Different Facets of Lignocellulosic Biomass
Including Pectin and Its Perspectives

Sarita Shrestha, Aristide Laurel Mokale
Kognou, Jin Zhang & Wensheng Qin

Waste and Biomass Valorization
ISSN 1877-2641

Waste Biomass Valor
DOI 10.1007/s12649-020-01305-w

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer
Nature B.V.. This e-offprint is for personal
use only and shall not be self-archived

in electronic repositories. If you wish to
self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Waste and Biomass Valorization
https://doi.org/10.1007/512649-020-01305-w

REVIEW t')

Check for
updates

Different Facets of Lignocellulosic Biomass Including Pectin and Its
Perspectives

Sarita Shrestha’ - Aristide Laurel Mokale Kognou' - Jin Zhang? - Wensheng Qin'

Received: 26 July 2020 / Accepted: 6 November 2020
© Springer Nature B.V. 2020

Abstract

The plant matter, lignocellulosic biomass, is a renewable and inexpensive abundant natural resource in the world. The
development of inexhaustible energy rehabilitated from agricultural waste is an alternative for fossil fuel to reduce CO,
emission and prevent global warming. The amount of waste generated has a direct correlation with the human population.
Thus, the waste generated by the community is being added to the environment as the municipal, agricultural waste, and
waste produced from forest-based industries. Moreover, there are high possibilities of having environment-friendly valuable
bio-based products, including biofuels, biogas, enzymes, and biochar from biomass without competing with the food supply
chain. However, only a few or limited kinds of products are produced industrially. This review highlights the significance of
lignocellulosic biomass. It describes the different valuable products like biochemicals, biochar, enzymes, single-cell protein,
dye dispersant, and bioplastic from lignocellulosic biomass, emphasizing their applications briefly. Besides, this review also
highlights the pretreatment of biomass, mainly focusing on biological pretreatment. Natural biomass utilization would lead
to solving the energy shortage, food security issues, and obstacles for developing technological solutions in agriculture,
agro-processing, and other related manufacturing sectors.
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Statement of Novelty

There have been several studies regarding the bioconver-
sion of lignocellulosic biomass into value-added products.
However, almost all articles review and include the hemi-
cellulose, cellulose, and lignin. This review article aims to
have pectin as a constituent of biomass because some lig-
nocellulosic biomasses are rich in pectin. Though pectin is
present in a low concentration in many plants’ biomasses,
it is accountable in fruits and vegetable wastes, and pectin
has diverse applications. Thus, to include pectin as the cell
wall component of plant biomass in this review article is the
novelty of the article. Also, this article describes the differ-
ent possible value-adding products produced from biomass.
It is also necessary to know about additional steps to produce
various products from biomass, including the pretreatment
methods, to reduce production cost. With the utilization of
biomasses, pollutions and disposal problems caused by those
wastes will be decreased.

Introduction

The organic matter which is found readily and abundantly
in the earth like wood, grasses, crop residues, kitchen waste,
forestry waste, animal manures, and wastes produced by
different industries including paper, agriculture, food, and
municipal are Lignocellulosic biomass (LB) [1, 2]. Agri-
cultural and fruit waste are also used as feed for animals or
used to make organic fertilizer [3] or were burned out [4].
However, LB can be used as resources in paper industries,
animal feed, biomass fuel production [5], and are convertible
into different value-added products [6, 7]. The burning of LB
increases air and environmental pollution, which indirectly
affects the health of humans and living things [4]. LB is eas-
ily obtainable, can be renewed, recycled, is an excellent eco-
nomical and eco-friendly alternative of fossil carbon source
for biofuel and other bio-based products like biochemicals
production [8, 9].

Additionally, a carbon-neutral renewable source can
reduce greenhouse gases (GHG) emissions and environmen-
tal pollution [9, 10]. The report of Bioproducts production
and development survey of 2015 mentioned that about 21
million metric tons of agricultural and forestry biomass in
Canada per year is used for bioproducts production [11].
Similarly, the report has stated that bio-based products are
expected to make 11% of global chemical sales and bio-
based sales of $375-$441 billion by 2020 [12]. When bio-
fuel is produced from starch and sugar crops, there may arise

@ Springer

the question of sustainability and may lead to a struggle
with food production [13]. However, lignocellulosic feed-
stocks have crucial advantages over other biomass supplies
because they are the non-edible portion of plants and do not
interfere with food supplies [9]. Moreover, the utilization
of biomass prevents different environmental severe prob-
lems; for example, forestry, agricultural and agro-industrial
wastes which accumulate every year in large quantities will
be used resulting in fewer disposals of these wastes to the
soil or landfill [8, 9]. Agriculturally important biofuel feed-
stocks include corn starch, soybeans, and sugar cane, which
can be cultivated for energy purposes in a short duration
at a lower cost than others. Huber has described that these
biofuel feedstocks are significantly cheaper than crude oil
[14]. When these feedstocks are cultivated in the land, the
production per unit land area increases and land-use effi-
ciency also increases [15]. In Bio-based Chemicals- IEA
Bioenergy, it is mentioned that the statement on biomass use
as “Indeed, its use in green chemistry and green materials
is saving more CO,. It is more resource-efficient and leads
to more employment than using the equivalent land area to
produce bioenergy” [16].

Thus, LB has a hopeful future as a predictable, feasible,
and maintainable resource for biofuels and other value-
added products [9, 15, 17]. In general, the bioconversion
process includes the different steps such as pretreatment
and hydrolysis of biomass that help biomass to break down
into simple sugars, which further undergo fermentation and
other methods to produce additional value-adding products.
Although LB is abundant and usually low-priced, and the
conversion process seems simple, there is a big challenge
to convert LB into fine chemicals and polymers at an eco-
nomical cost [18, 19]. This challenge is due to the resistant
of LB against enzymatic and chemical degradation [13].
Another challenge is to decrease high oxygen content from
biomass and produce low-value, high-volume biofuel with
high energy density having physical and chemical properties
like fossil fuel and need to develop the integrated biocatalyst
technology [20]. Pretreatment can enhance low-value high-
volume biofuels and other high-value low-volume chemi-
cal production from LB on an industrial scale. However,
their pretreatment is not easy, and there is a debate about the
pretreatment of those materials [20]. Pretreatment of LB is
expensive, relating to both cost and energy but is essential
for changing the physical and chemical properties of the
lignocellulosic matrix [21, 22]. More about pretreatment is
explained later in section “Pretreatment of LB”. Biorefin-
ery and biofuel technologies are developed for renewable
oil and green monomers production from LB compatible
with petrochemistry [23]. This review article highlights the
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significance of LB, the structure of LB, the pretreatment
method, different hydrolytic enzymes, valuable products
from the degradation of LB and their applications in the
sections below.

Structure and Sources of Lignocellulosic
Biomass

LB is mainly composed of cellulose, hemicelluloses, and
lignin as the main component of plant cell walls [1, 2]. In
some plant biomass, pectin like carbohydrate polymer is
also present [4, 24-26]. In addition, other components like

acetyl groups, minerals, phenolic substituents [27], and ash
are present in a minimal amount [28]. The composition of
LB differs between the species and their sources, such as
hardwoods, softwoods, and grasses (Table 1). Moreover, the
composition also varies with age, stage, and conditions of
plant growth even in a single species. Depending on the
type of LB, these carbohydrate polymers are organized into
complex non-uniform three-dimensional structures to differ-
ent degrees and varying relative composition [27, 29]. The
resistance in degradation and toughness or recalcitrance of
LB is due to the crystallinity of cellulose, hydrophobicity of
lignin, encapsulation of cellulose [2, 30, 31], and complex
structure of pectin [26].

Table 1 The contents of

. Lignocellulosic biomass® Cellulose (%) Hemicellulose (%) Lignin (%) Pectin (%)
cellulose, hemicellulose, and
lignin in various lignocellulosic  Corn cobs [10] 33.7-41.2 31.9-36.0 6.1-15.9 -
5’1605‘5335 (modified from [6, 10, pice straw [10] 29.2-34.7 23.0-25.9 17.0-19.0 -
Barley straw [10] 36.0-43.0 24.0-33.0 6.3-9.8 -
Ray straw [10] 36.2-47.0 19.0-24.5 9.9-24.0 -
Oat straw [10] 31.0-35.0 20.0-26.0 10.0-15.0 -
Soyabean straws [124] 44.2 5.9 19.2 -
Corn stover [6] 41.7 20.5 18.0 -
Sugarcane bagasse [5] 32.0-44.0 27.0-32.0 19.0-24.0 -
Sugarcane [161] 28 58 6 8
Sweet sorghum bagasse [5] 45.0 25.0 18.0 -
Rice husks [6] 31 24 14 -
Banana peels [162] 6.4-9.6 2.0-8.4 6.0-16.8 8.9-21.7
Bamboo [163] 39.8 19.4 20.8 -
Miscanthus [163] 38.0-40.0 18.0-24.0 24.0-25.0 -
Apple pomace [164, 165] 7.2-43.6 4.26-24.4 15.3-23.5 3.50-14.2
Watermelon waste [165] 20 23 8.6 16.0
Potato peel [47] 55.2 11.7 14.2 19-21
Mandarin peel [47] 22.5 6.0 10 34
Orange peel [47] 37.1 11.0 7.5 23.0
Tomato pomace [165] 39.1 11 53 -
Carrot waste [165] 30 12.3 32.2 3.8
Pomegranate peel [165] 26.2 10.8 5.6 279
Switchgrass [6, 10] 5-45 25-31 12-20 2
Wheat straw [6] 29-35 26-32 16-21 -
Tobacco stem [166] 63.2 9.1 - 0.67
Agave [167] - 25.8 14.08-16.46 5.87-6.17
Hardwood biomass
Beech [168] 45.0 33.0 20.0 -
Poplar [168] 49.0 24.0 20.0 -
Cherry wood [168] 46.0 29.0 18.0 -
Eucalyptus [10, 51] 54.1 18.4 21.5 1.52-2.58
Softwood biomass
Pine [10] 42-50 24-27 20 -
Japanese cedar [163] 38.6 23.1 33.8 -
Fir [10] 44 11 27 -

2References, —: not mentioned
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Cellulose

Cellulose is the major component of LB, fibrous, insoluble,
and has high molecular weight constituting 35-50% of LB.
The homopolymer of anhydrous glucose units are linked
by p-1,4-glycosidic linkages in cellulose that is the primary
structural component of plants [31]. The crystalline region
of cellulose is formed by unbranched long polysaccharide
chains arranged parallelly, whereas, in the amorphous part of
cellulose, the polysaccharide chain is less orderly arranged
[32, 33]. The cross-polarization/magic angle spinning (CP/
MAS) study reveals the crystalline structure of cellulose has
two polymorphs Ia and Ip [34]. The cellulose chain length
or degree of polymerization varies from 250 to 10,000
sugar units per molecule depending on the source of mate-
rial and treatment methods. The chain length also impacts
the physiological, mechanical, and biological properties of
the cellulose [35, 36]. Cellulose is regarded as the best sac-
charide for fuel production due to its environment-friendly
characteristics, such as renewability, biocompatibility, and
biodegradability [36].

Hemicellulose

Hemicellulose is a heterogeneous polymer of pentoses
(including xylose and arabinose), hexoses (mainly man-
nose, less glucose, and galactose), and sugar acids [27, 37],
resulting in a complex, randomly branched and amorphous
structure. Typically, hemicellulose is composed of five dif-
ferent sugars; L-arabinose, D-galactose, D-glucose, D-man-
nose, and D-xylose, along with other components, such as
acetic, glucuronic, and ferulic acids. These sugar units are
linked together by $-1,4-glycosidic and sometimes by -1,3-
glycosidic bonds [27]. The configuration of different sug-
ars varies with other plant sources, wood, and cultivation
conditions [38]. Hardwood hemicelluloses mostly consist
of xylans, whereas softwood hemicelluloses mainly consist
of glucomannans [37, 38]. Usually, hemicelluloses comprise
15-35% of LB and the degree of polymerization ranges from
100 to 200 sugar units per molecule [35, 38]. Hemicelluloses
are entrenched in the plant cell walls to form a complex
network (crosslinked network) of bonds providing structural
strength by linking cellulose fibers into microfibrils [27, 30].

Lignin

Lignin is an abundant heterogeneous polymer of LB con-
stituting up to 30% of LB and is a complex amorphous het-
ero biopolymer. Lignin has a three-dimensional polymer of
phenylpropanoid units joined by carbon-carbon and aryl-
ether linkages. The complex heteropolymer provides rigid-
ity and comprehensive strength to the plant tissue and the
individual fibers, stiffness to the cell wall, resistant to water,
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insects, pathogens, and chemicals [9, 38]. Lignin, along
with cellulose, is considered the most abundant biopoly-
mer in nature [39] and formed by three phenylpropanoid
units; p-coumaryl, sinapyl, and coniferyl alcohol [9, 39].
The various aromatic chemicals produced due to the dif-
ferent structural and chemical properties of lignin varies
with the plant source, type of plants, and wood. Softwood
is constituted of more than 90% of coniferyl alcohol, while
hardwood is composed of varying degrees of coniferyl and
sinapyl alcohol [38].

Pectin

Pectin is the complex heteropolysaccharides and contains
galacturonic acids (70%), rhamnose, xylose, arabinose,
and galactose. It is acidic and negatively charged polysac-
charides. Pectin has a vital role in the growth of the plant,
development of plant morphology, the defense system of
the plant, and has the gelling and stabilizing properties
[38]. Due to these gelling and stabilizing properties, pec-
tin used in diverse food and outstanding product produc-
tion significantly affects human health and has biomedical
uses [26]. Although the amount of pectin is low in many
biomasses, it plays an essential role in secondary wall devel-
opment in addition to primary wall synthesis and modifi-
cation [40]. It is highly accountable in fruits and vegeta-
ble wastes. Dragon fruit (Hylocereus spp.) peel and pulp
contain 38-47% water soluble pectic substance [41], murta
fruit (Ugni molinae Turcz) 30% by dry weight [42], pome-
granate peels between 6.8-10.1% [43], grape berries pulp
represents 8-20% [44], and passion fruit peel 14.8 g/100 g
of dried peel [45]. Similarly, pectic polysaccharides in the
edible flesh of the loquat fruit contribute up to 70% of total
cell wall polysaccharides [46], orange peel 23% pectin, and
mandarin peel 16% [47]. Hilz et al. [48] mentioned the cell
wall pectin contents in black currants and bilberries vary
between 0.20-1.79 g/100 g, and 0.10-0.78 g/100 g respec-
tively. The yield of pectin extracted from creeping fig seed
(Ficus pumila Linn.) ranged from 5.25-6.07% (w/w) dry
weight [49].

It is reported that sugar beet pulp, apple pomace, and
citrus waste, like high pectin biomasses, possess about 12%
to 35% pectin by dry weight and grass and woody biomass,
which are not regarded as high pectin biomass contain
2-10% and 5% of pectin respectively [50]. The pectin con-
tent in wood ranges from 10 to 40 mg/g of wood and euca-
lyptus wood, about 15.2-25.8 mg/g [51]. Likewise, when
there is less pectin in biomass, lipid concentration is high
and vice versa, showing the non-reciprocal relation between
pectin and lignin [50, 52]. Biosynthesis of pectin takes place
in the Golgi apparatus and secreted in apoplast. It is sug-
gested the pectin might block other enzymes to degrade cel-
lulose and/or hemicellulose present in different biomasses
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[53]. Pectin-rich biomasses are used as bioenergy, biofuel
feedstocks [25]. It can act as a determinant of cell wall
porosity because it has cross-linking and water complexation
properties [54]. Pectinase, a group of enzymes, degrade pec-
tin through depolymerization and de-esterification reactions
[55] and also leads for other enzymes for the degradation of
other polysaccharides present in biomasses [53].

Besides, pectin has some drawbacks like the gelation
of highly methylated pectin in high sucrose concentration;
therefore, it is not appropriate for diabetes patients. The
reduction in the ability to effectively regulate the release of
drugs is due to the hydration, swelling, and water-solubility
properties of pectin. However, these kinds of drawbacks can
be overcome by pectin modifications and derivatives for-
mation using different techniques as amidation, sulfation,
grafting, cross-linking, f-elimination, hydrolysis, degrada-
tion, etc. The pectin amendment has increased its application
more widely [56].

Pretreatment of LB

Different components present in LB are complex and impart
their role differently in different types of biomass in con-
verting LB to other value-adding products. The major con-
stituents of biomass are cellulose, hemicellulose, lignin,
and pectin. Among these various constituents, lignin acts
as the protective covering, and it is responsible for the delay
in the degradation of hemicellulose and cellulose [57, 58].
Also, pectin prevents the degradation of other polysaccha-
rides present in biomass [53]. This kind of action makes
pretreatment more important so that lignin, pectin, and other

polysaccharides disintegrate efficiently into smaller frag-
ments and simple sugars [53, 57, 58].

The pretreatment of LB is the fundamental step that
affects the efficiency of conversion and downstream pro-
cesses to produce different products. The goal of pretreat-
ment is (i) to disrupt the structure matrix of LB and make
smaller fragments (ii) to increase the surface area and pore
volume (iii) to reduce crystallinity and recalcitrant nature
of LB (iv) to increase the yield of simple fermentable sug-
ars, improving hydrolysis [21, 58, 59]. There are different
types of pretreatment methods developed, and the techniques
are expensive. For considering the effective pretreatment
method, the method need to have different advantages like
the method should use low energy and cost effective, should
be applicable for different kinds of biomass, should depo-
lymerize hemicellulose, reduce crystallinity and recalcitrant
properties of LB, should not produce the inhibitors resisting
the hydrolysis and growth of microorganisms, and should be
able to recover all the lignocellulosic components [30, 58].
In addition, the pretreatment process should have low sugar
disintegration, less chemical consumption, should be safe to
operate, and less risky [59]. The factors like cost, disposal,
and toxicity need to be focused before planning or choosing
the pretreatment method [60].

Classification of Pretreatments

The pretreatment methods are broadly classified into physi-
cal, chemical, biological, and combination or multiple or
hybrid methods (Fig. 1). Nowadays, the combination pre-
treatment method is commonly employed because it is more
effective in breaking down biomass [21, 57, 59].

Chemicals

Succinic acid, Lactic acid
Levulinic acid, Furfural
Hydroxymethylfurfural
Sorbitol, Glycerol

4

Fermentation and Hydrolysis

~~  /

Y W

Fig. 1 Overview of conversion Biomass
of Lignocellulosic biomass into ‘
value-added products Pretreatment
v v v v
Physical Chemical Biological Combined or hybrid
Milllin.g Acid Bactgria Steam explosion
Cll.ppl.ng Alkali Fungi CO2 explosion
[Gﬁtlndlng Organic solvent Actinomycetes Ammonia based explosion
rasomce Tonic solvent Cellulose,
Irradiation Ozone Hemicellulose,
Heat treatment Lignin, Pectin

Biofuels Other Biomaterials
Biohydrogen Electricity Biopolymers, Bioplastics
Biomethanol Syngas Bioactive compounds
Bioethanol Dye dispersant Biocomposites, Pigments
Biodiesel Biochar, Enzyme

Single cell protein
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Physical Pretreatment

This method includes grinding, chipping, milling, etc. like
processes that generally reduce the size of biomass, increas-
ing surface area, reduce the crystallinity of cellulose, and
reduce the degree of polymerization [59]. The physical
treatment is also known as mechanical treatment. Radiation,
ultrasonication, heat treatment, microwave, and sonication
are included in physical pretreatment methods. Physical pre-
treatment enhances hydrolysis by increasing surface area and
transferring heat and mass [21]. In physical treatment, high
temperatures with high mechanical shearing are applied.
However, when treated biomass is taken out from the cham-
ber, explosion or damage in lignin may occur due to a rapid
decline in temperature and pressure. The disadvantages of
the physical pretreatment are high energy requirements and
operational cost, not suitable for lignin removal, and a high
chance of equipment devaluation [57].

Chemical Pretreatment

In this process, varieties of chemicals such as alkali, acids,
organic solvents, ozone, ionic liquids are used for treatment.
The chemical pretreatment process has been useful for vari-
ous biomass, although there is a chance of less production
of sugars from softwoods [60]. Sodium, calcium, potassium,
and ammonium hydroxides are commonly used chemicals in
alkaline pretreatment. In such a pretreatment process, swell-
ing of biomass occurs, surface area increases, polysaccha-
rides are exposed by breaking down intramolecular linkages,
and sometimes the crystalline structure of cellulose as well
[21]. Alkali pretreatment is suitable for those biomasses con-
taining less lignin [30]. In acidic pretreatment, commonly
hydrochloric acid, phosphoric acid, sulphuric acid, etc. are
used. Dilute acids are more preferred because strong acids
are corrosive and non-environment friendly. However, dilute
acid may degrade carbohydrates and form humins, which
further impact sugar yield and produce unwanted byproducts
[60]. Organic solvents such as ethanol, methanol, acetone,
oxalic acid, glycerol, ethylene, and salicylic acid are also
applied in the pretreatment process. These organic solvents
enhance retention and enzymatic digestibility of cellulose
and help to remove lignin and hemicellulose. However, some
organic solvents are inflammable and may cause fire and
explosion. Moreover, organic solvent increases the cost and
impacts the environment [57]. Ionic solvents treatment is a
new and expensive method. However, these solvents are non-
volatile, environmentally friendly, thermostable, non-toxic,
non-explosive, and can be recovered and reused in various
ways. In the ionic solvent treatment process, cation interacts
with lignin, whereas anions interact with cellulose. Thus, the
combined action of cations and anions effectively degrade
LB. Ionic solvents such as 1-butyl-3-methylimidazonium
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chloride, triethylammonium hydrogen sulfate dissolve bio-
mass [21, 60].

Biological Pretreatment

This method uses different microorganisms, mostly fungi
like brown-rot fungi, white-rot fungi, soft-rot fungi, and
some actinomycetes and bacteria are used for hydrolysis of
LB. Those microorganisms produce different enzymes so
that degradation and hydrolysis of different cell wall com-
ponents occur [21, 57, 60]. Other enzymes useful in the
degradation of biomasses are described in section “Ligno-
cellulolytic enzymes”. Since biological pretreatment uses
different microorganisms, the conditions applied should be
favorable for microorganisms. The size of particles, tem-
perature, aeration, pH, organic compounds, or inorganic
compound, a ratio of carbon and nitrogen source, and strain
of bacteria or fungi, etc. should be optimized for efficient
and effective biological treatment [60]. Here, degradation
and fermentation co-occur, resulting in hydrolysis of cel-
lulose, hemicellulose, lignin, and pectin producing organic
acids, biofuels, enzymes, etc. [57]. This method requires less
energy, environment friendly, sustainable, cost-effective, no
production of inhibitors, and no chemical is required. How-
ever, this method needs a long time to take a few days to
months, large space, and careful growth conditions [30, 60].

In biological pretreatment, bacteria such as Clostridium
sp., Cellulomonas sp., Streptomyces sp., Bacillus sp., Azos-
pirillum lipoferum, Mucilaginibacter sp., etc. and fungi like
Trichoderma reesei, Aspergillus niger, Aspergillus nidulans,
Fusarium gramineum, Neurospora crassa, etc. are used.
Many studies have also shown that microbial consortia are
being more effective. The consortium may be of more than
two bacteria or more than two fungi or a combination of
bacteria and fungus. Some insects, ruminant animals, gas-
tropods, and worms also can degrade lignocellulose in their
specific way [57].

Hybrid Pretreatment

This pretreatment class includes the combination of other
pretreatment methods, for example, steam explosion, ammo-
nia fiber explosion, CO, explosion, etc. which enhance the
degradation and hydrolysis of LB [57]. This class of pre-
treatment exploits the chemicals and the use of conditions
that affect the physical and chemical properties of biomass
[30]. Such type of pretreatment method consumes less
chemical and energy, degrades hemicellulose and cellulose,
addition of chemicals enhances hydrolysis and is applicable
in industries. However, this method needs high pressure and
produces inhibitory products, there is a chance of low yield,
high energy consumption, and chemical threat [57].
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Lignocellulolytic Enzymes

Lignocellulolytic enzymes are a complex array of micro-
bial enzymes that are required for the degradation of a
complex structure of LB. Those lignocellulolytic enzymes
are found in bacteria, fungi, yeast, plants, and actinomy-
cetes [2]. These enzymes are categorized into ligninolytic,
cellulolytic, and hemicellulolytic enzymes. Some biomass
also contains pectin, and pectinolytic enzymes degrade
pectin. These enzymes help to convert LB into value-
added commodities, bio-scorning, and bio-polishing of
jeans, improving the efficacy of detergents, maceration,
and color extraction from juices. Also, those enzymes are
employed for enzymatic deinking, pulping, wastewater
treatment, improving the nutritional properties of animal
feed, retting of flax, producing oligosaccharides, clari-
fying juices, treating dyes and other organic pollutants,
bioethanol production, and developing biosensors, etc. [2,
61-63]. Studies have demonstrated that when different lig-
nocellulolytic enzymes are applied together, they are more
effective and work better. Agrawal et al. analyzed the syn-
ergistic relation between cellulase and accessory enzymes
(xylanase, pectinase, glucosidase, etc.) for hydrolysis of
wheat straw. The study revealed the enzyme cocktail or
multiple enzymes were more effective and is a sustainable
approach for efficient hydrolysis of biomass [64].

Cellulolytic Enzymes

The cellulolytic enzymes are essential industrial enzymes,
and they hydrolyze cellulose into fermentable sugars,
which can be used for further applications. These cellulo-
lytic enzymes are used in various industries, including
pulp and paper, textile, laundry, biofuel production, food
and feed industry, brewing, and agriculture [62].
Cellulase consists of endo-glucanase, exo-glucanases,
or cellobiohydrolase (CBH), and B-glucosidase, which
are hydrolytic enzymes, act synergistically, and belong to
glycosyl hydrolase (GH) family [65]. The endo-glucanase
hydrolyzes the glycosidic bonds on amorphous sites in
between the chain randomly and produces small fibers
with free reducing and non-reducing ends. In contrast,
exo-glucanase hydrolyzes on chain ends of cellulose to
release cellobiose and some glucose [66, 67]. So far, cello-
biose has inhibitory activities during cellulose hydrolysis,
and the B-glucosidase is essential to break the final gly-
cosidic bonds of cellobiose and produce enough glucose
molecules. In some cellulase complexes, p-glucosidase
is absent or present in less amount resulting in incom-
plete hydrolysis [66, 68, 69]. Some cellulase producing
microbes are; Aspergillus niger, A. nidulans, A. oryzae,

Penicillium brasilianum, P. occitanis, P. occitanis, P.
Sfumigosum, Neurospora crassa, Trichoderma atroviride,
Sporotrichum thermophile, Trametes versicolor, Agaricus
arvensis, Pleurotus ostreatus, Phlebia gigantea, Acineto-
bacter junii, A. amitratus, Bacillus subtilis, B. pumilus, B.
amyloliquefaciens, B. licheniformis, B. circulan, B. flexus,
Bacteriodes sp., Cellulomonas biazotea, Paenibacillus
curdlanolyticus, Pseudomonas cellulose, Streptomyces
drozdowiczii, and S. lividans [62]. Recently, cellulolytic
cocktail enzymes, which are specific to feedstocks, are
being studied for reducing the production cost of cellulo-
lytic enzymes that are used in converting biomass into
biofuel and different value-adding products [70].

Hemicellulolytic Enzymes

Hemicellulases include a group of enzymes; xylanases,
p-mannanases, f-D galactanases, B-xylosidases, and arab-
inofuranosidases involved in the breakdown and hydroly-
sis of xylans, mannans, galactans, xylobiose, and arabans
[71]. Xylan and mannan are the most copious component of
the hemicelluloses. In hardwood hemicellulose, xylan is a
significant component, whereas, in softwood, mannan is a
considerable component. These different hemicellulases are
interdependent [71] and act synergistically in the hydroly-
sis of hemicellulose to form several monomeric sugars, and
aid in exposing the surface for cellulase activities [39, 72].
Thermobifida halotolerans, Actinomadura sp., Cellulomonas
flavigena, Streptomyces cyaneus, Cellulosimicrobium cel-
lulans, Enterobacter sp., Penicillium sp., Bacillus pumilus
like microbes produce hemicellulases [73].

Xylanases catalyze the hydrolysis of internal f-1,4-
xylosidic linkages of xylan to oligomers. The enzymes like
endo- and exo-xylanases hydrolyze the cross-linked hemicel-
luloses that cleave the xylene to generate oligosaccharides
[39].

Mannanases are the second important hemicellulases after
xylanases. Mannanases hydrolyze p-D-1,4-mannopyranosyl
linkages randomly in mannose containing polysaccharides
such as glucomannans and galactomannans to produce short
f-1,4-manno-oligomers. These short oligomers are finally
hydrolyzed into mannose by f-mannosidase. The side group
connected to xylan and glucomannan chains can be cleaved
by a-glucuronidase, a-arabinosidase, and a-D-galactosidase
[74,75].

Galactanases hydrolyze the D-galactans and L-arab-
ino D-galactans. Endo-galactanases degrade D-galactans
randomly at the p-1,4-D-galactosyl linkage and produce
D-galactose and galactose oligosaccharides. Another type of
endo-galactanases degrade -1,3-D-linked galactosyl bonds
of arabinogalactans and produce D-galactose, L-arabinose
and other oligosaccharides [75].
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B-xylosidase hydrolyzes xylobiose and small xylooligo-
saccharides to xylose and facilitates the hydrolysis of xylan.
Arabinofuranosidase catalyzes the removal of arabinose sub-
stituents and promotes an increase in the access points of
xylanase to the xylan [75].

Ligninolytic Enzymes

The ligninolytic enzymes generally comprise three princi-
pal enzymes; lignin peroxidase (LiP), manganese peroxidase
(MnP), and laccase. These enzymes are concerned with the
degradation of lignin into low molecular weight compounds
[2, 76]. Other enzymes like aryl alcohol dehydrogenase,
vanillate hydroxylate, dioxygenase, catalase, aromatic alde-
hyde oxidase, etc. act as mediators of lignin degradation.
Those mediator enzymes either help by producing H,0,
required for the activity of peroxidases or catalyze the
breakdown products of lignin degradation [76]. Ligninolytic
enzymes are produced by several bacteria, fungi, and actin-
omycetes particularly white-rot fungi having ligninolytic
function [77, 78]. Ligninolytic microbes are Pseudomonas
fluorescens, Pseudomonas putida, Enterobacter lignolyti-
cus, Escherichia coli, Streptomyces viridosporus, S. pauc-
inobilis, Rhodococcus jostii [19], Panaeolus papilionaceus,
and Coprinopsis friesii [80]. The white-rot fungus species
like Bjerkandera adusta, Cyathus stercoreus, Dichmitus
squalens, Phanerochaete chrysosporium produce multiple
isoenzymes of lignin and manganese peroxidases but does
not produce laccase [81].

Laccase is a polyphenol and multicopper oxidase having
four copper atoms per molecule at their active site. It acts
as an oxidizing agent and cofactor; thus, it involves in an
efficient oxidation, cleavage, and polymerization of several
biological as well as synthetic phenolic and non-phenolic
compounds [2, 77, 82]. Laccases do not require H,0, to
oxidize different substrates because it has four copper ions
[76]. Laccase converts polyphenol of the biomass to yield
phenoxy radicals and quinines [83].

LiP, also known as ligninase, is a member of the oxidore-
ductase’s family. LiP oxidizes the compounds having high
redox potential in the presence of hydrogen peroxide and
can oxidize both phenolic and non-phenolic compounds. LiP
also catalyzes the oxidation of a wide range of aromatic sub-
strates. Thus, LiP having a wide range of substrate specific-
ity and high redox potential are utilized in various industrial
applications [84].

MnP, another critical enzyme for lignin degradation,
is also one of the oxidoreductases. MnP has heme peroxi-
dases with low redox potential and requires hydrogen per-
oxide for the activity. This enzyme is not able to oxidize
nonphenolic compounds and can be manganese dependent
or versatile peroxidases [76, 82, 85]. MnP oxidizes Mn?*
to highly reactive Mn>* that catalyzes the oxidation of
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phenolic structure to phenoxy radicals. MnP also depo-
lymerizes natural and synthetic lignin as well as lignocel-
luloses in free form. The molecular weight of MnP ranges
from 38 to 62.5 kDa, and 11 different isoforms in Ceri-
poriopsis subvermispora were observed [76, 78, 86, 87].

Pectinolytic Enzymes

The pectinolytic enzyme is a complex enzyme consist-
ing of a mixture of enzymes for the hydrolysis of pectin
substances [88]. These pectinolytic enzymes are classified
into two major types; esterase and depolymerase. Esterase
randomly hydrolyzes the pectin and produces pectic acid
and methanol, whereas depolymerase breaks pectin by
hydrolysis and trans-elimination processes [89, 90].
Esterase enzyme is commonly known as pectin methy-
lesterase, which catalyzes the de-esterification of methyl
ester linkage of pectin and produces methanol and acidic
pectin. Depolymerizing enzymes like polygalacturonase
(PG), and pectin lyases (PL) break the main pectin chain.
PG catalyzes the breakdown of a-1,4-glycosidic bonds
between galacturonic acid chains while PL transelimi-
nates pectin molecules, producing an unsaturated prod-
uct [89, 90]. Pectinases are produced from Bacillus sp.,
Pseudomonas sp., Aspergillus niger, Aspergillus oryzae,
Aspergillus flavus, Penicillium chrysogenum, Penicillium
expansum, Trichoderma viride, Mucor piriformis, Yar-
rowia lipolytica, Saccharomyces sp., Candida sp., Actino-
mycetes sp., Lactobacillus sp., Aeromonas cavi [91, 92].

Valuable Products from LB

For the production of useful, high value-added products
from LB multi-steps as mentioned are usually required: (i)
pretreatment (mechanical, chemical or biological) [93], (ii)
hydrolysis of the polymers to produce readily metaboliz-
able molecules (e.g. hexose or pentose sugars), (iii) bio-
utilization of these molecules to support microbial growth
or to produce chemical products and (iv) the separation
and purification [94]. Various sources of LB need to be
considered separately since the different constituents like
cellulose, hemicelluloses, lignin, and pectin vary in differ-
ent resources. The pretreatment method and depolymeriza-
tion process play an essential role in other feedstocks to
produce different types of products; chemicals, enzymes,
single-cell protein, polysaccharides, bioactive compounds,
bioenergy, etc. [95-97]. Some of the value adding products
produced from different biomass are listed in Table 2 with
their references.



Waste and Biomass Valorization

Table 2 Different biomass used and value-added products with the references

Biomass used®

Organism used

Pretreatment method

Products produced

Agrave, miscanthus, ginkgo leaf,
corn stover, wheat straw, barley
straw, wheat bran, wood dust [167]

Citrus peel, wheat husk, sugarcane
bagasse, barley husk [169]

Wheat straw [64]
Tobacco stem [166]

Silybum marianum hairy root [170]
Lettuce plant [171]

Olive tree pruning, grapevine prun-
ing, almond shells free [172]

Sugarcane bagasse, wheat straw
[173]

Bagasse pulp [174]

Soybean straw [124]

Coconut waste, used oil [145]
Banana peels, plantain peels [162]
Mandarin citrus peel [47]

Corn cob [123]

Aspergillus niger

Bacillus sp.

Rhizopus oryzae

Agrobacterium rhizogenes

Saccharomyces cerevisiae

Saccharomyces cerevisiae

Saccharomyces cerevisiae

Candida tropicalis, Asper-

Physical treatment (drying and mill-
ing)

Steam explosion
Cutting, soaking, Steam explosion

Cutting

Far-red LEDs equipped with com-
bined blue and red LEDs

Hydrothermal, dilute acid, and steam
explosion

Thermal-enzymatic treatment

Cold alkali and cellulase pretreat-
ment

Alkali pretreatment followed by
enzymatic treatment

Microwave assistant treatment

Drying, grounding

Steam explosion followed by enzy-
matic pretreatment

Steam explosion

enzyme cocktail (cellulase, xylanase,
pectinase) with high pectinase
activity

Pectinase, xylanase

Hydrolysis of biomass
Pectinase

Silymarin (flavonolignan) and lipoxy-
genase

Phenolic compounds
Bioethanol
Levulinic acid
Cellulose nanofibers
Bioethanol
Biodiesel

Dietary fiber and pectin

Bioethanol, limonene, galacturonic
acid
Xylitol

gillus terreus

4References, —: not mentioned

Platform Chemicals

From biomass, the first possible chemicals in the biore-
finery can be sugar compounds (C5 and C6 sugars) and
further these C5 and C6 sugar compounds can subse-
quently be converted to any chemicals or materials. The
degradation of these C5 and C6 compounds also depends
on the depolymerization step [98]. The report of the US
Department of Energy (DOE) describes sugar derivable
building block chemicals that can be transformed into new
useful molecules. These C5 and C6 sugar derived plat-
form chemicals include 1,4-diacids (succinic acid, fumaric
acid, and malic acid), 2,5-furan dicarboxylic acid (2,5-
FDCA), 3-hydroxy propionic acid (3-HPA), aspartic acid,
glucaric acid, glutamic acid, itaconic acid, levulinic acid,
3-hydroxybutyrolactone (3-HBL), glycerol, sorbitol, and
xylitol/arabinitol [99]. Bozell and Petersen [100] explained
that all these platform chemicals can be produced from
biomass-derived carbohydrate sources except glycerol.
The bio-based products sales are expected to increase by
4% annually and reach 11% making bio-based products of
$3401 billion in the global chemical market by 2020 [12].

Succinic Acid

Succinic acid, C4 dicarboxylic acid, is a useful chemical in
the pharmaceutical, agricultural, and food industries. From
succinic acid, different high-value derivatives like adipic
acid, 1,4-butanediol, methyl ethyl ketone, 1,3-butadiene,
ethylene diamine disuccinate can be produced. Polyethyl-
ene succinate (PES), polypropylene succinate (PPS) and
polybutylene succinate (PBS) are the most studied poly-
esters of succinic acid. Through hydrogenation of succinic
acid, 1,4-butanediol (BDO), y-butyrolactone (GBL), and
tetrahydrofuran (THF) are obtained [10, 101]. Thus, Suc-
cinic acid can be used to produce succinate esters, which
are precursors for BDO, THF, and GBL. Succinic acid
produces succinic anhydride under dehydrogenative cycli-
zation and acts as a precursor of fumaric acid and maleic
acid synthesis [102]. In the food market, they are used
as pH modifiers, flavoring agents, anti-microbial agents,
health-related agents, and biodegradable plastic [10, 98,
103].
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Lactic Acid

Lactic acid is one of the most versatile organic acids pro-
duced from the fermentation of carbohydrates. It is trans-
formed into other valuable chemicals like lactate ester, lac-
tide, acetaldehyde, 2,3-pentanedione, pyruvic acid, lactate,
oxalic acid, propylene oxide, propanoic acid, acrylates via
esterification, hydrogenolysis, dehydration, oxidation, and
reduction processes [10, 104]. Lactic acid and its deriva-
tives are applicable to produce biodegradable polymers in
the food and beverage sectors, pharmaceutical, and personal
care products. It is also useful in making cellulose-acetate-
propionate polymers used as a composite, adsorbent, coating
material for furniture and automobile seating, bedding, and
carpet underlay thermal insulation [105, 106]. Lactic acid
has moisturizing, pH regulating, and skin lightening prop-
erties. Thus, lactic acid is a common ingredient in personal
care products. Lactic acid can also be used as a herbicides
and pesticides, in textile and tanning industries, fermenta-
tion of food in food industries, production of dairy products
like yogurt, buttermilk, acidophilus milk, cottage cheese,
etc. Polylactic acid is biodegradable and produced from the
polymerization of lactic acid, used in food packaging [107].

Levulinic Acid (LA)

LA is a linear C5 keto acid produced from the hydration
of 5-HMF [98]. Traditionally, LA was made from maleic
acid in high cost and low volume, but now LA is produced
at a lower price and large volume from lignocellulose [10].
LA can replace bisphenol A (BPA) as a plasticizer [12] and
is the foundation of the levulinic family. The presence of
two reactive functional groups in LA helps to produce many
valuable new compounds with novel applications. The most
important compounds obtained from LA are levulinic esters,
5-aminolevulinic acid (8-aminolevulinic acid, DALA),
angelica lactones (AnLs), 2-butanone, 4-hydroxypentanoic
acid or its esters, y-valerolactone (GVL) and 1,4-pentanediol
[10, 108]. LA and its derivatives have a range of applications
in the preparation of pharmaceuticals and textile products,
plasticizers, animal feed, coating material, and antifreeze.
They also serve as a valuable chemical constituent from
almost all sugars manufactured in the biorefinery [109].
DALA has agricultural value as it can be used as herbicide
and to increase photosynthesis resulting in the growth of
plants [98].

Furfural
Furfural can be produced from various renewable agricul-
tural resources like corn stalk, sugarcane bagasse, and euca-

lyptus wood [110]. Conventionally, xylose is used to make
furfural, which in turn as a chemical feedstock to produce
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furfuryl alcohol [111], furoic acid, maleic acid, 5S-membered
oxygen-heterocycles, succinic acid, and levulinic acid [112].
Reduction of furfural produces tetrahydrofurfuryl alcohol
which can be further converted into 1,5-pentanediol, a pre-
cursor to polyesters and polyurethanes [113]. Furfural has
been extensively used in plastics, pharmaceutical and agro-
chemical industries, adhesives, and flavor enhancers [113].

Hydroxymethylfurfural (HMF)

5-HMF is C6 sugars aromatic compound and is produced
by dehydration of hexoses in acidic media. Various furan
derivatives like 2,5-diformylfuran, 2,5-dimethylfuran,
2,5-bis(hydroxymethyl)furan, 2,5-bis(aminomethyl)furan,
2,5-dihydroxymethyltetrahydrofuran, 1,2,6-hexanetriol,
1,6-hexanediol, 2,5-bis(aminomethyl) tetrahydrofuran,
caprolactone, caprolactam are formed after hydrogenation,
condensation, reduction, and oxidation of 5-HMF [20].
Some of the derivatives of HMF including 2,5-furandicar-
boxylic acid (FDCA), and 2,5-bis(hydroxymethyl)furan
can be used as polyester [10, 98], other derivatives such as
2,5-dimethylfuran, 5-ethoxymethylfurfural, ethyl levulinate,
and y-valerolactone are upcoming biofuels [114]. 1,6-hex-
anediol is used in the preparation of polycarbonatediols to
yield polyurethanes. Polyurethanes are applicable in coat-
ings, elastomers, and adhesives. 1,6-hexanediamine and
e-caprolactone in the synthesis of various polymers. FDCA
has many potential applications in polyesters, polyamides,
and plasticizers [10].

Glycerol

Glycerol is a simple polyol (the simplest trihydric alcohol)
compound and not a carbohydrate, but it has a mini sugar
like structure. Glycerol is regarded as important material
because many lipids contain glycerol backbone [100]. There
are many derivatives formed from glycerol after undergo-
ing fermentation, reduction, and rehydration. Some of them
are; diglycerol, mannitol, 1,3-propanediol, propylene glycol,
glycerol carbonate, ethylene glycol, glycidol, dihydroxyac-
etone, propane, acrolein, acrylic acid, glyceraldehyde, allyl
alcohol, 3-methoxy-1-propene, glyceric acid, acetol [10,
100]. Glycidol is a derivative of glycerol, prospective for
producing other industrially valuable chemicals like epoxy
resins, polyurethanes, and polyglycerol esters [115]. Some
microorganisms produce 1-butanol, 2,3-butanediol, 1,3-pro-
panediol, ethanol, lactic acid, succinic acid, propionic acid,
and dihydroxyacetone by utilizing glycerol [116]. Another
derivative like glycerol carbonate has been used in the syn-
thesis of industrially important chemicals such as glycidol,
polymers, polyurethane foams, coatings, adhesives, and
lubricants. Glycerol has also been utilized in the commercial
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production of epichlorohydrin (used as polymer and resins)
[100, 117].

Sorbitol

Sorbitol is a sugar alcohol produced by the hydrogenation
of glucose. Many compounds formed from sorbitol like
isosorbide, sorbitan, sorbose, 2-ketogulonic acid, and vita-
min C [10, 98]. Sorbitol and its derivatives are extensively
used as sweetener, thickener, dispersant in food, cosmet-
ics, toothpaste, polyurethane coatings, biocomposites, and
hydrophilic interaction chromatography. Sorbitol prevents
food by preventing the denaturation of protein, oxidation of
fat, and retrogradation of starch. By fermentation, sorbitol
is converted to L-ascorbic acid (vitamin C) forming 2-keto-
L-gulonic acid as intermediate. This ascorbic acid can be
used as an antioxidant for foods [118], also has nutritional
value to prevent scurvy and other pharmacological matters
[98]. Dehydration of sorbitol produces isosorbide and sorbi-
tan. Isosorbide is used differently in medical fields like in
regulating pressure in brain tumor (decreasing intracerebral
pressure) and glaucoma (increasing intraocular pressure),
and as medicine for Meniere’s disease and angina pectoris
[98, 119]. By hydrogenolysis, sorbitol can be converted into
lower alcohol, such as glycerol, propylene glycol, ethylene
glycol, ethanol, and methanol. These lower alcohols further
can be utilized in producing other value-added products
[120].

3-Hydroxypropionic Acid (3-HPA)

3-HPA is formed by fermentation of glycerol. On catalytic
hydrogenation of 3-HPA produces 1,3-propanediol, whereas
heating of aqueous 3-HPA produces acrolein and acrylic
acid. They are polymerized and used as an absorbent in
diapers, hygiene products, coatings, adhesives, carpets, and
fabrics. Traditionally, 3-HPA was produced from propylene
(product of crude oil refining) oxidation, but now it is made
as bio-based production [12, 100].

Xylitol

Xylitol is a five-carbon sugar alcohol, produced commer-
cially by catalytic hydrogenation of xylose [100] found
naturally in some fruits and vegetables with fewer calo-
ries [121]. Xylitol metabolism is not dependent on insulin;
thus, it can be used in the therapeutic sector like sugar
substitute for diabetes individuals [122]. Microbial pro-
duction (from yeast) of xylitol is becoming very attractive
because the high-quality product is produced and is cost-
efficient. In addition, high pressure and temperature, and
xylose purification are not needed to make xylitol from
yeast [123]. Xylitol can be converted into ethylene glycol

and propylene glycol. Ethylene glycol is further used as
an anti-freeze and a precursor of polyester. Similarly, pro-
pylene glycol can be used as an anti-freeze, brake fluid,
cosmetic and food additive, and food emulsifier [98].

Ethanol

From LB, ethanol is produced by the thermal gasification
process and biochemical fermentation process follow-
ing different steps like pretreatment, saccharification and
hydrolysis, fermentation, and ethanol recovery [2, 124,
125]. The thermal gasification process includes biomass
conversion into syngas (hydrogen and carbon monoxide)
via partial oxidation at high temperature (500-800 °C),
purification of syngas as the impurities affect the process
and conversion of syngas into ethanol [126, 127] as shown
in equations below.

nC¢H;,0; + nH,0--->6nCO + 6nH, (1) (D
C.0. + 2H,---~> CH;0H (2) )
2CH3;0H----> C:HsOH + HO (3) 3)

From egs. (1) and (2), carbon monoxide and hydrogen are
produced in the same ratio, but methanol formation does not
require the same ratio of carbon monoxide and hydrogen.
Thus, carbon monoxide reacts with steam and adjusts the
proportion of them [126] as in eq. (4).

CO + H0--->CO, + H2 (4) 4)

Ethanol can be produced from syngas either by the chem-
ical catalysis process [110] or the biological fermentation
process [112]. In the biological process, the syngas produces
ethanol, as shown in egs. 5 and 6 [126].

6CO + 3H,0------ 2>C,H;0H + 4CO, (5) )

6H, + 2CO, ----->C,H,0H + 3H,0 (6) )

Biological fermentation process is more specific and pro-
duces a higher yield of the desired product compared to the
chemical catalytic process [100] and benefits from operating
at ambient pressures and temperatures [126]. Dehydration
and polymerization of ethanol can produce polyethylene,
which further can produce polyvinylchloride (PVC) [100].
Bioethanol can act as renewable building blocks to produce
ethylene, propylene, and butadiene synthesis. Additionally,
bioethanol can also be converted into other chemical prod-
ucts such as acetaldehyde, ethyl acetate, and acetic acid. The
rapidly increasing production of bioethanol is an important
replacement for fossil fuel [113].
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Enzymes

Industrially essential and highly demanded enzymes are cel-
lulases, xylanases, ligases, pectinases, and proteases. Dif-
ferent substances present in LB favors different enzymes
of microorganisms during solid-state fermentation or sub-
merged fermentation. Different enzymes and their functions
have already been described briefly in the section “Ligno-
cellulosic enzymes”. Those enzymes are applied by various
industries such as fuel, food, wine and brewery, animal feed,
textile and laundry, pulp and paper, agriculture, etc. [61-63].
Hence to congregate the increasing demand for industrially
essential enzymes and to comprehend the enzymes poten-
tials in different fields, different integrative researches on
fundamental and applied aspects is crucial and must be con-
tinued [62].

Bioactive Compounds

Fruit and vegetable biomass contain various health ben-
eficial natural compounds known as bioactive compounds.
These bioactive compounds are extracted by different meth-
ods, like solvent-based extraction, solid-liquid extraction,
liquid-liquid extraction, ultrasound-assisted extraction,
microwave-assisted extraction, enzyme-assisted extraction,
etc. Biocatalyst, such as cellulase, pectinase, and hemicel-
lulase, improve the extraction and recovery of these bio-
active compounds like carotenoids, flavonoids, phenolic
acids [128]. Such bioactive compounds are used as the anti-
oxidant, anti-inflammatory, anti-allergic agents, and in the
production of beauty products, prevention, and treatment of
various diseases [2, 128].

The carotenoids group includes zeaxanthin, lutein, cryp-
tochrome, lycopene f3-carotene, f-cryptoxanthin, a-carotene,
and p-carotene. They are found commonly in colored fruits
and vegetables like tomato, different citrus peels, carrot
waste, and shellfish. Also, these compounds are found in
other photosynthetic organisms like cyanobacteria, algae,
higher plants, some non-photosynthetic bacteria, yeast, and
fungi [129, 130].

Flavonoids include luteolin, sinensetin, naringin, hesperi-
din, neohesperidin, diosmin, rutin, kaempferol, quercetin,
which are present in different citrus peels [131]. Different
flavonoids have other functions like protecting from ultra-
violet radiation and phytopathogens, signaling during nodu-
lation, male fertility, auxin transport, coloration of flower,
attracts pollinators, etc. [132].

Phenolics include gallic acid, sinapic acid, ferulic acid,
hydroxybenzoic acid, caffeic acid-O-glucoside, tryptophane,
anthocyanins, flavonol glycosides, catechin, myricetin,
which are present in different peels and seeds of fruits [133].
The source of phenolics are fruits, vegetables, and bever-
ages like coffee, tea, wine, and fruit juices. Phenolics protect
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human tissue against oxidative stress, have different health
benefits, and also avoid the development of chronic diseases
[134].

Bioplastic

Using lignin bioplastic can be produced because lignin has
glass transition temperatures, is renewable, and has thermo-
plastic properties. Bioplastic is competent with petroleum-
based plastics in both cost and performance and sustainable,
cost-effective, and biodegradable. However, lignin is rigid in
nature, has relatively low molecular weight and high poly-
dispersity that hinder the development of high-performance
thermoplastic materials. Plasticizers or polymers having low
glass transition temperatures can be added as addictive to
improve the thermoplasticity of lignin, i.e., flexibility, pro-
cessability, and durability [135].

Bioenergy/Electricity

The fossil energy is depleting continuously; thus, renewable
energy source development is becoming essential. Potocnik
[136] mentioned solar energy and biomass energy are two
important energy sources. Technologies like solid oxide fuel
cells and microbial fuel cells can convert biomass to electric-
ity [137]. Photocatalytic conversion of LB can also gener-
ate electricity. It is mentioned that the International Energy
Agency suggests bioenergy has the potential of providing
10% of the world’s energy supply by 2035, and biofuel can
replace 27% of world transportation fuel by 2050 [138].
Microbial fuel cells (MFCs) are bio-electrochemical systems
for electric power generation. MFCs can function at low
temperatures, low electric power output, harsh reaction con-
ditions, and limited lifetime hinder applications [139]. MFC
is composed of anode and cathode. Organic compounds are
oxidized at the anode, and electrons are liberated, which
move through an external circuit to the cathode. At the cath-
ode, electrons combine with an electron acceptor to generate
electricity [138, 139].

Algae biomass has the potential to produce sustainable
and low-cost electricity [140]. Activated sludge is reported
to contain various types of electricity-producing bacteria
such as Alcaligenes faecalis, Enterococcus gallinarum,
Pseudomonas aeruginosa, and Shewanella sp. Thus, these
bacteria help in waste treatment and electricity generation
[141]. Electricity production from biomass using bio-elec-
trochemical systems is also challenging because a single
organism may not hydrolyze the biomass. However, binary
culture or mixed culture of microbes like Clostridium cel-
lulolyticum and Geobacter sulfurreducens can produce elec-
tricity [142].
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Biodiesel

Biodiesel is another product that can be produced from LB.
It is non-toxic, safe to use, eco-friendly, cost-effective, has
excellent lubricity, and exhibits a higher flash point than
petroleum diesel. The waste residues can be feed to oleagi-
nous microbes such as Myxozyma melibiose, Lipomyces sp.,
Candida freyschussii, Aspergillus sp., Rhizopus sp., Myco-
bacterium sp., Haematococcus pluvialis, Euglena gracilis,
Crypthecodinium cohnii, etc. to produce biodiesel [143].
Those microbes produce oil which is also known as single
cell oil containing fatty acid very similar to vegetable oil.
This prospect is beneficial as it can be potential alternatives
for petroleum diesel. However, the production of biodiesel
from LB can be impressive economically and technically.
The biomasses such as maize cobs, rice bran, and sugar cane
bagasse are used as raw material for microbial oil produc-
tion, which is finally used for biodiesel production [144].
Thushari and Babel produced biodiesel by utilizing coconut
waste and nonedible used oil employing solid acid catalyst
one step procedure using different types of reactors [145].

Lignin Derivable Polymers

Lignin is considered as the key aromatic resource of the
bio-based economy. Lignin contains different functional
groups like methoxy, phenolic, hydroxyl, and aldehyde,
thus can produce different chemicals particularly aromatic
compounds and fuels. Some compounds derived from lignin
are syringic acid, naphthalin methylnapthaline, p-coumaric
acid, ferulic acid, caffeic acid, methanol, syringaldehyde,
4- hydroxybenzaldehyde, BTX (benzene, toluene, xylene),
phenol and phenolics, benzoic acid, terephthalic acid, sty-
rene, 4-hydroxybenzoic acid, eugenol, vanillin, vanillic acid,
cinnamaldehyde, cinnamic acid, catechol, muconic acid, etc.
[10, 146, 147]. These polymers are used for the production
of aromatic monomers and polymers, as the bio-absorbents
for heavy metal ions in wastewater purification, a rough-
age or fiber in food to prevent colon cancer, the anti-viral,
antioxidant, additives, chemical fuels, the vehicles for gene
delivery into human cells, a dispersing agent while using
pesticides and herbicides [147, 148].

Single-Cell Protein

The world would need to produce millions of tons of meat
and dairy products per year by 2050 to meet global demand
for animal-derived protein as per current consumption levels
[149]. The developing countries in the world reportedly have
a significant protein deficiency concern, and hence there is
a need for an increased protein in animal feed and human
food supply. The protein demand can be fulfilled by single-
cell protein (SCP) as an alternative to global food problems

[150]. SCP can be produced from inexpensive waste materi-
als like food and beverage processing industries, as well as
directly from forestry and agricultural sources [151]. Algae,
fungi, including filamentous fungi, yeast, and bacteria can
all be used as SCP [151]. SCP derived from fungi provide
vitamins primarily from the B-complex group (thiamine,
riboflavin, biotin, niacin, pantothenic acid, pyridoxine, cho-
line, glutathione, folic acid, and p-aminobenzoic acid). The
cell walls of fungi being rich in glucans also provide fiber
to the diet. Low-density lipoprotein cholesterol has been
reduced when mycoprotein from Fusarium venenatum was
consumed [152].

Syngas

Syngas is the synthetic gas produced when biomass is heated
over 430 °C/860 ° F in the presence of oxygen or gas. This
process is also known as gasification. Syngas thus produced
from a renewable source like biomass can be used as the
source for power production or can be converted into lower
alcohol; methanol, ethanol, fuel, and chemical products;
ammonia, dimethyl ether [153]. Polyhydroxyalkanoates
(PHA), like biodegradable polymer, can be produced from
the fermentation of syngas by microbes, and this can replace
petrochemical plastics since this process is economical and
feasible [128].

Biochar

LB can also be converted into carbonaceous solid material,
i.e., biochar or activated carbon upon different processes like
slow, intermediate and fast pyrolysis, gasification, hydrother-
mal carbonization, or flash carbonization [154] and various
activation processes (chemical or physical treatments) [155].
The properties of biochar vary with the type of biomass,
temperature differences for example living, colorful biomass
having low surface area produces black biochar with a high
surface area and no cellular structure. Biochar is used to mit-
igate greenhouse gas emissions, climate change, and mostly
use in carbon sequestration. In the agricultural view, they
are used to increase soil pH, decrease aluminum toxicity,
remove pollutants, decrease soil tensile strength, improve
soil conditions for earthworm populations, and improve the
fertilizer use efficiency [156].

Dye Dispersants

There are different dyes like direct dyes, reactive dyes, dis-
perse dyes, sulfur dyes, basic dyes, acid dyes, and solvent
dyes. All those dyes are difficult to disperse in water with-
out dispersants [157]. Dye dispersants have good thermal
stability, are environment- friendly, can be renewed, and
improve the dispersion performance. Therefore, the dye
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dispersants are attracting great attention. Dye dispersants are
synthesized from lignosulfonate and alkali lignin, which are
byproducts produced from the lignin industry [158]. Sodium
lignosulfonate, naphthalene sulfonate formaldehyde conden-
sates, sulfonated alkali lignin, and hydroxypropyl sulfonates
alkaline lignin are four types of lignin-based dye dispersants.
Among these four lignin-based dye dispersants, hydroxy-
propyl sulfonated alkaline lignin is the best due to its high
molecular weight (110.2 kDa), higher temperature stability,
and high dye uptake (85.3%). Sulfonated alkali lignin is used
as a dye dispersant, has a dark color and severe staining
problem, which is the main obstacle for its application. This
staining problem was reduced effectively by removing the
chromophores and made applicable as dye dispersant [159].

Nanocellulose

LB contains high fiber cellulose-rich waste material that
can be converted into a novel and advanced material known
as nanocellulose. Nanocellulose has unique properties like
high specificity, high surface area, liquid crystalline behav-
ior, barrier properties, surface chemical reactivity, biocom-
patibility, biodegradability, and lack of toxicity. Depending
upon morphology, dimension and size, nanocellulose are
grouped into three types; cellulose nanocrystals (CNC), cel-
lulose nanofibrils (CNF), and bacterial cellulose (BC) [95,
96]. CNC and CNF are produced from cellulosic biomass
after pretreatment and purification, whereas BC is made
mainly from bacteria (Gluconacetobacter xylinus) that can
use the variety of carbon sources [96]. Nanocellulose has a
wide range of application; it can be used as a capacitor in the
energy storage device, for controlled drug delivery, repairing
connective tissue and congenital heart defects, constructing
contact lenses and protective barriers, thermal insulation and
fire retardation, ultrafiltration and packaging etc. [160].

Conclusion

In this review, the properties of LB and their components
(cellulose, hemicelluloses, lignin, and pectin) are discussed.
Different valuable products such as biochemicals, single-
cell protein, biochar, nanocellulose, bioactive compounds,
dyes dispersants, bioplastics, and electricity production have
briefly been discussed, and their applications have been
listed. In literature, it is evident that lignocellulosic materi-
als contain several high-value substances such as sugars,
minerals, and protein. When these materials are discarded in
the environment, this may cause serious environmental prob-
lems and loss of these value-added substances to the soil or
landfill. Therefore, emphasis should be made to reuse these
organic wastes as raw materials to produce industrially rel-
evant compounds like enzymes via fermentation, single-cell

@ Springer

proteins, and many other products with appropriate technol-
ogies. Researchers need to be encouraged in a detailed study
about the potentials of LB and different products, different
efficient and versatile technologies for utilizing wide varie-
ties of biomass, and more. The technologies applied need
to be environment-friendly, non-hazardous, economically
feasible, and easy for waste management. However, more
extensive research is required for the commercial production
of various valuable products by a resourceful, assimilated,
friendly, and low-cost biotransformation process.
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