.60
Control PMFC with E. aurium 23.3 243.8 576.2 1.46
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Fig. 5.17 Electrochemical characterization of PMFCs (a) with anode as the working electrode

(b) with cathode as the working electrode (c) Nyquist plots of biofilm carbon electrodes.

5.3.4.3 Microalgal growth at the cathode

Regular monitoring of the growth of microalgal biomass at the cathode was done to
correlate with the power output. An initial algal biomass concentration of 0.8 g L™ was used
as a catholyte in all PMFCs except control; however, the maximum biomass concentration was
obtained during the steady-state operational stage in all PMFCs. Other growth-related kinetic
parameters are presented in Table 5.6. The dissolved oxygen (DO) concentration at the cathode
plays a significant role in the performance of the PMFCs. At the start of the light phase, CO-
was bubbled to stimulate microalgal growth at 10 am for 5 min every day. As a result, both DO
and cell voltage decrease sharply due to the stripping process (Araceli et al., 2015). The algae
carried out photosynthesis during the light phase absorbing light, capturing carbon dioxide, and
releasing oxygen. After that, the DO and cell voltage gradually increase and reaches the

daytime maximum, and remain stable throughout the day. However, once the dark phase starts,
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the DO level and cell voltage decrease to the day time lowest. This happens because microalgae
consume oxygen and carry out respiration during the dark phase. The trend was similar with
both the PMFCs, and for representation purposes, the change in DO and cell voltage for PMFC
with P. erubescens during a single day was shown in Fig. 15.18a. The increase in DO during
the light phase does help to enhance microbial electrogenic activities, and it translates into an
increase in MFC performance. Light-dependent performance variations were reported by other
studies as well, including cyanobacteria (Enamala et al., 2020; Mostafa et al., 2021). However,
in our previous studies it was seen that anodic microorganism metabolism was not much
affected by light/dark cycles. Therefore, day/night variation in voltage generation capabilities
was almost similar.

In the PMFC with P. erubescen, a maximum DO concentration of 10.7 mg L™ was
obtained, 57% higher than the control (6.8 mg L™*). However, after reaching the maximum
value, the DO level decreased when the maximum biomass growth was achieved, as depicted
in Fig. 15.18b. It was probably because of nutrient exhaustion in the cathode chamber and the
self-shading effect. This was when the fresh microalgal culture was introduced to the cathode
chamber. The pH of both chambers is also very crucial for the performance of PMFC, and
therefore pH was closely monitored. A decrease in cathodic chamber pH was seen when CO;
was bubbled. The pH decreased down to 5.0 and then increased up to 7.0 during a later period
in the day.

Therefore, it can be said that the DO concentration significantly influences the cell
voltage generation at the cathodic chamber since oxygen is the electron acceptor. This type of
cell behaviour was observed by other researchers as well (Zou et al., 2009; Pisciotta et al.,
2010). Diurnal cell voltage difference was very negligible in all our studies when microalgae
were not used in the cathode. Over a period of 30 days, the microalgae biomass also increased,
and the maximum biomass obtained in PMFC is shown in Fig. 15.18b.

Initially, during the start of the experiment, the cathode chamber looked light green,
while the chlorophyll concentrations measured were 2.92 + 0.023 pg mL™ (Chlorophyll a=1.20
ug mL?, chlorophyll b=1.72 ug mL™). The photosynthetic activities of the microalgae were
reflected by chlorophyll concentrations which carry out photolysis of the water that releases
oxygen needed as terminal electron acceptor. During the later operational period, the cathodic
chamber culture turned dark green as a result of increased chlorophyll content with time, and
it reached a maximum of 27.43 + 1.2 ug mL™* (chlorophyll a=3.60 pug mL™?; chlorophyll
b=5.07 ug mL™?) at the end of cycle operation as summarized in Table 5.6 This resulted in light
limitation due to the self-shading effect (Zhou et al., 2015). All the parameters studied in two
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PMFCs shows similar results, hence for ease of representation an average value is presented in

Table 5.6.
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Fig. 15.18 (a) Cell voltage and dissolved oxygen at the cathode during one day (b) Time course
profile of biomass growth and DO level of microalgae Chlorella sorokiniana.

Table 5.6 Consolidated data related to the microalgal performance at biocathode.

Parameters Units Values#
Biomass concentration gL? 1.61 +0.08
Biomass productivity (Pw) mgLtd? 0.153 + 0.04
Specific growth rate () d? 0.25 +0.03
Doubling time (Dr) d? 2.77 £ 0.04
Total Chlorophyll (a+b) ug mL™? 2743+1.2
DO Concentration mg L? 10.7 +0.26

#The values are an average of all the two PMFCs.

5.3.4.4 Biofilm development and long term performance

After about 30 days' time, a portion of anode and cathode brush microfiber was taken
out, and a visual inspection of the microfibers confirmed that they were covered with light
brown and green biofilm, respectively. To ascertain this, the biofilm morphology and structure
were observed under high-resolution FESEM. Dense microbial biofilm growth on the anode
surface can be seen (Fig. 5.19a), confirming the nutrient availability near the plant rhizospheric
zone, which helped enhance the long-term performance of the PMFCs (Timmers et al., 2010).

While FESEM images confirmed the bio-anode formation, the microscopic observation
of the bio-cathode (Fig. 5.19b) showed the presence of a dominant green microalgal

biocommunity. Cathode surfaces on all PMFCs have shown well-developed biofilms of
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photosynthetic green microalgal. However, on the control cathode's surface, photosynthetic
organisms' microbial growth was visible to the naked eye during long-term MFC operation,
making it serendipitously biotic, as reported earlier (Gajda et al., 2015). These microbes in the
control cell may have helped in the bioelectricity generation process in small magnitude;
however, further study was not done in the control PMFC.

The rough groves structures formed after acid modification in carbon microfibers
helped to enhance the surface area for easy microbial cell adhesion. Fig. 5.19 (a) and (b)
showed a well-defined biofilm growth and bio-anode and bio-cathode development,
respectively, on the carbon fiber surface. The microscopic images of bio-electrodes
development were similar in all the PMFCs; hence for representation, only PMFC with P.
erubescens was shown as it showed higher bioelectricity generation.

Further, while the operational period was increased beyond the six-month period, an
increase in biofilm thickness due to the presence of bulky green layers on the cathode surface
was seen with time. This indicated the commencement of fouling of the cathode, limiting
oxygen diffusion with an increase in internal resistance and a decline in performance. However,
unlike bacterial biocathode, very limited white patches were seen with the naked eyes.
Similarly, anode fouling also occurred due to the deposition of dead microbial film over the
surface. In the case of the membrane, no visual biofouling was seen on the cathode side,
however on the anode side, a slimy layer was developed; however, no mechanical degradation
was seen with time. The power generation decreased gradually after a six-month time,
indicating the time to change the membranes and electrodes.

Therefore, the incorporation of microalgal biocathode proved beneficial and superior
in terms of maintenance of PMFC, considering its long-term sustainability. Biofouling of
bacterial cathode was found to be one of the major hurdles affecting long-term PMFC
performance, whereas microalgal biocathode contamination was not very evident. Unlike
bacterial biocathode, the microalgal biocathode helps in the development of both plant and
microalgal biomass under a single light source, as mentioned in section 3.3.7 chapter-IIl.
Microalgal biocathode proved superior, with a 17% improvement in power generation
capability with respect to bacterial biocathode. Overall incorporation of microalgal biocathode
in PMFC-4 resulted in a 72% increase in power out with regard to membrane-less PMFC in
section 5.2.1.1. Also, it helped to cut down the energy-intensive mechanical aeration process
as required in bacterial biocathode. Instead, the presence of microalgae helps to increase O>
concentration in the cathode chamber of the control with a maximum DO concentration of
10.7+0.26 mg L L.
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Fig. 5.19 Biofilm development on the surface of (a) anode and (b) cathode.

5.4 Conclusion

The study demonstrates the design evolution process of four different PMFCs, starting
from a membrane less two chamber design to a modular three chamber structure. The final
design strucure resulted in overall 72% increase in power generation owing to improved
anaerobic condition inside anode chamber, increased in ion transport across the chamber and
higher ORR at the biocathode due microalgal biofilm development as compared to bacterial
biofilm. The new modular design of PMFC plays a significant role for ease of operation and
maintenance of PMFCs during long term usage. The start-up time was significantly reduced
because of the pre-acclimatization of electrodes. The voltage generation pattern between the
initial 20-60 days’ time was very crucial as it depicted the nutrient transition period from
synthetic nutrient to plants released nutrients through rhizodeposits. The use of SSN in PMFCs
provided a smooth nutrient transition for microorganisms which in turn helped to maintain a
smooth and continuous power generation pattern.

A three-chamber PMFC was successfully integrated with bacterial bio cathode and a
microalgae bio-cathode incorporating plants P. erubescens and E. aureum. A comparative
performance analysis was also carried between the two system to find out best performing
PMFC system. The integration of microalgae bio-cathode into the PMFC system significantly
improves the power generation capabilities with respect to bacterial bio-cathode and makes it
an economically viable option as mechanical aeration can be avoided. Unlike bacterial

biocathode wherein energy intensive mechanical aeration is required the presence of microalgal

198
TH-3249_156151005



Chapter-V

biocathode help to increase O. concentration in the cathode chamber with a maximum DO
concentration recordes to be 10.7+ 0.26 mg L 2.

Furthermore, microalgae bio-cathode leads to a 17 % increase in power generation as
compared to bacterial counterpart. This signified the self-sustainable nature of PMFC, where
plants-bacteria-microalgae mutual collaborative approach leads towards a better PMFC
performance. However, a lot of research is yet to be channelized towards understanding the

biocathode reaction mechanism for power management in PMFCs.
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Chapter-VI

Efficient Energy Harvesting from Plant Microbial Fuel
Cells (PMFCs) and Development of a Power Management
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6.1 Overview

Plant microbial fuel cell is a promising renewable, self-sustainable, eco-friendly, and
green technology that offers long-term power generation by harnessing the photosynthetic
ability of plants (Limbergen et al., 2022; Chiranjeevi et al., 2019). Unlike other electrochemical
systems, PMFCs provide dual benefits of bioelectricity generation by combining plant and
microbial physiology and conserving nature by purifying air simultaneously. PMFC
technology has an exceptional potential to be implemented in large-scale bioelectricity
generation in urban areas, including rooftops, wherein we are rapidly losing green cover
(Helder et al., 2013a; Tapia et al., 2017). Apart from these, PMFCs can be easily integrated
into agricultural land, and the vast majority of wetlands can be turned into a powerhouse of
energy without compromising food production (Wetser et al., 2015).

Many studies have deciphered the potential advantages of MFC technology, including
PMFCs. Over the years, many advancements and innovations were made to increase power
generation using MFCs in general and PMFCs in particular, including electrode and membrane
modifications, MFC design structure, improvement in growth media composition, etc.
(Maddalwar et al., 2021; Apollon et al., 2021). However, despite all this efforts, MFCs still
exhibit low output voltages to be used for any practical application. The maximum production
of open circuit voltage (OCV) in a typical MFC range is 0.3-1.0 £ 0.2 V. In addition, when an
external load is applied, the operating voltage (OV) obtained from a single MFC is between
0.2 - 0.6 = 0.06V owing to various losses (Limbergen et al., 2022). However, the minimum
output voltage required for real-world applications is greater than 3V. In our study, the highest
OCV achieved was 1020 V from a single PMFC with plant P. erubescens (Section 5.3.4,
Chapter-V). Also, during the operational period, it is difficult to maintain a constant voltage in
an MFC due to constantly changing microbial metabolic activities and environmental
conditions; hence the power output from MFCs fluctuates frequently (Park and Ren, 2012).

Several researchers have various quantified approaches to address the problem of low
output voltage hindering MFCs' practical use. Connecting MFCs in a stack of series can
increase the voltage as an algebraic sum of individual cells, whereas connecting MFCs in
parallel can increase current in same fashion. Min and Logan in 2004, could obtain a maximum
OCV of 2.02 V and power density of 228 Wm™ by connecting 6 MFCs in a series-parallel
connection. Bombelli et al., in 2016, connected 10 pot-based MFCs in series to obtain a power
of 6.7 + 0.6mWm 2 which was used to charge a rechargeable battery of 3.6 \V to power a radio

just for 80 s. However, series—parallel connections suffer from the problem of voltage reversal
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if the load rating is increased or if the device needs to be used for a prolonged period resulting
in the failure of the entire MFC system (Oh and Logan, 2007; Kim et al., 2019). Also, the
performance of a PMFC is affected by various conditions such as plant type, soil, microbial
inoculum, light source, temperature, use of electrode and its placement etc. Therefore,
optimization of different operating conditions is necessary to obtain higher performance from
PMFCs. A study on the effects of various operating conditions on PMFC performance was
presented in chapter-111.

It is essential to step-up voltage to obtain consistent power output from PMFCs for
practical application as the energy generated from PMFCs is not sufficient to meet practical
applications due to low and inconsistent voltage generation patterns. Therefore, introducing a
power management system (PMS) becomes indispensable. However, it was seen that output
voltage and output power dramatically declined when a DC/DC boost converter was directly
connected to the MFC stack. A higher current was drawn by DC/DC boost converter, which
the MFCs stack can’t handle for a long time, leading to voltage overshoot and the circuit
becoming dysfunctional (Li et al., 2022; Watson and Logan, 2011; Winfield et al., 2011).
Therefore, such a circuit needs a supercapacitor to be connected (in between MFC and DC/DC
converter) to store the energy produced by the MFCs. In this way, the supercapacitor is charged
by MFCs and function as an input source for the PMS (DC/DC converter) (Kim et al.,2019).
A PMFC stack was recently established by installing multiple anodic chambers in an algal
raceway pond. During long-term operation, the highest power density of the stack with
capacitors reached 2.34 Wm™2, which was 77% higher than that without capacitors (1.32 Wm®)
(Yang et al., 2019). Prasad and Tripathi in 2020, charged a 12 V battery using 210 MFCs in
series-parallel connection using a DC/DC boost converter (XL6009IC). The charged battery
was used to glow a 7W LED bulb.

Therefore, this study brings in a novel approach to develop an efficient energy
harvesting system for indoor plant-based PMFCs to run small electronic devices requiring low
power input. The PMFCs were connected in different arrays of series and parallel connections
to determine the best possible combination for higher and usable power generation without
voltage reversal. This study will provide a new direction for energy harvesting from indoor
plant-based PMFCs. A power management system (PMS) was developed based on DC/DC
boost converter to supply a constant voltage to charge a rechargeable lithium-polymer battery.

In today's world of advanced lifestyle, electronic gadgets are becoming widespread in
daily life. Unlike our mobile phones, a smartwatch can make everyday life more accessible

because of its multi-functionality including daily health monitoring. Similarly, a missing
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headphone jack in our mobile phones has pushed people to use True Wireless Stereo (TWS) to
talk and stream music or listen to audiobooks using Bluetooth. Therefore, this study is an effort
to power these two crucial day-to-day use gadgets using energy stored in a rechargeable
lithium-polymer battery powered by PMFC clusters.

6.2 Materials and Methods
6.2.1 MFC setup and operation

For this study, 8 modular design three chamber PMFCs were made similar to Chapter-
V. Anode and cathode were made of acid treated carbon fibre brush made up of titanium wire
similar to our previous study. The anode and cathode were being separated by a ceramic
membrane of 6 mm thickness made up of Clay-55%, Bentonite-15%, Flyash-15%, Na>Cos-
8%, Na2Sios-2%, and HzBo03-5%. The said membrane is a low-cost membrane, and its
characterization and behavioral study were carried out previously in Chapter-1V and compared
with a commercially available Nafion 117 membrane. The distance between the electrodes
were kept at minimum to minimise internal resistance. Two different indoor plants viz., P.
erubescens and E. aureum, which have already shown very good performance in previous
studies have been used in this study along with Chlorella sorokiniana based microalgal bio

cathode.
6.2.2 Stacking of PMFCs

PMFCs were arranged in three different cluster arrangements to increase power
generation and to understand the role of series parallel connections. In Cluster | (4 series
connected PMFCs), Cluster 11 (2 Parallel x4 series connected PMFCs) and Cluster 111 (8 series
connected PMFCs) as shown in Fig 6.1. To connect PMFCs in series, anode of PMFC-1 was
connected to cathode of PMFC-II and the series was continued by connecting multiple PMFCs

in similar fashion. On the other hand, in a parallel arrangement, the connections are reversed.
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®

Boost Converter

| |
LI
Super Capacitor 3.3F/2.7V

[ - +i— -

(@)

i B -,
Boost Converter

| L

LI |
Super Capacitor 3.3F/2.7V

()

Power Management
System

| |
Super Capacitor 3.3F/2/7V

(©)

Fig 6.1 Schematic electrical connection of different cluster: (a) Cluster | (4 series connected
PMFCs), (b) Cluster 1l (2 Parallel x4 series connected PMFCs) and (c) Cluster 111 (8 series

connected PMFCs).
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6.2.3 Implementation of Power management systems (PMS) to improve PMFCs

performance

In this study we have used a power management systems (PMS) as shown in block
diagram of Fig. 6.2. These PMS has boost converters to boost the input voltage from a
supercapacitor (already connected to PMFCs clusters). The PMS, consist of a boost converter
BQ-25570 (Texas Instruments, USA) which is a nano-power boost charger and buck converter
for energy harvester powered applications that manages energy from an input voltage as low
as 100 mV, which allows to use this device in thermoelectric generators, small solar cells,
piezoelectric generators, among others. Also, this device was specifically designed to
efficiently acquire and manage microwatts (uW) to milliwatts (mW) of power generated from
a variety of high output impedances. The BQ-25570 implements a programmable maximum
power point tracking (MPPT) module for maximizing the transfer of power from the storage
supercapacitor linked to PMFCs cluster to the battery. The boost converter has an internally
referenced voltage called Vstor Which is not utilised. When the Vstor is less than 1.8 V, it
works under cold start mode. Once the Vstor output reaches ~1.8 V, the main boost converter
extracts the power more efficiently from the supercapacitor connected to the PMFCs cluster. It
provides a constant regulated output voltage in the range of 4.5-5V for the battery to charge,

till the supercapacitor discharges to ~100mV.

To Power Smart ‘?
Watch and Ear 23? .
Pods &

e S

e
A

T3.7v, 300 mAh
Battery

PMFCs Clusters I
e —
Boost Converter
BQ-25570
4.7F
Super Capacitor|

Fig 6.2 Block diagram of the power management system (PMS) with boost converter BQ-
25570.
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6.2.4 Electrochemical measurements of PMFCs

The output voltage from PMFCs cluster were measured using Arduino connected to a

PC. The power output from PMFCs cluster were calculated as
Pin=VinX* Iy (6.1)

where Pin, Vin, and lin are the input power, the input voltage and the input current for the PMSs,
respectively. The energy stored (Ec) in the supercapacitor can be measured by
Ec=C(VE-V&) (6.2)

Where, charging voltage (Vc) to the discharging voltage (Vp) and C is the capacitance of the
supercapacitor in Farad. The average power provided by the individual PMFCs cluster to
charge the supercapacitor can be calculated as

Poy = Ec/Tc (6.3)
Where, Tc time taken to charge the supercapacitor. The input power provided by the charged
supercapacitor to the PMS can be calculated as

Py = E¢/Tp (6.4)
Where, Tp is the discharging time of the supercapacitor. The charging-discharging of the
battery was monitored by 10T based battery monitoring system using ESP8266 in the Think

Speak 10T platform. The charging time for the battery was measured by:

The battery capacity (mAh)

The charging time for battery (hours) = (6.5)

The charging Current (mA)

6.3 Results and Discussion

6.3.1 Performances of PMFCs clusters

For all the PMFCs, it takes around 2-3 weeks to acclimatize to the new condition and
deliver a stable open circuit voltage (OCV). The modular design of PMFC was beneficial in
assembling many PMFCs in a short period. During the initial 20 days, the PMFCs were
connected in OCV mode as a continuous fluctuating potential increase was observed. The start-
up phase depends on plant and microbes’ adaptability, availability, and degradation of organic
matter by microbes. After 20 days, when stable OCV was obtained, the individual PMFCs were
connected across a load to obtain operating voltage. After that, the PMFCs were connected in
different cluster arrangements, as shown in Fig. 6.1. The maximum open circuit voltage
obtained in all three clusters was represented in Table 6.1, with cluster-111 showing the highest

values of 5.69 £ 0.23 (OCV). However, there are variations in power generation among PMFCs
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because of variations in the internal resistance of individual cells due to variations in the
internal mechanism of cells affected by biofilm growth. These include factors such as mass
transfer loss, activation loss, and ohmic loss. The individual PMFC performance also depends
on biofilm behaviour on both the anode and cathode. When the individual PMFCs cluster are
connected to charge a supercapacitor of 3.3F/2.7 V, the maximum short circuit current (SCC)
obtained are 0.87 £0.23 mA, 1.45+0.23 mA, 0.94 £ 0.23 mA for Cluster-1, Cluster-Il, Cluster-
I11 respectively (Table 6.1). The parallel connections in the Cluster-11 lead to the generation of
higher current compared to other clusters. The polarization curve and power curve for all three
clusters are obtained, and the maximum power derived from Cluster-1, Cluster-I1, and Cluster-
Il are 1.788, 2.95, and 2.80 mW at an operating voltage of 2.054, 2.056, and 2.97 V,
respectively. The power derived from Cluster Il is higher due to the higher current generation
of parallel connections.

6.0 35
554 —&— Cluster-1 —&— Cluster-1
5.0 —o— Cluster-II 3.0 —a— Cluster-1T

45 —o— Cluster-ITIL —o— Cluster-III
4.04
3.5+
3.04
2.5
2.0

Voltage (V)
Power (mW)
P

1.5
1.0 H
0.5
0.0

T T T T T T T T T T T T T T T T T T
-02 00 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 02 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6
Current (mA) Current (mA)

(a) (b)

Fig.6.3 (a) Polarization curve and (b) Power curve of all three PMFC clusters.

Table 6.1 Performance of different PMFC clusters.

PMFCs Configurations Max. Voltage Max. Power Max. Current
V) (mW) (mA)
Cluster-I 4 PMFCs in Series 2.87 £0.04 1.78£0.10 0.87 £ 0.04
Cluster-1l 4 PMFCs in Series x 2.89+£0.06 2.95+0.08 1.45+0.04
2 Parallel
Cluster-111 8 PMFCs in Series 5.69 + 0.04 2.80 £ 0.08 0.94 £ 0.04

6.3.2 PMFCs recovery profile

The study of plant recovery profile is essential to understand the sustainability of
PMFCs. During the supercapacitor charging period (typically 18-19 h) a significant voltage
drop was noticed at the output from PMFCs. The PMFCs clusters were disconnected and OCV
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was measured. The OCV values were obtained to be 1.5+ 0.6 V, 1.5+ 0.6V and 26 + 0.4V
for Cluster-1, Cluster-I1, Cluster-I11, respectively. The PMFCs cluster recovery time is studied
throughout the experiment period and is represented for 10 continuous days in Fig. 6.4. It can
be seen that for Cluster-1, it took nearly ~8.5 h to fully recover the voltage to its starting point
of 2.7 V.

Similarly, time taken for recovery Cluster-11 was ~8.5 h, with a maximum voltage level
of 2.7 V. In case of Cascade-Ill, within ~8.5 h, the voltage recovery was 5.5 V. The plant
recovery time is very consistent, representing the sustainable nature of PMFC technology
without adding any external nutrients for microbes. However, for healthy growth of the plants
in PMFCs, plant growth media is regularly sprayed, as mentioned in Chapter-11l. A more in-
depth study is currently going on regarding changing dynamics of plant and microbes’
physiology and its co-relation with bioelectricity generation during the PMFC recovery period.

. Day 1
N Day2
N Day3
I Day4
N Day5
Day6
Day7
[0 Days
| Day9
Day10
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(c)
Fig.6.4 PMFCs cluster revival time (a) 4PMFCs in Series (b) 4 PMFCs in series x 2 Parallel

(c) 8 PMFCs in Series.

6.3.3 Supercapacitors charging using PMFC cluster

The power output generated by cluster-11 supersedes the other two clusters; therefore,
Cluster-11 was used in subsequent studies for charging supercapacitors. In this study, three
different supercapacitors, viz., 2.2 F, 3.3F, and 4.7F, were connected to cluster-11 to conduct a
comparative analysis through a repeated charging-discharging cycle. A long-term stability
study is carried out by performing the experiments for more than two months, involving at least
15 charging-discharging cycles for all three supercapacitors. To step up the voltage, the
supercapacitor is connected to DC/DC boost converter BQ25570 throughout the process to see
how output voltage varies with time. It was noticed that the initial charging process is very
quick; however, to reach the steady state conditions, it takes around 13 h for both 2.2 F and
3.3F supercapacitors, while it takes a longer duration of 17.5 h for 4.7 F supercapacitors (Fig.
6.5). The supercapacitors are connected to the PMFC cluster for around 18-19 h to understand
the complete charging profile (Fig. 6.5). The energy stored in the is obtained to be 8.05 J, 8.72
J, and 9.4 J once the maximum steady state voltage is attained as 2.7 V, 2.3 V, and 2.0 V in the
2.2 F, 3.3 F, and 4.7 F supercapacitor respectively.

While the supercapacitor is getting charged, at the same time, BQ25570 starts
boosting the input voltage. From Figure 6.4, it can be seen that during the initial stage (0-0.6
V) the BQ25570 works under cold start mode showing the adaptability of boost converter to
amplify input voltage coming from the supercapacitor. The cold start behaviour of BQ25570
varies with input sources. In the case of all three supercapacitors, it took around 45 minutes to

overcome cold start mode. The BQ25570 converter only requires microwatts of power at the
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input of the circuit to begin operating in cold-start mode. Once the cold start operation ends,
the boost converter starts accumulating voltage in its internal storage called Vstor. The
advantage of using BQ25570 is that it can deliver a consistent output voltage of 4.9 V through
a wide range of input voltage range from 2.7 V to as low as 100 mV from the supercapacitor
(Fig. 6.5).

55 55

504

45

4.0

Steady State Region

354
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01 2 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20 01 2 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20

Time (Hours) Time (Hours)

(a) (b)

Voltage (V)

0 1 2 3 45 6 7 8 9 1011 1213 14 15 16 17 18 19 20
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(c)
Fig.6.5 Charging behaviour of supercapacitor of (a) 2.2 F (b) 3.3 F (c) 4.7 F and the

corresponding boosted output voltage (Vout) from BQ25570.

6.3.4 Discharge behaviour of supercapacitor and analysis of battery charging

To study the discharge behaviour of all three supercapacitors, a 300 mAh battery was
connected to the output terminal of the boost converter BQ25570. The supercapacitor
discharging behaviour and battery charging curve is represented in Fig. 6.6. The charging of
the battery takes place once the Vstor reaches ~1.8 V, and the main boost converter extracts
the power in MPPT mode more efficiently from the supercapacitor connected to the PMFCs
cluster. The MPPT mode of the board enables while Vstor value reaches 4.2 V and provide 5
V at Vour. The boost converter provides a continuous output of 4.8-5V (Vour) till the

supercapacitor voltage drops below 100 mV (Fig.6.6). The discharge time of the supercapacitor
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varies and depends on the energy stored in each supercapacitor. Compared to 2.2F and 3.3F
supercapacitors, the 4.5F supercapacitor provides a high discharge current and lowering
discharging time due to the accumulation of higher charge from the PMFC cluster. The
discharging time of the supercapacitor was 256 £ 6 s, 182 + 2 s, and 157 £ 5s for 2.2 F, 3.3F
and 4.7 F supercapacitors, respectively. During this time interval, the battery voltage increases
by 0.218 £ 0.016 V, 0.248 £ 0.010 V, 0.260 + 0.008 V by fully discharging a supercapacitor of
2.2 F, 3.3F and 4.7 F, respectively.

The PMFC cluster recovery study in the previous section shows that for complete
recovery of PMFCs to their highest OCV potential, it takes nearly 8.5 h. Therefore, once a
supercapacitor gets discharged, it has to wait for another 26 h to fully charge itself (8-8.5 h
plant recovery time + 18 h supercapacitor charging time). The battery percentage drops by 3-5
% in this time interval. Therefore, fully charging the battery takes little more than 7 days when
a 4.7 F supercapacitor is used as an input. The complete battery charging profile when all three
supercapacitors is used as input source can be seen in Fig.6.7. The charging time duration can
be easily reduced if multiple set of cluster-11 PMFCs can be brought to use similar to Prasad
and Tripathi in 2020. Also, PMFCs can use solar cells in hybrid mode to increase efficiency.

Voltage (V)
Voltage (V)

T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140 160 180 200 220
Time (Sec) Time (Sec)

(@) (b)

Battery Voltage

Voltage (V)

T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (Sec)

(c)
Fig.6.6 Discharge behaviour of the super capacitor of (a) 2.2 F (b) 3.3 F (c) 4.7 F for BQ25570.
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Fig.6.7 Variation of battery percentage and voltage with respect to time during charging of 3.7
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6.3.5 Powering a smartwatch and a wireless ear buds

To drive out the functionality of a 300mAh charged battery, it was disconnected
manually and connected again as input to the boost converter BQ25570 to act as an input source
for charging a 170 mAh smart watch and a pair of ear pod having a combined 43mAh battery
(charged through its housing case). As per manufacturer information of these two product, it
requires a minimum voltage of 4.2 V for charging these devices. Therefore, a fully charged
battery having voltage of ~3.7 V needs to be connected to the boost converter to charge the
devices. For simplicity, the whole process of powering the electronic gadgets was divided into
two steps (Stage-1 and Stage-I1), as represented in Fig. 6.8a. In the Stage-1 supercapacitor was
charged by using the PMFC cluster. The energy stored in the supercapacitor is used to charge
the Li-Polymer battery through DC/DC boost converted BQ25570 in successive steps. In case
of Stage-I1, the fully charged battery is connected to the input of the DC/DC boost converted
BQ25570 to charge a Smartwatch and a wireless ear buds. In the process, the rechargeable
battery is discharged from ~ 4.2 V to ~ 2.7 V. A digital display battery tester was used to
measure battery capacity. The voltage variation and change in battery capacity is shown in Fig.
6.8b. It can be seen that; it took nearly 120 minutes to fully charge the smartwatch from 0 to
100 % with 60% decrease in battery capacity in the process. For charging of wireless ear buds
having a capacity of 43 mAh, it took around 60 minutes, and in the process the rechargeable
battery percentage further decreased up to 96%, finally leaving a 6 % battery charge. After the
battery was fully discharged, it was again charged by BQ25570 multiple times to reach better

conclusion. During the entire study, no voltage reversal issue was noticed.
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Fig.6.8 (a) PMFC Cluster Powering Smartwatch and Earbuds(b) Variation of battery

percentage and voltage with respect to time when powering Smartwatch and Ear pod.

6.3.6 Driving the application modules

There is a diverse application of PMFC for large-scale energy generation systems
starting from wetlands (Wetser et al., 2015; Schievano et al., 2017) to engineered rooftop
(Helder et al., 2013; Guan and Yu, 2021) as most plant species are suited for such environment

as mentioned in section 2.2 (Chatper-I1). This also represents a benefit over other biomass
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energy (Strik et al., 2008). Besides large-scale primary electricity production, the PMFC
technology was also used to run low-power devices such as wireless sensors for environmental
monitoring. Recently a graphene quantum dots (GQDs) embedded PMFC-WIFI device was
designed by Xu et al., 2021 with indoor plants to provide a power supply for the Internet of
Things (1oT) and 5G signal amplification application. Table 6.2 represents a few studies with
PMFC, where a PMS was built using DC/DC boost converted BQ25570 to power wireless
Sensors.
Table 6.2 PMFC comparative analysis.

MFC Plant Type oCcv Input  Output  Output Application Ref.
Type (V) Power  Voltage  Power
(mW) V) (mW)

Boost Converter BQ-25570

Single  Sansevieria 0.8 -- 33 2.92 WSN-Smart [27]
PMFC asparagaceae City
Three Dypsis 1.7 1.8 4.2 -- IoT-WSN [28]
PMEFC lutescens
Three Stenotaphrum 1.8 33 2.14 IoT LoRa [29]
PMFC  secundatum Network
Eight  Philodendron Power smart This
PMFC  erubescens, 59 2.89 4.8 -- watch and study
Epipremnum wireless ear
aureum pod

6.4 Conclusion

Indoor plant-based PMFCs can be a source to power various low-power electronic
devices and has the potential to meet the increasing demand for green energy. Eight PMFCs in
different cluster arrangements show that the voltage generation increases in case of a series
connection; however, connecting PMFCs both in series and parallel helps to increase voltage
and current simultaneously. Among the three different arrangements, it is observed that
Cluster-11 generates the highest current, 1.45 mA, and therefore helps to charge the
supercapacitor faster. Three different supercapacitors, viz., 2.2 F, 3.3F, and 4.7 F, were charged
using Cluster-Il, and it took around 13 h to fully charge the 2.2F, 3.3F supercapacitor from 0V
to 2.7V. In contrast, it took 17.5 h to charge the 4.7 F supercapacitor fully. Every time a
supercapacitor is charged, the PMFC cluster voltage decreases, taking around 8.5 h to recover
fully. The DC/DC boost converter (BQ25570) provides a constant regulated output voltage in
the range of 4.5-5V for 256 £ 6 s, 182 £ 2 s, 157 £ 5 s for a rechargeable battery to charge when
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connected to 2.2 F, 3.3F and 4.7 F supercapacitors respectively. In the process, to completely
charge a battery (3.7V) up to 100 %, it took 8 days, 7 days and 7 days while using 2.2 F, 3.3F,
and 4.7 F supercapacitors, respectively. The fully charged battery could charge a smartwatch
and wireless earbuds in 120 minutes and 60 minutes, respectively. Therefore, this study offers

to exploit the potential of PMFCs to power electronic gadgets for day-to-day application.
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Chapter-VII

Overall Conclusion and Future Scope

7.1 Overall conclusion

Climate change is the biggest challenge the world is facing today because of continuous
use of fossil fuel. At the same time, there is a tremendous rise in energy demand globally on a
regular basis. Therefore, a shift towards alternative form of energy is highly in demand and it
should be renewable, sustainable, non-polluting, eco-friendly and economical in nature. Over
a period of time, the PMFC technology has turned to be a promising one and has the potential
to be an equally important form of renewable energy in near future for large scale
implementation in both rural and urban areas. It has the advantage of being a sustainable form
of bioenergy, which can work 24 x 7 throughout the year. Therefore, it helps to conserve
biodiversity, mitigate environment pollution and bioelectricity generation at the same time.
Many indoor plants are known for their ability to mitigate various indoor pollutions and
are widely used in every household, office establishments, etc. Therefore, the present study is
an effort to harness the bioelectricity generation potential of various indoor plants while
mitigating indoor air pollution at the same time. The study is an integrated process involving
design and development of PMFC setup to improve bioelectricity generation potentials by
optimising different operating parameters. The entire process is illustrated in the following
steps:
I.  Studies on the effect of different operating parameters viz., photoperiod, light sources,
growing media, electrode placement etc.
Il.  Study of bioelectricity generation potential of different indoor plants and
understanding its long-term performance.
[1l.  Study of electrode modification and its effect on PMFC performance.
IV.  Study of the microbial community associated with bioelectricity generation.
V. Development and characterization of low-cost clay based ceramic membranes for
PMFC application.
VI. PMFC setup design improvement to enhance its performance.
VII.  Development of modular PMFC for ease of operation and maintenance.
VIIl.  Comparative analysis of bacterial and microalgal biocathode development for enhance
bioelectricity generation.
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IX.  Scaling up of PMFCs and development of PMS for application of PMFCs to power
small electronic devices.

Various indoor plant species have different mechanisms to release nutrient into soil as
rhizodeposits which affect PMFC performance. Therefore, four different indoor plants viz.,
Epipremnum aurium, Anthurium andreanum, Dracaena braunii, Philodendron erubescens
were tested in a PMFC setup. Among all the plants’ species, Philodendron erubescens showed
the best performance as compared to the other species with a maximum power density of 32.21
mW m2. Performance of a PMFC is significantly affected by various operational parameters
such as photoperiod, light source and plant growth media. The study demonstrated that 12/12
h light and dark phase was optimum to extract maximum performance from PMFCs without
creating operational stress. Also, the addition of novel plant growth media can influence plant
growth and power generation in a PMFC. The study also demonstrated that white light is more
effective than any other source of light for enhancing plant growth and increasing microalgal
chlorophyll concentration at the bio cathode.

Development of biofilm on the electrode's surface is crucial for bioelectricity
generation. For this study, carbon fibre material was used, which is known to be cost effective
and has good adaptability for PMFC environment. Carbon fibre was modified by acid-based
treatment, which helped increase surface area and improve its properties for enhanced biofilm
development as evident from FESEM-EDS, Raman, FTIR analysis.

Developing low-cost ceramic membranes was one of the objective of this study, which
can potentially replace extremely expensive commercial membrane without compromising the
properties and performance of PMFCs. Different types of ceramic membranes were developed
by blending natural clay with bentonite, flyash, Na>Cos, NazSioz, H3Boz at various
composition. Membrane characterizations revealed that the presence of bentonite, flyash,
Na2Cos, Na:Sios, H3Bos improved the performance of MFC by supplementing its cation
transport ability and reducing the oxygen diffusion and substrate crossover. The cost of making
the ceramic membrane was estimated to be extremely low at 1,279/ ft?> in comparison to
nafion117 (%80,580/ ft?), and it represent economically viable alternative to commercially
available proton exchange membranes.

The configuration of PMFC setup and electrode and membrane placement are important
criteria affecting PMFC performance. Throughout the study, four different PMFC setups were
used, from a membrane-less two chamber design to a modular three chamber structure. The
design evolution process resulted in an overall 72% increase in power generation due to

improved anaerobic condition inside anode chamber and improvement in ion transport across
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the chamber. The three chamber PMFC design with placement of electrodes close to the
membrane proved to be superior than a two chamber PMFC design enhancing transmembrane
ion transport. Also development of anaerobic condition at the bio anode is favourable with a
narrow bottom chamber configuration, which significantly decreases O> concentration at the
bottom, thus enhancing power generation in PMFCs.

A comparative analysis study of biocathode development with respect to bacterial and
microalgal based biocathode was also carried out. PMFCs with microalgae bio-cathode leads
to a 17 % increase in power generation as compared to bacterial counterpart. The highest
voltage generated was 1020 £ 4V from plant P. erubescens. Microbial community analysis of
anode biofilm shows the presence of Firmicutes (56.84%) and Bacteroidetes (38.45%) as the
most dominating bacteria present.

The new modular design of PMFC plays a significant role for ease of operation and
maintenance of PMFCs during long term usage. The modular design of PMFCs also helped to
assemble large number of cells in a small period of time.

As a final phase of this study, an energy harvesting system was developed with the help
of a power management system to store energy from PMFCs and use it to power small
electronic gadgets of day to day use. The energy generated was first stored in a supercapacitor,
which was then connected to a DC/DC boost converter BQ25570 to boost the voltage for
charging a 300mAh battery. The charged battery was used to charge a smartwatch and a pair

of wireless earbuds.

7.2 Limitations and Future Scope

The current research tries to address the potential of indoor plants in generation of
bioelectricity. The indoor plants are known for their ability to mitigate various pollutants inside
close doors and purify air. The current study was limited to lab-scale under control
environment. Therefore, further research can be oriented towards the design and development
of a PMFC based on practical applicability with ease of operation and maintainance.

During the research period, it was found the power generation from individual PMFCs
were low. After a load is attached to the PMFC clusters the power generation reduces
significantly with a higher plant recovery time. Also fouling of membranes and electodes leads
to further reduction in performance of individual PMFC.

Therefore, considering the above limitations, following are some of the areas where more
improvements can be made.
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% Anode modification can be done by impregnation with semiconducting metal, non-
metal and their oxide nanoparticles to reduce ohmic resistance and enhance exo-

electrogenic microbes' attachment on the anode's surface.

X/
°e

To increase the rate of oxygen reduction reaction (ORR) and improve performance of
carbon cloth, incorporation of low cost activated carbon and doping with non-pt based

catalyst may be done for cathode.

X/
°e

Proton transport across the chamber can be improved by incorporating new and novel
ingredients with more sulphonic acid (SOsH) groups. Membrane manufacturing
process can be mechanised to achieve a more uniform pore size distribution.

%+ Species identification of biofilm-forming microorganisms can be done and their genetic
modification or alteration may be carried out to enhance bioelectricity generation
potential.

% Improvement in design aspect of PMFCs with the help of 3D printing technology to
provide a more robust and user friendly device.

% For commercialising indoor PMFCs and large-scale bioelectricity generation, an

aesthetically designed PMFC housing arrangement needs to be made, which can

incorporate many PMFCs that occupy less space.
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