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Abstract  The need for clean, alternative energy sources has increased due to the depletion of fossil fuel reserves and

rising energy consumption. Saccharification, fermentation, and chemical pretreatment can turn lignocellulosic biomass

(LCB), an affordable and renewable resource, into bioenergy potential. Chemical pretreatment is essential to convert

LCB into biofuels or biochemicals in later stages. Certain upgraded pretreatments are required to improve LCB

accessibility and digestion. Enhancing the hydrolysis of its carbohydrates, such as cellulose and hemicelluloses, is the

inevitable of the LCB pretreatment. In order to produce bioproducts, lignocelluloses must have their refractory structure

modified. Different pretreatment techniques have been developed to produce bioenergy from LCB. The most current

developments in acid, alkaline, organosolv, deep eutectic solvents (DESs), and wet oxidation chemical pretreatment

techniques (CPT) are reviewed and discussed. The study aims to increase our understanding of these pretreatment

procedures and their potential as environmentally friendly technologies for advancing contemporary biorefineries and

the future recommendations were discussed. 
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1. Introduction

Energy consumption is predicted to rise roughly 28% by 2040

compared to current levels [1]. Presently, around 85% of the world's

energy demands are met by petroleum-derived fuels. Acid rain,

melting glaciers, global warming, greenhouse gas emissions, and

deteriorating air quality are few of the environmental problems

exacerbated by this excessive reliance [2]. Therefore, it is imperative

to investigate alternate renewable energy sources. Eco-friendly energy

is a major problem in developing nations, and renewable energy

technology offers viable answers to future energy shortages and

environmental issues [3]. By 2050, renewable sources are expected

to supply about 85% of energy needs due to the projected significant

increase in renewable energy output [4]. 

The main renewable energy sources for producing electricity

include biomass, solar, hydro, and wind. Amongst various alternative

and clean energy sources, bioenergy stands out owing to its carbon

neutrality, versatility, and potential for continuous energy generation

[5]. Bioenergy may reduce waste by using forestry and agricultural

wastes to produce steady, dependable power, unlike intermittent

sources are solar and wind. According to projections, bioenergy may

account for 20–30% of the world's energy supply by 2050, which

would be essential to reaching net-zero emissions. Its capacity to

generate power, heat, and biofuels, as well as its integration with

the current energy infrastructure, solidify its status as a crucial component

of the energy mix of the future.

Agricultural residues can be classified into field-obtained residues

(example: straw) and process-based residues (example: husk), which

are typically generated in substantial quantities annually and often

subjected to combustion or disposal [6]. The plant cell walls of LCB

exhibit inherent recalcitrance to biochemical and enzymatic degradation,

posing a significant challenge to the efficient valorization and

bioconversion of lignocellulose feed stocks [7]. Bio-based products

exhibit a reduced environmental footprint compared to conventional

alternatives, making them integral for mitigating overall emissions

and enhancing sustainable energy systems, thereby facilitating the

transition towards a more environmentally responsible society [8].

Despite the numerous advantages of lignocellulose bio-refineries,

the efficient valorization of LCB remains highly challenging due

to its intricate structural composition and inherent recalcitrance to

biochemical and enzymatic conversion [9].
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Cellulose, hemicellulose, and lignin constitute a majority of plant

material called lignocellulosic biomass (LCB) [10]. These elements

give plants their rigidity and resistance to deterioration. Together

with each other, they create their structural framework [11]. The

main elements of LCB, a plentiful and renewable resource, are the

aromatic polymer lignin and the polysaccharides cellulose and

hemicellulose [12]. LCB is divided into many categories, including

aquatic biomass (algae, water hyacinth, and water weed), forest

products (logging residues, wood, bushes, and shrubs), and agricultural

leftovers (wood wastes, agricultural wastes, urban garbage, and crop

residues) [13]. When used incorrectly, LCB can lead to soil and

groundwater pollution, resource waste, and significant environmental

issues [14]. Thus, it is essential to develop effective techniques for

using LCBs in energy production [15]. LCB is regarded as a cheap,

plentiful, and renewable natural resource that can produce several

forms of bioenergy, such as bioethanol, biomethane, and biohydrogen.

About 120 × 109 tons per year, equivalent to 2.2 × 1021 Joules, are

produced annually worldwide in LCB, more than 300 times the

world's present energy consumption [4].

Utilising LCB to create biofuels has garnered attention in recent

years. Global biofuel production from LCBs can produce 15–20

billion metric tons of fuel annually [16]. The use of lignocellulosic

wastes in commercial biofuels is growing [17,18]. Interestingly,

most of the energy extracted from LCB is carbon neutral and

produces nearly no greenhouse gas emissions [19]. Biofuels have the

potential to drastically reduce the reliance on fossil fuels and the severe

pollution that results from their burning [20]. Reducing greenhouse

gas emissions from LCB could be achieved by producing biofuels

and commercial bioproducts [21]. Furthermore, bioenergy generation

from LCB can boost rural economies by generating new revenue

streams, employment possibilities, and energy security [22].

Effective lignocellulosic biomass valorisation into biofuels is

contingent upon the characteristics of the chosen raw material biomass

and the kind and attributes of appropriate biological and non-

biological pretreatment processes [23]. However, the LCB structure

restricts how well it may produce biofuel. The pre-treatment of LCB

is a crucial prerequisite to enhance the cellulose digestibility by

selectively removing hemicellulose and/or lignin or modifying their

structural arrangement within the cell wall, thereby improving cellulose

accessibility for enzymatic hydrolysis [24]. The pre-treatment of

LCB through various strategic approaches is a critical phase in its

bioconversion into value-added bio-products, as well as in altering

its recalcitrant structural matrix to enhance process efficiency [25].

The primary objectives of pre-treatment are to reduce cellulose

crystallinity, enhance the surface area of biomass, facilitate hemicellulose

recovery, and disrupt the lignin barrier in LCB, thereby improving its

susceptibility to enzymatic and biochemical conversion [26]. Non-

edible plants grown on non-agricultural lands offer a low-cost

alternative that avoids both direct and indirect competition with land

and food resources. There is a debate that first-generation (1G)

biofuels should not be produced from crops that could be better used

as food [27]. The food vs. fuel issue makes it impractical to produce

1G biofuels [28]. For example, coconut oil, groundnut oil, and

sesame oil all of which are widely used in cooking, serve as first-

generation feedstocks, and their use as fuel can have significant

impacts on local food markets [29]. The main benefits of 1G fuel are

low GHG emission and minimal investment cost of biomass to

bioenergy conversion.

Second-generation (2G) biofuels are highly recommended since

they can replace fossil fuels and cut greenhouse gas (GHG) emissions

by 20–70% [1]. These biofuels from non-edible feedstocks include

Calophyllum inophyllum, Agle marmelos, and Azadirachta indica.

Since 2G biofuels are derived from non-edible sources, their use is

often considered more ethical [30]. The pros of 2G fuel include the

independence of food crops, ecofriendly fuels and reduction of carbon

emission. The cons of 2G fuel are insufficient conversion technology,

high investment cost for fuel production and stability of the fuel is

poor. Waste agricultural leftovers, such as castle non-edible neem de-

oiled cake, Jatropha curcas pressed seed cake, chicken fat oil, Agle

marmelos de-oiled seed cake, and all types of algae species are

used as source materials for third-generation (3G) biofuels [31,32].

Additionally, using byproducts from organic materials that are already

part of the food chain presents a more promising strategy. These waste

materials, typically low in moisture and high in carbon, are often

incinerated or discarded [33]. However, their affordability, availability,

and environmental benefits make them ideal for biofuel production

[34]. The main advantage of 3G fuel is that it does not require arable

land for feedstock materials production like microalgae biomass that

can easily grow into waste and seawater. The disadvantage of 3G fuel

is that the initial investment cost is high and requires high energy

input. The fuel derived from genetically modified organism-based

feedstock is known as fourth-generation (4G) biofuel, but it is still

under development [35]. The pros of 4G fuel are high production

yield and reduction in carbon emission and the cons of 4G fuel is the

need for a high investment cost for bioenergy production.

The three primary constituents of lignocellulosic biomass are

cellulose (C6H10O5)n, hemicellulose (C5H10O5)m, and lignin (C10H11O3.5),

with trace amounts of additional organic substances like pectin and

protein [36]. Enzymatic hydrolysis can transform cellulose and

hemicellulose into reducing sugars, which can be further processed

into different chemical compounds [37]. Depolymerisation and

hydrogenation can convert lignin, a heterogeneous polymer feedstock,

into alkanes. Nevertheless, the conversion of lignocellulose is restricted

by the indigestibility of lignin, its highly organised hydrogen bonds,

and its complicated polymer structure [38]. Therefore, lignocellulosic

biomass pretreatment is required and has been well-researched for

practical purposes. Pretreatment is generally considered to entail

modifying the lignocellulosic structure of the plant cell wall to improve

the efficiency of enzyme access to the carbohydrate polymers for

further processing [39]. Pretreatment of LCB improves bioconversion

yield, biocompatibility, and enzyme accessibility [40]. 

This paper presents a comprehensive review of recent advancements
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in various LCB processing and utilization strategies, focusing on

different chemical pre-treatment methods. The latest technological

developments in acid, alkali, organosolv, ionic liquid, deep eutectic

solvent, and wet oxidation pre-treatment techniques are systematically

analysed. This review aims to provide an up-to-date assessment of

research progress (primarily from 2020 to 2024) on the conversion

of LCB into biofuels, platform chemicals, and bio-based products.

Numerous pretreatment techniques have been used to overcome

the resistant nature of LCB [41]. Pretreatment typically removes the

lignin from the hemicellulose and cellulose in the complex structure.

Therefore, efficient, cost-effective, and ecologically friendly pretreatment

methods are crucial for LCB to be turned into bioenergy potential

[42]. Pretreatment of LCB remains a significant area of research and

development due to the importance of biomass resources and the

limitations of existing technologies. Researchers are also exploring

other strategies, such as enhancing plants to reduce lignin content

and engineering microbes to tolerate various inhibitors. Although

LCB pretreatment technology has been the subject of numerous

review publications, most concentrate on broad overviews rather

than in-depth examinations of the most recent developments in CPT.

This review aims to give a thorough and in-depth analysis of the

most recent advancements in CPT of LCB, within this framework.

Researchers will receive constructive information about recent

developments in chemical pretreatment methods from this review.

2. Components and composition of LCB

The biomass source determines the composition of LCB, which is

further affected by climate, origin, age, season, harvesting, and storage

methods [21]. The main components of LCB are carbohydrate

polymers, which include 15-20% hemicelluloses, 35–45% cellulose,

and 20–30% lignin [43,44]. Pectin, proteins, and extractives such

waxes, non-structural sugars, and chlorophyll are also present in

trace levels [10]. The amounts of lignin, hemicelluloses, and cellulose

differ amongst plant species.

Different biomass sources have various compositions of cellulose.

Whereas hemicellulose is a complex, amorphous polymer containing

xylose as its main constituent, cellulose is a crystalline glucose

polymer [45]. One sizable polyaromatic substance is lignin. A small

quantity of ash and other extractives are also present in LCB [46].

LCB resists chemical and biological deterioration partly due to its

rigid and complicated structure [16].

2-1. Cellulose

The biomass comprises cellulose, which forms linear homopolymer

chains of 100 to 140,000 units, each of which is made up of cellobiose, a

glucose disaccharide [4]. The structure of cellulose, a linear polymer

made up of D-glucose units joined by β-(1-4) glycosidic linkages,

is depicted in Figure 1(a-b). Microfibrils comprise these cellulose

polymers joined by hydrogen and van der Waals connections. These

can be crystalline or amorphous. 20 to 300 microfibrils held together

by hydrogen bonds, covalent bonds, and van der Waals forces make up

cellulose fibers [21]. Microfibrils are covered in lignin and hemicellulose.

The non-covalent hydrogen bonds hold crystalline cellulose fibers

together. They are three to thirty times less biodegradable than their

amorphous counterparts [16]. Hydrogen bonding between lateral

fibers is made easier by the number of hydroxyl groups, which

improves structural stability. Hydrogen bonds between various chains

decide whether the cellulose structure is amorphous or crystalline,

while hydrogen bonds inside microfibrils guarantee the linearity of

the homopolymer chain [47].

2-2. Hemicellulose

Hemicelluloses, which have a degree of polymerisation ranging

from 200 to 700, are the second most abundant component in biomass.

Xylan is the main structural component and comprises different

combinations of monomers such as pentoses, hexoses, and sugar

acids [10]. The branching structure and acetyl groups of hemicellulose is

amorphous and does not form a crystalline structure [13]. This makes it

easily broken down. Hemicellulose's structural makeup is depicted

in Figure 2(a-b). It is easier to hydrolyse and remove under milder

reaction conditions than cellulose [47]. Hemicellulose, which is non-

covalently bonded to cellulose strands, functions as a matrix component

in LCB. It is more prone to physical, chemical, and biological

Fig. 1. (a-b) Schematic diagram of cellulose component structure.
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deterioration than cellulose due to its amorphous structure and lower

degree of polymerisation [4]. Cellulase accessibility to cellulose is

restricted by hemicellulose, a physical barrier. Enzyme addition and

pretreatment techniques for hemicellulose removal improve cellulose

hydrolysis [21]. Furthermore, the hemicellulose fraction adds stiffness

to the overall biomass structure by binding the cellulose and lignin

fractions together [48].

2-3. Lignin

15–30% of the biomass weight is made up of lignin, a polymer

that gives plants their stiffness, impermeability, and microbial

resistance [38]. The structure of lignin, an intricate amorphous

polyphenolic polymer made up of three o-methoxylated p-

hydroxyphenylpropanoid units [42], is depicted in Figure 3. Within

the lignin polymer, these units aid in the synthesis of the p-

hydroxyphenyl (H), guaiacyl (G), and syringyl (S) subunits [21].

Lignin is a binder for cellulose and hemicellulose fibers, giving them

resistance to microbial invasions, mechanical strength, and assistance

in developing vascular tissue to transport nutrients [47]. The lignin is

hydrophobic, it can fill the voids left by cellulose and hemicellulose

structures in lignocellulosic biomass, creating a physical barrier that

prevents biological degradation [4]. However, the lignin prevents

enzymes from interacting with the cellulose structure during hydrolysis,

it presents difficulties in synthesising ethanol [16]. Consisting of

sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol, lignin is

a three-dimensional macromolecule. These monolignols are connected

by C-O-C and C-C links, respectively [49]. They are also called the

S, G, and H units. The chemical composition, binding force and

composition percentage of LCB in different feedstock materials is

shown in Tables 1 and 2, respectively.

Fig. 2. (a-b) The edifice of hemicellulose with their components.

Fig. 3. (a-b) Construction diagram of lignin component.

Table 1. Chemical composition, binding force and structure of lignocellulosic biomass

Parameters Lignin Hemicellulose Cellulose

Structure
Amorphous, non-uniform, 

nonlinear, 3D polymer
Few crystalline areas, 

A majority is amorphous area
Crystalline and amorphous area

Unit of structure
Syringyl, Guaiacyl, 

Para-hydroxy-phenyl
D-xylose, Mannose, Galactose, 
L-arabinose, Glucuronic acid

D-Glucopyranose

Structural unit of bond joint C–C, R–O–R′ β-1.4-Glycosidic linkage β-1.4-glycosidic linkage

Force between bond Chemical bond Chemical bond Hydrogen bond

Polymer G-, GS-, and GSH-type Glucomannan, Galactoglucomannan, Xylan β-1.4-Glucan

Level of polymers 4000 ≤ 200 1000-10,000
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3. Overview of the Pretreatment Methods

Pretreatment is an important stage in the energy conversion process

because it makes the complicated components of LCB easier to

separate or solubilise. The organisms, enzymes, and compatibility of

the feedstock material should all be considered when selecting a

pretreatment [16]. Pretreatment techniques can be broadly categorised

into physicochemical, chemical, and physical [10]. The advanced

CPT techniques for LCB are shown in Figure 4. In order to expose

the cellulose and hemicellulose content for hydrolysis using chemical,

enzymatic, or other methods, pretreatment is necessary [21]. Different

kinds of LCB and pretreatment techniques influence the efficiency

of pretreatment and the ensuing conversion of biomass. Studies have

indicated that lignocellulose with a lower lignin content is more affected

by acid-base pretreatment [57]. To date primary pretreatment difficulties

centre on comprehending the mechanisms underlying the different

forms of LCB.

A critical and inevitable step in the bioconversion of LCB to

bioenergy and in changing its resistant structure is the pretreatment

of LCB utilising various techniques [4]. The internal effects of

chemical pretreatment on the structure of LCB are depicted in Figure

5. Pretreatment's main goals are to break down the lignin barrier in

LCB, recover cellulose, enhance biomass surface area, and decrease

cellulose's crystallinity [11]. Hemicellulose and lignin extraction

from LCB reduces biomass recalcitrance and yields a solid residue

with a high cellulose concentration [58]. The key factors influencing

the reaction during and after the LCB chemical pre-treatment are the

high concentrations of several catalysts, including ionic liquids, acids,

and alkali [28]. To increase enzyme accessibility to cellulosic fibers,

researchers have created a variety of pretreatment strategies in recent

years [46], including physical, chemical, biological, and combinational

approaches. Each technique has unique benefits and drawbacks

depending on the substrate type and pretreatment settings [13]. Table

3 lists the benefits and drawbacks of sophisticated chemical procedures.

Table 2. Composition of various lignocellulosic biomass

Biomass Lignin (%) Hemicellulose (%) Cellulose (%) Reference

Sugarcane bagasse 17 27 43 [10]

Soft wood 30 40 30 [16]

Corn stalk 30 20 50 [10]

Hard wood 25 50 25 [16]

Wheat straw 18.80 29.68 35.69 [50]

Bean straw 9.7 23.9 31.1 [45]

Switch grass 31.2 25.0 31.8 [51]

Banana pseudo 5.5 18.2 33.3 [52]

Corn stover 10.07 31.08 32.75 [49]

Sugar cane 22.34 22.95 37.2 [53]

Rice straw 19.55 27.59 38.82 [54]

Olive tree 24.1 21.3 36.5 [55]

Bamboo 29.3 18 41.8 [56]

Grasses 15 50 35 [16]

Water hyacinth 8.6 34.1 24.5 [10]

Fig. 4. Classification of pretreatment methods of lignocellulosic biomass.
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Fig. 5. Structure and impact of chemical pretreatment on lignocellulosic biomass.

Table 3. Pros and cons of current chemical pretreatment methods

Pretreatment Technology Pros Cons

Alkaline pretreatment The extraction of lignin is well systematic one. Chemical cost is high

Generation of inhibitors is null Low sugar degradation

Room temperature process Residence times is long

Eradicated the lignin Energy consumption rate is high

Production of inhibitors is less Environmental pollution

Acid pretreatment Maximum value of sugars extraction Cost of the acid is high

Solubilise hemi-cellulose Not possible of recycling and reuse of chemicals 

Reaction time is short Corrosion is inevitable process

By-product may produce

Toxicity is high

Ionic liquid Processing capability is higher Ionic liquid cost is high

Room temperature reaction condition Solvent recovery and recycle is essential

Environmental process

Organoslov Condition of cellulose is active Ethanol is acted as inhibitor

Recyclable solvents Rate of energy is very high

Catalyst is not required Certain effects the fermentation and environment

Attained pure lignin, cellulose, hemicellulose Corrosive rate is high

Low reaction time Toxicity

Wet oxidation Cost of oxidants (O2) is less Process cost is high

Deconstruction of LCB cell wall efficiency is high Scale up issues

Low inhibitors formation Create corrosion in equipment

Reaction times is short High energy consumption

Produce valuable products

Enhanced biodegradability

Table 4. Major outcomes of upgraded chemical pretreatment technologies

Parameters Acid Alkaline Ionic liquid Organosolv Wet oxidation

Surface area Increase Increase Increase Increase Increase

Crystallinity Decrease Decrease Decrease Decrease Decrease

Delignification High High Low High High

Major outputs
Hemicellulose converts

into sugars
Hemicellulose and lignin

separation
Lignocelluloses residues

solubilisation
-

Exclusion of hemicellulose
and lignin

Chemical usage H2SO4, HCl, H3PO4

NaOH, NH3, KOH, NH4OH, 
Ca (OH)2

Ionic liquid -
H2O2, O2, O3 

(Oxidizing agents)

By products/Inhibitors
Carboxylic acid, Aliphatic 
and Phenolic compounds

Acetic acid, Hydroxyl acid, 
Phenolic compound,

 Carboxylic acid
Depends on solvent -

Furans, Phenolic and 
aliphatic compounds
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Table 4 provides a comparative study of a few contemporary chemical

pretreatment techniques for LCB. 

4. Essential of Pretreatment of Biomass

The recalcitrant nature of LCB is a key barrier to its utilisation in

biorefineries and offers a considerable technical challenge for releasing

fermentable sugars from the biomass [21]. The innate ability of plant

cells to withstand attacks by animals, environmental factors, and

microbial deterioration is known as LCB recalcitrance [3]. Recalcitrance

is influenced by the structural elements of lignin and hemicellulose

and other elements such as biomass porosity, acetyl groups, and

proteins. This property acts as a barrier to the industrial use of LCB,

requiring alternative pretreatment techniques to get around the

problem [21]. 

A crucial pretreatment process is required to break down lignocellulosic

biomass and its effective conversion to bioenergy [16]. During the

pre-treatment phase, altering the inherent structure of LCB components

is crucial. For example, during delignification, lignin's original structure

is typically changed to make it more valuable. Furthermore, decreasing

the cellulose fraction's crystallinity during pre-treatment increases

the enzymes accessibility [4]. When creating the ideal pretreatment

strategy, it is important to consider the complexity and unpredictability

of LCB to ensure each component's composition and structure are

not adversely affected [10].

5. Chemical Pretreatments

Chemical pretreatment is the process of dissolving the hard

lignocellulosic biomass structure and separating its constituent parts

using particular chemicals [13]. This process increases biomass

conversion and produces higher bioenergy outputs by dissolving the

resistant LCB components such as cellulose, hemicellulose, and

lignin using a variety of chemical agents [59]. Alkali, oxidation, organic

solvent, and acid pretreatments are efficient methods for enhancing

lignocellulose's biodegradability, boosting its surface area, and changing

its crystalline structure [28]. Various CPT techniques seek to transform

LCB feedstock into optimal substrates for the synthesis of biofuels

[60]. Extensive measures are implemented to mitigate or prevent the

development of harmful inhibitors that may impact subsequent

procedures and diminish the yield of bioenergy [10]. The following

discussion reveals recent developments in lignocellulose chemical

pretreatment.

5-1. Acids Pretreatment

The LCB was acid-pretreated to improve the enzymes accessibility

to cellulose. The covalent bonds, hydrogen bonds, and van der Waals

forces holding the LCB components together were broken by this

treatment [31]. Its main job was to extract and segregate lignin and

vegetal fibers so that cellulose and hemicellulose may hydrolyse

more easily. During this process, cellulose, a kind of hexosan, and

hemicellulose, which was primarily made of pentosans, underwent

hydrolysis [4]. 

Reagents like sulfuric acid (H2SO4), nitric acid (HNO3), phosphoric

acid (H3PO4), and hydrochloric acid (HCl) were frequently used for

acid pretreatment [16]. Aqueous sulfuric acid (H2SO4) was frequently

used to pretreat several kinds of LCB [3]. Pure sulfuric acid was first

diluted to produce furfural by turning hemicelluloses into sugars,

which were then turned into furfural [31]. There are two types of acid

pretreatment: one used concentrated acid with concentrations between

30% and 70% at relatively lower temperatures below 100℃ for not

more than two hours at ambient temperature, and the other used

dilute acid with concentrations less than 10% at temperatures above

200℃ [16]. LCB was treated with concentrated acid to produce cellulose

dextrin, which increased its hydrolysis susceptibility, albeit at a rather

slow rate [59].

On the other hand, continuous production can be achieved by the

quick reaction process of dilute acid treatment, eliminating the need

for acid recycling. Nevertheless, the fermentation of lignocellulose was

adversely affected by the breakdown products that occurred due to

unusually high temperature and pressure requirements of this method.

In addition, the acid needed a long time to neutralise before sugar

fermentation can begun, and even with a high energy input, its lignin-

removal capacity was limited [16]. Every acid pretreatment technique

had benefits and drawbacks of its own. The diluted acid pre-treatment

involved greater temperatures, it used more energy even if it consumed

less acid [23]. Conversely, intense acid pretreatment lowered reaction

temperatures and hence energy consumption; however, the increased

acidity caused fermentation inhibitors to be produced [57]. These

inhibitors harmed the microbes that were employed in the fermentation

process. They broke down Deoxyribonucleic acid and reduced the

synthesis of Ribonucleic acid, which inhibited enzymatic activity

[61]. Temperature, lignocellulose concentration, duration, and acid

concentration all directly impact how well an acidic pretreatment

works [13]. Inhibitors such as 5-hydroxymethylfurfural and furfural

can be produced, equipment can corrode, and fermentable sugars

can be lost as a result of higher acid concentrations and longer

pretreatment durations [10].

The production of inhibitory chemicals like furfural, equipment

corrosion from strong acids, sugar degradation, ineffective lignin

removal, and challenges with acid recovery and neutralisation were

the primary R&D issues in acid pretreatment of LCB. Researchers

are employing detoxification techniques (such as adsorption and enzymatic

treatment), utilising alternative acids, optimising process conditions,

and incorporating bio-refinery technologies to increase overall efficiency

in order to overcome these obstacles. Lignin valorisation was also

being investigated to improve the process's economic viability.

5-2. Alkaline pretreatment

One of the most well-known methods for lignin removal or

redistribution and biomass mercerization was alkaline pretreatment.

Compared to other techniques (such as acid pretreatments), alkaline
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pretreatments were more manageable since they typically involve

mild reactions, alkaline chemicals are recoverable and reusable, and

they offer a high selectivity for lignin extraction [62-64]. Pretreatment

was done to reduce the processing cost of lignocellulosic biomass by

making it susceptible to enzymatic reactions, or saccharification. A

few frequently noted results of pretreatment consisted of reducing

the biomass's lignin concentration, increasing its surface area, and

decreasing its crystallinity; these actions all raise the rate and yield of

enzymatic hydrolysis. Alkaline pretreatment approaches using diverse

chemicals have been researched to enhance enzyme digestibility of

lignocellulosic biomass [65,66]. The major categories of chemicals

used in this regard were sodium hydroxide (NaOH), sodium carbonate

(Na2CO3), ammonia (NH3), and calcium hydroxide (Ca(OH)2) etc. 

Alkaline pretreatment (APT) compounds tend to be less harsh than

their acidic counterparts. This process involved soaking in sodium or

ammonium hydroxide under milder circumstances, such as ambient

temperature. This approach minimized the need for costly materials

and specialized designs to withstand corrosion and harsh reaction

conditions. Some alkaline pretreatment procedures also allowed for

chemical reagent recovery and reuse [67]. The main effect of alkaline

pretreatment was cell wall disintegration, which was accomplished

by breaking down polysaccharides and causing chemical swelling.

This broke down the connections between lignin and carbohydrates

and eventually removed lignin. Consequently, this raised the biomass's

surface area and porosity while lowering the level of polymerization.

These modifications improved structural carbs' reactivity and susceptibility

to enzymes, which made it easier for them to be converted to fermentable

sugars [68].

Pretreatment with sodium hydroxide has been studied since the

start of the 19th century to improve cellulose digestion by ruminant

animals. This powerful base can substantially dissolve hemicellulose

and lignin in certain conditions making pretreatment more effective.

In particular, sodium hydroxide cleaved the ester and ether bonds in

the lignin-carbohydrate complex (LCC) structure, thereby attacking

the coupling between lignin and hemicellulose. The breakage of ester

and carbon-to-carbon (C–C) bonds in lignin molecules (ferulic acid)

can also be accomplished with sodium hydroxide. Sodium hydroxide

separated into hydroxide ions (OH) and sodium ions (Na+) during

the NaOH pretreatment reaction. The rate of the hydrolysis reaction

raised in proportion to the quantity of hydroxide ions [65].

The authors of a study pretreated the sweet sorghum bagasse

(SSB) and corn cob (CC) biomasses with NaOH and CaOH2 in an

effort to remove lignin from them. The effectiveness of each

pretreatment on the biomass was then assessed. When pre-treating

CC biomass, alkaline pretreatment proved to be more successful

than SSB biomass. Lignin was extracted from the CC biomass by

both the Ca(OH)2 and NaOH pretreatments, however it was only

extracted from the SSB biomass by NaOH. The chemical composition

of these agrarian raw materials varied, according to a biomass

compositional analysis, with CC biomass having hemicellulose (33–

35%) as its principal component and SSB biomass mostly consisting

of cellulose (17–24%) [69]. In another case, following an alkaline

pretreatment with NaOH, Napier grass showed a notable rise in

cellulose content and a large drop in lignin concentration. The treated

sample's cellulose content grew to about 61.7%, while in another

work the sample's cellulose content increased up to 97% based on

the NaOH concentration. Similarly, the removal of hemicellulose

and lignin contents was found to be 30% and 22% respectively [70].

Studies by researchers have shown that alkaline pretreatment can

also raise the hemicellulose content. This rise could be explained by

a large loss of lignin, which raised the relative amount of hemicellulose

[71]. Researchers also reported that when compared to acid pretreatment,

the alkaline pretreatment of the biomass produced better results,

particularly for hybridized feedstocks where the concentration of

sulfur was lower [72].

Na2CO3 has similar pretreatment efficacy to other alkaline reagents.

Na2CO3 pretreatment can remove lignin and different uronic acid

replacements in hemicellulose, but caused less cellulose degradation

than acid or hydrothermal pretreatments [67]. Some researchers have

aimed at treating corn stover, a waste from agriculture residue with

2.2 M Na2CO3, derived from CO2 collected through absorption in a

5 M NaOH solution. The chemical composition analysis of the

treated biomass revealed a higher cellulose content (40.96%) and less

lignin (16.50%) than the untreated biomass. The pretreatment phase

accelerated lignin decomposition, lowering it by 35% while boosting

cellulose content by 18% [73]. Another study investigated the effects

of moderate Na2CO3 pretreatment on the enzymatic hydrolysis of

various feedstocks, including corn stover, miscanthus, and switchgrass.

The pretreatment effectively reduced the recalcitrance of the biomass

substances. The outcome of pretreatment was the elimination about

60% lignin and 14% xylan, while retaining the majority of cellulose

components [74].

Ammonia-based pretreatments have been intensively researched

over the past few years as one of the most effective pretreatment

strategies for lignocellulose biorefining. One of the first forms of

soaking in aqueous ammonia (SAA) pretreatments described in the

literature was for the production of bovine feed, which was later

modified to produce pretreated feed for cellulosic biorefineries [75].

A recent investigation examined the impact of integrating ozone and

SAA-based pretreatments (OSAA) for rice straw. The optimum OSAA

pretreatment parameters for rice straw were 90 minutes of ozonation

and 9 hours of SAA treatment, which increased the generation of

biogas by about 58%. In general, the initial SAA pretreatment failed

to account for either ammonia or hemicellulose retrieval. It was ought to

be pointed out that for industrialized SAA pretreatment, there should

be a greater emphasis on ammonia recycling and reuse [76]. Shi et al.

recently invented a pretreatment solution that utilized aqueous ammonia

and glycerol mixture (AAWG), with an emphasis on ammonia retrieval.

Their findings revealed that soaking sugarcane bagasse (SCB) in an

AAWG solvent mixture at 180℃ for about 2 hrs resulted in 71%

lignin removal and 0.45 g/(g biomass) total fermentable sugar yield.

Further, approximately 30% of the ammonia was extracted from the
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pretreatment liquid via distillation. As a result, AAWG could function

as an economical large-scale commercial biomass pretreatment

technology [77].

Ca(OH)2, like NaOH, is commonly employed in lignocellulosic

material pretreatment. Ca(OH)2 was a more economical reagent than

NaOH and did not impaired anaerobic digestion [78]. A study found

that applying a Ca(OH)2 pretreatment could considerably increase

the extruded rice straw biogas generation rate and enzymatic hydrolysis

efficacy. Following the processing, the physical and chemical properties

of the extruded rice straw changed, resulting in improved biological

degradation. Positive benefits were seen at all Ca(OH)2 loading rates;

however, overloading Ca(OH)2 resulted in increased fermented

carbohydrate reduction, reducing overall generated biogas. The ideal

Ca(OH)2 dosage was 8%, which resulted in effective hydrolysis and

substantial biogas yield [79]. The influence of hydrothermal (HTP)

and Ca(OH)2 pretreatments on the biogas generated by anaerobic

degradation of SCB was investigated by Mustafa et al., where the

HTP, Ca(OH)2, and combined pretreatment had a substantial effect

on hemicellulose and lignin decomposition, as well as methane

output following digesting. Their findings showed that HTP prior to

Ca(OH)2 pretreatment increased lignin and hemicellulose breakdown.

Combining HTP with Ca(OH)2 resulted in a 61.3% increase in

methane yield compared to untreated SCB [80]. 

High chemical consumption, lengthy reaction times, partial lignin

removal, and the production of by-products that may impede downstream

processing were the primary R&D issues in alkaline pretreatment of

LCB. Process expenses were further increased by the recovery and

recycling of alkaline reagents like NaOH and KOH. Researchers are

working to overcome these obstacles by enhancing reaction conditions,

investigating substitute alkaline agents (such as lime and ammonia),

combining pretreatment with enzymatic hydrolysis, and creating

effective chemical recovery methods. Strategies for lignin valorisation

are also being sought in an effort to increase the process's overall

economic feasibility.

5-3. Organosolv pretreatment

The following organic solvents were frequently used in organosolv

procedures or organic-aqueous solutions: ethylene glycol, methanol,

ethanol, tetrahydrofuran, and acetone [10]. α-O-aryl, β-O-aryl, and

4-O-methyl glucuronic acid ester linkages (alkyl aryl bonds (α-O-4,

β-O-4)) in lignocellulose can be broken by organosolv treatments

[31]. This procedure pacified the enzymatic hydrolysis of cellulose

to produce biofuels from sugars by facilitating the breakdown of

hemicellulose and lignin [81]. Furthermore, bases like lime and NaOH

or organic acids like oxalic acid, acetylsalicylic acid, and salicylic

acid were occasionally used as catalysts in these procedures [82].

Hemicellulose and lignin linkages were broken down through

solubilisation during this pretreatment procedure, increasing cellulose's

total surface area available for enzymatic hydrolysis [31]. The cellulose

content in the solid phase wa still active during this process. The methanol

and ethanol have higher boiling points than tetrahydrofurfural alcohol

and ethylene glycol, they was more desirable because continuous solvent

recycling lowered costs [4]. Nevertheless, a significant disadvantage

of these techniques was the ongoing requirement for solvent recovery,

which raised the generation of biofuel's running expenses [13].

Furthermore, ethanol was an inhibitor and needed to be eliminated.

As a result, a thorough washing was needed to remove the solvent

from the processed biomass residue. For solvent recovery, liquid-liquid

extraction or distillation techniques were usually used [16].

The high cost of organic solvents, the difficulties in recovering and

reusing them, possible safety and environmental issues, and the partial

removal of lignin were the primary R&D obstacles in the organosolv

pretreatment of LCB. Furthermore, fermentation and enzymatic

hydrolysis may be impeded by the existence of residual solvents. In

order to overcome these obstacles, scientists are investigating

biodegradable and reasonably priced solvents, refining solvent recovery

methods, enhancing lignin removal through process optimisation,

and incorporating lignin valorisation approaches to reduce expenses.

Innovations in co-solvent and catalytic systems are also being

researched to increase the sustainability and overall efficiency of

processes.

5-4. Eco-friendly pretreatment methods

Technological developments have resulted into environment friendly

pretreatment techniques that work extremely well with the fermentation

and hydrolysis processes. These include new methods like pretreatment

with ionic liquid and deep eutectic solvent [57].

5-4-1. Ionic liquids pretreatment

Owing to their special qualities, ionic liquids (ILs), cellulose solvents,

are frequently referred to as "green solvents" [50]. These include the

following: low vapour pressure needs, easy accessibility, the high

recovery efficiency of up to 99%, non-explosiveness, high thermal

stability, lack of harmful gas production, and low requirements for

vapour pressure [83]. Typically, ILs are made up of big organic cations

and small inorganic anions that combine to generate liquid organic

compounds at low temperatures [84]. ILs extract pure cellulose from

LCB, leaving hemicellulose and lignin behind for further hydrolysis.

It is possible to continuously carry out ILs pretreatment effectively,

which can handle more LCB input with better results [50].

Imidazolium-based ionic liquids, alkyl ammonium-based ionic

liquids, phenol-based lignin-derived ionic liquids, and other ionic

liquids have all been used for pre-treating LCB [83]. In the LCB

pretreatment process, the main job of ILs is to dissolve and swell

cellulose and lignin. The particular pairing of cations and anions

breaks down β-O-4 bonds in lignin to generate ion-dipole bonds,

which is the mechanism of interaction between ILs and lignocellulose

[85]. This disrupted the crystalline structure of LCB [36], which in

turn causes the lignin structure to break down and separate into

hemicellulose and lignin from the cellulose components [13].

Cations based on imidazolium are frequently used to pretreat

LCB. Imidazolium-based ILs pretreatment resulted in the conversion
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of crystalline cellulose to an amorphous structure and the enhancement

of phenolic hydroxyl groups in lignin [36], which lowered molecular

weights and facilitated polysaccharide and lignin extraction and

separation. Choline ionic liquids were an important class of ILs that

eliminated lignin and other amorphous materials to increase the

crystallinity of biomass [85]. Nevertheless, toxicity concerns, problems

with pH compatibility, process complexity, and high cost were some

of the disadvantages of ILs [21]. Moreover, their high viscosity made

recycling more difficult [57]. Although imidazolium-based ILs have

demonstrated notable results in LCB pretreatment [86], their practical

uses were limited by their toxicity to enzymes and bacteria, which

required thorough washing following pretreatment [81].

In addition, ILs pretreatment is currently one of the most emerging,

promising, and eco-friendly strategies because of its ability to stay in

the liquid state at temperatures below 100℃ [87]. Their specific

chemical properties, such as low vapor pressure and high thermal

stability, allow them to be extremely effective for the destruction of

lignocellulosic biomass recalcitrant structure, thereby efficiently

dissolving the cellulose, hemicellulose, and lignin components

[88,89]. The tunable nature of ILs can achieve the selective dissolution

of lignin and hemicelluloses while preserving cellulose [90,91]. This

selective disruption increases the surface area accessible to enzymes

and allows for significantly enhanced hydrolysis to take place, thus

increasing the yield of fermentable sugars critical to ethanol

manufacturing. Several types of ILs such as ammonium, imidazolium,

pyridinium, pyrrolidinium, tetrafluoroborate, methylsulfate, and

phosphonium were studied for the efficient conversion of 1G to 4G

lignocellulosic biomass. Among them, Imidazolium-based ionic liquids

have been more studied for biomass pretreatment, due to their high

efficiency in breaking the complex crystalline structure of lignocellulose.

The combination of imidazolium cations with a variety of anions,

such as acetate ([OAc]⁻) or chloride (Cl⁻), made these ILs quite

capable of dissolving cellulose and lignin [92,93,94]. Their key role

in processing biomass was to break hydrogen bonds within cellulose

to made it more accessible during the hydrolysis to enzymes, therefore

increasing the yield of fermentable sugars, which were quite important

during biofuel production. The ILs mainly 1-ethyl-3-methylimidazolium

acetate ([C2mim][OAc]) and 1-butyl-3-methylimidazolium chloride

([Bmim]Cl), were effective in dissolving lignin and cellulose that

decreased the recalcitrance of biomass [95,96,97]. In this respect,

imidazolium ILs have became recognized for these selective dissolution

properties because they keep cellulose intact while dissolving lignin

and hemicellulose for easier downstream processing [98].

The class of ILs that contains the ammonium cations is the

ammonium-based ILs. These could be primary, secondary, tertiary,

or quaternary, all of which give them the disruption power on

lignocellulosic biomass. Much attention has recently been paid to

these ammonium ILs because of their eco-friendliness, low cost, and

strong solubilization capabilities. Experiments have been conducted

over newly synthesized ammonium ILs, and some of them, like N-

Methyl-diethanolamine, showed the ability to deconstruct complex

biomass structures [99]. Moreover, the rheological properties of the

ammonium ILs, which made them very adaptable under extreme

conditions of high temperature and pressure, for instance, would made

them quite suitable for industrial application [100]. In phosphonium-

based ILs, a phosphonium cation is combined with several anions

such as acetate, chloride, or others, which boosts their performance

in biomass pretreatment. Phosphonium ILs showed a great future in

applications under very aggressive industrial environments because

they were able to work at high temperatures and other challenging

conditions. Among others, phosphonium ILs were known to be very

effective in the solubilization of cellulose. Trihexyl(tetradecyl)-

phosphonium acetate ([THTDP][OAc]) has shown great efficiency

in the breakdown of structures that are lignocellulosic in nature,

turning them very promising for large-scale biomass conversion

operations. Besides, phosphonium ILs have good recyclability, which

adds to their growing appeal in sustainable biomass processing

technologies [101]. Another class of ILs belongs to choline-based

ILs, which are known to be biodegradable and sustainable. They

consist of a choline cation usually combined with different anions

such as amino acids or acetate. Choline-based ILs have been getting

attention for their application in biomass pretreatment due to the

small impact they have on the environment, and they are often

derived from natural, nontoxic sources. For instance, cholinium l-

alaninate ([Ch][Ala]) was found to increase the deconstruction of

lignocellulosic biomass while maintaining low levels of toxicity, hence

finding an application in green chemistry approaches to bioenergy

conversion. It also represented great value for these ILs to be cost-

effective, most of the time originating from inexpensive materials

such as choline chloride. The ability to recycle and reuse further

enhanced their applicability in the realm of sustainable industry-

related applications [102].

Among the subclasses of ionic liquids, protic ionic liquids (PILs)

are built from a proton donor and a proton acceptor and are hence

very effective solvents for biomass pretreatment. PILs are made via

the transfer of a proton from a bronsted acid to a bronsted base and

yield liquid salts with special hydrogen-bonding capabilities [103].

These properties render PILs efficient at breaking down the crystalline

structure of cellulose and solubilizing lignin, hence presenting effective

ways of the lignocellulosic biomass's rigid structure disruption. The

hydrogen bonding in PILs allows the dissolution of cellulose and

lignin while increasing the cellulose exposure for enzymatic hydrolysis.

Examples such as ethylammonium nitrate were commonly used due

to their increase in biomass breakdown and being relatively environmentally

friendly. Other attractive features of PILs, which made them an exciting

prospect from among several types of materials in this domain, included

extremely low volatility and potential biodegradability, rendering

PILs a much greener option than the traditional choices for solvents.

They can also be formed from low-cost and easily available materials,

thus offering the advantage of economic viability for large-scale

applications of bioenergy. 

On the other, the carboxylate-based ILs are generally attributed to
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strong disruption of the crystalline structure of cellulose in LCB

owing to the dissociative acidic nature of the carboxylate anions.

Among ILs, the sulfonate-based ones are a specific class that has been

reported to be effective in delignification during biomass pretreatment.

ILs with the sulfonate anion have been found to demonstrate

selectivity toward the dissolution of lignin, leaving cellulose and

hemicellulose intact. For example, 1-ethyl-3-methylimidazolium

methylsulfonate ([C2mim][MeSO3]) and 1-butyl-3-methylimidazolium

sulfonate ([Bmim][MeSO3]) are known to cleave the lignin network of

LCB. These sulfonate anions complex with the lignin molecules to

finally release the lignin from the biomass, increasing the enzymatic

accessibility to cellulose. This selective dissolution can play an important

role in increasing biofuel yield, as the hydrolysis of cellulose to

fermentable sugars was done more efficiently. Further, sulfonate-based

ILs can be used for many biomass processing applications because

of their recyclability and relatively low toxicity toward sustainability.

Great solvating ability coupled with low environmental impacts

gave promising expectations in the development of their large-scale

applications in the bioenergy sector. The optimized conditions for

different ionic liquids used in the pre-treatment of LCB are given in

Table 5.

The cost and toxicity of ILs, the difficulty of recovering and

recycling them, and the process restricted scalability were the primary

research and development obstacles associated with ionic liquid

pretreatment of LCB. Furthermore, certain ionic liquids have the

potential to degrade cellulose or obstruct further enzymatic hydrolysis.

By creating more affordable, eco-friendly ionic liquids, refining solvent

recycling methods, and increasing the process overall scalability,

researchers are tackling these issues. To increase process sustainability

and commercial feasibility, efforts are also being made to reduce

cellulose degradation and boost enzymatic conversion efficiency.

5-4-2. Deep eutectic solvents pretreatment

Mixtures of hydrogen bond donors (HBDs) and hydrogen bond

acceptors (HBAs) with freezing temperatures lower than 100℃ are

referred to as deep eutectic solvents (DESs) [124]. A eutectic mixture

is essentially a homogenous combination of two or more substances

with a particular composition ratio that melts and freezes at a

temperature lower than the melting temperatures of its constituent

parts separately [125]. Many common reagents used in industry

today are hazardous to the environment. As a result, the demand to

create substitute green solvents has increased. Over the past 20 years,

DESs have attracted much attention due to their environmental

friendliness [53].

Deep eutectic solvents were created in 2003 by Abbott et al.,

[126], by combining a HBD and HBA in particular ratios. DESs are

more compatible with enzymes and microorganisms than ILs and

traditional reagents [127]. Similar to ILs, one of their main advantages is

Table 5. Optimized conditions for the ionic liquid pre-treatment of lignocellulosic biomass

Biomass
Type

Ionic Liquid
Temperature

(°C)
Biomass 

Loading (%)
Time
(min)

Yield 
(Ethanol or Reducing Sugars)

Reference

Rice straw 1-H-3-methylmorpholinium chloride ([HMMorph][Cl])
(water and dimethyl sulfoxide (DMSO) as co-solvents)

 120  5 300 64% (Ethanol) [104] 

Choline acetate ([Ch][OAc]) 129.21 10.68 331.82 542.3 mg reducing sugar/g-biomass [105] 

cholinium acetate ([Ch][OAc]) 130 13.79 304.27 57.12 mg/0.1 g-rice straw [106]

1-butyl-3-methylimidazolium chloride (recycled) 120 5 60 91.9 g/L ethanol [107]

1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]) 120 5 300 75% glucose yield [108] 

1- ethyl-3-methylimidazolium acetate (EMIM-Ac) + NaCl 160 7.6 88.7 670.7 mg reducing sugar/g biomass [109]

1- ethyl-3-methylimidazolium acetate (EMIM-Ac) + KCl 160 12.5 68.2 392.9 mg reducing sugar/g biomass [110]

1-ethyl-3-methylimidazolium acetate 120 5 300 298.8 g/L fermentable sugars, 
delignification (64.9%)

[111]

Corn cob Tetrabutyl phosphorus hydroxide (TBPH) 60 6 90 90.75% sugar yield [112]

Corn stalk Tetrabutyl phosphorus hydroxide (TBPH) 80 7 60 80.84% sugar yield [112]

Corn straw 1-ethyl-3-methylimidazolium acetate ([Emim]Ac) 98.5 11.49 78.6 Lignin removal 87.4% [113]

Corn Stover Levulinic Acid-Based PIL 140 10 40 0.8 g/g reducing sugar (delignification 
44.3%)

[114]

Corn Stover 1-butyl-3-methylimidazolium chloride (C4mimCl) 130 5 120 96% glucose yield [115]

Corn Straw ethyl methanesulfonamide (EAM) 130 7 120 95% sugar yield, delignification rate 96% [116]

Wheat straw Triethylammonium hydrogen sulfate [TEA][HSO4] 130 20 30 42 g/L ethanol, 74.9% delignification [117] 

Choline taurinate [Ch][Tau] 80 10 360 79.7% reducing sugar yield [118] 

Coconut 
waste

N,N,N-dimethylbutylammonium hydrogen sulfate 
([DMBA][HSO4])

170 10 45 82% lignin removal and 89% 
glucose yield

[119]

Sugarcane 
bagasse

1-ethyl-3-methylimidazolium acetate ([EMIM]oAc) 145 14 15 69.7% reducing sugar yield [66]

1-ethyl-3-methylimidazolium acetate [Emim] [Ac] 120 5 120 98.2% glucose yield [120] 

Triethylammonium hydrogen sulfate ([TEA][HSO4]) 120 10 240 90% of the lignin removed [121] 

N-methyl-2-hydroxyethylammonium acetate, 
[Me(NH2)(CH2)2OH] [OAc],

160 10 180 72% of glucose yield [122]

Poplar wood Triethylammonium hydrogen sulfate 
([TEA][HSO4])

140 5 420 70.1 % lignin removal, 
86.47% glucan yield

[123]
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the wide tunability of their chemical and physical properties. Due to

their special qualities, which include their high polarity and easy

miscibility with water and other co-solvents, DESs have been widely

used to delignify various LCB [57]. Ionic liquid analogues, or DESs,

are a novel class of ILs that comprise HBAs (alanine, choline chloride,

betaine, etc.) and HBDs (alcohols, urea, acids, amides, etc.) [13].

The hydrolysis of lignin-carbohydrate complex bonds was aided

by the competitive hydrogen bonds between HBD and HBA with hydroxyl

groups and carbohydrates in lignin [125]. It was interesting to note

that DESs became less viscous as the temperature raised, improving

mass transmission in the system [42]. Moreover, DESs can extract

lignin from LCB complexes in a selective manner, providing a greener

alternative to pretreat LCBs under mild reaction circumstances [10]. 

Recently, Deep Eutectic Solvents have gained attention as a

potential pre-treatment for LCB, referring to their appropriateness

for bioenergy application. Some of the most worrisome features of

the use of ionic liquids and harsh chemical solvents were high cost,

adversities to the environment, and toxic nature, among others [128].

They provided a potential alternative to the currently low-cost,

biodegradable, less toxic, reduced cost in waste disposal, and low-

corrosion feature of the currently limited number of DES that fits the

sustainable bioprocessing approach. Largely, the development of the

field of DES pointed to a way of handling chemicals in industries

that was both economically and environmentally friendly. DES can

be mainly composed of two or more components, most often a HBD

and a HBA, which resulted in eutectic mixtures having severely

depressed melting points relative to their components [129]. The

highly decreased melting points were attributed to this peculiar

structure, with the solvents also demonstrating good thermal and

chemical stability, high viscosity, and low volatility [130]. In this

regard, the DES can be an excellent medium to disrupt the inter-fibre

structure of the lignocellulosic biomass matrix, which was a native

material consisting mostly of cellulose, hemicellulose, and lignin. The

destruction of these massive linkages was a needed and important

process to enable the solubilization of sugars that can be used for

energy production otherwise by fermentation. One of the most

outstanding advantages of DES was its tunability. The combination and

ratio of their constituent components can be changed and allowed

DES to target specifically certain biomass structures. 

The common DES combinations choline chloride as the HBA

paired with a variety of HBDs, including urea, organic acids such as

lactic acid, and polyols like glycerol. The resultant DES formulation

may be optimized based on the type of processed biomass, such as

agricultural residues, hardwoods, or grasses. DES broke the structure

of lignin, exposed cellulose and hemicellulose and made them more

accessible to enzymatic hydrolysis. The improved accessibility of

these polymers resulted in higher yields of reducing sugars very

important in producing biofuels and biochemicals. Many of the studies

have highlighted that DES were not only saccharification enhancers

but have other benefits in that they were recyclable and not energy-

consuming compared to traditional methods [131].

ChCl with acetic acid has undertaken great success with rice straw,

which was a residue generally high in hemicellulose. The lignin was

reported to be selectively dissolved preventing condensation and

polymerization, resulting in improved enzymatic hydrolysis and

higher delignification of 83.1% and with 92.2% saccharification

efficiency being reported [132]. Betaine hydrochloride can act as an

alternative hydrogen bond acceptor and, likewise, has proven to be

more potent in the degradation of more recalcitrant lignocellulosic

biomass, for example, forest residues and agricultural stover. If,

breaking lignin-cellulosic linkages of forest residues, it became very

useful against more lignin-rich feedstocks. The combination of betaine

together with glycerol, in this case, acted as an effective lignin reducer,

whereby this reduction created an opportunity for more significant

enzymatic access to cellulose; therefore, making the digestibility of

biomass even more efficient. Ethanol yield reached 73.61%, which

was a significant amount, given the recalcitrant nature thus usually

associated with corn stover [133]. A DES mixture of betaine and lactic

acid was particularly effective in delignification, lignin removal was

reported to be 47.1% when applied to sugarcane bagasse [134]. A

crop high biomass yield but relatively low in lignin content was

miscanthus which responded well to the pretreatment using ChCl-

glycerol DES formulation. The DES formulation not only preserved

the integrity of cellulose but also showed some selectivity towards

lignin, making it possible to achieve an ethanol yield of 72%v [89].

The preservation of the cellulose structure was equally important for

an effective enzymatic hydrolysis to proceed. Another important,

dedicated energy crop was switchgrass. ChCl-glycerol DES showed

positive resulted in this material with a glucose yield of 89% thus the

potential for the formulation of grass-like feedstocks was high [135].

DES based on glycerol were most promising in energy crops due to the

balance between effective lignin solubilization and preservation of

cellulose and hemicellulose components.

The primary research and development obstacles in the processing

of LCB using deep eutectic solvent were high viscosity and low mass

transfer efficiency, restricted lignin removal efficiency, possible

carbohydrate degradation, and difficulty with solvent recovery and

recyclability. Furthermore, DES-based processes scalability is still

an issue. Researchers are creating low-viscosity and biodegradable

DES, improving process conditions to remove lignin more effectively

while maintaining fermentable sugars, and creating effective solvent

recovery and recycling techniques in order to overcome these problems.

In order to increase overall process efficiency and economic viability,

integration with enzymatic hydrolysis and fermentation is also being

investigated.

5-5. Wet oxidation

Wet oxidation pretreatment (WOT) pretreats LCB at high pressures

and temperatures by combining air or oxygen with water [136]. This

technique is called wet air oxidation when air is employed. WOT has

been effectively used with various biomass sources and was carried

out at temperatures between 150 and 320℃ [137] and air pressures
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between 10 and 200 bar before heating [138]. This process had a

major effect on the structure of lignin and yields more by-products [16],

but less 5-hydroxymethylfurfural and furfural than steam explosion.

WOT has been combined with various CPT, like organic solvents,

alkaline treatments, and steam explosion techniques to increase the

total yield of fermentable sugars through subsequent enzymatic

hydrolysis [139]. Pre-treatment efficiency was highly influenced by

reaction temperature, reaction time, and oxygen pressure adjustments

[12]. Equations (1) and (2) illustrate how the process used molecular

O2 in the aqueous phase to produce radicals that were essential to the

process and to mineralise the substrates [138].

(1)

(2)

Equations (3) and (4) illustrate how the produced radicals might

combine with more O2 and substrate to prolong the chain reaction.

(3)

(4)

One of the most important steps in starting the depolymerisation of

the components of LCB during the WOT of biomass was the creation

of organic acids [12,138]. Solubilising most of the hemicelluloses

and lignin made separating cellulose easier [137]. Acetyl groups de-

esterification and the oxidation of hemicellulose fragments solubilise

hemicelluloses to provide organic acids [140]. The degree of lignin

removal was greatly influenced by the kind of LCB and the process

parameters. Both oxidation and cleavage of lignin resulted in water-

soluble carboxylic acids, including acetic, glutaric, succinic, oxalic,

and formic acids. Some of these acids can even mineralised into

carbon dioxide [12]. 

High energy requirements, the production of inhibitory chemicals,

partial hemicellulose breakdown, and the demand for an effective

oxygen supply were primary research and development issues in the

wet oxidation pretreatment of LCB. Furthermore, scalability and reactor

design continued to be issues for industrial applications. Researchers

are investigating catalytic additives to improve lignin breakdown,

refining reactor designs for greater scalability and energy efficiency,

and optimising reaction conditions (like temperature, pressure, and

oxygen levels) to minimise sugar degradation and inhibitor formation

in order to address these problems. To improve overall biomass

conversion, integration with downstream processes is also being

investigated. The impact of different CPT for LCB is tabulated in

Table 6. 

6. Future Perspective

Enhancing biomass chemical pretreatment technologies and creating

environmentally friendly chemical treatment innovations still have a

lot of potential. Developing cost-effective and ecologically safe

pretreatment techniques that facilitate total delignification and 100%

conversion of biomass into bioproducts is essential. In order to create

customised methods that consider the various compositions of LCB,

future research should concentrate on fully comprehending the

pretreatment reaction mechanisms. A thorough assessment of integrated

or hybrid approaches, which combine two or more pretreatment

techniques, is advised to attain higher levels of biomass deconstruction.

Furthermore, low-cost, economically feasible biomass pretreatment

techniques are required. For effective biomass refining, it is important to

investigate the possibilities of LCB pretreatment using nanomaterials.

More investigation is needed to evaluate the suitability of different

LCB types and the development of inhibitory agents. Future bioenergy

production depends on evaluating environmentally friendly green

solvents for pretreatment, including oxalic acid, succinic acid, acetic

acid, fumaric acid, maleic acid, and citric acid. Subsequent investigations

ought to concentrate on crafting ionic liquids with varied attributes to

accommodate various LCB pretreatment techniques, diminishing the
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Table 6. Summary of the effect of various chemical pretreatment methods

Biomass Pretreatment method Pretreatment parameters Yield Reference

Wheat straw ILs 46.2 g of biomass Ethanol (g/100 g substrate) [50]

Sugar cane DESs 84.2 g of biomass Ethanol (g/100 g substrate) [53]

Cotton stalks Orgonsolv 21.5 g of biomass Ethanol (g/100 g substrate) [53]

Rice straw Alkali 23.6 g of biomass Ethanol (g/100 g substrate) [54]

Sugar cane ILs 23.9 g of biomass Ethanol (g/100 g substrate) [86]

Grass wate Oxidative 55℃ for 6 h 83.5% enzymatic digestibility [141]

Eucalyptus DES 110℃ for 6 h 94% of glucose [142]

Sugar cane bagasse Orgonsolv - 83% of delignification [143]

Poplar Ionic liquid - 67% of delignification [144]

Moso bamboo DES 120℃ for 2 h 79.7% biomass conversion [145]

Waste sawdust Oxidative - 287 mL/g of methane [146]

Poplar DES 100-160℃ for 3-9 h 90.8% of glucan [147]

Wheat straw Acid 160℃ for 30 min 0.586 g/g sugar [148]

Sugar cane bagasse Alkali 180℃ for 1 h 239 mL/g of Methane; 29.08 g of ethanol/100 g [149]

Poplar Oxidative 90℃ for 12 h 63% of delignification [150]

Corn straw Ionic liquid 150℃ for 3.5 h 68.3% of delignification [151]

Corn stover Acid 33.1 g of biomass Ethanol (g/100 g substrate) [152]
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viscosity of ionic liquids, and augmenting the ionic liquid resistance of

cellulase. To successfully commercialise and utilise emerging innovative

methods for LCB pretreatment in biorefineries, it is imperative to

evaluate their techno-economic viability. This calls for additional

research into chemical pretreatment methods.

The goal of next-generation chemical pretreatment technologies

for LCB is to reduce environmental impact while increasing cost-

effectiveness, sustainability, and efficiency. These include the use of

biodegradable deep eutectic solvents for the selective removal of

lignin, catalytic oxidative pretreatment to improve the accessibility

of cellulose, and low-cost organic acids as environmentally friendly

substitutes for conventional acids. In order to increase sugar yields

and enhance enzymatic hydrolysis, hybrid pretreatment strategies

that combine chemical and biological techniques are also being

investigated. Developments in lignin valorisation, recycling, and

solvent recovery are essential to the economic viability of these next-

generation technologies.

7. Conclusion

This article reviews the advancements in chemical pretreatment

technology for the production of bioenergy from lignocellulosic biomass.

An environmentally responsible and sustainable method that can

support economic growth and energy security is the use of LCB-

based biorefineries. By decreasing inhibitor production, improving

delignification, and raising total bioenergy conversion efficiency, the

ongoing developments in chemical pretreatment technology techniques

have greatly enhanced biomass processing. It was determined that

improved chemical pretreatment technology techniques, including

acid, alkali, organosolv, deep eutectic solvent, ionic liquid, and wet

oxidation, provide potential solutions for efficiently using lignocellulosic

biomass for the generation of bioenergy. Every technique has its own

advantages and disadvantages, but continuous research and development

in enhancing solvent recovery, optimising reaction conditions, and

combining pretreatment with fermentation and enzymatic hydrolysis

is opening the door to more effective and profitable bioenergy

production. In order to increase the production of biofuel and support

the global shift to renewable energy sources, it will be essential to

develop chemical pretreatment techniques that are both economical

and environmentally friendly.
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