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Abstract Lignocellulosic biomass has become popular as an untapped source for
biofuel production which plays a dual role, i.e., sustainable development and
renewable energy production. Biofuels are the alternatives to fossil fuel which are
cheap and environmental friendly and also have the capability to reduce energy crisis
along with waste management. But, there are some hurdles in direct conversion of
lignocellulosic biomass (composed of cellulose, hemicellulose, and lignin mainly) to
biofuels (i.e., biohydrogen, biogas, bioethanol, biobutanol, etc.). The main problem
occurs during the renovation of the lignocellulosic substrate to biofuel with due to
the composite nature of lignin. Lignin also prohibits cellulose and hemicellulose to
expose to digestion easily by microbial activity. Pretreatment of lignocellulosic
biomass is a pre-requisite to alter the compositional and the structural obstruction
of the biomass resulting in an enhanced yield of biofuel. This chapter provides an
overview of various lignocellulosic biomass resources along with biofuel production
technologies with special reference to physico-chemical and biological technologies.
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7.1 Introduction

There are various challenges in the present world like climate change, depletion of
resources, and increase in demand for fuel, etc. for which we humans are fighting. A
robust increase in industrialization leads to an increase in demand for fuels which
provides benefits to some countries that are capable to fluctuate the price of fuels. As
these issues grow over the years, research has also been increased to find some
alternative sources of fuel (Aftab et al. 2019). These alternative sources usage can
help in controlling the environmental pollution and have the potential to fulfill the
global energy demand to some extent.

While finding the alternative solution, biomass-derived energy sources came out
as boon to the world. These biomass-derived fuels have the potential to replace
conventional energy sources and are also non-polluting and environmentally benign
(Mahapatra and Kumar 2017). This book chapter thus designed to have some
in-depth knowledge about the biomass-derived fuels, their advantages, and different
ways through which yield can be enhanced.

7.1.1 History and Progression of Biofuel Production

For a very long time period, we (humans) depended on fossils to meet our energy
demands. Plant biomass was the first source of fuel utilized by human beings. With
increase demand of industrialization, fertile lands and biomass were destroyed. The
negative impact of traditional fuels on circumstances and increase demand lead
researchers to shift their focus towards biomass again. Fuels generated from this
biomass were then classified into first, second, third, and fourth generation which
will be discussed later in this chapter. A huge variety of biomass has been utilized
and explored till now for biofuel production. Currently biomass fulfills more than
10% global energy demands which make it a viable source of fuel for the present and
future generations (Miao and Wu 2004; Saidur et al. 2011; Heidenreich and Foscolo
2015; Sikarwar et al. 2017).

7.1.2 Current Scenario

Increase in population resulted in the increased demand for food and fuel both.
Lignocellulosic waste generated during the production of crops can act as a good
energy source which also leads to the sustainable development of the society.
The present era has lots of technologies that can help in extracting the energy from
the lignocellulosic biomass and the continuous development also helps in finding the
more suitable way to increase the yield of biofuels (Mari 2016). Various
modifications have been done in different countries to increase the utilization of
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the biomass-derived fuels. As there are many pros of biomass-derived fuels, there are
also some negative aspects which have to solve like pilot-scale modifications, higher
yield, storage, transport, and the modifications which have to be done to utilize these
fuels in efficient manner. Apart from all these technological issues, awareness
regarding biofuels is also very important. In the present conditions, there are various
pretreatment methods that are being explored to increase the yield of biofuels like
physical, chemical, physico-chemical, biological, etc. (Kumari and Singh 2018)
which will be discussed in detail further.

7.1.3 Different Types of Biofuels

Now-a-days there are several types of biofuel that can be extracted from lignocel-
lulosic biomass such as hydrogen, methane, ethanol, etc. (Mahapatra and Kumar
2017). These renewable energy sources have greater potential in comparison to the
conventional fuels in relations to energy security, financial issues, and ecological
stability (Demirbas 2009; Nigam and Singh 2011; Zabed et al. 2016; Zabed et al.
2019). Some of these fuels are:

7.1.3.1 Bioethanol

At present time bioethanol is majorly produced from corn and sugarcane at the
industrial level and can be blended with gasoline in specific proportions (RFA 2015).
A huge variety of waste can be exploited to produce bioethanol, e.g., citrus peels,
leaves, straw, corn stock, sugarcane bagasse, etc. (Kumari and Singh 2018). Fer-
mentation of molasses and starch for bioethanol production is emerging out as a
mature technology and different cellulolytic clostridia can be used for this fermen-
tation process. (Antoni et al. 2007).

7.1.3.2 Biobutanol

Biobutanol is considered as an excellent fuel as it can be used directly in engines
without modifying them. Production of biobutanol is mainly done by solventogenic
Clostridium sp. bacteria during the fermentation process which help in the break-
down of the complex sugars like pentose, hexose (Mahapatra and Kumar 2017).
Fermentation pathway used for the production of biobutanol is termed as the ABE
pathway (Kumar and Gayen 2011). There are various feedstocks which can be
utilized for the production of biobutanol like sugarcane juice, Napier grass, corn
stover, willow biomass, rice straw, etc. (Cheng et al. 2012, Ranjan et al. 2013,
Guo-Chao et al. 2016, Chi-Ruei et al. 2017, Jianzhi et al. 2017). There are various
kinds of usage of biobutanol like in cosmetics, drugs, antibiotics, hormones, etc.
(Cheng et al. 2012).
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7.1.3.3 Biomethane

Biomethane is another viable fuel that can be formed from biomass through anaer-
obic digestion (AD). Production of biomethane is considered as the simplest and
favorable method due to less capital investment and economic benefits (Rao et al.
2010; Chandra et al. 2012). Basically biomethane can be produced through two
methodologies, i.e., chemical and biological, out of which biological process
operates at a slower rate (Michailos et al. 2020). In agricultural driven countries
there is a huge feedstock which can be utilized for the biomethane production like
sugarcane, food waste, petha wastewater, etc. (Bansal et al. 2012; Kumar and Lin
2013; Bruno et al. 2016).

7.1.3.4 Biohydrogen

Hydrogen is regarded as the most excellent fuel due to its clean, non-polluting nature
and high calorific value. All these properties make hydrogen as a future fuel drawing
more and more attention (Valdez-Vazquez et al. 2005). Numerous methods have
been used for the production of hydrogen-like steam remodeling, hydrocarbon’s
partial oxidation, coal gasification, photolysis of H,O, biological method, etc. In
comparison to the other methods, the biological hydrogen production method is an
energy extensive process that can be performed using various feedstocks both solid
and liquid-like food waste, petha wastewater, rice straw, vegetable waste, etc.
(Singhal and Singh 2014; Kumari and Singh 2018).

7.1.4 Advantages of Biofuels

Till now we have an outlook of biofuel, its types and capabilities in the present time.
Worldwide researchers are focused to develop some efficient technology and
method for the production of biofuels which can meet global energy demands
(Zabed et al. 2019). Some of the advantages of biofuels are listed below:

* Reduced the use of fossil fuels

* Higher reliability and renewability

* Reduced air pollution and landfill sites

* Waste stabilization

* Reduced Greenhouse gases

» Carbon sequestration

¢ Sustainability

* Employment generation and rural development
e New industrial development, etc.
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7.1.5 Environmental Challenges and Remediation

Global, economic and social changes are mainly related to the energy potential of a
country. Presently, petroleum and coal are used to fulfill 80% of the energy demands
worldwide which is expected to grow by 37% till 2040 (Joshi et al. 2017; Kour et al.
2019). A large number of methods are available and can be expended for the
production of biofuels (Tomes et al. 2010). Plant biomass, agricultural wastes,
food waste, etc. has the potential and are being studied over the years for the
production of biofuels. There are various advantages of biofuels but still some
challenges have to be faced to make biofuels worldwide acceptable in an efficient
manner (Dragone et al. 2010; Rodionova et al. 2017).

Presently, the challenges some of which have to be confronted for mercantile
extraction of biofuel to meet the global energy demands are (Scott et al. 2010; Nigam
and Singh 2011; Wang et al. 2018):

¢ Enzyme production

* Technology development and cost

* Pretreatment methods for enhanced yield of biofuels
» Storage and transport facilities

* Food-fuel competition, etc.

To overcome most of these challenges, various biofuel production technologies
have developed and some are under the developing stage. For the production of
second-, third-, and fourth-generation biofuels by pretreatment of lignocellulosic
biomass and technologies utilized is discussed in the following sections.

7.2 Biofuel Production Technologies

A number of biofuel production technologies are used in the last decades for biofuel
generation. Generally, biofuels are derived from a large variety of biomass, micro-
organisms, and different plants or animal wastes (Mari 2016). Biofuels are classified
into four main categories according to the feedstock used and the production
technology applied for the production process. Figure 7.1 represents the four cate-
gories of biofuels (Kumari and Singh 2018).

7.2.1 First-Generation Biofuel Production

Production of “first-generation” biofuels takes place by utilization of agricultural
food crops like wheat, rice, maize, sugarcane, barley, soybean oil, sugar beet,
sunflower seed, palm oil, cellulose, etc. But, utilization of these food crops is not
advantageous as it can result in problems like food scarcity in developing countries
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Fig. 7.1 Classification of biofuels. Source: Kumari and Singh 2018

like India which is already facing food supply problems due to the enhancement of
the human population (Naik et al. 2010). Some of technologies provide a limited
yield of specific biofuel and also negatively impact the food security (Mari 2016).
The rise in food prices is an undesirable effect of first-generation biofuel production.
These biofuels also have some negative impression on surroundings and carbon
balance which confines the intensification of first generation biofuel production
(Laursen 2006). Thus there is an urgent need to develop an advanced technology
for biofuel production which could be capable to produce biofuels from non-food
renewable sources of biomass. This necessity attracted researchers to switch to
produce second and third generation biofuels.

7.2.2 Second-Generation Biofuel Production

“second generation” biofuels are derived from the agricultural biomass (also called
lignocellulosic biomass) rather than food crops by use of advanced technologies.
The main objective of second-generation biofuel production is to sustainably pro-
duce a higher amount of biofuels from non-food parts of crops, agricultural residues,
municipal solid wastes, and industrial wastes (Antizar-Ladislao and Turrion-Gomez
2008). Production of these biofuels is also environmental friendly because these are
carbon deficient or carbon neutral and hence do not contribute to CO, concentrations
like fossil fuels. Production of second generation biofuels is expensive as these are
produced from cheap, abundant, and easily available non-food biomass (Naik et al.
2010). second generation fuels have the potential to demote net carbon discharge,
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upsurge energy proficiency, and undermine the drawbacks of first generation
biofuels (Antizar-Ladislao and Turrion-Gomez 2008). These fuels can be obtained
by AD and fermentation after the pretreatment of lignocellulosic biomass (Kumari
and Singh 2020a).

7.2.3 Third-Generation Biofuel Production

Production of “third generation” biofuels is now under massive research to develop a
cost-effective method to upgrade the metabolic production of biofuels from algal
biomass. The separation process in bio-oil production of third-generation biofuels to
eliminate non-fuel part to lower the production cost is in practice correspondingly
(Mari 2016). Hence specific extraction of biofuels like biodiesel, ethanol, and biogas
from algal biomass is of great interest to enhance biofuel production from renewable
sources that would able to compete with fossil fuels in the future (Panbdey et al.
2014). This expertise is still not commercial and sustainable due to low Photon to
fuel transition proficiency of biodiesel production. Recent improvements in meta-
bolically engineered algal biomass to enhance lipid production without cooperating
progress can be considered likely an imperative breakthrough regarding the ecolog-
ical production of biodiesel (Trentacoste et al. 2013). The combined production of
algal biofuel and high-value chemicals, using wastewater (and or seawater) as
cultivation modes along with the elaboration of supplementary economical
bio-reactors are some expertise, which will force to produce algal biofuel more
advantageous in the immediate future. It is the matter of immediate concern to
modify a genetically engineered cost-efficient algal biofuel to restrain the problem
of agronomy, harvesting, and handling (Medipally et al. 2015).

7.2.4 Fourth-Generation Biofuel Production

Production of “fourth-generation” biofuels takes place by the use of photosynthetic
biology of algae and cyanobacteria (Scaife et al. 2015) being a juvenile but highly
progressing field for renewable energy production. Production of first-, second-, and
third-generation biofuels is dependent whichever upon biomass or organic wastes
those are the result of former time photosynthesis of plants (different from contem-
porary resources). Even though these fuels are very useful but their production is
often limited to the productivity and availability of the consequent raw material
which bounds their global applications. Conversely production of fourth-generation
biofuels would be centered on widely available, cheap, and principally everlasting
raw materials (Mari 2016). Photosynthetic or photocatalytic water splitting into its
elements through sunlight can be fitted a huge supplier of global scale fuel produc-
tion. This can be achieved either by unnatural photosynthesis (Ingands and
Sundstrom 2016) or and through uninterrupted solar biofuel fabrication expertise.
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Not only the hydrogen generation (Sharma et al. 2019) but also the manufacture of
carbon deficient fuels is promising via simultaneous boosted preoccupation of
atmospheric carbon dioxide and inventive strategy of artificial metabolic routes to
produce biofuels. Hence fourth-generation biofuels can be produced by designer
photosynthetic bacteria, electro-biofuels, or specifically couturier synthetic organ-
elles designed to produce highly esteemed products (Mari 2016).

7.3 Lignocellulosic Biomass Resources

Mainly two types of biomass resources are available in the world which can be
obtained from the agriculture sector, aquatic plants, forest, and industries as depicted
in Fig. 7.2. Plants, trees, grasses, forests, agricultural crop residues, and municipal
solid wastes are the versatile renewable sources of biofuel production for a long time
because these are everlasting and renew through the photosynthesis process by use
of environmental CO,, water, and sunlight. Due to the presence of their constituents
(namely cellulose, hemicellulose, and lignin) these are called lignocellulosic bio-
mass. Primary metabolites like carbohydrates and lignin are present in abundance in
lignocellulosic biomass as compared to secondary metabolites (i.e., gum, resins,
rubber, waxes, alkaloids, tannins, etc.) being lower amounts present (Clark 2007;

Starch sugar crops - Potato, sugarcane, com

0il seed plants Palm, jatropa, soybean

Fruit plants Grapes, berry, banana

Biomass

Wheat straw, rice straw, com
cobs, com stalks

Resources

_Saw dust, pulp waste, thinned
wood, stems

. . ] Water hyacinth, sea weeds,
Lignocellulosic | Algal biomass macro algae
biomass
Food processing Fruit wastes, industrial waste,
wastes “bagasse, fruit pulp
Municipal solid Fruit rinds, sewage sludge,
— wastes " vegetable waste

Fig. 7.2 Schematic representations of various kinds of biomass resources. Source: Naik et al. 2010
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Naik et al. 2010). These low volume secondary metabolites are applied to produce
prominent chemicals (i.e., medicines, cosmetics, food flavors, etc.) using assimilated
techniques. Whereas the lignocellulosic portion of plant biomass can be exploited
for a large variety of biofuel production (i.e., biogas, biohydrogen, bioethanol,
biomethanol, biodiesel, etc.) after suitable pretreatment of biomass (Yadav and
Vivekanand 2020; Kumari and Singh 2018).

7.3.1 Agricultural Crops and Their Waste by-Products

The agriculture sector produces two types of crops mainly; food crops and grasses.
Food crops include wheat, maize, rice, sugarcane, sugar beet, sweet sorghum,
vegetables, fruits, oilseed rape, etc. and grasses include switch grass, rye, alfalfa,
Miscanthus, etc. But the use of these crops for biofuel production creates conflict
between food and energy (Fenning et al. 2008) so crop residues are the best
alternatives of food crops that can be used for biofuel production. Rice straw,
wheat straw, barley straw, corn cobs, corn stover, citrus waste, switch grass, etc.
are the good option of agro-industrial wastes (Jeihanipour and Bashiri 2015).
Production of lignocellulosic ethanol and the use of rice straw for this purpose is
now in demand because other agricultural residues (i.e., wheat straw, barley straw,
and corn stalks) are used as cattle fodder. But high silica content makes rice straw
unfit to use as cattle feed and confirms its high availability for biofuel production
(Kumari and Singh 2020a, 2020b; Singh and Kumar 2019; Hans et al. 2019).

7.3.2  Municipal Solid Waste (MSW)

MSW comprises residues from household and industry (i.e., fruits and vegetable
rinds, food waste, rotten fruits and vegetables, fruit pulp from juice industries, paper
waste, kitchen waste, etc.) which is a virtuous raw material for biofuel production. A
variety of MSW had been recycled for biogas production (Bolzonella et al. 2019;
Kader et al. 2015; Bansal et al. 2013), biohythane (Gottardo et al. 2017; Yeshanew
et al. 2016; Giuliano et al. 2014), biohydrogen (Singh et al. 2017; Ghimire et al.
2015; Singhal and Singh 2014; Bansal et al. 2012; Elsayed et al. 2011), bioethanol
(Kumari et al. 2018), volatile fatty acids (Kumari and Singh 2020a) and other high-
value commodities. The great advantage of MSW is its biodegradability (about 65%)
which eases its utilization to produce biogas and bioethanol (Li et al. 2007). The use
of biodegradable MSW is more suitable if it treated on site for waste to energy
purpose because this practice will reduce the extra load of landfills (McIvor and
Evans 2008). The government of India has encouraged people to segregation of
biodegradable and non-biodegradable fraction of their household waste and door to
door collection of both kinds of waste is also managed separately for proper
utilization of biodegradable fraction by energy as well as manure production plants.
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For this purpose, “Swachh Bharat Abhiyan” campaign was launched in India on
October 2, 2014, on the occasion of the birthday of Mahatma Gandhi.

7.3.3 Wood and its Wastes

Wood residues like sawdust and wood chips are another option of lignocellulosic
biomass which can be obtained from a number of trees (e.g., eucalyptus, poplar,
Salix, bamboo, pine, willow, etc.) (Salehian et al. 2013; Tomé and Verwijst 1996)
and provide hypothetically high calorific values than agronomic wastes for biofuel
production. A large advantage of cultivating these woody plants is growth in the
marginal of agronomic land without compete with food harvests for space (Fenning
et al. 2008). Pine forests in India (Uttarakhand) produce around 20.58 lakhs tones
biomass per year on dry basis (e.g., pine needles, bark, etc.) (Bisht et al. 2014) which
can be a good option for biofuel production prior suitable pretreatment. The use of
poplar leaves was found effective after acid and alkaline enzymatic pretreatment for
biohydrogen production (Cui et al. 2010). Currently, just a minor fraction of liquid
fuels is derived from forests which can be enhanced by the development of a viable
and economic technique for liquid biofuel production from woods for widespread
use in the transportation segment.

7.3.4 Algal Biomass

The use of algal biomass for biotechnological biodiesel production is a new emerg-
ing field of research (Kim et al. 2013). Bioenergy production using algal biomass
(microalgae and macroalgae both) attracted investors for funding projects to produce
biofuels using this sustainable biomass even the cultivation of some species of algae
is also in practice to achieve good biofuel yields. Biofuels derived from algal stuff
are generally called third- and fourth-generation biofuels (Fig. 7.1). Cultivation of
these algae can be done in natural ponds, man-made ponds, or in photo-bioreactors.
Thousands of algal species are available with varying sizes from microscopic to
about 60 meter long. In sympathetic environments, algal commodity grows very
swiftly and attains its total mass with 50% oil (Algae base 2020). Various microalgal
(Feng et al. 2019; Fabiana et al. 2016; Costa et al. 2015) and macroalgal biomass
(Montingelli et al. 2016; Xue et al. 2016; Yann et al. 2015) were consumed to
produce biohydrogen, biogas, and other biofuels. Application of a synergistic
approach for sustainable production of third- and fourth-generation biodiesel from
algal biomass can reduce the cost of biofuel (Raslavicius et al. 2014).



7 Enhanced Biofuel Production from Lignocellulosic Biomass: An Overview of. .. 161
7.3.5 Food Processing Wastes

A large variety of food processing wastes has been utilized for the production of
various kinds of biofuels. Being produced from different industries, these wastes can
also be called the industrial wastes and includes; palm oil mill effluent
(Seengenyoung et al. 2018, Mamimin et al. 2015), dairy wastewater (Kumari et al.
2018), sugarcane bagasse (Bruno et al. 2016), wastewater from pulp and paper
industry (Antizar-Ladislao and Turrion-Gomez 2008), olive mill wastewater
(Anish et al. 2016), de-oiled jatropha waste (Kumar and Lin 2013), wastewater
sludge (Guo et al. 2008), rambutan fruit waste (Kandari and Gupta 2012), used
cooking oil, etc. are used for the production of biofuels. These food processing
wastes were used solely or with some other lignocellulosic biomass for ethanol and
biogas production (Kumari and Singh 2020a; Kumari et al. 2018). Besides from
these wastes, various industrial wastewater forms are also rich source of organic
substrates and energy can be recovered from these wastewaters in the form of
biofuels and electricity (Kumari and Singh 2019; Singhal and Singh 2015).

7.3.6 Garden Waste

Tree pruning, leaves, stem, grasses, bark, nutshells, etc. are some types of garden
wastes and can be utilized for producing biofuels after collection at the time of
seasonal or manual cutting and shaping of garden plants and hedges. This is also a
kind of lignocellulose rich biomass but cannot be used without prior pretreatment for
biofuel extraction. Agricultural residues contribute only 5% of lignocellulosic bio-
mass production (similar to landfill gases) followed by MSW (24%) and woods and
wood residues (65%) (Deshmukh et al. 2008).

7.4 Advanced Pretreatment Technologies and Their Effects

Pretreatment is a process of converting complex lignocellulosic biomass into its
simple components (cellulose, hemicellulose, and lignin). Removal of lignin, hemi-
cellulose preservation with enhancement in the porosity of the material is the main
objective of the pretreatment process. An effectively economic pretreatment should
reduce the crystallinity of cellulose with improvement in released sugar and produce
the least amount of inhibitors (Chiaramonti et al. 2012). For this purpose, a number
of pretreatment technologies (namely, physical, chemical, physico-chemical, bio-
logical, and combined) are available, shown in Fig. 7.3.
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7.4.1 Chemical Pretreatment

Figure 7.3 shows various types of chemical pretreatment methods of lignocellulosic
biomass for enhanced biofuel production. Different kind of lignocellulosic biomass
was pretreated chemically for the production of biofuels. Olive mill residue was
pretreated with alkaline H,O, for biomethane production (Siciliano et al. 2016). Free
nitrous acid was used by Xue et al. (2016) for the pretreatment of algal biomass for
methane production. Ghimire et al. (2015) used Sodium 2-bromoethane sulfonic
acid for pretreatment of potato and pumpkin waste for biohydrogen production.
NaOH was used for alkaline pretreatment of Teff straw (Akiber et al. 2015), pine
wood (Salehian et al. 2013), rice straw (Chandra et al. 2012), and poplar leaves (Cui
et al. 2010). Alkaline petha wastewater and acidic dairy wastewater pretreatment
were applied for pretreating rice straw for bioethanol and methane production
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(Kumari and Singh 2020a, Kumari et al. 2018). Olive mill wastewater and olive
pomace were pretreated with H,SO4, NaOH, and CaCOs for bioethanol production
(Sen et al. 2016). Gamba grass (Bagudo et al. 2014), willow biomass (Han et al.
2013), and rice straw (Ranjan et al. 2013) were pretreated with H,SO, for ethanol
and biobutanol production, respectively. Corn stover was pretreated with deep
eutectic solvents for biobutanol production (Guo-Chao et al. 2016).

7.4.1.1 Effect of Chemical Pretreatment Methods

The higher concentration of acid in acid pretreatment produces many inhibitors
which inhibits the growth of microbes and reduces biofuel production (Taherzadeh
and Karimi 2008). Strong oxidizing agents like H,O, oxidizes lignin to produce
inhibitors (soluble aromatic compounds), more than 4% H,0, inhibits the anaerobic
digestion (AD) process (Song et al. 2012). Alkaline pretreatment also inhibits AD
particularly methanogenesis (Chandra et al. 2012). Ozonolysis is an expensive
technique and utilization of large amount of ozone limits its extensive use (Appels
et al. 2012). Ionic liquid pretreatment is a new technique for the pretreatment of
lignocellulosic biomass but the high cost is major drawback of this technique due to
the use of expensive solvents (Kumari and Singh 2018). In organosolv pretreatment
organic solvents (ethanol, methanol, acetone, ethyl glycol, etc.) with acid and alkalis
as catalysts are used as de-lignifying agents (Guo-Chao et al. 2016).

7.4.2 Physical Pretreatment

These pretreatments include milling, grinding, freezing, pyrolysis, and biomass
irradiation with various rays (Fig. 7.3). Many of these pretreatment technologies
were used on a large variety of biomass by various researchers for biofuel produc-
tion. Microalgal biomass was pretreated by beating, ball milling, and microwave
(MW) for biomethane production (Montingelli et al. 2016). Milling was applied to a
large variety of biomass (e.g., Sawdust, Japanese cedar, rice bran, rice straw, and
husk) for enhanced biomethanol production (Hitoshi et al. 2005). MW irradiation
was applied to wastewater sludge (Guo et al. 2008), mixed microbial culture
(Singhal and Singh 2014), and microalgal biomass (Feng et al. 2019) for biohythane,
biohydrogen, and biomethane production, respectively. Wheat straw was MW
irradiates at 150 °C for enhancement in methane yield (28%) than untreated straw
(Jackowiak et al. 2011). Extrusion of cassava was done for the maximum conversion
of starch to ethanol (Chang and El-Dash 2003). Catalytic pyrolysis was applied by
Bu et al. (2016) for biofuel and other chemical production.
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7.4.2.1 Effects of Physical Pretreatment Methods

Size reduction enhanced biofuel production but De la Rubia et al. (2011) found that
milling should be done in such a way so that it will not negatively affect the biofuel
production process because excessive milling may result in reduced biofuel yield
with extreme amount of inhibitory products (volatile fatty acids). A great advantage
of milling is that fermentative inhibitors like furfural and hydroxymethyl furfural are
not produced in milling (Ramos 2003). According to Gabhane et al. (2011) MW
pretreatment collapses the cellulosic component of biomass as a result of dielectric
polarization by molecular conflict. Li et al. (2012) reported that MW irradiation of
Pennisetum hybrid at 260 °C adversely affected methane production. Extrusion is
thermo-physical pretreatment which is more advantageous because fiber shortening
occurs due to disruption of biomass by application of shear forces (Senturk-Ozer
et al. 2011). Freezing is an eco-friendly but comparatively expensive pretreatment
technique because of applying less amount of harmful chemicals but less research
has been done. Pyrolysis is done at more than 300 °C for the disintegration of
biomass cellulose into gases (CO and H,) and char which is finally converted into
glucose for the biofuel production process.

7.4.3 Physico-Chemical Pretreatment

Various physico-chemical pretreatment methods are also listed in Fig. 7.3 which was
used for the lignocellulosic biomass pretreatment. Use of ultrasonication was done to
pretreat rice straw (Kumari and Singh 2020a; Kumari et al. 2018) and food wastes
(Elsayed et al. 2011) for methane, ethanol, and biohydrogen production. Coconut
husk and cactus (Fabiana et al. 2016), sugarcane bagasse were auto-hydrolyzed
(Bruno et al. 2016), beach-macro-algae was pretreated with thermo-acidic (Yann
et al. 2015; Akiber et al. 2015), Miscanthus lutarioriparius was treated with a steam
explosion (Ivo et al. 2016). Household food wastes were pretreated with ammonia
for biohythane production (Gottardo et al. 2017). Microalgae were pretreated with
chemical assisted ultrasonication for biomethane production (Caporgno et al. 2016).

7.4.3.1 Effect of Physico-Chemical Pretreatment Methods

These pretreatment methods are more advantageous over solely physical and chem-
ical pretreatment methods because most of the methods are cost-effective. Ammonia
fiber explosion does not necessitate reduced grain size and the formation of inhib-
itors does not take place (Kumar et al. 2009). Ultrasonication can able to disrupt the
cell wall configuration via cavitation with intensification in specific surface areas and
also reduce the degree of polymerization with an increase in biomass solubility (Sen
et al. 2016). Autohydrolysis is more beneficial because it disrupts biomass to makes
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it more operative without the use of any chemical for the enzymatic attack but low
saccharification rate and production of inhibitory products is a major drawback
(Taherzadeh and Karimi 2008). Liquid hot water pretreatment does not demand
any exclusive and expensive corrosive-opposing objects for biofuel producing
reactor setup (Laser et al. 2002). CO, explosion is more effective but costly as
compared to lower inhibition formation (Sindhu et al. 2016).

7.4.4 Biological Pretreatment

These methods are extra eco-friendly than other methods for lignin removal which
are namely fungal, microbial consortium, and enzymatic. MSW was pretreated
biologically for biohydrogen and methane production (Bolzonella et al. 2019).
Lignocellulosic biomass was pretreated biologically with Curvularia lunata
(Yadav and Vivekanand 2020) for methane production, microalgae (Fabiana et al.
2016), poplar leaves (Cui et al. 2010), and rice straw (Sen et al. 2016) were
enzymatically pretreated for biohydrogen production. Cassia fistula L. fruit pulp
was pretreated with Rhodosporidium kratochvilovae (Alok et al. 2015) for biodiesel
production. Sugarcane bagasse was pretreated with by Thermoascus aurantiacus for
biobutanol production (Zong-Wen et al. 2016). Microalgae were enzymatically
pretreated with cellulase and enzyme mixture for biomethane production (Fabiana
et al. 2016). Pretreatment of corn stover via co-culture of two fungi (Clostridium
cellulolyticum and Citrobacter amalonaticus) was used for biohydrogen production
(Shou-Chi et al. 2018).

7.4.4.1 Effect of Biological Pretreatment Methods

A wide variety of white rot-fungi have been used for biological pretreatment, among
which Phanerochaete chrysosporium has highest proficiency in lignin disruption
(Sindhu et al. 2016). In case of pure fungal strains, sterilization of lignocellulosic
biomass is required to avoid the contamination of fungi to escape the reduced biofuel
yields which is not pre-requisite for most of the microbial consortium pretreatment.
Nowadays, lignocellulosic biomass pretreatment in assistance with genetically mod-
ified fungal or microbial species have gained more attention because of high biofuel
yield as compared to natural species. Microbial consortium pretreatment was found
to be best in all three biological pretreatments because less care is required for
maintaining the mixed microbial source to prevent from being contaminated which
also resulted in reduced pretreatment cost. But biological pretreatment is not as much
effective as chemical pretreatment due to long retention time, high microbial selec-
tivity, and being overpriced, and further research is required (Kumari and Singh
2018).

Apart from the above pretreatment methods, a long list of research is additionally
available for the application of combined pretreatment technologies for enhancement
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of biofuel yields. Combined pretreatments have many advantages over single pre-
treatments (e.g., more lignin removal and high cellulose solubility). Singhal and
Singh (2015) applied combined heat with acid and alkali on petha wastewater for
biohydrogen generation. Rice straw was pretreated with ultrasonic-assisted alkaline
petha wastewater and acidic dairy wastewater for bioethanol and methane produc-
tion (Kumari and Singh 2020a, Kumari et al. 2018). Ivo et al. (2016) applied a steam
explosion with NaOH and size reduction and Montingelli et al. (2016) used beating
and ball milling with MW for enhanced biomethane production.

7.5 Future Research Directions

There is a great scope in biofuel production as these are capable of eliminating
various problems such as fuel security, depletion of resources, environmental chal-
lenges, etc. Apart from this biofuel production can also led to the waste minimization
which will reduce the load on landfill sites (Mclvor and Evans 2008). A lot of
research has been done and it is still going further to find out the suitable method
which can enhance the production. There are various methods of biofuel production
which have been explored at the lab scale but the main challenge is to imply that at
large pilot scale. There is no doubt in accepting that biofuel has the potential to fulfill
the world energy demand and future research will be focused on the applications of
the technology at pilot scale. After the implementation of biofuel technology, there
will be various effects which have to be monitored. Lignocellulosic biomass will
play an effective role in biofuel production as the amount of this biomass will
increase with enhanced energy demand as the population increases.

Pretreatment methods are also explored which are less energy intensive, chemical
free, and result in better yield production. Coupling of various pretreatment methods
can also affect the yield either in positive or negative manner (Kumari and Singh
2018). Treatment of mixed lignocellulosic waste can also be carried out such that
there should be some symbiotic relationship between the two biomass and help in the
degradation of each other. This can reduce the pretreatment cost and make the
process more viable (Kumari and Singh 2020b) which can be easily adapted
anywhere. Climatic conditions also affect the efficiency of bacterial degradation
which reduced biofuel production for some favorable time period during the year.
This problem should also be focused so that the continuous production of biofuel can
be done at a pilot scale.

Future research should explore some easy growing enzymes which can be
adapted by a farmer so that they can treat their agricultural waste and energy
produced from this can be utilized. Technology should be made adaptive to use
biofuels for transportation and conversion of it into electricity which can help in
reducing the loads on conventional fossil fuels.
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7.6 Conclusion

Keeping the present situation of fulfilling energy demand in mind, the production of
biofuels from cheap and alternative biomass sources has been highly encouraged in
the last decades. The complexity of lignocellulosic biomass restricts to utilize the
biomass resources directly for energy generation. Pretreatment is the pre-requisite to
produce biofuels from lignocellulosic biomass. A large variety of pretreatment
processes are available but most of these processes are chemical based and harmful
to environment. To find a cheap, energy-efficient and eco-friendly (green)
pretreatment process is a challenge that would be able to reduce or totally remove
the hurdles of available pretreatment technologies. Two or more pretreatment pro-
cesses when applied in combination can solve some part of the problem but still
further research is required to tackle the rest. Utmost all combinations of pretreat-
ments utilize high energy for further energy generation in the form of biofuels which
enhances the cost of the pretreatment process. This energy consumption should be
balanced in such a way so that biorefineries become a profitable sector for the
developers and workers of this field.
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