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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Identified green solvents of current in-
terest for biomass pretreatment. 

• Discussed formation, types, materials 
and design methodologies of green 
solvents. 

• Reviewed potential applications of 
choline chloride (ChCl) based green 
solvents. 

• Existing challenges of green solvents are 
emphasized for future research.  
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A B S T R A C T   

Biomass wastes exhibit a great potential to be used as a source of non-depleting renewable energy and synthesis 
of value-added products. The key to the valorization of excess lignocellulosic biomass wastes in the world lies on 
the pretreatment process to recalcitrant barrier of the lignocellulosic material for the access to useful substrates. 
A wide range of pretreatment techniques are available and advances in this field is continuously happening, in 
search for cheap, effective, and environmentally friendly methods. This review starts with an introduction to 
conventional approaches and green solvents for pretreatment of lignocellulosic biomass. Subsequently, the 
mechanism of actions along with the advantages and disadvantages of pretreatment techniques were reviewed. 
The roles of choline chloride (ChCl) in green solvents and their potential applications were also comprehensively 
reviewed. The collection of ideas in this review serve as an insight for future works or interest on biomass-to- 
energy conversion using green solvents.   
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1. Introduction 

Biomass is often renowned as one of the cheapest and largest sources 
of non-depleting energy in the world, attributed with great potentiality 
for continuous and sustainable supply of energy in the form of biofuels 
and various value-added products in the near future (Zoghlami & Paës, 
2019; Kumar et al., 2020). Vast amount of lignocellulosic biomass is 
available for immediate global exploitation. Nonetheless, majority of the 
nations have yet to fully utilise and derive energy, chemicals and ma-
terials from the abundant biomass waste resources. For instance, in 
Malaysia, there are five major sectors that contribute to the generation 
of biomass wastes in the country, both directly and indirectly, namely 
forestry or so-called wood products, rubber cultivation, cocoa cultiva-
tion, sugar cane cultivation, and most importantly oil palm cultivation 
sector (Ratnasingam et al., 2015). Malaysia is currently ranked the 
world second largest palm oil producer which relatively accounts for the 
production of 7 million tonnes of crude palm oil. The country produces 
approximately 20 tonnes per hectare (t ha− 1) of biomass residues from 
this sector every year (Yiin et al., 2019). 

Lignocellulosic biomass is mainly composed of polysaccharides 
(cellulose and hemicelluloses) and an aromatic polymer (lignin), from 
which typical lignocellulosic biomass consists of 30–60% cellulose, 
20–40% hemicellulose and 15–25% lignin (Dahadha et al., 2017). 
Nevertheless, the respective lignocellulosic contents in lignocellulosic 
biomass can be varied in accordance with the source and physical 
properties of the biomass, where some typical compositions of selected 
lignocellulosic biomass reported across several literatures are shown in 
Table 1. Valorizing, instead of disposing these biomass wastes is utterly 
important as these biomass wastes can serve as alternative feedstocks in 
place of the depleting fossil fuels, as well as to be transformed into 
various value-added products such as bio-derived fine chemicals and 
bio-fuels. Most importantly, they serve as inexpensive energy sources for 

the production of enzyme which are beneficial for microbial fermenta-
tion (Anwar et al., 2014; Yiin et al., 2018). As such, lignocellulosic 
biomass has indeed caught the interests of many researchers in recent 
times due to their nature of being renewable and cheap. However, the 
major limitation that impedes the valorisation of lignocellulosic biomass 
is mostly ascribed to the recalcitrance of plant cell walls to biochemical 
and biological decomposition, conferred by the heterogeneous poly-
phenolic structure of lignin (Zoghlami & Paës, 2019). Therefore, the 
pretreatment of these lignocellulosic materials is introduced in order to 
unleash the trapped potential in lignocellulosic biomass and to promote 
the valorization of biomass waste. 

The pretreatment of biomass has been extensively discussed in 
existing review papers such as in Baruah et al. (2018) and Zabed et al. 
(2016) which presented the conventional pretreatment approaches 
including physical, chemical, biological, and physicochemical pre-
treatment methods. Generally, it can be concluded that most of the 
conventional pretreatment techniques possess some of the disadvan-
tages suchlike high energy requirement, high cost of equipment, low- 
scale applications, formation of inhibitors as well as non- 
environmentally friendly. Consequently, Baruah et al. (2018) high-
lighted the need for low cost, energy-effective, environmentally sus-
tainable approach which are outseen as the bottlenecks for biomass 
valorization. Thus, this review provides a comprehensive review of 
pretreatment of lignocellulosic biomass by evaluating the conventional 
techniques, followed by the recent advances of green solvents in terms of 
current interest, chemistry behind, designing, challenges and future 
prospects as well as roles of ChCl in green solvents. Besides, the mech-
anism of actions, advantages and disadvantages associated with all the 
pretreatment approaches were also evaluated. This review article aims 
to come up with notable information for researchers who are dealing 
with the pretreatment of lignocellulosic biomass for waste-to-energy 
transformation. 

2. Conventional approaches for lignocellulosic biomass 
pretreatment 

The recalcitrance of plant cell walls to biochemical and biological 
decomposition, conferred by the heterogeneous polyphenolic structure 
of lignin, is deemed as the main concern when it comes to utilize the 
simple substrates trapped within the lignocellulosic biomass. In this 
sense, the pretreatment of lignocellulosic biomass plays a crucial role to 
ensure the recovery of cellulosic content from these lignin-based bio-
masses. As such, the lignin barrier in lignocellulosic biomass is dis-
integrated and broken down during the pretreatment process in order to 
recover the cellulose (Anwar et al., 2014). Additionally, the degree of 
polymerisation and crystallinity of cellulose are also altered, in which 
there is a reduction in both aspects (Chen et al., 2017). During the 
pretreatment process, the compact structure of lignocellulose is dis-
rupted to overcome the recalcitrance through the combination of 
chemical and structural changes to the lignin and carbohydrates, 
exposing the cellulose fibers to allow enzymatic hydrolysis (Amin et al., 
2017). All the advantages and disadvantages of various pretreatment 
methods are summarised in Table 2. 

2.1. Physical pretreatment 

It is essential for lignocellulosic biomass to undergo size reduction 
through mechanical processing. Physical pretreatment can be classified 
into several methods such as milling, microwave, extrusion and ultra-
sonication (Baruah et al., 2018). The main objective of physical pre-
treatment is to reduce and minimise the particle size. Correspondingly, 
this leads to the increase in the surface area, decrease in the degree of 
polymerisation as well as reduction in crystallinity (Rajendran et al., 
2018). Apart from that, the processes also can be carried out smoothly 
and effectively. These pretreatment methods are deemed as 
environmental-friendly as they hardly produce toxic materials which 

Table 1 
Composition of selected lignocellulosic biomass wastes.  

Lignocellulosic 
Materials 

Cellulose 
(%) 

Hemicellulose 
(%) 

Lignin 
(%) 

References 

Bamboo 45.0 24.0 20.0 (Li et al., 2015) 
Coffee 

Parchment 
22.0 18.0 53.0 (Reis et al., 2020) 

Coffee Pulp 33.0 29.0 26.0 (Peña-Lucio 
et al., 2020) 

Corn Cob 45.0 33.0 14.0 (Louis & 
Venkatachalam, 
2020) 

Corn Straw 45.4 22.7 10.8 (Fu et al., 2015) 
Corn Stover 34.0 23.0 21.0 (An et al., 2020) 
Elephant Grass 36.0 24.0 28.0 (Scholl et al., 

2015) 
MD2 Pineapple 30.0–42.0 32.0–37.0 32.0–37.0 (Mansor et al., 

2019) 
Napier Grass 47.0 31.0 22.0 (Reddy et al., 

2018) 
Newspaper 55.0 40.0 30.0 (Anwar et al., 

2014) 
Oat hulls 35.0–45.0 32.0–35.0 17.0–20.0 (Santos et al., 

2020) 
Oil Palm Empty 

Fruit Bunch 
65.0 33.5 30.5 (Yiin et al., 2019) 

Poplar 49.9 28.7 19.2 (Zabed et al., 
2016) 

Rice Husk 37.1 29.4 24.1 (Kalita et al., 
2015) 

Rice Straw 42.0 25.0 24.0 (Zhang et al., 
2020) 

Sugarcane 
Bagasse 

40.0–50.0 20.0–30.0 20.0–25.0 (Santos et al., 
2020) 

Wheat Straw 35.0 22.3 15.6 (Bolado- 
Rodríguez et al., 
2016)  
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Table 2 
Comparative summary of different pretreatment methods.  

Pretreatment Methods Solvents Used Advantages Disadvantages Reference 

Physical pretreatment 
Milling — • High surface contact and pore 

volume of biomass 
• High energy demand (Bai et al., 2018; Baruah et al., 

2018) 
• No formation of toxic and 
inhibitory compounds 

• High cost of mechanical 
equipment 

Microwave irradiation Sodium chlorite; Hydrogen peroxide • Short process time • Poor distribution of microwave 
power 

(Baruah et al., 2018; Louis & 
Venkatachalam, 2020; Agu et al., 
2019) • Easy operation • Uneven heating 

• Highly selective • Low penetrating radiation 
• Less inhibitors produced 
• Faster heat transfer 
• Eco-friendly 

Extrusion — • Short residence time • High energy demand (Capolupo & Faraco, 2016; Mood 
et al., 2013) • Rapid mixing • Partial hemicellulose 

degradation 
• High shear • Incomplete destruction of the 

lignin-carbohydrate matrix in 
certain materials 

• Continuous operation 
• Moderate barrel temperature 
• Easy scale-up 
• No formation of inhibitors 
• Adaptable to process 
modifications 

Ultrasonication — • High enzymatic digestibility • High energy demand (Luo et al., 2014) 
• Effective sugar production • Not suitable for high-scale 

applications • Reduction in the duration of 
biomass hydrolysis 
• Promotes the disruption of 
lignocellulosic biomass 

Chemical Pretreatment 
Concentrated acid 

pretreatment 
Sulphuric acid; p-Toluenesulfonic acid • Enhance the enzymatic 

hydrolysis of cellulose and 
hemicelluloses 

• Toxicity (An et al., 2020; Baruah et al., 
2018; Zabed et al., 2016) 

• High sugar conversion rate • Equipment corrosion 
• Complete removal of 
crystalline structure of 
cellulose 

• High cost of operation and 
maintenance 
• Acid recovery 
• Formation of fermentation 
inhibitors 

Dilute acid 
pretreatment 

Dilute sulphuric acid • Economical • Little lignin removal (An et al., 2020; Zabed et al., 2016) 
• Eco-friendly • Requires neutralisation of the 

pretreated slurry • Improved digestibility 
• Lesser inhibitors produced 

Ozonolysis Ethanol • Increased biodegradability of 
cellulose fibrils 

• Highly flammable, reactive, 
corrosive 

(Mood et al., 2013; Zabed et al., 
2016) 

• Strong oxidant • High energy demand 
• Low amounts of inhibitors 
produced 

• High generation costs 

Alkaline pretreatment Sodium hydroxide; Potassium 
hydroxide; Calcium hydroxide; 
Ammonia 

• Reduction in crystallinity • Long residence time from hours 
to days 

(Behera et al., 2014; Gao et al., 
2020; Mood et al., 2013) 

• Decrease in degree of 
polymerisation 

• Neutralisation of the pretreated 
slurry 

• Increase of surface area and 
porosity 
• Low operating temperature 
• Complex reactors are not 
needed 

Organosolv 
pretreatment 

Ethanol; Methanol; Glycol; Glycerol; 
Formic acid; Acetic acid; Acetone; 
Phenol; Dioxane 

• Easy recovery • Costly (Borand & Karaosmanoğlu, 2018; 
Gao et al., 2020; Zhang et al., 2016) • Lignin obtained from the 

pretreatment as value-added 
by-products 

• High energy demand 
• Risky due to high pressure 
• Highly flammable and volatile 
• Formation of inhibitors 

Biological Pretreatment 
Pretreatment with 

micro-organisms 
Potato dextrose agar • Low cost of operation • Long residence time (Bhatia et al., 2017; Maurya et al., 

2015; Peña-Lucio et al., 2020; 
Sindhu et al., 2016) 

• Low energy demand • Low efficiency 
• No chemicals requirement • Large space required 
• Environmentally friendly and 
sustainable 

• Constant supervision of micro- 
organisms growth 

Physicochemical Pretreatment 
Steam explosion Ethanol; Toluene; Sulphuric acid; 

Potassium hydroxide; Sodium hydroxide 
• Low capital costs • Formation of inhibitors at harsh 

conditions 
(Gao et al., 2020; Pielhop et al., 
2016; Reis et al., 2020; Verardi 
et al., 2018) 

• Minimum environmental 
effect 
• Limited use of chemicals 
• Low energy demand 
• High sugar recovery 

(continued on next page) 
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would pollute the environment (Shirkavand et al., 2016). 

2.1.1. Milling 
Milling is implemented in order to reduce the crystallinity and par-

ticle size of lignocellulosic biomass up to approximately 0.2 mm. 
Nevertheless, biomass with particle size of less than 0.4 mm oftentimes 
has no notable effect on the rate and yield of hydrolysis (Baruah et al., 
2018). Numerous milling methods have been introduced in which the 
types of milling method used will eventually determine the reduction in 
particle size and crystallinity. Moreover, the processing time and type of 
lignocellulosic biomass used would also has an impact on the particle 
size and crystallinity of the respective biomass. A research conducted by 
Bai et al. (2018) stated that the effective reduction in the particle size 
and decrease in crystallinity bring about high surface contact as well as 
pore volume of the biomass. In addition, the respective biomass has a 
low thermal degradation temperature. 

2.1.2. Microwave irradiation 
Microwave irradiation in general terms is an unconventional heating 

method for the lignocellulosic biomass pretreatment by the means of 
electromagnetic field. This method utilises dielectric polarisation to 
induce molecular collisions and further generates thermal energy which 
results in the disruption of the complex structure of lignocellulosic 

biomass (Aguilar-Reynosa et al., 2017). Microwave irradiation brings 
about disintegration of cellulose fibers through molecular collision with 
the use of dielectric polarisation. There are two types of microwave 
irradiation pretreatment namely atmospheric and high-pressure treat-
ment. The microwave pretreatments under high pressure are usually 
carried out in a closed reactor at temperatures between 150℃ and 250℃ 
(Li et al., 2016). In recent years, most researchers have discovered that 
microwave pretreatment can actually be implemented along with other 
available pretreatment methods as an upgraded attempt. 

2.1.3. Extrusion 
Extrusion as the conventionally used physical pretreatment method 

often utilises a tight barrel which is equipped with temperature control 
in order to carry out the pretreatment of lignocellulosic biomass (Duque 
et al., 2017). In this method, the lignocellulosic materials are to be 
passed through the barrel at a temperature of greater than 300℃. The 
recalcitrant structure of the lignocellulosic biomass is disintegrated 
attributable to the high operating temperature. Additionally, the 
rotating screw blades in the barrel produces shear forces which in return 
would also disrupt the structure (Kumar & Sharma, 2017). 

2.1.4. Ultrasonication 
The pretreatment of lignocellulosic biomass via ultrasonication often 

Table 2 (continued ) 

Pretreatment Methods Solvents Used Advantages Disadvantages Reference 

Ammonia fiber 
explosion (AFEX) 

Liquid ammonia • Removal of hemicellulose 
and lignin 

• High operating cost (Baruah et al., 2018; Gao et al., 
2020) 

• Reduction in cellulose 
crystallinity 

• Non-environmentally friendly 

• No inhibitors formed • Highly volatile 
• Lignocellulosic biomass with 
low lignin content is preferable 
• High energy demand 

Supercritical CO2 

explosion 
Supercritical CO2 • Increased accessibility of 

cellulose fibers to enzymatic 
hydrolysis 

• High equipment costs (Baruah et al., 2018; Bharathiraja 
et al., 2018; Capolupo & Faraco, 
2016) 

• Non-flammability • Unsuitable for lignocellulosic 
biomass with no moisture content • Non-toxicity 

• Easy recovery 
Liquid hot water (LHW) Water • Removal of lignin • High water demand (Bhutto et al., 2017; Zhuang et al., 

2016) • Increased accessible surface 
area 

• High energy demand 

• No formation of toxic 
materials 
• Minimal inhibitors formed 
• No catalysts or chemicals 
requirement 

Green Solvents Pretreatment 
Deep eutectic solvents 

(DESs) 
Choline chloride/Glycerol; • Disintegration of complex 

structure 
• Hygroscopicity properties of 
DESs 

(Chen et al., 2019; Zdanowicz et al., 
2018) 

Choline chloride/Lactic acid • Highly biodegradable and 
sustainable 

• Highly viscous 

• Less costly 
• Easily prepared 
• Low energy demand 

Ionic liquids (ILs) Imidazolium-based ([(C3N2)Xn]+); • Dissolution of hemicelluloses 
and lignin 

• Expensive (Baruah et al., 2018; Chen et al., 
2017; Mood et al., 2013) 

Ammonium-based [NX4]+ • Increased porosity and 
amorphous structure of 
cellulose 

• Not suitable for large-scale 
applications 

• Easily recovered and recycled 
• High thermal stability 
• Conducted at moderate 
condition 
• Non-volatile and non-toxic 

Low-transition- 
temperature- 
mixtures (LTTMs) 

L-lactic acid/Glycine; L-lactic acid/ 
Choline chloride; L-lactic acid/L-alanine; 
L-lactic acid/L-glutamic acid 

• Higher extraction yields • Thermal stability is not based on 
the thermal stability of starting 
materials 

(Francisco et al., 2013; Kottaras 
et al., 2017) • Highly biodegradable and 

sustainable 
• Economical 
• Non-toxic 
• Non-flammable 
• Easily prepared  
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utilises the ultrasonic radiation which is in accordance with the principle 
of cavitation (Ravindran & Jaiswal, 2016). In this method, shear forces 
is generated from the cavitation which causes the complex network 
structure of lignocellulosic biomass to rupture. This will hence ease the 
extraction of desired cellulose, hemicellulose or lignin. There are 
numerous factors suchlike the ultrasound frequency, sonication power 
as well as the duration and temperature of sonication which tend to 
influence the efficiency of ultrasonication (Liyakathali et al., 2016). 

2.2. Chemical pretreatment 

Chemical pretreatment describes the involvement of organic or 
inorganic compounds that are known for their dissolvability of lignin, 
through interactions with the intrapolymer or interpolymer bonds of 
lignin, hemicellulose, and cellulose, leading to the disruption of the 
recalcitrant structure of the lignocellulosic materials (Jędrzejczyk et al., 
2019). In general, the chemical pretreatment of lignocellulosic biomass 
can be classified into acid pretreatment, alkaline pretreatment, orga-
nosolv pretreatment, and ozonolysis. 

2.2.1. Acid pretreatment 
Fundamentally in the acid pretreatment, the presence of acid causes 

cellulose and hemicelluloses in the lignocellulosic biomass to be 
hydrolysed into monosaccharides. This is mainly due to the fact that the 
glucosidic bonds between these polysaccharides are susceptible to acid. 
The hydronium ions from acid catalyst disaggregates the long poly-
saccharide chains into sugar monomers. The enzymatic hydrolysis of 
cellulose and hemicelluloses can be carried out more easily after the acid 
pretreatment (Baruah et al., 2018). Acid pretreatment can be further 
categorised into concentrated acid pretreatment and dilute acid pre-
treatment. Conventionally, concentrated acid pretreatment is conducted 
at a percent acidity of 30–70% as well as at a temperature of lower than 
100℃. On the other hand, dilute acid pretreatment (0.1–10%) is carried 
out at a higher temperature in the range of 100–250℃. Nevertheless, 
both of the pretreatment methods have a similarity in which the pre-
treatment process depends on the characteristics of lignocellulosic 
biomass used (Baruah et al., 2018). 

2.2.2. Alkaline pretreatment 
Alkaline pretreatment in general utilises the working principle of 

solubilisation of lignin in alkali solution. Researches have stated that 
among all the alkaline reagents suchlike potassium hydroxide, calcium 
hydroxide and ammonium hydroxide used for the pretreatment process, 
it is found out that sodium hydroxide functions most effectively (Kim 
et al., 2016). In this pretreatment technique, the linkages between 
hemicelluloses and lignin are segmented and dissociated due to the 
saponification process (Sun et al., 2016). The solubilisation of lignin and 
hemicellulose further lead to the enhanced enzymatic hydrolysis of 
cellulose. Furthermore, the pretreatment with alkaline reagents also 
cause swelling in cellulose which indirectly changes the structure of 
lignocellulosic biomass. Subsequently, there will be a reduction in the 
crystallinity, decrease in the degree of polymerisation, increase of sur-
face area as well as porosity of lignocellulosic biomass. 

2.2.3. Organosolv pretreatment 
Organosolv pretreatment in general terms is the utilisation of organic 

solvents to pre-treat various lignocellulosic biomass. Organic solvents 
such as methanol, ethanol, acetone, organic acid, organic peracid as well 
as ethylene glycol tend to break down the linkages between lignin and 
hemicellulose. The removal of lignin and solubilisation of hemicellulose 
cause an increase of surface area and pore volume of cellulose, thus 
making cellulose more accessible to enzymatic hydrolysis (Zhang et al., 
2016). Commonly, the addition of mineral acids, bases and some other 
salts which act as catalysts will lower the pretreatment temperature and 
boost the delignification process (Borand & Karaosmanoğlu, 2018). 

2.2.4. Ozonolysis 
In this process, ozone gas brings about the breakdown of both lignin 

and hemicelluloses which further results in the increase of accessibility 
of cellulose fibrils to enzymatic hydrolysis. The ozone gas used in this 
technique is known as a strong oxidant and soluble in water (Mood et al., 
2013). Besides, the process is conducted at ambient condition and only 
forms a low amount of inhibitors. 

2.3. Biological pretreatment 

Biological pretreatment utilises microorganisms such as fungi to 
convert lignocellulosic biomass into more accessible compounds. This is 
related to the fact that some fungi are capable of producing enzymes 
which help in the degradation of lignin (Sindhu et al., 2016). There are 
different lignin-degrading enzymes available, however fungi are suit-
able for biological pretreatment as they have the potentiality to disin-
tegrate lignocellulosic materials. Additionally, fungi play a crucial role 
in the removal of antimicrobial substances. White-rot, soft-rot, and 
brown fungi are known for lignin and hemicellulose removal with a very 
little effect on cellulose (Nauman Aftab et al., 2019). As compared to 
brown-rot and soft-rot fungi, white-rot fungi are widely used in the 
breakdown of lignin and hemicelluloses in biological pretreatment 
owing to its high sugar yield (Baruah et al., 2018). Hydrolytic system 
and ligninolytic system are among the two extracellular enzymatic 
systems involved in the pretreatment with microorganisms. However, 
the main difference between the two systems is that the disintegration of 
both cellulose and hemicelluloses occur in hydrolytic system. Mean-
while, ligninolytic system is accountable for the dissolution of lignin 
(Wagner et al., 2018). Generally, a reduction in the particle size and an 
increase in the moisture content would bring about high efficiency of 
biological pretreatment. The efficiency of biological pretreatment also 
increases with increasing pretreatment time and temperature. 

2.4. Physicochemical pretreatment 

Physicochemical pretreatment is a technique that operate in a hybrid 
approach, affecting both the physical parameters as well as their 
chemical bonding (bond cleavage) and intermolecular interactions 
(Zhao et al., 2012). Predominantly, physicochemical pretreatment can 
be classified into steam explosion, ammonia fiber explosion, carbon 
dioxide (CO2) explosion as well as liquid hot water pretreatment. 

2.4.1. Steam explosion pretreatment 
The pretreatment of lignocellulosic biomass through steam explosion 

utilises both mechanical forces and chemical effects. Operating condi-
tions such as high-pressure saturated steam in the range of 0.69–4.83 
MPa as well as temperature of approximately 160–260℃ are imple-
mented in order to allow the water molecules penetrate through the 
substrate structure of the lignocellulosic biomass. The water molecules 
are forced to escape in an explosive way through a sudden reduction of 
pressure in the system (Baruah et al., 2018). This phenomenon results in 
major parts of the lignocellulosic biomass to be splitted into fibers. 
Furthermore, the glycosidic bonds in cellulose and hemicellulose as well 
as the segmentation of hemicellulose-lignin bonds are also broken down 
due to the relatively high operating pressure and temperature of steam 
explosion pretreatment (Chen & Liu, 2015). Hemicelluloses are also 
hydrolysed into respective glucose and xylose monomers throughout 
this pretreatment method (Singh et al., 2015). The factors which affect 
the pretreatment process are steam temperature, residence time, the size 
and moisture content of lignocellulosic biomass. 

2.4.2. Ammonia fiber explosion (AFEX) 
In AFEX, liquid ammonia is used to heat the lignocellulosic biomass 

in a closed vessel at a ratio of 1:1. Commonly, AFEX is conducted under 
high pressure of 1.72–2.06 MPa along with a moderate temperature 
around 60–100℃ (Brodeur et al., 2011). This pretreatment process is 
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lasted for approximately 5 to 30 min. Similar to the steam explosion 
technique as discussed previously, AFEX also undergoes a sudden 
reduction of pressure (Shirkavand et al., 2016). This results in the 
disruption of the fibrous structure of lignocellulosic biomass and 
reduction in cellulose crystallinity. Thus, the enzymatic hydrolysis of 
lignocellulosic biomass can be further enhanced. AFEX pretreatment is 
influenced by several factors such as the operating temperature, blow-
down pressure, residence time, ammonia loading as well as water 
loading (El-Naggar et al., 2014). 

2.4.3. Supercritical CO2 explosion 
In supercritical CO2 explosion pretreatment, CO2 molecules are 

allowed to diffuse through the lignocellulosic biomass under a consid-
erably high pressure which causes the disintegration of hemicellulose 
and lignin structure of lignocellulosic biomass. The carbonic acid which 
formed from the dissolved CO2 in water promotes the hydrolysis reac-
tion of hemicellulose (Baruah et al., 2018). The cellulose crystalline 
structure of lignocellulosic biomass can also be broken down through 
the sudden release of pressurised gas which increased the accessibility of 
cellulose fibers to enzymatic hydrolysis (Capolupo & Faraco, 2016). A 
higher rate of penetration of the CO2 molecules into the cellulosic pores 
can be achieved by increasing the operating pressure which brings about 
a high glucose conversion (Baruah et al., 2018). 

2.4.4. Liquid hot water (LHW) 
LHW pretreatment utilises water to conduct the pretreatment process 

with a high operating temperature in the range of 170–230℃ and a 
pressure of within 5 MPa. The lignocellulosic biomass is set to expose to 
the hot water for roughly 15 min residence time. Hemicellulose is 
hydrolysed by LHW through the removal of lignin and the discharge of 
acetyl groups in hemicellulose which enhance the accessibility of cel-
lulose fibers to enzymes (Zhuang et al., 2016). LHW pretreatment is 
conducted at the pH of 4 to 7 in order to prevent the degradation of sugar 
as well as the formation of inhibitors (Baruah et al., 2018). 

2.5. Green solvents pretreatment 

In recent years, green solvents have been introduced and imple-
mented for the pretreatment of lignocellulosic biomass in replacement 
of other conventional pretreatment techniques mainly due to its envi-
ronmentally friendly nature. Predominantly, there are various types of 
green solvents available for biomass pretreatment which include ionic 
liquids (ILs), deep eutectic solvents (DESs) and low-transition- 
temperature-mixtures (LTTMs). 

2.5.1. Ionic liquids (ILs) 
ILs are classified as organic salts which are made up of both cations 

and anions with a melting point of lower than 100℃ (Baaqel et al., 2020; 
Baruah et al., 2018). Besides, ILs show the potential to dissolve lignin 
and carbohydrates contemporaneously. The formation of strong 
hydrogen bonds between the ILs’ non-hydrated ions and the hydroxyl 
protons of sugars contributes to the disruption of crystalline structure of 
cellulose as well as dissolution of hemicelluloses and lignin. Several 
factors such as the cations, anions, operating temperature and treatment 
time tend to show an impact on the overall pretreatment process (Yoo 
et al., 2017). Generally, lignocellulosic biomass that is pre-treated with 
ILs results in an increased porosity and amorphous structure of cellulose. 
Accordingly, its accessibility to enzymatic hydrolysis by cellulases can 
be increased (Li et al., 2016). 

2.5.2. Deep eutectic solvents (DESs) 
DESs are considered as a different class of green solvents which are 

comparable to ILs from the perspective of their physicochemical prop-
erties. DESs have been extensively acknowledged as analogues of ILs and 
developed as the new representative for green solvents (Hussin et al., 
2020). The term DES was introduced back in 2003 by Abbott et al. which 

encompass a new class of designer solvent system that comprises of 
natural and renewable starting materials that are widely available and 
near inexhaustible in nature. DESs are often constituted of two compo-
nents which are connected to each other by strong hydrogen bonds. The 
eutectic mixture formed has a melting point lower than each individual 
component. DESs are simply made up of one hydrogen bond donor 
(HBD) and one hydrogen bond acceptor (HBA). Besides, the respective 
solvents are usually liquids at temperature below 100℃ (Baruah et al., 
2018). The pretreatment of lignocellulosic biomass with DESs promotes 
the disruption and disintegration of the complex structure of lignocel-
lulosic materials. Xu et al. (2016) reported that the acidic HBD of DES 
tends to improve the overall efficiency of delignification and the disso-
lution of hemicellulose. 

2.5.3. Low-transition-temperature-mixtures (LTTMs) 
The original term DESs does not provide a thorough description to 

delineate the new class of solvents due to the fact that many of these 
solvents actually demonstrate glass transitions instead of eutectic 
(melting) points. Hence, Francisco et al. (2013) coined the term LTTMs 
to describe the solvents that are synthesized by mixing two or more solid 
components capable of establishing hydrogen bond interactions which 
results in liquid solvents with much lower melting point than any of its 
respective constituents. However, most literatures used both terms, 
LTTMs and DESs, interchangeably. 

LTTMs in general can be regarded as one of the newly designed green 
solvents which are effective for the pretreatment of lignocellulosic 
biomass through delignification process. LTTMs are quite comparable 
with DESs in which these types of solvents are also composed of one HBD 
and one HBA (Kottaras et al., 2017). In addition, the pretreatment with 
LTTMs is capable of achieving a higher extraction yields as compared to 
conventional solvents (Kottaras et al., 2017). For instance, a study 
conducted by Yiin et al. (2018) involving the pretreatment of lignocel-
lulosic biomass with malic acid-based LTTMs demonstrated high 
delignification selectivity, and improved enzymatic hydrolysis, as well 
as thermal degradation of biomass. 

3. Recent advances in green solvents 

Traditionally, the pretreatment of lignocellulosic biomass rely 
heavily on conventional solvents and the intensive use of conventional 
solvents worldwide is often regarded as a threat to the environment, 
where the concerns arise in three main areas: the synthesis of the sol-
vent, the nature of the solvent in use, and the disposal (Welton, 2015). 
Most conventional solvents are considered damaging due to the large 
quantities in use and these solvents are often associated with their 
properties of being highly volatile, corrosive, toxic or carcinogenic, non- 
biodegradable, etc. (Mallakpour & Dinari, 2012). In this context, 
growing research on green solvents actively seeks to explore environ-
mentally friendly and tunable solvents that meet both the economic 
demand and technological demand, specifically on the performance of 
the green solvents that are intended to replace existing solvents. 

3.1. Green solvents of current interest 

Green solvents encompass those which are non-toxic, non-volatile, 
recyclable, biodegradable, low-cost and preferably made from materials 
that are readily available (Das et al., 2017). Solvents of current interest 
that are recognized as green solvents include water, supercritical fluids, 
organic carbonates, ILs, DESs, and bio-based solvents (Welton, 2015). 
Among these classes of green solvents, ILs emerged as a competitive 
candidate which finds a versatile application in various fields such as 
bio-catalysis, separation process, electrochemical and biopolymers 
processing. ILs are molten salts in form of liquid at room temperature 
and exhibits interesting characteristics, which includes their physico-
chemical properties (melting point, density, surface tension, refractive 
index, viscosity, electrical conductivity, polarity, water and cosolvent 
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miscibility, etc.) that can be tailored to needs by the combination of 
different cations and anions (Mallakpour & Dinari, 2012; Paiva et al., 
2014). The ILs which are of high thermal stability and low vapor pres-
sure also offer advantages such as easy containment or storage, final 
product recovery, and recyclability of the solvent (Mallakpour & Dinari, 
2012). 

Despite the promising characteristics of ILs as solvent, the wide-
spread use of ILs in the industry is impeded by economic and environ-
mental imperatives that are commonly associated with their 
controversial ecotoxicological data, flammability, high cost, complex 
synthesis method and purification process, etc. (Durand et al., 2015; 
Taylor et al., 2019). The “greenness” of ILs are often questioned due to 
their limitations in terms of poor biodegradability, biocompatibility, and 
solvent recoverability as well as their economic viability since the cost of 
ILs are relatively expensive compared to conventional solvents (Fran-
cisco et al., 2012). Furthermore, ILs are commonly derived from mate-
rials that use fossil resources, whereby the complex synthesis process 
involves the use of different reagents, other volatile organic compounds 
and create a large amount of chemical waste (Ratti, 2014). 

On another note, it is worth mentioning that an alternative approach 
that is capable of overcoming the aforementioned drawbacks is the 
development of choline-based ILs wholly originated from biomaterials 
which have attractive features of low toxicity, relatively high stability 
and fewer negative effects on the environment, pioneered by Fukaya 
et al. (2007) and known as “Bio-ILs”. The idea was adopted to create 
novel acetylcholine-carboxylate bio-ionic liquids for catalytic fixation of 
CO2 to produce fine chemicals (Zhao et al., 2019). In another instance, 
choline-based bio-ILs were applied in nanomaterials and polymers field 
(Noshadi et al., 2017). However, further studies are limited and could be 
of another interesting topic awaiting exploration. 

DESs/LTTMs that can be easily synthesized from natural and readily 
acquirable raw materials, came up as an inexpensive and promising 
alternative to conventional ILs. The wide liquid range and befitting 
physicochemical properties evinced the key qualities of DESs/LTTMs 
suitable to be used as solvents. The strong hydrogen bond interactions 
are accredited for the similar benefits exhibited by DESs/LTTMs as 
compared to ILs while at the same time overcome the limitations of 
conventional ILs. Although both DESs/LTTMs and ILs present highly 
similar core characteristics, DESs/LTTMs are deemed a more complete 
representation of the green chemistry benchmarks, rendering LTTMs a 
compelling interest as the more favourable alternative compared to their 
analogue ILs (Silva et al., 2019). 

3.2. Chemistry behind DESs/LTTMs 

3.2.1. Overview on formation of DESs 
DESs are system of eutectic mixtures formed between a HBA, most 

dominantly quaternary ammonium salts; and a HBD from a wide range 
of components such as alcohols, acids, amines, carbohydrates, among 
others. DESs are generally described by the following formula (Smith 
et al., 2014). 

Cat+X-zY  

where 
Cat+ refers to any ammonium (NR4

+), phosphonium (PR4
+), or sul-

phonium cation (SR3
+) 

X is a Lewis base, generally a halide anion (F-, Cl-, Br-, I-, etc.) 
Y is either a Lewis or Brønsted acid 
z refers to the number of molecules Y that interact with the anion 
The complex anionic species forms between the halide anion X− with 

another Lewis or Brønsted acid Y, resulting in the charge delocalization 
between anion and the HBD compounds. The hydrogen-bonding in-
teractions between a compatible pair of HBA and HBD is suggested to be 
responsible for the formation of the eutectic mixture (Francisco et al., 
2013). 

DESs/LTTMs constitute of a group of easily tunable eutectic mixtures 
that are adjustable to suit for specific applications, ascribed to their high 
number of HBDs present in the mixture (Bernasconi et al., 2017). 
Although the formation and functioning of these green solvents are not 
fully understood at their molecular level, the hydrogen bonds between 
the two hydrogen bonding constituents (HBA and HBD) are known to be 
responsible for the formation of DESs/LTTMs. The existence of hydrogen 
bond formation between the HBA and HBD in DESs/LTTMs can be 
verified through proton nuclear magnetic resonance (1H NMR) spec-
troscopy or Fourier-transform infrared spectroscopy (FTIR) (Haraźna 
et al., 2019). In this context, analyzing the changes in FTIR spectra of the 
synthesized DESs /LTTMs in comparison with the individual starting 
materials able to identify the chemical bonds and functional groups 
based on the assigned characteristic range of wavenumbers. Similarly, 
the trend of chemical shift in terms of 1H NMR interpretation of the 
DESs/LTTMs in comparison with the individual constituents can be 
taken as the indicator for the formation of hydrogen bonds and changes 
in hydrogen bond strength. The extensive hydrogen bonding interaction 
renders the depression in the melting/freezing point of LTTMs. 

3.2.2. Types of DESs 
Depending on the nature of its constituents, there are four dominant 

types of DESs with the addition of type V DESs as a new idea that was 
proposed recently as shown in Table 3. Type I eutectics comprise of 
quaternary ammonium salts and non-hydrated metal halides, including 
a wide range of eutectic mixtures from chloroaluminate or imidazolium 
to less common 1-ethyl-3-methylimidazolium chloride (EMIC), with 
different metal halides well studied in the 1980s (Bernasconi et al., 
2017). The range of suitable non-hydrated metal halides with low 
melting point to form type I DESs is limited, giving rise to type II eu-
tectics, where many metal salts hydrates were coupled with quaternary 
ammonium salts following their inertness to air or moisture. 

Most DESs are built on the fundamental of type III eutectics, where 
the most typical starting materials involve quaternary ammonium salts 
such as ChCl and HBDs such as glycol, ethylene glycol, urea, carboxylic 
acids, amides, and etc. (Zhekenov et al., 2017). Type III eutectics have 
been of great interest due to their solvation ability across a wide range of 
transition metal species, including chlorides, and oxides derivatives 
(Smith et al., 2014). These eutectic mixtures demonstrated high inert-
ness with water to the extent of being almost unreactive, making them 
relatively easy to prepare and handle. 

While most ILs and DESs involve a quaternary ammonium salt as the 
cationic component, giving a sense of quaternary ammonium salts being 
a requirement to form eutectics. However, it has been confirmed that the 
mixture of metal chloride hydrate and HBDs such as simple amides 
(− CONH2) or alcohols (− OH) forms a metalliferous solution composed 
of cations and anions via disproportionation processes (Abood et al., 
2011). These DESs composed of metal chloride salts and HBDs without 
organic quaternary ammonium cations are the most recent class of DESs 
well established so far, known as type IV eutectics. 

Type V DESs composed of non-ionic species are the most recent 

Table 3 
Classification of eutectics based on the nature of the complexing agent and their 
respective general formulas (Abranches et al., 2019; Kalhor & Ghandi, 2019; 
Smith et al., 2014).  

Type General Formula Terms 

I Cat+X−
zMClx  M = Zn, Sn, Fe, Al, Ga, In 

II Cat+X−
zMClx⋅yH2O  M = Cr, Co, Cu, Ni, Fe 

III Cat+X−
zRZ  Z = CONH2, COOH, OH 

IV MClx + RZ = MClx-1
+ ⋅RZ + MClx+1

− M = Al, Zn; and Z = CONH2, OH 
V *Non-ionic DESs Composed only of molecular 

substances  

* Type V DES: Recently proposed and not well established (Abranches et al., 
2019). 
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breakthrough. These non-ionic hydrophobic eutectics offset the limita-
tions associated with hydrophobic eutectics based on quaternary 
ammonium salts, specifically their higher cost, hydrophobicity, viscos-
ity, and also shown potential for the recovery and regeneration of the 
DES by evaporation, attributed to their non-ionic nature (Abranches 
et al., 2019). However, type V DESs is an area of research that is rela-
tively new, hence still immature to support different scientific research. 

3.3. Designing green solvents 

3.3.1. Starting materials of DESs/LTTMs 
The vast library of feasible constituents for the starting materials 

grants ubiquity to DESs/LTTMs ascribed to the ability in controlling and 
fine-tuning the physicochemical properties and phase behavior simply 
by altering the composition of the DESs/LTTMs. Apart from that, the 
solvation ability of DESs/LTTMs on solutes with different natures can 
also be tweaked for task-specific applications. DESs/LTTMs can easily be 
synthesized from readily available natural sources, simply by mixing 
two solid starting materials at moderate temperature without the need 
for further purification steps to form liquid eutectics by hydrogen bond 
interactions. 

Theoretically, there is a near infinite number of combinations that 
could be rendered out of the numerous HBA and HBD constituents 
available. However, the compatibility of the mixture prepared by simple 
mix-and-match approach is not always guaranteed. In this sense, suc-
cessful formation of DESs/LTTMs are characterized by solution that 
remains stable, homogenous, and colourless after cooled down to room 
temperature (Hussin et al., 2020). 

3.3.2. Design methodologies 
Despite the ease to synthesize DESs/LTTMs as compared to ILs, the 

designing of DESs/LTTMs are rather difficult. The potential constituents 
of ILs are limited to bulky or asymmetric ions, by which the fixed molar 
ratio of the ions in ILs is defined by the electroneutrality of the solution 
(Mainberger et al., 2017). In contrast, the complexity in designing DESs/ 
LTTMs is ascribed to the wide array of possibilities in formulating the 
molar ratio of the components in DESs/LTTMs that could be of any value 
(Alhadid et al., 2020). The time and cost for the synthesis and testing of 
such an impossibly large number of DESs/LTTMs poses a scientific 
challenge, given that the area of research is relatively new and lacks a 
comprehensive framework for the optimal design of DESs/LTTMs. 

Most of the published works to date adopts the trial and error 
methodology in designing the DESs/LTTMs, where the preselected 
components are mixed at several molar ratios, typically 1:1 or 1:2, and 
mixtures that remain liquid at room temperature are documented for 
further studies (Alhadid et al., 2020). However, making selections based 
on the trial-and-error method can be very limiting and have a high 
chance to overlook good candidates (Rodriguez-Donis et al., 2018). It 
was emphasized that the trial-and-error method was too time consuming 
and costly (Azmin et al., 2015). To offset the limitations of the trial-and- 
error approach, Zhou et al. (2020) mentioned two categories of solvent 
selection and design methods, namely database screening, and molec-
ular design. 

Predictive design methodologies make use of the valuable experi-
mental data from traditional trial-and-error approach for the screening 
of solvents. Rigorous modelling of predictive models can be imple-
mented to compute the properties of the target molecules to reduce the 
exhausting and costly experimental efforts, and allowing more feasible 
designs to be explored. A pre-specified set of solvent candidates are 
screened based on the prediction of properties to identify the best sol-
vent with matching specifications from a known set of candidates (Zhou 
et al., 2020). 

The advancements in theoretical and modelling methods today, 
synchronous with robust computing power, enabled the possibility to 
incorporate computational methods in the selection and design of sol-
vents (Kovács et al., 2020). Reverse design methodology is an innovative 

and systematic approach that combines the predictive capability of 
solvent properties with computer-aided molecular design (CAMD) tools 
to support the design of novel solvents that meet target specifications 
(Bergez-Lacoste et al., 2014). 

The chronology of DESs/LTTMs development are similar to other 
solvents from the state of infancy to maturity, starting from the widely 
used trial-and-error approach to investigate the fundamental correla-
tions, before predictive models can be developed for the prediction of 
molecular properties, then further advanced to involve the use of 
computational tools as seen in the reverse design methodology (Bergez- 
Lacoste et al., 2014). Still in its infancy, DESs/LTTMs are not well 
characterized and understood to pursue for advanced design strategies 
due to the limitations in providing a comprehensive description of their 
physicochemical properties as the pre-requisite for advanced modelling 
and computational approaches. 

4. Roles of choline chloride (ChCl) in green solvents 

The emergence of LTTMs can be traced back to the early years in the 
21st century when Abbott et al. (2003) discovered that ChCl and urea 
forms a homogeneous solution at ambient temperature and pioneered 
the idea on DESs. Since then, ChCl appeared to be the most dominant 
quaternary ammonium salt to be used as the HBA in DESs/LTTMs- 
related studies. The vast interest in ChCl sparked an exponential 
growth of the studies on ChCl-based DESs over the years. Apart from 
being popularized by the original author, the other contributing factors 
to the popularity of ChCl being used as the HBA in DESs/LTTMs are its 
relatively low cost, and other natures such as biodegradable, non-toxic, 
etc., that satisfies the green chemistry metrics. 

4.1. ChCl-based solvents for lignocellulosic biomass pretreatment 

ChCl-based green solvents find applications in a wide array of fields 
where lignocellulosic biomass pretreatment is regarded one of its most 
prospective use. Some of the ChCl-based solvents used in the pretreat-
ment of lignocellulosic biomass for further valorization were reviewed 
and summarised in Table 4. 

4.2. Other applications of ChCl-based solvents 

DESs/LTTMs find versatile applications in various fields and are not 
limited only to be used as solvents. DESs/LTTMs can be used as cheaper 
and environmentally benign alternatives to substitute for the use of 
conventional solvents in extraction, purification, or other separation 
processes. The applications of DESs/LTTMs were also reported in fields 
of chemical and polymer synthesis, metal electrodeposition, nano-
materials, CO2 capturing, biomass and biofuels processing, biomedicine, 
pharmaceutics, food processing, cosmetics, etc. (Ezgi Ünlü & Takaç, 
2020; Marcus, 2019; Paiva et al., 2014; Silva et al., 2019). Some other 
applications of ChCl-based solvents include:  

i. Microalgal biomass pre-treatment for the extraction of cellular 
components by using ChCl/1,2-Propanediol/Water (Cicci et al., 
2017).  

ii. Pretreatment and fractionation of keratinous waste biomass by 
using ChCl/Oxalic acid (Wang et al., 2018; Wang & Tang, 2018), 
separation of aliphatic–aromatic mixtures by using ChCl/Malonic 
acid (Samarov et al., 2018).  

iii. Extraction of phenolic compounds from wood-apple pulp by 
using ChCl/Oxalic acid (Saha et al., 2019).  

iv. Extraction of polyphenols from palm samples by using ChCl/ 
Formic acid, ChCl/Glycerol, ChCl/Acrylic acid, ChCl/Ethylene 
glycol, ChCl/Malonic acid, ChCl/Citric acid, ChCl/Xylitol, ChCl/ 
Phenol, ChCl/Urea, and ChCl/Oxalic acid (Liu et al., 2019b).  

v. Hydrogen sulfide (H2S) absorption by using ChCl/Formic acid, 
ChCl, Acetic acid, and ChCl/Propionic acid (Wu et al., 2019). 
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vi. Solvent extraction of phenolic constituents from olive leaves by 
using ChCl/Lactic acid, ChCl/Oxalic acid, ChCl/Tartaric acid, 
ChCl/1,4-Butylene glycol, ChCl/Ethylene glycol, ChCl/Xylitol, 
ChCl/1,2-Propylene glycol, ChCl/Maltose, and ChCl/Urea 
(Alañón et al., 2020).  

vii. CO2 capturing by using ChCl/Ethylene glycol, and ChCl/Glycerol 
as solvents in absorption column (Alkhatib et al., 2020).  

viii. NH3 absorption and separation by using DES formed from ChCl 
and dihydric alcohols (1,4-butanediol,2,3-butanediol, and 1,3- 
propanediol) (Deng et al., 2020).  

ix. Extraction of crude oil from contaminated soil (Duan et al., 
2020). 

Table 4 
Applications of ChCl-based solvents in lignocellulosic biomass pretreatment.  

DESs/LTTMs Application Key Findings Reference 

ChCl/Urea 1:2 Pretreatment of rice 
straw biomass for the 
isolation of 
holocellulose, 
α-cellulose, and acid- 
insoluble lignin (AIL) 

Attained highest 
dissolution capacity 
for AIL at 22.87%, 
followed by 16.71% of 
hemicellulose and 
amorphous cellulose, 
and 9.60% of 
α-cellulose. ChCl/Urea 
also demonstrated 
higher dissolution 
selectivity on lignin. 

(Pan et al., 
2017) 

ChCl/Oxalic 
acid 
dihydrate 
1:1 

Pretreatment and 
delignification of Poplar 
wood lignocellulosic 
biomass to extract 
lignin oligomers 

The LTTMs coupled 
with Microwave- 
Assisted Extraction 
(MAE), successfully 
extracted lignin 
oligomers of high 
purity (about 96%) 
from the sample. 

(Liu et al., 
2017) 

ChCl/L-Malic 
acid/Water 
2:4:2; 

Delignification of oil 
palm biomass residues 

Cactus malic acid can 
attain a considerable 
performance in lignin 
removal compared to 
L-malic acid, with 
lignin removal at 
41.94% by using ChCl/ 
L-Malic acid/Water 
while its cactus malic 
acid variant attained 
37.22% 
delignification. 

(Yiin et al., 
2017) 

ChCl/Malic 
acid 
(cactus)/ 
Water 2:4:2 

ChCl/Lactic 
acid 1:9 

Delignification of 
tortoise-shell bamboo 
(Phyllostachys 
pubescens) for the 
recovery of cellulose 
nanofibers 

Most of the lignin was 
efficiently removed 
(up to 94.39%) after 
pre-treatment with 
ChCl/Lactic acid at 
120℃ over a duration 
of 3 h with a solid-to- 
solvent ratio of 0.04 
(w/w), and 91% 
recovery of cellulose 
was recorded. 

(Liu et al., 
2019a) 

ChCl/Lactic 
acid 1:10 to 
1:250 

Delignification of Gum 
tree (Eucalyptus 
globulus) chips biomass 
with small amount of 
HBA 

ChCl/Lactic acid was 
found to have a 
slightly lower lignin 
solubility compared to 
pure lactic acid, 
however, a surge in the 
bond fission rate of 
β-O-4 linkages of the 
lignin was observed. 

(Smink 
et al., 
2019) 

ChCl/Formic 
acid 1:2 

Pretreatment of lignin 
to produce lignin with 
tailor-made properties 

The regenerated lignin 
samples were reported 
to be 44–75% implying 
that delignification 
occurred to a certain 
extent. 

(Hong 
et al., 
2020) 

ChCl/Lactic 
acid; 

Pretreatment and 
delignification of 
Asplund pulp from 
Norway spruce (Picea 
abies) 

Around 50% lignin 
removal was equally 
achieved by using 
ChCl/Lactic acid, 
ChCl/Oxalic acid and 
ChCl/Urea DESs while 
ChCl/Malic acid 
achieved significantly 
less effective 
delignification. 

(Fiskari 
et al., 
2020) ChCl/Oxalic 

acid; 
ChCl/Malic 

acid; 
ChCl/Urea; 

ChCl/Acetic 
acid 1:2; 

Pretreatment and 
delignification of 
miscanthus and 
birchwood for lignin 
extraction 

ChCl/Oxalic acid 
demonstrated the 
highest delignification 
efficiency for both the 
miscanthus and 
birchwood samples. 
ChCl/Glycerol DES 

(Kohli 
et al., 
2020) ChCl/Formic 

acid 1:2; 
ChCl/Glycerol 

1:2;  

Table 4 (continued ) 

DESs/LTTMs Application Key Findings Reference 

was reported to 
produce the lowest 
amount of recovered 
lignin. 

ChCl/Lactic 
acid 1:2; 

ChCl/Malic 
acid 1:1; 

ChCl/Oxalic 
acid 1:1 

ChCl/Oxalic 
acid 1:2; 

Pre-treatment and 
delignification of 
lignocellulosic bamboo 
(Bambusa bambos) stem 

The delignification 
using ChCl/Oxalic acid 
exhibited a higher 
lignin dissolution in 
Bambusa bambos stem 
with 25.4% maximum 
lignin dissolution as 
opposed to ChCl/Urea 
that attained 19.4% 
lignin dissolution at 
120℃ for 10 h. 

(Ramesh 
et al., 
2020) ChCl/Urea 1:2 

ChCl/Urea 
2:1; 

Dissolution of 
microcrystalline 
cellulose 

The highest dissolution 
effect was 
demonstrated by 
ChCl/Oxalic acid 2:1, 
followed by ChCl/ 
Citric acid 2:1, ChCl/ 
Urea 2:1, and ChCl/ 
Glycerol 2:1, in 
descending order of 
cellulose solubility. 

(Zhang 
et al., 
2020) ChCl/Citric 

acid 2:1; 
ChCl/Oxalic 

acid 2:1; 
ChCl/Glycerol 

2:1; 

ChChl/ 
Ethylene 
glycol 1:2 

Pre-treatment for the 
separation of lignin and 
hemicellulose in dried 
bagasse biomass 
samples 

The solubility of lignin 
in ChCl/Oxalic acid 
was the highest 
(47.85%) but the 
bagasse was 
carbonized after 
pretreatment. ChCl/ 
Lactic acid was more 
suitable for cellulose 
separation while ChCl/ 
Ethylene glycol, ChCl/ 
Glycerol and ChCl/ 
Urea had selectivity 
towards lignin 
separation. 

(Li et al., 
2021) 

ChCl/Glycerol 
1:2; 

ChCl/Lactic 
acid 1:2; 

ChCl/Oxalic 
acid 1:1; 

ChCl/Urea 1:2 

ChCl/ 
Glycerol/ 
FeCl3⋅6H2O 
62:124:1 

Pre-treatment and 
delignification of corn 
stover biomass 

Delignification up to 
48.35% and xylan 
removal of 59.15% 
from corn stover 
samples by using lewis 
acid catalyzed ChCl/ 
Glycerol DES which 
was lower than direct 
pretreatment by using 
individual ChCl and 
glycerol solutions. 
However, the 
recyclability of ChCl/ 
Glycerol DES was 
significantly higher 
than both ChCl and 
glycerol aqueous 
solution pretreatment. 

(Zhu et al., 
2021)  
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x. Pretreatment and extraction of polyphenols from chestnut shell 
waste ChCl/Ethylene glycol, ChCl/1,4-Butanediol, ChCl/Oxalic 
acid dihydrate, ChCl/Malic acid, ChCl/Citric acid hydrate, ChCl/ 
Maltose 1:1, ChCl/Glucose 1:2 (Husanu et al., 2020).  

xi. Extraction of oat protein by using ChCl/ 1,2-Butylene glycol, 
ChCl/1,4-Butylene glycol, and ChCl/2,3-Butylene glycol (Yue 
et al., 2020), and etc. 

Considering the large possibilities for applications of ChCl-based 
solvents across a wide array of fields especially in biomass pretreat-
ment for further processing, ChCl demonstrates high potential as the 
representative constituent of green solvents. The reported studies on 
biomass pretreatment using ChCl-based solvents delivered promising 
results on the delignification efficiency in several lignocellulosic 
biomass samples. For instance, delignification of tortoise-shell bamboo 
(Phyllostachys pubescens) of up to 94.39% lignin removal were reported 
with ChCl/Lactic acid pretreatment (Liu et al., 2019a). In addition, most 
studies also reported lignin removal in the range of 40–50% depending 
on the type of biomass and green solvents used. ChCl/Oxalic acid also 
demonstrated the highest delignification efficiency in several biomass 
samples but the applicability could be restricted due to its toxicity and 
caustic properties (Kohli et al., 2020). In this sense, ChCl/Lactic acid and 
ChCl/Malic acid are more preferable although they have lower 
delignification efficiency compared to oxalic acid based green solvents. 
As discussed herein, choline chloride is indeed a potential starting ma-
terial which requires further exploration to unleash its full potential in 
terms of understanding the way it interacts with HBDs in the formation 
of DESs/LTTMs. 

5. Challenges and future prospects 

Advances in lignocellulosic biomass pretreatment techniques are 
continuously developed and improvised to improve the yield of certain 
substrates in the lignocellulosic biomass. Considering the recent 
emphasis on green chemistry, there will be a large room for advance-
ments in green solvents for the pretreatment of lignocellulosic biomass 
considering the near-infinite possible combinations of DESs/LTTMs with 
different pairs of HBA and HBA. 

Although active researches were devoted to the application of DESs/ 
LTTMs, comprehensive studies and characterisation of the physico-
chemical properties of DESs/LTTMs are still scarce. A gap exists in fully 
understanding DESs/LTTMs, which can be attributed to the ambiguity in 
the building principles, incomprehensive knowledge on the mechanisms 
of formation, as well as the intermolecular interactions within the sol-
vent. After all, the pivotal key to explore deeper into DESs/LTTMs lies 
upon its fundamental, where its physicochemical properties play a sig-
nificant role in modulating the species reactivity and behaviour of the 
DESs/LTTMs (Savi et al., 2019). 

The future advances in this field could outseen the possibilities of 
developing green solvents with extraordinary performances in ligno-
cellulosic biomass pretreatment through in-depth studies on the physi-
cochemical properties of DESs/LTTMs with advanced design 
methodologies in formulating a task-specific DESs/LTTMs. Apart from 
that, the application and recycling of solvents are limited by their 
thermal instability and susceptibility to contaminants, which could 
interfere with interactions between HBAs and HBDs (Tang et al., 2017). 
Hence, on-going studies into the development of stable and recyclable 
DESs/LTTMs systems are needed. 

Recent studies also underscored the concern associated with cyto-
toxic profiles of existing green solvents despite their low toxicity nature, 
especially for use in pharmaceuticals and therapeutic mediums which 
requires an essentially safe margin of toxic levels (Hayyan et al., 2016). 
Consequently, emerging trends of synthesis of solvents from natural 
sources to create natural deep eutectic solvents (NADES) (Mitar et al., 
2019) and those certified safe for therapeutic means as in therapeutic 
deep eutectic solvents (THEDES) (Dwamena, 2019) could be outseen as 

the future prospects of green solvents. 

6. Conclusions 

Pretreatment process plays a significance role in disrupting the 
recalcitrant structure of lignocellulosic biomass to obtain the enzyme 
accessible substrates. DESs/LTTMs came up as the most promising 
alternative among other pretreatment technologies and solvents with 
their versatility and a highly tunable nature by just varying the 
composition of its constituents. The immense interest in ChCl sparked an 
exponential growth on the studies of ChCl-based solvents whereby most 
of them was applied in lignocellulosic biomass pretreatment. More 
detailed information on green solvents development associated with 
existing research gaps can contribute to the field of biomass-to-energy 
conversion in the future. 
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