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Preface

The major issues relating to environmental sustainability such as a heavy dependency on
fossil fuels, increased greenhouse gas emissions, pollution, global warming and climate
change have drawn much attention around the globe to seek alternative energy sources that
have negligible environmental impacts and societal benefits. There is an immense interest in
biofuels research around the world due to their massive potentials in addressing the above-
mentioned environmental concerns. Biofuels have the potential to supplement the current
and future energy demands by being blended with fossil fuels or replacing them completely
as drop-in fuels in automobiles as well as heat and power industries. Waste biomass, pri-
marily lignocellulosic biomass (e.g. agricultural crop residues, forestry biomass and energy
crops) and microalgae, can act as some cheapest renewable biosources for the production of
biofuels and biochemicals. The prime focus of this book is to shed light on the bioprocessing
of biofuels, especially through microbial conversion technologies to recover and transform
the inedible polysaccharides into hydrocarbons biofuels and bioenergy.

The major subject areas discussed in this book are bioprospecting of bioresources
for biofuel production (Chapter 1) including specific topics on biomass pretreatment and
saccharification (Chapter 2), bioethanol (Chapter 3), biobutanol (Chapter 4), biometha-
nol (Chapter 5), biohydrogen (Chapter 6), algal biofuels (Chapter 7) and microbial fuel
cells (Chapter 8). This book provides introductory synopses on the above-mentioned top-
ics for applications in several cross-disciplinary areas of biotechnology, (bio) catalysis,
fermentation technology, bioprocess engineering, chemical engineering and environmental
sciences with a common agenda on biofuels and bioenergy. We express our sincere thanks
to Ms. Renu Upadhyay (Assistant Commissioning Editor) and Ms. Shikha Garg (Editorial
Assistant) from CRC Press for their enthusiastic assistance while developing this book.
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Bioprospecting
and Bioresources
for Next-
Generation
Biofuel
Production

1.1 INTRODUCTION

The sustainable utilization of waste organic biomass is an attractive option for the
production of carbon-neutral biofuels to mitigate greenhouse gas emissions and address
the rising global energy demands (Nanda et al. 2016c). Biofuels from renewable and
biogenic materials (e.g. agricultural crop residues, forestry biomass, algae, energy
crops, municipal solid waste, food waste and cattle manure) provide a wide range of
advantages such as mitigation of greenhouse gas emissions, supplementing energy secu-
rity, waste valorization and reinvigorating rural economy (Nanda et al. 2015b; Okolie
et al. 2020a). Lignocellulosic biomass comprises agricultural crop residues, forestry
biomass and energy crops, which contain cellulose, hemicellulose and lignin as their
key biopolymeric components (Azargohar et al. 2019; Okolie et al. 2020b).

Waste biomass can be converted to biofuels and biochemicals through biological
conversion technologies (e.g. fermentation and anaerobic digestion) and thermochemical
conversion technologies (e.g. pyrolysis, gasification, liquefaction, transesterification,
torrefaction and carbonization) to process specific liquid, gaseous and solid biofuels
(Azargohar et al. 2013; Nanda et al. 2016b; Parakh et al. 2020). A wide variety of biofuels
such as bioethanol, biobutanol, biohydrogen, biomethane, syngas, bio-oil, biodiesel and
biochar are gaining attention for research and development worldwide for their potential
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2 Bioprocessing of Biofuels

use as sustainable fuels for automobiles, industries as well as combined heat and power
(Nanda et al. 2014b). This chapter aims to discuss different generations of biofuels along
with their composition and properties. The production of biofuels utilizing lignocellu-
losic biomass and conversion processes are also described in this chapter.

1.2 DIFFERENT GENERATIONS OF BIOFUELS

Bioethanol production from different starch-based food crops and grains (e.g. potato,
cassava, corn, wheat, etc.) via fermentation technologies is considered as the first-
generation biofuel (Nanda et al. 2018). Bioethanol and biodiesel are two liquid biofuels,
which can be blended with petrol and diesel, respectively, to reduce greenhouse gas
emissions (Nayak et al. 2019; Nayak et al. 2020). The supply chain of food crops and
grains as well as the global economy suffer dramatically because of the reduced food
supply and rising food prices owing to their diversion to first-generation biofuel refin-
eries (Nanda et al. 2015b). Moreover, the arable or cultivable land area is also found
to be competitive in such a scenario of food versus fuel debate associated with first-
generation biofuel production.

The second-generation biofuels, on the contrary, can be generated from lignocel-
lulosic feedstocks, which have no direct competition with the human food supply chain
or animal feed (Okolie et al. 2019). These materials are easy to procure, abundantly
available and relatively cheap to sustain second-generation biofuel refineries. Moreover,
second-generation biofuels produced from lignocellulosic biomass are more enviable as
they are non-edible, renewable and pose no threat to food crops and arable lands. A few
examples of lignocellulosic biomass are bagasse, stalk, peel, straw, shell, husk, stem,
wood shavings, sawdust, etc., which originate as residues from agricultural harvesting
and forests. Depending on the crop variety, geography, weather and climatic conditions,
agricultural and harvesting practices operate round the year across the globe. Hence,
enormous amounts of waste plant residues tend to be generating globally and annually.
It has been reported that the global production of agricultural wastes reaches 1.4 billion
tons annually (Saini et al. 2015).

The third-generation biofuels are produced from algal biomass (Yadav et al.
2019). Cultivable land is not required for the production of third-generation biofuel
feedstocks (i.e. algae), which is a major advantage of third-generation biorefineries.
Moreover, algae can grow on wastewater while leading to bioremediation, heavy metal
removal, bioenergy production (i.e. in situ lipid accumulation), carbon sequestration
and greenhouse gas mitigation (Ankit et al. 2020). Last but not least, fourth-generation
biorefining is devoted to the applications of genetic engineering to alter biofuel feed-
stocks and microorganisms for techno-economically efficient biofuel production
(Sarangi and Nanda 2019b). Although fourth-generation biorefineries aim to achieve
higher biofuel production rates in short durations with less energy and cost input,
secondary markets aim for byproducts while posing relatively low carbon footprints.
Figure 1.1 illustrates all the four generations of biofuels.
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FIGURE 1.1 Different generations of biofuels

1.3 LIGNOCELLULOSIC BIOMASS
AND PRETREATMENT

Lignocellulosic biomass is the most predominant organic matter on earth and has a wide
range of industrial applications such as in the production of biofuels, biomaterials, bio-
materials, nutraceuticals, pharmaceuticals, cosmeceuticals and carbon-based specialty
materials (Okolie et al. 2020b). As mentioned earlier, lignocellulosic biomass constitutes
agricultural crop residues, forestry residues, energy crops and invasive crops (Nanda
et al. 2016a; Singh et al. 2020). Such biomasses are a ubiquitous source of renewable bio-
based energy, which can favorably affect the sustainability matrix in terms of economics,
employment, environmental concerns and energy security (Isikgor and Becer 2015).
Considering their massive applications and utility, lignocellulosic biomasses are consid-
ered least deployed reservoirs of renewable natural polymers such as cellulose, hemicel-
lulose and lignin. Lignocellulosic biomass typically contains 35-55 wt% cellulose, 20—40
wt% hemicellulose and 10-25 wt% lignin along with certain amounts of extractives and
mineral matter (ash) (Nanda et al. 2013). Cellulose is composed of glucose (hexose sugar)
monomers linked with 3-1,4 glycosidic bonds, hydrogen bonds and Van der Waals force.
On the other hand, hemicellulose comprises pentose sugars (e.g. xylose and arabinose)
and hexose sugars (e.g. glucose, rhamnose, galactose and mannose) as well as sugar acids
(e.g. glucuronic acid and galacturonic acid) (Nanda et al. 2015a). In contrast, lignin is a
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phenylpropane polymer having p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol
as its basic building blocks (Fougere et al. 2016; Rana et al. 2018).

Due to the complex chemistry and interconnected network of cellulose, hemi-
cellulose and lignin in lignocellulosic biomass, a pretreatment process is necessary
before biological conversion. The pretreatment technologies involve physical agents
(e.g. grinding, ozonolysis, ultrasound, microwave, etc.), chemical agents (e.g. acids,
alkalis, organosolv, ionic liquids, liquid ammonia, steam, etc.) and biological agents
(e.g. cellulolytic, lignin-degrading enzymes, lignin-modifying enzymes and microor-
ganisms) (Nanda et al. 2014a; Nanda et al. 2014b).

Microorganisms consume organic substrates and utilize them in their metabolic pro-
cesses, thereby generating useful products (metabolites), which can be further recovered
as fuels, chemicals, nutraceuticals, pharmaceuticals, cosmeceuticals, flavoring agents, pig-
ments, aromatic compounds and other value-added products with vast commercial applica-
tions (Sarangi and Nanda 2019a; Bhatia et al. 2020; Sarangi and Nanda 2020). Among the
several microbial-assisted biofuels and biochemicals produced, bioethanol, biobutanol, bio-
hydrogen, biomethane (biogas) and biomethanol are the most widely explored ones (Nanda
et al. 2014a; Nanda et al. 2017a; Nanda et al. 2017b; Nanda et al. 2017c; Nanda et al. 2017d;
Sarangi et al. 2018; Sarangi and Nanda 2018; Sarangi et al. 2020; Nanda et al. 2020a).

The growth of soil microbial heterotrophs is supported by their efficiencies to undergo
natural enzymatic hydrolysis of lignocellulosic materials as plant debris, which is also an
important process for terrestrial carbon cycling. Moreover, this process plays an important
role in plant-microbial interactions to convert lignocellulosic materials to carbonaceous
materials as well as CO, and CH,. A variety of glycoside hydrolases are involved in enzy-
matic hydrolysis of complex lignocelluloses. The glycoside hydrolases family includes cel-
lulases, hemicellulases, pectin-degrading enzymes and lignin-degrading enzymes.

Following biomass pretreatment, the recovered sugars are fermented using specific
microorganisms to produce the desired alcohol-based biofuels and biochemicals. While
both fungal and bacterial species are involved in ethanol fermentation, butanol pro-
duction is achieved by Clostridium-aided acetone-butanol-ethanol (ABE) fermentation
(Nanda et al. 2017b). Similarly, certain methanogenic bacteria (e.g. Methanobacterium
sp., Methanobrevibacter sp., Methanococcus sp., Methanoculleus sp., Methanofollis
Sp., Methanogenium sp., Methanomicrobium sp., Methanosarcina sp., etc.) are involved
in biomethane production through anaerobic digestion (Rana and Nanda 2019), whereas
anaerobic bacteria such as Clostridium sp., Enterobacter sp. and Bacillus sp. are
involved in dark fermentation to produce biohydrogen (Sarangi and Nanda 2020).

1.4 MICROBIAL BIOMASS IN
BIOENERGY PRODUCTION

Basler et al. (2018) have reported on the efflux pump i.e. on native resistance-
nodulation-cell division (RND) acting on short-chain alcohols. Pseudomonas putida
has gained attention as a potential microorganism in biorefinery owing to diversified
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catabolism and elaborated stability to various lethal materials (Udaondo et al. 2012).
Furthermore, due to the diversity in features such as compliant metabolism, suppleness
to noxious substances and flexibility for metabolic engineering, P. putida is considered
as the benign microorganism for the fourth-generation biofuels production. P. putida
has also the ability for the production of n-butanol after expressing the biosynthetic
pathway from Clostridium acetobutylicum (Nielsen et al. 2009). Moreover, the engi-
neered strain of P. putida was employed in a biphasic liquid extraction system to aid
in the formation and down streaming of toxic compounds in fermenters (Schmitz et al.
2015; Basler et al. 2018).

P. putida is considered as a potential microorganism for industrial production of
bioethanol because of the following factors (Dos Santos et al. 2004):

i. Native elaborated defense to different stressors including several solvents.
ii. Genetic stability.
iii. Competence to develop vigorously on complex substrates.
iv. Generally regarded as safe (GRAS).

Certain species of Clostridium and Pseudomonas are also employed to produce platform
biochemicals. Pseudomonas, Enterobacter and Bacillus also have the potential to
express transesterification activities leading to biodiesel production (Singh et al. 2008;
Escobar-Nifio et al. 2014). Implementing the genetic engineering tools, P. putida is
confirmed as a powerful biocatalyst for the production of a wide range of value-added
compounds such as non-ribosomal peptides, rhamnolipids, polyketides as well as
aromatic and non-aromatic compounds (Loeschcke and Thies 2015).

Considering the versatile activities of microorganisms, a consolidated bioprocessing
system for the production of biofuels, biochemicals and other essential bioproducts can
lead to a circular economy with maximum utility and marketability of desirable products
and coproducts while ensuring sustainability (Sarangi and Nanda 2019b). For example,
activated sludge can provide effective support and flourish the growth of microalgae for
third-generation biofuel production due to the consortia of a few plant growth-promoting
bacteria (PGPB), e.g., Azospirillum sp., Pseudomonas sp., Bacillus sp., Rhodococcus sp.
and Acinetobacter sp. (Cea et al. 2015). This can be accomplished by two methods such
as the cultivation of microalgae and bacteria in a single process and pretreatment of waste-
water with bacteria for better growth of microalgae. Bacterial pretreatment of wastewater
provides a suitable environment for the growth of algal biomass.

1.5 CONCLUSIONS

The conversion of waste biomass for sustainable fuel production is a major area of
research and development around the world. Waste lignocellulosic biomass has the
potential for biological and thermochemical conversion to produce biofuels, biochemi-
cals and bioproducts. The first-generation biofuels have many limitations associated
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with food versus fuel and competition to cultivable lands. Nevertheless, strategies based
on the utilization of ubiquitous lignocellulosic biomass, which is non-edible, seem to
be more sustainable. A thriving lignocellulosic biorefinery can be comprehended by
synergizing various technologies and biomass-processing approaches for sustainable
and economical production of various clean fuels and platform chemicals. However,
advancement in bioprocessing technologies and genetic engineering is a viable option
to address many issues related to the commercial production of biofuels and other
value-added products.
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2.1 INTRODUCTION

On a global scale, the primary source of energy is heavily dependent on fossil fuels,
especially crude oil, petroleum, diesel and natural gas (Rana et al. 2018a; Rana et al.
2019a; Rana et al. 2019b; Rana et al. 2020). Rapid urbanization, unprecedented indus-
trialization and a continued upsurge in population growth are the key factors behind the
rapid increase in the worldwide need for energy demand and depletion of natural energy
sources (Nanda et al. 2016g). With the exploiting usage of fossil fuels as a primary
source of energy and petrochemical derivatives in commercial products despite their
rising prices, it is presumed that the world will face extreme challenges in the form of
shortages of fossil fuels and experiential environmental concerns of greenhouse gas
emissions, global warming and pollution (Singh et al. 2018; Shafigah et al. 2020; Nguyen
et al. 2020a; Nguyen et al. 2020b). In such scenarios, alternative renewable resources
appear to reduce the adverse impact of greenhouse gas emissions and supplement the
energy security and demands (Nanda et al. 2015b; Nanda et al. 2016e; Nanda et al.
2018a; Sarangi and Nanda 2020).

The potential renewable energy sources such as solar, wind, tidal, geothermal and
biomass have been explored with multifarious applications. However, biomass-derived
biofuels have the tendency to be used widely in the transportation sectors as well as
industries and power plants for the combined heat and power generation (Azargohar
et al. 2013; Nanda et al. 2014c; Azargohar et al. 2018; Azargohar et al. 2019; Kang
et al. 2019; Kang et al. 2020; Parakh et al. 2020). Due to its abundant availability,
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cost-effectiveness and minimal impact on the food supply and cultivable lands, ligno-
cellulosic biomass is a great candidate to produce biofuels to either partially or fully
replace fossil fuel usage (Nanda et al. 2013; Nanda et al. 2017e; Okolie et al. 2020a;
Okolie et al. 2020b). The exploration of sustainable fuel sources and essential chemi-
cals from bioresources can be suitable options to mitigate the environmental problems
associated with fossil fuels (Yadav et al. 2019). Fossil fuel is presumed to be substituted
by biomass-based renewable energy by nearly 10-50% in 2030 (Cucchiella et al. 2014).

The priorities have been diverted towards enhancing biofuel production from renew-
able lignocellulosic biomass to address the issues of alternative fuels and greenhouse
gas emissions. Although the first-generation feedstocks (e.g. corn, potatoes, cassava
and other starch-based crops and grains) can be converted to biofuels, several factors
restrict their utilization such as a threat to food security, competition to fertile lands and
increased food prices (Muscat et al. 2020). Therefore, the focus has shifted towards
utilizing non-food biomass like agricultural residues (Nanda et al. 2018b; Sun et al. 2020;
Okolie et al. 2020c), forestry refuse (Nanda et al. 2016f; Nanda et al. 2017d), energy
crops (Nanda et al. 2016c), invasive crops (Singh et al. 2020), animal manure (Nanda
et al. 2016b), municipal solid wastes (Parakh et al. 2020), food waste (Nanda et al.
2016d; Nanda et al. 2019a), industrial effluents (Nanda et al. 2015¢; Reddy et al. 2016),
sewage sludge (Gong et al. 2017a; Gong et al. 2017b) and polymeric wastes (Nanda
et al. 2019b) for producing next-generation biofuels, which have zero competition to the
food chain. Among all the above-mentioned alternative resources, lignocellulosic feed-
stocks (i.e. non-edible plant biomass) has gained much attention for thermochemical
conversion to bio-oil, biodiesel, synthesis gas and biochar (Mohanty et al. 2013; Nanda
et al. 2016a) as well as biological conversion to bioethanol, biobutanol, biohydrogen
and biomethane (Nanda et al. 2014a; Nanda et al. 2017b; Nanda et al. 2017a; Nanda
et al. 2017c; Sarangi and Nanda 2018; Rana and Nanda 2019; Nanda et al. 2020). A
wide variety of lignocellulosic feedstocks have been widely explored for alcohol-based
biofuel and biochemical production after undergoing different pretreatment processes
to facilitate microbial fermentation. The complexity of lignocellulosic biomass does not
allow it to be directly fermented by microorganisms, thus demanding a suitable pretreat-
ment. This chapter discusses the various strategies for biomass pretreatment processes.

2.2 BIOMASS PRETREATMENT TECHNOLOGIES

The natural recalcitrance of lignocellulosic biomass creates hurdles for microbes
and/or their enzymes to convert cellulosic and/or hemicellulosic sugars to ethanol
via fermentation (Sarangi and Nanda 2018; Sarangi and Nanda 2019b). This problem
can be substantially solved by pretreating the biomass that not only accelerates the
hydrolysis but also enhances the product yield (Sarangi and Nanda 2019a; Sarangi et al.
2020). The pretreatment process also removes certain physical and chemical barriers
that prevent the access of enzymes and other hydrolytic agents to degrade the intricate
cellulose-hemicellulose-lignin network. These barriers are responsible for rendering
recalcitrance and inaccessibility towards enzymatic hydrolysis. A suitable pretreat-
ment method removes hemicelluloses, depolymerizes lignin and hydrolyzes cellulose
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FIGURE 2.1 Schematic representation of biomass pretreatment

(Jonsson and Martin 2016). The schematic representation of a pretreatment process
is shown in Figure 2.1. The accessibility of cellulolytic enzymes is enhanced after
pretreatment, which is an outcome of alteration in pore size of biomass and reduction of
cellulose crystallinity (Nanda et al. 2015a). The crystallinity index is a suitable method
to authenticate the changes in the crystallinity of biomass by a pretreatment method.

Some typical biomass pretreatment strategies involve the use of mechanical forces
(e.g. crushing and pulverizing), physical agents (e.g. ozonolysis, pulsed electrical field,
gamma rays, electron beam, ultrasound and microwave), chemical agents (e.g. acids,
alkalis, organosolv, ionic liquids, liquid ammonia, steam and subcritical water) and
biological agents (e.g. cellulase enzymes, hemicellulase enzymes, lignin-modifying
enzymes and Lignin-degrading enzymes) (Nanda et al. 2014b). However, the clas-
sification of pretreatments can also be reported as physicochemical, hydrothermal,
chemimechanical, etc. depending on the integration of different pretreatment agents.

Several factors are responsible for the establishment of an ideal, cost-efficient
and energy-efficient pretreatment process. Some key considerations and challenges
encountered during biomass pretreatment are as follows (Nanda et al. 2014b; Maurya
et al. 2015; Valdivia et al. 2016):

i. Enhancing the production of sugars (e.g. pentose and hexose) during
enzymatic hydrolysis and saccharification from biomass.

ii. Curtailing further degradation of sugars and the formation of undesirable
and inhibitory byproducts.
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iii. Facilitating lignin recovery for its conversion into various value-added products.
iv. The flexibility of using reactors of moderate size to promote heat and mass
transfer, recovery of products as well as minimizing the wastage of heat and
power, thereby making the process cost-effective and energy-efficient.
v. Establishing an accomplished technology serving the purpose of achieving a
significant volume of pretreated biomass irrespective of its type and source.
vi. Reducing the initial investments by adopting cost-effective reactor materials
(e.g. steel alloys) that can tolerate corrosive acids and alkalis.
vii. Achieving cost-effective and eco-friendly methods that can perform best
under ambient conditions.

2.3 PHYSICAL PRETREATMENT

Physical (also referred to as mechanical) pretreatment initially involves size reduc-
tion of biomass through chipping, milling and grinding to increase its surface area
for effective action by other pretreating agents. Crushing and pulverizing the biomass
ruptures cellulose fibrils and reduces its crystallinity (Fougere et al. 2016). Mechanical
comminuting of biomass is a power-intensive process, which depends on the physical
properties of biomass (i.e. initial size, moisture content, density and volume) as well as
the desired final particle size.

Ultrasound is also identified as an effective approach to processing the waste biomass,
which aids in saccharification processes along with the improvement in the extraction of
hemicellulose, cellulose and lignin (Yang and Wang 2019). The need for cellulases can be
curtailed after sonicating the biomass due to the depolymerization of its natural polymers
(i.e. cellulose, hemicellulose and lignin). The reaction time involved in ultrasonic pretreat-
ment is inversely proportional to the irradiation power applied (Imai et al. 2004).

2.4 CHEMICAL PRETREATMENT

A wide spectrum of acids, alkalis and oxidizing agents are involved in chemical
pretreatment of lignocellulosic biomass. The effect of pretreatment on structural
components varies on the type of chemicals employed. The removal of lignin becomes
effective when alkalis, peroxides, oxides and ionic liquids are involved (Rana et al.
2018b). The recovery of hemicelluloses and cellulose becomes relatively easier after the
depolymerization and removal of lignin from the biomass.

2.4.1 Dilute Acid Pretreatment

Dilute acid pretreatment is one of the widely used biomass pretreatment techniques.
The solubilization of hemicellulosic, which is most effective because of dilute acid
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pretreatment, results in easy accessibility of cellulases for cellulose degradation (Antunes
et al. 2019). High concentrations (e.g. 72% w/w H,SO,) and low concentrations (e.g.
0.4-4% wiw H,SO,) of acids are employed at elevated temperatures (120-200°C) for
such a pretreatment process. This approach facilitates the efficient digestion of lignocel-
lulosic biomass because of which less enzyme loading is needed during the subsequent
saccharification step. However, in some instances, the enzyme-assisted hydrolysis stage
is also avoided as fermentable sugars are generated effectively during acid pretreatment,
which depends on the biomass properties including its particle size, acid concentration,
temperature, reactor type and other process conditions (Zhu et al. 2009).

The concentration of acid (i.e. pretreating agent) also determines the generation
of inhibitory substances like furfural, 5-hydroxymethylfurfural, phenols, acetic acid,
carboxylic acids, etc., which tend to be inhibitory to the fermenting microorgan-
isms (Nanda et al. 2014a; Sarangi and Nanda 2018; Sarangi and Nanda 2019b). For
instance, the formation of furfural is reduced significantly to about three to five times
with the use of dilute H,SO, than with concentrated levels (Onoghwarite et al. 2016).
The efficiency of mineral acids and organic acids like maleic acid and fumaric acid to
pretreat lignocellulosic biomass has also been explored (Kootstra et al. 2009).

2.4.2 Alkaline Pretreatment

Alkaline pretreatment of biomass mostly involves alkaline hydroxides such as NaOH,
KOH, Ca(OH), and NH,OH (Aswathy et al. 2010). The highly branched and cross-
linked framework of lignin is damaged upon treatment with alkalis, thereby making it
easier for cellulase and hemicellulases for biocatalysis (Rana et al. 2018b). The use of
Ca(OH), is a better approach over NaOH as the former is cost-effective, easily recover-
able and relatively less corrosive (Mosier et al. 2005). Moreover, Ca(OH), is also used
for overliming the biomass hydrolyzates by neutralizing its acidity and removing the
inhibitory degradation products such as phenols (Haq et al. 2018).

Alkaline pretreatment results in dramatic alterations to the lignin chemistry,
distension of cellulose and solvation of hemicellulosic sugars (Sills and Gossett 2011).
Cellulose is also de-crystallized to some extent during alkaline pretreatment (Goshadrou
2019). These effects are manifested due to the breakdown of ester and glycosidic chains
along with the separations of structural connections between lignin and holocellulose
(i.e. cellulose and hemicellulose). The internal surface area is also increased, which
reduces the degree of polymerization of lignin, cellulose and hemicellulose as well as
cellulose crystallinity because of alkaline pretreatment.

2.4.3 Wet Oxidation

Certain components in lignocellulosic biomass can be oxidized when reacted with
an oxidant. The dissolution of hemicellulosic material along with the elimination of
lignin content occurs because of wet oxidation. Typical compounds formed because
of lignin decomposition during wet oxidation are CO,, water and carboxylic acids.
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Wet oxidation also aids in the removal of waxes and extractives. Bjerre et al. (1996)
studied the wet oxidation of wheat straw with alkalis (20 g straw per liter at 170°C for
5-10 min), which resulted in 85% cellulose conversion to glucose.

2.4.4 lonic Liquids

The exploration of ionic liquid seems to be a novel and potential technology for biomass
pretreatment to generate fermentable sugars. Ionic liquids are organic salts with enhanced
thermal stability having substantial application as green solvents in biomass degrada-
tion. Ionic liquids can potentially dissolve polar and non-polar organics, inorganics and
polymeric compounds. The active dissolution of cellulose and hemicelluloses becomes
feasible when biomass is pretreated with ionic liquids. Some advantages associated with
the ionic liquids are solvent recycling, chemical stability, thermal stability (typically
up to 400°C), non-flammability and non-volatility. Ionic liquids can dissolve solutes of
fluctuating polarity. They are also involved in the production of novel chemicals and
materials from biomass (Yoo et al. 2017).

Although ionic liquid-mediated biomass pretreatment is an appealing technology
in recent years, its application at a large-scale needs to be evaluated in terms of the
life cycle and techno-economic assessments. It is reported that the efficiency of ionic
liquids gradually declines on their subsequent reuse (Liu et al. 2017). Another bottleneck
associated with the use of ionic liquids is the requirement of higher temperatures
(>100°C) and longer processing times for efficient biomass pretreatment. Fusarium
oxysporum BN is an ionic liquid-tolerant fungus with the potential to produce ionic
liquid stable cellulase enzyme. As reported by Xu et al. (2015), F. oxysporum BN can
directly convert ionic liquid-pretreated rice straw to bioethanol with up to 0.125 g of
ethanol per gram of rice straw.

2.5 PHYSICOCHEMICAL PRETREATMENT

2.5.1 Steam Explosion

Steam explosion is one of the traditional and widely used physicochemical pretreat-
ments for biomass hydrolysis. Steam explosion is a mild, chemical-free (typically) and
cost-effective approach to pretreat lignocellulosic biomass. Water is involved to heat the
biomass under pressure followed by a sudden decompression of the reaction vessel to
explode the cellulosic fibers (Pielhop et al. 2016). Temperature involved in this process
varies from 160 to 260°C and pressure varies from 0.69 to 4.83 MPa (Yu et al. 2012).
The disruption of lignocellulosic biomass because of the steam explosion leaves
behind the sugar polymers accessible to enzymatic saccharification. Hemicellulose
degradation and transformation of lignin to pseudo-lignin are also the outcomes of
the steam explosion (Vivekanand et al. 2013). Some factors such as residence time,
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temperature, biomass particle size and physicochemical properties can affect the
efficiency of the steam explosion. As compared to other harsh pretreatment approaches,
the steam explosion is a less reactive and less corrosive approach.

2.5.2 Liquid Hot Water

The pretreatment method involving liquid hot water requires water at higher temperatures
(160-240°C) and pressures to retain its liquid state (Ruiz et al. 2013). This approach
helps structural modification of lignocellulosic biomass along with the separation of
hemicelluloses and amorphous cellulose, extraction of water-soluble components,
although lignin remains unaffected (Nanda et al. 2018c). The quality of sugar generated
is governed by the temperature employed while its quantity depends on the reaction
time (Yu et al. 2010).

2.5.3 Ammonia Fiber Explosion

Ammonia fiber/freeze explosion (AFEX) method is a physicochemical process, which
allows substantial delignification of biomass along with negligible degradation of sugars.
AFEX is a cost-effective and less energy-intensive pretreatment process operating at
moderate temperatures (60-90°C) and pressures (4—5 MPa) involving 1-2 kg of ammo-
nia per kg of biomass (Peral 2016). Lower moisture content in the biomass and moderate
conditions favor AFEX in an efficient pretreatment with lesser production of sugar deg-
radation (or inhibitory) products. This process is somewhat similar to the steam explo-
sion with the difference that liquid anhydrous ammonia is employed at elevated pressures
and moderate temperatures followed by rapid de-pressurization (Chundawat et al. 2007).

2.5.4 Ammonia Recycle Percolation

In ammonia recycle percolation (ARP) strategy, nearly 5-15% of aqueous ammonia
is permissible to percolate over a packed bed reactor retaining the biomass at a rate
of about 5 mL/min (de Jong and Gosselink 2014). ARP is an improved approach over
AFEX, due to its potential to remove 75-85% of lignin content and dissolve 50-60% of
hemicellulose (Kim and Lee 2005). In this process, ammonia can be recycled. The pre-
treatment of corn stover and switchgrass with ARP resulted in the removal of 60—80%
and 65-85% lignin, respectively (Iyer et al. 1996). Jonathan et al. (2017) researched
dilute ammonia pretreatment of corn stover and reported the release of hemicelluloses
from carbohydrate-lignin complex.

2.5.5 Hydrodynamic Cavitation

The approach of hydrodynamic cavitation accelerates the chemical reactions to pre-
treat a broad range of biomass with variable contents of cellulose, hemicellulose and
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lignin (Gogate 2016). The efficient removal of lignin along with the enhanced porosity
of biomass is an outcome of this pretreatment method, which leads to effective sac-
charification of carbohydrates during enzyme hydrolysis. Other benefits associated with
hydrodynamic cavitation are lower energy requirements and lower chemical catalyst
loadings (Gogate and Pandit 2000).

The processing time of hydrodynamic cavitation is relatively shorter, which makes
it an attractive option for a potential alternative to other pretreatments. Hydrodynamic
cavitation has less complexity in its operating system, which can also be modified into a
continuous process. Microbubbles are produced in the operating system when the fluid
pressure declines and the fluid moves through a compression device such as a venture
tube or an orifice plate (Patil et al. 2016). When microbubbles are generated, grown
and collapsed, it gives rise to the cavitation phenomenon (Gogate and Pandit 2000).
Inside the bubble, there exist drastic conditions such as high temperatures and pres-
sures, which release a high amount of energy (Saharan et al. 2013). Along with these
reactions, water molecules are detached in the cavities, thus ensuring the formation of
potential oxidative radicals. The potential oxidative radicals are also liberated in the
medium when the bubbles collapse (Badve et al. 2014). Due to the presence of these
oxidative radicals, oxidation and degradation of lignin take place, thus resulting in its
efficient elimination.

2.5.6 Supercritical Fluids

Supercritical fluids are a promising option for the pretreatment, fractionation, com-
ponent extraction, structural modification, oxidation, liquefaction and gasification of
waste organic biomass (Nanda et al. 2018c). Supercritical fluids behave likes gases and
liquids, which open up their many applications. The critical temperature (7,) and critical
pressure (P,) of water are 371°C and 22.1 MPa, respectively (Reddy et al. 2014). Water
with its temperature and pressure lower or near to its critical points is called subcritical
water, whereas that exceeding the critical points is called supercritical water. Subcritical
and supercritical water are considered green solvents due to the innocuous nature of
water and its abundance (Okolie et al. 2020a). Moreover, high-moisture containing
biomass such as microalgae, sewage sludge and food waste can be effectively used in
such pretreatments because no biomass drying is required since the reaction medium
is water. This approach has the feasibility of application at large-scale industrial
operations. Though this technology has been assessed in the pioneer stage, the last few
years have witnessed it as a promising and green technology for pretreating, oxidizing,
gasifying and incinerating different waste biomasses (Reddy et al. 2015; Reddy et al.
2017; Reddy et al. 2019).

Supercritical CO, is also used for biomass pretreatment, fractionation and biofuel
upgrading (Reddy et al. 2018). The critical temperature and critical pressure of CO, is
31°C and 7.4 MPa, respectively, exceeding which it transforms into supercritical CO,.
The disruption of the crystalline structure of biomass occurs synchronously with an
effective lignin elimination when the pretreatment process employs supercritical fluids.
Subcritical CO, and subcritical water ameliorate the conversion of cellulose having the
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eco-friendly option as the usage of CO, curtails the impact of the greenhouse gas on the
atmosphere (Liang et al. 2017). During this method, the moisture content of biomass
plays a crucial role as CO, combines with water, thereby producing carbonic acid,
which leads to hemicellulose hydrolysis.

2.6 BIOLOGICAL PRETREATMENT

Enzymatic hydrolysis involving a cocktail of enzymes such as B-glycosidases, cel-
lulases, hemicellulases, lignin-modifying enzymes and lignin-degrading enzymes
plays an important role in delignifying lignocellulosic biomass and depolymerizing
cellulose and hemicellulose sugars for fermentation to fuels and chemicals (Alvarez
et al. 2016; Kumar et al. 2016). Microorganisms producing cellulase differ from each
other in possessing different components of cellulase, as there are multiple enzyme
components present in a cellulose enzyme system. Based on the biocatalytic activity,
cellulases are classified into endocellulases, exocellulases, cellobiases, oxidative cel-
lulases and cellulose phosphorylases. The reducing and non-reducing ends are gen-
erated when endoglucanase works upon linear cellulose molecules. These ends are
targeted by exoglucanase, which highlights more inner sites for endoglucanase bind-
ing. The products generated from the activity of exocellulases are further catalyzed by
cellobiases or B-glycosidases. Radical reactions are catalyzed by oxidative cellulases,
whereas phosphates are used to depolymerize cellulose in the biocatalysis aided by
cellulose phosphorylase. Pseudomonas aeruginosa is an important microbial source of
exoglycosidases (Kumar and Kumar 2017).

Many microorganisms have the potential to degrade cellulose, hemicellulose
and lignin into their constitutive sugars. Prominent among them are bacteria, actino-
mycetes and fungi. These methods are a cost-effective and eco-friendly approach to
obtaining the goals of pretreatment, thereby circumventing various challenges faced by
other physical and chemical pretreatment methods. Through biological pretreatment,
several constituents of biomass like lignin, cellulose, hemicellulose and polyphenols
can be hydrolyzed or degraded (Sindhu et al. 2016). Glucose, arabinose, xylose, etc.
are the mono sugars that are generated because of bacterial and fungal hydrolysis of
cellulose and hemicellulose.

Selective degradation of lignin and hemicellulose occurs by the action of brown,
white and soft-rot fungi, among which white-rot fungi are highly efficient. Biological pre-
treatments also occur in ambient temperatures and pressures, which significantly differs
from other pretreatment methods in being environmental friendly. Furthermore, biologi-
cal pretreatments do not require acid, alkali or other reactive and corrosive pretreating
agents. Biological pretreatment methods are advantageous in being cost-effective and
less energy-intensive, although they can be time-intensive. This limitation is associ-
ated with biological pretreatments because of the low rate of hydrolysis dependent on
bacterial or fungal metabolism and enzymatic saccharification. Many researchers have
explored a wide variety of microorganisms to explore lignocellulosic enzymes.
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2.7 CONCLUSIONS

Bioconversion technologies towards efficient alcohol-based biofuel production involve
novel pretreatment methods. Cost-effective, energy-efficient and sustainable pretreat-
ment technologies are required for the industrial-scale conversion of waste biomass to
recover fermentable sugars. The emergence of the new process technologies can lead
to seeking sustainable alternatives for high-efficiency pretreatment of a wide variety of
biomass. Novel and efficient pretreatment methods can be exploited for the production
of biofuel that could meet the mounting energy demands. To get high-value biofuels
and platform chemicals, more research on pretreatment technologies is required that
can efficiently delignify lignocellulosic biomass, degrade holocellulose and prevent the
formation of inhibitory and undesired degradation byproducts. Moreover, such pretreat-
ment technologies should also have the flexibility for continuous-scale operations and
feature short reaction time, less energy input, capital cost, less maintenance, safe opera-
tion, recycling of waste products and ability to be integrated into the bioconversion
processes.
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Bioconversion
of Waste
Biomass to
Bioethanol

3.1 INTRODUCTION

The concept of biorefinery is an outcome of advancements in biotechnology, chemical
engineering, bioresource technology, process chemistry, genetic engineering, indus-
trial engineering and other cross-disciplinary areas, all of which support research
and development on the conversion of alternative resources to value-added fuels,
commodity chemicals and industrially relevant products. The production of biofu-
els and biochemicals from various waste biomass has gained immense interest in
research and applications in the past few decades as far as the bio-based economy
and circular economy are concerned (Nanda et al. 2015b; Sarangi and Nanda 2020).
Renewable organic wastes including lignocellulosic feedstocks (e.g. agricultural bio-
mass, forestry residues and energy crops), microalgae and other biogenic wastes (e.g.
municipal solid waste, food waste, waste cooking oil, cattle manure, sewage sludge
and industrial effluents) have huge potentials to produce biofuels through biological
and thermochemical conversion for supplementing the global energy requirements
(Nanda et al. 2016a; Nanda et al. 2016b; Nanda et al. 2016¢; Nanda et al. 2016e¢;
Reddy et al. 2016; Gong et al. 2017a; Gong et al. 2017b; Nanda et al. 2017c; Nanda
et al. 2018b; Nanda et al. 2019). The biofuels produced from the above-mentioned
lignocellulosic biomass and biogenic wastes are termed as second-generation biofuels
(Nanda et al. 2018a).

Bioethanol is one of the second-generation biofuels and base chemicals produced
from the biological conversion of lignocellulosic biomass and organic wastes. Bioethanol
can be blended with petrol (or gasoline) in various proportions such as E10, E85 and E95
containing 10%, 85% and 95% of ethanol, respectively. The blending of ethanol at lower
proportions with gasoline is preferred for use in the existing vehicular engines since
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higher proportion necessitates significant mechanical modifications to the automobile
engines (Sarangi and Nanda 2018). Moreover, ethanol has an oxygen content of 35% and
is completely soluble in water at 25°C, which causes technical issues in higher blending
ratios with gasoline. The calorific value of ethanol (C,H;OH) is 21.2 MJ/kg while that
of gasoline is 32.5 MJ/kg (Nanda et al. 2017b). Similarly, a few other fuel properties
such as research octane number, motor octane number and the air-fuel ratio of ethanol
are 129, 102 and 9, respectively (Nanda et al. 2017b).

This chapter gives an overview of bioethanol production from waste lignocellulosic
biomass. The chapter describes the potential of waste biomass for bioethanol produc-
tion. It also provides insights on microbial fermentation for bioethanol production along
with the biomass pretreatment and bioprocess parameters. The chapter concludes with
a note on technical challenges and future possibilities.

3.2 POTENTIAL OF
LIGNOCELLULOSIC BIOMASS

When compared to fossil fuels, waste plant biomass is considered to be economi-
cal, abundant and renewable, making them one of the most prominent and trusted
sources of renewable energy (Sarangi and Nanda 2019a; Sarangi and Nanda 2019b;
Sarangi and Nanda 2019c). Bioethanol was traditionally produced from first-
generation feedstocks mostly comprising food crops and grains (e.g., maize, pota-
toes, wheat, cassava and other starch-based crops). However, the massive diversion
of these food crops to biorefineries for bioethanol production contributed to a short-
age in the food supply, rising food prices, the competition to cultivable lands and the
socio-environmental unrest relating to the “food versus fuel” controversy (Nanda
et al. 2015b).

With the unpopularity of first-generation bioethanol, soon emerged the second-
generation bioethanol produced from inedible plant residues that have no competition to
food supply and arable lands. These inedible plant residues are mostly the lignocellulosic
biomass. The accessibility of biomass resources and their potential to produce biofuel
should be focused to fulfill the demand of bioethanol. Food security should not be
compromised by any nation while addressing domestic energy security. Hence, it
becomes an important consideration to resolve the energy crisis along with the suitable
valorization of agricultural and forestry refuse as well as organic wastes economically
and sustainably.

Cellulose constitutes about 35-55 wt% of lignocellulosic biomass followed by
hemicelluloses (20-40 wt%) and lignin (10-25 wt%) (Nanda et al. 2013). Trace
presence of inorganic ingredients (i.e. mineral matter and ash), nitrogenous com-
pounds, waxes and extractives (e.g. pectin, ester, ether, resins, tannins, terpenoids,
chlorophyll and other polar and non-polar components) is also found in lignocellu-
losic biomass (Okolie et al. 2019). Hydrogen and covalent bonds link cellulose and
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hemicellulose firmly with lignin, which makes the lignocellulosic framework recal-
citrant to chemical agents and enzymes. Straight chains of D-glucose subunits are
found in cellulose connected with B-(1,4)-glycosidic bonds. Cellulose occurs in both
amorphous and crystalline nature in biomass (Nanda et al. 2016d). Hemicelluloses
are matrix polysaccharides containing both hexose sugars (e.g. glucose, rhamnose,
galactose and mannose) and pentose sugars (e.g. xylose and arabinose) as well as
sugar acids (e.g. glucuronic acid and galacturonic acid) (Okolie et al. 2020). Lignin
is a highly branched cross-linked aromatic phenylpropane polymer with hydropho-
bic properties (Fougere et al. 2016). It is synthesized from phenylpropanoid precur-
sors that lead to the synthesis of these polyphenolic aromatic compounds. The basic
building blocks of lignin are p-coumaryl alcohol, coniferyl alcohol and sinapyl alco-
hol (Rana et al. 2018).

3.3 UPSTREAM AND DOWNSTREAM
TECHNOLOGIES IN BIOETHANOL PRODUCTION

The production of second-generation ethanol is typically a four-stage process
such as: (i) biomass pretreatment and hydrolysis, (ii) enzymatic saccharifica-
tion, (iii) microbial fermentation and (iv) product separation (Nanda et al. 2014a;
Sarangi et al. 2020). A suitable physicochemical, chemimechanical or hydrother-
mal pretreatment causes structural modifications to lignocellulosic biomass, thus
reducing cellulose crystallinity, depolymerizing lignin and separating hemicel-
lulose (Nanda et al. 2014b). A hydrolytic pretreatment of biomass enhances the
efficiency of subsequent enzyme-mediated saccharification of fermentable sug-
ars (pentose and hexose) recovered from cellulose and hemicellulose. Enzymatic
saccharification enhances the near-complete release of monomeric sugars from
the hydrolyzed carbohydrates and polysaccharides in the biomass for microbial
fermentation.

Several cellulolytic enzymes (e.g. cellulases), hemicellulases, lignin-modifying and
lignin-degrading enzymes are involved in enzymatic saccharification and hydrolysis
of lignocellulosic biomass (Parakh et al. 2020). In the next step, suitable microorgan-
isms (individual or consortium) are used to ferment the monomeric sugars recovered
from biomass because of pretreatment and enzymatic saccharification to the desired
alcohol and other organic compounds (e.g., ethanol, butanol, methanol, acetone, etc.)
(Sarangi and Nanda 2019b). In the final downstream stage, the products are sepa-
rated from the fermentation media and purified based on their chemical and solvent
properties through a wide variety of technologies such as distillation, gas stripping,
liquid-liquid separation, adsorption, perstraction, pervaporation, supercritical CO,
fractionation, etc. (Nanda et al. 2017a). The typical upstream and downstream process
involved in the production of bioethanol from lignocellulosic biomass is illustrated
in Figure 3.1.
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3.4 ENZYMATIC SACCHARIFICATION

Enzymatic hydrolysis plays a key role in determining the operating costs involved in
the production of second-generation bioethanol. An efficient enzymatic saccharifi-
cation could lead to the maximum recovery of fermentable monomeric sugars from
the biomass, thus leading to an improved fermentation for bioethanol production.
The first-generation biomass, which predominantly contains starch, is relatively
easier to hydrolyze and ferment for bioethanol production. In contrast, lignocellu-
losic biomass contains highly robust and biochemically stable lignin, which creates
hindrances in the access of enzymes and other pretreatment agents for denaturing
the cellulose-hemicellulose-lignin matrix and releasing the sugars (Nanda et al.
2015a).

Cellulases (i.e. cellulose-degrading enzymes) along with hemicellulase (i.e. hemi-
cellulose-degrading enzymes) are utilized for a complete breakdown of all polysac-
charides in lignocellulosic biomass into sugar monomers. Cellulases are a pivotal and
prominent constituent of the enzyme cocktail used for saccharification because of
the higher degree of polymerization of cellulose and their crystallinity than that of
hemicellulose (Sukharnikov et al. 2011). Van der Waals interactions along with hydrogen
bonds prevailing in between the glucose monomers are responsible for rendering recal-
citrance to cellulose fibers. Therefore, reducing cellulose crystallinity and increasing
amorphous cellulose moieties are key considerations for enzymatic saccharification.
With specific functionalities of degrading cellulose, the types of cellulase enzymes are
endocellulases, exocellulases, cellobiases (or B-glucosidases), oxidative cellulases and
cellulose phosphorylases.

A variety of glycoside hydrolases are used in enzymatic saccharification of complex
lignocelluloses. The family of glycoside hydrolases includes cellulases, hemicellulases,
pectin-degrading enzymes and lignin-degrading enzymes. More than 130 glycoside
hydrolases families have been explored for the conversion of complex carbohydrates
into simpler sugars (Lombard et al. 2014), out of which 40 are cellulolytic enzymes
with the ability to achieve high-efficiency cellulose hydrolysis with well-coordinated
synergy for bioethanol production (Liu et al. 2018).

Cellulases, hemicellulases and B-glucosidases are the main constituents of the
cocktail that manifest the conversion of polysaccharides into pentose and hexose
monomers. The second-generation bioethanol production can be made cost-effective by
engineering the bioprocess to recycle the expensive enzyme cocktail, which signifi-
cantly adds to the process expenditures. Strategies should also be focused on enhancing
the efficiency of enzymes either by process engineering or by upstream modifications
(e.g. efficient biomass pretreatment with maximum hydrolysis). Another strategy is
genetic engineering, which involves high-performance mutagenesis and engineered
energy crops. Second, maximum hydrolysis can be achieved if an enzyme cocktail
can act best under specified process conditions while retaining its thermal stability and
viability. Enzymes recovered from extremophilic microorganisms could be a possible
solution (Miller and Blum 2010).
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Thermophilic enzymes can make bioprocess technology cost-effective as they
enhance the overall performance of the process by preventing contamination of hydroly-
sates. In such a scenario, saccharification can perform at temperatures relatively higher
than that preferred by contaminating microorganisms. Under ambient conditions, soil
microbial heterotrophs are supported by their efficiencies to undergo enzymatic hydro-
lysis of lignocellulosic materials through natural decomposition, which is also an impor-
tant process for carbon cycling in terrestrial ecosystems (Nanda et al. 2016f).

3.5 MICROBIAL FERMENTATION

Several microorganisms including fungi (e.g. Aspergillus, Candida shehatae,
Fusarium sp., Kluyveromyces sp., Neurospora sp., Phanerochaete sp., Penicillium
sp., Pichia kudriavzevii, Saccharomyces cerevisiae, Schizophyllum sp., Sclerotium
sp., Trichoderma sp., etc.) and bacteria (e.g. Acetovibrio sp., Bacillus sp., Clostridium
thermocellum, Erwinia sp., Escherichia coli, Klebsiella oxytoca, Ruminococcus sp.,
Zymomonas mobilis, etc.) accomplish fermentation of biomass hydrolysates to produce
ethanol (Nanda et al. 2014b). S. cerevisiae is a model microorganism for ethanol fer-
mentation because of its high efficiency, stability, a faster rate of sugar conversion and
high solvent (alcohol) tolerance. Moreover, it is also considered as GRAS (generally
regarded as safe). S. cerevisiae is also a potential producer of zymase, an enzyme com-
plex that manifests the biocatalysis of sugar fermentation into ethanol and CO, (Lin and
Tanaka 2006).

Although S. cerevisiae is efficient in fermenting hexose sugars (glucose) and starch,
it lacks the natural ability to ferment pentose sugars (i.e. xylose and arabinose) from
hemicelluloses. However, a significant development in synthetic biology and genetic
engineering has made it possible to express metabolically engineered pathways for
D-xylose and L-arabinose metabolism in S. cerevisiae (Nijland and Driessen 2020).
Moreover, a few fungi such as Candida parapsilosis, Candida shehatae and Pichia
stipitis have demonstrated the xylose metabolism with the aid of xylose reductase and
xylitol dehydrogenase (Nanda et al. 2014b). Xylose reductase transforms xylose to xyli-
tol, whereas xylitol dehydrogenase further converts xylitol to xylulose. Xylulose can be
metabolized through the pentose-phosphate pathway.

Pretreatment and enzymatic saccharification generate simple monomeric sug-
ars, which serve as the source of carbon and energy for various microorganisms.
Fermentation typically operates in the temperature range of 30-36°C, whereas the
process of enzymatic hydrolysis demands a temperature range of 45-50°C. The two
most widely used fermentation techniques are solid-state fermentation and submerged
fermentation. Solid-state fermentation technology employs the microbial growth on
moist solid substrates for producing high value-added products. This technology is an
expanding approach for the commercial production of many enzymes. This technology
has grabbed enormous attention since it is better than submerged fermentation, which
involved fermentation in a liquid-based (i.e. hydrolysate-rich) media.
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Another iteration of fermentation, i.e. separate hydrolysis and fermentation
(SHF) is easy to manage the enzymatic hydrolysis and fermentation processes.
However, SHF encounters a limitation of accumulation of glucose and cellobiose
during enzymatic hydrolysis, which may cause feedback inhibition for the hydro-
lytic enzymes. To resolve such an issue, the addition of B-glucosidase becomes
necessary, thereby making the process costly. The necessity of B-glucosidase can
be curbed in simultaneous saccharification and fermentation (SSF) process due to
restricted chances of feedback inhibition, which can make SSF cost-effective than
SHF (Elumalia and Thangavelu 2010; Kont et al. 2013). Furthermore, SSF is a faster
process with a higher yield of ethanol in contrast to SHF. The presence of ethanol in
the fermentation medium creates an environment where the chances of contamina-
tion and spoilage of the sugar-rich hydrolysate are less (Sasikumar and Viruthagiri
2010).

3.6 CONCLUSIONS

The production of second-generation biofuels such as bioethanol from lignocellulosic
biomass plays a pivotal function in the sustainability of biorefineries. As the building
blocks of these renewable feedstocks, recovery of the fermentable sugars is imperative
for a highly efficient and profitable bioethanol production process. Genetically modi-
fied microorganisms and their engineered metabolisms can help utilize a wide vari-
ety of monomeric sugars extracted from the pretreatment and enzymatic hydrolysis
of lignocellulosic biomass. Furthermore, optimization of the fermentation process and
minimizing the chances of contamination and undesired byproduct formation can lead
to improve bioethanol yields and lower the overall process expenditures. Pretreatment
and enzymatic hydrolysis are crucial steps for the recovery of fermentable sugars from
heterogeneous lignocellulosic biomass. Novel pretreatment processes can be adopted
that can allow enzymes to act upon biomass simultaneously, thereby maximizing the
extraction of monomeric sugars.
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4.1 INTRODUCTION

There has been a growing interest in the production and utilization of synthetic renew-
able transportation fuels due to rising crude oil prices, mounting demand for fossil
fuels, the adverse impact of greenhouse gas emissions and the resulting global warm-
ing (Nanda et al. 2015b; Nanda et al. 2016a; Nanda et al. 2016g; Nanda et al. 2017d).
Hence, the worldwide interest in deploying biofuels and biochemicals in addition to
their production from renewable biomass and wastes is gaining momentum (Sarangi
and Nanda 2018; Sarangi and Nanda 2019a; Sarangi and Nanda 2019b; Sarangi and
Nanda 2020; Sarangi et al. 2020). First-generation biofuels are criticized severely as
far as their sustainability and competition to food supply chain and cultivable lands are
concerned (Nanda et al. 2018a). On the other hand, next-generation biofuels provide
a more sustainable platform ensuring both energy security and food security as their
production relies on mostly inedible plant residues including agricultural crop refuse
(Nanda et al. 2018b; Sun et al. 2020; Okolie et al. 2020c), forestry biomass (Nanda et al.
2016f; Nanda et al. 2017c), dedicated energy crops (Nanda et al. 2016¢; Singh et al.
2020), cattle manure (Nanda et al. 2016b), municipal solid wastes (Okolie et al. 2020a),
food waste (Nanda et al. 2015c; Nanda et al. 2016d; Nanda et al. 2019a), industrial
effluents (Nanda et al. 2015d), sewage sludge (Gong et al. 2017a; Gong et al. 2017b),
polymeric wastes (Nanda et al. 2019b) and petroleum residues (Rana et al. 2018a; Rana
et al. 2019; Rana et al. 2020).

Lignocellulosic biomass, consisting of agricultural crop residues, dedicated energy
crops, invasive plants and forestry biomass, is a storehouse of renewable natural poly-
mers (i.e. lignin) and polysaccharides (i.e. cellulose and hemicellulose) that can be
converted through thermochemical and biological technologies to solid (e.g. biochar,
torrefied biomass and fuel pellets), liquid (e.g. bio-oil, bioethanol, biobutanol, biodiesel,
etc.) and gaseous biofuels (e.g. biohydrogen, biomethane, syngas, etc.) (Nanda et al.,
2016e; Azargohar et al. 2019; Kang et al. 2020; Parakh et al. 2020; Okolie et al. 2020b).
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Hence, there are different alternatives to seek future biofuel solutions for the transporta-
tion sectors through the utilization of next-generation bioenergy feedstocks.

In contrast to bioethanol (C,H;OH), biobutanol (C,H,OH) appears to be a superior
fuel with advanced properties, a few of which are less corrosiveness, higher calorific
value (29.2 MJ/L), lower volatility and less hygroscopic (7.3% soluble in water), gaso-
line-equivalent research octane number (96), motor octane number (78) and air-to-fuel
ratio (11.2), lower oxygen content (22%), less flammability and reduced hazardousness
for handling (Nanda et al. 2014a; Nanda et al. 2017a; Nanda et al. 2017b; Sarangi and
Nanda 2018; Nanda et al. 2020). Due to its lower vapor pressure and less hygroscopic
nature, biobutanol can be transported in the gasoline supply chain pipelines to the fuel-
ing stations even in the cold weather (Qureshi and Ezeji 2008). Owing to its fuel proper-
ties similar to gasoline, biobutanol can either be blended with gasoline in flexible ratios
or be used as a drop-in fuel without blending in the current gasoline-fueled automo-
bile engines. Biobutanol can be produced biologically through the traditional acetone-
butanol-ethanol (ABE) fermentation, although there are a few technical bottlenecks
associated with its fermentative production such as lower product yields, bacteriophage
contamination, product separation, expensive process, etc. This chapter discusses a few
of such attributes in the biobutanol production through ABE fermentation from ligno-
cellulosic biomass.

4.2 PRETREATMENT OF
LIGNOCELLULOSIC BIOMASS

Although lignocellulosic biomasses are found to be promising next-generation
bioenergy feedstocks, there are many challenges in their direct utilization because
of their recalcitrant chemistry. Lignocellulosic biomass primarily contains cellulose,
hemicellulose and lignin in the ranges of 35-55 wt%, 20—40 wt% and 10-25 wt%,
respectively (Nanda et al. 2013). A pretreatment step coupled with enzymatic
hydrolysis and saccharification is necessary to denature the complex cellulose-
hemicellulose-lignin framework, the matrix associated between lignin and various
sugars so that microbial enzymes can access cellulose and hemicelluloses (Nanda
et al. 2014c). Biomass pretreatment is achieved by a wide variety of mechanical
(e.g. particle size reduction), physical (e.g. ultrasound, ozonolysis, microwave, irra-
diation, etc.), chemical (e.g. steam explosion, subcritical and supercritical fluids,
acids, alkalis, liquid ammonia, ionic liquids, organosoly, etc.) and biological agents
(e.g. cellulases, hemicellulases, lignin-modifying enzymes and lignin-degrading
enzymes) (Nanda et al. 2014b).

During biomass pretreatment, the configuration of cellulosic fibers and highly
branched arrangement of lignin is altered, thus facilitating the admittance of hydro-
lytic enzymes for saccharification and release of fermentable pentose and hex-
ose sugars (Fougere et al. 2016; Rana et al. 2018b). There are many other benefits
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associated with pretreating lignocellulosic biomass for fermentative production of
bioethanol and biobutanol, such as (i) faster hydrolysis, (ii) high product yields, (iii)
reduced cellulose crystallinity, (iv) easier hemicellulose separation and (v) altera-
tion and increase of biomass pore size for easy accessibility of cellulolytic enzymes
(Nanda et al. 2015a).

4.3 ACETONE-BUTANOL-
ETHANOL FERMENTATION

Acetone-Butanol-Ethanol (ABE) fermentation, mostly performed by Clostridium bac-
terium, has been explored for the conversion of several complex carbohydrates into
biobutanol. Saccharomyces cerevisiae, which is a model fungus responsible for eth-
anol fermentation, lacks the natural ability to metabolize pentose sugars (i.e. hemi-
celluloses). Instead, it is efficient in metabolizing hexose sugars, mainly glucose (i.e.
cellulose) through the glycolytic pathway (Walfridsson et al. 1995). On the contrary,
Clostridium spp. can metabolize both pentose and hexose sugars, suggesting the utili-
zation of hydrolyzed cellulose and hemicellulose from lignocellulosic biomass. This is
another significant advantage of ABE fermentation over ethanol fermentation.

Clostridium is a rod-shaped gram-positive obligatory anaerobic bacterium that
grows on a wide range of sugar substrates including starch, hemicellulose and cellulose.
An array of enzymatic systems in Clostridium spp. enhances the production of biobu-
tanol utilizing glucose, cellobiose, galactose, arabinose, mannose and xylose to butanol
(Ezeji et al. 2007a). A few Clostridium spp. such as C. acetobutylicum, C. beijerinckii,
C. aurantibutyricum, C. butylicum, C. saccharobutylicum, C. saccharoperbutylace-
tonicum, etc. have been explored for production of biobutanol through ABE fermenta-
tion (Diirre 2007; Nanda et al. 2017b). Some starch-based (first-generation) feedstocks
like molasses, potatoes, corn, millet, rice, wheat and whey have the potential for butanol
production, but their industrial usage is obsolete due to food versus fuel debate.

ABE fermentation is a biphasic bioconversion process consisting of acidogenic
phase and solventogenic phase (Figure 4.1). In the acidogenic phase, the bacterium
grows exponentially producing acetic acid and butyric acid from the sugars, whereas
in the solventogenesis phase, the formation of acetone, butanol and ethanol takes
place in a typical ratio of 3:6:1 (Diirre 2007). Some inhibition of the metabolic path-
way occurs in the acetogenesis called as acidic stress, which favors the acid production
rather than sugar consumption (Xue et al. 2013). The acidogenic phase is characterized
by an increase in the acidity of the fermentation medium because of the formation of
organic acids, which causes the bacterium to undergo the stationary growth phase and
the subsequent solventogenic phase. The shift from the acetogenesis phase to solvento-
genic phase by Clostridium is characterized by a decelerated growth rate, formation of
endospores and an increase in the levels of solvents (i.e. acetone, butanol and ethanol).
For an obligate anaerobic bacterium, the acidogenic phase has a great role to play in its
energy metabolism. As the pH level is reduced, the bacterium abridges acid formation
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FIGURE 4.1 Simplified version of ABE fermentation by Clostridium

converting butyric acid and acetic acid to butanol and acetone, respectively. In the
acidogenic phase, the redox equilibrium of butyric acid creates a balanced environment
so that more butyric acid is formed than acetic acid (Zheng 2009).

According to the study conducted by Garcia et al. (2011), shifting of phase
during Clostridium metabolism occurs by the sporulation of 70—80% of the via-
ble cells. A pH level of 5.5 facilitates the phase shifting from acidogenic phase to
solventogenic phase. It should be noted that the decrease in the pH occurs in the
late acidogenic phase by the accumulation of acetic acid and butyric acid (Lee et al.
2008). The role of pH in fermentation conditions is important for determining the
production of acids and solvents. Nevertheless, by increasing the buffering capacity
of the fermentation medium, the bacterial growth increases to support the utiliza-
tion and conversion of remaining sugars, thereby producing more butanol (Nanda
et al. 2017b).

The non-dissociation of butyric acid favors the phase-shifting (Garcia et al. 2011)
while the induction of butyrate kinase and acetate kinase occurs by butyric acid and
acetic acid, respectively (Ballongue et al. 1986). Furthermore, butyryl-CoA along with
butyryl phosphate facilitates the shifting of the acidogenic phase to the solventogenic
phase. The ABE fermentation is accomplished by producing three types of products:
(1) solvents such as acetone, butanol and ethanol, (ii) organic acids such as acetic acid,
butyric acid and lactic acid and (iii) gases such as H, and CO, (Xue et al. 2013). The
ABE fermentation period typically persists for 36-72 h producing approximately
20-25 g/L of total ABE (Qureshi and Ezeji 2008).
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4.4 CHALLENGES AND OPPORTUNITIES OF
ACETONE-BUTANOL-ETHANOL FERMENTATION

At different stages of ABE fermentation, some technical challenges are encountered.
Although waste biomass is found to be an economical source of sugar substrates for
fermentation, the main limitations are its total utilization by Clostridium, which is
impacted due to butanol toxicity (inhibitory to the bacteria) and endospore formation
(because of higher acid accumulation in the acidogenic phase). These limitations result
in lower butanol yields by the bacteria (Ezeji et al. 2007b). The butanol yields and
expensive solvent recovery methods (e.g. perstraction, pervaporation, gas stripping,
liquid-liquid extraction, adsorption, distillation and supercritical fluid separation) make
the ABE fermentation process expensive over bioethanol fermentation. The removal of
inhibitors resulting from biomass pretreatment by detoxification is an important issue
to address.

Butanol toxicity is a vital limitation of the industrial ABE fermentation process.
Clostridium spp. seldom has a tolerance level of more than 2% butanol, which hampers
the final yields of butanol through ABE fermentation. Butanol level up to 12—-13 g/L is
considered as the maximum limit for the wild-type Clostridium strains (Garcia et al.
2011). For genetically modified C. beijerinckii BA101, the maximum yield of butanol
reported is 19.6 g/L (Qureshi and Blaschek 1999). Apart from butanol concentration,
the butanol recovery level is dependent on the bacteriophage infection. Bacteriophage
such as Siphoviridae and Podoviridae have been reported to infect C. madisonii and
C. beijerinckii P260, respectively (Jones et al. 2000).

The implementation of genetic and metabolic engineering is supported for over-
coming some bottlenecks such as increased butanol tolerance by Clostridium. Another
advancement like antisense RNA technology can be used for enhancing the microbial
effectiveness for butanol production (Tummala et al. 2003). Therefore, synthetic biol-
ogy approach can be applied for the development of novel microbial strains posing
resistance to higher levels of butanol and contamination to bacteriophages, thereby sus-
taining the near-complete utilization of sugars and resulting in greater butanol yields.

4.5 CONCLUSIONS

Biobutanol has gained promising attention as an advanced alcohol-based biofuel. With
many advantages such as the high-energy content and fuel properties similar to that
of gasoline, biobutanol can be used as a next-generation biofuel in the automotive sec-
tors. The longer hydrocarbon chains in biobutanol help for its use in existing internal
combustion engines. As far as production of butanol production is concerned, ABE fer-
mentation is a viable option producing acetone, butanol and ethanol in the ratio of 3:6:1.
Apart from these three compounds, other byproducts obtained from ABE fermentation
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are acetic acid, butyric acid, CO, and H,. Some major limitations of ABE fermenta-
tion have found to be butanol toxicity, incomplete sugar conversion and possibilities of
bacteriophage infection.

C. acetobutylicum and C. beijerinckii have great potentials for biobutanol pro-
duction through the ABE fermentation. Some technical challenges encountered during
ABE fermentation are butanol toxicity, low butanol yields, difficulty in butanol sepa-
ration due to its low yields, incomplete fermentation due to endospore formation and
bacteriophage contamination. However, metabolic engineering of certain Clostridium
sp. has proven to address some of these issues, thus leading to an improved butanol
tolerance and yields. More research in bioprocess engineering is required to bring
innovations to ABE fermentation and aid in an industrial scale sustainable production
of butanol from a wide variety of lignocellulosic feedstocks and organic waste biomass.
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5.1 INTRODUCTION

Today, the major environmental concerns are focused on the effective production and
application of biofuels, biochemicals, biomaterials and bioproducts to replace fossil
fuels and its derivatives at a global scale (Nanda et al. 2016d; Parakh et al. 2020; Okolie
et al. 2020b). Because of massive amounts of greenhouse gas emissions, environmental
pollution, global warming and climate change, rising crude oil prices and high carbon
taxes associated with the exploiting usage of fossil fuels, there is a global impetus to
seek eco-friendly and alternative renewable resources (Nanda et al. 2015; Rana et al.
2018; Rana et al. 2019; Rana et al. 2020; Okolie et al. 2020a). Harnessing the hydrocar-
bons present in the waste lignocellulosic biomass as carbohydrates is of great potential
to sustain their conversion to biofuels and biochemicals (Nanda et al. 2013; Sarangi
et al. 2017; Azargohar et al. 2018; Sarangi et al. 2018; Azargohar et al. 2019; Kang et al.
2019; Sarangi and Nanda 2019a; Sarangi and Nanda 2019b; Kang et al. 2020).
Lignocellulosic biomass containing cellulose, hemicellulose and lignin can be
transformed to biofuels using several thermochemical technologies (e.g. pyrolysis, lig-
uefaction, gasification, transesterification, torrefaction, reforming, etc.) and biological
technologies (e.g. anaerobic digestion, enzymatic saccharification, photo-fermentation,
dark fermentation, acetone-butanol-ethanol fermentation, ethanol fermentation, syngas
fermentation, etc.) (Nanda et al. 2014b; Nanda et al. 2017a; Nanda et al. 2017b; Nanda
et al. 2017c; Nanda et al. 2017e; Nanda et al. 2018; Sarangi and Nanda 2018; Sarangi
and Nanda 2020). Based on the conversion methods, various fuel products obtained
from lignocellulosic biomasses are bio-oil, biodiesel, biomethanol, bioethanol, biobu-
tanol, biopropanol, biohydrogen, biomethane, syngas, etc. (Reddy et al. 2014; Nanda
et al. 2014a; Reddy et al. 2016; Nanda et al. 2016¢; Reddy et al. 2017; Reddy et al. 2018;
Nayak et al. 2019; Okolie et al. 2019; Reddy et al. 2019; Yadav et al. 2019; Nanda et al.
2020; Nayak et al. 2020; Sarangi et al. 2020). Bioethanol, biobutanol, biomethanol and
biopropanol are some of the alcohol-based bioproducts obtained predominantly from
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the microbial bioprocessing of waste biomass with the potential to be used as biofuels
or commodity biochemicals.

Biomethanol, being one of the most dynamic and vibrant fuel substitutes, can be
generated from waste biomass by utilizing specific microbial communities (Sarangi
et al. 2020). With diverse applications in several industrial sectors worldwide, the
environmental-friendly production of biomethanol is gaining global interest in research,
development and innovation. This chapter describes some notable value-added applica-
tions of biomethanol as well as its fermentative production from waste biomass using
selective microorganisms.

5.2 APPLICATIONS OF BIOMETHANOL

Biomethanol (CH;OH) has many recognized applications in chemicals, fuels and
other specialty sectors. Biomethanol is widely applied in the following sectors such
as: (i) transportation fuels, (ii) blending with gasoline and diesel, (iii) conversion into
dimethyl ether for diesel alternatives, (iv) electricity from fuel cells and (v) biodiesel
production through transesterification process (Yanju et al. 2008; Matzen and Demirel
2016; Reddy et al. 2016; Reddy et al. 2018; Bhatia et al. 2020; Sarangi et al. 2020). In all
the above-mentioned applications, a key attribute of biomethanol is associated with its
sustainability, carbon-neutrality (if produced from bioresources) and cost-effectiveness
compared to other alcohol-based hydrocarbon fuels.

Fuel properties such as research octane number, motor octane number and anti-
knock index of methanol are nearly 109, 89 and 99, respectively (Eyidogan et al. 2010).
On the other hand, the research octane number and motor octane number of gaso-
line are in the range of 91-99 and 81-89, respectively (Nanda et al. 2017b). Having a
greater octane number than gasoline, methanol is considered as a promising low-cost
alternative fuel with satisfactory fuel performance and less environmental impacts
(Fatih et al. 2011).

The blending of biomethanol is one of its significant applications found in the auto-
mobile sectors. Besides, blending 15% methanol with gasoline and 20% methanol with
diesel requires slight modifications to the vehicular engines for use as a transporta-
tion fuel (Kowalewicz 1993). Moreover, methanol-ethanol-gasoline blended fuels can
enhance engine performance and greater efficiencies along with lower CO and NO,
emissions than that of gasoline alone (Elfasakhany 2015).

Methanol production from CO, is a sustainable option for recycling CO, and reduc-
ing its concentration as a potent greenhouse gas from the atmosphere (Nguyen et al.
2020). Methanol can be produced using CO, from industrial flue gas. Nearly about
0.19 t of methanol was produced per ton of fossil fuel, thereby resulting in a reduc-
tion of 0.42 MT of CO, emissions per year (Ptasinski et al. 2002). The application of
biomethanol is also found in the power generation sector for gas turbines (Galindo and
Badr 2007; Suntana et al. 2009). In another attribute, methanol can be used for biodiesel
production via transesterification (Reddy et al. 2018). Besides, residual methanol and
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glycerol obtained as waste effluents from biodiesel industries can serve as a precursor
for hydrogen production through supercritical water gasification (Reddy et al. 2016).
Methanol is also used as an anti-frost agent, organic solvent and precursor for producing
several fine chemicals (Sarangi et al. 2020).

5.3 PRODUCTION OF BIOMETHANOL

The conversion of biomass to methanol is achieved through catalytic thermochemical
processes and biological processes mediated by methanotrophic bacteria. In the ther-
mochemical processes, waste biomass undergoes gasification to produce synthesis gas
or syngas, which comprises CO, CO,, H,, CH, and traces of C,, gases (Nanda et al.
2016a; Nanda et al. 2016b; Nanda et al. 2017d; Okolie et al. 2020c). In the next step, the
conditioning of syngas is performed to remove various impurities such as tar and other
undesired gases to optimize the ratio of H,:CO (Okolie et al. 2019). Through Fischer-
Tropsch catalysis, the conditioned syngas is converted to hydrocarbon fuels, chemicals
and alcohols including methanol (Venvik and Yang 2017; Singh et al. 2018). The con-
version of pectin produces uronic acid that aids in methanol production by combining
with ether (Bhattacharyya et al. 2008). Another novel approach for the production of
biomethanol from bio-oil has been reported through CO-rich bio-syngas, which in turn
was produced from CO,-rich bio-syngas (Xu et al. 2011).

On the other hand, the biological production of methanol deals with the utili-
zation of waste biomass and anaerobic bioprocesses mediated by methanotrophic
bacteria. Lignocellulosic biomass including agricultural crop residues and for-
estry refuses to act as promising resources and storehouses of fermentable hexose
and pentose sugars for conversion to biofuels and biochemicals. Methanotrophic
bacteria have been explored for the conversion of methane to methanol (Hanson
and Hanson 1996). A few examples of methanotrophic bacteria are Methylocaldum,
Methylococcus, Methylogaea, Methylohalobius, Methylomarinovum, Methylopara-
coccus, Methylothermus, etc. (Bjorck et al. 2018). Bacillus methanicus is one of the
notable methanotrophic bacteria.

Depending on the availability of methane in the environment, two population types
of methanotrophs have been considered for methane conversion to methanol (Bender
and Conrad 1992). The first category of methanotrophs is found in soils having high
methane concentration. Such microorganisms convert methane at a level of more than
40 ppm concentration, thereby being regarded as the low-affinity methanotrophs. On
the other hand, the second category of methanotrophs grows at a low methane concen-
tration of about 2 ppm, thereby being known as the high-affinity methanotrophs. By
the catalytic action of methane monooxygenase (MMO), the methanotrophs convert
methane into methanol through the oxidation reaction (Figure 5.1).

Soluble cytoplasmic form (sMMO) as well as particulate membrane-bound form
(PMMO) are the two forms of methane monooxygenase. There are other possible
routes for the conversion of methanol into CO, via formaldehyde and formic acid
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FIGURE 5.1 Conversion of methane to methanol via methanotrophic bacteria

and three different types of enzymes, i.e. methanol dehydrogenase (MDH), form-
aldehyde dehydrogenase (FADH) and formate dehydrogenase (FDH) (Hanson and
Hanson 1996; Xin et al. 2009). The selection of the methanotrophic bacteria and the
standardization of its growth conditions can affect the final recovery of biomethanol.
More exploration of potential microbial communities and understanding their bio-
catalytic activities could aid in the large-scale production of biomethanol from waste
biomass sources.

5.4 CONCLUSIONS

The implementation of microbial communities to utilize waste biomass sources for the
production of biofuels and biochemicals is a sustainable alternative to extraction, pro-
cessing and utilization of fossil fuels. Waste biomass can act as an alternative feedstock
for the production of biomethanol by methanotrophic bacteria via methane conversion.
Various applications of methanol have been recognized in fuels, chemicals and other
specialty applications. Noteworthy developments in the biological conversion processes
could result in large-scale commercial production of biomethanol for industrial applica-
tions. Moreover, methane is considered as the second most potent greenhouse gas after
CO,. Hence, its conversion to biomethanol has great advantages in reducing its atmo-
spheric concentrations and mitigating global warming.
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6.1 INTRODUCTION

The energy carriers and chemicals are exclusively dependent on fossil fuel sources in
the present world scenario. The use of fossil fuels not only increases the concentration
of greenhouse gases in the atmosphere but also leads to environmental degradation,
pollution, global warming, climate change, acid rain, extreme weather patterns, volatil-
ity in the crude oil prices and occasional geopolitical tensions between fuel importing
and exporting nations (Nanda et al. 2016b; Rana et al. 2018; Rana et al. 2019; Rana et al.
2020; Vakulchuk et al. 2020). With many dependencies on fossil fuel energy sources
such as crude oil, gasoline, diesel, coal and natural gas, the major global concern is
to seek an alternative energy carrier and vector that can make a paradigm shift in the
energy usage from fossil fuels to biofuels for long-term scenarios (Nanda et al. 2015b).
Among all biofuel sources, hydrogen has great potentials for use as an outstanding
energy carrier and vector. Being a next-generation biofuel, hydrogen can be utilized as
a direct fuel, in fuel cells or as a precursor to producing advanced hydrocarbon fuels
and chemicals (Nanda et al. 2017b; Okolie et al. 2019; Bhatia et al. 2020; Sarangi and
Nanda 2020; Okolie et al. 2020a).

There is an increasing interest in hydrogen generation and utilization as a trans-
portation fuel, as a mitigation strategy to the harmful impact of fossil fuels on the
environment. Hydrogen (H,) is often referred to as the “fuel of the future” (Reddy
et al. 2020). Having a thermal efficiency of about 120 MJ/kg and flame temperature
of 2027°C, hydrogen shows an energy content of several magnitudes higher than
that of other conventional hydrocarbon fuels (Nanda et al. 2017c). Hydrogen is an
environmental-friendly fuel having versatile applications in energy, fuel, combined
heat and power, chemical, metallurgy, fertilizers and other commercial and indus-
trial sectors. Hydrogen is considered as a promising renewable energy source for
the sustainable future because its combustion generates massive amounts of heat
energy and water.
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Hydrogen can be produced using a variety of pathways involving thermochemi-
cal technologies (e.g. gasification, pyrolysis and reforming), electrolysis, electrochemi-
cal, photochemical, photo-catalytic, photo-electrochemical and microbial (photolysis,
photo-fermentation, dark fermentation and microbial electrolysis cells) (Nanda et al.
2017b; Huang et al. 2020; Siang et al. 2020). This chapter describes the microbial tech-
nologies for biohydrogen production.

6.2 BIOLOGICAL METHODS FOR
HYDROGEN PRODUCTION

The production of biohydrogen is considered beneficial as far as ecological and energy
requirements are concerned. The biological method for biohydrogen production demon-
strates less negative impacts on the environment and low requirement of energy as com-
pared to other sources (Nanda et al. 2017b; Sarangi and Nanda 2020). Lignocellulosic
biomass contains major fractions of celluloses and hemicelluloses, which could act as
the sources of pentose and hexose sugars for microbial conversion to fuels and chemi-
cals (Nanda et al. 2013; Nanda et al. 2014a; Nanda et al. 2017a; Sarangi and Nanda
2018; Sarangi and Nanda 2019; Sarangi et al. 2020). Before the fermentation process,
biomass is required to be pretreated and delignified, to remove the lignin and release
the monomeric sugars for fermentation to fuels and value-added chemicals (Nanda et al.
2014b; Nanda et al. 2015a; Fougere et al. 2016). Moreover, lignocellulosic biomasses are
low-cost feedstocks and abundantly available globally with a continual supply (Nanda
et al. 2016a; Okolie et al. 2020b). The production of biohydrogen from waste biomass
has been reported extensively in the literature (Magnusson et al. 2008; Guo et al. 2010;
Chen et al. 2012; Han et al. 2012; Moodley and Kana 2015; Kumar et al. 2017). Microbial
communities utilize a wide variety of biomass resources for generating hydrogen. The
types of microorganisms and feedstock have great roles in biohydrogen production. The
biological processes for biohydrogen production include photolysis, dark fermentation,
photo-fermentation and microbial electrolysis cells (Holladay et al. 2009).

Biohydrogen production through photo-fermentation is performed by utilizing pho-
tosynthetic bacteria through the enzyme nitrogenase system with the help of light energy
as well as waste biomass. Purple non-sulfur bacteria help in the photo-fermentation
process to utilize the reduced organic acids as a carbon source in the presence of solar
light, thereby releasing molecular hydrogen with the help of a nitrogenase enzyme
system (Basak and Das 2007). Some light-harvesting pigments like chlorophylls,
phycobilins and carotenoids support electrons, protons and oxygen by utilizing sun-
light via photo-fermentation (Figure 6.1). The nitrogenase enzyme system helps in the
reaction of protons, electrons and nitrogen along with adenosine triphosphate (ATP) to
produce hydrogen, ammonia, adenosine diphosphate (ADP) and inorganic phosphates
(Pi) (Nanda et al. 2017b). The bacterial photosystem produces two electrons with four
ATP molecules by utilizing light energy and biomass to generate hydrogen with the aid
of the nitrogenase system.
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FIGURE 6.1 A simplified illustration of the photo-fermentation process for biohydrogen
production

Dark fermentation is considered as a promising method for hydrogen production
from waste biomass and specific microorganisms (Kumar et al. 2017; Lukajtis et al.
2018; Sarangi and Nanda 2020). During this method, a mixed gas containing H, and
CO, is produced along with other gases like CH,, CO and H,S, which depends on the
type of feedstock, microorganisms and process conditions (Datar et al. 2004; Najafpour
et al. 2004; Kotsopoulos et al. 2006; Temudo et al. 2007). In dark fermentation, the bac-
terium converts organic substances like raw biomass, sugars and wastewater to hydro-
gen. Due to the complete absence of light, this process is regarded as dark fermentation.
Moreover, dark fermentation is advantageous over photo-fermentation in requiring
smaller bioreactors, less energy and low cost because of the absence of light energy to
facilitate microbial growth. Some notable microorganisms like anaerobic bacteria such
as Bacillus spp., Enterobacter spp. and Clostridium spp. are utilized for the conversion
of cellulosic substrates to biohydrogen (Levin et al. 2004). During the dark fermenta-
tion, the bacterium converts glucose to pyruvic acid, thereby producing ATP through
the glycolytic pathways. Furthermore, with the utilization of pyruvate ferredoxin oxi-
doreductase and hydrogenase, CO, and H, are produced from pyruvic acid (Figure 6.2).
During dark fermentation, biohydrogen production generally depends on the degrada-
tion of pyruvate to acetyl-CoA and further to acetate, butyrate and ethanol.

Depending on the microorganisms employed and process conditions, different end
products and by-products are generated from microbial biohydrogen production. The
optimization of fermentation process parameters like sugar content, nutrients (includ-
ing energy source and carbon source), hydrogen partial pressure, temperature, hydrau-
lic retention time, pH, type of microorganisms used, inoculum pretreatment process,
growth medium and cultural conditions can enhance the production of biohydrogen
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FIGURE 6.2 A simplified illustration of the dark fermentation process for biohydrogen
production

(Ghimire et al. 2015). Besides, the bioreactor configuration, geometry and mode of
operation can also affect biohydrogen production (Show et al. 2011).

Hydrogen production by microbial electrolysis cells is also regarded as a potential
method for the utilization of energy as well as protons by microorganisms to convert the
organic matter. Not only hydrogen but also various value-added chemicals are gener-
ated through this method, thereby establishing it as a promising platform for bioenergy
utilization. Different value-added platform chemicals such as methane, formic acid and
hydrogen peroxide are also released during this process with the potentials of wastewa-
ter treatment (Escapa et al. 2016). The process is similar to microbial fuel cells in hav-
ing two compartments of anode and cathode separated by a proton exchange membrane
(Nanda et al. 2017c; Bhatia et al. 2020). Protons (H*) and electrons (e”) are produced
due to the oxidation of organic matter during this process. These are subsequently
transferred to the cathode side through the membrane. Hydrogen is produced near the
cathode by the reduction of electrons and protons in the presence of a catalyst (Logan
et al. 2006).

6.3 CONCLUSIONS

Biohydrogen generation by microbial biomass is gaining attention considering its envi-
ronmental friendliness and sustainability. Similarly, biohydrogen from waste biomass
and organic residues are regarded as the most promising feedstocks owing to their
renewability, abundance, low cost and polysaccharide composition. The exploration of
microbial diversities along with the optimization of photo-fermentation and dark fer-
mentation can maximize biohydrogen production. The integration of novel technologies
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in microbiology, chemical engineering and bioprocess engineering can create a road-
map for efficient and sustainable biohydrogen production leading to energy security,
economic sustainability and mitigation of greenhouse gas emissions.
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Conversion of
Algal Biomass
to Biofuels

7.1 INTRODUCTION

Fossil fuels and their derived products have played a pivotal role in advancements relat-
ing to automobiles, power generating sectors, infrastructure, urban development and
human lifestyle since the industrial revolution. Nonetheless, the exploiting combustion
of fossil fuels has led to the emission of greenhouse gases, particularly CO,, to an
alarming level (Rana et al. 2018; Rana et al. 2019; Rana et al. 2020). This increase
in the concentration of CO, and other greenhouse gases has disturbed the balance
between the solar radiation obtained by the earth and its reflection, thereby enhancing
the heat retention ability of earth that results in global warming (Nanda et al. 2016e;
Parakh et al. 2020). Besides global warming, other environmental concerns associated
with fossil fuel usage are pollution, rising fuel prices and geopolitical issues between
crude oil importing countries and exporting countries (Nanda et al. 2015a; Okolie et al.
2020b). To address these problems, research in the field of bioenergy and other renew-
able energy sources has been intensifying (Sarangi and Nanda 2018; Sarangi and Nanda
2019a; Sarangi and Nanda 2019b; Sarangi and Nanda 2020; Sarangi et al. 2020).
Several waste residues such as lignocellulosic biomass (e.g. agricultural crop
residues, forestry refuse, energy crops and invasive crops), microalgae, food waste,
municipal solid waste, sewage sludge, industrial effluents, livestock manure and other
waste organic matter have the potential to be converted to biofuels, biochemicals and
bioproducts with a low-carbon footprint or with carbon neutrality (Nanda et al. 2015b;
Nanda et al. 2015c; Reddy et al. 2016; Nanda et al. 2016b; Nanda et al. 2016c; Nanda
et al. 2016d; Gong et al. 2017a; Gong et al. 2017b; Nanda et al. 2017d; Nanda et al. 2018b;
Nanda et al. 2019a; Nanda et al. 2019b; Singh et al. 2020; Okolie et al. 2020a; Okolie et al.
2020c; Okolie et al. 2020d). The biofuel products resulting from the thermochemical and
biological conversion of the above-mentioned waste residues are bio-oil, biodiesel, bio-
ethanol, biobutanol, biomethanol, biogas (biomethane), biohydrogen, synthesis gas and
biochar (Nanda et al. 2014b; Nanda et al. 2016a; Nanda et al. 2017e; Okolie et al. 2019).
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Microalgae has many promising potentials to produce biofuels, biochemicals and
bioproducts (e.g. nutraceuticals, pharmaceuticals and cosmeceuticals) besides carbon
sequestration and phycoremediation of wastewater (Reddy et al. 2018; Yadav et al.
2019). Microalgae are single phototrophic organisms in freshwater and marine environ-
ments. By utilizing sunlight, CO,, water, organic matter and dissolved nutrients, algae
can synthesize lipids, proteins, carbohydrates and pigments in their cells that can be
extracted to produce various useful bioproducts (Koller et al. 2014). Microalgae find
their potential in human and animal nutrition, whereas their extractives can also be
used as a starting material in textile, pharmaceutical, cosmetics and food industries
(Koller et al. 2014). Besides, algal biomass has gained promising applications in biofuel
sectors for solving future energy problems acting as the third-generation biofuel feed-
stock to produce biofuels such as biodiesel, algal oil and bio-jet fuel (Reddy et al. 2018;
Yadav et al. 2019). This chapter discusses the potential of algae for the next-generation
biorefineries.

7.2 BIOPROSPECTING AND
CULTIVATION OF ALGAE

Figure 7.1 shows the conversion of algal biomass to several value-added products.
Algae biorefinery depends on the compositions of algal species such as lipids, car-
bohydrates and proteins, which serve as the precursors for biofuels and biochemicals
(Laurens et al. 2017). Furthermore, the production of nutraceuticals, pharmaceuticals,
pigments, vitamins, antioxidants can be obtained from algal biomass. Microalgae are
also the important reservoirs of high-value nutrients, pigments, proteins, carbohydrates
and lipid molecules (Ghosh et al. 2016). Algae are the known producers of various
value-added compounds including extracellular products like exopolysaccharides, exo-
enzymes, etc. (Pierre et al. 2019). Besides biofuel production, algae can also be used
for the phycoremediation of wastewater and industrial effluents in reducing the levels
of hazardous chemicals and organic matter (Kumar et al. 2018). The promising option
for the utilization of algae is for capturing the runoff fertilizers from different farms to
lakes and water reservoirs.

Chlamydomonas reinhardtii and Dunaliella salina are some fast-growing spe-
cies of algae that have been extensively explored along with various Chlorella sp.
Botryococcus braunii can accumulate enormous quantities of lipids (Scott et al. 2010;
Dragone et al. 2011). The lipid content of Chlorella sp. is very high (approximately
60-70%), making it quite popular among algal varieties. There are some geographi-
cal and cultural variations associated with algal biomass, which determine their lipid
composition.

The growth of microalgae is dependent upon the type of cultivation system
employed, availability of light, levels of CO, and O,, temperature and availability of
nutrients like nitrogen and phosphorus (Abdollahi and Dubljevic 2012; Li and Yang
2013). The three basic modes of algal cultivation are photoautotrophic, heterotrophic
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and mixotrophic. In photoautotrophic cultivation, algal growth using CO, is beneficial
as an inexpensive process. On the other hand, the heterotrophic growth of algae con-
sumes sugars and organic acids as the carbon sources in the absence of light. However,
the mixotrophic mode uses both organic matter and CO, along with light for cultivat-
ing algae. The process of photosynthesis and carbon fixation by algae is much more
efficient and faster than many terrestrial plants (Sayre 2010). Various harvesting pro-
cesses such as centrifugation, filtration, flotation, sedimentation and flocculation along
other downstream process technologies are used for the separation of algae and other
bioproducts. Several flocculation techniques such as biological, magnetic, chemical,
electro and auto-flocculation are used in this process.

The lipids composition of microalgal cells differs based on the algal variety and
species, ingredients of the culture medium and environmental conditions along with
growth factors such as temperature, complementation, luminous power and photope-
riodicity (Brown 1991; Khoeyi et al. 2012; Prochdzkova et al. 2014). At the optimal
conditions, microalgae rapidly multiply but the accumulation of reserve substances like
carbohydrates and lipids may not take place. During adverse conditions, it tends to
rouse the gathering of pigments. Thus, regulations in experimental conditions are very
crucial in the production of metabolites as the main products or by-products.

As mentioned earlier, the composition of the culture medium has a great role to
play in the growth of algal cells and their proliferation. Diverse microalgal species dif-
fer in their nutritional necessities, although they can adapt to various supplementation
conditions. Industrial and domestic wastewaters are also suitable as a culture medium



64 Bioprocessing of Biofuels

(Lv et al. 2017; Reyimu and Oz¢imen 2017; Wu et al. 2017). Synthetic culture media
with a well-defined composition can assess the response of algal cells to the alteration
in concentration and modification of components. In certain situations, the product of
interest can be obtained if the organism’s metabolic pathway is stimulated after the
supplementation of particular nutrients. The usage of cost-effective nutrient sources
such as urea, human urine as well as glycerol have also been reported (Campos et al.
2014; Sengmee et al. 2017; Wu et al. 2017). The stirring process in microalgal cultures
is important to reduce the sedimentation and homogenization of cell suspension. The
stirrer is an essential part of a photobioreactor to enhance the cells to receive an equal
quantity of light.

Microalgal growth is facilitated in either the existence or deficiency of light
depending on the variety and strain. Algae can utilize both organic and inorganic
carbon as the energy source. Photoautotrophic condition is widely employed for the
cultivation of algae, which occurs in the presence of light. According to Kim et al.
(2013), the intensity of light along with its color regulates the biomolecules developed
and accumulated by the algal cells. Light is not mandatory for the occurrence of
biochemical reactions in heterotrophic culture as organic carbon acts as the energy
source. Light along with organic carbon sources are prerequisites for culturing micro-
algae in mixotrophic and photoheterotrophic growth conditions. During mixotrophic
culture, photosynthesis is performed by cells by using both organic as well as inor-
ganic carbon. On the other hand, during the photoheterotrophic condition, light is
needed by cells to use organic compounds (Chen et al. 2013). Certain photobioreac-
tors can be employed using indoor artificial lighting for the growth of microalgal cells
on a laboratory scale. Outdoor lighting is suitable for simulation studies either on a
small or pilot scale to enhance productivity (Lu et al. 2015). These factors regulate the
production and accumulation of lipids and carbohydrates in microalgae to estimate
the yield of bio-crude oil, biohydrogen, biodiesel, bioethanol, biobutanol and other
biofuels, biochemicals and bioproducts.

7.3 BIODIESEL FROM ALGAE

The lipid content of algae decides its potential to generate biofuels. Algae have huge
potential as a feedstock for biodiesel production because of the following attributes
(Chisti 2008; Mata et al. 2010):

i. Enormous lipid content (20-50%).
ii. Fast growth rates.
iii. No competition to cultivable or fertile lands.
iv. Capability to develop in rigorous conditions.
v. Growth on low-cost substrates and wastewater effluents.
vi. Ability to capture and fix CO, from flue gases.
vii. Cost-effective and eco-friendly resource.
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The emission of CO, from fossil fuels (e.g. diesel and gasoline) is a major environmental
concern for which the focus has now gradually shifted towards renewable biofuels (e.g. bio-
diesel) (Reddy et al. 2018; Nayak et al. 2019; Nayak et al. 2020). Widjaja et al. (2009) stated
that the accumulation of lipids as triacylglycerides takes place in microalgal cells when
the environmental conditions become unfavorable (stress conditions) either in the form
of nutrient deficit or the availability and intensity of light. The deficiency of nitrogen may
significantly reduce the cell division as protein, pivotal for the formation of the cell wall, is
produced in lesser amounts (Aremu et al. 2015). The production of biomass is also nega-
tively affected when algae are deprived of phosphate. Similarly, significant reduction in
the lipid concentration with the significant hike in unsaturated fatty acids concentration is
seen (Praveenkumar et al. 2012). The cell development and lipid accumulation of lipids in
microalgae are stimulated when an organic carbon source is supplied to the growth media.

The transesterification process or hydrogenolysis helps in the extraction of lipids
from algae to yield biodiesel and aviation fuel (a derivative of kerosene grade alkane)
(Bwapwa et al. 2017). By successive steps of methanolysis, triacylglycerols found in the
algal oil can be broken down into diglycerides and monoglycerides. Using several acids,
bases, metal catalysts, biocatalysts (e.g. enzymes) and supercritical fluids, the efficiency
of transesterification can be enhanced (Reddy et al. 2018). Finally, three chief products
such as fatty acid methyl esters (FAME), fatty acid ethyl esters (FAEE) and glycerol are
generated from transesterification (Gong and Jiang 2011). If complete solubilization of
triacylglycerols does not take place by the solvents, the extractive process is considered
incompetent resulting in lower oil yields (Velasquez-Orta et al. 2013). Another aspect
i.e. biomass drying temperature can also considerably affect the recovery of oil since
the fatty acids are oxidized at high temperatures (Widjaja et al. 2009). Consequently, the
oil extraction processes and techniques from microalgal cells can influence the yields
of biodiesel. Lipid extraction becomes difficult when the water content of algal biomass
is high. Therefore, it is necessary to dewater it by either centrifugation or filtration. The
processes of culturing and dewatering are energy-intensive, which can add significantly
to the overall process expenditures (Rios et al. 2013).

7.4 BIOHYDROGEN FROM ALGAE

Biohydrogen is the most potent fuel that can substitute conventional fuels in the inter-
mediate and extended terms (Reddy et al. 2014a; Reddy et al. 2014b; Nanda et al. 2017c;
Reddy et al. 2020). Hydrogen is probably the cleanest fuel, energy vector and energy
carrier because its combustion releases a significant amount of heat and water. The
major limitations associated with the efficient usage of hydrogen lies in the fact that its
production cost is high along with the difficulties associated with its safe storage and
transportation (Khetkorn et al. 2017).

The main sources for hydrogen are fossil fuels, natural gas, organic biomass and
water (Sarangi and Nanda 2020). Catalytic reforming, electrolysis, photolysis, ther-
mochemical decomposition (e.g. gasification and pyrolysis), photoelectrochemical and



66 Bioprocessing of Biofuels

biological systems (e.g. dark fermentation, photo-fermentation and microbial electro-
lytic cell) are the main routes for hydrogen production (Holladay et al. 2009; Nanda
et al. 2017e; Singh et al. 2018; Shafiqah et al. 2020). Biohydrogen can be produced
biologically involving certain microorganisms’ photosynthetic biomachinery or by non-
photosynthetic processes (Khetkorn et al. 2017). Metabolic reactions of microalgal cells
also generate hydrogen. Water biophotolysis (direct or indirect) during photosynthesis
generates hydrogen by green microalgae (Nanda et al. 2017c).

The photosystems I and II in algae capture sunlight during oxygenic photosynthesis,
thereby mediating direct biophotolysis. During direct biophotolysis, breaking down of
water molecules takes place, thus producing hydrogen with subsequent release of oxygen.
The carbohydrate (starch) produced during the dark reaction generates hydrogen through
the indirect biophotolysis process. The carbohydrate is produced biologically in the exis-
tence of water and adsorbed CO,. Hence, H, and CO, are generated by the breakdown of
carbohydrates. Due to high sensitivity to oxygen, hydrogenase enzyme works under the
anaerobic condition to produce hydrogen, whereas oxygenic photosynthesis generates
oxygen (Khetkorn et al. 2017). The conditions considered favorable for algae to undergo
photoproduction of hydrogen are when the freshwater algae are deprived of sulfur and
phosphorus and when seawater algae are deprived of phosphorus (Sengmee et al. 2017).

7.5 BIOETHANOL AND
BIOBUTANOL FROM ALGAE

Bioethanol and biobutanol are the products of fermentation of sugars obtained from
lignocellulosic materials and organic wastes (Nanda et al. 2014a; Nanda et al. 2017b).
The production of bioethanol and biobutanol is treated as a green technology due to its
energy efficiency and ecologically benign nature for its renewable precursors. The com-
bustion of alcohol-based biofuels is also cleaner owing to negligible emissions of CO,
hydrocarbons and particulate matter (Balat et al. 2008). While the production of bio-
ethanol is mediated by Saccharomyces cerevisiae, biobutanol production is performed
through Clostridium-facilitated acetone-butanol-ethanol (ABE) fermentation (Nanda
et al. 2017a; Nanda et al. 2020). Both bioethanol and biobutanol can be blended with
gasoline in flexible ratios for use in vehicles.

Microalgae cell composition is affluent in lipids along with proteins, whereas its
carbohydrate amount is relatively low (Herndndez et al. 2015). Hence, the production
of biodiesel from algae is extensively studied when compared to that of bioethanol and
biobutanol. However, there are some notable studies reported on bioethanol and biobu-
tanol production from the hydrolysis, saccharification and fermentation of algal biomass
using several bacterial and fungal species (Hirano et al. 1997; Ueno et al. 1998; Kim
et al. 2011; Ellis et al. 2012). For bioethanol and biobutanol production from microalgae,
it is vital to explore the strain that possesses a significant amount of polysaccharides in
its cell wall along with the ability to accumulate starch (Dragone et al. 2011).
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7.6 THERMOCHEMICAL AND HYDROTHERMAL
CONVERSION OF ALGAL BIOMASS

The residual algal biomass after the lipid extraction can also either be saccharified
to recover fermentable monosaccharides for the production of alcohol-based biofuels,
biogas and biohydrogen or can be used for thermochemical conversion (e.g. gasifica-
tion, pyrolysis, liquefaction and carbonization). The advancement of third-generation
biofuels depends on the production of microalgal biomass. Microalgae biomass can
be transformed into valuable products by thermochemical conversion (e.g. gasification,
pyrolysis and liquefaction) and biochemical conversion (e.g. fermentation and anaerobic
digestion). Through hydrothermal processing (e.g. gasification, liquefaction and carbon-
ization) can result in hydrogen-rich syngas, bio-crude oil and hydrochar (Yadav et al.
2019). Moreover, hydrothermal processing technologies are found to be suitable for
high-moisture containing algal biomass because it reduces the overall cost of biomass
drying, as the reaction medium is water. Hydrothermal gasification and liquefaction
involve the use of subcritical and supercritical water as the reaction medium, which act
as green solvents to crack algal biomass to fuel products. Subcritical water is a fluid
phase of water occurring below its critical points, whereas subcritical water occurs
beyond its critical points (Reddy et al. 2014b). The critical temperature and critical pres-
sure of water are 375°C and 22.1 MPa, respectively (Nanda et al. 2018c).

During pyrolysis, biomass undergoes thermal depolymerization at moderate to
high temperatures under an inert atmosphere to produce bio-oil, biochar and gases
(Azargohar et al. 2013; Mohanty et al. 2013; Nanda et al. 2013; Azargohar et al. 2014;
Nanda et al. 2014d). The bio-oil can be catalytically upgraded to produce synthetic
transportation fuels or serve as a precursor for numerous value-added platform chemi-
cals (Nanda et al. 2014c). There is a wide array of value-added products such as Omega-3
fatty acids that can be obtained from microalgal oil, thus making it more economically
justified for a sustainable bioresource (Gutiérrez et al. 2017). The hydrochar or bio-
char obtained from hydrothermal and thermochemical processing of algae can be used
for several applications in agronomy, biomedicine, carbon sequestration, adsorption of
environmental pollutants, support of metal catalysts, production for activated carbon
and other specialty materials (Nanda et al. 2016a; Nanda et al. 2018a).

7.7 CONCLUSIONS

Microalgae are considered as a sustainable and economical source for the production of
biofuels, biochemicals and bioproducts (e.g. food supplements, pharmaceuticals, nutra-
ceuticals and cosmeceuticals) having industry-wide importance. Having potential in
biorefineries, extensive researches are being conducted for the recovery of value-added
products. Algae are potential sources for carbon sequestration as they consume CO, for
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photosynthesis and release oxygen, while at the same time, fixing the carbon as lipids
and polysaccharides within its cells. Moreover, algae can also be cultivated on diverse
streams of wastewater and industrial effluents, thus leading to their phycoremediation
and environmental scrubbing. A wide array of co-products can be generated along with
algal biofuels to support biorefineries and making them profitable and environmentally
sustainable. The optimization of the cultivation process for maximum lipid and biofuel
recovery from algae is highly essential. The implementation of genetic engineering
strategies and biotechnological tools can produce high-yielding varieties of algae.
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Fuel Cells

8.1 INTRODUCTION

The rapid industrial development and urban expansion have resulted in concerns relat-
ing to threatened energy security, environmental pollution, global warming and climate
change both in the developing and developed nations (Nanda et al. 2015a; Nanda et al.
2016e; Nanda et al. 2017c). Non-renewable sources of energy have quenched the global
energy requirement in the manufacturing, transportation, automobile as well as com-
bined heat and power sectors since the industrial revolution (Rana et al. 2018; Rana
et al. 2019; Rana et al. 2020). Currently, the world needs further exploration of alterna-
tive and renewable energy technologies to suffice the increasing energy demands while
synergizing solutions for the above-mentioned environmental concerns (Okolie et al.
2019; Okolie et al. 2020a; Okolie et al. 2020b).

Some renewable sources of energy that are found to be promising are geothermal,
wind, solar, tidal, algae, lignocellulosic biomass (e.g. agricultural crop refuse, forestry
residues, dedicated energy crops and invasive crops) and organic waste materials (e.g.
sewage sludge, municipal solid waste, waste tires, livestock manure, industrial effluents,
food waste, etc.) (Nanda et al. 2015b; Nanda et al. 2016a; Nanda et al. 2016b; Nanda
et al. 2016¢; Reddy et al. 2016;Gong et al. 2017a; Gong et al. 2017b; Nanda et al. 2017b;
Parakh et al. 2020; Singh et al. 2020). These waste residues can be transformed to some
advanced biofuels such as bio-oil, biodiesel, bioethanol, biobutanol, biogas, biohydro-
gen, syngas, etc. through a wide variety of thermochemical and biological conversion
technologies (Nanda et al. 2014; Nanda et al. 2016d; Sarangi and Nanda 2018; Sarangi
and Nanda 2019; Sarangi and Nanda 2020; Sarangi et al. 2020). Besides, fuel cells are
also some recent options being explored as a renewable source of energy using micro-
organisms and waste organic matter (Bhatia et al. 2020). Major merit associated with
the employment of fuel cells is zero-emission of harmful greenhouse gases (viz. SO,,
NO,, CO, and CO) (Rahimnejad et al. 2015; Bhatia et al. 2020). This chapter provides
an overview of microbial fuel cells for the production of bioelectricity.
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8.2 VARIATIONS OF MICROBIAL FUEL CELLS

Two forms of biological fuel cells are utilized such as enzymatic fuel cell (EFC) and
microbial fuel cell (MFC). Selective enzymes are involved in EFC for the redox reac-
tion, whereas MFC involves microorganisms (or electroactive microorganisms) in an
anaerobic anode compartment to generate electricity from organic compounds. The
potential of electroactive bacteria (EAB) has been recognized to oxidize a series of
organic matter or pollutant serving them with carbon for their metabolism. During this
process, EAB transfer the produced electron to anodes (Shen et al. 2014). Hence, MFCs
are renewable devices to transform chemical energy into electricity by employing the
anaerobic metabolic machinery of EAB.

The MFC technology is highly beneficial for having the capacity of converting
waste organic matter and pollutants into electricity using various microorganisms and
their enzymes. The MFCs differ from conventional fuel cells in many aspects. For
example, MFCs operate at ambient temperature range (approximately 15-45°C), which
involves biotic electrocatalyst at the anodic side and neutral pH condition. The MFCs
can utilize complex biomass and has less environmental adverse impacts when com-
pared to the traditional fuel cells (He et al. 2005; Larrosa-Guerrero et al. 2010; Borole
et al. 2011; Tremouli et al. 2016).

Based on the assembly of the cathode and anode chambers, MFCs can be classified
as single-chambered or double-chambered (Figure 8.1). For enhancing the efficiency of
MFCs, several modifications have been adopted in their basic design and structure. The
electrons generated in the anode chamber by the oxidation of the substrate move towards
the cathode, which is managed with the help of a mediator or without a mediator.

Depending on the movement of electrons from the EAB to the anode, MFCs can
be classified into two types such as MFCs with mediator and MFCs without a mediator
(Pant et al. 2010). In the first category, the MFCs employ mediators that are supple-
mented to the system. In the latter category, certain microorganisms aid in the transfer
of electrons via conductive pili or via cytochromes associated with their membrane
and are electrochemically active. In certain instances, the redox-mediating molecules
secreted by a microorganism also govern this mechanism. Some metal-reducing bacte-
ria such as Geobacter metallireducens, Rhodoferax ferrireducens, Shewanella putre-
faciens, Clostridium butyric and Aeromonas hydrophila exhibit this phenomenon of
mediator-less electron transport in MFCs. Soluble redox shuttles play an important role
in the power generation when MFCs involve a conglomerate of Alcaligenes faecalis,
Enterococcus faecium and Pseudomonas aeruginosa secreting these redox shuttles.
The added mediators can sometimes pose the problems of toxicity and instability to
limit their applications in MFCs. The employment of microbial-generated native elec-
tron shuttles can resolve this issue. It is interesting to employ the secondary metabolites
as redox mediators for MFC applications, as their in-situ production curtails the need
for adding exogenous redox shuttles to transfer the electrons.

Sediment-type microbial fuel cell (SMFC) is a form of MFC in which anode is sub-
merged in the anaerobic sediment comprising of detritus organic material of plant and
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FIGURE 8.1 A typical double-chambered microbial fuel cell

animal and human origin. An electric circuit joins this anode and a cathode electrode
dangled in superimposing water (Xu et al. 2015). The feasibility of this design depends
on the concept that exoelectrogens can utilize the organic carbon found in these sedi-
ments and liberate electrons that are transported outside the cells (Holmes et al. 2004).

8.3 NEW DEVELOPMENTS
IN MICROBIAL FUEL CELLS

The implementation of MFC technology aids in the generation of clean energy while
providing one of the best platforms for bioremediation of pollutants. The microbial
consortia are employed in the anode chamber of the MFC where they oxide the waste-
water or the pollutant to generate the electrons and protons. Theses microorganisms
utilize the electrons by the electron transfer chain for their metabolism after which they
travel to the cathode chamber completing the circuit. The protons produced in the anode
chamber during the oxidation process also travel via the proton exchange membrane
(PEM) to reach the cathode. The cathode chamber is oxygenated where the electrons
and protons reduce the oxygen to produce water molecules, thereby completing the
charge balance while converting the chemical energy to electrical energy (Osman et al.



78 Bioprocessing of Biofuels

2010). The extracellular electron transport mechanism of EAB supports the transport
of electron, thereby generating voltage (Wang et al. 2014). A study has shown the use of
human urine as a source of energy in MFCs (Ieropoulos et al. 2013).

Different mechanisms are adopted for transferring electrons to the solid elec-
trodes. Exoelectrogens in MFCs aid in transferring electrons. For example, pyocyanin
or riboflavin is a mediator secreted by Pseudomonas and Shewanella that accelerates
the transfer of electrons. Pseudomonas aeruginosa is also a potent secretor of electro-
chemically active phenazine derivatives, which plays an important role in anoxygenic
conditions allowing the bacteria to produce energy for its growth. Phenazines also help
to sustain the redox homeostasis as they act as electron acceptors to re-oxidize the
accumulated nicotinamide adenine dinucleotide (NADH) (Jayapriya and Ramamurthy
2012). The chemical variations of the insulating interface across the cellular membrane
can enhance the endogenous secretion of pyocyanin mediators in Escherichia coli (Hou
et al. 2013) and Pseudomonas aeruginosa (Wang et al. 2013), thereby boosting the
power output in the MFCs. Moreover, Pseudomonas-catalyzed MFCs support an exclu-
sive prospect to syndicate the metabolic potential of microorganisms to convert oxidiz-
able pollutants and with energy recovery.

8.4 REACTION MECHANISMS
OF MICROBIAL FUEL CELLS

Cathode and anode are the two chambers in MFCs made up of glass, polycarbonate
or Plexiglas. Microorganisms in the anodic chamber generate electrons and protons
to metabolize the organic substrates, produce energy and support microbial growth
(Das and Mangwani 2010). Protons and electrons travel towards the cathode through
the PEM where they cause the reduction of oxygen to water. Oxygen serves as an elec-
tron recipient to complete the entire process. Oxygen is a sustainable, non-toxic com-
pound and labeled as an ideal electron acceptor. A practical system is necessary to
separate bacteria from oxygen because the latter is inhibitory for electricity production
in the anode chamber. Hence, an anaerobic chamber is required for the anodic reaction.
The anode is the chamber where bacteria grows and the cathode is the chamber where
oxygen reacts with the electrons. A membrane separates biocatalyst from oxygen and
allows only charges to be transferred between the anode and the cathode (Das and
Mangwani 2010).

Two important factors that influence the functioning of MFCs are biological and
electrochemical parameters. In the continuous systems, the rate of substrate loading is a
biological parameter but power density and cell voltage are taken as chief electrochemi-
cal parameters. The performance of an MFC is also decided by various factors, which
include: (i) supply of oxygen with its usage in the cathode chamber, (ii) oxidation of
the substrate in the anode chamber, (iii) electron shuttle from anode section to anode
surface and (v) penetrability of the PEM (Rahimnejad et al. 2015).
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8.5 NOTABLE APPLICATIONS
OF MICROBIAL FUEL CELLS

8.5.1 Electricity Generation and
Wastewater Treatment

The major application of MFCs has been realized for bioelectricity generation sub-
sequently treating the wastewater. A wide variety of microorganisms is involved in
MECs either as a single species or in consortia by the virtue of their unique meta-
bolic potentials. Some of the chief substrates used by the microorganisms are sani-
tary wastes, wastewater generated out of food processing, poultry wastewater and corn
stover (Rabaey et al. 2006). The growth promoters proliferate the development of bio-
electrochemically active microorganisms during the wastewater treatment process.
Wastewater treatment is more efficient when the sulfides are removed through microbial
metabolism. The energy demands are highly curtailed on the treatment plant along with
the reduction in the quantity of unfeasible sludge produced by the predominant anoxic
atmosphere. The removal efficiency by MFCs is enhanced when they are connected in
series to treat the leachate. The generation of electricity is the additional benefit associ-
ated with this process (Gdlvez et al. 2009).

8.5.2 Biosensors

Organic matter can be monitored online when replaceable anaerobic consortia are
used as biosensors in which the biological oxygen demand (BOD) in the wastewa-
ter is one of the chief parameters. Most of the methods are not feasible for on-line
monitoring and regulation of biological wastewater treatment processes (Chang et al.
2005). The strength of the organic matter and the Coulombic yield of MFCs are lin-
early correlated, thus making the MFC a feasible BOD sensor. The BOD of a liquid
stream can be better perceived by measuring the MFC’s Coulombic yield. This is a
feasible approach for a wide concentration range of organic matter in the wastewater
(Kumlaghan et al. 2007).

8.5.3 Biofuel Production

Biohydrogen is generated in the MFCs as a biofuel used for the alternative of electric-
ity (Nanda et al. 2017a; Nanda et al. 2017c). Biohydrogen production becomes feasible
with minor changes in the MFCs. The MFCs are an alternative producer of biohydrogen
when compared to the classical method of its production through photo-fermentation or
dark fermentation (Sarangi and Nanda 2020). It is stated that by increasing the external
potential at the cathode, microbial electrolytic cells can potentially generate methane
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and hydrogen. Thus, MFCs can generate biohydrogen and contribute towards fulfilling
the energy demands in the future bioeconomy sector (Wagner et al. 2009).

8.6 FUTURE POSSIBILITIES IN MICROBIAL
FUEL CELL TECHNOLOGY

Momentous improvements in the MFC technologies have been witnessed in recent
decades. The practical utility and scale-up of MFC technologies encounter certain
technical challenges of which the impediment of power generation is of major con-
cern. The hindrance in the production of power is obstructed if the concentration of
the substrate surpasses a specific level because there is a direct relationship between
the substrate concentration and power generation by the MFC. The second issue that
needs attention is the high internal resistance that consumes the generated power sub-
stantially, thereby curtailing the MFC output. As there is an involvement of EAB in the
operation of MFCs, it is equally important to focus on improving the yield and transfer
of electrons. Genetic modifications of EAB is an approach that can be further explored.
Other research areas of attention are vital modifications in the electrode, optimization
of process parameters and scale-up of the reactor.

The focus is also being bestowed on employing cost-effective and sustainable
materials for constructing the MFCs. Achieving this target would help in scaling up of
the process along with suitable disposal of toxic wastes being accumulated as electronic
components, plastics and batteries. The performance of a MFC can be optimized if the
suitable provisions are made for the removal of the organic load. All these strategies
would boost up the power production by multifold levels. The possibility of employing
cost-effective and non-toxic mediators should also be considered. It would be better if
the need for using these artificial mediators can be subsided. The exploration of micro-
bial species that can support direct conductance should also be encouraged.

8.7 CONCLUSIONS

Microbial fuel cells are an excellent approach to solve environmental issues and energy
crises. A wide variety of microorganisms supports this process where they generate
electrons from the oxidation of organic matter. The movement of these electrons gener-
ates electricity. Several mediators can be employed to facilitate this process. However,
endogenous mediators of microbial origin can curtail the need for artificial mediators.
Many efforts are being made to make this technology cost-effective and efficient. The
last few years have witnessed the expansion of the scope of MFC utilization for bioelec-
tricity production for specialized utilities. The MFC is a feasible approach for producing



8 e Perspectives on Microbial Fuel Cells 81

biofuels such as biohydrogen. Some lethal compounds can also be remediated with the
help of MFCs technology.
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