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Abstract

Strategic valorization of readily available sugarcane bagasse (SB) is very important for waste management and sustainable
biorefinery. Conventional SB pretreatment methods are ineffective to meet the requirement for industrial adaptation. Several
past studies have highlighted different pretreatment procedures which are lacking environmentally benign characteristics
and effective SB bioconversion. This article provides an in-depth review of a variety of environmentally acceptable ther-
mochemical and biological pretreatment techniques for SB. Advancements in the conversion processes such as pyrolysis,
liquefaction, gasification, cogeneration, lignin conversion, and cellulose conversion via fermentation processes are critically
reviewed for the formation of an extensive array of industrially relevant products such as biofuels, bioelectricity, bioplastics,
bio adsorbents, and organic acids. This article would provide comprehensive insights into several crucial aspects of thermo-
chemical and biological conversion processes, including systematic perceptions and scientific developments for value-added
products from SB valorization. Moreover, it would lead to determining efficient pretreatment and/or conversion processes
for sustainable development of industrial-scale sugarcane-based biorefinery.
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Abbreviations LCB Lignocellulosic biomass
AD Anaerobic digestion MWh Megawatt-hour
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substrates for the fermentation process due to their acces-
sibility and promising compositional contents (Ng et al.
2020). The strategical valorization of agricultural residues is
a crucial aspect that assists to establish environment-friendly
processes for the production of value-added commodities
(Yaashikaa et al. 2021). In addition, the wastes generated
through excessive agricultural practices are ultimately uti-
lized for a variety of manufacturing chains (Debnath et al.
2021a, b). Biomass is a high-energy substance and its use
potentially helps to alleviate the looming energy problem
(Debnath et al. 2021a, b). Sugarcane is one of the most
widely produced biomass on the planet, and scientific uti-
lization of its waste part which is unanimously famous as
bagasse might be a solution to such energy-related problems.
In the very beginning, Southeast Asia and Western India
were the first to cultivate sugarcane and now the global sug-
arcane cultivation is 1.6 billion tonnes per year, resulting in
279 million metric tonnes of biomass leftovers (Jugwanth
et al. 2020). Primarily, bagasse accounts for around 35% of
the entire weight of the cane, and only a minimum of 50%
is hardly utilized to generate electricity and heat for thermo-
chemical processing of biomass (Sarker et al. 2017a, b). The
most difficult aspects of utilizing bagasse are the conversion
processes which facilitate the transformation of biomass into
value-added products (Conag et al. 2017; Haldar and Purkait
2020a, b). This can be accomplished using pretreatments,
hydrolysis, and fermentation processes which are respon-
sible to determine the effectiveness of the biomass (Zabed
et al. 2019). As per pretreatment methods are concerned,
the thermochemical processes are more appealing due to
the process efficiencies, higher versatility, and quicker con-
version rates. On the other side, the biological methods are
time-consuming due to extended hydrolysis periods (Sarker
et al. 2021). Now, owing to its intrinsic features, such as
high water content, huge quantity, lower density, diversity,
and reduced energy content, SB offers several obstacles
to thermochemical conversion (Okolie et al. 2021). The
recalcitrance nature of SB with the restricted degradation
of lignin makes biological conversion of biomass highly
difficult (Yoo et al. 2020). As a result, most of the studies
attempted several thermochemical pretreatment methods
not only to separate the lignin from biomass but also for an
effective breakdown of SB. However, the consumption of
heat energy during such pretreatment processes necessitates
further attention to reduce the substantial intake of energy
(Bala and Singh 2019). So the development/designing of an
optimal reaction state is of utmost importance to achieve the
best results from SB. Furthermore, the addition of several
chemicals to the reaction mixture, such as organic solvents,
alkali, acids, or a liquid combination of ions, considerably
reduces the reaction time and results in faster and more
effective thermochemical processes (Tu and Hallett 2019;
Haldar and Purkait 2020a, b). The pretreatment efficiency
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of the SB was significantly improved by the introduction
of exogenetic mineral acids such as phosphoric acid and
sulfuric acid which catalyzed the reaction by shortening the
time and temperature for the pretreatment of biomass (Santo
et al. 2020). It was also reported that during an organosolv
process, SB pretreated with 1.2% H,SO, and 90% glycerol
at 130 °C for 30 min resulted in 77% digestibility of glucan
with a delignification efficiency of 57% (Zhao et al. 2017).
However, acid addition must be carefully monitored to avoid
the breakdown of pentoses into furfural and hexoses into
5-(hydroxymethyl)-furfural (HMF), whereas in the case of
the organosolv process, a higher temperature is required for
the utilization of alcohols with low boiling points (<290 °C)
such as ethyl glycol. Similarly, the incorporation of biologi-
cal elements such as microorganisms or enzymes facilitates
the biological pretreatment of lignocellulosic biomass (Vu
et al. 2020). For instance, the biological pretreatment of SB
with Sporotrichum thermophile BIAMDUS at 45 °C for 96 h
resulted in 76.4% delignification (Bala and Singh 2019).
Likewise, a biological pretreatment utilizing the fungi Pyc-
noporus sanguineus considerably reduced the lignin content
to 6.5% from an initial concentration of 12.9% (Hernandez
et al. 2017). Due to the mass and heat transport phenomena
occurring in the gas—solid-liquid interphases, the scale-up
effect is a common drawback of the biological pretreatment
processes.

The thermochemical conversion processes are advocated
as the viable conversion method for SB because of its indis-
criminate mechanism for converting solids to fluids which
may be further refined to create biofuels, fine chemicals,
green solvents, and petrochemical feedstock, among others.
Gasification, thermal liquefaction, pyrolysis, and combus-
tion are the main thermochemical conversion processes for
the valorization of SB into biofuels. For instance, it was
reported that at 500 °C with a heating rate of 20 °C min™!,
the pyrolysis of SB yielded 49.7 wt% of bio-oil against 42.1
wt% of pure SB in which 38.2% accounted for the organic
phase and the remaining 11.5% was the aqueous phase
(Ahmed et al. 2018). The downside of thermochemical pro-
cesses is that their products must be further upgraded and
refined before they can be utilized as fuel. The biological
processing technique utilized for the valorization of SB to
biofuel, bioplastics, and organic acids is fermentation. For
instance, Clostridium acetobutylicum DSM 6228 fermented
the hydrolysate of SB, yielding final concentrations of 9.1 g
L~! of biobutanol and 0.8 g L™! of ethanol (da Conceigdo
Gomes et al. 2019). The major drawback of the biological
conversion process is that it is very time-consuming and
results in a low yield of the product.

Therefore, the current review paper briefly discusses the
traditional pretreatment methods to shed light on their effi-
cacy before the processing of SB into value-added products.
Given that, progress in a few thermochemical and biological
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pretreatment techniques, such as dilute acid, alkaline, orga-
nosolv, steam explosion, ammonia fiber expansion, and
enzymatic delignification processes, is comprehensively
analyzed to investigate the significance of the reaction
parameters for process developments. Thereafter, based
on the latest investigations, the strategical processing tech-
niques are critically reviewed for product valorization of SB
into different value-added products like bioelectricity, bio-
plastics, bio-adsorbents, and biofuels. Finally, the article is
concluded by discussing the issues that are typically faced in
a sugarcane-based biorefinery with the enlightenment on the
technical ways to overcome the problems from a futuristic
perspective. As a result, the readers of this paper will be able
to learn about all of the major aspects of the emerging ther-
mochemical and biological pretreatments methods before
the processing technologies are adopted for the conversion
of SB into several value-added products.

Overview of the structural composition
of the sugarcane bagasse and its
characteristics

The primary components of the SB are cellulose, hemicellu-
lose, and lignin, which are structured in a three-dimensional
non-uniform pattern of varying degrees and relative com-
positions (Machineni 2020). The SB comprises cellulose in
the range of 35-50%, hemicellulose in 20-35%, and lignin
in the range of 10-25%. The chemical composition of dif-
ferent portions of sugarcane obtained from various parts of
the world is shown in Table 1. As inferred from Table 1,

the chemical composition of cellulose, hemicellulose, and
lignin of the sugarcane residues obtained from different parts
of the world varied vastly. However, in all the regions, the
cellulose content of the SB was predominant over the hemi-
cellulose and the lignin content. The carbohydrates namely
the hemicelluloses and celluloses, on hydrolysis, produce
fermentable sugars (Dharmaraja et al. 2020).

Cellulose

Cellulose is among the pivotal structural constituents pre-
sent in the cell wall of the plant, and it contributes to around
35-50% of the dry mass of the entire primary cell wall.
Cellulose is a polysaccharide with a huge molecular weight
consisting of repeated monomer units of glucose. Cellulose,
in comparison with hemicellulose, is strong, crystalline, and
resilient to hydrolysis, whereas hemicelluloses consist of an
arbitrary and amorphous arrangement with minimal sturdi-
ness (Akhtar et al. 2016). A parallel cell wall structure of
a diameter of 10 to 25 nm is formed by the microfibrils of
cellulose, and the diameter of the basic fibrils is between 2
and 4 nm. The consistent periodic arrangement of the cel-
lulose fibers in micro-fibrils is known as a micelle (Khaire
et al. 2021). Cellulose is an organic molecule at room tem-
perature and is insoluble in water as well as alkali and acid
solutions. The cellulose polymer consists of thousands of
D-glucose units interconnected in a straight chain consisting
of p-1,4 linkages. The positioning of the cellulose chain is
brought about by the 180° turn of each repeating unit of the
B-D-glucopyranose to the next unit of -D-glucopyranose
(Yadav et al. 2021). The microfibrils of cellulose are formed

Table 1 Chemical composition of different portions of sugarcane obtained from various parts of the world

The portion of the ~ Country Region Compositional analysis %(w/w) References

sugarcane crop - — -

used Cellulose Hemi-cellulose Lignin Ash Moisture

Sugarcane bagasse Brazil - 39.5 27.8 19.8 - - (Schmatz et al. 2020)
Sugarcane trash Thailand - 38.1 25.4 21.1 82 172 (Chotirotsukon et al. 2019)
Sugarcane tops India Haryana 40.4 332 17.4 64 5.8 (Bhardwaj et al. 2019)
Sugarcane bagasse  Brazil Parana 42.8 27.6 26.4 09 72 (Zanatta et al. 2016)
Sugarcane bagasse  Brazil Serrana 40.5 35.2 23.7 15.7 - (Laluce et al. 2019)
Sugarcane bagasse  China Guangxi 41.5 24.2 23.1 95 13 (Liu et al. 2017)

Bagasse pith Thailand Chaiyaphum province 38.9 36.4 23.2 52 49 (Sritrakul et al. 2017)
Sugarcane bagasse  Pakistan Faisalabad 36.9 26.3 19.2 - 12.7 (Kanwal et al. 2019)
Sugarcane bagasse  India Gujarat 45.0 35.0 10.0 - - (Patel et al. 2017)
Sugarcane bagasse  Brazil Sao Paulo 38.3 20.1 29.0 6.0 - (Espirito Santo et al. 2018)
Sugarcane bagasse Japan Fiji 30.9 28.2 9.6 12.8 114 (Savou et al. 2019)
Sugarcane bagasse South Africa Kwazulu-Natal 42.3 28.4 22.6 1.2 56 (Chambon et al. 2018)
Sugarcane bagasse Iran Khuzestan 43.1 20.4 19.1 14 - (Tondro et al. 2020)
Sugarcane bagasse  Australia New South Wales 37.5 21.9 30.2 15.6 23.6 (Stegen and Kaparaju 2020)
Sugarcane bagasse Brazil Minas Gerais 39.8 17.2 22.3 45 3.7 (Gomes et al. 2020)
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by the further aggregation or crosslinking through hydrogen
bonds and by the development of intermolecular and intra-
molecular van der Waals bonds (Ji et al. 2021). The typical
amount of polymerization in the primary cell wall is around
6000 units, whereas the secondary cell wall contains up to
14,000 units of glucose. The hydrophobic and crystalline
nature of the cellulose microfibrils significantly contributes
to biomass recalcitrance (Bhat et al. 2017).

Hemicellulose

Hemicellulose otherwise known as polyose consists of
numerous heteropolysaccharides like arabinoxylans that are
found in the cell wall of the plants in addition to cellulose.
Xylan, glucuronoxylan, arabinoxylan, xyloglucan, and glu-
comannan are the polymers of hemicellulose that comprise
a variety of monomers of sugar (Pournou 2020). The other
sugar monosaccharides that are present in the hemicellulose
are rhamnose, arabinose, xylose, galactose, and mannose
(Becker et al. 2021). The hemicellulose has a large quan-
tity of D-CS5 sugars and occasionally tiny amounts of L-C5
sugars. Although mannose might be the predominant sugar
in softwoods, xylose is the most common monomeric sugar
found in hemicellulose polymer in most circumstances.
Apart from the usual sugar residues, sugars that are acidi-
fied, such as galacturonic acids and glucuronic acid, are also
detected in the hemicelluloses. Various enzymes, bases, or
dilute acids can easily hydrolyze the hemicelluloses (Okolie
et al. 2021). Hemicelluloses account for 15-35% of total
the lignocellulosic biomass and they are amorphous heter-
opolysaccharides that can either be branched or form as a
single chain (Chen et al. 2019). Hemicelluloses are com-
prised of monomeric sugars with a degree of polymeriza-
tion of 500-3000 monomeric units. The monomeric sugar
units are pentoses such as arabinose, xylose, and uronic
acids, and hexoses such as acetylated sugars, glucose, and
mannose (Yang and Lii 2021). The pyranol sugars, such as
xylose, mannose, and glucose, are linked at the O4 posi-
tion by a pB-(1,4) glycosidic bond (Khaire et al. 2021). The
hemicellulose is non-crystalline as the side chains of hemi-
celluloses are short, and the amount of various functional
groups present in branches varies depending on the kind
of biomass. Xyloglucans, arabinans, mannans, and xylans
are the four principal groups of hemicelluloses based on
the p-(1,4) linked monosaccharides found in the primary
chain of polysaccharides (de Lucas et al. 2020). The most
prevalent hemicellulose is xylan, which varies in composi-
tion between species (Zhou et al. 2017). The primary func-
tion of hemicellulose is to reinforce the plant cell wall by
interacting with cellulose and lignin molecules.
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Lignin

The tissues of algae and vascular plants consist of a group
of intricate organic polymers known as lignin which serves
an important function of providing structural support to the
plants. Lignin is implicated in the production of woody bark
of the plant cell wall and therefore contributes to the rigid-
ity and stiffness of the plant (Armah et al. 2022). Lignins
are phenolic crosslinked polymers with heterogenous,
extremely branched, and amorphous structures. Lignins
are made by the repetition of three essential phenylpropane
monomers namely the p-coumaryl alcohol, sinapyl alcohol,
and coniferyl alcohol, which are together known as monol-
ignols (Naseem et al. 2016). Coumaryl alcohol makes up
the majority of softwood lignin and coniferyl alcohols and
sinapyl alcohol make up hardwood lignin and grass lignin
(Ponnusamy et al. 2019). Lignin is found in the secondary
cell wall of plants and helps vascular plants transfer nutrients
and water to the xylem by providing mechanical sustenance
to the plant cells. Plant pathogens are resistant to it because
of its recalcitrance. The composition of lignin varies from
species to species, and it constitutes 43.7% carbon, 46.5%
oxygen, 5.1% hydrogen, and 4.0% ash (Santos et al. 2020).
Due to its variability and deficit of clarity in its fundamental
structures, lignin is a unique compound.

Physico-chemical properties of SB

Bagasse is made up of 50% cellulose and 25% hemicel-
lulose and lignin, respectively. It consists of around 50%
a-cellulose, 30% pentosans, and 2.4% ash chemically.
Because of its low ash level, bagasse has several benefits
over other agricultural leftovers such as wheat straw and rice
straw, as they contain 11.5% ash and 17.5% ash, respectively
(Sindhu et al. 2016a, b). Sugarcane processing procedures,
such as harvesting, sugarcane transport, and biomass stor-
age, are all linked to biomass ash concentration. Even after
industrial grinding, bagasse contains modest amounts of
waxes, as well as residual sugarcane juice, which must be
thoroughly removed for appropriate biomass chemical char-
acterization (Philippini et al. 2019). For removing hemicel-
lulose and lignin, acid and alkaline pretreatments were found
to be quite successful. The amount of ash (0.32%) in the
alkali-pretreated samples was significantly less than what
had been found in the native samples (0.68%) (Philippini
et al. 2019).
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Thermochemical strategies involved
in the pretreatment of the sugarcane
bagasse

A significant aspect of the supply chain is the employment
of suitable technology to convert solid biomass into value-
added products. Second-generation valorization processes
have hurdles due to the heterogeneous content of the bio-
mass, as opposed to the first-generation biofuel produc-
tion. The successful extraction of sugar for energy-rich
merchandise requires many pretreatment procedures for the
disruption of the complex structures of lignin, cellulose,
and hemicellulose (Singhvi and Gokhale 2019). Due to its
indiscriminate process for converting solids biomass into lig-
uid fuels, thermochemical processes are marketed as viable
pretreatment methods for SB (Ascencio et al. 2020). The
general principle behind the thermochemical pretreatment
is the structural infringement of the lignin present in the
bulky biomass molecules (Haldar et al. 2022). The content
of heat required to break the bonds is provided by the high
temperature at which the reactions occur (Cybulska et al.
2019). The operating conditions and key findings of the pre-
treatment methods which were adopted for SB by various
authors are shown in Table 2. From the table, it is inferred
that all the thermochemical pretreatment methods removed

lignin effectively. The incorporation of heat in the below-
stated process reduced the reaction time considerably.

Dilute acid pretreatment process

Among the others, dilute acid pretreatment is observed as
the most effective method for SB (Kumari and Singh 2018).
Apart from sulfuric acid, phosphoric acid, hydrochloric acid,
and nitric acids are frequently utilized for the pretreatment of
SB (Dai et al. 2021). Pretreatment in the presence of diluted
acid is considered an economic technique as the reaction
can be performed under milder reaction conditions. It was
observed that inhibitors like furfural from pentoses and
5-hydroxymethylfurfural (HMF) from hexoses are usually
generated as a result of acid hydrolysis of biomass which
ultimately results in a loss of fermentable sugar (Rajendran
et al. 2018). In addition, dilute acid pretreatment is also
observed as a preferred method for enzymatic hydrolysis
of bagasse of sugarcane before the formation of XOS (xylo-
oligosaccharides) (Zhang et al. 2017). Primarily, the organic
acids facilitate the formation of XOS with a reduction in
furfural concentration, whereas mineral acids accelerate the
production of xyloses and furfural, which slightly hinders
XOS yield. For instance, it was reported that the pretreat-
ment of SB with 2% sulphuric acid at 121 °C for 2 h resulted
in the solubilization of 85% of the hemicelluloses and also

Table 2 Process conditions and outcomes of thermochemical pretreatments applied on SB

Processes Pretreatment conditions

Major outcomes References

Dilute acid pretreatment 1% sulfuric acid, 140 °C at 60 min

4.5% sulfuric acid, 175 °C at
90 min

Dilute acid pretreatment

Dilute acid pretreatment 1% sulfuric acid, at 120 °C for

40 min

Alkaline pretreatment 0.3 mol L™! sodium hydroxide at
70 °C for 240 min

Alkaline pretreatment 0.3 mol L™! sodium hydroxide at
60 °C for 20 min

Alkaline pretreatment 0.5 mol L™! sodium carbonate at
140 °C for 80 min

Ethanol and water in the ratio
of 60:40 and 0.025 mol L™ of
FeCl; at 160 °C for 60 min

0.01 mol L™ citric acid at 180 °C
and pressure of 8.8 Kgf cm™ for
5 min

0.4 mol L™' NaOH at 170 °C for
7 min with a power utilization
of 320 W

Microwave-assisted alkali pretreat- 0.4 mol L™! H,SO, at 170 °C for

ment 10 min with a power utilization
of 320 W

Organosolv pretreatment

Steam explosion process

Microwave-assisted acid pretreat-
ment

100% arabinan and 85.9% of
xylose were removed

98.2% of hemicellulose, 27.2% of
lignin, and 17.2% of glucan were
removed

64.5% of holocellulose and 22.8%
of lignin were removed

4.9% of hemicellulose and 45.2%
of lignin were removed

(Li et al. 2017)

(de Carvalho and Colodette 2017)

(Cruz et al. 2018)

(Teran-Hilares et al. 2016)
30.5% of lignin was removed (Vieira et al. 2020)
82.8% of lignin was removed

(Nosratpour et al. 2018)

86.6% of xylose and 16.9% of
lignin were removed

(Zhang et al. 2018a, b)

41.5% solubilization of hemicel-
lulose and 14.3% of lignin were
removed

61.9% lignin and 22% hemicellu-
lose were removed

(Silva et al. 2018)

(Zhu et al. 2016)

21.1% lignin was removed (Zhu et al. 2016)
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eliminated 16% of the lignin content (Zhao et al. 2018).
Similarly, Ascencio et al. observed that the SB on pretreat-
ment with 1% nitric acid at 121 °C for 30 min resulted in the
elimination of 55.5% hemicellulose (Ascencio et al. 2020).
Hence, high-temperature acid-catalyzed pretreatment of SB
results in the recovery of dissolved sugars from hemicel-
lulose, thereby increasing the enzymatic digestibility of the
solid component of cellulose into sugar monomers (Sasmal
and Mohanty 2018).

Alkaline pretreatment process

Primarily, alkaline pretreatment is regarded as a cost-effec-
tive process for milder reaction conditions that leads to gen-
erating less amount of inhibitors (Raud et al. 2019). Alkaline
pretreatment is usually conducted at lower temperatures and
pressure for the removal of lignin and various other uronic
acid—associated products of hemicellulose of SB. An alka-
line pretreatment is preferable for delignifying the bagasse
as it eliminates the uronic acid substitutions and other acetyl
groups in the hemicellulose thereby making the cellulose
and the hemicellulose more easily accessible (Khoo et al.
2018). Alkaline conditions typically cause the bagasse to
swell its structural components with the reduction in cellu-
lose crystallinity. Yu et al. treated the bagasse of sugarcane
with 1.0% NaOH at 120 °C for 10 min and reported a del-
ignification efficiency of 67.5% (Yu et al. 2018). Likewise,
Zhang et al. employed various batches of NaOH and hydro-
gen peroxide with varying concentrations from 1.3 to 6.3%
at temperatures ranging from 60 to 160 °C to successfully
break down the hemicellulose as well as the lignin content to
improve the enzymatic digestibility of biomass (Zhang et al.
2019). Nosratpour et al. observed that 0.5 mol L™! sodium
carbonate on reacting with the SB at 140 °C for 60 min
removed lignin efficiently by 89.6% (Nosratpour et al. 2018).
Similarly, it was also reported that the SB treated with 0.55 g
of calcium hydroxide g~! of dry biomass at 60 °C for 24 h
resulted in the removal of hemicellulose as well as lignin
by 41% and 30% respectively (Vaz et al. 2021). Therefore,
alkaline pretreatment is well efficient for SB as per as the
delignification and subsequent improvement in biomass
digestibility are concerned.

Steam explosion process

Steam explosion is an ecologically friendly pretreatment
technique that can be ideally utilized to pretreat SB (Sun
et al. 2016). It involved exposing the bagasse to high-pres-
sure steam accompanied by combustible decompression of
the bagasse, resulting in hemicellulose and lignin hydroly-
sis and solubilization, respectively (Raud et al. 2016). The
process generally changes the crystalline nature of cellulose
and the polymerization degree, thus facilitating subsequent
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enzymatic hydrolysis. The steam explosion process is per-
formed either with the presence of a catalyst like acid or
alkali or in the absence of the catalyst. In a study, the bio-
mass of SB was treated with saturated steam at high pressure
ranging from 0.69 to 4.83 MPa and temperatures ranging
from 160 to 260 °C. Thereafter, the sudden release of pres-
sure resulted in the decompression of the material (Arenas-
Cérdenas et al. 2017). Due to the appliance of high tem-
perature and pressure, the technique caused the structural
disarray of the substance, destruction of hemicellulose, and
transformation of lignin, enabling the eventual hydrolysis of
cellulose. For an increase in hydrolysis, Silveira et al. used
a 65-L steam gun reactor to perform the steam explosion
for pretreatment of the bagasse of sugarcane with a mois-
ture content of 50% (w/w) (Silveira et al. 2018). Similarly,
Pitarelo et al. conducted phosphoric acid—catalyzed steam
pretreatment at varying temperatures ranging from 180
to 220 °C for different residence times, varying from 5 to
7.5 min and the optimum reaction condition was observed
at 180 °C for 5 min for the biomass (Pitarelo et al. 2016).
Thus, the steam explosion process has negligible recycling
costs due to its low environmental impact and also promotes
a significant digestibility of the SB.

Ammonia fiber expansion process

Ammonia fiber expansion (AFEX) is a favored thermochem-
ical delignification approach that uses liquid ammonia for
delignification at high pressure and temperature before the
sudden reduction in the pressure (Shirkavand et al. 2016).
The hemicellulose was efficiently dissolved with depolym-
erization of lignin, which ultimately improves the hydrolysis
potential of biomass. In some of the studies, this process of
pretreatment is tactically used to improve the delignifica-
tion and saccharification rate of SB. It was reported that in
AFEX (ammonia fiber expansion) under optimal circum-
stances such as temperature, ammonia loading, and pressure
resulted in the conversion of more than 90% of the cellulose
and hemicellulose to fermentable sugars due to the breakage
of the ester and lignin-carbohydrates connections (Kumar
and Sharma 2017). Pretreatment of SB with 15% ammonia at
170 °C for 60 min improved the delignification and sacchari-
fication of biomass (Ajala et al. 2021). Similarly, Bala and
Singh also recommended an ammonia fiber expansion pro-
cess for the pretreatment of SB as it removed about 75-85%
of the lignin effectively (Bala and Singh 2019). Therefore,
the AFEX (ammonia fiber expansion) process is an efficient
pretreatment process for the delignification of SB and reduc-
tion of biomass recalcitrance.
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Organosolv pretreatment

The organosolv pretreatment process is hailed as a con-
structive procedure for fractionating bagasse into its com-
ponents, namely the hemicellulose, lignin, and cellulose, in
comparatively unadulterated form while maximizing solvent
reclamation and reutilization. Mostly, such a type of pre-
treatment employs an organic solvent with or without a cata-
lyst for SB (Zhang et al. 2016). During pretreatment, most
of the cellulose is recovered as solids in organic solvents,
while hemicellulose and lignin are dissolved. As a result,
improved enzymatic availability of carbohydrates is attained
while reducing the recalcitrance of biomass. In acidic and
non-acidic environments, it often employs liquids with low
boiling points such as methanol or ethanol and solvents with
high boiling points such as glycerol or glycol. Alcohols with
low boiling points are often used as organo-solvents due to
their economy and ease of retrieval throughout the process
(Sidiras et al. 2021). However, the procedure is costly due
to the requirement of specialized instruments to operate at
high pressure. Various organic solvents, such as acetone,
alcohols, chloro-ethanol, propionic acid, phenol, formal-
dehyde, and amines, are well reported for delignification
of SB with or without the presence of catalysts. Several
studies are reported on the usefulness of organosolvs for
converting the bagasse of sugarcane into cellulose and com-
paratively unadulterated lignin, which increases bioethanol
production’s feasibility (Santo et al. 2018). It mainly uses an
amalgamation of organic solvents, like water and ethanol,
to pretreat bagasse for substantial solubilization of lignin.
Zhang et al. reported that the delignification process of the
bagasse of sugarcane at 160 °C with 60% ethanol and FeCl,
at 0.03% for 72 h improved the lignin solubilization effi-
ciency of the biomass (Zhang et al. 2018a, b). Schmatz and
Brienzo reported that the pretreatment of SB at 121 °C with
50% ethanol in the presence of butylated hydroxytoluene
resulted in the effective removal of 72.5% hemicellulose and
45.3% lignin (Schmatz and Brienzo 2021). Likewise, it was
reported that the organosolv pretreatment process of SB at
180 °C with 60% ethanol and 5% NaOH for 45 min resulted
in the removal of 75.5% lignin (Zhang et al. 2021). Thus, the
organosolv pretreatment process for the SB is very effective
in the removal of lignin thereby enhancing the conversion
of cellulose.

The thermochemical pretreatment processes of SB
involved the utilization of chemicals at high temperatures for
a short duration to provide an effective delignification of the
SB. The shorter residence time of the chemicals decreases
the corrosion rate of the vessel and prevents the formation
of inhibitory compounds such as furfural and HMF (Mankar
et al. 2021). Therefore, the above-mentioned thermochemi-
cal pretreatment strategies are very effective for delignifying
the lignin and liberating the celluloses of the SB.

Other approaches

Autohydrolysis employs hot, compressed water that is gener-
ally between 150 and 230 °C. This separation approach, like
dilute acid pretreatment, employs hydronium ion to acceler-
ate the hemicellulose extraction process. When the hydro-
nium ion is released due to a temperature rise, O-glycosidic
bonds and acetyl groups break, resulting in partial depo-
lymerization. The acetate group cleaves to some amount,
and the pH drops, causing further acetic acid to develop.
Oligosaccharides and polysaccharides are found in the liquor
produced by the hot water pretreatment. The autohydrolysis
process yielded 55 to 84% hemicellulose. The solids left
over after pretreatment mostly comprise cellulose and lignin,
both of which may be transformed into valuable compounds
(Dulie et al. 2021). For instance, the acetyl-assisted autohy-
drolysis of SB with water at a solid to liquid ratio of 1:10
at 160 °C for 70 min yielded 0.8 g L™' xylose (Zhang et al.
2018a, b).

Electromagnetic waves with frequencies ranging from 0.3
to 300 GHz can be used to heat dielectric materials hav-
ing a high microwave absorption potential. Furthermore, as
compared to traditional heating, microwave heating provides
advantages such as energy efficiency, faster response time,
and lower reaction temperature. By interacting with elec-
tromagnetic fields at the molecular level, it directly delivers
energy to substances. It also saves money by lowering the
quantity of chemicals and solvents necessary to fractionate
the biomass components, reducing the creation of by-prod-
ucts, and boosting yield. The degree of biomass fractiona-
tion is determined by the microwave intensity and duration
of irradiation. For example, up to 50% (w/w) xylan and 6%
(w/w) xylose were observed from sugarcane garbage at tem-
peratures over 170 °C, as well as up to 70% (w/w) hemicel-
lulose was obtained from sugarcane bagasse at 185 °C in
20 min (Dulie et al. 2021).

Biological strategies involved
in the pretreatment of the sugarcane
bagasse

Primarily, biological pretreatment is an environmentally
welcoming method that significantly improves polysac-
charide accessibility through enzymatic or microbial delig-
nification (Tsegaye et al. 2019). This type of pretreatment
is based on finding a suitable enzyme or microorganism
to degrade the intricate network of biomass. Researchers
are inclined toward such pretreatments due to their poten-
tial in saccharification and fermentation efficiency with the
enhancement in the recovery of biobased products (Liguori
and Faraco 2016). The biological pretreatment is mostly pre-
ferred over the physical and chemical pretreatments due to
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the requirement of less energy and the generation of fewer
inhibitors (Malhotra and Suman 2021). Most fungi improved
the polysaccharide digestibility, while merely a couple of
microorganisms show the potential to decompose the lignin
entirely while retaining the hemicelluloses, and the cellu-
loses (Masran et al. 2016) of SB. Machado and Ferraz used
Ceriporiopsis submervispora for biological pretreatment
which was performed at 27 +2 °C for 60 days and achieved
the recovery of around 47% of glucose as a sugar-rich syrup
(da Silva Machado and Ferraz 2017). Laccase from Pyc-
noporus cinnabarinus was also utilized to delignify SB
effectively by 27% (Rencoret et al. 2017). Thereafter, an
enhancing effect in the subsequent product recovery from
SB was recorded once the biomass was treated with Pleuro-
tus pulmonarius PS2001 and Trametes villosa 8216 which
promoted selective modifications in the lignin content (Hart-
mann et al. 2021). Therefore, biological pretreatments are
observed as effective in deconstructing the structure of SB
particularly, the content of lignin. However, several attempts
of delignification are reported to compensate for the slow
process associated with the biological pretreatment.

Enzymatic delignification

According to previous studies on the biological delignifica-
tion of the bagasse of sugarcane, the choice of microbes
relies on the kind of biomass employed in pretreatment. For
the breakdown of lignin and hemicellulose in SB, soft-rot,
white-rot, and brown-rot fungi are commonly used (Akhtar
et al. 2016). On the other hand, the commonly chosen proce-
dure for the effective delignification process of the bagasse
of sugarcane is the utilization of white-rot fungi in combi-
nation with the ligninolytic enzymes, such as peroxidases
and laccases (Sindhu et al. 2016a, b; Haldar et al. 2018).
Ligninolytic enzymes improve cellulose accessibility while
recovering essential phenolic chemicals generated during
lignin decomposition (Bilal and Igbal 2020). With adequate
delignification, white-rot fungus disintegrates lignocellu-
losic cell wall components. For improved biofuel genera-
tion, biological pretreatment was followed by an efficient
saccharification process. The fungus, SK 7 isolated from
Phanerochaete sordid of white-rot fungus was utilized by
Jiraprasertwong et al. at 30 °C and pH 7.2 for 20 days which
resulted in the increase of the crystallinity index of the SB
by 1.1% thereby proving the efficient biological delignifica-
tion of the bagasse of sugarcane (Sabiha-Hanim and Abd
Halim 2018). Machado and Ferraz used Ceriporiopsis sub-
mervispora in a biological pretreatment for 60 days at 27 °C
and observed a maximum lignin removal of 48% (da Silva
Machado and Ferraz 2017). Laccase produced by Pycnopo-
rus cinnabarinus was similarly utilized in the presence of
1-hydroxybenzotriazole as a mediator to decrease the lignin
content of the SB effectively by 27% (Rencoret et al. 2017).
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Processing of sugarcane bagasse
for value-added products

Bagasse decomposition technologies are similar to those
used in the agro-industry for biomass degradation. In most
cases, the degradation procedures are determined by the bio-
mass type, the treatment’s final objective, and other factors.
Generally, the SB is processed for its conversion into energy
products and non-energy products. The energy-related
processing is focused to generate power in various ways,
including synthetic biofuel, heat, steam, electricity, charcoal,
biogases, methanol, ethanol, methane, and biodiesel (Ghosh
2016). Primarily, combustion, pyrolysis, and gasification are
the widely acknowledged thermochemical conversion tech-
niques for energy generation (Patel et al. 2016). The most
common method of employing the bagasse of sugarcane for
the generation of energy is direct combustion (a solid-state
procedure) (Kumar et al. 2021). Moreover, fermentation
techniques are used to produce bioethanol, while the concept
of anaerobic digestion (AD) is introduced to yield biogas
for the generation of energy through the conversion of SB
(Baéta et al. 2016).

Thermochemical processing for the production
of biofuel

In contrast to other biofuels, bioethanol is now the most
advantageous biofuel due to its sparse carbon dioxide emis-
sions, high density of energy, and heat of vaporization (Balat
and Balat 2009). Bioethanol, an inebriating drink, is used as
an essential chemical in producing numerous organic com-
pounds such as diethyl ether, ethyl esters, and acetic acid.
Over the last few years, SB has been attracting researchers
for bioethanol synthesis due to its ample availability and
huge content of carbohydrates (Niju and Swathika 2019).
Most importantly, it has lower carbon intensity than fossil
fuels resulting in less air contamination (Iram et al. 2018).
Among the other factors, bagasse quality and bioethanol
production technology significantly impact bioethanol yield.

Pyrolysis

Pyrolysis is a technique that has been around for over a cen-
tury and gets its name after the Greek words “pyro,” mean-
ing fire, and “lysis,” meaning decomposition or degrada-
tion of different parts. Primarily, the process of pyrolysis
degrades organic substances at 350-700 °C without oxygen
or at a dosage that prevents total combustion within reactors,
known as pyrolyzers (Saber et al. 2016; Ordonez-Loza et al.
2021). Based on the process operating conditions of pyroly-
sis, namely the solid residence time, heating rate, pyrolysis
temperature, and the size of the particle, it is categorized
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into three categories: traditional or slow, rapid, and flash
(Kundu et al. 2018). Slow pyrolysis creates a lot of solids,
whereas rapid pyrolysis concentrates on liquids and a lot
of gases are formed by flash pyrolysis (Fahmy et al. 2020).
As the process of pyrolysis may yield gas, solid, and lig-
uid products, every one of them has unique applications to
bagasse. Pyrolysis causes thermal decomposition of bagasse
that began at 200 °C in moments. The rudimentary chemical
reactions from the pyrolysis reactions were recognized to
be prototypes of the gasification and combustion processes
(Gollakota et al. 2016). Pyrolysis is among the most effective
biomass transformation technologies as it produced a large
number of fuels that can be utilized for multiple engines
and exhibited a greater recovery of energy efficiency than
the other thermo-chemical routes (Nanda et al. 2016). The
pyrolyzer forms bio-oil as vapor, subsequently converted to
a liquid by condensation. Catalytic and split-up techniques
can also transform bio-oil into fuels and chemicals of greater
significance. During pyrolysis, biomass drying is observed
as an endothermic process that occurred at temperatures
up to 150 °C. The primary biomass components started to
break down when the moisture is removed from the biomass.
Then, between 220 and 315 °C, the breakdown of hemicel-
lulose occurred with the formation of two distinct peaks,
and roughly 20% of solid leftovers were reported at or above
900 °C for SB. The hemicellulose is then depolymerized,
resulting in oligosaccharides and other compounds, as well
as furfural and 1,4-anhydrous-D-xylopyranose (Ghodake
et al. 2021). Next, at 315 °C, cellulose began to disintegrate,
resulting in an endothermic peak between 355 and 400 °C.
As a result, cellulose is the constituent that generated the
fewest solid residues at 6.50 wt%. Depolymerization events
occurred during cellulose degradation, resulting in the for-
mation of oligosaccharides. D-glucopyranose and levoglu-
cosan were produced as a result of their glucosidic linkages.
Finally, in addition to volatiles, the latter creates additional
small-molecular-weight compounds, transforming all of
these constituents into the products of liquid pyrolysis (Zan-
atta et al. 2016). Conclusively, due to its exceedingly com-
plicated structure, lignin shows the sluggish and the utmost
difficulty in the thermal breakdown procedure. The decom-
position started from room temperature to 900 °C, with an
exothermic peak at 365 °C. Furthermore, lignin breakdown
yielded the most solid residues at around 45.7 wt% (Miranda
et al. 2021). Varma and Mondal reported that the pyroly-
sis of the SB at 500 C with a heating rate of 50 °C min™"
resulted in the production of 45.2% bio-oil (Varma and
Mondal 2017). Treedet and Suntivarakorn reported that
fast pyrolysis of SB at 480 °C with a feed rate of 30 kg h™!
resulted in the production yield of 78.1% bio-oil (Treedet
and Suntivarakorn 2018). Likewise, it was also reported that
at 500 °C the pyrolysis of SB yielded 56.6% bio-oil (Stegen
and Kaparaju 2020). As a result, if gasification is utilized,

biomass with a huge lignin concentration inclines to perform
more in terms of total breakdown.

Gasification

For lignocellulosic biomass conversion to bioenergy, bio-
mass gasification (BG) is presumed to be one of the cost-
effective and efficacious methods. Gasification is the process
of thermally degrading lignocellulose at a high temperature
to produce intermediary substances like bio-oil and syngas.
Instead of the transformation of syngas and bio-oil to a large
assortment of possible biofuels, the bio-oil is frequently
combined with a catalytic and/or a chemical advancement
unit. Primarily, gasification is the thermochemical conver-
sion of liquid or solid biomass into an assortment of water
vapor, hydrogen, methane, carbon monoxide, hydrogen
sulfide, tar, CO,, and additional trace species, which are
defined by the operational variables like pressure and tem-
perature inside the gasifier, raw material properties, catalytic
agents, and gasifying media like the carbon dioxide, steam,
oxygen, and air (Kundu et al. 2018). Gasification is made up
of several intersecting sub-procedures, including pyrolysis,
drying, and partial oxidation, hence involving a complex
set of reactions (La Villetta et al. 2017). The feedstocks
are dried at around 120 °C and as a result, all the unsta-
ble species are generated below 500 °C. Char gasification
commenced at a temperature of roughly 350 °C. The heat
might be generated internally through exothermic combus-
tion events or obtained from outside sources. Equation (1)
is utilized to illustrate a simplified gasification response as
follows:

Biomass — Hy,) + COg) + COyqy + NHs(g) + CHyq) + Hy Sy
+ H,0y, + Targ, + C, + Trace species @)
According to the temperature ranges and reaction
chemistry, the complete gasification process is divided
into main, secondary, and tertiary reaction phases
(Molino et al. 2016). SB was transformed into oxygen-
ated vapor and liquid species with the formation of H,O
and carbon dioxide in the main reaction regime. The
molecular weight of the vapors from primary pyrolysis
was low due to the vapors of monomers. Hydrogen,
carbon monoxide, phenols, olefins, CO,, water vapor,
and aromatics were formed from the primary vapor and
liquid species in the secondary reaction regime at tem-
peratures stretching from 700 to 850 °C (Sikarwar et al.
2017). Polynuclear aromatic hydrocarbons, mixed oxy-
genates, phenolic ethers, alkylphenols, and heterocyclic
ethers were among the tars formed during this step.
Furthermore, steam reforming, methanation, cracking
reactions, and water gas shift occurred with the residual
tars and gases (Natte et al. 2020). The tertiary reaction
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phase produced carbon dioxide, hydrogen, and carbon
monoxide, as well as water vapor, polynuclear aromat-
ics, and liquid tar from 850 to 1000 °C. With increas-
ing temperature, the transitions occurred from mixed
oxygenates to phenolic species to polyaromatic species.
It is worth noting that coke was generated by the ther-
molysis of liquid and organic vapors, whereas soot was
formed by the homogenous nucleation of intermediates
formed at high temperatures. Until 400 °C, the quan-
tity of char formed was conversely correlated to the
growing temperature. The loss of hydroxyl and aliphatic
C—H bonds, as well as carbonyl and olefinic carbon
groups, decreased the carbon concentration of char with
the temperature rise (Sikarwar et al. 2017). Fixed-bed
(FXB) and fluidized-bed (FB) gasifiers remain the most
common categories of gasifiers used to gasify biomass.
Established on the course of air movement, the FXB
gasifier is divided into three types: updraft, downdraft,
and cross-draft. The design of the movement of air in
the updraft fixed-bed gasifiers and downdraft fixed-bed
gasifiers is shown in Fig. 1. From Fig. 1, it can be seen
that in a downdraft fixed-bed gasifier system, both the
gasifying agent and the fuel breeze penetrates from the
bottom whereas in an updraft fixed-bed gasifier system,
the gasifying agent infiltrates from the bottom and the
fuel penetrates from the top. The three focal types of
FB gasifiers are the DFB (dual fluidized-bed) gasifi-
ers, CFB (circulating fluidized-bed), and BFB (bub-
bling fluidized-bed) (Anukam et al. 2016). Raheem
et al. reported that the gasification of SB at 900 °C for
30 min produced 42.9 mol% of syngas (Raheem et al.
2019). Jahromi et al. observed that optimum operating
parameters of 1500 K as the preheating temperature
and an inlet velocity of 20 m s~ resulted in conversion
efficiency of 69.1% (Jahromi et al. 2021).

Similarly, it was reported that at 1000 °C the gasifier gen-
erated gas up to 4 Nm?® kg™! of SB and the high operating
temperature of the gasifier resulted in a low yield of tar at
50—100 mg m~> and high production of gas from the SB

Fig.1 Comparative design of
updraft and downdraft fixed-
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(Dogru and Erdem 2019). Therefore, the gasification process
of SB is very effective in the high production of syngas.

Liquefaction

Thermal liquefaction, which is successful in converting bio-
mass with a high measure of H,O to liquid products is a
more adaptable thermochemical method (Pang 2019). The
liquefaction process produced liquid, gaseous, and solid
products from the degradation of biological polymer com-
pounds present in the feedstocks at a pressure range from
4 to 40 MPa and temperature ranging from 200 to 370 °C
(Isa et al. 2018). The liquid organic product is of special
importance since it comprises both unsaturated and saturated
hydrocarbons which are highly influenced by the feedstock
composition (Duarah et al. 2022). The use of a solvent in
the liquefaction of biomass is required to derive the benefit
of the reduced mass and heat transfer resistances as well as
the better characteristics in the supercritical regions (Hrnci¢
et al. 2016). The liquefaction section includes the liquefac-
tion reactor, slurry preparation phase, heat recovery from
hot liquefaction product streams, filtration, and phase sepa-
ration processes. The liquefaction section usually received
bagasse with 48% moisture at a rate of 10 tonnes h~! (Ram-
irez and Rainey 2019). The particle size of bagasse ranged
from larger than 1.25 mm to less than 4 mm. The size pro-
file is expected to vary from one mill to another; neverthe-
less, as the particle size of the biomass has no bearing on
biocrude production, bagasse in its “as received” state was
sent straight to the slurry preparation tank, in which ethanol
was combined with the biomass at a solvent to biomass ratio
of 19:1. As the slurry travels to the liquefaction reactor, it
was expected to have a continuous solids loading of 5%. The
slurry was warmed in the liquefaction reactor using the heat
recycled from the products of liquefaction. In the reactor, the
hot slurry was heated at a temperature of 300 °C and trans-
formed into liquefaction products (Arturi et al. 2017). The
reactor size was determined by the retention duration, which
was set at 0.5 h, whereas the amount of ethanol lost during
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this procedure was assumed as negligible. As the yields of
the product were generally expressed as a ratio between the
mass of the product and the mass of the biomass feed, with
an aggregate of 100%, ethanol was excluded from the total
product mass calculation. The product mixture was allowed
to cool in heat exchangers to retrieve heat before being
split into gas, liquid, and solid fractions in flash separators
(Nielsen et al. 2017). The solid residue was segregated from
the liquid product by passing the denser portion through a
filter (Purkait et al. 2020). The filtrate was then sent to the
distillation phase, whereas the filter cake was discarded as
a waste by-product of the process. The moisture quantity
of filter cakes identical to the solid products in this route
was utilized to compute the liquid retention on the filter
cake employed in the prototype. Due to the characteristic
of the liquid yields, 2% from the entire liquid products was
utilized while the separation of gases and the recovery of
ethanol were anticipated once the gas product was chilled to
room temperature at 25 °C. The unreacted ethanol was sepa-
rated and recovered from the liquid products in the solvent
recovery stage. Flash separators, condensers, and distilla-
tion columns made up the solvent recovery section, which
concentrates the biological crude and recovered the ethanol
for recycling. The biocrude-ethanol combination was dis-
tilled in a five-stage column with a reflux ratio of 1.5 and
a 0.78 distillate to feed ratio for the extraction of dissolved
gases and extremely light volatile compounds (Ramirez et al.
2018). Steam was utilized to separate ethanol from biocrude
and decrease the risk of cracking. The distillate was sent
to the recycling stream, where it was mainly the mass of
the ethanol. The bottom stream of the distillation was sent
through a separator to remove water, then through a second
distillation to additionally lower the ethanol concentration of
the bio-crude and improve retrieval of ethanol for reutiliza-
tion. A reflux ratio of 1.5 and a distillate to feed ratio of 0.7
were maintained as it reached the subsequent column with
fifteen stages, and the second distillation feed was heated
to flash 45% of the feed. The flashing feed made it easier
to distinguish between light and heavy components. The
recycle stream received the second column distillate while
the hydrodeoxygenation section received the second distil-
lation bottoms with extremely lower ethanol concentration.
The biocrude stream was pressurized and preheated when
it moved in the HDO (hydrodeoxygenation) portion before
entering the HDO reactor with pressurized hydrogen. The
hydrodeoxygenation processes took place at 300 °C and
80 bar pressure (Kosinkova et al. 2017). The biocrude was
moderately deoxygenated and hydrogenated in the HDO
reactor. The water, hydrodeoxygenated components, and
coke were the end products of the reaction. Baloch et al.
reported that the liquefaction process of the SB at 280 °C
and in the presence of water as a solvent yields 51.8% of bio-
oil (Ahmed Baloch et al. 2018). Likewise, it was reported

that the liquefaction of SB at 300 °C for 30 min in the pres-
ence of fuel oil showed 91% conversion of the bagasse
(Aragjo et al. 2021).

Therefore, the above-described thermochemical conver-
sion processes could also potentially manufacture biofuels
from sugarcane bagasse, resulting in cleaner fuels and a
reduction in solid waste from sugar production.

Biological processing for the production of biofuel

Apart from the thermochemical conversion methods uti-
lized in the production of biofuel, biological conversion
techniques also play an important role in the production
of biofuels such as biodiesel, bioethanol, and biobutanol
(Santosh et al. 2017; Abo et al. 2019). The main biological
process utilized for the production of biofuel is the fermenta-
tion process. Li et al. reported that SB on fermentation with
the microbial strain Clostridium acetobutylicum CH 02 at
37 °C and pH 6.5 for 120 h produced 4.6 g L™! of butanol
(Li et al. 2017). Méndez et al. reported that the hydrolysate
of the SB during fermentation produced 33 g L' ethanol
corresponding to a fermentation efficiency of 89% (Méndez
et al. 2021). Similarly, it was reported that Saccharomyces
cerevisiae on simultaneous saccharification and fermenta-
tion process with the SB at 39 °C produced a concentration
of 4.8 g L™! of ethanol (Jugwanth et al. 2020). Likewise, it
was reported that Saccharomyces cerevisiae PE-2 on SSF
with SB resulted in an ethanol yield of 4.9 g/100 g of SB and
it was also observed that there was an 18.7% increase in the
ethanol production by Saccharomyces cerevisiae PE-2 when
compared to the Kluyveromyces marxianus ATCC 36,907
yeast strains (de Araujo Guilherme et al. 2019).

Bioelectricity

Countries will continue to look for renewable energy
resources to provide power in the foreseeable future. In con-
trast to different biomass wastes for the generation of energy,
the bagasse of sugarcane is among the extensively utilized
lignocellulosic biomass. The utilization of the bagasse of
sugarcane as a biofuel is a worthy idea for providing elec-
tricity to the nationwide network, both environmentally and
economically. The energy generation using bagasse is very
much cost-effective and replenishable since it meets all of
the energy necessities of the ethanol and sugar manufactur-
ing units (de Souza et al. 2018). At the moment, new mill
developments are helping to create surplus power through
cogeneration facilities. Cogeneration is a method of creating
both thermal and electrical energy with high energy output
(Molina-Guerrero et al. 2020). More efficient cogeneration
systems are employed to generate more bioenergy from
bagasse (Gongora and Villafranco 2018). Physical, biologi-
cal, and thermochemical techniques are employed to turn
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bagasse into bioenergy. Direct combustion is the most basic
and ancient thermochemical method and it is widely uti-
lized in the cogeneration of energy in systems (Patel et al.
2016). Owing to the surge in the cost of power, bagasse-
based cogeneration plants can save a lot of money. Cogen-
eration using bagasse is another option for conserving water
in hydroelectric power plant reservoirs.

Cogeneration process

High-pressure boilers and specific steam turbines are fre-
quently used to generate electricity from bagasse. For exam-
ple, 1000 kg of dry bagasse produces approximately 0.450
MWh of energy (Arshad and Ahmed 2016). The conven-
tional technique requires 3 kg of dry bagasse for the genera-
tion of 1 kWh of energy. A kilogram of bagasse may gener-
ate the same amount of power (Hiloidhari et al. 2021). About
2 kg of bagasse was necessary for the generation of 1 kWh
of energy. From 1 tonne of bagasse, conventional boilers
produce 2.2 t of steam at a temperature of 350 °C and a pres-
sure of 23 bars; 11 kg of steam was used to generate 1 kWh
of energy (Arshad and Ahmed 2016). High-pressure boilers
can produce 2.40 t of 65 bar steam at temperatures over
500 °C. In the case of cogeneration, only 5 kg of steam was
used to produce 1 kWh of electricity. The thermal energy
from the direct burning of 1 tonne of bagasse in the boiler
was utilized to produce 2.2 tonnes of steam at a pressure
of 20-22 bars and a temperature of 350 °C (Singh et al.
2021). The steam produced was further utilized to control
a backpressure steam turbine, thereby generating electricity
(Sanaye et al. 2020). Co-generation is the method of creating
combined steam utilizing a boiler and electricity in a steam
turbine. The sugar crystals and other derivatives are usually
obtained using the bioelectricity generated through such a
co-generation method.

Bioplastics

Bioplastic markets are steadily expanding despite the 2%
of overall plastic sales. It is critical to include additional
greener components into lucrative biomass products to
achieve technological, commercial, and ecological viability
(Al-Battashi et al. 2019). The structure and content of lig-
nocellulosic biomasses are complex and diverse. Primarily,
pretreatment, saccharification, liquid detoxification, fermen-
tation, purification, and development of biocomposites are
the techniques that are frequently used to prepare bioplas-
tics from biomass feedstocks (Brodin et al. 2017). Given
that, various processing techniques are aimed to break down
natural lignocellulosic biomass into simple components
such as lactic acid and cellulose (Oonkhanond et al. 2017).
Several different paths lead to the production of bioplastics
with a range of properties that are appropriate for packing,
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biomedical applications, water treatment, and other valu-
able products (Machado et al. 2020). A schematic diagram
representing the conversion of SB into bioplastics is shown
in Fig. 2. Primarily, three factors are considered before the
production of bioplastics from lignocellulosic resources: (1)
revolutionary financially viable methodology, (2) resolution
of political and environmental issues related to bioplastics
manufacturing, and finally (3) development of business
models in a bioeconomy framework (Brodin et al. 2017).

Cellulose conversion route

Depolymerization to obtain the target-specific monomers
is one of the most challenging issues in the production of
bioplastics from cellulose (Middleton et al. 2019; Singhania
et al. 2022). Solvothermal liquefaction, pretreatments, gasi-
fication, pyrolysis, and hydrogenolysis are used for lignin
depolymerization (Tran and Lee 2018). It was observed that
the production of biofuels received priority over bioplastic
manufacture as per as the utilization of monomers derived
from biomass is concerned (Reshmy et al. 2021). The pro-
cessing techniques like fermentative process, transformation,
and segregation are involved in the production of bioplastics
through the conversion of cellulose.

Saccharification Among the conversion processes, sac-
charification is one of the most important stages and dif-
ferent approaches are used to accomplish the process of
sugar production. The pretreated biomass can be directly
saccharified by simultaneous saccharification and co-fer-
mentation (SSCF), or by simultaneous saccharification and
fermentation (SSF) processes. Quicker processing times,
fewer external contaminants, less inhibitory impact, and
cheaper costs are the advantages of such techniques. How-
ever, several inhibitor-like compounds generated from cel-
lulose and hemicelluloses, such as acetaldehyde, furfuryl,
and hydroxymethylfurfural, as well as p-hydroxybenzalde-
hyde, cinnamic acid, hydroxybenzoic acid, coniferyl, syrin-
gic acid, sinapyl alcohol and syringaldehyde from lignin,
necessitate the process of detoxification before the fermen-
tation process. Enzymatic hydrolysis is a cost-effective and
environmentally acceptable method of saccharification that
includes the breakdown of pretreated biomass utilizing
enzymes isolated from cellulosic or hemicellulosic degrad-
ing microorganisms (Sharma et al. 2019). Kumar et al.
reported that there was a 66% increase in the production of
the PHA from lignin by the application of a bacterial strain
Pandoraea sp. ISTKB on the biomass (Kumar et al. 2017).
Similarly, it was observed that the lignin obtained from the
sugarcane waste acted as a substrate for the bacterial strain
Bacillus subtilis RS1 and on saccharification yielded 71%
PHA (Li and Wilkins 2020). Following saccharification,
the fermentable sugars were fermented with different types
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Fig.2 Schematic diagram for the production of bioplastics from SB

of microbes to produce a variety of fragments that are uti-
lized for making bioplastics.

Fermentation Fermentation is a straightforward and effi-
cient processing method for producing building blocks for
bioplastic manufacturing mutually in laboratories as well as
industries. Lactic acid, for instance, is among the difficult
constructing ingredients for polylactic acid (PLA), a popular
bioplastic now on demand (Jem and Tan 2020). Submerged
fermentation is the most commonly used technique among
the other available fermentation techniques such as surface
fermentation, simultaneous fermentation, and solid-state
fermentation. Simultaneous saccharification and fermen-
tation occur when the fermentative process and enzymatic
hydrolysis take place in the parallel period. When enzymes
and microorganisms were added to the same unit in SSF,
it resulted in better fermentation than previous fermenta-
tion techniques. However, the several restrictions associated
with SSF were that only an extremely dilute medium can be
utilized and it requires more enzymes, increased produc-
tion costs, and requires ideal operating conditions for both
the microbe and the enzyme (Reshmy et al. 2021). It was
reported that in an SSCF process at pH 5.5, the microor-
ganism Lactobacillus brevis effectively produced lactic acid
with a yield of 0.52 g g7! of the SB (Grewal and Khare
2018). Similarly, it was reported that using an optimal fed-
batch technique for black liquor, a residual lignin-rich efflu-
ent from alkaline-processed SB can generate biomass and

PHA concentrations of 1.85 g L™' and 238 mg L', respec-
tively (Unrean et al. 2021). Sartale et al. observed that the
bacterial strain Lysinibacillus sp. RGS at 37 °C and pH 7.0
effectively synthesized polyhydroxy butyrate (PHB) by the
fermentation of SB and also accounted for the 61.5% accu-
mulation of the PHB (Saratale et al. 2021).
Lignocellulosic biomass may be used to extract cellu-
lose, which in turn is used for bioplastic production (Govil
et al. 2020). The amount of cellulose in a product is deter-
mined by the origin from which it is derived. Delignifica-
tion, hemicellulose removal, cellulose extraction, surface
changes, and bioplastic composite manufacture are parts of
such conversion processes. The advantages of this technique
over the lignin conversion route include the incorporation
of surface-modified cellulose with increased crystallinity,
induced transparency, and improved mechanical and optical
properties. Succinic and maleic acid groups are precisely
inserted into the surface of the cellulose through monolayer
deposition, which was achieved by a reaction between their
anhydrides and the hydroxyl groups of cellulose (Wang et al.
2018). Bioplastics with cellulose in them provided excellent
mechanical and barrier qualities. It was reported that for 50 g
of SB, the cellulose conversion process yielded 6.18 g of
carboxymethyl cellulose which was used in the formulation
of various bioplastics (Yaradoddi et al. 2020). Similarly, the
cellulose from the SB was utilized for the synthesis of cel-
lulose nanocrystals which in turn improved the functional
property of the bioplastics (Sothornvit 2019). Thus, SB
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containing a high concentration of cellulose proved to be
one of the best raw materials for the production of bioplas-
tics through the cellulose conversion route.

Wastewater treatment

Although the processing of sugarcane bagasse for wastewa-
ter treatment is not complicated, it still plays a humongous
part in the treatment of wastewater. For the elimination of
nonbiodegradable harmful compounds, several physico-
chemical techniques such as membrane filtration, coagula-
tion, sedimentation, and ion-exchange methods were hugely
applied in numerous cases (Azimi et al. 2017). Nowadays,
bagasse-based adsorptive substances are of high research
priority due to their year-wise availability, highly absor-
bent ability, and ease of manipulation throughout the treat-
ment course. SB is a cheap, plentiful agro residue that was
employed as a bio adsorbent in the adsorption of contami-
nants from polluted water (do Carmo Ramos et al. 2016).
It was observed that bagasse-based bio adsorbent is made
up of macromolecules such as hemicellulose, fulvic acid,
cellulose, humic acids, lignin, and proteins that include a
variety of functional groups such as -COOH, -NH,, —OH,
—CONH,, —SH, and — OCHj that act as adsorptive sites
(Bagotia et al. 2021). By donating electron pairs, adsorp-
tion, or substituting pollutant ions with hydrogen ions, such
bio adsorbent sites impasse and draw pollutant ions. With
respect to that temperature, initial contaminant concentra-
tion, pH, biosorbent dose, adsorbent particle size, and con-
tact duration are the key parameters that affect the adsorp-
tion efficacy of bagasse. For instance, it was observed that
the bagasse-based bio adsorbents eliminated a maximum of
96% concentration of Cd(II) at pH 7.0 in 25 min of residence
time (Alokika et al. 2021). Although raw SB is utilized to
remove pollutants, it was well appropriate as a biosorbent
after being physically and chemically processed. Given that,
steaming, milling, grinding, and autoclaving are reported as

physical treatments, whereas chemical treatments include
the usage of mercerization, chemicals, chelating agents, and
surfactants. Unmodified SB exhibited less adsorption abil-
ity for Cr(VI) and Zn(II) compared to the EDTA-modified
or activated SB (Sarker et al. 2017a, b). SB shows a great
perspective for metal biosorption due to its high cellulose
concentration. SB is also used to biosorb different met-
als such as nickel, chromium, lead, copper, cadmium, and
mercury (Milani et al. 2018). In a similar study, do Carmo
Ramos et al. showed that carboxylate-functionalized bagasse
of sugarcane was able to remove substantial ions of nickels
(do Carmo Ramos et al. 2016). Therefore, SB is a very effec-
tive bio-adsorbent for the removal of heavy metals and other
organic contaminants from the wastewater thereby purifying
the water source (do Carmo Ramos et al. 2016).

Other applications

At an industrial scale, SB was extensively used to produce
numerous organic compounds such as xylitol, succinic acid,
lactic acid, and others utilizing microbial strains such as bac-
teria and fungi mainly through SSF (solid-state fermentation)
and SMF (submerged fermentation) (Singhania et al. 2008).
The organic compounds generated by microorganisms using
SB as a substrate are listed in Table 3. From the table, it can
be seen that the Lactobacillus pentosus yielded the highest
concentration of lactic acid at 72.7 g L™! in the fed-batch SSF
process of the SB. The fed-batch fermentation of SB by Act-
inobacillus succinogenes produced 70.8 g L™! succinic acid
and the batch fermentation of SB by Candida guilliermondii
FTI20037 produced xylitol at a concentration of 36.1 g L.

Challenges and future prospects
In a combined biorefinery, a C6 sugar such as glucose from

SB may be used for the synthesis of lactic acid or ethanol
synthesis, while C5 sugar such as xylose in hydrolysate

Table 3 Production of organic compounds from SB using various microorganisms

Microorganisms Mode of fermentation Product Yield (g L1 References
employed for biomass

Candida guilliermondii FT120037 Batch Xylitol 36.1 (Hernandez-Pérez et al. 2016)
Kluyveromyces marxianus IIPE453 Batch Xylitol 11.1 (Dasgupta et al. 2017)
Saccharomyces cerevisiae and Candida  Fed-batch Xylitol 24.0 (Unrean and Ketsub 2018)

tropicalis
Actinobacillus succinogenes Fed-batch Succinic Acid 70.8 (Chen et al. 2016)
Yarrowia lipolytica Batch Succinic acid 33.2 (Ong et al. 2019)
Bacillus coagulans Batch-SSF Lactic acid 70.4 (van der Pol et al. 2016)
Lactobacillus pentosus Fed-batch SSF Lactic acid 72.7 (Unrean 2018)
Lactobacillus pentosus Batch Lactic acid 65.0 (Wischral et al. 2019)

@ Springer



Environmental Science and Pollution Research (2022) 29:62785-62806

62799

can be used for the synthesis of succinic acid or xylitol or
biogas generation through anaerobic digestion. An amalga-
mated strategy for the combined synthesis of ethanol from
C6 and xylitol from C5 from sugarcane biomass is a poten-
tial thought (Felipe Hernadndez-Pérez et al. 2019). Never-
theless, more research is needed before such approaches
can be implemented on a larger scale. To enhance the bio-
conversion of lignocellulosic sugars, it is crucial to utilize
microorganisms that can metabolize both C6 and C5 sugars.
Unlike glucose, biological xylose valorization is typically
overlooked since most industrial microorganisms lack an
effective metabolic pathway for their digestion. CCR (car-
bon catabolite repression) prevents xylose usage during
co-fermentation (Prabhu et al. 2020). As a result, greater
emphasis must be directed to rewiring metabolic systems
of microorganisms to process different carbon sources from
the feedstock, particularly enriched with glucose and xylose,
which will be critical for ensuring the economic viability of
bioprocesses. Efforts to valorize xylose have increased dur-
ing the previous two decades. To increase the effectiveness
of the xylose-based fermentative process, efficient xylose-
using in addition to non-xylose and ineffective xylose-using
strains are orchestrated to broaden the substrate range and
facilitate faster xylose adaptation and eradicate CCR for the
production of chemicals and fuels from LCB-based feed-
stock (de Paula et al. 2019). The development of highly effi-
cient catalysts is crucial for achieving selective valorization
of lignin value-added goods. Because of the high reactiv-
ity of the degradation intermediates/products, which are
prone to repolymerization and condensation, using acid or
base alone to produce lignin monomers is deemed useless.
Several approaches may be utilized to address this prob-
lem. (1) Combining additional techniques, such as hydro-
deoxygenation, to further change unstable primary prod-
ucts into stable products such as benzenes, alkyl benzenes,
and hydrocarbons is a frequently utilized methodology. (2)
Another technique is to utilize trapping agents to stabilize
reactive species and decrease char formation, such as boric
acid, diols, phenol, 2-naphthol, and p-cresol. (3) The use
of appropriate solvents, such as formic acid and alcohols,
can enhance product yield and prevent char formation since
these organic solvents not only have a higher solubility for
lignin and its depolymerized products, but also can func-
tion as H-donors. (4) Another extensively tried strategy is
the screening/development of more active catalysts (e.g.,
bifunctional or bimetallic catalysts) that allow selective
degradation/conversion of lignin under mild circumstances,
particularly at low temperatures. (5) Furthermore, using a
multi-phase reaction system for lignin monomer synthesis
is advantageous because the produced monomers could
be removed from acid or basic environment before being
subjected to undesirable reactions (Wang et al. 2019). The
existing advanced procedures aimed at converting SB into

the valorized goods outlined here are not yet cost-effective
(Kumar et al. 2018). Sustainable and renewable energy
sources, comprehensive growth of the economy to save for-
eign exchange, less dependent on imported crude petroleum,
reduced carbon footprint, and green infrastructure are all
major motivations for the implementation of biorefiner-
ies (Alokika et al. 2021). Despite its enormous potential,
establishing a biorefinery is fraught with difficulties. For
instance, biorefineries are concerned about the availability
of low-cost lignocellulosic feedstock throughout the year.
It is indeed critical to put in place a system for collecting,
transporting, and managing biomass feedstock. Then, 2G
biorefinery projects are capital comprehensive, associated
with significant threats, and require an extended period to
reach market readiness (Felipe Hernandez-Pérez et al. 2019).
Lastly, up to 40% of overall operational expenses might be
attributed to pretreatment and enzymatic hydrolysis. In terms
of the feedstock and supply chain for the sugar industry in
India, the current sugar mills have a well-recognized stock
network for sugarcane and therefore easily access the SB on
site. A sugar unit, an ethanol production unit, a cogenera-
tion plant for steam and power, and an anaerobic digestion
unit are all part of a typical sugar factory when a distillery
is attached. These devices make it easier to utilize on-site
extra steam, energy, and water. Anaerobic digesters (AD)
also have one of the minimal investment needs among rival
technology platforms (Felipe Herndndez-Pérez et al. 2019).
The fundamental transformation mechanisms in AD are
often sluggish because they need a longer residence period,
resulting in greater digester volumes. One of the future pos-
sibilities is to use AD not only as a bioprocess step for the
recovery of energy but also as one of the effective pretreat-
ment processes (Konde et al. 2021). It will not only improve
energy in the form of biogas-biomethane, but also expose
the lignocellulosic matrix of SB.

Conclusion

A substantial quantity of the bagasse of sugarcane is pro-
duced as a by-product in sugarcane companies throughout
the world as a result of sugarcane processing. Sugar mills
burn a considerable portion of bagasse in the open, result-
ing in contamination of the environment. Bagasse manage-
ment strategies that are environmentally friendly prevent
open burning and pollution. Urbanization and industriali-
zation unleash a variety of dangerous compounds into the
environment, posing a threat to plants and animals owing to
an upsurge in the pollution created by the chemicals. The
global energy and environmental issues are driving people
to reconsider the most competent and cost-effective ways to
use lignocellulosic biomass, such as bagasse. The degree of
polymerization, cellulose and hemicellulose concentration,

@ Springer



62800

Environmental Science and Pollution Research (2022) 29:62785-62806

and moisture level of lignocellulosic biomass, as well as
biomass availability, thickness, lignin content, and other
factors, all influence long-term and effective usage. SB
contains all of the necessary qualities to be used as sustain-
able alternative biomass for biofuels, generation of energy,
sugars, enzymes, biosorbent, organic acids, and other val-
orized products. Bagasse from sugarcane contains a lot of
cellulose and hemicellulose, as well as lignin. As lignin is
present, the arrangement becomes extra stiff and resistive.
The recalcitrance of biomass necessitates an appropriate pre-
treatment to increase efficiency while lowering the cost of
microbes and enzymes to achieve large titers of the desired
output. As a result, pretreatment of bagasse is a prerequisite
for overcoming enzymatic hydrolysis obstacles. The article
above discusses several thermochemical and biochemical
pretreatment methods and procedures for the efficient valori-
zation of SB. Despite the availability of numerous pretreat-
ment procedures, none of them can be utilized as a standard
approach for the pretreatment of sugarcane crop residues
or sugar industrial by-products. The optimum pretreatment
procedure must be chosen based on the intended product.
Modern technology has greatly improved pretreatment
operations and the accompanying release of bio-products
from sugarcane solid by-products, yet there are still chal-
lenges to overcome. Establishing highly proficient pretreat-
ment approaches and fabrication technologies, bioprospect-
ing and establishing highly consistent genetically modified
microorganisms, upgrading gene cloning and sequencing
processes, improving yield at a large scale, and economically
converting biomass into added-value products are among the
challenges. This evaluation effort will aid in the discovery
of solutions to the difficulties described above, as well as
serve as a valuable resource for a wide variety of experts
and innovators working in relevant fields.
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