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Abstract
With the draining of petroleum derivatives, expanding natural contamination issues, there has been rising enthusiasm for the
examination of lignocellulosic biomass for an alternative fsource of energy. Characterization of various biomass, its intermediate,
and products is a need for conversion of any biomass to biofuels. Chemical composition of lignocellulosic biomass is an essential
point for developing potent pretreatment technologies to break its rigid structure, conversion of sugar by different enzymes
mainly cellulose to glucose and even various microorganisms which can ferment sugars into bioethanol and other value-added
green chemicals. In this present reviewwork, the main focus is on the proximate and ultimate analysis of different feedstocks, and
altered pretreatment techniques such as physical, chemical, physicochemical, and biological methods for bioethanol production
have been addressed, which ultimately will help in overcoming the recalcitrance of lignocellulosic biomass by degrading the
lignin fraction, breaking down of lignocellulose components, hydrolysis, and fermentation process. Recently, combined pre-
treatment is gaining popularity as it is more favorable and profitable for improving chemical yield and process of enzymatic
hydrolysis of LBs, but it increases the cost of operation. Acid pretreatment, steam explosion, and hydrothermal processes all
together show a comparatively high effect on degrading hemicelluloses fraction. Alkali, oxidative, and organosolv pretreatment
are more efficient in removing and degrading of lignin portion. This present study will empower a better idea and knowledge of
the available process with the upcoming advanced processes which would help to overcome the limitations and establish
technology to facilitate the pretreatment methods to make an authentic concept of biorefinery.
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1 Introduction

Now a rising shortage of energy is considered a global threat.
Bioethanol is treated as the most influential renewable fuel
which will compensate for fossil-derived fuels of petrol and
diesel. Around the globe, bioethanol production has increased
from 50 million m3 in 2007 to over 100 million m3 in 2012
[1]. The global bioethanol demand could very well exceed
125–130 billion liters by 2020, and global annual production
of lignocellulosic biomass is about 181.5 billion tons, which is
an abundantly available bioresource [2, 3]. Ethanol is mainly

applied for engine fuel and fuel additive, with the most com-
mon varieties of available fuel mixes. It has the most suitable
properties for spark ignition IC engines. Its Motor Octane
Number (MON) and Research Octane Number (RON) are
90 and 109, respectively, whereas the regular gasoline bears
MON and RON Value 91 and 99, respectively. Ethanol does
not burn by compression ignition and not even easily miscible
with diesel fuel because of the low octane number. To upgrade
the utilization of ethanol in compression ignition (CI) engine
vehicles, some initiatives have been taken, such as the addi-
tion of an emulsifier to intensify the ethanol-diesel miscibility.
Incorporation of ethyl hexyl nitrate or diterbutyl peroxide is
moreover used to enhance the octane number. The use of a
dual fuel operation in which ethanol and diesel are introduced
separately into the cylinder or the modification of diesel en-
gines to adapt their characteristics of auto-ignition [4].
Production of biofuel most commonly as bioethanol is a cur-
rent issue that begun 10 years ago by the China government to
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counterbalance the intensifying gap between crude oil con-
sumption and quick economic growth which further decreases
the domestic reserves and production. In the northeast of
China in Jilin Province, the first ethanol plant was established
in August 2003 where corn was studied as the valuable feed-
stock. Presently utilizing the starch-based feedstocks which
include corn, wheat, and cassava, five well-known fuel etha-
nol producers produce 1.52 million tons of ethanol annually
across the country. Due to the enormous population and ac-
celerated urbanization, there is a decrease in cultivable land,
and further, the current fuel ethanol production is not viable
for the long-term process. Contrarily, China is the dominant
and large-scale grain producer and abundant in agricultural
residues which assemble about 600–700 million tons annually
[1]. After all, there are no reasonable developed technologies
for convenient conversion of biomass somost of the beneficial
biomass is burnt by the farmers which ultimately causes en-
vironmental pollution and further interrupts the air by smoky
clouds. [4]. In countries like Brazil and the USA, approxi-
mately 80% of bioethanol of the world supply mostly prefers
corn or sugarcane. This creates a food vs. fuel all over the
world. In Europe, bioethanol is produced from wheat (3.9
million tons), maize (4.1 million tons), sugar beet (12.1 mil-
lion tons), barley (0.4 million tons), and rye (0.4 million tons).
The bioethanol production capacity increased to about 8.5
billion liters per year in 2012, with an actual annual produc-
tion of about 4.8 billion liters or 57% of the total capacity.
Bioethanol in major countries and regions in 2019 is depicted
by statistics. In that year, the USA produced about 15.8 billion
gallons amount of bioethanol in the world, and Brazil ranked
second generating nearly 8.6 billion gallons as shown in
Table 1. (Published by M. Garside, Feb 26, 2020) In India,
total agricultural lignocellulosic abundance biomass available
in 2013 was estimated to be 382.7 million metric tons (MMT)
annually which can be converted into 129.6 billion liters of
ethanol as shown in Table 2 [5]. It has been recognized glob-
ally that agricultural residues and their by-products are most

superior to compensate grains for ethanol production without
threatening food security despite undergoing many challenges
for the conversion of feedstock commercially due to their
recalcitrance [6] inclusive of their exclusive chemical compo-
sition. Biomass is the most popular carbon-based feedstock
that is obtained from plants and microorganisms which is also
well known to be lignocellulose-based biomass that has be-
come familiar biomass which significantly increases the
bioethanol production and is, therefore, the theme of the pres-
ent review paper. Primarily, plant cell walls are composed of
the cellulosic component which contains structural carbohy-
drates like cellulose and hemicelluloses and heterogeneous
polymer lignin as its primary components, and their contents
fluctuate considerably which rely upon the different species,
variety, climate, and soil fertility. For agricultural-based bio-
mass collected from corn stover, wheat and rice straw, sugar-
cane bagasse, cotton stalk, etc., the cell walls constitute about
40% cellulose, 30% hemicellulose, and 15% lignin [7]. Due to
cell division, there is a development of primary cell walls with
crystalline cellulose microfibrils which are submerged firmly
in a matrix of polysaccharides such as hemicelluloses. The
adjacent cells are wrapped by a sticky layer known as middle
lamellas which are mainly comprised of pectins which orga-
nize together into conducting tissue system which is put in
order in numerous vascular bundles. A new secondary cell
wall is gradually formed between the plasma membrane and
the primary cell wall for the growth of mechanical strength
and structural reinforcement mainly known as lignin which
gives a better explanation of lignocellulosic biomass that can
be further transformed into biofuels and beneficial chemicals
[8]. The growth of the conducting tissue system with the rigid
secondary cell wall plays a versatile role in the growth and
development of crops and land plants which promotes the
transport of water and nutrients along with wide growth, but
it even elevates its recalcitrance to degradation due to cross-
linking connection of three main components: cellulose,
hemicellulose, and lignin [6]. Industrial ethanol commonly
was used for alcoholic beverages and profusely used as bio-
fuel, which is processed petrochemically via acid-catalyzed

Table 1 Fuel ethanol production worldwide in million gallons in 2019
(M. Garside et al. 2020)

Countries Bio ethanol production (in million gallons)

USA 15,800

Brazil 8620

European 1440

China 900

India 530

Canada 500

Thailand 420

Argentina 290

Other countries 600

Table 2 Annual surplus biomass residues in India (Adapted Kumar
et al. 2015)

Biomass Annual availability
(million metric tons/year)

Theoretical ethanol
potential (billion liters)

Cotton stalk 52.9 17.9

Maize cob 27 9.1

Mustard stalk 8.7 2.9

Paddy straw 170 57.6

Sugar cane bagasse 12.1 4.1

Wheat straw 112 38

Total 382.7 129.6
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hydration of ethylene and further fermented where certain
species of yeast (e.g., Saccharomyces cerevisiae) or bacteria
(e.g., Zymomonas mobilis) metabolize sugars in oxygen-lean
conditions to massively produce ethanol and carbon dioxide.
Hexose sugars are more productively fermented to ethanol
and carbon dioxide by species like Saccharomyces cerevisiae,
than pentose sugars that are present in hemicelluloses [9].
However, many efforts are done in biotechnology for suggest-
ing a way to overcome these hindrances leading to a promis-
ing harvest [10]. Many challenging perspectives for the com-
mercial production of bioethanol are also highlighted in this
review. The chemical composition of lignocellulosic biomass
is a fundamental point for developing effective pretreatment to
destroy its rigid structure, new enzymes required to release
sugars mainly cellulose to glucose, and even different micro-
organisms to convert sugars into ethanol and other value-
added chemicals. Here, bioethanol production from lignocel-
lulosic biomass is considered mainly focusing on the charac-
teristics of the feedstocks, significant pretreatment techniques,
which helps in overcoming the recalcitrance of lignocellulosic
biomass by degrading the lignin fraction and breaking down
of lignocellulose components, enzymatic hydrolysis of the
pretreated biomass, and fermentation of the pentose and hex-
ose sugars after hydrolysis as shown in Fig. 1.

2 Different sources of lignocellulosic biomass

The lignocellulosic biomass is mainly available for energy
purposes and mainly obtained from three sectors: (a) agricul-
ture residues, (b) forest residues, and (c) industrial residues. It
can be divided into several groups with their respective exam-
ples such as agricultural waste (leaves, stovers, straws, husk,
pods, seeds, bagasse, roots, cobs, seedpods, solid cattle ma-
nure, etc.), forest biomass (softwood, hardwoods, cedar,
spruce, willow, etc.), forest wastes (slashes, branches from
dead trees, forest thinning, burning residues, sawdust, wood
chips, etc.), industrial wastes (chemical pulps and primary
wastewater solids, etc.), and municipal solid wastes (food
waste, newspaper waste, kraft paper, and sorted refuse).
Agricultural wastes and forest residues are considered the
most favorable biomass feedstocks due to their abundance,
availability, and comparatively low cost [11]. The potentiality
and different prospects related to the energy of various bio-
mass by-products and organic wastes rely upon the yield, the
availability of total land area, and the kind of production. The
widespread tertiary source, i.e., municipal solid waste (MSW),
is not at least a significant source but a reasonable and eco-
nomic source of biomass that covers almost all domestic and
industrial trash that is gathered in a particular area [9]. Agro-
residues are derivatives of agriculture that mainly include cot-
ton stalks, wheat and rice straw, coconut shells, maize cobs,
jute sticks, and rice husks [10]. The agricultural residues that
are produced have a low density. Forestry residues cover bio-
mass that is not harvested or removed from hardwood and
softwood production or removal of dead and dying trees.
Forestry waste comprises wood chips, sawdust, and bark
which provide 65% of the biomass energy potential [7, 8].
Broadly, the sources can be divided into five categories such
as agricultural wastes, industrial waste, forest and woody res-
idues, and municipal solid wastes (MSW) as illustrated in
Fig. 2.

3 Lignocellulosic biomass composition

Various lignocellulose biomasses have different physical ap-
pearance and strength, but all lignocellulosic biomass has a
major composi t ion of homopolymeric cel lulose,
heteropolymeric hemicellulose, and lignin (Table 3).

3.1 Cellulose

Cellulose is a crucial constituent that supports and makes stiff
to the cell wall of the green plants. It is a polysaccharide or
complex carbohydrates which are composed of linear glucose
unit in the form of a long chain that is connected by β-1, 4-
glycosidic bonds with repeated cellobiose residues (glucose-
glucose dimer) as shown in Fig. 3. Due to different degrees of

Lignocellulosic biomass

Cellulose Hemicellulose Lignin

Pretreatment

Enzymatic Hydrolysis

Fermentation

Distillation/Separation

Ethanol

Fig. 1 Overall process of ethanol production
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polymerization with varying resources, they are stacked into
microfibrils and have a strong tendency to form both intra-
and intermolecular hydrogen bonds by hydroxyl groups
[12]. Most of the biomass contains 40–50% of cellulose
molecules that are mostly held together by intermolecu-
lar hydrogen bonds, but the molecules even have a
strong tendency to form intra- and intermolecular hydro-
gen bonds, and this specific tendency increases the ri-
gidity of cellulose that make insoluble and resistant to-
wards organic solvents [13].

3.2 Hemicellulose

Hemicellulose is the second most abundant polymer
which is mainly composed of several heteropolymers

by β-(1,4) linked backbone structure mostly comprised
of pentose sugars (C5) such as xylose and arabinose,
and hexose sugars (C6) includes repeated units of man-
nose, galactose, and glucose that have similar equatorial
configuration at C1 and C4 as shown in Fig. 4 [14].
Hemicelluloses and celluloses have an almost similar
structure which is advantageous from conformational
homology which gives rise to a persistent non-covalent
connec t i on w i t h ce l l u l o s e m ic ro f i b r i l s [ 15 ] .
Hemicellulosic content in biomass is approximately
25–35% and with an average molecular weight of <
30,000. Cellulose and hemicellulose bind tightly with
non-covalent attractions to the surface of each cellulose
microfibril. Hemicelluloses were obtained through the
intermediates in the biosynthesis of cellulose [13].

SOURCES OF 
LIGNOCELLULOSIC 

BIOMASS

Agricultural 
residues

Industrial 
waste

Municipal 
solid waste

Microalgae Forest woody 
residue

Chemical 
solid waste, 
paper waste, 
pulp

Food waste, 
Newspaper, 
Domestic waste, 
Kitchen waste

Schizochytrium
sp., Nitzschia
laevis
Nannochloris
sp.
Cylindrothecas
sp.

Field 
residues;
e.g.; straws, 

leaves, 

stoves, stalks

bagasse

Whole plant 
residue; 
e.g.; grasses, 

rice straw, 

corn, cotton, 
wheat, 

sugarcane

Soft 
woods;
e.g.; 

pines, 

cedar, 

cypress, 

spruce

Hard 
woods; 
e.g. ; 

poplar, 

willow, 

oak, 

Aspen, 

Cotton 

wood 

Fig. 2 Classification of different sources of lignocellulosic biomass
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3.3 Lignin

Lignin is another component in lignocellulosic biomass
which is mainly a cross-linked polymer, i.e., heteroge-
neous and hydrophobic. It is composed primarily of
aromatic subunits, i.e., monolignol monomers such as
p-coumaryl, coniferyl, and sinapyl alcohols as shown
in Fig. 5 [5, 12, 16]. Lignin acts like an adhesive by
filling the gap between the cellulose and hemicellulose
complexion with the polymers. It is present in all types
of plant biomass; thus, it is considered a by-product or
residue in the bioethanol production process. Lignin is
mostly composed of phenylpropane units (3 carbons at-
tached with 6 carbon atom rings linked by ether bonds).
This phenyl-propane indicated as 0, I, and II methoxyl
groups attached to rings gives special structures I, II,
and III. These groups depend on the plant source from
which they are obtained. Structure I exists in plants

(grasses) and structure II observed in wood (conifers),
while structure III is seen in deciduous wood [13].

4 Characterization of different biomass

The thermo-chemical conversion system largely depends
on the basic characteristic properties, e.g., moisture con-
tent, elemental composition and bulk density, particle
size, and porosity. Moisture is the most influencing fac-
tor which diminishes the overall energy content of the
fuel and hence reduces its thermal conversion efficiency
[14]. Moisture content was reported to be in the range
of 4.3–9.5 in wheat straw [17] nearly 8.3% in sugarcane
stalk [17], and many researchers emphasized the impor-
tance of moisture content on the boiler design and op-
eration which states that the higher moisture content
reduces overall thermal efficiency and boiler output
[14, 18].

The essential characteristic features of the residues that are
important for analysis before designing a biomass conversion
unit include proximate analysis (ash content, moisture con-
tent, volatile matter, and fixed carbon), ultimate analysis or
elemental compositions (carbon, hydrogen, oxygen, sulfur,
calcium, nitrogen, etc.), and heating value determination.
Appropriate review of these properties consequently im-
proves the overall plant efficiency. For characterization,
the experimental phase includes proximate analysis, ul-
timate analysis, and heating value determination, and
this analysis is conducted according to the available
standard methods [14].

4.1 Proximate analysis

Proximate analysis is used for calculating different pa-
rameters that include moisture content, ash content, vol-
atile matter, and fixed carbon. Moisture content is de-
termined by a gravimetric method using a standard hot
air oven [19]. Determination of ash content in various
biomasses is determined according to the standard pro-
cedure of heating in the muffle furnace at 575 °C ±
25 °C. The volatile matter was determined by muffle
furnace by heating the sample for 7 min at 925 °C ±
5 °C. Fixed carbon content is determined by the differ-
ence between the total compositions. High heating
values are calculated using some correlation models
based on the proximate and ultimate analysis. Different
types of biomass have a different specific amount of
moisture which directly affects their heating values
[15, 19]. Proximate analysis of different biomass has
been reviewed in Table 4. Some convenient standard
methods for the determination of proximate analysis
reviewed are mentioned below:

Table 3 Composition of different lignocellulosic biomass (Adapted
Kumar et al. 2017)

Lignocellulosic composition (wt.%)

Feedstocks Cellulose Hemicellulose Lignin

Sugar cane bagasse 42 25 20

Hardwood 40–55 24–40 18–25

Softwood 45–50 25–35 25–35

Corn cobs 45 35 15

Corn stover 38 26 19

Rice straw 32 24 18

Grasses 25–40 25–50 10–30

Wheat straw 29–35 26–32 16–21

Banana waste 13.2 14.8 14

Bagasse 54.87 16.52 23.33

Agricultural residues 5–15 37–50 25–50

Leaves 15–20 80–85 0

Switch grass 45 31.4 12

Fig. 3 Structure of cellulose
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& The standard method for moisture determination involves
heating of 1 g biomass sample in a hot air oven to 105 ±
5 °C using the following equation.

Moisture (% M) = (A-B)/C × 100
ACrucible weight and the air-dried sample (g)
BCrucible Weight and oven-dried sample (g)
CSample weight (g)

& Ash is defined as the weight of residue after complete
burning of 1 g of the biomass at 575 ± 25 °C in a muffle
furnace.

Ash (% A) = (A-B)/C × 100
ACrucible weight and oven-dried sample (g)
BCrucible weight and residue (g)
COven dried sample weight (g)

& Volatile matter (%VM): It is termed as the weight loss due
to heating of 1 g of biomass at 925 °C ± 5 °C in a furnace
for 7 min.

Weight loss due to VM= Total loss of weight-loss due to
moisture.

& Fixed carbon (FC): The content of fixed carbon is deter-
mined by subtracting the sum of ash %, volatile matter,
and % moisture from the total 100% composition.

FC100-(% A +% VM+% M)

Heating value The heating or calorific value of any fuel is the
amount of heat liberated under specific conditions of combus-
tion which is a function of the fuel’s chemical composition
[27]. The higher heating value (HHV) is the total amount of
heat energy available in the fuel which also includes the ener-
gy contained in the water vapor in the exhaust gases. The
lower heating value (LHV) does not include the energy em-
bodied in the water vapor. A bomb calorimeter is used to
determine the calorific value of fuel by combusting a known
quantity of the fuel under constant volume in a bomb [18].

4.2 Ultimate analysis

This analysis is important for determining the elemental
composition (C, N, H, S, O, etc.) of the biomass and is
also useful for calculating their heating value. It was
carried out by using a CHNS analyzer [15, 28]. The

Fig. 4 Structure of hemicellulose
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ultimate composition of various lignocellulosic feed-
stocks has been provided (Table 5).

4.3 Chemical characterization of lignocellulosic
biomass

4.3.1 Lignin quantification method

According to Mafei et al. [36], the quantification of insoluble
lignin, soluble lignin, and total lignin derived three different
equations. For the quantification, 300 mg weight of sample
was taken with 72% of 3 ml sulfuric acid at 30 °C for 60 min.
After completion of 60 min, the treated sample was mixed
with 79 ml of deionized water to makeup the volume,
autoclaved for 60 min at 121 °C. After the cooling process,
filter them (filtered paper should be dried previously at 105 °C
for 1 h). The retained material was washed with 5 ml of de-
ionized water (repeated for 2 times), and dry them up to reach
their constant mass. This dried residue is called insoluble lig-
nin [37, 38]. Quantification was done by the given equation:

LI ¼ mfiltþres−mfilt

where LI is the insoluble lignin content (g), mfilt+res is the
mass dry sinterized filter containing insoluble lignin (g), and
mfilt is the mass dry sinterized filter empty (g).

The amount of soluble lignin was calculated by taking ab-
sorbance measurement of filtrate in a UV-vis spectrophotom-
eter. The concentration of soluble lignin was measured by
cons ider ing the molar ext inc t ion coef f ic ien t of
105 L g−1 cm−1, which is the average of absorptivities present-
ed by lignin models [37, 38]. The soluble and total lignin mass
was calculated by Eqs. (1) and (2), respectively.

L ¼ Ahid

105

� �
* f *0:1 ð1Þ

LT¼ LIþLS

Mi

� �
*100% ð2Þ

where Ls is the soluble lignin content (g), Ahid is the acid
hydrolyzates absorbance (205 nm), f is the acid hydrolyzate
dilution factor, LT is the total lignin content (%), andMi is the
fractions initial dry mass (g).

4.3.2 Carbohydrates quantification method

According to Mafei et al. [36], acid hydrolyzates were filtered
and injected in liquid chromatography (HPLC). The chro-
matographic analysis should follow this five conditions: (a)
BIO-RAD Aminex HPX-87H column (300 × 7.8 mm); (b)
temperature at 60 °C; (c) H2SO4 5 mM as eluent
(0.6 mLmin − 1); (d) 20 μL sample volume; and (e) refractive
index detector at 60 °C (Shimadzu, model RID-20A). All
experiment conducted in triplicate and the results would give
as average percentages with respective standard deviation.

The amount of cellulose, xylan, and arabinose side groups
was calculated according to the given formula:

C¼ M fþ f
Mi

� �
*100

whereC is the cellulose, xylan, arabinosyl, or acetyl groups
content (%);Mf is the glucose, xylose, arabinose, or acetic acid
mass (g); f is the hydrolysis factor for cellulose (0.9), xylan
(0.88), arabinosyl groups (0.88), and acetyl groups (0.72); and
Mi is the initial fractions dry mass (g).

Mendes et al. [39] determined that total carbohy-
drates operate with the same procedure as mentioned
by Mafei et al., but there is a difference in the temper-
ature value, i.e., 45 °C.

Fig. 5 Structure of lignin
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4.4 Determination of extractive methods

Methods for extractive determination were described by one
standard procedure by using Soxhlet for 4 h during extraction
with toluene-ethanol mixture. The extracted sample again
followed 4-h ethanol extraction along with the hot water ex-
traction of the previously extracted and moisture-free sample
for 3 h. In second standard method, ethanol extractive has
done after 24-h Soxhlet extraction process which is gravimet-
ric determination of extractives. This method was found to be
more applicable for agri-residues, soft and hardwood, and
waste paper [40].

NREL established two extraction methods, in which the
traditional standard method is consuming 24 h for each ex-
traction step, and another upcoming method for extraction
operated by using the (ASE) Dionex accelerated solvent ex-
traction system at high temperature and high pressure which
ultimately lower both extraction time and solvent use as com-
pared to the traditional method [41].

The variation in the Soxhlet method is automated and ac-
celerated Soxtec procedure lowering the extraction time about
75%. The main deviation compared to the traditional Soxhlet
methods is that the thimble contained fewer samples and was
absorbed in the boiling solvent [42, 43].

5 Pretreatment

Lignocellulosic biomass is constituted of various types of car-
bohydrates and polymers which are compactly stuffed by dis-
tinct layers of cellulose, hemicelluloses, and lignin as shown
in Fig. 6. Lignin layers protect them from degradation and
enzymatic hydrolysis. Pretreatment is a crucial step that is
necessary for the breakdown of the lignin layer by which
affects cellulose and hemicellulose that can easily be extracted
by enzymatic action. The pretreatment results decrease the
crystallinity of cellulosic moiety and increase biomass surface

area that ultimately decomposes hemicellulose [44]. It formu-
lates cellulose more available to enzymes so that carbohydrate
polymers are easily converted into fermentable sugars rapidly
with high yield. Pretreatment is a combination of different
types of treatment for further analysis and is a valuable step
in which cellulosic biomass converts into fermentable sugar
[45]. The pretreatment methods can be broadly divided into
four different categories such as physical, chemical, physico-
chemical, and biological [46] (Fig. 7).

5.1 Types of pretreatment

5.1.1 Physical pretreatment

Approachable surface area, size, and pores will increase and
the crystallinity properties. The physical pretreatment dimin-
ishes the degrees of polymerization of cellulose. In common
physical treatments, feedstock degrades its lignocellulosic res-
idue by the applications of steaming, grinding, milling, irradi-
ation, temperature, and pressure (Table 5).

Grinding and milling Grinding and milling is the primary pre-
treatment method, in which any biomass can be reduced in its
particle size and crystallinity properties. For glucose recovery
and energy-saving process, grinding of rice straw gives better
results in wet disk milling than the ball milling process [47].
Based on the different biomass, improvement in pretreatment
methods enables enzymatic saccharification, e.g., ball milling,
roll milling, and wet disk milling. In rice straw pretreatment,
ball milling is considered the desirable pretreatment, resulting
in an ethanol yield of 116.65 and 147.42 mg/g for 2.5% DR
(digested residue) and 10% DR, respectively, which may be
considered a potential cellulosic feedstock.

Microwave treatment This pretreatment is effective due to its
high heating efficiency and easy operation property. Due to
microwave irradiation, the ultrastructure of cellulose [48]

Table 4 Proximate analysis of different biomass

Feedstocks Proximate analysis (wt.%) Heating value (MJ/kg) References

Moisture Fixed carbon Ash Total volatile solid (VS)

Rice husk 9.8 8.8 17.4 64 14.9 [20]

Wheat straw 4.4–8.4 17.3 7.3–12.8 74.4–92.7 17–18.9 [21, 22]

Rice straw 4.2–6 14.5 8.2–16.0 71.6–92.8 14.5–15.5 [22, 23]

Cotton stalk 8.9 16.6 3.5 71 17.3 [20]

Sorghum stalk 8.7 16.5 8.8 66.0 16.9 [20]

Corn Stover 5.3–7.4 16.9 4.2–6.3 86.5–96.8 16.2–16.5 [22, 24]

Mustard stalk 9.7 12.3 7.9 70.0 15.9 [20]

Sugarcane bagasse 16.07 ** 3.20–4.34 79–83.66 18.61–18.73 [25, 26]

Corn cob 10.2 4.2 5.7 80 15.5 [20]

1510 Biomass Conv. Bioref. (2023) 13:1503–1527



breaks lignin and hemicelluloses in lignocellulosic materials
and also enhances the enzymatic susceptibility [49]. The en-
zymatic hydrolysis is enhanced in the presence of water [49,
50] and also in a glycerine medium with a lesser amount of
water [51]. As compared to the raw straw, microwave-treated
rice straw gives almost an equal level of hydrolysis rate and
diminishes sugar yield [52]. It is an efficient method to dimin-
ish the recalcitrance of miscanthus and switchgrass lignocel-
lulosic biomass. To accelerate, the destruction is carried out at
higher microwave processing temperature, and power also
improves the solubilization of biomass [31].

Ultrasound treatment Sonication is quite an innovative tech-
nique and viable for a laboratory that is utilized for the pre-
treatment process. In ultrasound treatment, cellulose and
hemicellulose fractions are accessible to cellulose-degrading
enzymes by ultrasound waves that produce both physical and
chemical effects by small bubbles that disrupt the morphology
for efficient breakdown into simple reducing sugars. Themax-
imum cavitation was formed at the optimum temperature of
50 °C for the degradation of enzymes [53]. Greater is the
duration of sonication higher is the effect on pretreatment of
biomass. In wheat straw, ultrasonic irradiation in presence of

an alkaline medium enhances the purity, yield, and lignin
destruction which increases with the sonication time from 5
to 35 min [33]. Optimized ultrasonic treatment increases the
production of fermentable sugar from starch in case of corn
stover sonication increases the sugar yield when exposed to
higher power [34].

Pyrolysis In the biorefinery process, pyrolysis treatment is uti-
lized for pretreatment of lignocellulosic biomass that is mainly
applied for the formation of bio-oil. Regardless of the fact that
pyrolysis studies are confined, there are few reviews for re-
ducing sugar production on the utility of pyrolysis in pretreat-
ment of chemically pretreated biomass. Pyrolysis is a thermal
degradation process where feedstocks are exposed to elevated
temperatures (500 to 800 °C) in the absence of an oxidizing
agent. Pyrolysis increases effectiveness during the presence of
oxygen at lower temperatures [54, 55]. Agricultural wastes
undergo pyrolysis with mild sulfuric acid where 85% of cel-
lulose gets converted into monomeric sugars [35].

Pulsed electric field (PEF) Pulsed electric field pretreatment is a
unique treatment where the biomass is subjected to a blow of
high voltage between 5.0 and 20.0 KV/cm for short durations

Table 5 Physical pretreatment and their effect on different biomass

Feedstock Treatment Condition Efficiency Reference

Rice straw Ball milling Time of residence: 120 min Ethanol yield of 116.65 mg/g (2.5% digested
residues) and 147.42 mg/g (10% digested
residues). Highest yield of ethanol as compared
to microwave-assisted alkali &
ultrasound-assisted alkali treatment

[29]

Corn stover Vibration ball milling Temperature: 30 C
Time of ball milling:

5120 min

Ball milling improves ethyl levulinate yield by
31.23% at 160 C. The mechanical ball milling
pretreatment positively influenced the direct
conversion to ethyl levulinate

[30]

Switchgrass (Panicum
virgatum L.) and
miscanthus
(Miscanthus x
giganteus)

Microwave system:
800 W

Different range of
temperatures: 60–210 °C

Time of residence: 35 min

Microwave pretreatment negatively affects aqueous
phase reforming (APR), reducing gas volume by
17 cm3 in the case of miscanthus & by 20 cm3 in
the case of switch grass

A parallel significant increase in the formation of
ungasified solid carbon residue in the APR
process was observed

[31]

Cauliflower (Brassica
oleracea var. botrytis)

Cabbage (Brassica
oleracea var. capitata)

Domestic microwave
oven at different
microwave powers:
87.5–350 W)

Time of residence: 15 to
30 min

Highest increase (64.7%) in biogas production
emerged in 350 W in 25 min

Enhance biogas yield & production kinetics,
improve enzymatic hydrolysis by disruption of
biomass structure

[32]

Wheat straw Ultrasound Sonication of alkaline
pretreated wheat straw for
15–35 min

Increases7.6–8.4% delignification [33]

Corn Ultrasound Sonication of corn starch
slurry for 40 s

Increases the sugar yield by 5–6 times [34]

Agricultural wastes Pyrolysis Mild acid hydrolysis 1 N
sulfuric acid (97 °C for
2.5 h) on pyrolysis
pretreated biomass

85% conversion of cellulose to reducing sugars and
>5% glucose

[35]
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(nano tomilliseconds) by revealing the cellulose present in the
biomass by building pores in the cell membrane thus penetrat-
ing of agents that will further disrupt cellulose into constituent
sugars. The main benefits of PEF i.e. it requires low energy as
duration (100 μs) is short and even the treatment can be car-
ried out at ambient conditions. Another advantage is a simpli-
fication of the PEF instrument design because of the lack of
moving parts [54].

5.1.2 Chemical pretreatment

Chemical pretreatment is considered by different acids, alkali,
ionic liquids, organic solvent, ammonia, etc. as shown in
Table 6. Different chemicals used for the pretreatment of

LCB to convert lignocellulosic to fermentable sugar are ex-
plained below:

Alkali treatment In this pretreatment method, alkali like
NaOH and KOH solutions are used to eliminate lignin and a
few parts of hemicellulose and make the cellulose more ap-
proachable to the enzyme. Increase in saccharification produc-
tion done by this alkali pretreatment method. Usually, pre-
treatment of alkali occurred at low temperature, but it can be
performed with approximately long duration and high concen-
tration of the base. In this pretreatment, breaking of an ester
bond between the components such as lignin, hemicellulose,
and cellulose and avoiding fragmentation was done effective-
ly as compared with acid or oxidative reagents [73]
Diminishing the amount of lignin by 36% can be done by
alkali pretreatment of chopped rice straw with 2% sodium
hydroxide with 20% solid loading at 85 °C for 1 h [74].
Sodium hydroxide treatment effectively acts on rupturing the
ester bond cross-linking lignin and xylan which increases the
porosity in the feedstock, by the delignification process [75].
An increase in the porosity and surface area helps in effective
enzymatic hydrolysis in rice straw with the help of some sep-
arated and exposed microfibrils. Oberoi et al. had observed
that pretreatment of native straw with 1% NaOH which de-
creases lignin by about 47% and increases glucan by about
50%. By increasing the alkali concentration to more than 1%
for treatment leads to biomass loss and increases the solubili-
zation of hemicellulose. The pretreatment of rice straw when

LIGNIN

HEMICELLULOSE

CELLULOSE

AMORPHOUS REGION

CRYSTALLINE REGION

PRETREATMENT

Fig. 6 Effect of pretreatment on lignocellulosic components

Fig. 7 Pretreatment methods for lignocellulosic biomass
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treated with the combination of alkali, i.e., ammonia and ionic
liquid ([Emim]Ac) treatment, demonstrated a synergy effect
with 82% of the cellulose recovery and 97% conversion of the
enzymatic glucose. This collaborative effect revealed over
90% of the glucose conversion with less enzyme usage and
incubation time [61].

Acid treatment Pretreatment with a different type of acids at
normal temperature enhances the anaerobic digestibility.
Dilute acid pretreatment largely affects hemicellulose with
limited influence on lignin degradation. Acid pretreatment
solubilizes the hemicellulose resulting in the cellulose more
accessible to enzymes. In this process, mineral acids like HCl
and H2SO4 are mostly utilized for the treatment. In dilute acid
treatment, for hydrolysis of the carbohydrates, the cellulase
enzyme is needed in the treated biomass. Dilute acid pretreat-
ment is a simple single-stage process in which biomass is
treated with dilute sulfuric acid temperatures for a period of
time and at suitable acid concentrations. To reduce depen-
dence on enzyme requirements, the National Renewable
Energy Laboratory (NREL) in Golden, Colorado, has devel-
oped a two-stage process. Dilute acid hydrolysis of rice straw
has limited reviews because there is no specific condition to
remove lignin and has low sugar yield [76]. Rice straw when
treated with dilute acid i.e. 1% (w/w) sulfuric acid with 1–
5 min reaction time at 160 C to yield 83% of sugar and also
increases the efficiency of 70% during enzymatic hydrolysis
[56]. Oberoi et al. suggested that when the rice straw is treated
with dilute sulfuric acid, i.e., 10% (w/w), it results in
diminishing the crystallinity property of the rice straw and
ultimately enhances the productivity of enzymatic hydrolysis.

Solvent treatment Solvent pretreatment is the most important
fractionating along with a separating process during which an
organic or aqueous organic solvent is employed to deconstruct
LCCs in the presence or absence of catalysts [77, 78].
Triethylene glycol, methanol, ethanol, ethylene glycol,
tetrahydrofurfuryl alcohol, glycerol, n-butanol, acetone, phenol,
etc. have been examined to hydrolyze hemicellulose and even
to destruct lignin so that further it can render cellulose for en-
zymatic hydrolysis. Organic solvents treatment is more profit-
able on top of other chemical pretreatments due to the fact that
those are comparatively low-molecular-weight lignin and pure
can be regained as a by-product. At the same time due to heavy
expenses of organic solvents and the intensive energy con-
sumption connected with easy recovery of the solvent which
builds this approach economically non-competitive.

a. Ionic liquids

Another technique, i.e., pretreatment by ionic liquids (ILs),
resides as liquids at room temperature, and mainly they are
salts including a large organic cation and a small anion and at

less vapor pressure [79]. Based on chemistry, the anion and
cation have an extensive classification of ILs [80]. It has
aimed for lignin degradation and breaks down the crystalline
structure of cellulose for enzymatic hydrolysis. Consequently,
IL pretreatment has been broadly studied, and the majority of
ILs can be retrieved which not only diminishes their usage but
also makes them eco-friendlier [81]. Imidazolium salts are the
most common ionic liquids rupturing the hydrogen bonding
[82]. Moreover, to produce ethanol, there are still many chal-
lenges for ILs, but it can be beneficial in the pretreatment of
biomass for the upcoming generation. Rice straw was mixed
with ionic liquid at 1:20 solid-liquid ratio and incubated in an
oven at 130 °C for 24 h where the recovery rate is higher of
glucan and xylan, 74% cellulose recovery, and 78% conver-
sion to glucose [61].

b. Organosolv

In this method, the different feedstocks include the addition
of various aqueous organic solvents such as ethanol, metha-
nol, ethylene glycol, and acetone under a particular state of
temperature and pressure [83, 84]. In organosolv pretreatment,
the important factor is the temperature (rely on sort of feed-
stock and catalyst) and mainly takes place in presence of an
acid, base, or salt catalyst [85]. This method is mainly utilized
for the degradation of lignin, and apart from lignin, sugars
fractions such as cellulose and hemicellulose are also pro-
duced during the process. Pretreatment of rice straw with
75% (v/v) aqueous ethanol containing 1% w/w sulfuric acid
at 150 °C for 60 min results in the total sugar concentration of
31 g/L in the enzymatic hydrolysis and increases the produc-
tion of solvent, i.e., acetone, butanol, and ethanol [60].

iii. Deep eutectic solvents (DES)

Nowadays, the researchers have deviated their emphasis on
deep eutectic solvents as a green method for biomass utiliza-
tion [86]. These mixtures are developed by a combination of
hydrogen bond donor (alcohols, amides, and carboxylic acids)
and hydrogen bond acceptor (quaternary ammonium salts) at
moderate temperature (60–80 °C) which mainly comprises of
non-symmetric ions that have a low melting point and
lattice energy [86–88]. DES is efficient enough for
forming hydrogen bonds because of the presence of
strong electron donors and acceptors by controlling its
solvation property [89]. Without any effect of cellulose,
it enhances the solubilization of LCB polymers with
more selective solubilization of lignin [90]. Deep eutec-
tic solvents (DESs) based pretreatment considered to a
“Green” and economical process due to its clarity in the
synthesis process, requisite demand of solvents, and pu-
rification steps. DESs are generally less toxic, easily
biodegradable, and recyclable [86].
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Salt pretreatment Numerous studies reveal that metal salts
can catalyze the deconstruction of LCB [91, 92]. The basic
principle is that it forms various complexes of Lewis acids and

metal in water and these metal cations serve as Lewis acids
which can break the glycosidic bond of hemicelluloses that
ultimately result in the formation of xylose [93]. Metal salt

Table 6 Chemical pretreatment and their effects on different biomass

Reagents Conditions Advantages of pretreatment References

Acid 1% (w/w) sulfuric acid at 1:10 ratio of rice straw and acid
reaction time of 1–5 min at 160 °C or 180 °C for 1 min
residence time

Solubilized more than 90% xylan [56]

Alkali and
microwave

Microwave frequency 2450 MHz& power set at 700, 500, and
300 W, respectively, followed by 1% NaOH solution taken
at 1:8 solid and liquid ratio ranging from 15 min to 2 h

Removing more hemicellulose and lignin and
increasing its accessibility to hydrolytic enzymes

[57]

Dilute acid
hydrolysis

Rice straw soaked in 0.5% sulfuric acid at 1:6.66 solid liquid
ratios for 20 h steam-heated for 1.5 min pressure- 15 bar
remained at this pressure for 10 min to carry out the hy-
drolysis

Maximum removal of hemicelluloses (99%), which
helps in enzymatic hydrolysis

[58]

Alkali (calcium
capturing by
carbonation)

Rice & lime mixed in different proportion with water keeping
solid and liquid ratio 1:20 under 120 °C for 1 h

Solid–liquid separation step, not a washing step of the
solid portion is needed

[59]

Organosolv Rice straw mixed with a solid-to-liquid ratio of 1:8 of 75%
(v/v) aqueous ethanol containing 1% (w/w) sulfuric acid as a
catalyst. Treatments were carried out in a high-pressure
stainless steel vessel at 180 °C for 60 min

Organosolv pretreatment can be applied for efficient
production of the solvents from rice straw

[60]

Ionic liquids Rice strawmixed with ionic liquid at 1:20 solid liquid ratio and
incubated in an oven at 130 °C for 24 h

Glucan and xylan recovery rate are quite high [61]

Alkali Rice straw mixed with 10% (v/v) ammonia solution at 1:10
solid liquid ratio and incubated at 100 °C for 6 h

Glucan and xylan recovery rate are quite high [61]

Acid Rice straw at substrate concentration of 10% (w/v) subjected to
dilute acid hydrolysis with sulfuric acid at 2% (w/v) at
132 °C for 30 min under pressure

Reduces the crystallinity property of the rice straw &
remove the xylan, which makes it more suitable for
the enzymatic hydrolysis

[62]

Alkali Rice straw at 10% (w/v) treated with 1–5% (w/v) NaOH
concentrations & incubated in an incubator shaker at
150 rpm, 40 °C for 1 h & autoclave sterilized at 121 °C for
30 min

Decreased lignin by about 47% & increased glucan by
about 50%

[63]

Microwave alkali Wheat straw pretreated with alkali (NaOH) concentrations of
2.75% (w/v) at a solid loading of 10% (w/v) & microwave
for residence time 22.50 min & during treatment tempera-
ture reached up to 100 °C

Decrease lignin about 60.8% due to alkaline
pretreatment and microwave treatment at high
temperature

[64]

Beam radiation Rice straw was irradiated with accelerated electrons by using a
linear electron accelerator. Straw soaked in mineral water
overnight in order to enhance the effects of pretreatment

Improve the enzymatic digestibility [65]

Microwave
organic acid

Rice straw mixed with a certain concentration of acetic acid &
radiated at 100–700 W for 2–5 min in the microwave oven

Removal ratio of lignin was 51.54% [66]

Microwave alkali Rice straw 8% (w/v) pretreated with 1% NaOH aqueous
solution at boiling condition for 30 min and followed by
microwave frequency (2450 MHz) at 700 W for 30 min

Decrease lignin about 76% due to alkaline
pretreatment and changes in the crystallinity of the
rice straw

[57]

Diluted H3PO4 Corn stover treated at 50 °C for 10 min Decreased gaseous products formation but increased
the amount of liquid fraction in the pyrolysis process

•When the corn stover was acid-pretreated, the amount
of H2 was largely reduced from 0.04–0.05 to
0.001–0.005 L

[67]

60% ethanol Wheat straw treated in 10% solid content at 200 °C for 60 min 56% lignin yield, then paralysis yielded 60% bio-oil
with 40% phenolic monomer

[68]

50% ethanol Eucalyptus treated in 10% solid content at 200 °C for 60 min Lignin reduced from 32 to 11% [69]

50% ethanol Wheat straw in 10% solid content at 210 °C for 60 min 86% glucose enzymatic digestibility [70]

90% methanol Pine in 0.2% HCl at 170 °C for 45 min Hemicellulose was completely dissolved, 90% lignin
removal

[71]

Methanol Poplar wood & wheat straw E. globulus 38–62% methanol
(1% acetic acid) 12% solid content at 176–194 °C for
56–104 min

51.7–74% cellulose pulp yield with kappa number
12.6–85.4 & viscosity 435–1110 mL/g

[72]
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solutions are more efficient in increasing the capacity of the
breakdown of hemicellulose fraction with minimized xylan
degradation [94]. The significant benefits related with metal
salts assisted treatments are improving lignin removal, hemi-
celluloses degradation [91], and complete conversion of bio-
mass, higher reaction rate, improved enzymatic hydrolysis
[95], nontoxic, environmentally benign, and no requirement
of expensive non-corrosive reactors [90, 96]. Bak et al. [65]
observed that when rice straw (RS) pretreated using water
soaking-based electron beam irradiation (WEBI), that makes
the treatment eco-friendly without any discharge or creation of
inhibitory compounds such as hydroxymethylfurfural(HMF)
and furfural. It even enhances the yielding of rice straw during
the process of enzymatic hydrolysis and fermentation. Yu
et al. [67] investigated that structural properties of corn stover
such as the reduction in particle size were observed after treat-
ment using mechanical pulverization in the presence or ab-
sence of phosphoric acid treatment. This also showed that
the compact structure of corn stover gets loosened due to the
pulverization effect and even the hemicelluloses content was
reduced and increase in accessibility of β-1, 4 glycosidic
bonds for hydrolysis.

5.1.3 Physicochemical pretreatment

Ammonia treatment Ammonia is an important pretreatment
reagent, an effectual swelling reagent with many useful prop-
erties for LC biomass. It can be recovered and reused due to its
high volatile nature. Ammonia is a non-polluting as well as
non-corrosive chemical. In the lignin-carbohydrate complex,
the ether-ester bonds and C–O–C bonds can be cleaved during
the reaction of aqueous ammonia with lignin [97]. Ammonia
recycle percolation is an effective process that has been devel-
oped for pretreatment. In this process, the feedstock main-
tained at 170 °C is used through which ammonia is pumped.
This is the selective process to achieve up to 85%
delignification as well as the yield of glucose in enzymatic
hydrolysis [98]. Most of the glucan and xylan can be pre-
served by soaking the feedstock in aqueous ammonia (SAA)
pretreatment at very moderate temperatures ranging from 40
to 90 °C [97].

Steam explosion Steam explosion or steam-based pretreat-
ment is the main among the most important used physico-
chemical methods and high explosion on feedstock that need
for further hydrolysis [99]. Steam treatment is usually a mix-
ture of mechanical forces (pressure drop) and chemical effects
(autohydrolysis of the acetyl group of hemicellulose) where
the biomass is treated at high pressure (0.7–4.8MPa) saturated
steam for release of hemicellulose. Major components that
have an impact on this treatment are temperature, residence
time, moisture content, and biomass size [100]. The treatment
of hardwoods and agricultural residues mostly prefers steam

explosion and was found to be more effective. The advantages
of this method are it requires low energy, limiting chemical
utility, no cost for recycling, and most importantly it is envi-
ronment friendly.

Liquid hot water (LHW) This method is referred to as hot
compressed water which is mostly similar to the steam pre-
treatment method, but the LHW process utilizes water medi-
um at high temperature (170–230 °C) and pressure (up to
5 MPa) instead of steam. This method results in hydrolysis
of hemicellulose and making cellulose more accessible for a
rupture with simultaneous removal of lignin. LHW can be
carried out in 3 distinct ways based on biomass present in
the reactor and the direction of the flow of water.

& Co-current LHW pretreatment - Both water and slurry of
biomass are heated at a particular temperature, various
conditions needed for pretreatment for residence time be-
fore being cooled.

& Countercurrent LHW - The biomass is pumped by hot
water under controlled conditions.

& Flow-through pretreatment - In this process, the hot water
flows through the biomass which acts as a stationary bed,
and the fractions that are hydrolyzed are carried out in the
reactor.

The main advantages of LHW are:

& Requires low temperature.
& It forms minimum inhibitory compounds.
& The solvent is affordable and cheap.

Despite that, downstream processing demands a large
amount of energy because of the considerable quantity of
water involved [99].

Wet oxidation Wet oxidation treatment is one of the conve-
nient processes of lignocellulosic pretreatment, i.e., more ap-
propriate for lignin-enriched biomass. The enriched biomass
is treated with air/oxygen as well as water or hydrogen perox-
ide medium at high temperature (above 120 °C for 30 min)
[101]. The wet oxidation process is more capable and mainly
depends upon three various factors such as temperature, oxy-
gen pressure, and reaction time. In this process, water behaves
like acid with an elevation of temperature above 170 °Cwhere
it catalyzes hydrolytic reactions. The hemicellulose fraction is
divided into its pentose and hexose monomers, and the lignin
part undergoes oxidation, while the wet oxidation treatment
affects less the cellulose fraction.

CO2 explosion This technique performs the pretreatment of
biomass through supercritical fluid CO2 where the gas acts
as a solvent. In this process, the supercritical CO2 undergoes
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through a high-pressure vessel containing the biomass [102].
The vessel is then heated to the necessary temperature and left
for a few minutes at high temperatures [16]. CO2 penetrates
inside the feedstock at high pressure which forms carbonic
acid that hydrolyses the fraction of hemicellulose. The pres-
surized gas when released breaks the feedstock by increasing
the surface area [103]. This method is mainly appropriate for
feedstock having minimum moisture content. The higher the
moisture contents in the biomass, the higher the hydrolytic
yield [102]. The benefits of this process are it requires less
temperature, low cost of CO2, high solid capacity, and no
formation of the toxin. On the other hand, due to expensive-
ness of the reactor for a tolerance of high-pressure conditions,
it is becoming a barrier in its application on large scale [99].

Oxidative treatment This process mainly involves various
types of an oxidizing agent such as hydrogen peroxide, ozone,
oxygen, or air [104]. Above all, the oxidizing agent that is
employed frequently is hydrogen peroxide. It has been ob-
served that hydrolysis of hydrogen peroxide results in the
generation of hydroxyl radicals which are responsible for the
degradation of lignin and formation of low molecular weight
products. Removal of lignin from lignocellulose reveals cel-
lulose and hemicellulose resulting in increasing enzymatic
hydrolysis that could reach up to 95% [105]. During oxidative
pretreatment, a lot of valuable chemical reactions such as
electrophilic substitution, side-chain displacements, and oxi-
dative cleavage of an aromatic ring, ether linkages may take
place. This process acts as an inhibitor by the delignification
process and converting lignin to acids. So, these acids need to
be removed [106]. A major drawback of this pretreatment is
that it harms a substantial amount of hemicellulose making it
inefficient for the fermentation process [107].

5.1.4 Biological pretreatment

Biological pretreatment provides major benefits such as
low energy and chemical use, but an effective and rapid
process has not yet been found. On the basis of some
strict conditions such as corrosion-resistant equipment,
dumping of chemical wastes and proper washing in
the chemical treatment has various disadvantages. This
pretreatment is a secure and eco-friendly method for the
removal of lignin and degrading the component present
in the lignocellulose as mentioned in Table 7. The
white-rot fungi of Basidiomycetes are the most useful
and propitious microorganism used in biological pre-
treatment [117]. These are the four popular white-rot
fungi species (Phanerochaete chrysosporium, Trametes
versicolor, Ceriporiopsis subvermispora, and Pleurotus
ostreatus) utilized during biological treatment of rice
straw. This method is mostly based on the quantitative
and morphological alteration in the lignocellulose

components of the pretreated rice straw as well as sus-
ceptibility to enzymatic hydrolysis [117]. Suhara et al.
[108] determined that pretreatment of bamboo culms
with Punctularia sp. (white-rot basidiomycetes) im-
proved the effect of enzymatic hydrolysis and degraded
50% of lignin content. The white-rot fungus, P.
Ostreatus, is the best agent for degrading the lignin part
of rice straw than the holocellulose component. The
total loss of weight and the degree of Klason lignin
(insoluble residue portion after remaining ash) degraded
were 25% and 41%, respectively, which has been done
by pretreatment with P. ostreatus for 60d and those
untreated rice straws contained 83% and 52% of cellu-
lose and hemicellulose, respectively. Commercial cellu-
lase enzyme preparation for 48 h, 52% holocellulose
and 44% cellulose, in the pretreated rice straw was sol-
ubilized by enzymatic hydrolysis process. The net sugar
yields of untreated rice straw were 33% from
holocellulose and 32% for glucose obtained from cellu-
lose [117]. So, by this pretreatment method, porosity
increase in rice straw has been done by loosening in
their cell structure. Pretreatment by using P. ostreatus
increases the rice straw sensitivity towards enzymatic
hydrolysis which has been shown by the scanning elec-
tron microscope (SEM). This sensitivity has been done
due to a break in lignin bonds, which is responsible for
opposing the entry of cellulase in the rice as described
above. Du et al. [109] developed a biological pretreat-
ment with I. lacteus which yields glucan (82%) by hy-
drolysis. The fungal pretreatment by Ceriporiopsis
subvermispora of corn stover increases the glucose yield
[115]. It was reported by Cianchetta et al. when wheat
s t r aw was pre t r ea t ed by fung i Cer ipor iops i s
subvermispora strain minimizes the loss of cellulose
content with the highest sugar yield to 44%. In the
biological pretreatment of rice husk, Phanerochaete
chrysosporium, the white-rot fungus, was utilized for
reducing sugar production.

5.2 Combined pretreatment methods

To increase the efficiency of the treatment process due to the
drawbacks available in single pretreatment methods, many
researchers make an effort to combine those methods to over-
come the challenges. Nowadays, many studies have been con-
ducted by a combination of various pretreatment methods. For
example, in fungal pretreatment, the main disadvantage is its
longer operation time. In that context, combining the fungal
pretreatment with some other physical and chemical treatment
methods improves the efficiency of the process [118]. In an-
other survey, when hydrogen peroxide is combined with the
steam pretreatment, the yield of xylose and glucose yield in-
creased by 34% and 12%, respectively, but further there is no
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rise in the yield of arabinose and mannose significantly.
Hence, hydrogen peroxide has not improved the formation
of lignocellulose-derived by-products throughout the pretreat-
ment process [96]. In recent studies, alkaline hydrogen perox-
ide is utilized due to its effectiveness for a broad range of
LCBs with the high performance of enzymatic hydrolysis
when utilized solitarily or combined [119]. Some recent stud-
ies of bioethanol production from LCB using combined
methods is depicted in Table 8. The combined microwave
alkali acid pretreatment found to have more cellulose content
was increased to 60.07% [120]. Another pretreatment with a
combination of phosphoric acid and hydrogen peroxide on
wheat straw for ethanol conversion of 88.2% [122]. A produc-
tive approach of pretreatment on wheat straw using alkaline
NaOH and alkaline hydrogen peroxide where 92.4% of sugar
conversion takes place [124] but when the wheat straw
pretreated with alkaline NaOH followed by steam pretreat-
ment results in 80% of glucose and 65% of xylose [123].
Yuan et al. [125] suggested that when corn stover pretreated
with sodium hydroxide methanol solution (SMs) that en-
hances the enzyme accessibility of corn stover. Another study
of Vergara et al. [126] investigated that corn stover pretreated
with ethanol-water (EW) and diluted sulfuric acid (DSA)
showed a combined effect of delignification and ultimately
enhances the enzymatic cellulose hydrolysis.

5.3 Chemicals from pretreatment processes

There is a generation of various chemical intermediates in
different pretreatment processes in several industrial sectors
such as food, paper and timber, and fibers. It can be petroleum
substitute’s products or might have new functionalities or nu-
merous superior properties than the ancient manufactured pe-
troleum products such as:

(i). Liquid hydrocarbon fuels [129, 130] and chemicals like
furfural [131], 5-hydroxymethyl furfural (HMF) [132],
2,5-furan dicarboxylic acid (FDCA), g-Valero lactone

(GVL) [133, 134], polymers [135, 136], and organic
acids [137, 138] from components of carbohydrates that
are hemicellulose and cellulose.

(ii). Phenolic lignin compounds emerge with several utilities
such as agricultural chemicals, thermal and electrical
energy, diesel fuel, carbon fiber, adhesives, additives,
dispersants, resins, textile dyes, and aromatics [139,
140].

(iii). Biogas [141, 142].

5.4 Novel and emerging pretreatment technologies

5.4.1 Hydrothermal pretreatment

Hydrothermal pretreatment uses a high temperature of subcrit-
ical water (< 374 °C) which denatures plant cell walls and
degrades hemicellulose and transformation of lignin into
sugars/syngas [143]. This technique can be categorized de-
pending on the target product into 3 various classes such as
(Fig 8):

& Carbonization - This process is carried out at a tempera-
ture ranging between 200 and 270 °C, and the product
formed is solid char that is mostly rich in carbon.

& Liquefaction - This process which mostly produces water-
soluble constituents, bio-oil, char, and a gas phase that
comprises carbon dioxide works out under processing
conditions between 250 and 400 °C [144].

& Gasification - In gasification hydrothermal treatment, the
temperature must be greater than 400 °C, and the product
obtained in this process is fuel gas.

In gasification hydrothermal, the temperature is much high
which ultimately results in greater reaction rates as compared
to reaction rates that are obtained in hydrothermal liquefaction
and carbonization.

Table 7 Different biological pretreatment strategies involved for pretreatment of lignocellulosic biomass and its advantages

Microorganism Biomass Major effects Reference

Punctualaria sp. TUFC20056 Bamboo culms 50% of lignin removal [108]

Irpex lacteus Corn stalks 82% of hydrolysis yield [109]

Ceriporiopsis subvermispora Wheat straw loss Minimal cellulose [110]

Fungal consortium Straw Seven-fold increase in hydrolysis [111]

P. ostreatus/P. pulmonarius Eucalyptus grandis saw dust Twenty-fold increase in hydrolysis [112]

P. chrysosporium Rice husk – [113]

Fungal consortium Corn stover 43.8% lignin removal/seven-fold increase in hydrolysis [114]

Ceriporiopsis subvermispora Corn stover 2–3-fold increase in reducing sugar yield [115]

Fungal consortium Plant biomass Complete elimination of use of hazardous chemicals [116]

Biomass Conv. Bioref. (2023) 13:1503–1527 1517



Advantages of hydrothermal pretreatment:

& High energy conversion.
& Low corrosion.
& No catalytic requirements [142].
& In this process, by increasing the surface area of the feed-

stock, it ultimately magnifies the cellulose so that it can be
more available to enzymes for further degradation and by
decreasing the cellulose crystallinity [145].

6 Enzymatic hydrolysis

By the use of an enzyme, polymers of cellulose and hemicel-
lulose are cleaved. Hemicellulose contains some components
like xylan, mannan, glucan, and galactan, whereas cellulose
contains glucans only. Ultimately, hydrolysis product of
hemicellulose and cellulose results in various pentoses, hex-
oses, and glucose, respectively [146]. The high amount of
lignin can block enzyme accessibility, inhibit the end product,
and diminish the rate and yield of hydrolysis. The
strong inhibitors of cellulase are lignin, cellobiose, and
glucose [147]. Several factors affecting the products for
the formation of monomeric sugars are liquid to solid
ratio, specificities of various acid used, temperature, re-
action time, size of the particle of the biomass as well
as the length of the macromolecules, polymerization de-
gree of cellulose, arrangement of the cellulose chain,
and connection of cellulose with other polymeric struc-
tures present within the plant cell wall such as lignin,
pectin, hemicellulose, proteins, and mineral elements
(Fig. 9a, b).

7 Scope of applications

In this review, this topic is portrayed in short and brief, but this
subject is beyond the scope of this review. Multiple valuable
products can be obtained and formed through lignocellulosic
biomass. Among which biofuel and green chemicals are wide-
ly publicized and broadly reviewed [148]. Table 9 shows the
advantages and disadvantages of different type of
pretreatments.

7.1 Biofuels

Numerous biofuels are obtained through lignocellulose bio-
mass in different forms such as bio-oil, bioethanol,
biohydrogen, biogas, and syngas.

& Bio-oil - It is produced by depolymerization of lignocel-
lulosic components, viz., carboxylic acids, hydroxyl alde-
hydes, sugars, hydroxyl ketones, and phenols. Through
the pyrolysis process, bio-oil is obtained with by-
products such as biochar, tar, and gases [156, 157].

& Bioethanol - It is a well-known second-generation biofuel.
There are five different methods such as separate hydro-
lysis and fermentation (SHF), simultaneous saccharifica-
tion and fermentation (SSF), consolidated bioprocessing
(CBP), and integrated bioprocessing (IBP) for the produc-
tion of bioethanol [155, 158]. SSF is most potential and
promising between these processes as it is cost-effective
and high product yield. IBP is one more favorable process
that involves treatment in a single step with several micro-
organisms [159].

& Biohydrogen - It can be generated through thermo-
chemical (gasification and pyrolysis) or biological routes

Table 8 Bioethanol production from LCB using combined methods

Biomass Combined pretreatment Pretreatment conditions Reducing sugars Delignification
rate (%)

Bioethanol
yield

Reference

Rice straw Microwave alkali acid 28 °C, 14 days 8.11 g/L 50.65 0.38 g/g [120]

Rice straw M. indicus fungus +
NaOH

930 C, 10 h Glucose-55 g/L
Xylose-48.6 g/L

– 67.3% [121]

Wheat straw Phosphoric acid + H202 40.2 °C, 29 h (H3PO4–85%w/w)
(H202–30% w/w)

– 70.8 15.5 g [122]

Wheat straw Alkaline + steam
explosion

1510 C, 16 min Glucose-59.3%
Xylose-55.7%

20.8 54.5 g/L [123]

Wheat straw Alkaline + alkaline
peroxide

50 °C, 7 h – 0.5–3.4 31.1 g/L [124]

Corn stover Alkaline organosolv 20–100 °C, 0.5–3.0 h 29.5 g/L – 0.5 g/g [125]

Corn stover Ethanol-water + diluted
H2SO4

130–170 °C 50–60% 30–66 – [126]

Sugarcane
bagasse

HC-assisted alkaline
H202

60 °C, H202 concentration-
0.2–1.0%v/v

Xylose-38 g/L
Glucose-80 g/L

63.3 0.49% [127]

Sugarcane
bagasse

Liquid hot water+ disk
milling

121 °C,1 h Glucose-0.392 g/g
Xylose-0.132 g/g

47 79.6% [128]
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[160]. In the pyrolysis process, hydrogen can be produced
through fast or flash pyrolysis [161]. By partial oxidation
and steam reformation followed by water-gas shift reac-
tion, hydrogen can be produced through gasification.
There are two different routes to produce biohydrogen,
that is, one through biological routes known as photo fer-
mentation, i.e., light-dependent, and dark fermentation,
i.e., light-independent [162].

& Biogas and syngas both have almost similar types of com-
position (CO2, CO, CH4, H2, and N2) but are produced
through 2 different routes. Biogas is generated through an
anaerobic digestion method which comprises 4 steps like
hydro lys i s , ac idogenes i s , ace togenes i s , and
methanogenesis [163], while syngas is produced by the
process of gasification that is produced at a lower temper-
ature due to the high reactivity of biomass. Biomass gas-
ification has three types of processes: (1) pyrolysis which
involves anaerobic decomposition of biomass at high

temperatures; (2) a limited quantity of oxygen is required
for partial oxidation; and (3) steam gasification which in-
volves the reaction of water with biomass.

7.2 Bioproducts

The chemical that is obtained from lignocellulosic biomass
originated either from the part of the carbohydrate portion or
through the lignin area.

& Dehydration of C5 and C6 sugars through acid-catalyzed
reactions, the chemical derived from carbohydrate part is
furfural and 5-hydroxymethylfurfural (HMF) [164]. By
hydrogenation of hexose and pentose, sugar-based alco-
hols are obtained such as sorbitol and xylitol [165]. By
hydrogenolysis of sugar alcohol such as sorbitol and xy-
litol which helps in sweetening the products used in
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medication, candy, gums, etc. The most widely used glyc-
erol can be produced mainly applicable for preparing
biosolvents, polymers, surfactants, etc. [166]. Also, lactic
acid is mainly used in organic synthesis industries and
succinic acid mostly used in the beverage industry, and
these two chemicals can be obtained from biological con-
version caused by bacteria.

& In earlier days, lignin has been used to generate heat. But
in recent times, lignin has been a significant and valuable
source of products as it consists of long-chain phenolic
compounds. Depolymerization is the main fundamental
process for the conversion of lignin to phenolic com-
pounds. Numerous methods obtained for conversions of
lignin components to their respective phenolic compounds
are liquefaction [167], oxidation [168], solvolysis [169],
hydrocracking [170], and hydrolysis [171]. It has also
been utilized for the development of sophisticated prod-
ucts for energy storage, transportation facilities, medical
applications, biosensing, environmental remediation, etc.
[172–174].

8 Advantages of bioethanol

& A number of other chemicals such as ethyl esters, ethyl
acetate, extractants, antifreeze, and intermediates in the

synthesis of various organic chemicals are formed by
ethanol.

& The second-generation fuel, i.e., bioethanol, is environ-
mental friendly, biodegradable, and less toxic than the
ancient nonrenewable fossil fuels.

& It is mainly originated from renewable sources; i.e., any
by-products obtained from agricultural biomass can be
used for the production provided; it contains sugar and
starch such as rice straw, wheat straw, corn stover, corn-
cob, and sugarcane bagasse.

& During bioethanol production, it reduces greenhouse gas-
es and neutralizes the carbon availability in the
atmosphere.

& Bioethanol has mostly been used as a biofuel as it is blend-
ed with petrol at 5%, and these fuel spills are ecofriendly
or diluted to nontoxic concentrations.

& The gases of ethanol that are discharged are much cleaner
and undergo complete combustion, and the effect of etha-
nol utilization results in a decrease in the depletion of the
ozone layer in the atmosphere which is important and
beneficial for environmental concerns.

9 Conclusion

The existence of lignin in the biomass hinders the hydrolysis
of cellulose and hemicellulose. Consequently, broad research
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+
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Fig. 9 a Brief process of enzymatic treatment. b Process of enzymatic hydrolysis
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has been completed for creating different pretreatment proce-
dures for the delignification of biomass. Mostly combination
of two different types of pretreatments indicated favorable and
advantageous effects on improving chemical yield and pro-
cess of enzymatic hydrolysis of LBs, but it increases the cost
of operation. Acid treatment, steam explosion, and hydrother-
mal processes all together show a comparatively high effect
on eliminating hemicelluloses fraction from the structure of
biomass. Alkali, oxidative, and organosolv pretreatments are
more efficient in removing and degrading of lignin portion.
On the other hand, the operational expenses and maintenance
costs of organosolv and oxidative delignification processes
are much higher than alkali pretreatment. Biological pretreat-
ment exhibits manymerit output on eliminating lignin fraction
from LBs. So far, alkali pretreatments are considered; it is still
the most attractive and inexpensive method to expel out lig-
nin. According to the comparison, dilute acid process, hydro-
thermal and steam explosion combined alkali pretreatment is
the most favorable combination for pretreating LBs. On the
contrary, advanced hydrothermal pretreatment (based on the
biorefinery platform) aimed at generating value-added prod-
ucts from lignin and other components (currently focusing on

the production of energy). Nonetheless, basic investigation of
pretreatment techniques carries us to an end that pretreatment
strategy is a “customized” process for each biomass which
ought to be fastidiously chosen and arranged dependent on
the trademark properties of biomass. Likewise, it tends to be
presumed that to date a solitary pretreatment technique has not
been built up which can do finish the delignification of bio-
mass in a monetary and condition agreeable way. However,
consolidated pretreatment techniques have been effective to a
degree; still, a great deal of research should be done in creating
joined pretreatment strategies to their maximum capacity.
There are two different conditions for various type of feed-
stocks such as the biomass that is applicable for biochemical
conversion should have high moisture content (>30%), rich in
cellulose and hemicellulose content, and carbon to nitrogen
ratio less than 30, whereas biomass containing moisture of <
30%, rich in lignin content, and a carbon to nitrogen ratio
greater than 30 are mostly preferred for thermochemical con-
version and subsequent treatment for biofuel production. This
basic audit involving physical, chemical, physicochemical,
and biological pretreatment forms alongside their focal points
and impediments will help the specialist in arranging,

Table 9 Major advantages and disadvantages of each pretreatment [149–155]

Pretreatment Advantages Disadvantages

Physical Lessens processes severity water consummation (resulting in a
concentrated media) and coproduct formation when combined
with thermochemical treatments

Increase power consumption

Chemical

1. Alkaline i. Reduce the absorption of cellulose due to efficient lignin
removal & low cost

ii. Combined with acid generates pure cellulose with lower
formation of by-products

Formation of salt requires neutralization & chemical recovery
steps & high residence times

2. Acid Gives good results when combined with alkaline treatment and
hydrolyses hemicellulose and has lower costs

Hazardous toxic & corrosive chemicals
Require neutralization, detoxification, & chemical recovery

steps & anti-corrosive materials
Degradation of sugar & reduces process yield

3. Ionic liquid i. Provide specific properties to degrade oxygen structures
ii. Does not require chemical reagents, easy to operate, & require

less energy

Solvent is volatile, expensive & recovery by ion exchange
chromatography which is an expensive method

4. Organosolv Formation of high solids loading & pure lignin catalysis used to
increase the reaction yield in less condition

Solvent need to be separated recovered & reused due to high
cost

Physicochemical

1. Liquid hot water Does not need washing chemical recovery or detoxification steps Longer residence time. Requires large amount of water &
expensive equipments & high consumption for heating &
evaporation of water

2. Steam explosion Uses no chemicals & less water. Low environment impact & cost
effective

Promotes degradation of sugars. Requires high energy cost
with steam heating

3. Ammonia Low formation of coproducts. Require fewer enzymes High costs of separation, recovery, & recycle of ammonia

4. Oxidative Oxygen & alkali addition to wet oxidation process reduces the
severity of medium & inhibitors formation

Solvents need to be separated, recovered, & reused due to
high cost

Biological It is selective, requires no chemicals, and uses less energy Enzymatic hydrolysis requires long incubation time, low
production, & high sensitivity to inhibition
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determinating and improvement of the pretreatment process
for different lignocellulosic biomass.
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