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Continuous escalation of worldwide energy demand, depletion of conventional fuels and

environmental concerns regarding the usage of fossil fuels has urged our globe to search for

alternative resources for suitable replaceable fuels from alternative non-food resources which are

economically viable, renewable and sustainable. For addressing this concern, the potent utilization

of cheap and renewable biomass for the production of fuels and value-added bio products is

deemed to play a key role. Biomass such as microalgae is a suitable candidate for that and has

gathered more interest than land plants and crops because they have faster growth rate, higher

photosynthetic efficacy, high oil content and sustainable biomass production. Oleaginous microbes

like microalgae, fungi and bacteria has the ability to accumulate lipid. Microalgal biomass as a

renewable feedstock has received substantial attention for the development of sustainable energy

system that can replace depleting fossil fuels in the area of producing energy.

Due to their metabolic versatility, microalgae are treated as a potential and viable energy

feedstock. Microalgae has emerged as an excellent resource in this regard but the excessive cost
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of nutrients is a vital restriction for producing economically viable algal fuels. However, the
commercial production of microalgal biomass have a major limitation because of the high cost
involved in the process. The cost of growth medium is a major issue in the large-scale algal growth
and commercial production of microalgal fuels. Substitution of the chemical growth medium with
low cost organic biomass substrate could help in dealing the cost related problems associated with
cultivation of microalgae and also in dealing with heaps of agricultural and food waste generated
daily. These food and agricultural wastes are high source of nutrients and carbohydrates and hence

can be used as the cultivation medium for microalgae.

The suitability of potato, banana and sweet lime peel hydrolysate was evaluated for
microalgae cultivation as they are considered to be abundant source of carbon and, vital minerals
and nutrients. Different pre-treatment processes were carried out for all the three peels and the best
conditions yielding higher amount of glucose concentration were further hydrolyzed by enzyme.
The pre-treated extract at 80 min in case of dilute acid hydrolysis with autoclaving conditions gave
higher glucose concentration amongst all the different types of pre-treatment processes for both
potato and sweet lime peels and hence considered for further analysis. For banana peels, at 40 min
in case of autoclaving treatment followed by enzymatic hydrolysis, the pre-treated hydrolysate
gave the higher concentration of glucose amongst the various treatments executed. Response
surface methodology (RSM) was used to optimize the hydrolysis conditions to attain high glucose
concentration. The three parameters chosen for the study were; time (h), temperature (°C) and the
rotation frequency or agitation speed of the incubator (revolutions per minute i.e. RPM). 46.17
+0.77 g L1, 29.84 + 0.57 g L™ and 35.90 +0.43 g L"* of glucose yield were obtained for potato,
banana and sweet lime peels respectively under optimum conditions. The waste peels were further
characterized through proximate and ultimate analysis, compositional analysis, FESEM, EDX,
FTIR and pH study.

This study demonstrated that these organic peel waste can act as an effective, eco-friendly,
efficient and natural substrate for cost effective microalgal cultivation. Two indigenous microalgae
strains Chlorella sorokiniana KMBM_I (Strain “I”’) and Chlorella sorokiniana KMBM_K (Strain
“K”) were tested for their growth and adaptability in the peel wastes. Growth kinetic parameters
of the strains were analyzed in varying culture conditions. The present findings suggested that

these may be suitable for cost effective medium for microalgal cultivation thus opening new

ii|Page
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possibilities of making the most out of waste crop residues. In order to meet the energy demands,
utilization of waste crop residues for microalgal biomass and lipid production is a positive and

sustainable approach as an alternative to fossil fuels.

The excessive price of nutrients needed for microalgal cultivation is a vital constraint,
although mass production is essential for attaining economically viable production of algal fuels
and value-added products. Increasing energy demand has prompted the world to look for
alternative oil resources. There is a crucial demand for sustainable and economically viable source
of energy due to the reduction in conventional fossil fuel supplies. Peel wastes are zero value
material rich in a lot of nutrients and elements, and could be utilized as microbial cultivation
medium. These peel wastes after following some pre-treatment or hydrolysis, acts as an effective
growth medium for oleaginous microbes. The biomass and lipid extracted can be further
investigated for potential applications in biofuel, feed and food additives. A new insight can be
obtained with this study as it integrates the concept of lipid extracted microalgal biomass residue
utilization (LEMBR) approach along with waste disposal thereby serving in the management of
these wastes. This study showed that these wastes can be used as a natural, cost effective,

ecofriendly, efficient and affordable substrate for the cultivation of the microalgal isolates.

In this study, a considerable amount of de-oiled lipid extracted microalgal biomass residue
was generated as a waste product. Valorization of these de-oiled microalgal residue into value-
added products through microalgal biorefinery concept is possible to offset the biofuel production
cost. Biorefineries follows the concept of zero waste production and are very energy efficient.
Biorefineries aids in taking advantage of the huge potential of microalgae by recovering more

value-added products from wastes.

For microalgal based bioethanol production, those microalgae which contain carbohydrates
in high quantity specially glucose are considered to be the most favorable feedstock. The defatted
biomass after lipid extraction was hydrolyzed and the obtained hydrolysate was fermented to
generate bioethanol. This is a significant step in the production of sustainable biofuels through

reuse and recycling of spent microalgal biomass.

ii|Page
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This study highlights the potential of a bio-based refinery of two novel microalgal isolates
in producing lipid, bioethanol and value-added products etc. The isolates demonstrated a
remarkable amount of lipid, protein and carbohydrate. The strains also exhibited notable amount
of pigments like chlorophyll-a, chlorophyll-b and carotenoids, thereby allowing their utilization in
food, feed, cosmetic and pharmaceutical industries. The GCV for the strains “I” and “K” are 18.15
MJ Kgtand 20.30 MJ Kg respectively and NCV for the strains are “I” and “K” are 16.57 MJ Kg°
land 18.61 MJ Kg* respectively.

The spent biomass after extraction of lipids were reused and recycled for sustainable
biofuel synthesis. Experimental results indicated that a waste-based refinery could lead to efficient
production of value-added products from microalgae utilizing the organic wastes, in turn
contributing to the establishment of a “green society”. The highest biomass yield of 2.56+0.09 g
Lt and lipid content of 26.34+0.24 % was observed when the microalgal strain “K” was cultivated
in the mixed peel extract of potato, banana and sweet lime. This lipid can be further processed to
produce biodiesel while the spent defatted LEMBR were utilized to produce bioethanol of
7.16+0.43 g L. The study demonstrated sustainable bioenergy production with simultaneous
value added bioproducts generation from microalgae through waste peel valorization. This
bioconversion facilitates the way for emergence and creation of algae based biorefinery through
the production of biofuels and bioproducts. Further, this waste peels based microalgal biorefinery
concept could aid in the establishment of “zero waste” strategies with proper scale up techniques.
This study demonstrates the potential of indigenous native species of microalgae, for a biorefinery

that generates lipids, bioethanol and various value added bioproducts.

Keywords: Biomass; Biorefinery; Hydrolysis; Microalgae; Peel; Pre-treatment.
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Chapter 1

1.1. Global energy crisis and the requirement for renewable and sustainable energy

Energy is of utmost importance in today’s world because it is directly proportional to the
development of any nation. The need for energy for daily usage of humankind is escalating
quickly. Mankind majorly depends on fossil fuels for their energy requirement. However, the
consumption of fossil fuels in the long run is not sustainable as the available resources are limited.

Energy sources are broadly classified as renewable and non-renewable (Fig 1.1) (Behera, 2015).

Fossil fuels emit harmful gases such as nitrogen monoxide, carbon monoxide, sulphur
dioxide, nitrogen dioxide, etc. in huge amounts when burnt, giving rise to air pollution, climate
change, glacier melting, and global warming. The importance of renewable sources cannot be
underestimated as it is known that non-renewable sources will eventually deplete as they are not
sustainable. Fast population growth, excess industrialization, and enhanced use of fossil fuels have
paved the way for global warming and the world energy crisis (Rupprecht, 2009). The two crucial
elements contributing to the global energy crisis are escalating population growth and rapid
industrialization (Jambo et al., 2016). Global energy demand is escalating each year due to rapid
urbanization. Conventional fossil fuels such as coal and petroleum are the primary options of
energy sources for transport-related applications. Hence, it is necessary to explore environment-
friendly and sustainable renewable energies to satisfy fossil fuel consumption. The global energy
security and environmental issues can be handled by renewable energy. Reduction of greenhouse
gases emission and cleaner power generation are few important attributes of renewable energy
(Milano et al., 2016). The everyday rising price of petroleum and diesel, the gradual depletion of
fossil fuels and the rise in global warming has forced humanity to look out for green, renewable,
and sustainable energy sources.

Renewable energy sources (Fig 1.2) include solar, biomass wind, geothermal, tidal and
hydroelectricity, while non-renewable energy sources include natural fossil fuel resources like
coal, crude oil, and natural gas (Goldemberg and Guardabassi, 2009; Dragone et al., 2010;
Rajkumar et al., 2014).

The global energy demand is expected to enhance by 37% by 2040, according to
International Energy Report 2014. The two most crucial areas with the highest energy demand
among all the other sectors in India are the industrial and transportation sectors. As per the GOI
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Energy Statistics 2013 (Ministry of Statistics and Program Implementation, GOI), there has been
huge magnification in consumption of vital energy resources such as crude oil, coal, and petroleum
products in the last decades. India is dependent on foreign crude oil, and 70% of total crude oil
demand is met through imports. Hence, ensuring India’s future energy requirement, long-term
energy security, and sustainable energy resource development is vital. The tremendous gap
between demand and supply of India’s energy sector could be met through energy conservation by
developing alternate energy resources from biofuels. In this context, the Government of India
permitted the mandatory blending of diesel, gasoline, and petrol with biofuels to put emphasis on
biofuels as an alternate energy resource. Bioenergy has India's third-largest potential for power
generation after wind and energy resources. Being one of the fastest-growing economies, India is
the fourth largest energy consumer in the world after the USA, China, and Japan (Joshi et al.,
2017).

The energy derived in solid, liquid, and gaseous forms from biological feedstock is termed
as Bioenrgy.13% of the total global energy consumption is contributed by renewable energy, out
of which bioenergy accounts for 10% approximately (IEA, 2010). This comprises biofuels such as
biodiesel and bioethanol for transportation, biogas such as biohydrogen and biomethane, and

electricity from raw biological materials (IEA, 2013).

International Energy Agency (IEA) has declared that energy from combustible waste
sources has a higher prospective as an alternative fuel in comparison to other renewable sources
of energy (IEA, 2010). Oil reserves are non-renewable and not abundantly available. Reduction in
crude oil dependence is critical to its replacement concerning renewable energy resources. The
International Energy Agency (IEA) reported that the 2020 primary energy demand could reduce
oil, coal, and natural gas by 9%, 8%, and 2%, respectively. Bioenergy can be fabricated from
biomass as biofuels (liquid, solid or gaseous), heat, or power through biochemical or
thermochemical processes. It is estimated that the market size for liquid biofuels could grow
significantly up to 27% by 2050, although the current rate is 3% of the global transport energy
(Clauser et al., 2021). 14% of the total world energy demand is considered to be supplied from
renewable energy sources (UNDP, 2000). Renewable energy sources are an excellent source for
mitigating greenhouse gas emissions, reducing global climate change and global warming (Panwar
2011). Biomass contributes to around 14% of energy consumption and is the fourth largest energy
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globally after coal, petroleum, and natural gas. Hence, biofuel generation from combustible
sources is acknowledged as an alternative fuel for sustainable energy development (Pittman et al.,
2011). In this prospect, Microalgae has gathered considerable interest from scientists. (Medipally,
2015)

More than 300,000 microalgal species are found in nature, and its biodiversity is
significantly higher than that of crops/plants (Kandasamy et al., 2022). Microalgae can lessen
atmospheric CO2 emission globally by 50%. Microalgal lipid content is 20-50% approximately of
its dry weight with a probability of reaching up to 80% (Spolaore et al., 2006). Also, microalgal

production needed no pesticide or herbicide.

Microalgae are capable of manufacturing algal oil of 58,700 L ha™, which in turn can
fabricate biodiesel of 121,104 L ha™. The microalga B. braunii can accumulate up to 80% of bio-
oil in its microalgal biomass (Khan et al., 2018). Microalgal harvesting could take up 20-30% of
the total production cost of biomass (Mohammadjavad et al., 2019). Microalgal biomass is
significantly enriched in lipids (4.5-7.5 ton ha* y') compared to jatropha (4.1 ton ha! y™1),
rapeseed (0.7 ton ha* y1) and soybean (0.4 ton ha* y!) (Raheem et al., 2018). Microalgal biomass
can produce a variety of biofuels such as bioethanol, biodiesel and bio gasoline etc. through
conversion processes such as transesterification, pyrolysis liquefaction, gasification, anaerobic

digestion and fermentation (Milano et al., 2016).

Microalgae have the ability to synthesize bioactive compounds such as antioxidants,
carotenoids and value-added organic molecules used in food, cosmetics pharmaceuticals and feed
industry in addition to the energy content of biomass of microalgae. Carotenoids such as
astaxanthin, zeaxanthin and canthaxanthin are considered free radical scavengers, preventives of
cancer and protectants against chronic and acute health problems. These applications are in
addition to its primal energy purposes of microalgae. The microalgal biorefinery approach includes
producing a wide range of biofuels and value-added products through various cost-effective and
sustainable technologies. After oil extraction and valuable pigments, the spent microalgal biomass
could be used as a substrate to produce biohydrogen and bioethanol through fermentation. This
type of conversion plays a dual role in sustainable and renewable bioenergy production of the
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microalgal biofuel industry (Nobre et al., 2013). High biomass production is the primary landmark

for commercializing algal biofuel (Mallick et al., 2016).

Agricultural, aquatic, and forest residues are significant feedstocks for producing various
biofuels. However, the exhaustion of these existing biomass without proper alternatives has
resulted in enormous biomass scarcity and various emerging environmental crises such as
biodiversity loss and deforestation. (Goldemberg, 2007, Li et al., 2008, Saqib et al., 2013). Hence,
researchers have shifted their interest and focus on algal biomass as the renewable and alternative
feedstock for biofuel production. (Demirbas, 2007). Actually, it is a difficult challenge to find an
alternative resource that can replace fossil fuels. As algal biofuels have several advantages, they
have been considered the best resource to replace non-sustainable and non-renewable fossil fuels.
International Energy Agency (IEA) data reported that at the end of 2019, the global emission of
CO2 was 33GT. Microalgae use atmospheric CO> for photosynthesis during their growth and
sequester around 80% of CO> from the cultivation medium (Hossain et al., 2022). Large-scale
microalgal cultivation is required to commercialize microalgal biofuels through high biomass and
lipid content (Peng et al., 2020). Developing an economic microalgal cultivation system is still an
issue in the large-scale commercial production of biofuels derived from microalgae (Ahmad et al.,
2022).

In order to amplify India’s energy security, address environmental concerns, minimize fuel
import dependency and improve the domestic sector, the Government of India has been promoting
the “Ethanol Blended Petrol” Program (EBP). The Government of India 2018 notified a “National
Policy on Biofuels” and targeted 20% ethanol blending in petrol by 2030. In June 2021, the
Hon’ble Prime Minister established a clear pathway for obtaining 20% ethanol blending through
“Roadmap for Ethanol Blending in India 2020-2025”. This roadmap also cited a 10% ethanol
blending milestone to be obtained by November 2022. The EBP program is on track to get the
20% ethanol blending target by 2025-2026 with all the initiatives taken by the Government
(https://pib.gov.in/PressReleaselframePage.aspx?PRID=1831289).
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1.2. Biofuels

Fossil fuels are made up of mainly hydrocarbons and are gradually depleting as they are
non-renewable. EIA (Energy Information Administration) estimated that the worldwide fossil fuel
reserves would be depleted in less than 50 years. Fossil fuels harm the environment by
contributing to global warming, releasing huge amounts of greenhouse gases while burning.
Biofuels are renewable energy resources that can act as an alternative to fossil fuels. Biofuels are
mainly derived from crop plants and the biomass from these plants are known as feedstock in
biofuel generation. It can be concluded that any material used for biofuel production is known as
feedstock (https://letstalkscience.ca/educational-resources/stem-in-context/biofuels-alternative-
energy). Biofuels represent the most vital bioenergy production segment worldwide (Ho et al.,
2014).

Biofuels are mainly classified into four categories depending on the raw material. Table
1.1. describes in detail the advantages and disadvantages of the different generations of biofuels.

First-generation biofuels are mainly made from consumable food crops rich in sugar, starch and
vegetable oils, using conventional technology. Common biofuels of this generation include biogas,
biodiesel, bioalcohols and bioethers. Crops such as sugarcane, sorghum, sugarbeet, maize, corn,
rapeseed, soybean, canola, and sunflower were highly used for first generation biofuels. But since

these biofuels clashed with the normal food system, it was not favoured worldwide.

Second-generation biofuels- Since the first generation received backlash due to using food crops,
hence the second generation focused on non-food crops. Non-food crops like Jatropha, Pongamia,
grass and lignocellulosic waste feedstock like wood or forest residue, rice husk and straw, wheat
and corn stalks, sugarcane bagasse, etc. are used in this generation. These fuels are mainly
composed of the cellulose in the cell wall of these non-edible feedstocks and are also known as
cellulosic biofuels. Biohydrogen, bioethanol, and biomethanol are common biofuels of this

generation.
Third-generation biofuels- Microbes like algae are used in this generation to produce biofuels

like biodiesel, bioethanol, biobutanol, etc. Algae can create energy through photosynthesis, which
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is accepted as a low-cost and high-energy source for generating biofuels. This has approximately

ten times higher yield than second-generation biofuels.

Fourth-generation biofuels- Genetically modified microorganisms like algae, cyanobacteria, etc.
and bio-engineered plants, through biotechnology and genetic engineering development, are used
to produce fourth-generation biofuels. This is the most recent addition to the list of generations of

biofuel. (vikaspedia.in/energy/energy-production/bio-energy/biofuels).

Table 1.1. Biofuel generations with their pros and cons (Source: Aro, 2016; Kagan, 2010;

extension.okstate.edu).

Biofuel Feedstock/ Pros Cons
generation Resource
First Agricultural % Familiar feedstock + Food versus Fuel
crops % Reduced greenhouse gas controversy
emissions compared to %+ Seasonal outputs
fossil fuels and geographical
limitations
Second Non-food ¢+ Less debate due to non- « May compete with
energy crops food feedstock food crops for
¢+ Surplus supply of land
feedstock % Technological
breakthrough
required
Third Microalgae % Most promising feedstock %+ Technological
as an array of product development
generation is possible needed
% High yield and ++ High cultivation
productivity cost
¢ No dependence on +» Research is still in
particular season developing stage
Fourth Genetically ¢ Least negative «» Early research
modified environmental impact stage
algae ¢+ Less controversial +«»+ Long processing
¢ Multiple product time

generation is possible

High capital cost

TH-3091_146151001
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1.3. Microalgae as an emerging renewable resource for biofuel production

Microalgae are photosynthetic creatures that grow in various aquatic environments,
including water bodies like ponds, lakes, rivers, and even wastewater. They are seen to tolerate a
wide range of growth conditions like temperature, pH, salinity, and light intensity. Microalgae has
diverse applications, including health or nutrient supplements, cosmetics or biofuels, or even
bioremediation in wastewater treatment. Concerning renewability, sustainability, cost-
effectiveness, and environmental friendliness, microalgae replace fossil fuels as biofuels.
Microalgae, the third-generation biofuel production feedstock, has been considered the best
alternative to fossil fuels because it avoids the limitations of first- and second-generation biofuels.
The key advantage is its short harvesting cycle, which is more feasible than conventional and

seasonal crops with a harvesting cycle of once or twice per year (Behera et al., 2015).

Microalgae are renewable, economical, and sustainable tiny factories for biofuel
production. It has gathered extensive research for its industrial applications; however, its
upgradation from small to pilot scale and finally to commercial scale is feasible and viable by
tackling its limitations and challenges. Hence, to produce biofuels and other value-added
bioproducts from microalgae, a new emerging biorefinery approach has been developed with zero
waste concept. Due to this, the industrial cultivation of microalgae has dramatically increased in
the last few years. The main reason is that algae can be utilized as a sustainable and renewable
feedstock (Khan et al., 2018).

Microalgae can produce up to 20 times more bio-oil than traditional crops. The current
microalgal bio-oil production rate is 10,000 L ha® y, much higher than other sources such as
jatropha, sunflower palm, and soybean crops. The microalgal growth rate is high, and the
harvesting cycle is short. Genetic engineering can also be applied to microalgae to increase lipid
productivity. Dried microalgal biomass feedstock can be converted to biofuels and other valuable
products. Conversion of biomass to biofuels and other value-added products is a complex,
expensive, and technologically challenging process. To convert microalgal biomass's lipid, protein
and carbohydrate fractions into solid, liquid, gaseous biofuels and other value-added products,
complex techniques are required. Different chemical conversion techniques such as fermentation,

anaerobic digestion, liquefaction, pyrolysis, gasification and transesterification are applied to
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microalgal biomass to produce various biofuels such as hydrogen, syngas, methane, diesel,
acetone, butanol and charcoal. Microalgal biomass can generate an array of valuable products such
as nutritional and pharmaceutical supplements, organic fertilizers, animal and fish feed, pigments,
proteins, and diverse range of biofuels like biodiesel, bioethanol, biohydrogen, and biogas. It can
also mitigate pollution and effectively participates in waste water treatment. Microalgae produces
various molecular compounds such as lipids, carbohydrates, protein, pigments, antioxidants,
carotenoids, enzymes, sterols, peptides and polymers. The microalgal lipids and carbohydrates are
converted to various biofuels whereas the proteins, carotenoids, and pigments can be transformed
into cosmetics, biofertilizers, animal feed, and nutritional supplements. It is seen that microalga
Nannochloropsis granulate is more productive for oil/lipid with a maximum 48% dry weight,
whereas Spirulina maxima are known to be best for protein production (Chowdhury and
Loganathan, 2019).

1.4. General introduction to microalgae
1.4.1. Characteristics and characterization of microalgae

Algae are photosynthetic prokaryotic or eukaryotic organisms that usually dwell in
different water bodies.

Based on their pigment content, algae are divided into the following types (Malakar and
Mohanty, 2021):

* Chlorophyceae, Green algae
* Rhodophyceae, Red algae

* Phaeophyceae, Brown algae

Chlorophyceae- The grass-green color of these algae is due to the presence of a photosynthetic
pigment known as chlorophyll, which can capture light energy and produce food. A few Green
algal species are U. lactuca, C. vulgaris, and D. salina (Joshi et al., 2018).

Rhodophyceae- Along with the photosynthetic pigment chlorophyll, the red algae possess a red
protein pigment known as phycoerythrin. Due to its light-harvesting property imparts color to red
algae, where the red light is reflected, and the blue light is absorbed (Rossano et al. 2003). The
protein establishes a covalent bond with phycobilins containing chromatophores, enabling these
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algal species to do photosynthesis. A few red algal species are Irish moss, Porphyra sp., and

Gracilaria sp.

Phaeophyceae- The chloroplast of brown algae contains a supplementary pigment called
fucoxanthin in addition to chlorophyll. (Shimoda et al. 2010). They are mainly found in marine
habitats. A few brown algal species are Laminaria digitata, Postelsia palmaeformis and Isochrysis

sp.
Based on their size, algae are classified into:

a) Macroalgae

b) Microalgae

Macroalgae are macroscopic, multicellular, and eukaryotic organisms. Known as
seaweeds, they are one of the marine ecosystem'’s most ecologically and economically important
living assets. They are a significant natural source of nutrients, proteins, amino acids, minerals,
pigments, and trace elements. The red seaweed Porphyra umbilicalis, commonly known as Nori,
the long brown seaweed Macrocystis pyrifera, widely known as kelp, and the green seaweed Ulva

lactuca, generally known as sea lettuce, are some famous macroalgae (Christaki et al. 2013).

Microalgae are microscopic, unicellular, and prokaryotic organisms with a size range of 1
to 50 um. They are rich in phosphorous, iron, beta-carotene, vitamins, folic acid, calcium, biotin,
and pantothenic acid. Mostly they are phototrophic but can grow mixotrophically and
heterotrophically (Fabregas and Herrero 1990). The chemical composition of microalgae makes
them a highly significant bio-sustainable component for numerous valuable applications.
(Pimentel et al. 2018). Microalgae can survive in all habitats. They have higher productivity,
multiply quickly, and survive harsh environmental conditions. They are rich in valuable elements
such as lipids, carbohydrates, protein, antioxidants, and pigments like chlorophyll and carotenoids.
The green algal family Chlorophyceae such as Chlorella vulgaris, Hematococcus pluvialis and
Dunaliella salina are a few of the species used commercially for biofuel production (Christaki et
al. 2013).
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Microalgae grows faster than macroalgae and also contains more lipids than macroalgae.
(Lee et al., 2014). Microalgae is a rich source of oil content compared to other conventional

resources (Table 1.2.).

Table 1.2. The oil yield of different biofuel feedstocks (Source: Mata et al., 2010).

Feedstock Oil content (% oil by weight in biomass)
Corn/Maize 44
Soyabean 18
Castor 48
Canola/Rapeseed 41
Sunflower 40
Jatropha 28

Microalgae 30-70

1.4.2. Bottlenecks associated with microalgal biofuel technology

Microalgal biofuel production involves two significant phases: upstream and downstream
process. The upstream process includes various cultivation strategies and techniques, whereas the
downstream process incorporates harvesting technologies and sustainable biofuel production.
Biofuel from microalgae is considered commercially viable because of lower greenhouse gas
emissions, non-requirement of extra land for production, and improved air quality by absorbing
atmospheric CO2. Nevertheless, there are a few limitations in microalgal biofuel processing,

including lower biomass and lipid productivity, small cells making harvesting of microalgae a
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costly process, and a considerable amount of water required for cultivation. But these constraints
can be overcome by technology improvement and genetic engineering for higher biomass yield
and lipid content (Medipally, 2015). To increase microalgal productivity, culturing technologies
should be improved (Tan et al., 2020).

“Algae-for-fuel” has gathered huge interest in the last few years. Upstream possessing of
microalgal cultivation is considered the baseline in microalgae research. The upstream processes
directly influence the quality and quantity of the microalgal biomass and are technically and
economically significant. Isolation and screening of oleaginous microalgae through strain
selection, bioreactor design, preparation of cultivation medium and environmental factors
adjustment are essential steps in upstream processing (Mallick et al., 2016; Daneshvar et al.,
20121). Generally, downstream processing of microalgae cultivation is divided into cell
harvesting, drying, and biomass processing through oil extraction, conversion (transesterification),
refining of the crude product, and the overall cost of production. Cell harvesting separates the
growth medium from the biomass when microalgae reach the stationary growth phase. The
biomass concentration depends on the algal strain, reactor type and cultivation conditions.
Harvesting of microalgae is a complex process as its handing requires a great deal of water making
it a water-intensive process. The tiny size of the microalgal cells and the dilute culture biomass
concentration also add to this challenge. The capital and operational cost of harvesting techniques
are also towards the higher side, around 50% of the total production cost. However, microalgae to
biofuel or bioproduct conversion are still at the developmental stage. Rather than the technological
aspect, process economics appears to a major hindrance for the commercial utilization of
microalgal biomass (https://extension.okstate.edu/fact-sheets/downstream-processing-of-algal
cultures.html).

There are many advantages of microalgae as a feedstock for biofuel production. Some of

them are listed below (Spolaore et al., 2006; Dismukes et al., 2008; Dragone et al., 2010):

(a) Microalgae grow throughout the year; hence, no specific seasonal requirement exists.

(b) Herbicides and pesticides are not needed for microalgal cultivation.

(c) Oil content is higher than other conventional crops.
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(d) Can grow in freshwater, brackish water, seawater, and wastewater as well.

(e) Ability to grow under harsh conditions and stress.

(F) Tolerance to higher carbon dioxide content.

However, there are a few disadvantages as well in microalgal cultivation ((Demirbas, 2010; Ho et
al., 2011). They are:

(a) Higher cultivation cost compared to conventional crops.

(b) High energy input is required during harvesting, which is approximately 30% of the total
production cost.

(c) Microalgal cultivation is a water-intensive process.

(d) low biomass production, which acts as a hurdle for its industrial production.

Therefore, to develop an economical, cost effective and energy efficient process compared
to other biofuels, low-energy harvesting techniques must be developed, which in turn can generate
high oil productivity. This can be achieved through genetic modification, which is considered to
be the future of algal biofuels. Advances in photobioreactor designs and using biorefinery concept
leading to “zero waste concept” could further reduce the microalgal biofuel production cost
(Behera et al., 2015).

1.5. General introduction to the waste peels used in this study

Fruit and vegetable peels are generated in considerable amounts in industries, hostels, juice
shops, and households. They are mostly dumped along with other wastes without segregation
making them unfit for further use. Vegetables and fruits peak the most consumed food globally.
Citrus fruit waste constitutes around 50% of the wet fruit weight after its use (Russo et al., 2021).
Each year Citrus fruit processing industry creates 10 million MT of waste globally (Suri et al.,
2022). Approximately 70 to 140 thousand tons of potato peels and 36 million tons of banana peels
are produced annually. Disposal of waste peels creates a huge environment issue as they contain
high moisture content, are highly prone to microbial decay, and generate displeasing odour-
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producing gases which hamper the natural balance of the air in the environment (Martinez-
Fernandez et al., 2021; Zaini et al., 2022).

India is a major producer of potatoes, sweet limes, and different varieties of bananas. Potato
(Solanum tuberosum) is accepted as the staple food and is a main carbohydrate source in many
parts of the world and an integral part of much of the world's food supply. Sweet lime (mosambi
or musubi, Citrus limetta) is a juicy fruit that is a leading juice substrate in all the juice-based
industries. A favorite among juice lovers, sweet lime is a rich source of vitamins and minerals.
Banana (Musa sp.) is a versatile food. There are wide varieties of banana species, and can be eaten
raw as a fruit when ripe and cooked as a vegetable when unripe. Various food products and
beverages such as banana chips, banana muffins and cakes, banana wafers, banana milkshakes,
banana beer and wine are widely available worldwide. Banana puree and powder are used in baby
food products as it is loaded with vitamins and minerals. Potato dominates the chips-producing
industries like sweet lime dominates the juice and jam-jelly-making industries.

Potatoes, bananas, and sweet lime peels are agricultural waste products. The solid peel,
discarded in the industries, is zero value by-product, collected in large amounts depending on the
peeling in these industries after their processing. Mostly abrasion peeling and steam peeling are

employed in these food processing industries (Schieber and Saldana, 2009).

Fruits and vegetable peels are an abundant source of organic carbons, amino acids,
vitamins, and numerous macro and micro nutrients. Sweet lime peels contain 35.25%
carbohydrates and 9.7% protein. They include 121.2 of Ca, 142.1 of K, 37.7 of Na, 19.7 of Mg mg
per 100 g. Also, they contain 943.4 of Fe, 72.7 of Cu, 200.3 of Mn, 151.4 of Zn g per 100 g
(Barros et al., 2014). Potato peel contains 68.7% carbohydrates, 1.3% nitrogen (Arapoglou et al.,
2010)) and 17.1% protein. They contain 24.80 ppm of Cu, 22.80 ppm of Zn, and 178 ppm of Fe.
Also, they contain 0.041% Na, 0.156% Ca, 3.090% K, 1.80% P (Jekayinfa et al., 2015). The crude
composition of potato peel and sweet lime peel has been reported as: 55.25% cellulose, 11.71%
hemicelluloses, 14.24% lignin (Lenihan et al., 2010), and 18.3% cellulose, 26.2% hemicelluloses,
8.9% lignin (Kaliyan et al., 2016) for potato and sweet lime peel respectively. The composition of
the banana peels is reported as: 41.38 % hemicellulose, 9.9 % cellulose, and 8.9 % lignin (Kabenge
et al., 2018), 68.31 + 0.83 % carbohydrate content, 7.57 = 0.30 % protein content (Ahmed et al.,
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2016), 56.24 + 0.01 mg/g Calcium, 0.92 £+ 0.22 mg/g Iron, 69.05 £ 0.42 mg/g Manganese, 0.02 £
0.00 mg/g Niobium, 87.35 £ 0.03 mg/g Potassium, 2.51 £+ 0.01 mg/g Rubidium, 22.51 + 0.04 mg/g
Sodium, 0.02 £ 0.00 mg/g Strontium, 0.03 £ 0.01 mg/g Zirconium (Dahiru et al., 2018). These
nutrients play a vital role in supplying support for microalgae growth. Studies have shown that
agricultural residues and food waste, either alone or integrated with wastewater, could be used for

microalgal cultivation (Ammar et al., 2020).
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2.1. Biomass composition and structure

Lignocellulosic biomass is made up of three polymers associated with each other in a
complex heterogenous matrix viz. cellulose, hemicellulose and lignin. Cellulose and
hemicellulose are potential origin of fermentable sugars. Bioconversion of biomass to biofuel
and biomaterials is a multistep procedure that includes the feedstocks' disintegration followed
by hydrolysis and extraction of different elements. Bioconversion of lignocellulosic feedstock
to biofuel is primarily composed of four essential process steps: pretreatment, enzyme
hydrolysis, fermentation, and product recovery. Pretreatment has a substantial impact on

bioconversion efficacy.
2.1.1. Cellulose

The main structural constituent in biomass cell walls is cellulose. Also, it is the most
abundant biopolymer on the globe. The long-chain of cellulose, a D-glucose polymer, are
linked together by covalent bonds, hydrogen bonds, and Vander Waals bonds (Agbor et al.,
2011). Cellulose is highly crystalline, making it water-insoluble and resistant to

depolymerization (Mosier et al., 2005).
2.1.2. Hemicellulose

The second ample polymer in nature is hemicellulose and they are branched,
heterogenous polymers of pentoses such as Xxylose, arabinose; hexoses such as mannose,
glucose, galactose and acetylated sugar acids (Agbor et al., 2011). Hemicellulose is interlinked
to lignin and is interlaced with the cellulosic liters of biomass. It is essential to detach the
hemicellulose fragments of the biomass from the other two polymers during pretreatment so
that subsequent hydrolysis to recover glucose from cellulose becomes more efficient (Alonso
etal., 2010).

2.1.3. Lignin

The third ample polymer in nature is lignin. It is a complex and huge amorphous
heteropolymer network of phenyl propane fragments such as coumaryl, coniferyl and sinapyl
alcohol, bound jointly by various bonding. The hemicellulose and cellulose fragments of
biomass is surrounded by lignin, and a primary purpose of biomass pre-treatment is to
depolymerize the lignin seal so that sugar can be liberated from the carbohydrate (Huber et al.,
2006; Mosier et al., 2005). Lignin is insoluble in water. Different lignocellulosic constitutes
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different quantity of lignin which should be separated through pre-treatment to increase
biomass digestibility. Delignification i.e. extraction of lignin via pre-treatment, induces
swelling of lignocellulosic raw materials, distortion of lignin form, enhances inner surface area,

and enhances cellulolytic enzymes availability to cellulose fibrils (Agbor et al., 2011).

Ethanol. Alchohol,
Hydrogen, Acids

Hydrolysis Fermentation
Biomass > Sugar Monomers >

Separation/Purification
Biofuels <

Figure 2.1. Schematic of the conversion of lignocellulosic biomass to biofuel (Source: Kumar
et al., 2009).

2.2. Biomass types and categories

Basically, biomass can be categorized into four main types. By far, wood residues are
the present largest source of biomass for producing bioenergy. It is derived from the wood
industry comprising paper mills, sawmills and furniture processing. The second largest, is the
Municipal solid waste, followed by agro residues and dedicated energy crops. Dedicated
energy crops such as grasses and aquatic plants seem to have the most potential as future
biomass resource as a single planting can produce numerous harvests, thereby significantly
reducing average yearly value for handling energy crops compared to traditional crops. These
resources contain varied quantities of cellulose, hemicellulose, lignin, and extractives (Agbor
etal., 2011).

Fermentation from any biomass which constitutes sugar could procure ethanol. The raw
substrates utilized in ethanol processing through fermentation are categorized into three major
feedstock categories: sugars, starches, and cellulosic substrates. Sugars from sugarcane bagasse
molasses and fruits can be processed into ethanol. Starches from agricultural residues viz. oats,
rice, wheat, corn, cassava, potato, and root crops are first hydrolyzed to fermentable sugars.
Cellulose from wood residues, and wastes from pulp and paper mills should be formed to

sugars similarly. Once these simple sugars are produced, microbes can ferment them to alcohol.
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However, molasses is the most extensively utilized substrate for ethanol fermentation (Lin et
al., 2006).

2.3. Properties of biomass: Parameters responsible for effective pre-treatment of

lignocellulosic biomass

The overall biomass digestibility is determined by parameters such as content of lignin,
cellulose accessibility to cellulase and crystallinity of cellulose. Biomass resistance to pre-
treatment or hydrolysis is straight associated to the inherent parameters of the biomass
resource. The parameters which impart to recalcitrance of biomass includes cellulose
crystallinity, degree of polymerization of both cellulose and hemicellulose, Available surface
area or porosity, cellulose shielding by lignin, cellulose sheathing by hemicellulose, strength
of fibres and acetylation degree of hemicellulose. The accessible surface area for enzymatic
action are linked to crystallinity of cellulose and lignin and hemicellulose content (Lin et al.,
2006).

Evaluation of pre-treatment methods depends on a criterion known as the “severity
factor”, which is described as the amalgamated impact of temperature, acidity, and time span
of the pre-treatment process.

Various key constituents that affect the degradation of lignocellulosic biomass are

discussed below.
Crystallinity of cellulose

The crystallinity of cellulose has been regarded as one of the most significant properties
in governing the hydrolysis rate. The cellulosic fibres have both crystalline and amorphous
areas. However, the maximal fraction of cellulose (around 2/3 of the total cellulose) is in the
crystalline form. The enzyme cellulose easily hydrolyses the more accessible amorphous
fraction of cellulose unlike the less accessible crystalline segment. Hence it is anticipated that
highly crystalline cellulose will be further repellent to enzyme attack and it is a recognized fact
that reducing the crystallinity will enhance the lignocellulosic digestibility (Maurya et al.,
2015).

Surface area accessibility

Reports have specified a proper association between the pore volumes (accessible

surface area for cellulase and hemicellulose enzyme) and the enzyme digestibility of the
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biomass. The major benefit of this association is the enhancement of enzymatic hydrolysis
through lignin removal. Two kinds of surface area are present in lignocellulosic biomass:
external and internal. The external surface area is linked to the shape and size of the molecules
and the internal surface area is depended on the capillary composition of microfibrils present

in the cellulose (Maurya et al., 2015).
Effect of lignin content

The existence of Lignin protects the cellulose and hemicellulose of lignocellulosic
material. Lignin is liable for the biomass's integrity, structural firmness and swelling
prevention. It prevents the availability of enzymes to cellulose and hemicellulose, thereby
limiting the efficacy of the hydrolysis process. It is the most significant accepted tool for the
recalcitrance of biomass. Hence, effective delignification techniques can enhance the rate and
extent of hydrolysis by enzymes (Maurya et al., 2015).

Impact of hemicellulose content

Hemicellulose is a physical hindrance that shields the cellulosic microfibrils from the
enzymatic attack during hydrolysis. Studies have shown that the removal of hemicellulose
enhances the material's mean pore size, thereby increasing its accessibility and cellulose
hydrolysis probability. The other significant feature of the acetylation degree in the
hemicellulose is that lignin and acetyl groups are interlinked to the hemicellulosic complex and

can obstruct the disintegration of polysaccharides (Chang and Holtzapple, 2000).

2.4. Goals of pre-treatment

The major objective of pre-treatment process is to break down lignin and
hemicelluloses fractions, diminish cellulose crystallinity, and enhance the porosity of the
lignocellulosic biomass. Also, pre-treatment should boost the production of sugars or the
potential to create them during the successive enzyme hydrolysis, limit the waste of
carbohydrate, avoid the production of inhibitors that could inhibit the growth of fermentative
microbes for subsequent hydrolysis and fermentation procedures, reduces energy demands and
decrease cost, thereby making the process economical (Sanchez and Cardona, 2008).

An efficient pre-treatment is depicted by various criteria. Hence it should focus on: (i)
enhancement of the accessible surface area (ii) cellulose and hemicellulose depolymerization

(iii) solubilization of hemicelluloses and lignin, (iv) modification of the structure of lignin (v)
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increase the enzyme digestibility of the pre-treated biomass (vi) decrease the degradation of
sugars (vii) cellulose decrystallization (viii) minimize operating costs (ix) avoid formation of

inhibitory substances (Maurya et al., 2015).

Cellulose

A\l \5@.

Prttrmtmc.nt °e ? <
_\/\\

Figure 2.2. Effect of pre-treatment on the lignocellulosic biomass

Lignin

i
”

Hemicellulose

(Source: https://www.cleantechloops.com/pretreatment-lignocellulosic-biomass).

2.5. Biomass pre-treatment

Lignocellulosic biomass pre-treatment is a necessary step and is needed to modify the
biomass composition and uncover the lignocellulosic fragments for effortless access to
enzymes through enzyme hydrolysis thereby increasing the rate and yield of reducing sugars.
Primarily, pre-treatment is categorized into two significant processes viz., non-biological and
biological, based on the variety of the treatment technique associated. Non-biological pre-
treatment techniques do not include any action caused by microorganisms and are separated
into various classifications: physical (mechanical), chemical, and physico-chemical techniques
(Kumar and Sharma, 2017). Newly investigated combinatorial/ mixed pre-treatment
approaches are normally more efficient in maximizing the digestibility of biomass. Summary

of some widely used pre-treatment methods are summarized in Table 2.1.

Mechanical pre-treatment enhances the surface area of the biomass by shrinking its
size. Since reactions in the physico-chemical process happen at elevated temperatures and
pressure, a considerable impact on operating conditions is necessary (Taherzsadeh and Karimi,
2007). Chemical methods break down hemicellulose and lignin, thereby detaching the structure

of lignin holocellulose matrix. Biological pre-treatment techniques are widely utilized for the
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delignification of lignocellulosic substrates. An overview of different pre-treatment processes

are mentioned in Figure 2.3.

Lignocellulosic biomass

Hemicellulose
1 Pretreatemnt

Cellulose

Physicochemical
*Steam explosion
Liquid hot water

Physical
*Mechanical
extrusion
*Milling
*Microwave
*Ultrasound

Chemical
=Acid

=Alkali
*(zonolysis
*0Organosolv

Biological

*Fungi (white,
soft & brown rot)

*Carbon dioxide
explosion
*Oxidative
treatment

Enzyme hydrolysis
]

Figure 2.3. Overview of different pre-treatment processes (Source: Kumar and Sharma, 2017).

2.5.1. Physical (mechanical) methods
Mechanical Extrusion

It is the most traditional technique of biomass pre-treatment, where the raw materials
are treated with the heating process (>300 °C) under shear mixing. It basically produces gases
and biochar from the pre-treated lignocellulosic residues (Shafizadeh and Bradbury, 1979).
Extrusion had a vital impact on degradation of cellulose and hemicellulose fractions and
exhibited maximal sugar recovery from a broad spectrum of lignocellulosic materials, as
reported by Karunanithy and Muthukumarappan, 2011. When merged with additional pre-
treatment techniques, this method performs better by enhancing the overall yield of the
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reducing sugars. However, this technique needs very high energy, making it a costly process
(Zhu and Pan, 2010).

Milling/Mechanical Comminution

Comminution of lignocellulosic biomass via amalgamation of chipping, grinding and
milling can decrease cellulose's crystallinity. The aim of mechanical comminution is to
decrease the size of the particles and biomass crystallinity to enhance the specific surface area
and to decrease the degree of polymerization of cellulose. The biomass size is generally 10-30
mm after chipping and 0.2—2 mm after milling or grinding. This technique is cost intensive due
to high power consumption for acquiring desired particle size of the materials (Kumar et al.,
2009; Maurya et al., 2015).

Ultrasound

Sonication is a new pre-treatment process that uses ultrasound waves that produce both
physical and chemical reactions, thereby altering the biomass morphology. Little cavitation
bubbles that disrupts the cellulose and hemicellulose fraction are formed during ultrasound
which increases the accessibility to cellulose degrading enzymes for effectual disintegration
into simple monomeric sugars. Time span and frequency of sonication has maximal
consequence on biomass pre-treatment. A frequency of 10-100 kHz had been sufficient for
cell breakdown and polymer degradation as per reports. Prolonged sonication beyond a
particular limit had no extra outcome in terms of delignification and liberation of reducing

sugars (Rehman et al., 2013)
Microwave pre-treatment

Microwave irradiation can alter the cellulose structure by breaking down lignin and
hemicellulose, thereby enhancing the enzymatic susceptibility of biomass (Lu et al., 2011). It
is a technique which has been widely accepted due to several rationales such as (1) trouble-free
performance (2) less power requisite (3) maximal heating potential in short span of time (4)
minimal formation of inhibitory compounds (5) time-efficient i.e. the residence period in

microwave treatment varies from 5 to 20 min.
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2.5.2. Physicochemical methods
Steam explosion

Steam explosion is broadly classified into an Uncatalyzed steam explosion and
catalyzed steam explosion. Uncatalyzed steam explosion refers to a pre-treatment method in
which biomass is swiftly heated by high-pressure steam without the inclusion of any catalyst.
Water can behave as an acid (chemical catalyst) at elevated temperatures. The vital chemical
and physical alterations to biomass by steam treatment are often attributed to the removal of
hemicelluloses (Mosier et al., 2005). This technique is also known as ‘autohydrolysis’ due to
the changes that occur during this treatment. In the course of this treatment, the reaction of
hemicellulose into glucose and xylose is executed by the acetic acid formed from the acetyl
groups of hemicellulose; thus, this technique is referred to as autohydrolysis too. Steam pre-
treatment is basically an amalgamation of mechanical forces (pressure drop) and chemical
effects (hydrolysis of the acetyl group of hemicellulose). In this method, raw materials are
treated with elevated pressure saturated steam at high temperature (160 to 260 °C) for a few
seconds to minutes which triggers hydrolysis and liberation of hemicellulose. The steam
invades the biomass, swells the walls of cells leading to partial hydrolysis, enhancing the
enzymatic accessibility for cellulose. Then the pressure is decreased to atmospheric condition
(Kumar and Sharma, 2017). Steam treatment (steam-explosion) can be efficiently increased by
including sulphuric acid, Carbon dioxide or Sulphur dioxide as a catalyst. The utilization of
acid catalyst enhances the recovery of hemicellulose sugars and boost the enzymatic hydrolysis
on the solid remnant. Acid catalyst has been seen to be majorly effective in hemicellulose sugar
recovery, reduced formation of inhibitory substances and enhanced enzyme hydrolysis among
all the catalysts. Low temperature and longer residence time (190 °C for 10 min) are more
desirable compared to high temperature and lower residence time (270 °C for 1 min) because
of less fermentation inhibitors production in the earlier process. The elements that influences
steam pre-treatment are temperature, residence time, particle size of biomass and moisture
content and the combined action of temperature and time. It is an appealing technique as it
makes restricted usage of chemicals, it needs less energy input with no recycling or
environmental cost, low energy requirement, environment friendly, significant enhancement in
enzyme hydrolysis, lesser environmental effect, minimal capital investment, more prospective
for energy efficacy, less hazardous process chemicals and conditions and substantial sugar

recovery. The limitations are incomplete breakdown of lignin-carbohydrate matrix resulting in
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making the biomass less digestible and possible generation of fermentation inhibitors at higher
temperatures, the probability of production of fermentation inhibitory compounds at high
temperature, incomplete digestion of lignin-carbohydrate matrix (Agbor et al., 2011), the
formation of inhibitory/degrading compounds, partial destruction of hemicelluloses and the
production of toxic elements which could impact on the enzymatic hydrolysis and fermentation

method.
Liquid hot water

Liquid hot water has exhibited the ability to liberate hemicellulosic sugar fraction and
decrease the undesired disintegration of products (Mosier et al., 2005). Water at high
temperature (170-230 °C) is utilized in this process, leading to hydrolysis of hemicellulose,
lignin removal making cellulose more approachable, avoiding the production of fermentation
inhibitors at elevated temperatures. Liquid hot water has been referred with multiple terms such
as solvolysis, hydro thermolysis, aqueous fractionation and aquasolv. Low temperature
necessity, minimal production of inhibitory components and less price of solvent are few of
the benefits related to it. However, it needs substantial power in downstream processing

because of the large amount of water associated in the technique (Agbor et al., 2011).
Carbon dioxide explosion

Carbon dioxide explosion incorporates the usage of supercritical carbon dioxide under
pressure to increase the digestibility of lignocellulosic feedstock (Agbor et al., 2011). This
method executes the pre-treatment of feedstock by passing supercritical carbon dioxide. The
gas carbon dioxide acts like a solvent in this case. An elevated pressure reactor vessel holding
feedstock passes the supercritical carbon dioxide. The reactor is heated to the requisite
temperature and retained for several minutes at elevated temperature. Carbon dioxide invades
the biomass at elevated pressure forming carbonic acid that enhances the hydrolytic rate
thereby hydrolyzing the hemicellulose fraction. When liberated, the pressurized gas distorts the
raw materials layout, enhancing the accessible surface area. Low moisture content biomass is
not suitable to be processed in this technique. Therefore, more the moisture content, more the
hydrolytic yield of the biomass. Less cost of carbon dioxide, less temperature necessity and no
toxin production make it an appealing technique. Although, substantial cost of reactor vessel
that can endure elevated pressure is a significant hindrance in its implementation (Kumar and
Sharma, 2017).
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Oxidative pre-treatment

Treatment of feedstocks by oxidizing mediums such as hydrogen peroxide, ozone,
oxygen or air causes delignification, which converts lignin to acids. The main disadvantage of
oxidative pre-treatment is that it destructs a noteworthy quantity of hemicellulose making it
inaccessible for fermentation. Hydrogen peroxide is often used as the oxidizing medium.
Removal of lignin and hemicellulose from biomass increases cellulose accessibility leading to

enhanced enzymatic hydrolysis (Kumar and Sharma, 2017).
2.5.3. Chemical methods
Acid pre-treatment/hydrolysis

The goal of the acid treatment is chemical hydrolysis that can generate solubilization
of hemicelluloses and lignin, and to make cellulose available to enzymes. This method can be
carried out with concentrated or diluted acid; however, concentrated acids are environmentally
unsafe and dangerous, and toxic, corrosive and corrosion-resistant apparatus are needed in the
process. Diluted acid hydrolysis is a feasible technique for biomass pre-treatment. Two kinds
of dilute acid pre-treatment methods are present: high temperature (beyond 180 °C) short time
(1-5 min) and lower temperature (120 °C), longer time (30—90 min) (Maurya et al., 2015).
Hydrochloric acid, Nitric acid, Phosphoric acid, Sulfuric acid, and Dicarboxylic acids: oxalic
and maleic acid have been used for biomass pre-treatment, however, dilute sulfuric acid is
frequently employed as the acid of choice. Dilute acid is incorporated with feedstock to
solubilize hemicellulose thereby enhancing cellulose. The acid liberates oligomers and
monomeric sugars via influencing the reactivity of the carbohydrate polymers present in the
biomass (Agbor et al., 2011). Acid pre-treatment can enhance the enzymatic hydrolysis of
lignocellulosic feedstock to liberate fermentable sugars (Kumar et al., 2009). Acid pre-
treatment could be inexpensive as acids are relatively cheap, but, since the technique is
executed at elevated temperature, high energy input is needed, making the process costly. Acid
hydrolysis is the most frequently utilized traditional treatment technique of lignocellulosic
feedstock, but, is less appealing because of the production of high quantity of inhibitors such
as furfurals, 5-hydroxymethylfurfural, phenolic acids, and aldehydes mostly in case of
concentrated acid hydrolysis, which are needed to be removed before further processing
(Kumar and Sharma, 2017).
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Alkali pre-treatment

Alkali such as sodium, potassium, calcium and ammonium are treated with biomass at
normal temperature and pressure in this process. The major benefit of the technique is effective
lignin removal from the feedstock thereby enhancing the reactivity of the other
polysaccharides. Alkali reagents distort the side chains of esters and glycosides of the biomass
leading to structural alterations of lignin, swelling and decrystallization of cellulose and
solvation of hemicellulose. Alkali treatment can be carried out at moderate temperature,
pressure and time-varying from hours to days. Lime is another extensively operated alkali as it
eliminates acetyl groups and lignin-carbohydrate ester and increases the digestibility of
cellulose (Maurya et al., 2015). The advantage of lime treatment is the minimal cost of lime as
compared to other alkaline mediums. Being a cost-effective process, the only limitation of
alkali pre-treatment is its high cost of downstream processing as it utilizes a large amount of

water (Kumar and Sharma, 2017).
Ozonolysis

Ozone (Og) is a strong oxidizing medium. Its degradation is majorly restricted to lignin.
However, hemicellulose is moderately affected in the process but cellulose remains unaffected.
Ozonolysis is basically executed at room temperature and pressure. The significant parameter
that impacts the pre-treatment of ozone is the moisture content of the feedstock i.e. higher the
moisture content, the lower the lignin oxidization. The main limitation of ozonolysis is the
necessity of substantial ozone, thereby making it a costly method (Sun and Cheng, 2002).
However, ozonolysis is an efficient pre-treatment technique as it does not produce toxins which

may hinder the subsequent hydrolysis and fermentation.
Organosolv

Introduction of aqueous organic solvents such as ethanol, methanol, ethylene glycol,
and acetone to the feedstock under particular temperature and pressure specifications.
Basically, this technique is carried out in the existence of an acid, base or salt catalyst such as
hydrochloric acid, sulphuric acid, oxalic, acetylsalicylic and salicylic acid (Bajpai, 2016) for
hemicellulose solubilization and lignin extraction (Sun and Cheng, 2002). The temperature in
organosolv treatment is determined by the biomass type and catalyst involved and may be
extended to 200 °C. Lignin removal from the feedstock exhibits the cellulose fibres for
enzymatic hydrolysis leading to greater feedstock transformation. Major disadvantage of this
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method is the high cost of the solvents and the catalysts. Formasolv is a kind of organosolv
incorporating formic acid, water, and hydrochloric acid. Lignin is soluble in formic acid and
the method can be executed at low temperature and pressure. Ethanosolv (incorporating
ethanol) is executed at elevated temperature and pressure and cellulose, hemicellulose, and
pure lignin can be recovered in the process. Low operation cost is a considerable benefit of this

process (Kumar and Sharma, 2017).
2.5.4. Biological method

Biological pre-treatment is regarded as an effective, non-hazardous and moderate
energy technique. Mother earth has plenty cellulolytic and hemicellulolytic microorganisms
that are particularly selected for efficient biomass pre-treatment (Vats et al., 2013). This pre-
treatment is performed through microbes that can specifically deteriorate lignin and
hemicellulose structure and less quantity of cellulose, such as brown, white, and soft-rot fungi
(Sanchez, 2009). Lignin-degrading enzymes peroxidases and laccases can occur the
disintegration of lignin by utilizing white rot and soft rot fungi (Kumar et al., 2009).
Phanerochaete chrysosporium, Ceriporia lacerata, Cyathus stercolerus, Ceriporiopsis
subvermispora, Pycnoporus cinnarbarinus and Pleurotus ostreaus are few of the examples of
white rot fungi used commonly for biological pre-treatment. Biological pre-treatments are
substantially related to the activity of fungi proficiently creating enzymes which deteriorates
the feedstock's lignin, hemicellulose, and polyphenols. Brown-rot fungi basically degrade
cellulose, while white and soft-rot degrades both lignin and cellulose, by producing enzymes
such as lignin peroxidases, polyphenol oxidases, manganese-dependent peroxidases, and
laccases that deteriorate the lignin. Depolymerization of lignin through white rot fungi such as
Phanerochaete chrysosporium, Phlebia radiata, Dichmitus squalens, Rigidosporus lignosus,
and Jungua separabilima takes weeks but yields significantly efficient and selective result
(Hatakka, 1994; Hatakka et al., 1993). White-rot fungi are the most efficient at biological
treatment (Sun and Cheng, 2002; Lee, 1997). Other basidiomycetes species, reported to exhibit
high delignification property, such as Bjerkandera adusta, Fomes fomentarius, Ganoderma
resinaceum, Irpex lacteus, Phanerochaete chrysosporium, Trametes versicolor, Lepista nuda,
Ceriporia lacerata, Cyathus stercolerus, Ceriporiopsis subvermispora, Pycnoporus
cinnarbarinus and Pleurotus ostreaus were also investigated for degradation of various
biomass. Biological treatment has some major benefits over other techniques: minimal energy

requirement, moderate environmental conditions, and no chemical requirement. However, the
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major limitation in this process is that the hydrolysis rate is very low in this process. The reality

that some of the carbohydrate fraction is devoured by the microbe itself and the necessity of

careful growth conditions also makes this method less attractive (Sanchez and Cardona, 2008).

Table 2.1. Summary of some widely used Pre-treatment methods.

»

Pre-treatment

Advantages

Limitations

1 Mechanical
comminuition/
Milling

2 Extrusion

3 Liquid

treatment

water

4 Steam explosion

5 Microwave

treatment

6 Oxidative

treatment

7 Ultrasonic

treatment

8 Carbon dioxide

Explosion

TH-3091_146151001

Particle size reduction to increase

specific surface area and pore size

High yield of reducing sugars

Simple method, minimum formation

of inhibitory compounds

Hemicelluloses  degradation  and

lignin  transformation, Economic

process

Simple  operation, low energy

requirement

High yield of sugars

New and feasible method

Increases accessible surface area,

Economic process

High power and energy

consumption

High energy is required

High energy requirement

Incomplete  disruption  of

lignin

Formation of inhibitory
compounds
Damages significant amount

of hemicellulose
Higher sonication power

adversely affects the pre-

treatment process

No modification of

hemicelluloses and lignin
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9 Ozonolysis Reduces lignin content Expensive as high amount of

ozone is required

10  Acid hydrolysis  Hemicellulose is hydrolyzed to Formation of toxic
sugars; lignin structure is altered substances, high cost

11  Alkaline Increases accessible area, Long residue time is required
hydrolysis hemicelluloses and lignin is removed

12 Organosolv Hydrolyses hemicelluloses and lignin  High cost

13  Biological Lignin and hemicellulose Hydrolysis rate is low
(involving degradation, low energy
microbes) requirements, no chemicals required

2.6. Biomass: Feedstock for biorefinery

A biorefinery system is a facility that merges biomass transformation techniques and
equipments to form biofuels, biochemicals, and energy from biomass. The main idea behind a
biorefinery is to produce biofuel and biochemicals from waste residues. A biorefinery aims to
convert biomass into proficient materials by incorporating technological processes. The utility
of green techniques to convert cheap value feedstock residue to green products such as waxes
and ethanol, etc., has been studied by Clark et al., 2006.

2.6.1. Types of biorefinery

Whole-crop biorefinery

In a whole-crop biorefinery, the whole crop, such as oil seed, is processed as the raw
material and consumed to obtain valuable biomaterials. For syngas production, the biomass
synthesized in the refinery operations acts as the starting feed to the biorefinery. Syngas can be
utilized as the primary substance for the production of methanol.

Green biorefinery

Green biorefinery is a multiproduct paradigm. It utilizes natural wet biomass procured
from non-treated feedstock, such as grass, green plants, and green crops, as feed for the
production of biochemicals, syngas, and synthetic fuels.
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Forest and lignocellulosic based biorefinery

As discussed earlier, biomass constitutes two kinds of polysaccharides, cellulose and
hemicellulose, held together via a third element, lignin. It contains three main chemical
fragments (a) polymer of glucose, cellulose (b) sugar molecule of basically pentoses,
hemicellulose (c) polymer of phenols, and lignin (Tyson et al., 2005). The polymers cellulose
and hemicellulose are transformed to their monomeric sugars via hydrolysis. The hydrolysis of
these polymers to glucose is done by enzyme or chemical technologies that creates various
important materials such as ethanol, acetic acid, acetone, butanol, and other fermentation
substances. Agro oil crops such as soybean, rapeseed, and palm oil are extensively utilized for

biodiesel production.
Aquatic or algae-based biorefinery

Algae and cyanobacteria are photosynthetic microbes that transform sunlight, water and
carbon dioxide to lipid. These lipids consist of neutral lipids, polar lipids, waxes, hydrocarbons,
phenyl derivatives such as tocopherols, carotenoids, terpenes, and phenylated pyrole
derivatives such as chlorophylls. For biooil extraction and biodiesel production, algal and
cyanobacteria biomass are widely explored. For example, Bortyococcus braunii has been
reported to create vast quantities of (upto 80% Dry Cell Weight) extended hydrocarbon chain,

homologous to those in petroleum and hence exploited as biomass for biofuel and biomaterials.
Integrated biorefinery

Biorefinery is a capital-intensive task. Hence, the price of output products generated
from such biorefineries is enhanced if it is based on just one conversion method. Thus, various
conversion techniques such as thermochemical, biochemical, etc. are integrated to minimize
the overall price and increase product creation flexibility. An integrated biorefinery can be

employed to produce bioelectricity.
2.7. Applications of biomass pre-treatment: Conversion of biomass to biofuel

Several value-added materials can be attained via pre-treatment of lignocellulosic
resources. Microbial and enzymatic action on biological residues can lead to the creation of
predominantly ethanol and, less frequently, propanol and butanol. Biobutanol, also known as

bio gasoline, is usually proven to be a direct substitution for gasoline, since it can be directly
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utilized in a gasoline engine, just as biodiesel can be utilized in diesel engines. Distillation or
amalgamation of distillation and adsorption is applied to recover the biofuels from the
fermentation broth. Residual lignin, unreacted cellulose and hemicellulose, and enzymes gather
at the distillation column's lower part (Kumar et al., 2009).

Lignocellulosic biomass represents a rising possibility as a resource for bioethanol
production taking into consideration their output/input ratio, abundance, cost effective nature
and ethanol yield. Other than bioethanol, various biofuels are attained via feedstock hydrolysis
such as bio-oil, biohydrogen, biomethanol, biobutanol, biogas, syngas etc. Lignocellulosic is a
renewable reservoir that can be processed in various ways for creation of several materials such

as synthesis gas and electricity (Chum and Overend, 2001).

Bio-oil, coupled with tar, gases and biochar, is processed via pyrolysis. Bio-oil is
manufactured by fast depolymerizing lignocellulosic elements such as sugars, carboxylic acids,
and phenols (Kumar and Sharma, 2017). Bio-oil, also known as pyrolysis oil is processed by
fast pyrolysis. Organic components such as cellulose, hemicellulose, and lignin are thermally
degraded in this process at temperature (400-600 C) in lack of oxygen to manufacture liquid
components such as bio-oil (60—-70%), char (13-25%), and gas such as hydrogen, hydrocarbons
(13-25%) and these wide range of ‘‘Green Chemicals’’ are separated from bio-0il through

solvent extraction.

Ethanol fabricated biochemically from lignocellulosic resources such as agricultural
feedstock (rice straw, barley straw, wheat straw, corn) grasses (switch grass, miscanthus) is
called as biomass ethanol or bioethanol. Three categories of microbes are employed for
bioethanol production viz. most commonly yeast (Saccharomyces sp.), moderately bacteria
(Zymomonas sp.), and less frequently mold (mycelium). These microorganisms are able to
create alcohol from starch and sugar via fermentation. Fermentation is described as a metabolic
method in which organic compounds undergoes chemical alterations because of the activities
of enzymes released by microbes. Aerobic and Anaerobic are two types of fermentation, based

on whether or not oxygen is required in the process.

Biohydrogen is created via thermochemical (gasification and fast/ flash pyrolysis) and
biological ways i.e. photo fermentation (dependent on light) and dark fermentation
(independent of light) (Putro et al., 2016; Ni et al., 2006).
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Biomethanol production in liquid fuel form has various benefits. Firstly, less sulphur
and ash fuels can be produced for commercial utility. Secondly, it is easier to maintain, reserve

and transfer than gaseous components.

Biobutanol, valued as a fuel additive, is formed from biomass by fermentation of sugars

liberated after pre-treatment by the microbe Clostridium acetobutylicium (Wackett, 2008).

Biogas and syngas have similar compounds viz. Carbon dioxide, Methane, Hydrogen,
and Nitrogen, but are manufactured via two different procedures. Biogas is created by
anaerobic digestion incorporating four steps in total i.e. hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. Syngas is manufactured via gasification of biomass executed at low
temperature and it can be transformed into huge number of organic elements. Biomass
gasification has the potential to transform syngas into green fuels such as hydrogen and green
motor diesel, also known as Fisher-Tropsch oil. Syngas constitutes deteriorated materials of
biomass such as carbohydrates (cellulose, hemicellulose) and lignin (Kumar and Sharma,
2017).

2.8. Microalgae and its cultivation
2.8.1. Cultivation of microalgae

For the development of a sustainable industry for biomass production and synthesis of
value-added products, large scale microalgal cultivation which can cater to a large amount of

biomass is required.

Microalgae are cultivated under different conditions using different methods. During
their life, they pass through different phases: lag, log/exponential, stationary and death. One of
the significant parameters of microalgae cultivation is the selection of the type of bioreactor.
The photobioreactor should be designed per the culture's purpose and the type of algal species.
For extensive scale cultivation, they are grown in open ponds. This cultivation system is
economical but can easily become contaminated. For small-scale cultivation, batch and

continuous bioreactors are available, but the biomass obtained is lower.

Wastewater is an excellent source of nutrients for microalgal cultivation. Therefore, the
organic effluents from agricultural and food industries could also flourish the microalgae
(Grobbelaar, 2004). Microalgae cultivation is dependent on the important parameters such as

light, temperature, pH, cultivation medium, stirring and mixing, bioreactor type etc. (Mata et
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al., 2010). Some of the significant factors having huge impact and influence on the biomass

and bioproduct yield from microalgae are discussed below:
Light

Light intensity and duration is one of the significant parameters in microalgae
cultivation as it can directly affect the photosynthesis process and influences the microalgal
biochemical composition (Krzeminska et al., 2014). Both very high and low light intensities
hinder the microalgal growth and causes growth inhibition. A specific time span of light and
dark period is needed for photosynthesis process of algae. Various studies show that 16:08
light: dark hour is the most suitable for algal growth. Daliry et al. (2017) reported that Chlorella
vulgaris exhibited maximum growth and lipid productivity at light intensities in the 5000-7000

lux range.
Temperature

Temperature is a significant factor that could directly influence photosynthesis's
biochemical process. The optimum temperature range for majority of algal species is n the
range of 20-30 °C (Singh and Singh, 2015). A decrease or increase in the optimal temperature
could retard or stop the algal growth (Bechet et al., 2017). Temperature could also be used as
a stress treatment to induce valuable metabolites production in microalgae (Moller et al., 2000).
Kitaya et al. (2005) reported that temperature between 27 to 31 °C was found to be optimum

for several species of microalgae.

pH
Most microalgal species grows well in the pH range of 6-8. Some algal species are pH

sensitive while some could endure a board pH range. Chlorella vulgaris is one such example
which can grow under a broad pH range (Lam and Lee, 2012).

Mixing

The uniform distribution of nutrients and atmospheric air and CO> and, penetration of
light inside the microalgae culture could be achieved by mixing. Mixing also prevents the
settling of microalgae in the bottom of the bioreactor and provides efficient exchange of gases
(Show et al., 2017; Zeng et al., 2011).
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2.8.2. Agricultural residues and food waste for sustainable cultivation of microalgae

The global algal product market is expected to reach $44.7 billion by 2023 as it grows
at a compound annual growth rate (CAGR) of 5.4% (Ammar et al., 2020). Microalgal biomass's
excessive popularity and demand for biofuels and bioproducts generation has initiated a hefty
attention towards the evolution of cost-effective economical cultivation mediums and methods.
Food and agricultural residues are renewable sources of organic carbon and significant
vitamins and minerals. They are abundantly available and contain inexpensive carbon sources
that can be hydrolyzed for microalgal cultivation. Pre-treatment or hydrolysis of such waste
residues could liberate various sugars, nutrients and trace elements. Different microalgal
species could utilize these nutrients and carbon for sustainable production of biomass and
bioproducts. Glucose is the preferred carbon source for various microalgal species (Ammar et
al., 2020).

Fruit and vegetable peels are often disposed of. But these peels contain nutrients in huge
quantity, which can be used as a growth medium for growing microalgae. Conventional
medium like BG11, BBM are widely used but is not cost effective as they are high in cost. The
high cost effects the large-scale cultivation of microalgae for biofuel and value-added product
generation. Hwang et al. reported microalgal cultivation of Anabaena cylindrica using fruit
peels in different concentrations, such as papaya and pineapple peels, and reported better

biomass yield in fruit peels when compared to BG11 medium (Hwang et al., 2021).

Park et al. (2014) showed that microalgae C. vulgaris OW-01 grown in OPE (orange
peel extract) medium produced 3.4-times more biomass and 4.5-times more fatty acid methyl
esters (FAMESs) than cells cultured in glucose-supplemented BG 11 medium (BG-G). Yan et
al. (2011) explored waste molasses as alternative to a glucose-based medium of microalgae in
their study. The maximum algal cell density and oil content were respectively 70.9 gL and
57.6%. Pleissner et al. (2013) used food waste as culture medium and nutrient source for the
heterotrophic microalgae. They grew well on the complex food waste hydrolysate by utilizing
the recovered nutrients. 10-20 g biomass rich in carbohydrates, lipids, proteins, and saturated
and polyunsaturated fatty acid were produced. Agwa et al. (2014) cultured microalgae using
Cassava wastes as a growth media. The Cassava peels gave a higher lipid productivity of
40.7mg L™* d* than the effluent with a lipid productivity of 26.1 mg L™ d*. Liang et al. (2010)

examined Stalk juice from sweet sorghum grown for lipid production through microalgal
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cultivation. Juice concentrations at 100%, 75%, 50%, and 25% led to biomass, lipid, and
docosahexaenoic acid (DHA) production by Schizochytrium limacinum. Cultivation of the
green microalga Scenedesmus acutus by using agricultural residues namely, pineapple peels
and sugarcane bagasse was reported by Rattanapoltee and Kaewkannetra (2014). They reported
highest lipid content of 28.05% and 40.89% in case of pineapple peels and sugarcane bagasse
respectively. Also, a maximum biomass concentration of 3.85 gL and biomass productivity
of 160.42 mgL ™ d was reported. This study proves that agricultural residues as nutrient source
for microalgae could increase lipid content and reduce biofuel production price. The culture
media needed for microalgal cultivation is a cost intensive medium. The cost of nutrients can
be reduced if organic wastes are used as an alternative. This could also help in handing the
waste agricultural and food residues (Ryu et al., 2013). Pleissner et al. (2013) reported
microalgal cultivation of Chlorella pyrenoidosa and Schizochytrium mangrovei on food waste
hydrolysate. This indicates that food waste residues are a promising nutrient source for

microalgal cultivation (Pleissner and Lin, 2013).

2.8.3. Prospective of Lipid extracted microalgal biomass residue (LEMBR) reusability

The lipid extracted microalgal biomass (LEMBR) contains residues of carbohydrates,
proteins and nutrients in significant amount which can be used as a potential raw material for
biofuel production. The carbohydrates (starch, cellulose, hemicellulose) present in the leftover
algal biomass, after lipid extraction, can be hydrolyzed to obtain biofuels of diverse nature.
Guldhe et al. (2017) reported that LEMBR contains considerable amount of carbon and
nitrogen, which makes it a suitable feedstock for production of biofuels such as biohydrogen,
biomethane and bioethanol. Hemaiswarya et al. (2012) found that LEMBR residue can be
reused for biomethane production. LEMBR can be utilized to supplement microalgae
cultivation as a growth promoter and biomass and lipid yield enhancer. Arora et al. (2016)
reported that the presence of sugars such as glucose, xylose and arabinose in LEMBR results
in 54.12% of lipid accumulation in Chlorella minutissima. Abomohra et al. (2018) reported
that de-oiled algal hydrolysate and waste glycerol were found to valorize the rate of growth
and lipid accumulation of the microalgae Scenedesmus obliquus. Kim et al. (2015) and Bui et
al. (2015) found that de-oiled biomass residues of Chlorella sorokiniana, Dunaliella tertiolecta
and Chlamydomonas sp. have ample potentiality towards bio-oil production through pyrolysis.

Proper exploitation of spent lipid extracted biomass residue could improve the overall

economics of microalgal biofuels. The spent microalgal biomass accounts for approximately
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70% of the total algal biomass on dry basis and hence could be used for various applications
(Park et al., 2012). Microalgal biomass comprises mainly three components: lipids, proteins
and carbohydrates. These components vary depending on the microalgal species, cultivation
parameters, harvesting techniques and lipid extraction methods. Yang et al. reported that the
spent biomass from Scenedesmus consists of 6.5% lipid, 24.7 % carbohydrate, 32.4% protein
and 10% ash (Yang et al., 2011).

It has been reported that Chlorella vulgaris consists of 14-22% lipid, 51-58% protein
and 12-17% carbohydrate; Chlamydomonas rheinhardii contains 21% lipid, 17% carbohydrate
and 18% protein; Spirulina platensis have 4-9% lipid, 46-63% protein and 8-14%
carbohydrate; Dunaliella bioculata contains 8% lipid, 4% carbohydrate and 49% protein;
Anabaena cylindrica have 4-7% lipid, 43-56% protein and 25-30% carbohydrate (Becker,
2004; Brown et al., 1997). Lipid extracted algae residues consists of high content of proteins
and carbohydrates, enabling its usage in biogas and bioethanol production (Torri et al., 2011).
The nutritional content in the spent algal biomass makes it an excellent source for animal, fish
and microbe feed. It can also be used as a bio sorbent to treat wastewaters by removing heavy
metals and dyes (Gokhale et al., 2008).

Microalgal residue has distinct dominance over cellulosic ad crop-based substrates for
bioethanol production. Mirsiaghi et al. reported production of bioethanol using lipid extracted
residue of the microalgae Nannochloropsis salina (Mona et al., 2011). Also, the addition of
small content of algae to animal and fish diet enhances their growth (Singh et al., 2011).
However, producing microalgal biomass solely this purpose is not feasible economically.
Hence, spent microalgal biomass could be a promising alternative in this case. Lipid extracted
biomass can be used for several applications such as additional biofuel production, electricity

production, animal and fish feed and waste water treatment (Rashid et al., 2013).

2.9. Microalgal components
2.9.1. Lipids

Microalgae is capable of accumulating a high lipid content, which is as high as 30-50%.
High C/N ratio and stress conditions can result in high lipid content in the microalgal cells. To
increase the lipid productivity, stress conditions like pH shift, nitrogen starvation, high
temperature etc. are taken into consideration. Compared to the other lipid-based energy crops,
microalgae lipids are more appealing for biofuel production and nutraceutical supplements as

it has better productivity. There are many methods for extracting lipids from the microalgal
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cells, but the most commonly followed is the Bligh and Dryer method of lipid extraction.
Solvent extraction, microwave assisted extraction, ultrasonic extraction, electroporation etc.
are the frequently used lipid extraction technique (Chew et al., 2017). Lipid content of few
common microalgal species are listed in Table 2.2.

2.9.2. Proteins

Most algal species are known to produce vital proteins, amino acids and enzymes. One
of the main constituents of the microalgae, proteins form 50-70% of the microalgal
composition. It is a very important products that can be obtained for microalgal biorefinery,

which can be used for human, animal and fish nutrition (Chew et al., 2017).

Microalgae can produce proteins in the range of 2.5-7.5 ton ha™ y* (Stephen and Hayes,
2017). Chlorella, the green algae, is a rich source of widely marketed microalgal proteins.
Arthrospira is another protein rich microalga. Reports have suggested that microalgal proteins
can reduced cholesterol levels. Cyanovirin, is a protein produced from Nostoc which has
reportedly shown antiviral properties against HIV virus (Zappe et al., 2008). Porphyridium and
Anabaena produces the enzyme superoxide dismutase (SOD) which is known to protect against

harmful oxidative damages (Khan et al., 2018).

2.9.3. Carbohydrates

Algal carbohydrates primarily comprise glucose, cellulose, glycogen, starch and
different polysaccharides. Traditionally, the glucose and starch from algae is used for
bioethanol and biohydrogen production. Reports suggests that the algal polysaccharides are
able to regulate the immune system and inflammatory reactions which makes them a promising
agent of biologically active molecules. These structural molecules have high applications as
cosmetic additives, nutraceuticals and food ingredient additives. In order to convert the
carbohydrates to fermentable sugars for biofuel production, pre-treatment needs to be carried
out (Chew et al., 2017).
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Table 2.2. Lipid content of few common microalgal species (Source: Mata et al., 2010).

Microalgae species

Lipid content (% dry weight biomass)

Botryococcus braunii

Chlorella protothecoides

Chlorella sorokiniana

Chlorella vulgaris

Chlorella sp.

Dunaliella sp.

Nannochloropsis oculata.

Nannochloropsis sp.

Neochloris oleoabundans

Scenedesmus obliquus

Scenedesmus sp.

Spirulina platensis

Tetraselmis sp.

25-75

14.6-57.8

19-22

5-58

10-48

17.5-67

22.7-29.7

20-56

29-65

11-55

19.6-21.1

4-16.6

12.6-14.7
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2.9.4. Pigments

Microalgae consists three basic natural pigments: chlorophyll, carotenoids and
phycobiliproteins. These pigments have major applications in food and feed industry as
precursors of vitamins, food coloring additives in food and cosmetic industries and

pharmaceutical industries (Chew et al., 2017).

Algae synthesizes different types of pigments that possesses biological activities and
hence are of huge commercial interest. Carotenoids have a crucial role in food, feed, biopharma
and cosmetic industries. Some of these important pigments are phycobiliproteins,
phycoerythrin, beta-carotene, astaxanthin and phycocyanin. Phycobiliproteins are used as
fluorescent agent in microscopy (Perez-Garcia et al., 2011). Phycocyanin have anti-
inflammatory and anti-oxidant properties and thus are extensively used in cosmetic and food
products. Dunaliela salina is a major producer of the carotenoid pigment beta-carotene
(Sathasivam and Juntawong et al., 2013). Haematococcus pluvialis is a major producer of
astaxanthin, another important carotenoid pigment (Sathasivam et al., 2017). As the
carotenoids have powerful antioxidant activity, they are therapeutic in oxidative stress related
diseases like diabetes, stroke and cancer (Khan et al., 2018). Chlorophyll has anti-inflammatory
activities and can be used as a wound healing additive in pharmaceuticals (Christaki et al.,
2011). These valuable products microalgae an attractive source (Vanthoor-Koopmans et al.,
2013).

2.9.5. Other applications

Microalgae has major applications in different important sectors as biofuel, cosmetic
and food additive, nutraceuticals and pharmaceuticals. Apart from this, recently microalgae
have been used in various other applications. It has been used to fix CO, emitted from industries
and to treat wastewater. Various algal species are being used as an organic fertilizer. The alga
Chlorella vulgaris is being used to develop a filler material in various polymers such as Poly

vinyl chloride (PVC), polystyrene, polyethylene and polypropylene (Kirrolia et al., 2013).

Medicinally important microalgal pigments are crucial in therapies for cardiovascular,
optical and neuronal disorders. Microalgae produces essential amino acids which increases
their potential as protein rich food. The high carbohydrate content in microalgal cells makes
them a significant food source. Algal cells store lipid in the form of fatty acids and glycerol.
These fatty acids have therapeutic and nutritional effects. Polyunsaturated fatty acids (PUFA)

of microalgae have commercial value in the field of cardiac diseases, arthritis and asthma
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(Adame-Vega et al., 2011). Eicosatetraenoic acid and docosahexaenoic acid (DHA) are two

significant microbial products with high market value (Khan et al., 2018).

Microalgal products with high nutritional and therapeutic value are being marketed as
tablets, extracts, capsules and as additives to food products such as pasta, gums, candies and
beverages, mainly as food coloring agents or nutrients (Liang et al., 2004). Chlorella,
Anthrospira and Aphanizomenon are few microalgal strains which are being commercialized

for their high health promoting molecules and protein content (Soletto et al., 2005).

Microalgal biorefinery deals with conversion of biomass into fuels, chemicals, food,
cosmetics and other value-added products. Microalgae such as Tetraselmis, Isochrysis,
Nannochloropsis can produce valuable heath food supplements in the form of long chain fatty
acids such as DHA (Docosahexaenoic acid) and EPA (Eicosapentaenoic acid). Recent market
conditions and development in the production technologies have made microalgal biofuels
feasible (Chew et al., 2017).

Microalgae also are capable of generating bioelectricity through photosynthetic
microbial fuel cell. This can lead to an oxygen rich environment as well as removal of CO>
(Chew et al., 2017).

Microalgae contains polyphenols, essential vitamins and trace elements in large
quantity. B2, B12 vitamin. Microalgae are an abundant source of various vitamins. Haslea
ostrearia produces vitamin E while P. cruentum is a rich source of vitamin A, C and E (Mus
et al., 2013). D. salina produces high quantity of vitamin A, E, B6, B7, B2, B3, B1 (Hosseini
et al., 2009).

Spirulina and Chlorella are predominantly exploited in food applications due to the
presence of bioactive metabolites such as flavonoids, polyphenols and PUFA. Chlorella is a
rich source of essential amino acids, macronutrients, vitamins such as B12, C, E, K, essential
minerals such as iron, sodium, calcium and dietary fibres, hence it has been used as a dietary

supplement and functional food (Koushalya et al., 2022).

2.10. Bioethanol generation from microalgae

Renewable biomass rich in sugar and starch material has been extensively used for first
generation bioethanol production, however this creates a huge competition in the food markets,
thereby making it non-feasible. Hence, there has been extensive investigations going on for

making bioethanol generation possible from microalga by utilizing the carbohydrates present
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in its cell wall (Shuba and Kifle et al., 2018). Chlorella sp. is reported to be a good source for
bioethanol production due to high carbohydrate content (approximately 37% dry weight) from
which approximately 65% ethanol conversion efficiency is possible (Hirano et al., 1997).
Harun et al., (2010) reported 3.83 gL ! of bioethanol from Chlorococcum sp. after fermenting

with the yeast Saccharomyces bayanus.

Microalgal strains accumulate carbohydrates in excess of 40% of the dry biomass,
mainly as starch and cellulose. For making the microalgal cells more accessible to the
fermenting microbes for fermentation, the biomass can be pretreated by physical, chemical
(acid/alkali) or enzymatic hydrolysis. Acid hydrolysis is considered to be the most common as
it is easier, cheaper and faster among the other types of pre-treatment available (Rizza et al.,
2017).

Although earlier the focus was being set on the microalgal lipids for biodiesel
production for decades, more recent research has been conducted on the conversion of the

microalgal carbohydrates into bioethanol (Raheem et al., 2018).

The microalgal carbohydrates are mainly represented by starch, glycogen and cellulose
(Wang et al. 2014) and these are important substrates for bioethanol production. The microalgal
cell wall disintegration and carbohydrates hydrolysis is achieved by pre-treatment. The
hydrolyzed microalgae contain monosaccharides such as glucose, xylose, mannose, galactose
etc. for further fermentation (Hernandez et al. 2015). The most abundant sugar is glucose which
is derived from the hydrolysis of the starch, cellulose or glycogen. Frequently used microbes
for the bioethanol fermentation are the yeast S. cerevisiae and bacteria Z. mobilis.
Saccharomyces sp. has been considered as generally recognized safe microorganism (GRAS).
The most common microbe used since ancient times for alcohol production is S. cerevisiae, as

it has a remarkable efficiency to convert sugars into ethanol (Lakatos et al., 2019).

Bioethanol is one of the clean and major biofuels used for transportation purpose. It has
several advantages over fossil fuels. They are: (a) lesser greenhouse gases emission due to the
presence of oxygen content (b) only biofuel that be used directly without any modifications in
the current automotive industry (c) it can be blended with other oil/fuel. USA and Brazil are
world leaders in the production of bioethanol by contributing approximately 80% of the world
total bioethanol production. Global biofuel production has enhanced from 4.8 to 16 billion
gallons per litre from the year 2000 to 2007 (Khan et al., 2018).
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Although bioethanol was mainly produced from sugarcane and corn earlier, now the
recent technology shifting towards algal biomass has been observed. Global bioethanol
production has increased aggressively from 1 to 39 billion per litre within the last few years
and would soon reach 100 billion in the coming years (Licht, 2015).

Fermentative bioethanol mostly depends on the potential of the fermenting microbe.
For economical commercial production of bioethanol, biomass and carbohydrate productivity
of algal cells needs to be enhanced. Chlorella vulgaris and Chlamydomonas reinhardtii are
carbohydrate rich microalgae and hence widely considered for bioethanol production (Usher
et al., 2014). Companies like Algenol, Seambiotic and Sapphire Energy are involved in the
commercial production of bioethanol with an output of 1 billion gallon per year costing 85

cents per year (Duvall and Fraker, 2009).

The quality and yield of the bioethanol are dependent on the process of fermentation
as it is strongly affected by several parameters such as, pH, temperature, microalgal biomass

and the fermenter microbe.

Scenedesmus dimorphus accumulated 53.7 w/w carbohydrates which can yield 80%
fermentable sugars for bioethanol production when hydrolyzed with sulfuric acid (Chng et al.,
2017). A study reported 11.7 gL* of bioethanol yield from the microalga Chlorella vulgaris
(Ho et al., 2013). For the bioethanol production to be viable and economically feasible, all the

algal sugars present must be converted to ethanol.

2.11. Microalgal Biorefinery approach

Microalgae based biorefinery aims to develop a sustainable technology for the
development of bioenergy and bioproducts such as biofuels, chemicals, nutraceuticals and
pharmaceuticals. Apart from that, they are also a rich source of lipids, proteins, carbohydrates,

vitamins and minerals (Raheem et al., 2018).

Microalgal proteins, bio-based chemicals, lipids and carbohydrates could be the
substrate to a variety of products. Mostly they are grown in open ponds and closed
photobioreactors which involves mixing process. However, these processes are energy
intensive and the researchers are focusing on the maximum utilization of microalgal biomass
while using minimal energy. Long chain fatty acids found in microalgae can be the precursor
for health food supplements, proteins and pigments has important function in the

pharmaceutical industries to treat various diseases.
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Microalgae does not create competition for land and food crops. Microalgal biomass
also has photosynthetic efficiency which when coupled with bioenergy production technology,
has the potential to generation sustainable renewable energy. Besides, microalgae also have the
capability to bio sequester CO. from the flue gases generated and this can contribute to the

reduction of greenhouse gas emissions.

The biorefinery approach is a process to acquire energy, biofuels and value added
bioproducts. It is a promising concept to mitigate greenhouse gas emission. However, the main
hindrance in this concept is the separating procedure of different fractions without causing
damage to the remaining fractions. This hurdle can be conquered by using cost effective, low
energy consuming scalable separation technologies. Microalgae are considered to be suitable
candidate for biorefinery because they have the potential for multiple product synthesis. Also,
they have rapid growth and are renewable in nature. The microalgae's carbohydrate, protein,
minerals and oil fraction can be used to generate biofuels, biogas, chemicals, feed and high
value products. Glycerin, a biodiesel processing residue, could also be converted into value

added product.

Microalgal biorefinery has two main stages: Upstream processing (USP) and
Downstream processing (DSP). The major factors responsible for USP's efficiency are
Microalgal strain selection, illumination source and light intensity, cultivation parameters and
predominantly the source of nutrients. DSP involves the extraction and purification processes
to attain valuable compounds from microalgae. The harvesting and drying processes are energy
and cost-intensive process. Also, mild separation techniques are important so as not to damage

the desired fractions from the microalgae during extraction (Chew et al., 2017).
2.12. Research Gap and Challenges

= Very limited studies on peels as a cultivation substrate for microalgae. Most studies are
on domestic, industrial, sewage and artificial wastewater when a conventional

microalgal growth medium is not used.

= The effect of the rotation frequency of the incubator (rotations per minute, rpm) has not
been explored much while carrying out response surface methodology (RSM) during

process optimization.
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= No significant study focused on the development of a sustainable biorefinery model to
integrate peel based microalgal cultivation along with lipid production, synthesis of

value-added co-products and lipid extracted biomass residue conversion to biofuel.

= Most microalgal biorefinery approach utilizes the conventional BG11 medium for algal

cultivation.

2.13. Objectives

Throughout the research, the following objectives were established and accomplished.

1. Selection, characterization and process optimization of the waste peels towards pre-
treatment.

2. lsolation and identification of novel indigenous microalgal species from wild
freshwater resources.

3. Utilization and evaluation of waste peel hydrolysate as a low-cost substrate for the
cultivation of isolated microalgae.

4. Integrated biorefinery approach for simultaneous generation of multiple products from

the isolated microalgae.
2.14. Thesis outline and Organization of the Thesis
Thesis outline
The thesis is presented in the following seven chapters.
Chapter I: Introduction
Chapter II: Literature Review and Objectives

Chapter I11: Selection, characterization and process optimization of the waste peels towards

pre-treatment

Chapter 1V: Isolation and identification of novel indigenous microalgal species from wild

freshwater resources

Chapter V: Utilization and evaluation of waste peel hydrolysate as a low-cost substrate for the

cultivation of isolated microalgae

Chapter VI: Integrated biorefinery approach for simultaneous generation of multiple products

from the isolated microalgae
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Chapter VII: Conclusion and future scope
Organization of the Thesis
A brief description of the content of each chapter is furnished below:

Chapter I: Introduction

This chapter describes the world's current energy crisis along with the sustainability of
renewable resources over non-renewable energy resources. Microalgae as emerging renewable
resource for biofuels is briefly discussed. In addition, an introduction to biofuels and
microalgae is given. The problems associated with microalgal biofuel technology is also

discussed. Lastly, a general introduction is given to the peels used in this study.
Chapter I1: Literature Review and objectives

This chapter reports an in-depth literature study on different pre-treatment types and
techniques. Major discussion on biomass and biofuels are written elaborately. Subsequent
discussion on microalgal cultivation on various agricultural and food substrates are reported in
detail. Bioethanol generation process from microalgae is discussed. Lastly, the importance and
application of microalgal biorefinery approach and lipid-extracted microalgal biomass residue
are reported. Based on the literature survey, the major objectives of the present research project

were decided and composed accordingly.

Chapter I11: Selection, characterization and process optimization of the waste peels towards

pre-treatment

In this chapter, potato, banana and sweet lime peels, otherwise considered waste, were
used as substrates for producing glucose. Different pre-treatment processes were carried out
for all the three peels and the best conditions yielding a higher amount of glucose concentration
were further hydrolyzed by enzyme. The pre-treated extract at 80 min in case of dilute acid
hydrolysis with autoclaving conditions gave higher glucose concentration amongst all the
different types of pre-treatment processes for both potato and sweet lime peels and hence
considered for further analysis. In the case of banana peels, at 40 min in case of autoclaving
treatment followed by enzymatic hydrolysis, the pre-treated hydrolysate gave the higher

glucose concentration amongst the various treatments executed.
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Rationale for the next step of the experiment was designed based on a central composite
statistical design (CCD). To obtain a high glucose yield, response surface methodology (RSM)
was used to optimize the hydrolysis conditions. The three parameters chosen for the study were;
time (h), temperature (°C) and the rotation frequency of the incubator (revolutions per minute
i.e. RPM). Under optimum conditions, 46.17 +0.77 g L, 29.84 + 0.57 g L™t and 35.90 +0.43 g
L of glucose were obtained for potato, banana and sweet lime peels respectively. The
experimental results further confirmed the optimum factors acquired from the statistical model.

The waste peels were further characterized through proximate and ultimate analysis,
compositional analysis, FESEM, EDX, FTIR and pH study.

Chapter 1V: Isolation and identification of novel indigenous microalgal species from wild

freshwater resources

This chapter demonstrates the process of isolation and identification of novel
microalgal species. Two indigenous strains were isolated from two different lakes present in
IIT Guwahati, Assam. The strains were initially identified through Microscopy and FESEM
for understanding its cell structure and morphology. To attain a clear distinction between them,
Genetic identification was carried out. The strains Chlorella sorokiniana KMBM_K and
Chlorella sorokiniana KMBM_| were maintained at laboratory conditions for further

experiments.

Chapter V: Utilization and evaluation of waste peel hydrolysate as a low-cost substrate for

the cultivation of isolated microalgae

In this chapter, potato, banana, and sweet lime peels were exploited instead of
conventional growth mediums to cultivate microalgal cells. These wastes are zero-value
material, which contains vital nutrients and elements for cultivating oleaginous
microorganisms like microalgae. The growth of the isolated strains Chlorella sorokiniana
KMBM_K and KMBM_I in the pre-treated peel hydrolysates were investigated. Growth
kinetic parameters of the strains were analyzed in varying culture conditions. While performing
the optimization studies, pH 7 was found to the suitable pH for algal cultivation. Biomass yield
of 2.1 g L'and 1.94 g L™ with a lipid content of 25.87 % and 25.12 % are obtained in Chlorella
sorokiniana KMBM_K and Chlorella sorokiniana KMBM _| respectively when cultivated in
potato peel extract. Chlorella sorokiniana KMBM_K and Chlorella sorokiniana KMBM_|
displayed a biomass yield of respectively 1.72 g L™ and 1.53 g L™ with a lipid content of 22.83
% and 22.17 % respectively in case of banana peels. 1.97 g L"*and 1.84 g L'* of biomass yield,
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and 24.14 % and 23.42 % of lipid content was obtained in Chlorella sorokiniana KMBM_K

and Chlorella sorokiniana KMBM _I in case of sweet lime peels.

Among all the experiments, the highest biomass yield of 2.56+0.09 g L™ and lipid
content of 26.34+0.24 % was observed when Chlorella sorokiniana KMBM_K was cultivated
in the mixed peel extract of potato, banana and sweet lime.

Chapter VI: Integrated biorefinery approach: Simultaneous generation of multiple

products from the isolated microalgae

This chapter highlights the potential of a bio-based refinery of two novel microalgal
isolates in producing lipid, bioethanol, pigments, etc. The isolates demonstrated significant
amount of lipid, protein and carbohydrate. The strains also exhibited significant amount of
pigments like chlorophyll-a, chlorophyll-b and carotenoids. The spent biomass after extraction
of lipids were reused and recycled for sustainable biofuel synthesis.

The present study describes a thorough protocol for microalgal biorefinery — with lipid
as the main product, and pigments, proteins and carbohydrates as the side products, and
bioethanol as the secondary product. Bioethanol is produced from the microalgal residue after
the lipid extraction. The lipid-extracted microalgal biomass residue (LEMBR) of Chlorella
sorokiniana KMBM _K is subjected to acid hydrolysis and subsequent fermentation employing
yeast to produce bioethanol of 7.16+0.43 g L. The lipid extracted microalgal biomass residue
(LEMBR) also has various applications in the field of biogas, biochar and bioethanol
production, pigments, animal and fish feed, and fertilizer. Further the simultaneous production
of microalgal biomass along with lipid and carbohydrate content, which are used to produce

biofuel, is considered to be an integrated biorefinery approach.
Chapter VII: Conclusion and future scope

This chapter summarizes the contributions and inferences of all the chapters
demonstrated in the thesis. Few suggestions and recommendations are also presented for
carrying forward the research work in the future. This present work aimed on obtaining novel
indigenous microalgae from the enormous biodiversity rich region of IIT Guwahati campus.
This study also evaluated the effect of waste peels as a nutrient source for the cultivation of the
microalgae and study of its growth kinetics. This study emphasized to investigate the integrated

microalgal cultivation procedure combining the pre-treatment of waste peels and microalgal
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growth on the extracted hydrolysate for biomass production and lipid accumulation. Along
with that, synthesis of different value-added products was carried out in the process thereby
balancing the microalgal biorefinery economically. However, further scale-up of these
processes to pilot scale are required in both indoor and outdoor conditions for performing a

techno-evaluation evaluation.
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3.1. Overview

The most abundant renewable energy resource available in the world is biomass, which
is composed of cellulose, hemicelluloses, and lignin (Roberto et al., 2003). Fruit and vegetable
peels are generated in huge amounts in industries, hostels, juice shops, and households. They
are mostly dumped along with other wastes without segregation making it unfit for further use.
This study is an attempt to utilize these waste peels for the recovery of sugars towards

producing biofuels and improving the environment.

Biomass cellulose is composed of crystalline and amorphous components and enzymes
more easily digest the amorphous component than the crystalline component (Laureano-Perez
et al, 2005). Highly specific cellulose enzyme carries out enzymatic hydrolysis and reducing
sugars like glucose is the product of such hydrolysis. To enhance the hydrolysis of cellulose, it
is required to pre-treat the biomass, which in turn decreases the crystallinity of cellulose.
Hence, before enzymatic hydrolysis, it is crucial to pre-treat the biomass (El-Zawawy et al.,
2011). Different pre-treatment techniques have been employed on various biomass that include
physical methods (microwave assisted or ultrasonic wave assisted), chemical methods (acid
and alkali assisted) and biological method (enzyme-assisted hydrolysis). Each method has its
own benefits and drawbacks. Although physical and chemical methods are widely used for pre-
treatment purpose, they have disadvantages in the form of higher energy consumption. Enzyme
assisted hydrolysis has its advantages in the form of less energy consumption, no corrosion
problems, however the cost hinders its large-scale application (Tao et al., 2016). Each pre-
treatment method has its specific effect on these three main biomass constituents. It is always
necessary to pre-treat the biomass before enzymatic hydrolysis to make the cellulose more
accessible to enzymes, to give rise to reducing sugars as the end product (El-Zawawy et al.,
2011).

The three types of pre-treatment widely followed are Physical, Chemical and
Biological. Several physico-chemical, structural and compositional parameters affect the
enzymatic digestibility of cellulose present in the biomass. All pre-treatment methods aim to
enhance the rate of enzyme hydrolysis and get higher yields of fermentable sugars from
cellulose or hemicellulose. Hence, physico-chemical modifications were executed by the pre-
treatment methods to obtain the desired results (Mosier et al, 2005). Parameters such as the
amount of lignin, cellulose crystallinity and particle size etc. limits the digestibility of the

hemicelluloses and cellulose existing in the substrate. Each pre-treatment has its own particular
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effect on the three main components of biomass: cellulose, hemicelluloses and lignin (Hendriks

and Zeeman, 2009). Hemicellulose is more easily hydrolyzed than cellulose.

Cellulose is a highly stable high molecular weight crystalline polymer which is
recalcitrant to enzyme hydrolysis, hence the need for an efficient pre-treatment process. During
pre-treatment process, disruption in lignin and crystalline structure of cellulose occurs resulting
in enhancement of the enzyme accessibility to the cellulose (Mohapatra et al., 2010). Hot water
treatment permits selective solubility of hemicelluloses, enhancing the penetrability of
enzymes for hydrolysis of cellulose (Alvira et al., 2010). Autoclaving treatment or Steam
explosion is broadly classified into uncatalyzed steam explosion and catalyzed steam
explosion. Uncatalyzed steam explosion refers to a pre-treatment method in which biomass is
swiftly heated by high-pressure steam without inclusion of any catalyst. Water can behave as
a chemical catalyst at elevated temperatures. The vital chemical and physical alterations to
biomass by steam treatment are often attributed to the removal of hemicelluloses (Mosier et
al., 2005). In steam explosion or autoclaving pre-treatment, the steam enters the feedstock,
inflates the cell walls directing to partial hydrolysis, in turn intensifying the enzyme availability
for cellulose. Steam treatment can be efficiently increased by inclusion of sulfuric acid, Carbon
dioxide or Sulphur dioxide as a catalyst, which is actually catalyzed steam explosion. The
utilization of acid catalyst enhances the recovery of hemicellulose sugars and boosts the
enzymatic hydrolysis on the solid remnant (Agbor et al., 2011; Kumar et al., 2017). Dilute acid
treatment is an effective method for feedstock pre-treatment. Acid hydrolysis can intensify the
enzyme treatment of lignocellulosic biomass to release reducing sugars. Dilute acid treatment
can enhance the sugars available for enzyme hydrolysis. Acid hydrolysis is an efficient widely
used method for biomass structure conversion, and it highly facilitates enzyme hydrolysis
(Kumar et al., 2009a). Sulfuric and hydrochloric acids are the most popularly used catalysts for
hydrolysis of biomass (Lenihan et al, 2010). Lime pre-treatment removes lignin from biomass
without causing any significant depletion of structural carbohydrate materials e.g., glucose,
xylose, arabinose etc. Lime treatment effectively separates lignin from the biomass and

increases digestibility of cellulose (Maurya et al., 2015).

It is very important to optimize the pre-treatment procedure to maximize the
concentration of recovered glucose from the peel. Response surface methodology (RSM) is a
useful statistical tool that can illuminate and analyze the acts of the studied variables (Kim et
al., 2011).
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In the present study, various pre-treatment processes were carried out concerning
divergent time profiles (20, 40, 60, 80 and 100 min) to achieve the best conditions yielding
higher glucose concentration. The pre-treated extract at 80 min in case of dilute acid hydrolysis
with autoclaving conditions followed by enzyme hydrolysis, to achieve maximum recovery of
glucose, gave higher glucose concentration amongst all the different types of pre-treatment
processes for both potato and sweet lime peels and hence considered for further analysis. At 40
min in case of autoclaving treatment followed by enzymatic hydrolysis, the pre-treated
hydrolysate gave the higher concentration of glucose amongst the various treatments executed
and hence was chosen for further analysis. This study put emphasis on optimization (utilizing
the response surface methodology) of acid hydrolysis to improve the enzymatic digestibility.
Three process variables (time, temperature and rotation frequency or agitation speed of the
incubator) were considered for the RSM study. To find the optimum conditions, experimental
values were fitted to the second order polynomial model. To predict the most efficient
combinations, a RSM model, an integrated model and an optimization approach was developed
based on the experimental results. RSM is an efficient tool that provides high degree of
statistical significance in the results.

3.2. Materials and methods

3.2.1. Procurement of Potato, banana and sweet lime peels

Potato, banana and sweet lime peels were collected from the hostels, juice shops and
canteens inside IIT Guwahati campus, Assam, India. The peels were cut into small pieces and
cleaned with water followed by drying at 80 °C in a hot air oven till constant weight was
achieved. Size of dried pieces were reduced further by using a grinder to obtain powder like
fine particles.

3.2.2. Characterization of the waste peels
3.2.2.1. FESEM

FESEM (Field emission scanning electron microscopy) analysis (Zeiss, sigma 300) was
carried out to examine the surface structure and morphology of the three biomasses before and

after the pre-treatment, according to the standard method by Sadiq et al. (2011).
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3.2.2.2. EDX

Using the energy dispersive x-ray spectroscopy (EDX) coupled with the FESEM, the

composition of the components in the biomass was determined.
3.2.2.3. Ultimate and proximate analysis
Ultimate analysis

Using EuroEA elemental analyzer, the elemental analysis of the sample for the

determination of CHNS(O) composition was carried out.

The high heating value (HHV, MJ Kg™?) or gross calorific value (GCV) and the low
heating value (LHV, MJ Kg?) or net calorific value (NCV) based on the CHNS(O) elemental
analysis of the biomass was determined using the following equations (Pandey et al., 2019),

GCV or HHV = 0.383 X C + 1.422 x (H — O/8) (1)
NCV or LHV = HHV — 2.447 x (H/100) x 9.011 )

Where C, H and O are the weight in percentages (%) of carbon, hydrogen and oxygen
in the biomass respectively.

Proximate analysis

To determine the Moisture content, Ash and Volatile matter (Proximate analysis) of the
three peel feedstocks, National Renewable Energy Laboratory (NREL, 2008) protocol was

used.

The content of Fixed carbon (FC) has been calculated by deducting the values of the
moisture content (M), volatile matter (VM) and ash (As) content from 100 (Artemio et al.,
2018).

FC=100 — (M+VM+As) (3)
3.2.2.4. Compositional analysis

The cellulose, hemicellulose and the lignin present in the peel feedstocks were

determined according to the chemistry of Van Soest method of Fibre analysis.
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3.2.2.5. FTIR analysis

FTIR (PerkinElmer, Spectrum 2) analysis of the biomass was executed to recognize the
chemical changes before and after the hydrolysis. FTIR spectrum was noted from 4000 cm™ to

400 cm™* for scanning the chemical properties of the samples.
3.2.3. Pre-treatment of the biomass
Different pre-treatment methods employed in this study are mentioned below;

Hot water treatment (H)

Autoclaving treatment or steam explosion (A)

Dilute Acid treatment (DA)

Lime treatment (L)

Dilute Acid hydrolysis in hot water (DA+H)

Dilute Acid hydrolysis in autoclaving conditions (DA+A)
Lime treatment in hot water (L+H)

O N o g A~ WD

Lime treatment in autoclaving conditions (L+A)

These methods were employed with few modifications to the existing commonly used
methods. For all the treatment methods, 10 g peel biomass (10% w/v) was combined with 100
mL distilled water in a 250 mL Erlenmeyer flask. These tests were performed in different time
profiles (20, 40, 60, 80, 100 min).

In hot water treatment, the flask was incubated in a hot water bath at 1000C; in
autoclaving treatment, the flask was autoclaved at 121°C for 15 psi pressure. 1% H2SO4
(Sulphuric acid) and 1% calcium hydroxide (with stirring at regular intervals at room

temperature) were used in the case of acid and lime treatment, respectively.

For the remaining pre-treatments, combinations of two techniques with slight
modifications to the traditional methods were employed. 1% H>SO4was used in both the cases
of acid hydrolysis in hot water and acid hydrolysis in autoclaving conditions. Similarly, 1%
calcium hydroxide was utilized in both the cases of lime treatment in hot water and lime
treatment in autoclaving conditions. Incubation at 100°C was done in case of acid and lime
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treatment in hot water while autoclaving was done at 121°C at 15 psi pressure in case of acid
and lime treatment in autoclaving conditions. The characteristic parameters of the mentioned
pre-treatment methods are discussed in Table 3.1.

After the treatment was complete in all the cases, the flask was allowed to cool down to
room temperature, followed by filtration to obtain the extract. Then, enzyme-assisted
hydrolysis was performed for 24 h at 60°C and 120 RPM on each treatment condition to check
which treatment yields the higher glucose concentration. Two additional sets of untreated blank
(control) experimental flask were also set in which peel powder was immersed in distilled
water, (1) kept at room temperature with periodic shaking and stirring at systemic intervals in
case of the above pre-treatments except enzyme hydrolysis and (2) in case of enzyme assisted

hydrolysis, kept in shaker incubator at 60°C for 24 h without the inclusion of the enzyme.

Table 3.1. Characteristic parameters of the pre-treatment methods.

Pre-treatment method Characteristic parameters
H- Hot water treatment 100°C
A- Autoclaving treatment 121°C, 15 psi
L- Lime treatment 1% calcium hydroxide
DA- Dilute acid hydrolysis 1% H2SO04
DA+H- Dilute acid hydrolysis and Hot water 100°C, 1% H2S04
treatment
DA+A- Dilute acid hydrolysis and Autoclaving 121°C, 15 psi, 1% H2>SO4
treatment
L+H- Lime treatment and Hot water treatment 100°C, 1% calcium hydroxide

L+A- Lime treatment and Autoclaving treatment ~ 121°C, 15 psi, 1% calcium hydroxide

71|Page
TH-3091 146151001



Chapter 3

3.2.4. Enzymatic hydrolysis through RSM

Since the glucose concentration was found to be highest in acid hydrolysis with
autoclaving conditions (after enzyme assisted hydrolysis) compared to the other techniques for
both potato and sweet lime peels, it was selected for enzymatic hydrolysis through RSM.
Autoclaving treatment followed by enzymatic hydrolysis gave the highest glucose
concentration in case of banana peels, compared to the other treatments and hence it was further
considered for optimization by RSM. The cellulose enzyme complex (Accelerase 1500), was
kindly gifted from Genencor International, B.V., Netherlands. 6 mL L™ of enzyme was added
to the pretreated peels in a 250 mL Erlenmeyer flask and incubated in a shaker incubator
(Orbitek, Scigenics Biotech, India) for specified duration as per the experimental design and
layout of RSM. For stopping the enzymatic reaction, the conical flask was autoclaved for 20
min at 121 °C. Then the conical flask was let to reach room temperature and filtered to attain
the hydrolysate eventually.

3.2.5. Experimental design and statistical analysis by RSM

The Minitab v. 16.0 software was employed for regression and graphical analyses of the
experimental data obtained. To obtain increased glucose recovery, successive trials were
outlined with response surface methodology (RSM). Values of three process factors deployed
on single-factor experiment were optimized further and analyzed employing central composite
design (CCD). Twenty trials consisting of six central points were fabricated with three
variables, and glucose concentration was adopted as the response. The six central points were
employed to assess the proposed model's pure error and lack of fit (Selvakumar et al., 2019).

All the experiments were conducted in triplicate and the mean values were reported. The
optimum data of the variables were acquired by analyses using the ‘RSM-CCD’ program and
the criterion of desirability.

A quadratic polynomial regression was used to illustrate the respective and interactive
outcome of the three factors deployed on the obtained numerical data using RSM. Then, the
predicted optimal data were established by the verification trials using the adjusted values of

the three factors.

The generalized second-order polynomial model employed in the response surface

analysis is given below:
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Y= ao+ Xia X+ X, ap X% + XX asX X; (4)

where, Y is the experimental response i.e., glucose; Xi and Xj are independent variables
in coded values; ao is the constant; a1 is the linear coefficient; a is the quadratic coefficient
and a3 is the interaction coefficient.

The experimental design in this investigation was inclusive of three parameters: time
(h), temperature (°C) and the agitation speed or rotation frequency of the incubator shaker
(RPM). The experimental values were fitted to the second-order polynomial model to acquire
the regression coefficients. The experimental runs were randomized in order to lessen the
results of the unexpected variability in the observed responses. Lack of fit, the coefficient of
determination (R?) and the F-test value attained from the analysis of variance (ANOVA) were
used to assess the efficacy of the model developed. To decide the optimum conditions and
analyze how the interactions of independent variables affected the overall response, regression
analysis and response surface plots were generated. Validation of model rationality was
established by assessing and comparing the experimental data with the predicted outcome of

the optimized model.
3.2.6. Experimental and Statistical Analyses

Glucose estimation was done through HPLC (Shimadzu, RF-20A) furnished with
Repromer H+ column. Minitab software was used to perform the optimization by Response
surface methodology (RSM). All the investigations were executed in triplicate and
demonstrated as Mean + Standard deviation (SD). Origin pro 9.0 was employed for the

statistical evaluations.

3.3. Results and Discussion
3.3.1. Compositional analysis of the biomass

The phases of the biomass preparation for the hydrolysis process are depicted in Figure
3.1, 3.2 and 3.3. Compositional analysis of Cellulose, Hemicellulose, Lignin of the feedstocks
are presented in Table 3.2. The proximate (fresh and powdered peel) and ultimate analysis
(powdered peel) of the three feedstocks were carried out and are reported in Table 3.3 and 3.4.

The higher percent of ash in the peels indicates that they are an abundant source of various
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minerals. Further, the structure and morphology of the peel powder was observed by FESEM.
The structural difference of the three waste peels before and after pre-treatment can be observed
in Figure 3.4. The cell breakdown due to the application of the pre-treatment techniques in the
three peels can be observed in Figure 3.4. EDX analysis was carried out to investigate the
elemental composition of the three feedstocks and the various minerals present in the waste
peel biomass are reported in Table 3.5. These minerals could aid in the growth of the
microalgae, which is the next step of this project. As microalgae needs an optimum pH for their
growth and since an integral aim of this project is to evaluate the growth of microalgae in the

peel waste extracts, the extracts' pH was measured and presented in Table 3.6.

Figure 3.1. Stages of preparation of potato peel for pre-treatment.

Figure 3.3. Stages of preparation of sweet lime peel for pre-treatment.
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Table 3.2. Composition of the waste peels.

Sample Cellulose (%) Hemicelluloses (%) Lignin (%)
Potato peel 47.29 10.93 13.22
Banana peel 13.98 21.56 9.28

Sweet lime peel 17.07 25.18 7.34

Table 3.3 Proximate analysis of the fresh peels.

Sample Moisture content Ash (%) Volatile matter Fixed carbon
(%) (%) (%)
Potato peel 76.38+0.36 8.23+0.23 1.46+0.17 13.93+0.24
Banana peel 86.66+0.21 10.09+0.32 1.39+0.29 1.86+0.18
Sweet lime 73.44+0.39 4.13+0.19 1.97+0.25 20.46+0.17
peel
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Table 3.4. Proximate and ultimate analysis of the powdered peels.

Parameters Potato peel Banana peel Sweet lime peel

Proximate analysis

Moisture (%) 1.7+0.06 3.3+0.09 2.6+0.19
Volatile matter (%) 87.5+0.63 83.3+0.52 83.05+0.45
Ash (%) 9.73+0.23 13.31+0.32 14.2+0.39
Fixed carbon (%) 1.07+0.05 0.09+0.01 0.15+0.02

Ultimate analysis

C (%) 39.64 42.34 43.11

H (%) 7.05 6.61 7.19

N (%) 2.42 1.52 0.89

0 (%) 41.16 36.22 34.61

CIN (%) 16.38 27.86 48.4

0/C (%) 1.04 0.86 0.80

HHV or GCV (MJ Kg't) 17.89 19.17 20.59
LHV or NCV (MJ Kg™) 16.34 17.71 19
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Figure 3.4. FESEM analysis:
(A) FESEM images of Potato peel powder before and after pre-treatment.
(B) FESEM images of Banana peel powder before and after pre-treatment.

(C) FESEM images of Sweet lime peel powder before and after pre-treatment.
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Elemental composition (%)

Potato peel Banana peel Sweet lime peel

C 534 54.8 52.9

o 38.8 36.1 43.1

K 4.9 6.1 1

Cl 0.9 1.1 -

P 0.1 0.5 0.2

Si - 0.4 0.1

Ca 0.3 - 0.9

Cd 0.2 0.4 -

Cu 0.2 - 0.5

Co 0.4 - 0.1

Fe 0.5 - -

Al 0.1 0.2 -
Mg 0.2 0.2 0.2

Zn - - 0.6

Na - 0.2 -
Mn - - 0.4
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Table 3.6. pH of the extracts after the enzyme hydrolysis process.

Treatment pH

Potato peel Banana peel  Sweet Lime peel

Control 5.82+0.21 5.37+0.24 4.23+0.37

Hot water 5.58+0.36 5.16+0.39 4.45+0.25
Autoclaving 5.48+0.26 5.10+0.34 4.42+0.26
Lime 8.99+0.21 7.23+0.29 7.12+0.37

Acid 1.43+0.13 1.45+0.17 1.28+0.22
Acid+hot water 1.57+0.18 1.51+0.25 1.36+0.16
Acid+autoclaving 1.16+0.11 1.38+0.19 1.23+0.22
Lime+hot water 8.37+0.27 7.14+0.23 6.58+0.21
Lime+autoclaving 9.02+0.19 6.31+0.19 6.77+£0.27

3.3.2. Pre-treatment and enzymatic hydrolysis of the biomass

Different techniques of hydrolysate development used in this study have resulted in
release of varied amount of glucose from the treated peels. Based on the glucose concentration
with different treatment techniques in banana peels, autoclaving treatment followed by enzyme
hydrolysis yielded the best glucose concentration of 13.04 + 1.56 g L™X. When treated with high
temperature and pressure, the treatment method resulted in significant release of sugars

probably due to the exposure of the peels to steam under pressure.

Based on the glucose yields with various hydrolysis methods used in the other two
peels, 1% acid treatment in autoclaving conditions assisted by enzymatic treatment has yielded
the best result in case of both potato and sweet lime peels. 39.33 g L  and 32.19 g L™ of glucose
in case of potato peel and sweet lime peel respectively has been seen thereby showing a
significant release of glucose. The pre-treatment process for potato and sweet lime peels
included two steps: (1) addition of dilute acid (1% sulphuric acid) to the peel and (2)
autoclaving of acidified peel solution with the application of high pressure and high
temperature. Exposure to steam under pressure in the autoclaving step could result in a

substantial release of sugar.
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On comparing the detailed results presented in Figure 3.2, It can be seen that in case
of potato peel on the addition of enzyme, the highest glucose concentration from the acid
treatment in autoclaving conditions is followed by acid treatment in hot water (19.94 g L),
acid treatment (18.20 g L), autoclaving treatment (13.34 g L), hot water treatment (7.67 g
L1), lime treatment in autoclaving conditions (1.47 g L™), lime treatment (0.71 g L) and
eventually lime treatment in hot water conditions (0.64 g L™). However, in case of sweet lime
peel on the addition of enzyme, the pattern of results for glucose concentration has been seen
different from the potato peel. The highest glucose concentration from the acid treatment in
autoclaving conditions is followed by autoclaving treatment (22.27 g L), lime treatment in
autoclaving conditions (16.93 g L), hot water treatment (16.83 g L), acid treatment (15.86 ¢
L1), acid treatment in hot water conditions (12.20 g L), lime treatment (10.05 g L) and
eventually lime treatment in hot water conditions (10.03 g L™). Finally in case of banana peels,
the maximum glucose concentration after the addition of the enzyme was found in autoclaving
conditions followed by acid treatment (11.38 g L), acid treatment in hot water (10.86 g L™),
acid treatment in autoclaving conditions (10.25 g L), hot water treatment (10.21 g L), lime
treatment (8.79 g L), lime treatment in autoclaving conditions (8.02 g L) and finally lime
treatment in hot water treatment (6.20 g L™).These results are reported in detail in Table 3.7
and 3.8.

Lower concentration of glucose in some of the cases here specifies deficient or
incomplete hydrolysis. The treatment parameters might not be able to degrade the specific type
of biomass structure properly, resulting in lower glucose concentration for a particular
treatment type. The pre-treatment technique and the inherent properties of the biomass are
mainly accountable for its breakdown, hydrolysis and release of sugars. Sometimes, combined
pre-treatment is considered to yield higher sugar concentration. It is observed in the study that
enzyme hydrolysis of the sample after treatment resulted in higher glucose yield. This can be
due to the fact that pre-treatment alters the structure of a particular biomass so that the cellulose
or hemicellulose becomes more available to the enzymatic attack during the enzyme hydrolysis

so as to liberate more sugars.

As the acid treatment with autoclaving conditions assisted by enzymatic treatment in
case of potato and sweet lime peels, and autoclaving conditions assisted by enzyme hydrolysis
in case of banana peels yielded the maximum amount of glucose, hence, enzymatic hydrolysis
(through RSM) was carried out to further increase the release of sugar from the pre-treated

biomass.
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In case of different pre-treatment methods performed without the addition of enzyme,
the control was kept at room temperature with shaking at regular intervals and studied at
different time profiles (20, 40, 60, 80 and 100 min) and the best glucose yield was obtained at
80 min for all the three samples as Potato 1.19 g L, Banana gL 6.19 g L™ and Sweet lime
6.62 g L. In case of enzyme assisted hydrolysis, the control (untreated) was kept at 60°C for
24 h at 120 RPM without the addition of enzyme, and glucose yield was obtained as Potato1.24
g L, Banana 6.41 g L%, Sweet lime 11.95g L™.

Michelin and Teixeira (2016) reported a glucose concentration of 0.40g L-1,0.45g L-
1,0.15g L-1 and 0.10 g L-1 from corn husk, corn cob, wheat straw and wheat straw and luffa
sponge respectively after hot water treatment. 28.2 g L™ of glucose concentration was reported
in case of autoclaving treatment along with enzymatic hydrolysis from banana peels under
optimized conditions (Oberoi et al., 2012). Lemons e Silva et al., (2015) reported 13.9 g L™
glucose from Arundo biomass (1.1% w/w) when pretreated with sulphuric acid. Samsal et al.,

(2013) reported 475 mg of glucose/biomass (g) from Moj in case of lime pre-treatment.
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Table 3.7. Glucose yield in g L™ before enzyme hydrolysis.

Treatment types Glucose yield (g L)
Time (min) Potato peel Banana peel Sweet lime peel
(Solanum (Musa sp.) (Citrus limetta)
tuberosum)
Without pre- 20 0.93+£0.29 1.16+0.33 4.95+0.47
treatment
(control) at room 40 0.880.24 1.22+0.26 4.52+0.41
temperature 60 1.15+0.22 1.19+0.21 4.46+0,51
shaked at regular
intervals 80 1.19+0.31 6.19+0.76 6.62+0.74
100 0.81+0.35 5.21+0.68 5.19+0.58
Hot water 20 0.31+0.15 6.47+0.81 6.28+0.67
treatment at
100°C 40 0.35£0.13 5.45+0.66 4.69+0.62
60 0.27£0.11 6.45+0.78 4.43+£0.59
80 0.31+0.12 4.89+0.65 5.03x0.55
100 0.19+0.09 5.26x0.71 4.79+0.49
Autoclaving 20 0.47+0.21 5.05+0.23 4.94+0.51
condition at
121°C 40 2.13+0.35 6.54+0.53 6.41+0.46
60 2.36+0.26 6.40+0.27 4.42+0.26
80 1.24+0.19 2.49+0.24 5.44+0.54
100 0.88+0.16 1.53£0.32 3.91+0.49
Lime treatment 20 0.08+0.03 2.36x0.27 7.52+0.69
(1% calcium
hydroxide) 40 0.09+0.03 1.95:0.33 9.05:0.95
60 0.12+0.05 2.39+0.31 7.86x0.77
80 0.103+0.04 1.99+0.30 6.88+0.72
100 0.08+0.03 3.44+0.33 3.78+0.66
Dilute acid 20 1.02+0.53 1.46+0.23 4.92+0.51
hydrolysis in
plain water (1% 40 1.03+0.51 9.08+0.75 4.77+0.55
VIV HZSO,) 60 3.10£0.63 8.80+0.94 5.57+0.61
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80 10.17+0.93 10.33+1.21 5.62+0.44
100 0.55+0.58 3.06+0.55 5.42+0.61
Dilute acid 20 1.67+0.36 0.79+0.59 3.56+0.29
hydrolysis in hot
water 40 4,31+0.45 1.71+0.31 4,28+0.48
60 5.71+0.41 1.33+0.27 4.11+0.62
80 14.26+1.08 1.81+0.37 5.15+0.56
100 10.24+0.98 1.65+0.47 4.81+0.28
Dilute acid 20 17.4+1.11 1.75+0.66 5.32+0.68
hydrolysis in
autoclaving 40 28.01£1.15 1.29+0.58 6.35:£0.69
condition 60 21.18+0.95 2.13+0.52 6.77+0.52
80 30.87+1.57 1.78+0.49 7.49+0.61
100 30.82+1.42 3.23+0.58 6.48+0.39
Lime treatment in 20 0.26+0.18 1.53+0.31 3.66+0.36
hot water
40 0.42+0.17 1.15+0.34 5.58+0.66
60 0.43+0.20 0.56+0.22 5.51+0.58
80 0.45+0.18 0.55+0.26 5.86%0.61
100 0.44+0.16 0.36%+0.28 6.48+0.76
Lime treatment in 20 0.18+0.24 0.79+0.58 2.45+0.55
autoclaving
condition 40 0.32+0.34 0.96+0.59 4.54+0.64
60 0.41+0.47 1.09+0.48 5.59+0.48
80 0.48+0.47 1.95+0.55 5.45+0.61
100 0.70+0.25 1.20+0.38 5.68+0.82
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Treatment Potato peel Banana peel Sweet Lime peel
Glucose Treatment Glucose Treatment Glucose Treatment
yield time yield time yield time
QL) L9 QL9
Control 1.24+0.87 24 h 6.41+0.97 24 h 11.95+0.81 24 h
(Untreated, Kept in
shaker incubator at 60°C
for 24 h without the
addition of the enzyme)

Hot water 7.67+0.63 40 min 10.21+1.07 20 min 16.83+1.03 20 min
prior to prior to prior to
enzyme enzyme enzyme

hydrolysis hydrolysis hydrolysis
Autoclaving 13.34+1.11 60 min 13.04+1.56 40 min 22.27+0.91 40 min
prior to prior to prior to
enzyme enzyme enzyme
hydrolysis hydrolysis hydrolysis
Lime 0.71+0.21 60 min 8.79+0.55 100 min 9.51+0.74 40 min
prior to prior to prior to
enzyme enzyme enzyme
hydrolysis hydrolysis hydrolysis
Acid 18.20£0.95 80 min 11.38+0.86 40 min 15.86+1.21 80 min
prior to prior to prior to
enzyme enzyme enzyme
hydrolysis hydrolysis hydrolysis
Acid+hot water 19.94+1.44 80 min 10.86+0.79 80 min 12.2040.68 80 min
prior to prior to prior to
enzyme enzyme enzyme
hydrolysis hydrolysis hydrolysis
Acid+autoclaving 39.33+1.81 80 min 10.25+0.89 100 min  34.19+1.78 80 min
prior to prior to prior to
enzyme enzyme enzyme
hydrolysis hydrolysis hydrolysis
Lime+hot water 0.64+0.20 80 min 6.20£0.53 20 min 10.03+0.73 100 min
prior to prior to prior to
enzyme enzyme enzyme
hydrolysis hydrolysis hydrolysis
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Lime+autoclaving 1.47+0.48 100 min 8.02+0.66 80 min 16.93+1.05 100 min
prior to prior to prior to
enzyme enzyme enzyme

hydrolysis hydrolysis hydrolysis

# All the samples were incubated for 24 h at 60°C in a shaker incubator after the addition of
enzyme.
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15 B vith enzyme
without enzyme

glucose yield (gL™)

C H A L DA DA+H DA+A L+H L+A
pre treatment

(C) Banana peel

Figure 3.5. Comparative analysis of glucose (g L) released before and after enzyme

hydrolysis.

#C=Control (untreated); H=Hot water treatment; A=Autoclaving treatment; L=Lime
treatment; DA=Dilute acid hydrolysis; DA+H= Dilute acid hydrolysis and Hot water
treatment; DA+A= Dilute acid hydrolysis and Autoclaving treatment; L+H= Lime treatment
and Hot water treatment; L+A= Lime treatment and Autoclaving treatment.

3.3.3. Statistical modelling by response surface methodology

The experimental test for attaining a quadratic model consists of twenty trials
constituting six replicates at the central point and were investigated by multiple regression
analysis and ANOVA. Central composite design did the optimization of the parameters (time,
temperature and rotation frequency). The range and levels of the independent variables and
coded values were depicted in Table 3.9. The experimental layout and glucose concentration
were taken as the dependent variables or responses and are given in Table 3.10.

RSM analysis was performed for examining the combined effects of the three
independent factors time (X1), temperature (X2) and rotation frequency or agitation speed of the

incubator shaker (X3) on glucose yield by enzymatic hydrolysis.

Based on obtained numerical data, the reduced quadratic polynomial regression model

for glucose concentration of potato peel, banana peel and sweet lime peel are expressed as
follows:
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Y= 35.3132 -0.2403X1+0.04953X>+0.05688X3+0.0034X12- 7.5945x10*X7? - 1.4373x10X5? +
0.0031X1X2 — 8.3333x10°X1X3 — 1.5652x10*X,X3(For potato peel) (5)

Y=32.1851-0.2281X1+0.0412X>-0.0552X3+0.0035X12-3.7289x10*X2*+0.0002X 3%+
0.0015X1Xz + 0.0003X1X3 + 4.3478x10°X,X3 (For sweet lime peel) (6)

Y= 23.3593 -0.4221X1 -0.1883X; + 0.0610 X3 + 0.0036X12 + 0.0003X? — 3.2827x10*X3? +
0.0056 X1X2 + 0.0004X1X3 + 0.0004X2X3(For banana peel) (7)

Table 3.9. Experimental range and levels of independent process variables and coded values
in CCD for the peels.

Independent variable Range and levels
-1 0 +1
Time (h) 24 36 48
Temperatue (°C) 37 48.5 60
Rotation frequency 100 125 150
(RPM)
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Table 3.10. Experimental design and results obtained.

Run Time Temperature RPM Glucose Glucose Glucose

concentration concentration of  concentration

of potato peel banana peel of sweet lime
QL™ QL™ peel (g L)
1 48 37 100 41.10 21.55 31.19
2 36 48.5 125 40.29 21.13 30.23
3 24 37 150 39.88 20.12 29.77
4 24 60 100 39.95 20.07 29.98
5 36 48.5 125 40.87 24.04 29.84
6 48 37 150 41.34 22.17 31.45
7 24 37 100 38.76 19.44 28.67
8 36 48.5 125 39.64 20.98 30.89
9 24 60 150 40.11 20.65 30.81
10 48 60 100 43.23 24.76 33.33
11 48 60 150 44.07 26.47 34.03
12 36 48.5 125 41.37 20.67 30.54
13 36 48.5 125 40.97 21.05 30.57
14 36 68 125 41.43 23.78 31.34
15 16 48.5 125 38.12 18.87 28.21
16 36 48.5 125 40.57 20.91 30.77
17 56 48.5 125 45.38 26.91 35.68
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18 36 48.5 83 39.78 20.44 29.84
19 36 48.5 167 40.48 21.13 30.97
20 36 29 125 38.77 19.23 28.78

Regression analysis was performed to find the best-fitting response function with the
experimental data. The F-test (ANOVA) was executed to evaluate the statistical significance
of the model equation for glucose yield, and it revealed that the regression of the response was
statistically significant at 92.12%, 90% and 92.82 % of confidence level in case of potato,
banana and sweet lime peels respectively. Also, the models did not exhibit lack-of-fit and
showed a high determination coefficients R?=0.9212, 0.9 and 0.9282, in case of potato peel,
banana peels and sweet lime peel, respectively. Coefficients of determination (R?) values were
employed to evaluate the validity of the models generated and its best fitting response. The
ANOVA results for the reduced quadratic model for the response of glucose yield are shown
in Table 3.11 for potato and sweet lime peels, and Table 3.12 for banana peels. A high
statistically significant multiple regression relationship is seen between the response variable
and the independent variables. The lack of fit test in the ANOVA can ascertain the adequacy
of the model to fit the experimental values. The F-test for the lack of fit were known to be
insignificant if p > 0.05 indicating that the model well fitted the experimental values for the
response variables generated. The multiple linear regressions were used to generate the best-
fitting model and to eliminate the insignificant terms (p > 0.05) from the suggested quadratic
model. Thus, well-fitting models for the optimization of potato, banana and sweet lime peel

treatment were successfully generated.

F-test analysis of variance (ANOVA) was employed to examine the statistical
significance of the model. Results showed the F-value for the lack of fit of 1.56 and 4.49
(p > 0.05) respectively for potato peel and sweet lime peel, thus, implying that the lack of fit
was not significant relative to pure error. On the contrary if the p-value for lack of fit for a
model is significant (p < 0.05), a more complex model would be necessary to fit the data (Kim
et al., 2011). In this case, the p-value for lack of fit for potato peel and sweet lime peel were
respectively 0.32 and 0.062, i.e., insignificant, hence, well-fitting the quadratic model. In the
banana peel, the F-value for the lack-of-fit was found as 0.21 (p > 0.05), implying that the lack-
of-fit was not significant relative to the pure error. The p-value for lack-of-fit was 0.946,
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indicating it was insignificant, which in turn meant that it well fitted the quadratic model. R?
values were 0.9212, 0.90, and 0.9282 in the case of potato, banana and sweet lime peels
respectively. The R?value closer to 1 determines the strength of the model in better predicting
the response. F-value can represent the effects of time, temperature, and rotation frequency
(RPM) on enzymatic hydrolysis and the larger the F-value, the higher the effect. Based on the
F-values, the order of significance for the three factors through the enzymatic hydrolysis was
time > temperature > rotation frequency (RPM) for potato peel, banana peel and sweet lime

peel.

The 3-D response surface plots graphically assess the significance of individual and
integrated interactions on glucose concentration. Interactions between the three factors time
(X1), temperature (X2) and the rotation frequency (Xs) in case of potato peel, sweet lime peel
and banana peel are presented in Figure 3.6, Figure 3.7 and Figure 3.8 respectively. With the
increase of the other two factors, glucose concentration would increase initially and then

decrease gradually when a single factor was fixed.

Table 3.11. Results of RSM analysis for potato peel and sweet lime peel.

Source Sum of Degrees of Mean square F value p value
squares freedom

Potato Sweet Potato Sweet Potato Sweet Potato Sweet Potato Sweet

peel lime peel lime peel lime peel Ilime peel Ilime
peel peel peel peel peel
Regression 54.37 52.22 9 9 6.04 580 13.00 1436 0.00 0.00

Residual 464 4.04 10 10 046 0.40

error
Lack of fit 2.82 3.31 5 5 0.56 0.66 1.56 4.49 0.32 0.06
Pure error 1.82 0.73 5 5 0.36 0.14

Total 59.02 56.26 19 19

# Value of “p” less than 0.05 indicated the term was significant, less than 0.01 highly

significant, more than 0.05 non-significant (insignificant).
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Table 3.12. Results of RSM analysis for banana peel.

Source Sum of Degrees of  Mean square F value P value
squares freedom
Regression 88.68 9 9.85 10.09 0.00
Residual 9.76 10 0.97
error
Lack of fit 1.67 5 0.33 0.21 0.946
Pure error 8.09 5 1.61
Total 98.44 19

# Value of “p” less than 0.05 indicated the term was significant, less than 0.01 highly
significant, more than 0.05 non-significant (insignificant).
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Figure 3.6. 3-D response surface plot by the model which represents glucose concentration
of potato peel as a function of (A) Time (h) and Temperature (°C), (B) Time (h) and Rotation
frequency (RPM), (C) Temperature (°C) and Rotation frequency (RPM).
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Figure 3.7. 3-D response surface plot by the model which represents glucose concentration
of sweet lime peel as a function of (A) Time (h) and Temperature (°C), (B) Time (h) and

Rotation frequency (RPM), (C) Temperature (°C) and Rotation frequency (RPM).
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Figure 3.8. 3-D response surface plot by the model which represents glucose concentration
of banana peel as a function of (A) Time (h) and Temperature (°C), (B) Time (h) and
Rotation frequency (RPM), (C) Temperature (°C) and Rotation frequency (RPM).
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3.3.4. Verification of optimum conditions

Graphical verification of optimum conditions was carried out by using the ‘Minitab’
program. The optimal working condition to obtain maximum levels of glucose yield was
defined using the optimization plot in response surface. The optimum conditions in case of
potato peel were found to be 56 h (time), 68°C (temperature) and 144 RPM (rotation frequency
of the incubator) while in the case of sweet lime peel, the optimum conditions were 56 h (time),
68°C (temperature) and 167 RPM (agitation speed or rotation frequency of the incubator
shaker). 68 °C (temperature), 56 h (time) and 167 RPM (agitation speed or rotation frequency
of the incubator shaker) are found to be the optimal working conditions in the case of banana
peel. For the confirmation of these results, hydrolysis tests were conducted experimentally
under the optimized conditions and glucose yield of 46.17+0.77 g L, 29.84+0.57 g L and
35.90+0.43 g L for potato, banana and sweet lime peel were obtained respectively, which
were closer to the predicted values. The obtained results showed that the model fitted well with

the experimental data.

The highest glucose yields i.e., 45.38 g L™ in case of potato peel and 35.25 g Ltin case
of sweet lime peel were obtained by working with 55.6 h (time), 48.5°C (temperature)and 125
RPM (rotation frequency of the incubator). However, the optimal conditions predicted by
Minitab v. 16 software were as follows: 56 h, 68°C and 144 RPM in case of potato peel and 56
h, 68°C and 167 RPM in the case of sweet lime peel. The predicted optimal glucose
concentration values were 47.15g L' and 37.62 g L' for potato and sweet lime peel
respectively. In case of banana peels, the maximal glucose concentration 26.91 g L™ was
attained when tests were performed with 48.5 °C (temperature), 55.6 h (time) and 125 RPM
(agitation speed or rotation frequency of the incubator). However, the predicted optimum
parameters through Minitab v.16 were 68 °C, 56 h and 167 RPM and the predicted optimum
glucose yield was 31.57 g L. The validity of the predicted results was verified by the
hydrolysis test performed under the optimum parameters. The experiments were performed in
triplicate. The mean glucose concentration was 46.17+0.77 g L', 29.84+0.57 g L and
35.90+0.43 g L' for potato, banana and sweet lime peels respectively, which were in
accordance with the predicted data. A significant correlation between the predicted and

experimental data is observed.
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3.3.5. Glucose yield from the biomass

The agro and forest residues have been conventionally used as an alternate cheap source
of lignocellulosic biomass for biofuels. However, the food waste has not been explored much.
Rossgard et al., (2007) reported a glucose yield of 32-39 g L™t in case of acid hydrolysis and
steam explosion followed by enzyme hydrolysis of barley straw. Akponah and Akpomie (2011)
obtained a glucose yield of 250 mg g from acid hydrolysate of cassava root peel and 210.4
mg gtand 110.4 mg g* respectively in amylolytic fungi and enzyme hydrolysate of the same.
Nweke and Cynthia (2014) studied the effect of variation of enzyme concentration upon
cassava peel and found varied amount of glucose yield such as: 3.76 mg mL™?, 4.00 mg mL*
and 4.25 mg mL*. A comparison of the results of this study with different agricultural residues
as reported in literature is given in Table 3.13. The pre-treatment methods, enzymatic
hydrolysis and the glucose released after that are compared. It could be seen that the glucose
released from potato, banana and sweet lime peels were comparatively higher than most of the
other biomass.
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Table 3.13. Comparative assessment of various substrates in terms of glucose released.

Author Substrate Pre-treatment Glucose
concentration
(9L
This study Potato peel Dilute Acid hydrolysis in 46.17+£0.77
autoclaving conditions followed
by enzymatic hydrolysis
This study Sweet lime peel Dilute Acid hydrolysis in 35.90+0.43
autoclaving conditions followed
by enzymatic hydrolysis
This study Banana peel Autoclaving followed by 29.84+0.57

enzymatic hydrolysis

Bhatia and Johri Citrus sinensus ~ NaOH treatment followed by 40.51+0.42

(2012) peel enzyme hydrolysis
Bayitse et al (2015) Cassava peel Enzyme hydrolysis 14.67
Sininart and Banana peel Alkali pre-treatment followed 4.29
Abdullateef (2012) by acid hydrolysis
Elechi et al (2016) Cassava peel Acid hydrolysis 2.499
Liu et al (2010) Wheat bran Dilute acid treatment 21.3
Qureshi et al (2008a) Corn fibre a) Dilute acid treatment 4.3
b) Dilute acid treatment 22.4
followed by enzyme
hydrolysis
Qureshi et al (2008b)  Wheat straw a) Dilute acid treatment 17.8
b) Dilute acid treatment 19.1
followed by enzyme
hydrolysis
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3.3.6. Fourier-transform infrared spectroscopy analysis (FTIR) analysis

FTIR studies were carried out to examine the alterations in chemical properties of the
biomass potato peel powder (PPP), banana peel powder (BPP) and sweet lime peel powder
(SLPP) before and after pre-treatment. FTIR spectra of treated and untreated potato peel,
banana peel and sweet lime peel are presented in Figure 3.9. In the FTIR spectra, notable peaks
were noticed depicting the presence of lignin, cellulose and hemicelluloses which are
interlinked via hydrogen bonding. The covalent bonds bind lignin to cellulose and
hemicelluloses, establishing lignin—carbohydrate networks. FTIR spectra of both untreated and
treated samples demonstrated peaks at some similar areas, however the treated sample
illustrated broader peaks and a drop in the peak intensity which can be attributed to the efficient
removal of the different biomass components. The peak at 3851.80 cm™ in case of untreated
PPP corresponded to free and intermolecular OH stretch. OH stretching indicates rupture of
cellulose hydrogen bonds. Band positions at 3390.45 cm™ (untreated PPP) 3338.59 cm™
(treated PPP), 3308.01 cm™ (untreated SLPP) and 3338.81 cm™ (treated SLPP) corresponded
to hydrogen bonded OH stretching of cellulose. Peaks at 2921.07 cm™ (untreated PPP), 2919.46
cm? (treated PPP), 2920.50 cm™ (untreated SLPP) and 2919.87 cm! (treated SLPP) indicated
C-H stretching of methyl and methylene groups of cellulose. C—H stretching indicates rupture
of methyl and methylene groups of cellulose. Band positions at 1733.97 cm™* (untreated SLPP)
were related to the C=0 stretch of hemicelluloses. Peaks at 1660.07 cm™ (untreated PPP),
1634.75 cm! (treated PPP), 1603.72 cm™ (untreated SLPP) and 1634.69 cm™ (treated SLPP)
represented C=0 stretching vibration due to carbohydrate linked with lignin. Peaks at 1516.09
cm? (treated PPP) and 1515.89 cm™ (treated SLPP), which appeared only in case of the treated
samples were related to C=C stretching of the aromatic benzene rings of lignin. This band
corresponds to the reduction in the lignin content of the treated sample. Peak at 1434.98 cm
(treated SLPP) is assigned to cellulose band. The peak at 1364.54 cm™ (untreated PPP) 1369.20
cm (untreated SLPP), 1316.46 cm™ (treated SLPP) is assigned to hemicellulose band. Peaks
at 1257.63 cm™ (untreated PPP) and 1262.60 cm™ (treated SLPP) corresponded to C-O
stretching in lignin. Band positions at 1157.56 cm™ (treated PPP), 1159.38 cm! (treated SLPP)
and 1103.57 cm™ (treated SLPP) were related to C-O-C ring vibrational stretching of cellulose.
Peaks at 1046.91 cm™ (untreated PPP), 1032.23 cm™ (treated PPP), 1014.39 cm™ (untreated
SLPP), 1054.77 cm™ (treated SLPP) and 1032.44 cm™ (treated SLPP) represented C-O, C-C
and C-OH stretching vibrations of the cellulose, hemicelluloses and lignin, indicating the

presence of cellulose, hemicelluloses and lignin in the two feedstocks. Band positions at 574.89
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cm™ (untreated PPP), 419.73 cm (untreated SLPP), 555.64 cm™ (treated SLPP), 524.11 cm™
(treated SLPP) indicated of C-CO-C- bend in ketones. In case of BPP, Peaks at 3343.11
(treated) and 3289.30 (non-treated) corresponded to hydrogen bonded OH stretching of
cellulose. Band positions at 2921.60 (treated) and 2920.14 (non-treated) represented C—H
stretching of methylene and methyl groups of cellulose. The peak at 1734.57 (non-treated)
indicated C=0 stretch of hemicelluloses. Band positions at 1630.69 (treated) and 1600.50 (non-
treated) was related to the C=0 vibration due to carbohydrate-lignin linkage. Band positions at
1316.67 (treated) and 1374.02 (non-treated) represented hemicellulose band. Band positions at
1034.20 (treated) and 1029.59 (non-treated) indicated C-O, C-OH, C-C stretching vibrations
of the hemicelluloses, cellulose and lignin, recommending the hemicellulose, cellulose and
lignin presence in the peels. Peak at 514.99 (non-treated) is assigned to C-CO-C- band in
ketones. The decreased peak intensity and broader peaks implied delignification and lower
cellulose. Change in the peak intensity of FTIR spectra depicts changes in the composition of
the samples while the broad peak indicated the presence of weaker intra and intermolecular
hydrogen bonding and lesser crystallinity (Kuhad et al., 2010; Kumar et al., 2009b; Peng et al.,
2015; Sarma and Mohanty, 2018). The possible range of IR-wavelength (cm™) with respect to
presence of functional group from FTIR spectra of untreated and treated peel powder is
depicted in Table 3.14.
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Figure 3.9. FTIR spectra of treated and untreated (A) potato peel powder (PPP) (B) sweet

TH-3091_146151001

lime peel powder (SLPP) (C) banana peel powder (BPP).
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Table 3.14. Possible range of IR-wavelength (cm™) with respect to presence of functional

group from FTIR spectra of untreated and treated peel powder.

IR Functional Functional Untreated Treated Untreated Treated Untreated Treated
Range  group . PPP PPP BPP SLPP
Moiety BPP SLPP

3700- Free and OH stretch 3851.80 - - - - -
3000 intermolecular

OH
3520- NH: in aromatic  NH stretch 3390.45 3338.59 - 3343.11 - 3338.81
3320 amines
3420- OH in alcohols OH stretch - - 3289.30 - 3308.01 -

3250 and phenols

2990- CHs and —CHs CH antisym  2921.07 2919.46 2920.14 2921.60 2920.50 2919.87
2850 in aliphatic and asym

compound stretch
2000-  Substituted Several - - 1734.57 - 1733.97 -
1650 benzene ring bands from

overtone and

combination

1680- C=Oand NH2in C=O stretch 1660.07 1634.75 1600.50 1630.69 1603.72 1634.69
1620 primary amides

1515- Benzene ring in  Ring stretch - 1516.09 - - - 1515.89
1485 aromatic
compounds
1400-  COO- group in Antisym 1364.07 - 1374.02 1316.67 1369.20 1434.98
1310 carboxylic acid  stretch
1316.46
1260-  Hydrated SOs stretch 1257.63 1157.56 - - - 1262.60
1150 sulphonic acid
1159.38
1103.57
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1060- CH2-OH in  C-O stretch 1046.91 1032.23 1029.59 1034.20 1014.39 1054.77
1025 primary
1032.44
alcohols
630- C-Co-C in C-CO-C- 574.89 - 514.99 - 419.73 555.64
535 ketones bend
524.11

3.4. Conclusion

Continuously escalating energy demand and depletion of conventional fossil fuels has
challenged and urged our globe to search for alternative resources which are economically
viable, renewable and sustainable. Potato, banana and sweet lime peels, otherwise considered
waste, were used as substrates for producing glucose. Different pre-treatment processes were
carried out and the best conditions yielding higher amount of glucose concentration were
further hydrolyzed by enzyme. After studying the various types of pre-treatment procedures,
it was found that in case of potato and sweet lime peels, dilute acid hydrolysis with autoclaving
conditions at 80 min gave the highest glucose yield amongst all and hence was considered for
further studies. The best conditions (40 min, autoclaving) furnishing the higher glucose
concentration in case of banana peels was chosen for further investigation. Rationale for the
enzyme hydrolysis of the pre-treated peels was created through central composite design
(CCD) using response surface methodology (RSM) to attain a higher concentration of glucose
to optimize the hydrolysis parameters. Temperature (°C), Time (h) and the rotation frequency
or agitation speed (revolutions per minute, RPM) of the incubator were the three chosen
parameters. Under the selected conditions of enzymatic hydrolysis, potato peel, banana peel
and sweet lime peel promised to be good source of glucose. It was found that the enzyme
treatment time, enzyme treatment temperature and rotation frequency of the incubator had a
notable effect on the enzymatic hydrolysis of the pre-treated biomass. A statistical model was
developed to predict the pre-treatment process for this study. As demonstrated in this study,
46.17+0.77 g L't and 35.90+0.43 g L of glucose could be attained under the optimum
conditions for potato peel and sweet lime peel respectively. 29.84+0.57 g L glucose was
obtained from the banana peels. The experimental results further confirmed the optimum

factors acquired from the statistical model.
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The study showed that the duration of time plays the major role during hydrolysis of
these biomasses followed by temperature and rotation frequency of the incubator. Comparing
the analysis of this study with other lignocellulosic biomass, it can be concluded that these
three renewable biomasses have great potential for their conversion into biofuel in future by

using appropriate microorganisms.
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4.1. Overview

This present work aimed to obtain novel indigenous microalgae from the enormous
biodiversity rich region of IIT Guwahati campus. The strains were identified through
sequencing and submitted to NCBI. The microalgal strains were then tested for its growth
kinetics, biomass and lipid productivity.

4.2. Materials and Methods

4.2.1. Sampling, Isolation and maintenance of the microalgal strains

Microalgal samples were collected in 50 mL centrifuge tubes from two different water
bodies located in IIT Guwahati, Assam, India. For isolation of microalgae, 5 mL of the
collected samples were initially inoculated into 500 mL of BG11 medium in 1000 mL
Erlenmeyer flasks. 1.5% agar was added to the BG11 medium for preparation of the solid
media required for isolating the axenic cultures through the plating and slant method. Then the
single colonies were again sub-cultured in the BG11 medium in 250 mL conical flasks. All the
culture medium was sterilized in autoclave at 121 °C for 20 min. Fresh BG11 medium was used

to revive and maintain the microalgae at regular intervals.

The BGI11 nutrient medium comprises of 0.075 g L magnesium sulfate
(MgS04.7H20), 0.036 g L calcium chloride (CaCl..2H,0), 0.006 gL citric acid (CsHsO7),
0.006 g L* ferric ammonium citrate (Ce¢Hs + 4yFexNyO;), 0.006 g L* EDTA
(C10H14N2Na20s.2H20), 0.02 g L sodium carbonate (Na,COs), 1.5 g L sodium nitrate
(NaNOs), 0.04 gL dipotassium hydrogen phosphate (K:HPQ4), and 1 mL L trace element
mix. The trace element mixture contains 2.86 g L™ boric acid (HsBOs), 1.81 g L™t manganese
chloride (MnCl2.4H20), 0.222 g L zinc sulfate (ZnSO4.7H,0), 0.39 gL 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 isolates were maintained at 25 + 2 °C by artificial illumination with light intensity
of approximately 5000 lux, light: dark period of 16:08 h using white fluorescent tubes,
incubated at 150 RPM in a shaker incubator (Table 4.1). To maintain the culture medium'’s pH,
external CO2 was sparged briefly at regular intervals. The chemicals and CO2 cylinder (99.99%
purity) needed for this study were procured respectively from Hi-Media® and Assam Air
Products Pvt. Ltd.
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Table 4.1. Microalgal culture conditions.

Parameters Conditions
Inoculum 10% (v/v)
Temperature 25+2°C
Light intensity 5000 lux (approx.)
Photoperiod 16:08

(light: dark hours)

4.2.2. Morphological and taxonomic identification

Purity check and preliminary identification of the isolates were done using a light
microscope (Olympus CX41, Japan) equipped with digital camera (Olympus E330, Japan),
upon which the axenic cultures were sent for rRNA gene sequencing. The data obtained from
the sequencing results were submitted to NCBI (National Center for Biotechnology) GenBank
database (http://www.ncbi.nim.nih.gov) and the accession numbers for both the isolated strains

were obtained.

The genetic identification of the isolates was conducted by Eurofins Genomics India
Pvt. Ltd., Bengaluru, Karnataka using 18S ribosomal RNA (rRNA) gene sequencing technique.
ITS1 (5'-TCCGTAGG TGAACCTGCGG-3’) and ITS4 (5'-TCCTCCGCTTATT GATATGC-
3') are used as the forward and reverse primers respectively for the partial gene sequencing. To
identify the closest relative species of these strains, the generated nucleotide sequences were
subjected to BLAST (Basic local alignment search tool) search in NCBI databank. Further,
construction of the phylogenetic tree was done by Maximum Likelihood method using MEGA
7 (Molecular Evolutionary Genetics Analysis) software.

The surface morphology and structure were examined using FESEM (Field Emission
Scanning Electron Microscope) images (Zeiss, sigma 300). For the FESEM analysis, the
microalgal cells were prepared by first washing with phosphate buffer saline (PBS). The cells
were then fixed with 4% (w/v) glutaraldehyde for 24 h, followed by rinsing with distilled water
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and dehydrating the cells for three minutes gradually with 30%, 50%, 75%, 85%, 95% and
100% ethanol. Finally, the cells were rinsed with acetone and vacuum dried overnight. The
dried cells were eventually coated with gold particles and loaded for FESEM analysis (Sadiq
etal., 2011).

4.2.3. Evaluation of cell growth

For the determination of the cell density of the culture, spectrophotometric method of
growth evaluation was followed by measuring the optical density (OD) at wavelength 680 nm
in an UV-vis spectrophotometer (Thermo Fisher Scientific, USA) at regular intervals during
the entire batch. Once the stationary phase is reached, the cultures were harvested by
centrifugation (Harmle Z300, Hettich, Germany) for 15 min at 6000 RPM. The pellet is then
oven dried at 70 °C till a constant weight is obtained. Standard curves were used for estimation
of dry cell weight (DCW) for the two strains. The biomass concentration for both strains was
determined by properly calibrating the absorbance values at ODego With respect to the dry cell
weight (DCW).

The linear relationship used is:
Biomass concentration = conversion factor x ODego X dilution factor (if any) (1)
4.2.4. Lipid extraction

The modified Bligh and Dyer (1959) method was used for lipid extraction. The cells
were harvested through centrifugation, dried and powdered. Extraction was done through
ultrasonication using chloroform and methanol at the ratio of 2:1 (v/v) followed by
centrifugation. The pellets were subjected to repeated extractions with the chloroform and
methanol mixture. The supernatants were collected together and the solvents were evaporated

until constant weight is achieved. The total lipid content (%) was determined gravimetrically.
4.2.5. Determination of growth kinetic parameters, biomass and lipid productivity

The specific growth rate is the estimation of number of generations or doublings that
happen per unit of time in a culture with exponential growth. Once the specific growth rate is
measured, the generation time or doubling time and divisions per day can be calculated. The
cell doubling time is the time needed to attain a doubling of the number of cells.
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The specific growth rate (y, d*), divisions per day (K, d*) and the doubling time or
generation time of cells (Tp, d!) are obtained from the following equations, where C, and Cy

are the biomass concentration (g L™) at time t, and t; respectively.

1 = In (Cz- Ca)/(tz-t1) )
K= p/In 2 = u/0.6931 (3)
To= In 2/p = 0.6931/p (4)

The biomass productivity (Ps, mg L™ d*) and lipid productivity (P., mg* L d*!) was
calculated using the following equations,

Pe = (Y1-Yo)/(t1-10) (5)

P.=Ps X Lc (6)

where Y1 and Yo are the biomass concentration (g L™) at cultivation time t; and to

respectively, and Lc is the lipid content (%).

4.3. Results and Discussion
4.3.1 Morphological identification

Indigenous microbes have innate potential to adapt to a particular ecosystem and are
always endorsed to select as model strains to obtain notable results. Microalgae were isolated
into pure cultures by repeated plating and microscopic observations. The initial culture of the
microalgae is presented in Figure 4.1, while the plating of the microalgal colonies are shown
in Figure 4.2 and axenic slant cultures are shown in Figure 4.3. The pure cultures were
presented in Figure 4.4. The strains were identified based on its preliminary investigation of
morphological characteristics like cell shape and size via optical microscope and it indicated
that they might belong to the division Chlorophyta. Initial microscopic identification (Figure
4.5) and FESEM analysis (Figure 4.6) suggested the strains were of genus Chlorella. The genus
Chlorella belongs to the Chlorellaceae family, phylum Chlorophyta, class Trebouxiophyceae
and order Chlorellales. The strains showed similar morphological characteristics such as green
colored spherical shaped cells. Besides morphological study, genetic identification of the
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strains was conducted to attain clarity. The isolated strains turned pale green to eventually dark
green during the batch cultivation. Chlorella sp. is however reported to exhibit diverse cell

morphology and biochemical composition under different environmental conditions.
4.3.2. Molecular identification

The partial 18S rRNA gene sequence coding for the ribosomal RNA of the two strains
were sequenced and submitted to GenBank. BLAST analysis in the nucleotide database showed
that the strains “KMBM K” & “KMBM _I” are the closest relative to Chlorella sorokiniana
with maximum sequence similarity (Figure 4.7). The sequences were submitted in NCBI
GenBank database and the Accession Nos. MH244847 and MH244502 were acquired for the
isolated strains “KMBM_K” and “KMBM I” respectively.

The strains will be henceforth mentioned in the Thesis as “K” and “I” respectively for
“KMBM _K” & “KMBM I”.
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Figure 4.2. Plating of microalgal colonies.

Figure 4.3. Axenic Slant culture of microalgal colonies.

Figure 4.4. Pure cultures of microalga.
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40X magnification 100X magnification
(A)

40X magnification 100X magnification
(B)

Figure 4.5. Microscopic observation of the strains “I”’ (A) and “K” (B).
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Figure 4.6. FESEM images of the strains “I” (A) and “K” (B).
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Figure 4.7. Phylogenetic tree for the isolated strains (A) Chlorella sorokiniana KMBM_K
(B) Chlorella sorokiniana KMBM _1.
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4.3.3. Evaluation of the growth kinetics, biomass and lipid productivity of the microalgal

strains

The two isolated microalgal strains were cultivated on the BG11 medium to evaluate

its growth kinetics, biomass, and lipid productivity. The findings are reported in Table 4.1.

Table 4.2. Growth Kinetics of the isolated strains in BG11 medium.

Strain  Biomass Lipid Biomass Lipid Specific Divisions  Doubling
concentration content productivity productivity growth rate per day time/rate
(DCW, gL™) (%) (L*d")  (mgL*d®) (u d?) (K, d%) (To, d)

I 1.59+0.13 21.65+0.51 0.145+.01 31.39+0.56  0.21+0.02  0.30+0.03  3.30+0.27

K 1.65+0.07 21.87+0.38 0.161+0.01 35.21+0.43 0.22+0.01 0.32+0.05 3.15+0.21

4.4. Conclusion

Two indigenous novel microalgal strains were isolated from the water bodies inside the
II'T Guwahati, Assam campus. The strains were found to be a good source of biomass and lipid
content when grown in BG11 medium. These strains were further cultivated and evaluated on

the waste peel hydrolysate medium.
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5.1. Overview

Microalgal fuels has the budding possibility to aid the sector of renewable energy,
although the nutrient and water dependence are seen as crucial issues for mass cultivation.
Growing them on a commercial scale seems even more expensive. It has been reported that per
year US needs more than 85% of the annual freshwater to create one billion gallons of
microalgal biodiesel (Yang et al., 2011a). The continuous usage of fossil fuels has paved its
way into one of the most vital world-wide environmental challenges i.e. global warming. The
decrease in oil deposits and increase in fuel rates have forced the mankind in search of
alternative sustainable energy resources as a substitute for conventional fuels. As the existing
fuel reserves are left only for a few more decades, developing alternative fuel resources is the

need of the hour.

Biofuels derived from plants and microbial origin, acts as an alternative to fossil derived
fuels due to similar properties (Berg and Boland, 2014; Gaurav et al., 2017). However, biofuel
sustainability depends on the water supply, land use, demand of nutrients and fertilizer, and
competition with food crops. Due to their rapid and sustainable biomass production, faster
growth rate, higher photosynthetic efficacy and high oil content, microalgae are considered
advantageous than terrestrial plants (Ashraful et al., 2014; Jin et al., 2015; Chisti, 2007).
Oleaginous microbes like microalgae, fungi and bacteria has the ability to accumulate lipid
(Hashem et al., 2021). However, the commercial production of microalgal biomass has a major

limitation because of the high cost involved.

The cost of growth medium is a major issue in the large-scale algal growth and
commercial production of microalgal fuels. Substitution of the chemical growth medium with
low cost organic biomass feedstock could help in dealing the cost related problems associated
with cultivation of microalgae and also in dealing with heaps of agricultural and food waste
generated daily. These food and agricultural wastes are found to be high source of nutrients
and carbohydrates and hence can be used as the cultivation medium for microalgae to generate
various value-added products (Limbu and Sibi, 2017). A review by Slade and Bauen (2013)
proposed that a notable reduction in cultivation cost can be attained if nutrients and water can
be acquired at economical cost. One such approach for microalgal cultivation is utilization of
industrial wastewater or agricultural waste. In their study, Bhatnagar et al. (2010) found that
Chlorella minutissima maximizes its growth in municipal sewage water with carbon source

addition, compared to its growth with no carbon source addition. Hence the requirement for
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cost-intensive carbon sources is of utmost importance. Experiments done by Wong (1985) have
shown that food waste such as soy bean waste extract could be utilized for the growth of
microalgae. One of the best choices to use as a raw material for microbial biomass and lipid
production are food residues, as they cheap and are rich in carbon and nitrogen source. Peel
wastes are zero value material, rich in a lot of nutrients that could be utilized as microbial
cultivation medium. After some pre-treatment or hydrolysis, these peel wastes act as an
effective growth medium for oleaginous microbes (Hashem et al., 2020). Hydrolytic treatment
on these wastes alters its physiochemical properties, releasing carbohydrates and mineral
nutrients (Banerjee et al., 2017; Hao et al., 2015).

Replacement of a chemical growth medium with cost-effective medium seems to be a
way to challenge the high cultivation cost of the microalgae. Organic feedstocks are abundant
in carbohydrates, sugars, minerals and nutrients. Waste peels of fruits and vegetables are
suitable resources as they have zero industrial value and are discarded into the environment.
The properties of these wastes can be altered through pre-treatment or hydrolysis so to release
maximum sugars and minerals (Limbu and Sibi, 2017). Recently Park et al. (2014) utilized
orange peel waste extract for the mixotrophic cultivation of the microalgae, Chlorella vulgaris
and found significant higher biomass yield and increase in lipid content. Amit and Ghosh
(2019) used kinnow peel for the cultivation of the microalgae Tetraselmis indica.
Aurantiochytrium sp. was found to have significant growth in orange peel hydrolysate
(Mathias et al., 2019). Fruits and vegetables peels are an abundant source of organic carbons,
amino acids, vitamins and numerous macro and micro nutrients. Globally, India is in second
position for producing fruits and vegetables. Peels, seeds and stalks, considered as the waste
biomass generated during fruit or vegetable processing, constitute 30%-40% of the total fruit

or vegetable weight (Selvakumar et al., 2021).

Selection of a suitable pre-treatment is required to produce an appropriate growth
medium for algae cultivation as growth medium could influence the growth rate, biomass and
lipid production. These organic waste mediums, abundant in carbohydrates and vital nutrients,

can make the cultivation process more economical by reducing the cost.

Sweet lime peels contain 35.25% carbohydrates and 9.7% protein. They contain 121.2
of Ca, 142.1 of K, 37.7 of Na, 19.7 of Mg mg per 100 g. Also, they contain 943.4 of Fe, 72.7
of Cu, 200.3 of Mn, 151.4 of Zn pg per 100 g (Barros et al., 2012). Potato peel contain 68.7%
carbohydrates, 1.3% nitrogen (Arapoglou et al., 2010) and 17.1% protein. They contain 24.80
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ppm of Cu, 22.80 ppm of Zn, 178 ppm of Fe. Also, they contain 0.041% Na, 0.156% Ca,
3.090% K, 1.80% P (Jekayinfa et al., 2015). The composition of the banana peels is reported
as: 68.31 = 0.83 % carbohydrate content, 7.57 £ 0.30 % protein content (Aboul-Enein et al.,
2016), 56.24 + 0.01 mg/g Calcium, 0.92 £ 0.22 mg/g Iron, 69.05 + 0.42 mg/g Manganese, 0.02
+ 0.00 mg/g Niobium, 87.35 + 0.03 mg/g Potassium, 2.51 + 0.01 mg/g Rubidium, 22.51 + 0.04
mg/g Sodium, 0.02 + 0.00 mg/g Strontium, 0.03 + 0.01 mg/g Zirconium (Dahiru et al., 2018).
These nutrients play a vital role in supplying support for the growth of microalgae. Studies
have shown that food waste alone or integrated with wastewater could be used for microalgal
cultivation (Park et al., 2014).

This study aims to increase biomass production and lipid accumulation in microalgae
by utilizing a growth medium made up of waste peel extract, undergoing pre-treatment and
enzyme hydrolysis. The effect of potato, banana and sweet lime peels as a nutrient-rich
cultivation medium for the cultivation of the two isolated microalgae and its growth kinetics
parameters were evaluated in this study. The usage of cheaper and economical cultivation
medium is emphasized here. This study highlighted to investigate the integrated microalgal
cultivation procedure combining the pre-treatment of waste peels and microalgal growth on the
extracted hydrolysate using Chlorella sorokiniana (KMBM_| and KMBM_K) strains for

biomass production and lipid accumulation, also limiting the cost of cultivation substrate.
5.2. Materials and Methods
5.2.1. Preparation of the waste peel hydrolysate

The waste potato and sweet lime peels were procured from the juice shops and canteens
of IT Guwahati campus. Further, they were separately dried in hot air oven and crushed to
obtain the peel powders. The peel powders were then separately pre-treated and eventually

enzyme hydrolyzed using RSM (Response surface methodology) as described in chapter 3.
5.2.2. Microalgal growth evaluation under different culture conditions

To determine the effect of varying culture conditions on the microalgal growth, various
studies were performed. 16:08 h of light:dark cycle, light intensity of 5000 lux (approx.) and
temperature of 25 + 2 °C were kept constant throughout the experiments. Algal inoculum of
10% (v/v) was used throughout the studies. The studies were carried out till the stationary phase

of the microalgal growth was reached. BG11 media was used as the control.
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5.2.2.1. Microalgal cultivation on potato and sweet lime peels undergoing acid with

autoclaving pre-treatment

The maximum glucose concentration for potato and sweet lime peels were obtained
after treating them under acid with autoclaving conditions, followed by enzymatic hydrolysis.
The obtained peel hydrolysates were then diluted into various concentrations (20%, 25%, 30%,
40%, 50%) following hydrolysis. Then the pH of the hydrolysates was adjusted to 7.4 (similar
to that of BG11 media), sterilized and used as the growth medium. The optimal concentration
obtained was chosen for the further experiments. For the pH optimization study, pH of 6,7,8

and 9 were examined.
5.2.2.2. Microalgal cultivation on banana peels undergoing autoclaving pre-treatment

The maximum glucose concentration for banana peels were obtained after treating them
under autoclaving conditions, followed by enzymatic hydrolysis. For the concentration
optimization study, the waste peel extract was diluted into different concentrations after
hydrolysis i.e. 20%, 25%, 30%, 40% and 50%. The hydrolysate pH was then adjusted to that
of the pH of BG11 media (pH 7.4), autoclaved and used as the culture medium. For the next
set of experiments, the acquired optimal concentration was chosen. To carry out the optimal

pH study, pH of 6,7,8 and 9 were investigated.
5.2.2.3. Microalgal cultivation on mixed peel hydrolysate
For the analysis, peels were mixed in the combinations as per mentioned below,

a) Potato + Banana (1:1 ratio)
b) Banana + Sweet lime (1:1 ratio)
c) Sweet lime + Potato (1:1 ratio)

d) Potato + Sweet lime + Banana (1:1:1 ratio)

For the peel hydrolysate concentration study, the mixed peel hydrolysates were diluted
into 20%, 25%, 30%, 40% and 50%. In this study, the pH of the medium was adjusted to 7.

Then the medium was sterilized and used for microalgal cultivation.
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5.2.3. Statistical analyses

The experiments were carried out in triplicate and the results were expressed as mean
+ standard deviation (SD). Origin Pro 9.0 was used for the statistical analysis throughout the

experiments.
5.3. Results and Discussion
5.3.1. Hydrolysis of the peels and culture medium preparation

Pre-treatment of the peels breaks its cell wall and makes the carbohydrates more
attainable for the cellulose degrading enzymes during the hydrolysis process. Significant
amount of glucose is released during the hydrolysis process of the waste peels. Following the
optimized conditions through different pre-treatments as mentioned in our previous chapter 3,
46.17 (+0.77) g L™, 29.84 (+0.57) g L and 35.90 (+0.43) g L of maximum glucose
concentration were acquired from potato (dilute acid treatment followed by enzyme
hydrolysis), banana (autoclaving treatment followed by enzyme hydrolysis) and sweet lime
(dilute acid treatment followed by enzyme hydrolysis) peel respectively. The resultant
hydrolysate was then employed as the culture medium for the cultivation of both the strains to

obtain enhanced level of algal biomass and lipid content.

For preparation of the culture medium, the hydrolysates were diluted to reach the
desired concentration and autoclaved at 121 °C for 20 min. After sterilization, the medium was
cooled down to room temperature before the inoculation of the microalgae. The medium of

growth was neutralized by adjusting the pH.
5.3.2. Effect of varying culture conditions on microalgal growth

The effect of the peel extracts on the growth and lipid content of the microalgal strains
are studied in this study. Different concentrations of hydrolysates were prepared by diluting
the peel extracts to reach the desired concentration and used as growth medium after
autoclaving to cultivate the strains for a period of fifteen days. The effect of the peel extract
medium on the microalgal growth was determined by calculating the specific growth rate and
biomass productivity, which varied with the types of extracts and microalgae. Lipid content
was determined gravimetrically. BG11 was used as the control against the peel hydrolysate in

all the cases.
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Since both potato and sweet lime peels showed maximum glucose concentration under
acid with autoclaving conditions, the microalgal cultivation on these two strains was compared.
For the optimization of the media concentration, 25% and 40% dilution respectively for potato
peel and sweet lime were found to support more biomass and lipid yield (Figure 5.1). For the
pH optimization study, pH 7 was found to be optimal for the growth of both the strains “I”” and
“K” (Figure 5.2).

Table 5.1 and 5.2 depicts the specific growth rate (u, d*), biomass concentration (g L
1 of DCW, lipid content (%), biomass productivity (g L™ d*) and lipid productivity (mg L™ d-
1y for both the isolates. The strains were found to be a promising source of biomass. It was
found that the cells grown in potato hydrolysate and sweet lime hydrolysate support the cost-
effective growth of microalgae. They produced significantly higher biomass yield and lipid
content while being grown on these extracts. The highest biomass yield of 2.1 g L™ and highest
lipid content of 25.87 % were achieved in the strain “K” when cultivated in potato peel
hydrolysate. In sweet lime peel hydrolysate, the highest biomass yield of 1.97 g L-1 and highest

lipid content of 24.14 % were found in the strain “K”.
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Figure 5.1. Growth study of the microalgal strains:
(A) Dilution [%] w.r.t Biomass [DCW, g L]
(B) Dilution [%] w.r.t Lipid [%)].
# SL-I: Strain “I”” in sweet lime peel, P-I: Strain “I” in potato peel, SL-K: Strain “K” in sweet

lime peel, P-K: Strain “K” in potato peel.
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Figure 5.2. pH optimization study:
(A) Strain “I”” in potato peel
(B) Strain “K” in potato peel

(C) Strain “I” in sweet lime peel

(D) Strain “K” in sweet lime peel.

The effect of the banana peel hydrolysate medium on the growth kinetics of the algal
isolates were investigated separately as the maximum glucose concentration for banana peels
was achieved under autoclaving conditions. The growth kinetic parameters are reported in
Table 5.1 and 5.2 along with the control medium. 30% dilution has been found to support better
biomass and lipid yield in the media optimization study (Figure 5.3). Also, pH 7 has been found
to be the optimum pH for cultivating both microalgal strains (Figure 5.4). The isolated strains
displayed prominent growth in the waste banana peel extract medium. The biomass yield
observed in case of strain “K” and strain “I” are 1.72 g L't and 1.53 g L™ respectively with a

lipid content of 22.83 % and 22.17 % respectively for the strains “K” and “I”.
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Figure 5.3. Growth evaluation of the microalgal strains in banana peel:
(A) Dilution [%] w.r.t Biomass [DCW, g L]
(B) Dilution [%] w.r.t Lipid [%].
# I. Strain “I”, K: Strain “K”.
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Figure 5.4. pH optimization study in the banana peel medium:
(A) Strain “T”
(B) Strain “K”.

129 | Page
TH-3091 146151001



Chapter 5

Table 5.1. Growth kinetics of the isolated strain “I” in different peel hydrolysate.

Growth  Biomass Lipid Biomass Lipid Specific Divisions  Doubling
medium  concentration content productivity  productivity growth rate per day time/rate
(DCW, gL™) (%) (@L*d*)  (mgL*d") (u d?) (K,d%)  (To,d?)
BG11 1.59+0.13 21.65£0.51  0.145+.01 31.39£0.56  0.21+0.02  0.30£0.03  3.30%0.27
Potato 1.94+0.11 25.1240.37  0.187+0.03  46.97+0.27 0.25+0.01 0.36%0.07 2.77+0.16
peel
Sweet 1.81+0.15 23.42+0.67 0.174+0.02 40.75+0.51 0.24+0.03 0.35+0.05 2.89+0.24
lime
peel
Banana  1.53+0.06 22.17+0.67 0.156+0.02 34.58+0.47 0.22+0.01 0.32+0.07 3.15+0.33
peel
Table 5.2. Growth kinetics of the isolated strain “K” in different peel hydrolysate.
Growth  Biomass Lipid Biomass Lipid Specific Divisions  Doubling
medium  concentration content productivity  productivity growth rate per day time/rate
(DCW,gL™Y) (%) (@L*dY)  (mgLtd?) (u,d? (K,d%)  (To,d?)
BG11 1.65+0.07 21.87£0.38 0.161+0.01  35.21+0.43 0.22+0.01 0.32+0.05 3.15+0.21
Potato 2.1+0.18 25.87£0.48 0.193+0.02 49.93+0.34 0.27+0.03 0.39+0.06 2.56+0.18
peel
Sweet 1.97+0.08 24.14+0.56 0.177+0.03  42.73+0.55 0.26+0.02 0.38+0.04 2.67+0.28
lime
peel
Banana  1.72+0.12 22.83+0.46 0.168+0.01 38.35+0.36  0.23+0.02  0.33+0.04 3.01+0.27
peel
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Eventually, the effect of the mixed peel hydrolysate was investigated on the growth and
lipid yield of the two microalgal strains. The peel extract was diluted to make up to different
concentrations so as to reach the desired concentration. Then after sterilization, these extracts
were used as the growth medium to cultivate the microalgal strains. A total of four combination
investigations were carried out for this analysis. By determining the biomass productivity and
the specific growth rate of the microalgal growth of both the strains “I” and “K”, the effect of
the peel hydrolysate medium was investigated (Table 5.3 and 5.4). The lipid yield and
productivity for the strains “I”” and “K” are reported in Table 5.3 and 5.4 respectively. It was
found that the mixed peel extract of potato, sweet lime and banana produced higher biomass
yield (2.56 g L™*) and lipid content (26.34 %) than the other cultivation combinations mentioned
in “Section 5.2.2.3”, when cultivated with the strain “K”. However, it was seen that all the
combinations produced significant amount of biomass yield and lipid content. Figure 5.5 and
5.6 represents the growth evaluation through biomass concentration and lipid content

respectively for both strains.
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Figure 5.5. Growth evaluation of the microalgal strains:
(A) Dilution [%)] w.r.t Biomass [DCW, g L] for the strain “I”

(B) Dilution [%] w.r.t Biomass [DCW, g L] for the strain “K”.
# P+B: Potato & Banana peel

B+SL: Banana & Sweet lime peel

SL+P: Sweet lime & Potato peel

P+B+SL.: Potato, Banana & Sweet lime peel.
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Figure 5.6. Lipid content of the microalgal strains:
(A) Dilution [%] w.r.t Lipid [%] for the strain “T”
(B) Dilution [%] w.r.t Lipid [%] for the strain “K”.
# P+B: Potato & Banana peel
B+SL: Banana & Sweet lime peel
SL+P: Sweet lime & Potato peel

P+B+SL.: Potato, Banana & Sweet lime peel.
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Table 5.3. Growth kinetics of the isolated strain “I” in mixed peel hydrolysate.

Chapter 5

Growth Biomass Lipid Biomass Lipid Specific Divisions  Doubling
medium  concentration content productivity productivity —growth rate per day time/rate
(DCW, g L) (%) (@L*dY)  (mgLtdh)  (udh) (K, dY)  (To,d)
BG11 1.59+0.13 21.65+0.51 0.145+0.01 31.39+0.56  0.21+0.02  0.30+0.03  3.30+0.27
P+B peel  1.97+0.07 24.11+0.22  0.192+0.03  46.29+0.23  0.26+£0.01  0.38+0.02 2.67+0.19
B+SL 1.95+0.11 23.56+0.22  0.184+0.04 43.35+0.31  0.24+0.02  0.35+0.04 2.89+0.22
peel
SL+P 2.17+0.13 23.68+0.22 0.196+0.06 46.41+0.33  0.23+0.03  0.33+0.03 3.01+0.25
peel
P+SL+B 2.27+0.09 25.87+0.26  0.206+0.04 53.29+0.26  0.28+0.01  0.40+0.03 2.48+0.18
peel
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Table 5.4. Growth kinetics of the isolated strain “K” in mixed peel hydrolysate.
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Growth Biomass Lipid Biomass Lipid Specific Divisions  Doubling
medium  concentration content productivity productivity growth rate  per day time/rate
(DCW, g L) (%) (@L*dY)  (mgLtdh)  (u,dY (K, dY)  (To,d)
BG11 1.65+0.07  21.87+0.38 0.161+0.01 35.21+0.43 0.2240.01 0.32+0.05 3.15+0.21
P+B peel  2.12+0.07 24.78+0.21 0.205+0.02 50.79+0.24  0.27£0.03  0.39+0.04 2.57+0.17
B+SL 1.88+0.09  22.37£0.22 0.192+0.05 42.95+0.32 0.23+0.01 0.33+0.02 3.01+0.18
peel
SL+P 2.42+0.12  2457+025 0.197£0.04 48.40+0.28 0.25+0.03 0.36+0.02 2.77+0.24
peel
P+SL+B  2.56+0.09  26.34+0.24 0.225+0.02 59.27+0.31 0.29+0.02 0.42+0.03 2.39+0.22
peel

Alternative economic and cost-effective carbon sources are desirable to make biofuel
commercialization more viable. Microalgal cell density and productivity at the end of
cultivation are influenced mainly by the nutritional conditions throughout the batch. Lee et al.
(1996) reported that utilizing light and organic carbon substrate, microalgal cultivation is the
most effective technique for producing algal biomass. Glucose has been considered the best
organic source of carbon for Chlorella biomass cultivation (Shi et al., 1999). Pre-treatment of
vegetable and fruit wastes disrupts the cell wall and makes the carbohydrates more accessible
to the cellulose-degrading enzymes (Choi et al., 2013). Hence researchers are trying to
investigate alternative cost-effective and economical carbon sources for making the

commercialization of algal biofuel more feasible and viable.

Various studies have reported that agricultural, food, vegetable, and fruit waste
resources have the potential as sustainable cultivation medium for biofuel production (Chokshi
et al., 2016). Limbu and Sibi (2017) used mixed fruit waste hydrolysate as a sustainable and
cheap medium for microalgae cultivation. They cultivated Chlorella vulgaris in the hydrolysate
medium pre-treated by acid, enzyme, and aqueous hydrolysis, and obtained the highest specific
growth, biomass, and lipid yield of 0.62+0.01 d!, 47.6+0.10 mg L and 12.57+0.08 mg L*

135|Page

TH-3091_146151001



Chapter 5

respectively, in the cells grown in the enzyme-based hydrolysate. When grown in food waste
hydrolysate, specific growth rates of Chlorella vulgaris, Chlorella pyrenoidosa and
Schizochytrium mangrovei were found to be 0.8 d?, 1.1+0.41 d* and 4.7+1.2 d™! respectively
(Amit and Ghosh, 2019). Ettlia oleoabundans, when grown on agricultural waste effluents,
yielded biomass of 2.93 g L™ and lipid content of 9.84% on the 22" day, and on 41% day of
cultivation, it yielded biomass of 2.75 g L™ and lipid content of 12.76% (Yang et al., 2011b).
Abreu et al. (2012) reported maximum biomass concentration, biomass productivity and
specific growth rate of 3.58+0.12 g L-1, 0.75+0.01 g L-1 d-1 and 0.43 d-1, respectively, when
hydrolyzed cheese whey was used for Chlorella vulgaris cultivation. In their investigations,
Yan et al. (2011) and Pleissner et al. (2013) found that food waste integrated with wastewater
or food waste alone, like molasses hydrolysate, can support microalgae growth. Fruit waste
hydrolysates prepared from peels, cores and rejected pulps of various fruits were found to boost
biomass accumulation of Chlorella pyrenoidosa (Wu et al., 2014). Aurantiochytrium sp.
cultivated in orange peel extract, yielded 4.4 g L™ of biomass (Park et al., 2018). Agwa et al.
(2014), reported 5.71 g L™ of biomass content and 40.7 mg L d™ of lipid productivity while
cultivating microalgae using cassava peels. He stated that this was feasible due to the presence
of nutrients in the peels. Nazir et al. (2020), reported biomass yield of 31.87+2.00 g L™ (batch)
and 41.5+2.67 g L (fed-batch) when Aurantiochytrium sp. was grown in Pineapple extract.
Rumiani et al. (2018), cultivated Crypthecodinium cohnii in date syrup and reported 6.65 g L
! biomass yield and 20 + 0.8 % lipid content. Katiyar et al. (2019), reported 413.14+1.61
biomass productivity (mg L d™?) and lipid productivity (mg L™ d 1) 129.9+2.68 respectively
when Chlorella sp. was grown using the low-cost feedstock Citrus limetta wastes (combination
of both discarded peels and pulp). Park et al. (2014), reported 3.4 times magnification in
biomass when Chorella vulgaris was cultivated in orange peel. Ma et al. (2017), reported a
lipid content of 28.9% and lipid productivity of 94.4 mg L™ d"* when cultivating Scenedesmus
sp. in molasses wastewater. Mu et al. (2015) obtained a maximum biomass and lipid
productivity of 4.01 g L? and 1.19 g L* d* respectively by cultivating Chlorella
protothecoides on sugarcane bagasse hydrolysate. Microalga Chlorella pyrenoidosa yielded a
specific growth rate of 1.4 d* when cultivated in restaurant food and bakery wastes (Pleissner
et al., 2015). Lau et al. (2014) mentioned the approach of a “food waste based microalgal
biorefinery” from Chlorella vulgaris utilizing food waste hydrolysate. They obtained a high
specific growth rate of 0.8 d* and the algal biomass was found to be rich in carbohydrates,

lipids and proteins as well. Wang et al. (2020) reported biomass concentration of 6.9 g L™*and
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lipid yield of 1.8 g L™*in case of Chlorella sp. when cultivated in food waste hydrolysate of

unconsumed bread.

Cultivation of microalgae through utilization of food and agricultural waste is
considered a sustainably and economically feasible approach. Microalgae utilizes organic
carbon sources to enhance the algal biomass and value added bioproducts. The results
mentioned in this study demonstrates that glucose could be a preferred carbon source for
increased microalgal biomass cultivation. Thus, using glucose-rich feedstock could be
considered favorable for Chlorella microalga cultivation. The results of this study were
compared with previously reported literature and is presented in Table 5.5. Apart from the
microalgal cultivation, this process also aids in the reuse and recycling of these raw materials
otherwise discarded as wastes and discarded into the environment. This could be a small

stepping stone into the global waste management system.

Table 5.5. Relative comparison of the biomass (DCW), specific growth rate, biomass
productivity, lipid content (%) and lipid productivity of the isolated strains with previously

reported studies.

Strain Culture Biomass Biomass Lipid Lipid Specific  Reference
medium (DCw,  productivity — content ~ Productivity  growth
gL (%) ()
Chlorella Potato peel 1.94+0.11 0.187+0.03 25.12+0.37 46.97+0.27 0.25+0.01  This
sorokiniana-| extract gLdt mg L1 study
Chlorella Sweet lime 1.81+0.15 0.174+0.02 23.42+0.67 40.75+0.51 0.24+0.03 This
sorokiniana-1  peel extract gLd mg L study
Chlorella Banana  1.53+0.06 0.156+0.02 22.17+0.67 34.58+0.47 0.22#0.01  This
sorokiniana-l1  peel extract gLid mg L d* study
Chlorella Potato peel 2.1+0.18 0.193+0.02 25.87+0.48 49.93+0.34 0.27+0.03  This
sorokiniana-K extract gLd mg L study
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Chlorella Sweet lime 1.97+0.08 0.177+0.03 24.14+0.56 42.73+0.55 0.26+0.02  This
sorokiniana-K  peel extract gLid mg L d* study
Chlorella Banana  1.72#0.12 0.168+0.01 22.83+0.46 38.35+0.36 0.23+0.02  This
sorokiniana-K  peel extract gLd mg L1 study
Chlorella P+Bpeel 1.97+0.07 0.192+0.03 24.11+0.22 46.29+0.23 0.26+0.01  This
sorokiniana-| extract gLd mg L study
Chlorella B+SL peel 1.95+0.11 0.184+0.04 23.56+0.22 43.35+0.31 0.24+0.02  This
sorokiniana-| extract gLd? mg L study
Chlorella SL+P peel 2.17+0.13 0.196+0.06 23.68+0.22 46.41+0.33 0.23+0.03  This
sorokiniana-| extract gLd mg L1 study
Chlorella P+SL+B  2.27+0.09 0.206+0.04 25.87+0.26 53.29+0.26 0.28+0.01  This
sorokiniana-1  peel extract gLd mg L1 study
Chlorella P+Bpeel 2.12+0.07 0.205+0.02 24.78+0.21 50.79+0.24 0.27+0.03  This
sorokiniana-K extract gLd mg L1 study
Chlorella B+SL peel 1.88+0.09 0.192+0.05 22.37+0.22 42.95+0.32 0.23+0.01  This
sorokiniana-K extract gLd mg L1 study
Chlorella SL+P peel 2.42+0.12 0.197+0.04 24.57+0.25 48.40+0.28 0.25+0.03  This
sorokiniana-K extract gLd mg L d study
Chlorella P+SL+B  2.56+0.09 0.225+0.02 26.34+0.24 59.27+0.31 0.29+0.02  This
sorokiniana-K  peel extract gLd mg L d study
Tetraselmis Kinnow 0.32+ 22.56+ 0.44 - 6.24 0.198+  Amitand
indica peel 0.02 0.0014 Ghosh,
mg Ltd? mg L1d?
2019
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Chlorella Sorghum 51 - 52.5 535.5 - Gao et
protothecoides hydrolysate al., 2010
mg Ld?
Chlorella Orange 2.20 183.33 - - - Park et
vulgaris eel extract al., 2014
: P mg L*d?
Chlorella Cassava 4.26 £ 0.82+0.03 502+06 0.41+£0.02 - Luetal.,
protothecoides starch 0.18 gLtd? gLtd? 2010
hydrolysate
Chlorella Rice straw 2.83 1.10+0.02 56.3+1.4 0.62+0.01 - Lietal.,
renoidosa  hydrolysate 0.04 2011
Py y y g L-l d-l g L-l d-l
Schizochytrium Sweet 3.08 0.62+ 0.01 - 0.43+0.03 0.51 Liang et
limacinum — gorghum +0.02 +0.01  al., 2010
=" gLtd? gLtd?
juice
Schizochytrium Hemp 1.8+ 0.06 - 16.9+ 0.41 - - Gupta et
sp. hydrolysate al., 2015
Scenedesmus Food 0.41 - - 13.3 - Jietal.,
obliquus wastewater 2015
mg Lt d?
Chlorella Okara 1.92 - - - 0.13 Kamal et
vulgaris waste al., 2017
extract
Schizochytrium  Sorghum  9.38+0.25  1.87%0.05 - 1.38+0.02 0.91+0.02 Liang et
limacinum juice al., 2010
J g L-l d-l g L-l d-l
extract
Chlorella Food waste 9.5 - 26.4 - - Haske-
sorokiniana  hydrolysate Cornelius
etal.,
2020
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Chlorella Waste 14.5 - 48.2 - - Yan et
protothecoides  molasses al., 2011
hydrolysate

5.4. Conclusion

Two indigenous microalgae strains Chlorella sorokiniana KMBM_I and Chlorella
sorokiniana KMBM _K were tested for their growth and adaptability in the peel wastes. Growth
kinetic parameters of the strains were analyzed in varying culture conditions. The highest
biomass yield of 2.56+0.09 g L™ and lipid content of 26.34+0.24 % was observed when the
microalgal strain “K” cultivated in the mixed peel extract of potato, banana and sweet lime.
This study showed that these agricultural wastes can be used as a natural, cost effective, eco-
friendly, efficient and affordable substrate for the cultivation of the microalgal isolates. By
scaling up the process to pilot scale, there is enough future scope for enhancing the biomass
and lipid content. Also, the biomass, lipid and de-oiled biomass (after lipid extraction) can be
further investigated for potential applications in biofuels, biofertilizers or bio-additives in feed

or food industry.
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6.1. Overview

At present, the global energy dependence is quenched by non-renewable fossil fuels.
However due to the adverse environmental repercussions of the fossil resources, sole
dependence on them is not sustainable. Primarily produced from biomass, biofuels can be either
in gaseous or liquid form. They can be used in addition to petrol, diesel or other fossil fuels or
can replace the existing fossil fuels for mainly transport and other applications. Biofuels being
renewable and eco-friendly, has the potential to replace conventional energy resources as they
also have lower greenhouse gas (GHG) emission profiles (Deeba et al., 2020). But the
excessive price for the commercial production of biofuels as compared to traditional fuels is a
major bottleneck. Therefore, researchers worldwide are trying to transform economic resources
into biofuels from an environment-friendly and cost-effective perspective. Microalgae have
been considered as an efficient producer of biofuel for transportation purposes. Microalgae are

can adapt well to various stressful environments.

Due to their metabolic versatility, microalgae are treated as a potential and viable
energy feedstock. They have a fast growth rate and can manufacture significant oil. Still the
microalgal biofuel system endures many bottlenecks during their downstream processing. A
considerable amount of de-oiled lipid extracted microalgal biomass residue is generated as a
waste product during the biofuel production. Valorization of these de-oiled microalgal residue
into value-added products through the microalgal biorefinery concept is possible to offset the
biofuel production cost (Maurya et al., 2016). Biorefineries follows the concept of zero waste
production and are very energy efficient. Biorefineries aids in taking advantage of the huge
potential of microalgae by recovering more value-added products from them and by enhancing
their production by utilizing an ecological engineering approach (Cho et al., 2015). During
microalgal cultivation, the pilot scale biorefineries can integrate the novel harvesting
techniques and methodologies with various biomass valorization pathways. These biorefinery
techniques are considered to be phenomenal in the future generation of valuable bio-based
products from microalgae through an integrated approach. Different nutritional modes like
autotrophic, mixotrophic and heterotrophic exist in microalgal cultivation. Microalgae
demonstrates an extensive network of extremely integrated upstream and downstream
processes for biofuel production. Major restraints in downstream processing like biomass
harvesting and dewatering are cost and intensive processes; however, there is a significant

development in recent times in the field of biofuel production. Since the autotrophic mode of
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cultivation yields significantly low biomass, hence the algal bioprocesses have shifted the focus
towards heterotrophic and mixotrophic cultivation approaches by implementing biorefinery
approach through multiple product strategies (Yen et al., 2013). Microalgae exploits
photosynthesis to convert solar/light energy into valuable bio-based products (Leu and
Boussiba, 2014). In the recent times, microalgal biorefineries which can fabricate biofuels and
value added bioproducts simultaneously, are vigorously probed and explored. Microalgae have
the budding potential of being the producer of various kinds of biofuels and biomaterials as

well.

As the waste peel biomass contains nutrients and organic carbons, their potential as an
alternative to traditional and conventional culture medium is investigated for oleaginous
microalga Chlorella sorokiniana. The culture conditions were optimized for the waste
molasses to cultivate the microalga. Waste peels can be used as an economical and
advantageous substrate to lower the costs for microalgal culture. It is a promising substrate for
cheap production of microalgal based biofuel. Biomass yield and lipid content can be
improvised through optimized culture conditions (Yan et al., 2011). This study further
exploited the full potential of the usage of waste peels to replace the conventional medium for
growth and lipid accumulation in Chlorella sorokiniana.

For microalgal based bioethanol production, those microalgae which contain
carbohydrates in high quantity specially glucose are considered to be the most favorable
feedstock (Gerardo et al., 2014). The defatted biomass after lipid extraction was hydrolyzed
and the obtained hydrolysate was fermented to generate bioethanol. This is a significant step
in the production of sustainable biofuels through reuse and recycling of spent microalgal
biomass. This study demonstrates the potential of indigenous native microalgae species for a

biorefinery that generates lipids, bioethanol and various value added bioproducts.

The microalgal biomass is a complex network of compounds like carbohydrates,
proteins, pigments and lipids. The amount of these potentially valuable molecules could vary
as a result of the selected algal species and strains; and their adopted cultivation techniques.
However, if we consider a conservative quantity of 25% oil extractable (Chisti, 2007), from
the microalgal biomass, then from every 100% of biomass, three times (75%) the guantity of
lipid extracted microalgal biomass residue (LEMBR) will be generated. To make the process
more sustainable, valorizing such biomass for different applications is very important, thus

balancing the price of biodiesel production. The different applications of LEMBRs includes its
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fermentation to bioethanol and biomethane; nutrient source as fish feed; as fertilizers; as bio-
sorbents for removal of dye and heavy metals from wastewater. Depending on the microalgal
species, the content may vary but the LEMBRs are rich in nitrogen and protein content,
essential macro and micro nutrients. However, they cannot be directly utilized for biomethane
and bioethanol generation, but can be used as fertilizer; nutrient feed for animals and fish
(Maurya et al., 2016).

This study investigated new prospects in the framework of biorefinery by using waste
peels as renewable feedstock to produce biofuels and value-added products, and also by trying

to manage the environmental issues regarding organic waste residues.
6.2. Materials and Methods

6.2.1 Ultimate and proximate analysis

6.2.1.1. Ultimate analysis

Using EuroEA elemental analyzer, the elemental analysis of the sample for the

determination of CHNS(O) composition was carried out.

The high heating value (HHV, MJ Kg™) or gross calorific value (GCV) and the low
heating value (LHV, MJ Kg?) or net calorific value (NCV) based on the CHNS(O) elemental

analysis of the biomass was determined using the following equations (Pandey et al, 2019),
GCV or HHV =0.383 x C + 1.422 x (H — O/8) Q)
NCV or LHV = HHV — 2.447 x (H/100) x 9.011 (2)

Where C, H, and O are the weight in percentages (%) of Carbon, Hydrogen and Oxygen

in the biomass, respectively.
6.2.1.2. Proximate analysis

To determine the Moisture content, Ash, and Volatile matter (Proximate analysis) of
the three peel feedstocks, the National Renewable Energy Laboratory (NREL) method (2008)

was used.

The content of Fixed carbon (FC) has been calculated by deducting the values of the
moisture (M), volatile matter (VM), and ash (As) content from 100 (Artemio et al., 2018).
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FC= 100 — (M+VM+As) (3)
6.2.2. Biochemical analysis of the microalgae
6.2.2.1. Total Carbohydrate

The previously reported Phenol-Sulphuric acid method was employed for carbohydrate
estimation (DuBois et al., 1956).

6.2.2.2. Total Protein

The total content of Nitrogen (N) of the biomass was measured using a CHNS(O)
elemental analyzer (EuroEA Elemental Analyzer). For the estimation and calculation of the
crude protein in the biomass, nitrogen to a protein conversion factor of 6.25 was employed
through the following equation (Becker, 1994),

Total protein (%) = 6.25 xN (%) 4)
Where “N” is the nitrogen content.
6.2.2.3. Pigments: Chlorophyll and Carotenoid content

Based on a previously reported spectrophotometric method by Pruvost et al. (2011), the
pigments in the sample were extracted using pure methanol. The below mentioned Arnon’s
equations were utilized to calculate the chlorophyll and carotenoid concentration in the extract
(Lichtenthaler, 1987).

Chlorophyll a (chl-a): 16.72 X Aesss — 9.16 X Ags2 (5)
Chlorophyll b (chl-b): 34.09 x Ass2 — 15.28 X Asss (6)
Total Chlorophyll (ug mL™) = Chlorophyll a + Chlorophyll b (7)

Carotenoids (ug mL™): [1000 x As7o — 1.63 x chl-a— 104.9 x chl-b] / 221 (8)
6.2.3. Fourier transform infrared (FTIR) spectrophotometer analysis

FTIR (PerkinElmer, Spectrum 2) analysis was carried out to analyze the functional
groups present in the algal biomass and lipid. Infrared spectra in the range 400 cm™ to 4000

cm* was read during the analysis.
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6.2.4. Biorefinery approach through the utilization of LEMBR for Bioethanol production

Algal biomass has acquired considerable recognition owing to its great potential as a
sustainable substitute to fossil fuels. Depending on their cultivation environment and
conditions, they can cumulate various amounts of carbohydrates, lipids, proteins and pigments.
Hence, they can represent a rich origin of fermentable sugars for production of third-generation
biofuel i.e. bioethanol.

Three prime steps are involved during the bioethanol production from utilization of
microalgal carbohydrates. They are: (i) pre-treatment (ii) saccharification (iii) fermentation. In
order to increase the accessibility to intracellular sugars, pre-treatment of the biomass is carried
out, which plays a significant part in enhancing the overall efficacy of the bioethanol

production procedure (Velazquez-Lucio et al., 2018).

Because of its environment friendliness and biochemical framework, microalgae are
often considered to be the future of renewable biofuel. Hence it is very important to focus on
generating promising value-added products in revenue from the microalgal biomass. This could
act as amplifying the economics of microalgal biofuel production. A biorefinery approach
which aims in the utilization of the spent microalgal biomass after the lipid extraction, is
therefore well sought after. The present study produces bioethanol from the microalgal residue
after the lipid extraction. The lipid extracted microalgal biomass is subjected to acid hydrolysis

and subsequent fermentation employing yeast to produce bioethanol.

Biorefinery approach aids in the generation of secondary product through utilizing the
spent biomass after lipid extraction from the microalgal biomass. In the present study, lipids,
pigments, proteins, and carbohydrates are produced along with bioethanol. The LEMBR (Lipid
extracted microalgal biomass residue) was used as the substrate for hydrolysis and fermentation
for bioethanol production, thus enhancing its prospects and eligibility as a precursor for
bioethanol.

Acid-Thermal hydrolysis was performed on the spent biomass to convert the complex
polysaccharides into simple sugars. The leftover biomass after lipid extraction was treated with
sulphuric acid (H2SOg4) to undergo acid hydrolysis for one hour at 121°C and 20 psi pressure
in an autoclave (Equitron PAD). The bioethanol fermentation utilizing Saccharomyces
cerevisiae (Baker’s yeast) was done as per the method suggested by Chakrabarthy et al. (2014).
A 3% yeast inoculum was cultured in LB medium for 24 h at 30°C and incubated in a shaker
at 200 rpm. The yeast cells were then harvested by centrifugation, washed and added to the
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algal hydrolysate in air tight bottles in dark for 4 days in 200 rpm orbital shaking at 30°C. The
bioethanol produced was estimated by the protocol described by Pilone (1985) where the
standard potassium dichromate method was employed. In this method, 1.5 mL of the potassium
dichromate reagent was added with the 150 pL of the sample and incubated for 30 minutes at
30°C. Then the sample's optical density (OD) was measured at 590 nm and the ethanol

concentration (% v/v) was estimated using a standard curve.

6.2.5. Statistical analysis

All the trials were carried out in triplicate and the results were indicated as mean = SD
(standard deviation).

6.3. Results and Discussion
6.3.1. Biochemical, pigment, ultimate and proximate analysis of the microalgae

The microalgal biomass was a significant producer of pigments like chl-a, chl-b and
carotenoids (Table 6.1). Carotenoids and chlorophyll have significant application in the field
of pharmaceuticals, cosmetics, nutraceuticals and food supplements (Miazek et al., 2017). The
Carbohydrate and protein analysis results were presented in Table 6.1. These results were found
to be in accordance with the results reported by Arif et al. (2021). Microalgae have the potential
to create biomass with significant quantity of carbohydrates and lipid, that can be further
processed into produce biofuels (Chokshi et al., 2016). The proximate and ultimate results of
the microalgal biomass were presented in Table 6.2. The GCV for the strains “I”’ and “K” are
18.15 MJ Kgtand 20.30 MJ Kg* respectively and NCV for the strains are “I” and “K” are
16.57 MJ Kgtand 18.61 MJ Kg* respectively. The proximate analysis, ultimate analysis, GCV
and NCV in the both strains were found to be at par with the values reported by Phukan et al.
(2011) during the analysis of Chlorella sp. An increase in lipid content is linked to the increase
in calorific value in case of algae. The high protein content in the strains can be contributed to
its high nitrogen content. The high carbon, high hydrogen content, high HHV and no Sulphur
content of both the strains make them a prospective contender for biofuel generation. The high
protein and carbohydrate content make the microalgal strains a significant feedstock for the

generation of bioethanol (Arif et al., 2021).

No Sulphur detection in microalgal biomass aids in the production of FAME (Fatty acid
methyl esters) during the exploitation of lipids (Yew et al., 2020). However, it is not a limited
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product from the exploitation of the lipids from microalgal biomass. Rather, the de-oiled
residue after lipid extraction reopens enticements of different biofuels like bioethanol,
biohydrogen etc. Also, the defatted biomass is also rich in value-added products like
carbohydrates, vitamins, proteins, and pigments. This lipid-extracted microalgal biomass also

has its application as a fertilizer and fish feed (Jaiswal et al., 2021).
6.3.2. FTIR analysis

Based on previously published studies, The FTIR peaks were assigned to a specific
molecular group (Mecozzi et al., 2011) and were presented in Table 6.3. The FTIR spectra is
able to identify the functional groups of the phytochemicals present. The findings suggest that
the microalgal strains “I”’ and “K” biomass contain biochemical compounds like proteins,
polysaccharides, lipids, and pigments. The growth conditions during the microalgal cultivation
process may influence the presence or absence of any particular chemical constituent in the
algal biomass. The FTIR spectra of the microalgal biomass were according to the results

depicted in previously reported studies (Olasehinde et al., 2019).

Table 6.1. Biochemical and pigment analysis of the microalgae.

Microalgal  Carbohydrate (%) Protein (%) Chlorophyll (ug mL™?) Carotenoids

strains (ug mL?)
Chl-a Chl-b

I 28.34+0.48 42.13 10.86+0.67 6.11+0.45 2.71+0.18

K 31.17£0.63 50.89 12.23+0.77 7.67%£0.38 3.25+0.29
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Table 6.2. Proximate and Ultimate analysis of the microalgal biomass.

Parameters I K

Proximate analysis

Moisture content (%) 7.93+0.63 6.76+0.71
Volatile matter (%) 76.28+1.11 79.34+1.46
Ash (%) 7.95+0.42 7.61+0.77
Fixed carbon (%) 7.84+0.56 6.29+0.64

Ultimate analysis

C (%) 38.64 41.17

H (%) 7.17 7.65

N (%) 7.74 8.14

0 (%) 38.50 35.43

CIN (%) 4.99 5.06

0/C (%) 0.99 0.86

HHV or GCV (MJ Kg'l) 18.15 20.30
LHV or NCV (MJ Kg') 16.57 18.61
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Wavenumber Respective Respective Peaks obtained (wavenumber
range (cm™) group biomolecules cm™)
I K
1120-1160 C-0-C Carbohydrates as 1117.12, 1123.81,
Polysaccharides 1164.09 1150.87
1230-1240 P=0Oand C- Phospholipids of nucleic 1237.42 1242.46
N bending acids and proteins
(Amide 11 band)
1540-1550 C-N Proteins (Amide 11 1538.51 1544.66
stretching band)
and N-H
bending
1610-1685 C=0 Proteins (Amide | band) 1634.99 1635.07
stretching
1730-1745 C=0 Lipids (esters of fatty 1735.43 1740.32
stretching acids) and carbonyl
groups of chlorophyll
pigments
2100-2200 C-C=C-C=C Lipids, chlorophyll and 2131.76 2131.67
and CEC carotenoid pigments
2850 CH2 Aliphatic groups of 2852.14 2859.45
stretching lipids and proteins
2950 CH3 Aliphatic groups of 2934.78 2931.56
stretching lipids and proteins
3300-3400 OH Carbohydrates, proteins, 3338.90 3338.95
stretching lipids (sterols and fatty
acids), nucleic acids
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6.3.3. Bioethanol production from LEMBR through biorefinery approach

The present study describpes a thorough protocol for  microalgal
biorefinery — with lipid as the main product, and pigments, proteins and carbohydrates as the
side products, and bioethanol as the secondary product. The biorefinery approach presented in
this study is viable and can be executed for amplifying the economy and revenue of the

microalgal industry.

The lipid extracted microalgal biomass residue (LEMBR) has various applications like
biogas, biochar and bioethanol production, pigments, animal and fish feed, and fertilizer.
Further the simultaneous production of microalgal biomass along with lipid and carbohydrate
content, which are used to produce biofuel, is considered to be an integrated biorefinery
approach (Chokshi et al., 2016). Value added applications like these aids in lessening the
overall cost of biofuel production and microalgal cultivation. To develop a sustainable
biorefinery and enhance the economics of the process, scaling up of the cultivation process;
processing of value-added products like proteins, pigments, bioethanol, cosmetics etc; high

efficiency bioreactor designing is of utmost requirement.

This study reports a meticulous protocol for the production of lipids along with value
added products and bioethanol from the biomass residue left after lipid extraction, following a
biorefinery approach. The green microalgal strain “K” produced a substantial amount of
maximum lipid (26 wt % approx.) and left behind algal biomass residue of approximately 74
wt %, which was used to produce bioethanol. The biorefinery approach depicted in the present
study can therefore be considered substantially feasible and could be administered to magnify

the algal industry's economy and revenue.

The strain “K” LEMBR biomass produced 26.34+0.24 % lipid along with 7.16+0.43 ¢
L bioethanol. The microalgal biomass was also rich in value-added bioproducts like pigments,
proteins, and carbohydrates. The bioethanol content was in accordance with Olia et al. (2022),
as they achieved maximum ethanol concentration of 8.31+0.18 g L™ by treating the biomass of
Chlorella sp. with sulphuric acid for 20 min at 121°C and a fermentation period of 48 h. Hence
it can be concluded from their findings that the Chlorella LEMBR hydrolysate can be a feasible
promoter of bioethanol, which may be industrially applied.

The experimental set up for the bioethanol preparation process is depicted in Figure
6.1.
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Figure 6.1. Experimental set up for the bioethanol preparation process.

6.4. Conclusion

This study highlights the potential of a bio-based refinery of two novel microalgal
isolates in producing lipid, bioethanol, pigments, etc. The isolates demonstrated significant
amount of carbohydrate, protein and lipid. The strains also exhibited significant pigments like
chlorophyll-a, chlorophyll-b and carotenoids, allowing their utilization in food, cosmetic and
pharmaceutical industries. The GCV for the strains “I” and “K” are 18.15 MJ Kg™* and 20.30
MJ Kg* respectively and NCV for the strains are “I”” and “K” are 16.57 MJ Kgtand 18.61 MJ
Kg respectively.

The spent biomass after extraction of lipids were reused and recycled for sustainable
biofuel synthesis. Experimental results indicated that a waste-based refinery could lead to
efficient production of value-added products from microalgae utilizing the organic wastes, in
turn contributing to establishing a “green society”. The lipid-extracted biomass residue of strain

“K” generated 7.16+0.43 gL,
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7.1. Overall conclusion

Rise in worldwide energy demand and environmental concerns regarding the usage of
fossil fuels has forced the world to look for other suitable replaceable fuels from sustainable
and non-food materials. To address this concern, the potent utilization of microalgae for
producing fuels and value-added bio products is deemed to play a key role. Microalgal biomass
as a renewable feedstock has received substantial attention for the development of a sustainable
energy system that can replace depleting fossil fuels in the area of producing energy. Biofuels
formed from these renewable resources could aid in decreasing the world’s dependence on

conventional oil, and lessen the fossil fuel burning and CO2 emission.

In this study, an integrated process for the production of lipid and bioethanol from
microalgae cultivated using waste peel hydrolysate was presented. This entire process

consisted of the following steps:
(1) Pre-treatment and hydrolysis of the waste peels
(2) Characterization of the waste peels.
(3) Isolation and identification of indigenous microalgae
(4) Microalgal cultivation in the peel waste hydrolysate
(5) Lipid extraction from the algal biomass
(6) Biochemical analysis of the microalgae.
(7) Bioethanol generation from the defatted LEMBR.

Two novel wild indigenous microalgae Chlorella sorokiniana KMBM _I (Strain “I”)
and Chlorella sorokiniana KMBM_K (Strain “K”’) were isolated and are considered as the
model organism for this study. The study demonstrated sustainable bioenergy production with
simultaneous value added bioproducts generation from microalgae through waste peel
valorization. This bioconversion facilitates the way for emergence and creation of algae-based
biorefinery through the production of biofuels and bioproducts. Further, this waste peels-based
microalgal biorefinery concept could aid in establishing “zero waste” strategies with proper

scale-up techniques.
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Undergoing the optimized conditions through different pre-treatments, 46.17 (x0.77) g
L, 29.84 (+0.57) g L and 35.90 (+0.43) g L™* of maximum glucose concentration were
acquired from potato (dilute acid treatment followed by enzyme hydrolysis), banana
(autoclaving treatment followed by enzyme hydrolysis) and sweet lime (dilute acid treatment
followed by enzyme hydrolysis) peel respectively. The resultant extract was then utilized as
the culture medium for the cultivation of both strains to attain enhanced level of microalgal

biomass and lipid content.

When the effect of varying culture conditions were investigated utilizing the different
peel hydrolysates, the highest biomass yield of 2.56+0.09 g L™ was observed when Chlorella
sorokiniana KMBM_K was cultivated in the mixed peel extract of potato, banana and sweet

lime.

Chlorella sorokiniana KMBM_K contains maximum lipid content of 26.34+0.24 %
which can be further processed to produce biodiesel while the spent defatted LEMBR was
utilized to produce bioethanol of 7.16+0.43 g L.

While the previous studies were concentrated primarily on the isolation of potential
microalgae and mainly analyzed the lipid content for production of FAME (Fatty acid methyl
esters). However, this study focusses on all the major biocomponents such as carbohydrates

for biofuel generation, proteins, pigments, and lipid content as well.

For our experiments, the substrate (peels) was procured from inside the IT Guwahati
campus and were of zero value. However, the power consumption of the autoclave (portable
Equitron autoclave) was 0.8 units per cycle. Since we used 40 minutes of autoclaving for the
banana peels, two cycles were used, as one cycle equals 20 minutes. Hence a total of 1.6 units
(0.8 + 0.8= 1.6) of power consumption happened throughout the pre-treatment process. The
potato and sweet lime peels were acid hydrolysed with 1% Sulphuric acid for 80 minutes in the
autoclave. Hence a total of 3.2 units (0.8+0.8+0.8+0.8= 3.2) of power consumption happened
throughout the pre-treatment process for these two waste peels. The Cost of Laboratory grade
Sulphuric acid was Rs. 1092 for 2.5 L, which is approximately 13.19 USD.
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Figure 7.1. Schematic Representation of the Integrated Microalgal Biorefinery.
7.2. Future Prospects

The present findings had made it evident that the two wild microalgae are excellent
aspirants for a sustainable biorefinery producing biomass, lipid, biofuel and other value-added
products. However, the current study was limited to a lab scale. Therefore, the research can be
extended to support the commercial implementation of the proposed biorefinery model.

% Scale up studies through open raceway ponds and closed large photobioreactors for
mass biomass production. This will help study the effect of both the open and closed
system on the microalgal growth and composition and the scale up effect on the
microalgal cultivation.

% To determine the sustainability of the overall process, technoeconomic analysis and life
cycle studies can be carried out.

% Genetic modification or alterations of the isolated strains can be carried out for
enhanced biomass and lipid content.

% Development of an energy efficient process for the direct conversion of the wet biomass

to bio-oil.
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% This study employed the lipid extracted microalgal biomass residue (LEMBR) to obtain

bioethanol. It can be further analyzed to check its other potential applications.
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In this work, potato and sweet lime peels otherwise considered as waste were used as substrates for
producing glucose. Different pre-treatment processes were carried out and the best conditions yielding
higher amount of glucose concentration were further hydrolysed by enzyme. The pre-treated extract at
80 min in case of dilute acid hydrolysis with autoclaving conditions gave higher glucose concentration
amongst all the pre-treatment processes for both the peels and hence considered for further analysis.
Rationale for the next step of the experiment was designed based on a central composite statistical
design (CCD). To obtain high glucose yield, response surface methodology (RSM) was used to optimize
the hydrolysis conditions. The three parameters chosen for the study were; time (h), temperature (°C)
and the rotation frequency of the incubator (revolutions per minute i.e. RPM). The optimum conditions in
case of potato peel were found to be 56 h, 68 °C and 144 RPM and in case of sweet lime peel, 56 h, 68 °C
and 167 RPM. Under these conditions, 46.17 (+0.77) gL~ and 35.90 (+0.43) gL~ of glucose were ob-
tained for potato and sweet lime peels respectively. The optimum factors acquired from the statistical
model were further confirmed using the experimental results.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The most abundant renewable energy resource available in the
world is biomass, which is composed of cellulose, hemicelluloses and
lignin [ 1]. Fruit and vegetable peels are generated in huge amounts in
industries, hostels, juice centres and households and are mostly
dumped along with other wastes without segregation making it
unfit for further use. This study is an attempt to utilise these waste
peels for the recovery of sugars towards producing biofuels as well as
betterment of the environment. Potato is accepted as the staple food
and is a main source of carbohydrate in many parts of the world and
an integral part of much of the world's food supply. Sweet lime
(mosambi or musambi) is a juicy fruit which is a leading juice sub-
strate in all the juice based industries. A favourite among the juice
lovers, sweet lime, is a rich source of vitamins and minerals. Potato
dominates the chips producing industries the same way sweet lime
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dominates the juice and jam-jelly making industries. India is a major
producer of both potatoes and sweet limes. The potato and sweet
lime peels can be regarded as an agricultural waste product. The
solid peel, discarded in the industries is zero value by-product,
collected in large amounts depending on the type of peeling in
these industries after their processing. Mostly abrasion peeling and
steam peeling are employed in these food processing industries [2].
The crude composition of potato peel (Solanum tuberosum) and
sweet lime (Citrus limetta) peel has been reported as: 55.25% cellu-
lose, 11.71% hemicelluloses, 14.24% lignin [3] and 18.3% cellulose,
26.2% hemicelluloses, 8.9% lignin [4] for potato and sweet lime peel
respectively.

Biomass cellulose is composed of crystalline and amorphous
components and the amorphous component is more easily diges-
ted by enzymes than the crystalline component [5]. Highly specific
cellulose enzyme carries out enzymatic hydrolysis and reducing
sugars like glucose is the product of such hydrolysis. For enhancing
the hydrolysis of cellulose, it is required to pre-treat the biomass
which in turn decreases the crystallinity of cellulose present in it.
Hence, before enzymatic hydrolysis it is crucial to pre-treat the
biomass [G]. Different pre-treatment techniques have been
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Abstract

The excessive price of nutrients needed for microalgal cultivation is a vital constraint, although mass production is essen-
tial for attaining economically viable production of algal fuels and value-added products. Increasing energy demand has
prompted the world to look for alternative oil resources. There is a crucial demand for sustainable and economically viable
source of energy due to the reduction in conventional fossil fuel supplies. In this study, potato peel and sweet lime peels
were exploited in place of conventional growth mediums for the cultivation of microalgal cells. These wastes are zero-value
material, which contains vital nutrients and elements for the cultivation of oleaginous microorganisms like microalgae.
The growth of the isolated strains Chlorella sorokiniana KMBM_K and KMBM_I in the pretreated peel hydrolysates was
investigated. The biomass and lipid extracted can be further investigated for potential applications in biofuel, feed, and food
additives. A new insight can be obtained with this study as it integrates the concept of lipid extracted microalgal biomass
utilization (LEMB) approach along with waste disposal, thereby serving in the management of these agricultural wastes.
While performing the optimization studies, pH 7 and 25% and 40% dilution, respectively, for potato peel and sweet lime
were found to support more biomass and lipid yield. The highest biomass yield of 2.1 g L™! and highest lipid productivity
of 49.93 mg L™! day™! are obtained in Chlorella sorokiniana KMBM_K when cultivated in potato peel extract. This study
showed that these agricultural wastes can be used as a natural, cost effective, ecofriendly, efficient, and affordable substrate
for the cultivation of the microalgal isolates.

Keywords Peel - Chiorella sorokiniana - Lipid-mass cultivation - Biorefinery - Food processing waste

1 Introduction

Microalgal fuels have the budding possibility to aid the sec-
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» Potato and sweet lime peel hydrolysate were used for
microalgal cultivation.

« Microalgal strains were isolated from biodiversity-rich
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# The isolated strains were identified as Chlorella sorokiniana
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« The peel hydrolysates support the cultivation of the isolated
microalgae.
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tor of renewable energy, although the nutrient and water
dependence are seen as crucial issues for mass cultivation.
Growing them on a commercial scale seems even more
expensive. It has been reported that per year, US needs
more than 85% of the annual freshwater to create one bil-
lion gallons of microalgal biodiesel [1]. The continuous
usage of fossil fuels has paved its way into one of the most
vital world-wide environmental challenge, 1.e., global warm-
ing. The decrease in oil deposits and increase in fuel rates
have forced the mankind in search of alternative sustain-
able energy resources as a substitute for conventional fuels.
Biomass such as microalgae is a suitable candidate for that
and has gathered more interest than land plants and crops
because they have faster growth rate, higher photosynthetic
efficacy, high oil content, and sustainable biomass produc-
tion [2]. Oleaginous microbes like microalgae, fungi, and
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Abstract

Continuously escalating energy demand and depletion of conventional fossil fuels has challenged and urged our globe to
search for alternative resources which are economically viable, renewable and sustainable. Microalgae has emerged as an
excellent resource in this regard but the excessive cost of nutrients is a vital restriction for producing economically viable
algal fuels. In this study, waste banana peels were used as the feedstock for cultivation medium for microalgae after proper
pre-treatment and hydrolysis. Various pre-treatment techniques were executed and the best conditions (40 min, autoclaving)
furnishing the higher glucose concentration were chosen for further investigation. Rationale for the enzyme hydrolysis of
the pre-treated peels was created through central composite design (CCD) using response surface methodology (RSM) to
attain higher concentration of glucose to optimize the hydrolysis parameters. Temperature (°C), time (h) and the rotation
frequency or agitation speed (revolutions per min, RPM) of the incubator were the three chosen parameters. 29.84+0.57 g
L™! glucose was obtained from the banana peels. The peel extract after hydrolysis was used as the medium for microalgal
growth, and the growth kinetics of the two microalgal isolates (Chlorella sorokiniana KMBM_I and Chlorella sorokiniana
KMBM_K) cultivated in the waste peel hydrolysate were evaluated. Chlorella sorokiniana KMBM_K and Chlorella soro-
kiniana KMBM_I displayed a biomass yield of respectively 1.72 and 1.53 g L™! with a lipid content of 22.83% and 22.17%
respectively. This study demonstrated that this organic peel waste can act as an effective, eco-friendly, efficient and natural
substrate for cost effective microalgal cultivation.

Keywords Banana peel - Chlorella sorokiniana - Extract - Pre-treatment - Hydrolysis

1 Introduction

The world today is majorly dependent on fossil resources
as the main energy supply. However, the gradual depletion
of these resources has resulted in a global concern. As the
existing fuel reserves are left only for few more decades,
hence development of alternative fuel resources is the need
of the hour. Biofuels derived from plants and microbial
origin acts as an alternative to fossil derived fuels due to
similar properties [1, 2]. However, sustainability of biofuel
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depends on the water supply, land use, demand of nutri-
ents and fertilizer as well as competition with food crops.
Due to their rapid biomass production and high oil content,
microalgae are considered advantageous than terrestrial
plants [3, 4]. Despite having various advantages, commer-
cialization of microalgal fuels has been considered expen-
sive as its cultivation depends on costly growth medium.
To reduce this drawback, substitution of chemical medium
with low-cost medium appears to be a solution. To produce
commercially viable biofuel, organic waste as feedstock for
microalgal growth can be considered an effective solution,
as these organic resources are rich in sugars, carbohydrates
and nutrients. In this regard, waste peels of vegetables and
peels could act as a good feedstock. Hydrolytic treatment on
these wastes alters its physiochemical properties resulting in
release of carbohydrates and mineral nutrients [5, 6]. Selec-
tion of a suitable pre-treatment is required to produce an
appropriate growth medium for algae cultivation as growth
medium could influence the growth rate, biomass and lipid
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Abstract

Two indigenous microalgae strains Chlorella sorokiniana KMBM_I and Chlorella sorokiniana KMBM_K were tested for
their growth and adaptability in the peel wastes. Growth kinetic parameters of the strains were analyzed in varying cul-
ture conditions. This study highlights the potential of a bio-based refinery of novel microalgal isolates in producing lipid,
bioethanol and pigments etc. The isolates demonstrated significant amount of lipid, protein, carbohydrate and pigments
like chlorophyll-a, chlorophyll-b and carotenoids. The spent biomass after extraction of lipids were reused and recycled for
sustainable biofuel synthesis. Experimental results indicated that a waste-based refinery could lead to efficient production
of value-added products from microalgae utilizing the organic wastes, in turn contributing to the establishment of a ‘green
society’. The highest biomass yield of 2.56+0.09 ¢ L™! and lipid content of 26.34 +0.24% was observed when the microalgal
strain ‘K’ was cultivated in the mixed peel extract of potato, banana and sweet lime. Also, 7.16 +0.43 g L~! bioethanol was
derived from its spent biomass after the lipid extraction.
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Abstract

Microalgae-based biocathode development was studied for the first time in a three-chamber PMFC incorporating Chlorella
sorokiniana. It represents an efficient, cost-effective and eco-friendly strategy for increase oxygen availability to the cathode.
Three different indoor plants viz., Epipremnum aureum, Philodendron erubescens and Anthurium andreanum were chosen
for this study. Among all the PMFECs, F. erubescens showed the highest performance, with the power density and current
density of 32.21 mW m™> and 63 mA m™ respectively. This represents a 31% increase with respect to previous studied bac-
terial biocathode and is amongst the best in PMFC research reported till date. Cyclic voltammetry (CV), dissolved oxygen
(DO) and Field emission scanning electron microscopy (FESEM) analysis confirmed microalgal biocathode development.
The presence of C. sorokiniana in the cathode increases the DO concentration and the oxygen reduction rate with a higher
reduction current density of —16.2 mA m~ as compared to mechanical aeration (—5.6 mA m™2). Anodic microbial commu-
nity structure showed a diverse bacterial consortium dominated by Firmicutes (56.84%) and Bacteroidetes (38.45%), which
are known for their ability to generate bioelectricity.

Keywords Bioelectricity - PMFC - Biocathode - Microalgae

1 Introduction requirements for microbes [3, 4]. In a PMFC, plants grown

in the anodic chamber carry out photosynthesis by utilizing

The demand for renewable energy has been consistently ris-
ing in recent times due to concerns of the rapid exhaustion
of our fossil fuel resources and the rise in global warming
in the world. In the arena of bioelectricity generation, the
microbial fuel cells (MFCs) technology has gained wide-
spread attention as a potential bioelectrochemical system
(BES) to generate bioelectricity by active microbial action
on wastes. As an alternative to the traditional MFC sys-
tem, the plant microbial fuel cell (PMFC) technology has
the potential to explore new arenas to the already existing
BES technology [1. 2]. It has evolved as a self-sustainable,
eco-friendly, and economically viable option for nutrient
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sunlight and produces organic substances. In this process,
the atmospheric CO, is fixed, which does help in biomass
development in plants. However, the quantity of organic sub-
stances produced is not fully utilized by the plant itself, and
a portion always remains unutilized and is laid off through
roots as rhizodeposits [5]. Near the root surfaces, the living
anaerobic microbial consortium utilizes the organic mat-
ters released by plants and disintegrates them into protons
and electrons. These can further be harnessed by electrodes
placed near the root surfaces to generate bioelectricity [6]. In
this way, PMFCs have become a source of bioelectricity in
the utmost sustainable way as the nutrient requirements for
microbes are met continuously. The plants need to be taken
care of and maintained under healthy conditions. In this way,
it turns out to be an economically viable and sustainable
nutrient requirement option as organic compounds need not
be added externally at repeated intervals. Moreover, growing
plants in a PMFC provides multiple benefits of purifying
air from harmful chemicals and energy generation. Various
studies have discussed the fundamental principle of a PMFC
in detail [3, 6-8].
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