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INTRODUCTION 
  

With the development of society, the concept of eco-friendly industrial practices 

has become deeply rooted in people’s hearts. In modern industrial society, the choices of 

green solvents are continually being explored. Supercritical fluids, ionic liquids, and so-

called deep eutectic solvents have been shown to meet the environmentally benign 

requirement and with good practicability (Benvenutti et al. 2019; Choi and Verpoorte 

2019; Clarke et al. 2018). Among them, deep eutectic-like solvent (DESs) have become 

the prominent choice, owing to the unique inherent characteristics, as tunable properties 

with different hydrogen bond donor and receptors, stable physicochemical properties, 

biocompatibility, recyclability, non-flammability, negligible vapor pressure, and the fact 

that they are easily manufactured, etc. (Zuo et al. 2019). The term “eutectic-like” is used 

in the present article due to the fact that most DESs reported in recent literature do not 

correspond to any minimum in temperature of melting.  Rather, it has been discovered that 

certain blends having similar components to eutectic mixtures can have advantageous 

solubilization characteristics. 

Recently, studies related to application prospects of DESs for biomass treatment 

and transformation are on an upsurge, especially with respect to isolation of the main 

components of biomass and obtaining nanomaterials (Sarmad et al. 2017; Galbe and 

Wallberg 2019; Wang et al. 2019; Hansen et al. 2020; Shishov et al. 2020; Musarurwa and 

Tavengwa 2021).  

The concept, ‘Deep Eutectic Solvent’, was firstly put forward by Abbott and 

coworkers in 2003.  They prepared a mixed solvent from choline chloride (ChCl) and urea 
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having molar ratio of 1:2, which presented a melting point of 12 ℃ (Abbott et al. 2003). 

Since then, this kind of solvent has been utilized to achieve superior results as a class of 

green solvents. In 2014, Smith and coworkers categorized the DESs into four main types 

according to their compositions, as shown in Table. 1. Among them, the third type of DES 

has received the most attention, due to their biodegradable ingredients. Some of such DESs 

are even food grade. The food grade DESs are called Natural Deep Eutectic Solvents, 

which were named by Spronsen and coworkers in 2011 (Choi et al. 2011).  

 

Table 1. The Four Categories of DES According to Smith et al. (2014) 
 

Category Constituent A Constituent B 

1 Imidazolium salt Metal halides 

2 ChCl Hydrated metal halides 

3 ChCl Hydrogen bond donor 

4 Metal halides Hydrogen bond donor 

 

It is obvious that a DES is usually formed by mixing a hydrogen bond donor (HBD) 

and hydrogen bond acceptor (HBA) in a certain molar ratio (Abbott et al. 2003; Benvenutti 

et al. 2019; Musarurwa and Tavengwa 2021). The regularly used species are summarized 

in Table 2. Under certain conditions, the whole solvent system forms a strong hydrogen 

bonded network, which lays the basis of the great properties.  Furthermore, by selection of 

different HBDs and HBAs, by tuning mole ratios of the two main parts and introduction of 

cosolvent, e.g. deionized water, the physicochemical properties of the DES can be adjusted 

in most cases (Dai et al. 2015; Zhang et al. 2016; Elgharbawy et al. 2020).  It follows that 

a DES system can be tailored according to various particular applications. With the joint 

efforts of numerous researchers, all kinds of DESs have been created up to the present. The 

constituents can be sugars, alcohols, amino acids, and carboxylic acid, etc. (Lu and Liu 

2020; Tian et al. 2022). 

 

Table 2. Summary of the Hydrogen Bond Donor (HBD) and Hydrogen Bond 
Acceptor (HBA) Species in Various DESs 
 

Hydrogen Bond Donor Hydrogen Bond Acceptor 

Acids 

Lactic acid 
Oxalic acid 
Citric acid 
Malic acid 
Malonic acid 
Levulinic acid 
P-toluenesulfonic acid 
Formic acid 

Alkaline 

ChCl 
Benzyltrimethylammonium chloride 
Benzyltriethylammonium chloride 
Dimethylethanaminium chloride 
Betaine 

Alcohols 

Glycerol 
Ethylene glycol 
Menthol 
Triethylene glycol Metal salts 

ZnCl2, 

K2CO3 

Others 

Urea 
Imidazole 
Glucose 
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The components of most DESs are environment-benign and have low toxicity. In 

particular, DESs with ChCl as HBA have received the most widespread attention due to 

their unique structure and naturally low toxicity, meaning that they have proved to be safe 

for foodstuffs and cosmetics (Lu and Liu 2020; Torregrosa-Crespo et al. 2020). ChCl-

DESs are widely applied in biomass pretreatment, composition extraction, and separation, 

as well as other aspects. The DESs with the acids serving as HBD (acid-DESs) are an 

important part of the DESs system. In particular, the DESs with organic acids as HBD 

component, such as oxalic acid, and lactic acid, etc. (Ma et al. 2016; Shen et al. 2019; Tian 

et al. 2022) are usually used for the isolation of bioactive compounds from natural 

resources. At the same time, the hydrophilicity and hydrophobicity are important properties 

for DES. The hydrophilic DESs account for a large proportion of the recently reported 

applications, while the hydrophobic DESs were not reported until 2015 as water-

immiscible extractants. According to Osch et al. (2015), hydrophobic DESs have been 

widely studied recently. They have been widely applied in extraction and chemical 

analysis, which are becoming an important direction (Xiong et al. 2019). 

In this review, starting from the introduction of the characteristics and 

performances of DESs, the most potential and important applications of DESs as the green 

medium preparing in nano-biomass will be further described. The review will discuss how 

to make use of these properties of DESs with plant biomass, as well as the current situation 

and shortcomings. In addition, the practicability and possible mechanisms of DES 

implementation in scenarios will be discussed. Many efficient formulations and treatment 

methods will be summarized to lay a solid foundation for future studies of DESs in the 

field of biomass. 

 

 

PREPARATION AND PROPERTIES OF DESs 
 

Preparation of DESs  
According to the requirement on properties, suitable methods can be selected. The 

key point for the preparation of DES is to form a stable hydrogen bond network, which 

then mainly affects the performance of the DES. The two most commonly-used preparation 

methods, as shown below, are rather convenient (Zdanowicz et al. 2018). 

The first is conducted by simply heating and mixing the HBD and HBA thoroughly, 

with the formation of a transparent liquid. The other is the freeze-drying method (Gutierrez 

et al. 2009), in which, the two parts are dissolved in water respectively, then mixed to be 

frozen at low temperature, finally being dried into a clear and sticky mixture. For both of 

the methods, it usually is completely removed the moisture from the solution. 

The two methods described above are suitable for most situations. Furthermore, 

there are other ways, such as evaporation heating method combined with grinding, or using 

an extrusion method (Dai et al. 2013; Crawford et al. 2016). 

 

The Species of HBA and HBD  
HBD/HBA species can be selected with different chemical structures, such as 

aromatic or aliphatic compounds, differences in chain length, different numbers of 

functional groups, etc. The molar ratio of the two parts is also an important factor affecting 

the properties of DESs (Zhang et al. 2016). According to Ma et al. (2016), during the 

treatment of corncob feedstock, with the different molar ratios of ChCl to different HBAs 
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(oxalic acid, glycerol or ethylene glycol), the efficiency for lignin extraction could range 

from 59% to 98.5%. The polarity, hydrogen bonding, and acidity/alkaline properties of 

DES all affect the performances of components extraction (Hou et al. 2018; Kumar et al. 

2018; Tan et al. 2019). The most commonly used DESs with choline as HBD always have 

high polarity (Elgharbawy et al. 2020). The usage of DES of high polarity is beneficial for 

biomass component extraction, enzymolysis, and saccharification (Zhang et al. 2016; Guo 

et al. 2018; Dugoni et al. 2020), which will be further discussed in the following part. At 

the same time, DESs are widely used in pretreatment of biomass raw materials. Guo et al. 

(2022) have compared the acidic-DESs consisting of formic acid/ChCl and lactic 

acid/ChCl with the alkaline-DESs that were made up of monoethanolamine/ChCl and 

glycerol/K2CO3. It was found that the delignification capacity with the acidic-DESs was 

much higher than the alkaline-DESs (more than 95%), and the alkaline-DESs could modify 

the lignin with introduction of amine groups in the process. For the most hydrophilic 

component of biomass—‘hemicellulose’, according to Yang et al. (2021), they prepared 

the DES with choline chloride and monoethanolamine. It was found to be an efficacious 

medium for deconstructing the recalcitrant structure of poplar under a mild condition. After 

that, they synthesized DESs from natural organic acids and common polyols (Yang et al. 

(2022), and these were adopted to deconstruct corncob successively for fractionation of 

hemicelluloses. This was shown to be an eco-friendly hemicellulose extraction process.   

 

Viscosity  
The viscosity of the solvent and medium affects the performance of DES 

considerably. Due to the continuous network of hydrogen bonding between the HBD and 

HBA constituents, DESs generally have high viscosity, which limits the mobility of the 

materials in DES media (Elgharbawy et al. 2020). Viscosity values of most current DESs 

are between 173 and 783 mPa·s at room temperature (Elgharbawy et al. 2020), and the 

viscosity index decreases with the rise of temperature. When the DES has high viscosity, 

that condition will seriously affect the interaction with biomass. To overcome the problem, 

water can be a useful candidate to be introduced in to decrease the viscosity (Dai et al. 

2015; Kumar et al. 2016; Yiin et al. 2016; Florindo et al. 2017).  

 

Water Content  
By adding water to dilute the DES, it is noteworthy that the physical and chemical 

properties of DES can be adjusted by adding a certain proportion of water (Dai et al. 2015). 

The water content also affects the performance of DES in biomass treatment. An 

appropriate amount of water content can improve capacity of biomass composition 

extraction (Vilková et al. 2020). Recently, Soares et al. (2019) stated that the water can 

provide ‘co-solvency enhanced solubilization.’ This implies that water can serve as a co-

solvent in a DES. In the meantime, as for the structure of DES, both hydrophilic hydroxyl 

groups and non-polar structure parts are present, and these not only can ensure miscibility 

with water, but also they can create a dispersive driving force for biomass components. 

 

External Conditions  
Improper external conditions will limit the capacity of the DES. Temperature is the 

most important factor. When the temperature is rather low, the viscosity increases and 

results in deficiency of interaction between the reactants (Procentese et al. 2015; Mamilla 

et al. 2019). However a higher temperature may lead to the condensation of reactants, such 
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as the lignin (Alvarez-Vasco et al. 2016), and that is also detrimental to the biomass 

treatment (Kohli et al. 2020), even reducing the bioactivity of the extracts (Hsieh et al. 

2020; Wang et al. 2020a). Furthermore, the solid-liquid ratio is another important factor. 

When the proportion of solid is too high, the efficiency will decrease significantly (Bentley 

et al. 2020). 

 

The Toxicity of DESs  
Among the current, widely-used DESs, some of them are recognized as low toxic. 

They are popular, owing to the distinct advantages of biodegradability, recyclability, and 

almost no volatility (Hayyan et al. 2013; Florindo et al. 2019; Barbieri et al. 2020). When 

it is used as extraction agent of drugs or food, certainly, the choice of DES is more stringent. 

Panić et al. (2021) showed that when using betaine or thymol as HBA, and ethylene glycol, 

glucose, sucrose, or decanoic acid as the HBD, the extracts possessed desirable activity 

toward the growth of normal human keratinocytes. At the moment, there is no denying that 

some DESs are also slightly toxic (Zargar et al. 2022), but they are still much less toxic 

than some ionic liquids (Musarurwa and Tavengwa 2021). More importantly, there is also 

less information available to give a conclusion, which means that further study is necessary. 

In fact, there are many other factors affecting the properties of DESs. But the factors have 

up to this point remained scattered in various published literature, and there has been a lack 

of systematic research.  

 

 

DESs – THE GREEN MEDIUM FOR BIOMASS TREATMENT AND 
NANOCOMPOSITES 
 

In recent years, DESs have gained massive attention in a lot of fields (Shishov et 

al. 2020), such as biorefinery, electrochemistry, biomedical/medicine, electrochemical 

analysis, and preparation of functional composite materials, etc. Among the rest, the 

potential of using the DESs as a green medium in biomass treatment and transformation is 

vast. That is to say, DESs can react with biomass, which can lead to the transformation 

(Majová et al. 2017; Tian et al. 2022), fractionation (Chen and Wan 2018), separation 

(Loow et al. 2017; Kumar et al. 2020), and modification (Smirnov et al. 2020; Douard et 

al. 2021) of biomass components. The separation of the main components – lignin and 

cellulose has been extensively studied (Smirnov et al. 2020; Douard et al. 2021). Highly 

valuable but trace components, such as phenolics and anthocyanins (Cao et al. 2018), also 

have been extracted from biomass resources, by which it is feasible to obtain various 

extracts for direct-use and later-use. Not only that, some DES can affect the microstructure 

of biomass, serve as an auxiliary for the preparation of biomass nanoparticles, or control 

the formation of composites (Smirnov et al. 2020; Douard et al. 2021; Luo et al. 2022) 

Thus, it can be said that DESs have a myriad of promising applications in biorefinery, 

agriculture, analytical chemistry, food safety, and so on. 

 

Extraction and Microextraction 
The most well-known function of DESs is to extract components from biomass 

resources. And then, by breaking the hydrogen bond network., etc. between the solvents, 

certain components can be induced to precipitate out of the DES solution. This also 

provides the advantage of recycling. Some DESs are easily recovered by adding water, or 
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with vacuum distillation (Luo et al. 2022; Tian et al. 2017; Shen et al. 2019). There are 

multifarious substances that can be dissolved in DESs, such as metals (Abbott et al. 2004), 

bioactive substances (Wagle et al. 2014; Gállego et al. 2015), and protein (Chen et al. 

2021). It is interesting to find that when it is used to extract proteins, DESs have much 

higher extraction efficiency and recovery rate than water and conventional organic solvents 

(Nakhle et al. 2021). The DESs also can be used in both liquid-solid extraction and liquid-

liquid extraction, especially in the analytical chemistry field (Raj 2020; Tang et al. 2021). 

DES also produces great value in liquid-phase microextraction techniques (Shishov et al. 

2019; Li et al. 2020a). This part focuses on the applications of DES in biomass treatment 

and the mechanisms.  

 

Lignin extraction and separation  

DESs have been widely applied in biomass treatment for lignin extraction in recent 

years. The DESs with different properties can be used to extract lignin in different ways. 

In the case of DESs containing ChCl, they could selectively extract lignin via cleaving 

lignin-carbohydrate linkages and lignin ether bonds, as well as by the formation of 

hydrogen bonds with lignin (Guo et al. 2022). It was thought that the alkaline-DES, e.g. 

DES composed of ChCl and urea, can produce ammonia, and which can lead to the 

destruction of the structure of lignin (Simeonov and Afonso 2016). As for the acidic-DES, 

Li et al. (2021a) have studied the interaction of Brønsted acidic DES based on ChCl and 

p-toluenesulfonic acid with alkali lignin (AL) at mild temperature. By comparing the 

chemical structure changes and the degraded small molecule products in the regenerated 

lignin, they were able to propose a possible theory.  They proposed an attack of protons on 

the α-position of the hydroxy groups in the lignin alkyl side chains(Li et al. 2021). 

Moreover, Tan and coworkers (Li et al. 2017) found that lignin could be extracted by DES 

at room temperature with an extraction efficiency as high as 91.8%.  

According to Liu et al. (2017), the extracted lignin samples with DES have high 

purity (96%), and low molecular weight. In order to improve the efficiency of component 

separation from biomass, microwave and/or ultrasonic energy was introduced (Liu et al. 

2017; Chen and Wan 2018; Mansur et al. 2019; Kohli et al. 2020). 

For the rest, some representative research results are summarized in Table. 3. It is 

obvious that different DESs and means of assistance result in different effects on various 

raw materials.  
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Table 3. Summary of Typical Extraction of Lignin from Biomass Resources with DESs 
 

No. Feedstock HBD HBA Mole ratio Conditions 

Delignification 

or Extraction 

(%) 

Reference 

1 Willow Lactic acid ChCl 10:1 20 °C, 12 h 91.8% (Li et al. 2017) 

2 Rice straw Lactic acid ChCl 5:1 60 °C, 12 h 60% (Kumar et al. 2016) 

3 Eucalyptus Lactic acid ChCl 10:1 110 °C, 6 h 80% (Shen et al. 2019) 

4 
Sugarcane 

bagasse 
Lactic acid ChCl 5:1 80 °C, 12 h 50.6% 

(Satlewal et al. 2018) 

5 Corncob Oxalic acid ChCl 1:1 90 °C, 24 h 98.5% (Ma et al. 2016) 

6 Corncob Glycerol ChCl 2:1 150 °C, 15 h 59% (Procentese et al. 2015) 

7 Corncob Ethylene glycol ChCl 2:1 90 °C, 24 h 87.6% (Zhang et al. 2016) 

8 Poplar Oxalic acid ChCl 1:1 
Microwave, 

3 min 
80% 

(Liu et al. 2017) 

9 
Panicum 

virgatum 

Ethylene glycol, 

PTSA 
GH 1.94:0.06:1 

120 °C, 6 

min 
82.1% 

(Chen et al. 2019b) 

10 Corncob Lactic acid BTMAC 2:1 140 °C, 2h 63.4% (Guo et al. 2019) 

11 Poplar 

Glycerol, aluminum 

chloride 

hexahydrate 

ChCl 1:0.28:2 120 °C, 4 h 95.46% 

(Xia et al. 2018) 

12 Corncob Lysine Betaine 1:1 60 °C, 5 h 49.06% (Liang et al. 2020) 
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High value-added natural products extraction  

DES is commonly regarded as an effective alternative to organic solvents (Oomen 

et al. 2020). The antioxidant capacity for the extracts and practical values of DES were 

also highlighted (Wang et al. 2020b; Redha 2021). DESs have also been adopted to extract 

high valuable substances from natural resources, including flavonoids, phenols, alkaloids, 

polysaccharides, volatile, and anthocyanins (Cui et al. 2015; Wei et al. 2015; Wang et al. 

2017; Chanioti and Tzia 2018; Zang et al. 2020). In case of phenols, their antibacterial and 

anti-inflammatory properties have been demonstrated, so the efficient extraction has been 

widely studied. According to Lu and Liu (2020), the formation of ‘Ch-DES/Phenolic 

Compounds supramolecule’ appears to be the key step in such a process . 

DESs have also attracted interest in the aspect of the natural trace components with 

high value. Li and Row (2021) developed an interesting sensitive microsphere, which 

highlighted the feasibility of using DES (ChCl : p-hydroxybenzoic acid =1:1) as both a 

functional monomer and template for the extraction of p-hydroxybenzoic acid. The 

extraction capacity was as high as 46.3 mg/g under the optimized conditions. In addition, 

multi-component extraction is also realized by DES, according to the report of Wei et al. 

(2015). It was found that DES, composed of ChCl and maltose, had a much higher 

extraction capacity of different polarity compounds than conventional solvents. Table 4 

lists some representative examples to illustrate the versatility of the DESs. 
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Table 4. Some Representative Examples of High Value-added Products Extraction 

Natural  
Product 

Feedstock DES 
Mole 
Ratio 

Solid Ratio 
(mL/g) 

Conditions Yield 
Antioxidant 

Activity 
Reference 

Proantho-cya-
nidin (PAC) 

Ginkgo  
biloba 

ChCl/malonic 
acid 

1:2 10.57/1 
65 °C, 53 min, wa-

ter content 55% 
(w/w) 

22.19±0.71 mg/g 
A little less than 

methanol 
(Cao et al. 2018) 

Oleuropein, 
verbascoside 

and rutin 
Olive leaf 

citric acid/lac-
tic acid 

1:4 - 
48.9% of water in 
DES for 60 sec at 

13310 rpm 

15.50, 5.51 
0.98 mg/g reps 

-- 
(Şahin et al. 

2021) 

HSYA and 
ASYB 

Safflower 
L-Proline/ 
Malic Acid 

1:1 1/0.2 
50 °C,30 min, 200 
W ultrasonic as-

sisted 

32.83 and 8.80 
mg/g 

Bioavailability 
is much higher 

(He et al. 2020; 
Tong et al. 2021) 

Betalains 
Beet root 

waste 
MgCl2·6H2O/

urea 
1:1 /2:1 30/1 

25 °C, 3 h 
ultrasonic assisted 

 

A similar content 
to water extracts 

Betalain is of 
great stability 

(Hernández-
Aguirre et al. 

2021) 

* HSYA: hydroxysafflor yellow A, ASYB: anhydrosafflor yellow B 
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Nanomaterials and Nanocomposites 
In addition to extracting components from biomass (Park et al. 2021), DESs also 

play a key role in obtaining biomass derived nanomaterials and nanocomposite processing. 

In this part, the biomass derived nano-lignin, nanocellulose (usually used as the 

reinforcement), as well as the related nanocomposites developed with DESs as medium or 

template are reviewed concisely. As shown in Table 5, changes in structure and size of 

lignin/cellulose after the DES pretreatment are noted, and these will be explained in the 

next section. 

 

Cellulose nanocrystals  

DESs have been applied as a pretreatment for biomass transformation and 

application (Chen et al. 2019a; Elgharbawy et al. 2020). With the progress of the research, 

it was found that DES can change the properties of natural cellulose, which means that it 

has the potential for transformation of nanocellulose/cellulose nanocrystal (Chang et al. 

2021). Smirnov et al. (2020) used DES composed of ChCl and urea; they successfully 

prepared cellulose nanocrystals (CNCs) with microcrystalline cellulose as the raw material. 

The findings revealed that a key step in this process was the hydrogen bond formation of 

the hydrogen bonds between the hydroxyl groups in cellulose with the carbonyl groups of 

urea.  

Other important function came from the chloride ions destructed from the DES, 

which retained the crystal structure of cellulose (Iβ) and the swelling behavior of cellulose 

(amorphous cellulose) was the key issue for making CNCs. Dourd et al. (2021) reported 

their work on preparation of cellulose nanocrystals (CNCs) with crystallinity index of 

80±1% in 35.5±2.7% yield from recycled cotton fibers from the industry paper with acidic 

NADES composed of ChCl and oxalic acid dihydrate in a molar ratio of 1:1. Kumar et al. 

(2016) discovered that the crystallinity index ratio was marginally decreased by 2 to 3% 

after the rice straw was pretreated with some methods.  

To avoid causing damage to cellulose structure, Yu et al. (2021) applied DES 

composed of ChCl and oxalic acid in a molar ratio of 1:1 to swell ramie fibers for further 

preparation of cellulose nanofibril. Obvious differences in the crystallinity and other 

properties were observed. Compared with other mature processing technology, DES can 

cleave the hydrogen bond of natural cellulose, expand and disperse cellulose, which 

provided an environmentally-friendly candidate for processing of cellulose nanofibril 

(CNF) films. 

 

Nano-lignin and nanocomposites  

The process of lignin from biomass raw materials with DESs has already been 

discussed in this chapter. Moreover, DESs can also regulate the morphology and structure 

of lignin to prepare nano-lignin and lignin nanocomposites. Lignin nanoparticles (LNPs) 

are promising candidates for preparation of next-generation functional nanocomposites. 

Lignin nanocomposites can be prepared safely and innocuously through a simple process 

and used in industrial production by enrolled DESs in the process. 
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According to Luo et al. (2022), kraft lignin was dissolved completely in DES 

composed of ChCl and ethanolamine in ratio of 1 to 6, after 2 h at ambient temperature to 

conveniently prepare homogeneous spherical lignin nanoparticles with sizes ranging from 

123.6 to 140.7 nm, using a solvent-antisolvent method. LNPs with sodium alginate (SA) 

were also integrated to prepare SA/LNPs composite bend (nano adsorbent), which 

presented high efficiency of 97.1% in removing methylene blue. The nano-lignin 

composite contained both hydrophobic groups and hydrophilic groups, which makes it 

possible for formation uniform hydrophilic nano-micelles in aqueous solutions. Nano-

lignin with various morphologies has also been prepared. Tian et al. 2017) demonstrated 

the feasibility to obtain and high-value lignin nanoparticles with core-shell structure in 

uniform sizes with average particle size of 195 nm and shell thickness about 10 to 20 nm. 

The zeta-potential value was tested to be −37.5 mV, which indicated the high stability. The 

lignin nanoparticles were judged to be promising candidates for degradable nanocomposite 

films with PVA matrix. 

 

Nanocomposites  

The nanocomposites, which can be defined as combinations of materials having at 

least one external nanoscale dimension or having internal nanoscale structure, is the very 

important branch in material field (Ray and Salehiyan 2020). At the same time, the 

treatment with DESs is an effective way to prepare nanocomposites. Based on their 

capabilities for dissolving and modification, DESs can be used to prepare high performance 

and functional nanocomposites.  

Liu et al. (2020) used microwave action to promote the DES composed of ChCl 

and LA with the ratio of 1 to 10. They obtained lignin-containing cellulose nanofibers 

(LCNFs) from the sugar cane bagasse and prepared LCNFs/ polyanionic nanocomposite 

film with tunable mechanical property and nice UV-resistance by changing the dosage of 

LCNFs. DES was able to promote the esterification lignin of nanoparticles.  

As reported by Zhang et al. (2021), the DES was prepared, which was composed 

of ChCl and LA in the molar ratio of 1 to 9. Mechanical colloid milling was used to obtain 

esterified lignocellulose nanofibers (LCNFs) from lignocelluloses raw material, and then 

with a direct blending, the LCNF/polylactic acid composites were prepared. The interfacial 

compatibility was considerably improved to reach 120.6% higher flexural property for the 

as-prepared polylactide-based nanocomposites, compared with pure polylactic acid. 

Besides, DESs also have many other important and interesting functions. According to 

Marcial et al. (2021), an acidic-DES composed of  ChCl and Oxalic acid dihydrate was 

applied to in situ prepare nanocellulose dispersions (CNCs) in the styrene/divinylbenzene 

emulsions and further to obtain the microporous polymer composites through free radical 

polymerization with addition of initiator.  

The more interesting point is achieved by tuning the compositions of DES to realize 

various aims. For example,  in order to prepare porous biomass based supercapacitors, 

according to Chen et al. (2020),  the urea and the functional DES were used, the DES was 

obtained by mixing ChCl and ZnCl2, which was taken as both soft template and nitrogen 

source. The urea decomposed, leading to the generation of ammonia and isocyanic acid 

and also the formation of nitrogen-containing groups through the substitution of aromatic 

hydroxy groups in lignin, which produced micropores in the material. Thus, a sustainable 

functionalization approach was demonstrated.  
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Table 5. Changes in Product Structure and Size Caused by DES Pretreatment 
 

Feedstock DES 

Assistant 
Methods 

Product 

Reference 
Structure 

Size 
(μm) 

Crystallinity 
Index 

Species 
  Molar 

Ratio 
Product 

Average 
Dimensions/ 

Diameter (nm) 

Crystallinity 
Index 

Microcrystall ine 
cellulose 

20*100  85% ChCl: urea 1:2 - CNCs 20 * 100 *700 80% 
(Smirnov et al. 

2020) 

Cotton fibers 689*25   79% ChCl:  C2H6O6 1:1 - CNCs  11*257 80 ±1 % 
(Douard et al. 

2021) 

Cotton fibers - 61% OA: betaine 1:2 
Ultrasonic 

method 
CNFs 100-200  

Increased 
by 5% to 

20% 

(Deng et al. 
2022) 

Raw ramie 
fibers 

- - 
ChCl:   

C2H6O6 
1:1 Ball-mailing CNFs   15 * 530 79% 

(Yu et al. 2021) 
 

Kraft lignin   ChCl: ETA 1:6  LNPs 123.6-140.7 - (Luo et al. 2022) 

Woody biomass   LA:betaine - - LNPs  195  
(Tian et al. 

2017) 

Prepared 
lignocelluloses 

- 71.04% ChCl:LA 1:9 Colloid mill  LCNFs 
Tens-few hundred 

nanometers   
73.43% 

(Zhang et al. 
2021) 

Energy cane 
bagasse 

- - ChCl:LA 1:10 
Microwave 
irradiation 

LCNFs 
Tens of 

nanometers 
- (Liu et al. 2020) 

Corncob 
fragments 

- - ChCl:AC 1:2 
Enzymatic 
hydrolysis, 

etc. 
LCNFs 60-90 77.21% (Li et al. 2021) 

* ETA: ethanolamine, C2H6O6：oxalic acid dihydrate, OA: oxalic acid, LA: lactic acid, AC:  acetic acid CNCs: cellulose nanocrystals, CNFs: 

cellulose fibrils l ignin nanoparticles, LCNFs:  lignin-containing cellulose nanofibers 
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 OTHER APPLICATIONS WITH BIOMASS 
 

Pretreatment to Improve Enzymolysis or Saccharification Efficiency  
Enzymatic saccharification is a significant domain of biorefinery, which is of global 

interest. Saccharification is an important way to rationally utilize biomass and reduce the 

waste of biological resources (Guo et al. 2018; Wang and Lee 2021). During the 

pretreatment, DES can decrease the recalcitrant properties of biomass raw materials. Part 

of the lignin component can be removed from biomass, and the polysaccharide 

components, cellulose and hemicelluloses, will then be accessible (Zhang et al. 2016; Thi 

and Lee 2019; Dugoni et al. 2020; Xie et al. 2021). Moreover, several studies have shown 

that the acidic-DES pretreatment could enhance the cellulose reactivity, leading to 

improved efficiency of saccharification. Tian et al. (2020) studied the pretreatment of 

lignocellulosic raw materials with mild acidic-DESs, and the results showed that the 

available area and porosity of the resulting cellulose were significantly increased. Table 6 

summarizes some representative reported results. 

 

Modification of the Compositions of Biomass 
It is necessary to conduct chemical modifications to meet the requirement of 

application of biomass derived materials in some circumstances. DES can also play a key 

role in the process. Many studies have shown that DES can be useful in the chemical 

modification of cellulose. As early as in 2005, research on the modification of cellulose 

with DES has been reported (Abbott et al. 2005) in efficient acetylation of 

monosaccharides and cellulose with acetic anhydride. Moreover, Li et al. (2020b) proposed 

a feasible approach to convert glucose and cellulose to levulinic acid using phosphotungstic 

acid as the catalyst in DES medium. The modified cellulose can also have outstanding 

adsorption properties, tunable hydrophilic or hydrophobic characteristics, forming 

hydrogels, etc. (Yang et al. 2019; Lakovaara et al. 2021; Long et al. 2021). More 

interestingly, DES can react with the substrates to modify their structures. The properties 

of lignin obtained by using different DES would be changed, including introducing 

functional groups (Hong et al. 2016), causing structural damage (Li et al. 2022; Tan et al. 

2020), leading to greater reactivity (Xian et al. 2021), and increasing the active sites of 

lignin (Xiong et al. 2020). Some studies have even shown that chitosan or others could also 

be modified in DES medium (Rangel et al. 2020). 

 

Some Special Functions 
There are many new interesting studies on DESs in the field of biomass (Adamus 

et al. 2018). The DESs still have great potential to be disclosed in the future. Da Silva et 

al. 2021) found that DES could be used as a carrier to increase oral absorption of bioactive 

compounds such as anthocyanins. Ling et al. (2019) applied DES to mediate formation of 

cotton cellulose nanocrystals (DCNCs), which would provide a convenient, sensitive 

sensor applicable for improving colorimetric point of care protease biomarker detection. 

Vorobiov et al. (2021) prepared the electrolyte films of the chitosan/DES, which presented 

pretty good ion conductivity and electrochemical stability. According to the authors, the 

chitosan /DES electrolytes were helpful for designing a bio-based and flexible 

supercapacitors. 
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Table 6. Pretreatment for Improving the Enzymolysis Efficiency 

Feedstock Pretreatment DES 
Mole 
Ratio  

Removal 
Pretreatment 
Conditions 

Enzymatic Digestibility  Reference 

Poplar 
 

Particles sizes 
of 40-60 mesh 
and dewaxed 

 

ChCl/mono-
ethanolamine 

1:6 
Hemicelluloses 

 

140 °C, 6 h 
 

Increased by 6.6 times 
 

(Yang et al. 
2021) 

 

Wheat straw 
 

Fibrillated with 
extruder 

 

ChCl/guaiacol 
/AlCl3 

25:50:1 
Hemicellulose 

and lignin 
 

80-130 °C,1 h 
 

Complete enzymatic 
digestibility 

 

(Huang et al. 
2021) 

 

Poplar or 
bamboo 

 

Fibrillated with 
extruder 

 

ChCl/guaiacol 
/AlCl3 

25:50:1 
Hemicellulose 

and lignin 
 

80-130 °C, 1 h; 
After alkali washing 

 

Near 100% hydrolysis yield 
 

(Huang et al. 
2021) 

 

Poplar wood 
 

Sawdust of 40-
60 mesh 

 

Ethylene glycol 
/ChCl/ AlCl3 

1:2:0.1 
Hemicellulose 

and lignin 
 

After hydrothermal 
and at 100 °C, 10 

min microwave 
 

The efficiency increased by 
about 80% 

 

(Ma et al. 
2021) 

 

Radiata Pine 
 

Particle sizes of 
40-60 mesh 

 

Benzyltrimethyl
ammonium 

chloride/formic 
acid 

1:2 
Hemicellulose 

and lignin 
 

150 °C, 120 min 
 

Reached at 92.4% 
 

(Xie et al. 
2021) 

 

Hybrid 
Pennisetum 

 

Grind 
 

ChCl/glycerol/F
eCl3 

- 
Hemicellulose 

and lignin 
 

120 °C, 6 h 
 

99.5%, six-fold higher 
 

(Wang et al. 
2020c) 
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CONCLUDING STATEMENTS 
 

In summary, DESs are green solvents with many prominent advantages. They not 

only can be used as the powerful agent to extract components from biomass, but numerous 

DESs can also be designed and prepared aiming at different application scenarios. DESs 

demonstrate richness and great application potential. Herein, the applications mainly in 

biomass composition extraction, and derived nanomaterials have been reviewed. However, 

we can only provide the prelude pages in the field of DESs related works. There is still a 

lot of uncertainty in DESs. In the future, DESs definitely can be applied in many other new 

ways, and the structures and applications of DESs will also tend to be more versatile and 

diverse, as well as new manufacturing technologies. It should be seriously pointed out that 

how to realize scaling-up the application of DESs in biomass processing remains a 

challenge. It is worth affirming that the development of DESs has just started, but there is 

no doubt that the DESs are rich in terms of application potential.  

 

 

ACKNOWLEDGMENTS 
 

We acknowledge the financial support from the Science and Technology Project 

of Sichuan Province (NO.2018HH0087) and the Sichuan Major Science and Technology 

Project (NO.2019ZDZX0018) 

 

  

REFERENCES CITED 
 

Abbott, A. P., Bell, T. J., Handa, S., and Stoddart, B. (2005). “O-Acetylation of cellulose 

and monosaccharides using a zinc based ionic liquid,” Green Chemistry 7(10), 705-

707. DOI: 10.1039/b511691k 

Abbott, A. P., Boothby, D., Capper, G., Davies, D. L., and Rasheed, R. K. (2004). “Deep 

eutectic solvents formed between choline chloride and carboxylic acids: Versatile 

alternatives to ionic liquids,” Journal of the American Chemical Society 126(29), 

9142-9147. DOI: 10.1021/ja048266j 

Abbott, A. P., Capper, G., Davies, D. L., Rasheed, R. K., and Tambyrajah, V. (2003). 

“Novel solvent properties of choline chloride/urea mixtures,” Chemical 

Communications (1), 70-71. DOI: 10.1039/b210714g 

Adamus, J., Spychaj, T., Zdanowicz, M., and Jędrzejewski, R. (2018). “Thermoplastic 

starch with deep eutectic solvents and montmorillonite as a base for composite 

materials,” Industrial Crops and Products 123, 278-284. DOI: 

10.1016/j.indcrop.2018.06.069 

Alvarez-Vasco, C., Ma, R., Quintero, M., Guo, M., Geleynse, S., Ramasamy, K. K., 

Wolcott, M., and Zhang, X. (2016). “Unique low-molecular-weight lignin with high 

purity extracted from wood by deep eutectic solvents (DES): A source of lignin for 

valorization,” Green Chemistry 18, 5133-5141. DOI: 10.1039/C6GC01007E 

Barbieri, J. B., Goltz, C., Cavalheiro, F. B., Toci, A. T., Igarashi-Mafra, L., and Mafra, 

M. R. (2020). “Deep eutectic solvents applied in the extraction and stabilization of 

rosemary (Rosmarinus officinalis L.) phenolic compounds,” Industrial Crops and 

Products 144, article no. 112049. DOI: 10.1016/j.indcrop.2019.112049 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5500 

Bentley, J., Olsen, E. K., Moore, J. P., and Farrant, J. M. (2020). “The phenolic profile 

extracted from the desiccation-tolerant medicinal shrub Myrothamnus flabellifolia 

using natural deep eutectic solvents varies according to the solvation conditions,” 

Phytochemistry 173, article no. 112323. DOI: 10.1016/j.phytochem.2020.112323 

Benvenutti, L., Zielinski, A. A. F., and Ferreira, S. R. S. (2019). “Which is the best food 

emerging solvent: IL, DES or NADES?” Trends in Food Science & Technology 90, 

133-146. DOI: 10.1016/j.tifs.2019.06.003 

Cao, J., Chen, L., Li, M., Cao, F., Zhao, L., and Su, E. (2018). “Efficient extraction of 

proanthocyanidin from Ginkgo biloba leaves employing rationally designed deep 

eutectic solvent-water mixture and evaluation of the antioxidant activity,” Journal of 

Pharmaceutical and Biomedical Analysis 158, 317-326. DOI: 

10.1016/j.jpba.2018.06.007 

Chang, X. X., Mubarak, N. M., Mazari, S. A., Jatoi, A. S., Ahmad, A., Khalid, M., 

Walvekar, R., Abdullah, E., Karri, R. R., and Siddiqui, M. (2021). “A review on the 

properties and applications of chitosan, cellulose and deep eutectic solvent in green 

chemistry,” Journal of Industrial and Engineering Chemistry 104, 362-380.  DOI: 

10.1016/j.jiec.2021.08.033 

Chanioti, S., and Tzia, C. (2018). “Extraction of phenolic compounds from olive pomace 

by using natural deep eutectic solvents and innovative extraction techniques,” 

Innovative Food Science & Emerging Technologies 48, 228-239. DOI: 

10.1016/j.ifset.2018.07.001 

Chen, L., Deng, J., Song, Y., Hong, S., and Lian, H. (2020). “Deep eutectic solvent 

promoted tunable synthesis of nitrogen-doped nanoporous carbons from enzymatic 

hydrolysis lignin for supercapacitors,” Materials Research Bulletin 123, article no. 

110708. DOI: 10.1016/j.materresbull.2019.110708 

Chen, Q., Chaihu, L., Yao, X., Cao, X., Bi, W., Lin, J., and Chen, D. D. Y. (2021). 

"Molecular property-tailored soy protein extraction process using a deep eutectic 

solvent,” ACS Sustainable Chemistry & Engineering 9(30), 10083-10092. DOI: 

10.1021/acssuschemeng.1c01848 

Chen, Y.-L., Zhang, X., You, T.-T., and Xu, F. (2019a). “Deep eutectic solvents (DESs) 

for cellulose dissolution: A mini-review,” Cellulose 26(1), 205-213. DOI: 

10.1007/s10570-018-2130-7 

Chen, Z., Jacoby, W. A., and Wan, C. (2019b). “Ternary deep eutectic solvents for 

effective biomass deconstruction at high solids and low enzyme loadings,” 

Bioresource Technology 279, 281-286. DOI: 10.1016/j.biortech.2019.01.126 

Chen, Z., and Wan, C. (2018). “Ultrafast fractionation of lignocellulosic biomass by 

microwave-assisted deep eutectic solvent pretreatment,” Bioresource Technology 

250, 532-537.  DOI: 10.1016/j.biortech.2017.11.066 

Choi, Y. H., van Spronsen, J., Dai, Y., Verberne, M., Hollmann, F., Arends, I. W., 

Witkamp, G.-J., and Verpoorte, R. (2011). “Are natural deep eutectic solvents the 

missing link in understanding cellular metabolism and physiology?” Plant Physiology 

156(4), 1701-1705. DOI: 10.1104/pp.111.178426 

Choi, Y. H., and Verpoorte, R. (2019). “Green solvents for the extraction of bioactive 

compounds from natural products using ionic liquids and deep eutectic solvents,” 

Current Opinion in Food Science 26, 87-93. DOI: 10.1016/j.cofs.2019.04.003 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5501 

Clarke, C. J., Tu, W.-C., Levers, O., Brohl, A., and Hallett, J. P. (2018). “Green and 

sustainable solvents in chemical processes,” Chemical Reviews 118(2), 747-800. 

DOI: 10.1021/acs.chemrev.7b00571 

Crawford, D. E., Wright, L., James, S., and Abbott, A. (2016). “Efficient continuous 

synthesis of high purity deep eutectic solvents by twin screw extrusion,” Chemical 

Communications 52(22), 4215-4218. DOI: 10.1039/C5CC09685E 

Cui, Q., Peng, X., Yao, X.-H., Wei, Z.-F., Luo, M., Wang, W., Zhao, C.-J., Fu, Y.-J., and 

Zu, Y.-G. (2015). “Deep eutectic solvent-based microwave-assisted extraction of 

genistin, genistein, and apigenin from pigeon pea roots,” Separation and Purification 

Technology 150, 63-72. DOI: 10.1016/j.seppur.2015.06.026 

da Silva, D. T., Smaniotto, F. A., Costa, I. F., Baranzelli, J., Muller, A., Somacal, S., 

Monteiro, C. S. A., Vizzotto, M., Rodrigues, E., and Barcia, M. T. (2021). “Natural 

deep eutectic solvent (NADES): A strategy to improve the bioavailability of 

blueberry phenolic compounds in a ready-to-use extract,” Food Chemistry 364, article 

no. 130370. DOI: 10.1016/j.foodchem.2021.130370 

Dai, Y., van Spronsen, J., Witkamp, G.-J., Verpoorte, R., and Choi, Y. H. (2013). 

“Natural deep eutectic solvents as new potential media for green technology,” 

Analytica Chimica Acta 766, 61-68. DOI: 10.1016/j.aca.2012.12.019 

Dai, Y., Witkamp, G.-J., Verpoorte, R., and Choi, Y. H. (2015). “Tailoring properties of 

natural deep eutectic solvents with water to facilitate their applications,” Food 

Chemistry 187, 14-19. DOI: 10.1016/j.foodchem.2015.03.123 

Deng, X., Wan, L., Sun, H., Li, C., Liu, F., Liu, K., and Ye, S. (2022). “Preparation of 

nanocellulose from cotton fibers in deep eutectic solvent (DES) and its application in 

paper,” BioResources 17(1), 714-724. DOI: 10.15376/biores.17.1.714-724 

Douard, L., Bras, J., Encinas, T., and Belgacem, M. (2021). “Natural acidic deep eutectic 

solvent to obtain cellulose nanocrystals using the design of experience approach,” 

Carbohydrate Polymers 252, article no. 117136. DOI: 10.1016/j.carbpol.2020.117136 

Dugoni, G. C., Mezzetta, A., Guazzelli, L., Chiappe, C., Ferro, M., and Mele, A. (2020). 

“Purification of kraft cellulose under mild conditions using choline acetate based 

deep eutectic solvents,” Green Chemistry 22(24), 8680-8691. DOI: 

10.1039/D0GC03375H 

Elgharbawy, A. A., Hayyan, M., Hayyan, A., Basirun, W. J., Salleh, H. M., and 

Mirghani, M. E. (2020). “A grand avenue to integrate deep eutectic solvents into 

biomass processing,” Biomass and Bioenergy 137, article no. 105550. DOI: 

10.1016/j.biombioe.2020.105550 

Florindo, C., Branco, L. C., and Marrucho, I. M. (2019). “Quest for green‐solvent design: 

From hydrophilic to hydrophobic (deep) eutectic solvents,” ChemSusChem 12(8), 

1549-1559. DOI: 10.1002/cssc.201900147 

Florindo, C., Oliveira, M. M., Branco, L. C., and Marrucho, I. M. (2017). 

“Carbohydrates-based deep eutectic solvents: Thermophysical properties and rice 

straw dissolution,” Journal of Molecular Liquids 247, 441-447. DOI: 

10.1016/j.molliq.2017.09.026 

Galbe, M., and Wallberg, O. (2019). “Pretreatment for biorefineries: A review of 

common methods for efficient utilisation of lignocellulosic materials,” Biotechnology 

for Biofuels 12(1), 1-26. DOI: 10.1186/s13068-019-1634-1 

https://doi.org/10.1021/acs.chemrev.7b00571


PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5502 

Gállego, I., Grover, M. A., and Hud, N. V. (2015). “Folding and imaging of DNA 

nanostructures in anhydrous and hydrated deep‐eutectic solvents,” Angewandte 

Chemie 127(23), 6869-6873. DOI: 10.1002/ange.201412354 

Guo, H., Chang, Y., and Lee, D.-J. (2018). “Enzymatic saccharification of lignocellulosic 

biorefinery: Research focuses,” Bioresource Technology 252, 198-215. DOI: 

10.1016/j.biortech.2017.12.062 

Guo, Z., Zhang, Q., You, T., Zhang, X., Xu, F., and Wu, Y. (2019). “Short-time deep 

eutectic solvent pretreatment for enhanced enzymatic saccharification and lignin 

valorization,” Green Chemistry 21(11), 3099-3108. DOI: 10.1039/C9GC00704K 

Guo, Y., Xu, L., Shen, F., Hu, J., Huang, M., He, J., Zhang, Y., Deng, S., Li, Q., and 

Tian, D. (2022). “Insights into lignocellulosic waste fractionation for lignin 

nanospheres fabrication using acidic/alkaline deep eutectic solvents,” Chemosphere 

286, article no. 131798. DOI: 10.1016/j.chemosphere.2021.131798 

Gutierrez, M. C., Ferrer, M. L., Mateo, C. R., and del Monte, F. (2009). “Freeze-drying 

of aqueous solutions of deep eutectic solvents: A suitable approach to deep eutectic 

suspensions of self-assembled structures,” Langmuir 25(10), 5509-5515. DOI; 

10.1021/la900552b 

Hansen, B. B., Spittle, S., Chen, B., Poe, D., Zhang, Y., Klein, J. M., Horton, A., 

Adhikari, L., Zelovich, T., and Doherty, B. W. (2020). “Deep eutectic solvents: A 

review of fundamentals and applications,” Chemical Reviews 121(3), 1232-1285. 

DOI: 10.1021/acs.chemrev.0c00385 

Hayyan, M., Hashim, M. A., Hayyan, A., Al-Saadi, M. A., AlNashef, I. M., Mirghani, M. 

E., and Saheed, O. K. (2013). “Are deep eutectic solvents benign or toxic?” 

Chemosphere 90(7), 2193-2195. DOI: 10.1016/j.chemosphere.2012.11.004 

He, X., Yang, J., Huang, Y., Zhang, Y., Wan, H., and Li, C. (2020). “Green and efficient 

ultrasonic-assisted extraction of bioactive components from Salvia miltiorrhiza by 

natural deep eutectic solvents,” Molecules 25(1), 140. DOI: 

10.3390/molecules25010140 

Hernández-Aguirre, O. A., Muro, C., Hernández-Acosta, E., Alvarado, Y., and Díaz-

Nava, M. d. C. (2021). “Extraction and stabilization of betalains from beetroot (Beta 

vulgaris) wastes using deep eutectic solvents,” Molecules 26(21), article no. 6342. 

DOI: 10.3390/molecules26216342 

Hong, S., Lian, H., Sun, X., Pan, D., Carranza, A., Pojman, J. A., and Mota-Morales, J. 

D. (2016). “Zinc-based deep eutectic solvent-mediated hydroxylation and 

demethoxylation of lignin for the production of wood adhesive,” RSC Advances 

6(92), 89599-89608. DOI: 10.1039/C6RA18290A 

Hou, X.-D., Li, A.-L., Lin, K.-P., Wang, Y.-Y., Kuang, Z.-Y., and Cao, S.-L. (2018). 

“Insight into the structure-function relationships of deep eutectic solvents during rice 

straw pretreatment,” Bioresource Technology 249, 261-267. DOI: 

10.1016/j.biortech.2017.10.019 

Hsieh, Y.-H., Li, Y., Pan, Z., Chen, Z., Lu, J., Yuan, J., Zhu, Z., and Zhang, J. (2020). 

“Ultrasonication-assisted synthesis of alcohol-based deep eutectic solvents for 

extraction of active compounds from ginger,” Ultrasonics Sonochemistry 63, article 

no. 104915. DOI: 10.1016/j.ultsonch.2019.104915 

Huang, C., Zhan, Y., Cheng, J., Wang, J., Meng, X., Zhou, X., Fang, G., and Ragauskas, 

A. J. (2021). “Facilitating enzymatic hydrolysis with a novel guaiacol-based deep 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5503 

eutectic solvent pretreatment,” Bioresource Technology 326, article no. 124696. DOI: 

10.1016/j.biortech.2021.124696 

Kohli, K., Katuwal, S., Biswas, A., and Sharma, B. K. (2020). “Effective delignification 

of lignocellulosic biomass by microwave assisted deep eutectic solvents,” 

Bioresource Technology 303, article no. 122897. DOI: 

10.1016/j.biortech.2020.122897 

Kumar, A. K., Parikh, B. S., and Pravakar, M. (2016). “Natural deep eutectic solvent 

mediated pretreatment of rice straw: Bioanalytical characterization of lignin extract 

and enzymatic hydrolysis of pretreated biomass residue,” Environmental Science and 

Pollution Research 23(10), 9265-9275. DOI: 10.1007/s11356-015-4780-4 

Kumar, A. K., Shah, E., Patel, A., Sharma, S., and Dixit, G. (2018). “Physico-chemical 

characterization and evaluation of neat and aqueous mixtures of choline chloride+ 

lactic acid for lignocellulosic biomass fractionation, enzymatic hydrolysis and 

fermentation,” Journal of Molecular Liquids 271, 540-549. DOI: 

10.1016/j.molliq.2018.09.032 

Kumar, S., Sharma, S., Arumugam, S. M., Miglani, C., and Elumalai, S. (2020). 

“Biphasic separation approach in the DES biomass fractionation facilitates lignin 

recovery for subsequent valorization to phenolics,” ACS Sustainable Chemistry & 

Engineering 8(51), 19140-19154. DOI: 10.1021/acssuschemeng.0c07747 

Lakovaara, M., Sirviö, J. A., Ismail, M. Y., Liimatainen, H., and Sliz, R. (2021). 

“Hydrophobic modification of nanocellulose and all-cellulose composite films using 

deep eutectic solvent as a reaction medium,” Cellulose 28, 5433-5447. DOI: 

10.1007/s10570-021-03863-1 

Li, T., Lyu, G., Liu, Y., Lou, R., Lucia, L. A., Yang, G., Chen, J., and Saeed, H. A. 

(2017). “Deep eutectic solvents (DESs) for the isolation of willow lignin (Salix 

matsudana cv. Zhuliu),” International Journal of Molecular Sciences 18(11), article 

no. 2266. DOI: 10.3390/ijms18112266 

Li, K., Jin, Y., Jung, D., Park, K., Kim, H., and Lee, J. (2020a). “In situ formation of 

thymol-based hydrophobic deep eutectic solvents: Application to antibiotics analysis 

in surface water based on liquid-liquid microextraction followed by liquid 

chromatography,” Journal of Chromatography A 1614, article no. 460730. DOI: 

10.1016/j.chroma.2019.460730 

Li, X., Lu, X., Nie, S., Liang, M., Yu, Z., Duan, B., Yang, J., Xu, R., Lu, L., and Si, C. 

(2020b). “Efficient catalytic production of biomass-derived levulinic acid over 

phosphotungstic acid in deep eutectic solvent,” Industrial Crops and Products 145, 

article no. 112154. DOI: 10.1016/j.indcrop.2020.112154 

Li, G., and Row, K. H. (2021). “Deep eutectic solvents cross‐linked molecularly 

imprinted chitosan microsphere for the micro‐solid phase extraction of p‐

hydroxybenzoic acid from pear rind,” Journal of Separation Science 44(2), 549-556. 

DOI: 10.1002/jssc.202000984 

Li, L., Wu, Z., Xi, X., Liu, B., Cao, Y., Xu, H., and Hu, Y. (2021a). “A bifunctional 

Brønsted acidic deep eutectic solvent to dissolve and catalyze the depolymerization of 

alkali lignin,” Journal of Renewable Materials 9(2), 219. DOI: 

10.32604/jrm.2021.012099 

Li, X., Ning, C., Li, L., Liu, W., Ren, Q., and Hou, Q. (2021b). “Fabricating lignin-

containing cellulose nanofibrils with unique properties from agricultural residues with 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5504 

assistance of deep eutectic solvents,” Carbohydrate Polymers 274, article no. 118650. 

DOI: 10.1016/j.carbpol.2021.118650 

Li, T., Yin, Y., Wu, S., and Du, X. (2022). “Effect of deep eutectic solvents-regulated 

lignin structure on subsequent pyrolysis products selectivity,” Bioresource 

Technology 343, article no. 126120. DOI: 10.1016/j.biortech.2021.126120 

Liang, Y., Duan, W., An, X., Qiao, Y., Tian, Y., and Zhou, H. (2020). “Novel betaine-

amino acid based natural deep eutectic solvents for enhancing the enzymatic 

hydrolysis of corncob,” Bioresource Technology 310, article no. 123389. DOI: 

10.1016/j.biortech.2020.123389 

Ling, Z., Xu, F., Edwards, J. V., Prevost, N. T., Nam, S., Condon, B. D., and French, A. 

D. (2019). “Nanocellulose as a colorimetric biosensor for effective and facile 

detection of human neutrophil elastase,” Carbohydrate Polymers 216, 360-368. DOI: 

10.1016/j.carbpol.2019.04.027 

Liu, C., Li, M.-C., Chen, W., Huang, R., Hong, S., Wu, Q., and Mei, C. (2020). 

“Production of lignin-containing cellulose nanofibers using deep eutectic solvents for 

UV-absorbing polymer reinforcement,” Carbohydrate Polymers 246, article no. 

116548. DOI: 10.1016/j.carbpol.2020.116548 

Liu, Y.-Z., Chen, W.-S., Xia, Q., Guo, B., Wang, Q., Liu, S., Liu, Y., Li, J., and Yu, H. 

(2017). “Efficient cleavage of lignin–carbohydrate complexes and ultrafast extraction 

of lignin oligomers from wood biomass by microwave‐assisted treatment with deep 

eutectic solvent,” ChemSusChem 10(8), article no. 1692. DOI: 

10.1002/cssc.201601795 

Long, S., Feng, Y., Liu, Y., Zheng, L., Gan, L., Liu, J., Zeng, X., and Long, M. (2021). 

“Renewable and robust biomass carbon aerogel derived from deep eutectic solvents 

modified cellulose nanofiber under a low carbonization temperature for oil-water 

separation,” Separation and Purification Technology 254, article no. 117577. DOI: 

10.1016/j.seppur.2020.117577 

Loow, Y.-L., New, E. K., Yang, G. H., Ang, L. Y., Foo, L. Y. W., and Wu, T. Y. (2017). 

“Potential use of deep eutectic solvents to facilitate lignocellulosic biomass utilization 

and conversion,” Cellulose 24(9), 3591-3618. DOI: 10.1007/s10570-017-1358-y 

Lu, W., and Liu, S. (2020). “Choline chloride–based deep eutectic solvents (Ch-DESs) as 

promising green solvents for phenolic compounds extraction from bioresources: 

State-of-the-art, prospects, and challenges,” Biomass Conversion and Biorefinery 

2020. DOI: 10.1007/s13399-020-00753-7 

Luo, T., Hao, Y., Wang, C., Jiang, W., Ji, X., Yang, G., Chen, J., Janaswamy, S., and 

Lyu, G. (2022). “Lignin nanoparticles and alginate gel beads: Preparation, 

characterization and removal of methylene blue,” Nanomaterials 12(1), 176. DOI: 

10.3390/nano12010176 

Ma, C.-Y., Xu, L.-H., Zhang, C., Guo, K.-N., Yuan, T.-Q., and Wen, J.-L. (2021). “A 

synergistic hydrothermal-deep eutectic solvent (DES) pretreatment for rapid 

fractionation and targeted valorization of hemicelluloses and cellulose from poplar 

wood,” Bioresource Technology 341, article no. 125828. DOI: 

10.1016/j.biortech.2021.125828 

Ma, P.-S., Zhang, C.-W., and Xia, S.-Q. (2016). “Facile pretreatment of lignocellulosic 

biomass using deep eutectic solvents,” Bioresource Technology 219, 1-5. DOI: 

10.1016/j.biortech.2016.07.026 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5505 

Majová, V., Horanová, S., Škulcová, A., Šima, J., and Jablonský, M. (2017). “Deep 

eutectic solvent delignification: Impact of initial lignin,” BioResources 12(4), 7301-

7310. DOI: 10.15376/biores.12.4.7301-7310 

Mamilla, J. L., Novak, U., Grilc, M., and Likozar, B. (2019). “Natural deep eutectic 

solvents (DES) for fractionation of waste lignocellulosic biomass and its cascade 

conversion to value-added bio-based chemicals,” Biomass and Bioenergy 120, 417-

425. DOI: 10.1016/j.biombioe.2018.12.002 

Mansur, A. R., Song, N.-E., Jang, H. W., Lim, T.-G., Yoo, M., and Nam, T. G. (2019). 

“Optimizing the ultrasound-assisted deep eutectic solvent extraction of flavonoids in 

common buckwheat sprouts,” Food Chemistry 293, 438-445. DOI: 

10.1016/j.foodchem.2019.05.003 

Musarurwa, H., and Tavengwa, N. T. (2021). “Deep eutectic solvent-based dispersive 

liquid-liquid micro-extraction of pesticides in food samples,” Food Chemistry 342, 

article no. 127943. DOI: 10.1016/j.foodchem.2020.127943 

Nakhle, L., Kfoury, M., Mallard, I., Landy, D., and Greige-Gerges, H. (2021). 

"Microextraction of bioactive compounds using deep eutectic solvents: A review." 

Environmental Chemistry Letters 19(5), 3747-3759. DOI: 10.1007/s10311-021-

01255-2 

Oomen, W. W., Begines, P., Mustafa, N. R., Wilson, E. G., Verpoorte, R., and Choi, Y. 

H. (2020). “Natural deep eutectic solvent extraction of flavonoids of Scutellaria 

baicalensis as a replacement for conventional organic solvents,” Molecules 25(3), 

617. DOI: 10.3390/molecules25030617 

Panić, M., Gunjević, V., Radošević, K., Cvjetko Bubalo, M., Ganić, K. K., and 

Redovniković, I. R. (2021). “COSMOtherm as an effective tool for selection of deep 

eutectic solvents based ready-to-use extracts from graševina grape pomace,” 

Molecules 26(16), article no. 4722. DOI: 10.3390/molecules26164722 

Park, J.-S., Han, S.-Y., Bandi, R., Lee, E.-A., Cindradewi, A.-W., Kim, J.-K., Kwon, G.-

J., Seo, Y.-H., Youe, W.-J., and Gwon, J. (2021). “Wet-spun composite filaments 

from lignocellulose nanofibrils/alginate and their physico-mechanical properties,” 

Polymers 13(17), article no. 2974. DOI: 10.3390/polym13172974 

Procentese, A., Johnson, E., Orr, V., Campanile, A. G., Wood, J. A., Marzocchella, A., 

and Rehmann, L. (2015). “Deep eutectic solvent pretreatment and subsequent 

saccharification of corncob,” Bioresource Technology 192, 31-36. DOI: 

10.1016/j.biortech.2015.05.053 

Raj, D. (2020). “Thin-layer chromatography with eutectic mobile phases—preliminary 

results,” Journal of Chromatography A 1621, article no. 461044. DOI: 

10.1016/j.chroma.2020.461044 

Ray, S. S., and Salehiyan, R. (2020). “Fundamental definition and importance of 

nanomaterials, nanostructured, and bulk nanostructured materials,” Nanostructured 

Immiscible Polymer Blends 2, 15-28. DOI: 10.1016/B978-0-12-816707-6.00002-X 

Şahin, S., Kurtulbaş, E., and Bilgin, M. (2021). “Special designed deep eutectic solvents 

for the recovery of high added-value products from olive leaf: A sustainable 

environment for bioactive materials,” Preparative Biochemistry & Biotechnology 

51(5), 422-429. DOI: 10.1080/10826068.2020.1824162 

Sarmad, S., Mikkola, J. P., and Ji, X. (2017). “Carbon dioxide capture with ionic liquids 

and deep eutectic solvents: A new generation of sorbents,” ChemSusChem 10(2), 

324-352. DOI: 10.1002/cssc.201600987 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5506 

Satlewal, A., Agrawal, R., Das, P., Bhagia, S., Pu, Y., Puri, S. K., Ramakumar, S., and 

Ragauskas, A. J. (2018). “Assessing the facile pretreatments of bagasse for efficient 

enzymatic conversion and their impacts on structural and chemical properties,” ACS 

Sustainable Chemistry & Engineering 7(1), 1095-1104. DOI: 

10.1021/acssuschemeng.8b04773 

Shen, X.-J., Wen, J.-L., Mei, Q.-Q., Chen, X., Sun, D., Yuan, T.-Q., and Sun, R.-C. 

(2019). “Facile fractionation of lignocelluloses by biomass-derived deep eutectic 

solvent (DES) pretreatment for cellulose enzymatic hydrolysis and lignin 

valorization,” Green Chemistry 21(2), 275-283. DOI: 10.1039/C8GC03064B 

Shishov, A., Chromá, R., Vakh, C., Kuchár, J., Simon, A., Andruch, V., and Bulatov, A. 

(2019). “In situ decomposition of deep eutectic solvent as a novel approach in liquid-

liquid microextraction,” Analytica Chimica Acta 1065, 49-55. DOI: 

10.1016/j.aca.2019.03.038 

Shishov, A., Pochivalov, A., Nugbienyo, L., Andruch, V., and Bulatov, A. (2020). “Deep 

eutectic solvents are not only effective extractants,” TrAC Trends in Analytical 

Chemistry 129, article no. 115956. DOI: 10.1016/j.trac.2020.115956 

Simeonov, S., and Afonso, C. A. (2016). “Basicity and stability of urea deep eutectic 

mixtures,” RSC Advances 6(7), 5485-5490. DOI: 10.1039/C5RA24558C 

Smirnov, M. A., Sokolova, M. P., Tolmachev, D. A., Vorobiov, V. K., Kasatkin, I. A., 

Smirnov, N. N., Klaving, A. V., Bobrova, N. V., Lukasheva, N. V., and Yakimansky, 

A. V. (2020). “Green method for preparation of cellulose nanocrystals using deep 

eutectic solvent,” Cellulose 27(8). DOI: 10.1007/s10570-020-03100-1 

Smith, E. L., Abbott, A. P., and Ryder, K. S. (2014). “Deep eutectic solvents (DESs) and 

their applications,” Chemical Reviews 114(21), 11060-11082. DOI: 

10.1021/cr300162p 

Soares, B., Silvestre, A. J., Rodrigues Pinto, P. C., Freire, C. S., and Coutinho, J. o. A. 

(2019). “Hydrotropy and cosolvency in lignin solubilization with deep eutectic 

solvents,” ACS Sustainable Chemistry & Engineering 7(14), 12485-12493. DOI: 

10.1021/acssuschemeng.9b02109 

Tan, Y. T., Chua, A. S. M., and Ngoh, G. C. (2020). “Evaluation on the properties of 

deep eutectic solvent-extracted lignin for potential aromatic bio-products 

conversion,” Industrial Crops and Products 154, article no. 112729. DOI: 

10.1016/j.indcrop.2020.112729 

Tan, Y. T., Ngoh, G. C., and Chua, A. S. M. (2019). “Effect of functional groups in acid 

constituent of deep eutectic solvent for extraction of reactive lignin,” Bioresource 

Technology 281, 359-366. DOI: 10.1016/j.biortech.2019.02.010 

Tang, W., An, Y., and Row, K. H. (2021). “Emerging applications of (micro) extraction 

phase from hydrophilic to hydrophobic deep eutectic solvents: Opportunities and 

trends,” TrAC Trends in Analytical Chemistry, article no. 116187. DOI: 

10.1016/j.trac.2021.116187 

Thi, S., and Lee, K. M. (2019). “Comparison of deep eutectic solvents (DES) on 

pretreatment of oil palm empty fruit bunch (OPEFB): Cellulose digestibility, 

structural and morphology changes,” Bioresource Technology 282, 525-529. DOI: 

10.1016/j.biortech.2019.03.065 

Tian, D., Hu, J., Bao, J., Chandra, R. P., Saddler, J. N., and Lu, C. (2017). “Lignin 

valorization: Lignin nanoparticles as high-value bio-additive for multifunctional 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5507 

nanocomposites,” Biotechnology for Biofuels 10(1), 1-11. DOI: 10.1186/s13068-017-

0876-z 

Tian, D., Guo, Y., Hu, J., Yang, G., Zhang, J., Luo, L., Xiao, Y., Deng, S., Deng, O., and 

Zhou, W. (2020). “Acidic deep eutectic solvents pretreatment for selective 

lignocellulosic biomass fractionation with enhanced cellulose reactivity,” 

International Journal of Biological Macromolecules 142, 288-297. DOI: 

10.1016/j.ijbiomac.2019.09.100 

Tian, D., Shen, F., Hu, J., Huang, M., Zhao, L., He, J., Li, Q., Zhang, S., and Shen, F. 

(2022). “Complete conversion of lignocellulosic biomass into three high-value 

nanomaterials through a versatile integrated technical platform,” Chemical 

Engineering Journal 428, article no. 131373. DOI: 10.1016/j.cej.2021.131373 

Tong, X., Yang, J., Zhao, Y., Wan, H., He, Y., Zhang, L., Wan, H., and Li, C. (2021). 

“Greener extraction process and enhanced in vivo bioavailability of bioactive 

components from Carthamus tinctorius L. by natural deep eutectic solvents,” Food 

Chemistry 348, article no. 129090. DOI: 10.1016/j.foodchem.2021.129090 

Torregrosa-Crespo, J., Marset, X., Guillena, G., Ramón, D., and Martínez-Espinosa, J. 

(2020). “New guidelines for testing ‘Deep eutectic solvents’ toxicity and their effects 

on the environment and living beings,” Science of the Total Environment 704, article 

no. 135382. DOI: 10.1016/j.scitotenv.2019.135382 

van Osch, D. J., Zubeir, L. F., van den Bruinhorst, A., Rocha, M. A., and Kroon, M. C. 

(2015). “Hydrophobic deep eutectic solvents as water-immiscible extractants,” Green 

Chemistry 17(9), 4518-4521. DOI: 10.1039/C5GC01451D 

Vilková, M., Płotka-Wasylka, J., and Andruch, V. (2020). “The role of water in deep 

eutectic solvent-base extraction,” Journal of Molecular Liquids 304, article no. 

112747. DOI: 10.1016/j.molliq.2020.112747 

Vorobiov, V. K., Smirnov, M. A., Bobrova, N. V., and Sokolova, M. P. (2021). 

“Chitosan-supported deep eutectic solvent as bio-based electrolyte for flexible 

supercapacitor,” Materials Letters 283, article no. 128889. DOI: 

10.1016/j.matlet.2020.128889 

Wagle, D. V., Zhao, H., and Baker, G. A. (2014). “Deep eutectic solvents: Sustainable 

media for nanoscale and functional materials,” Accounts of Chemical Research 47(8), 

2299-2308. DOI: 10.1021/ar5000488 

Wang, H., Pu, Y., Ragauskas, A., and Yang, B. (2019). “From lignin to valuable 

products–strategies, challenges, and prospects,” Bioresource Technology 271, 449-

461. DOI: 10.1016/j.biortech.2018.09.072 

Wang, T., Jiao, J., Gai, Q.-Y., Wang, P., Guo, N., Niu, L.-L., and Fu, Y.-J. (2017). 

“Enhanced and green extraction polyphenols and furanocoumarins from fig (Ficus 

carica L.) leaves using deep eutectic solvents,” Journal of Pharmaceutical and 

Biomedical Analysis 145, 339-345. DOI: 10.1016/j.jpba.2017.07.002 

Wang, X., Jia, W., Lai, G., Wang, L., del Mar Contreras, M., and Yang, D. (2020a). 

“Extraction for profiling free and bound phenolic compounds in tea seed oil by deep 

eutectic solvents,” Journal of Food Science 85(5), 1450-1461. DOI: 10.1111/1750-

3841.15019 

Wang, Y., Hu, Y., Wang, H., Tong, M., and Gong, Y. (2020b). “Green and enhanced 

extraction of coumarins from Cortex fraxini by ultrasound‐assisted deep eutectic 

solvent extraction,” Journal of Separation Science 43(17), 3441-3448. DOI: 

10.1002/jssc.202000334 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5508 

Wang, Z.-K., Li, H., Lin, X.-C., Tang, L., Chen, J.-J., Mo, J.-W., Yu, R.-S., and Shen, X.-

J. (2020c). “Novel recyclable deep eutectic solvent boost biomass pretreatment for 

enzymatic hydrolysis,” Bioresource Technology 307, article no. 123237. DOI: 

10.1016/j.biortech.2020.123237 

Wang, W., and Lee, D.-J. (2021). “Lignocellulosic biomass pretreatment by deep eutectic 

solvents on lignin extraction and saccharification enhancement: A review,” 

Bioresource Technology 339, article no. 125587. DOI: 

10.1016/j.biortech.2021.125587 

Wei, Z.,-F., Qi, X.-L., Li, T.-T., Luo, M., Wang, W., Zu, Y.-G., and Fu, Y.-J. (2015). 

“Application of natural deep eutectic solvents for extraction and determination of 

phenolics in Cajanus cajan leaves by ultra performance liquid chromatography,” 

Separation & Purification Technology 149, 237-244. DOI: 

10.1016/j.seppur.2015.05.015 

Xia, Q., Liu, Y., Meng, J., Cheng, W., Chen, W., Liu, S., Liu, Y., Li, J., and Yu, H. 

(2018). “Multiple hydrogen bond coordination in three-constituent deep eutectic 

solvents enhances lignin fractionation from biomass,” Green Chemistry 20(12), 2711-

2721. DOI: 10.1039/C8GC00900G 

Xian, X., Wu, S., Wei, W., and Zhang, F. (2021). “Pretreatment of kraft lignin by deep 

eutectic solvent and its utilization in preparation of lignin-based phenolic 

formaldehyde adhesive,” BioResources 16(2), 3103-3120. DOI: 

10.15376/biores.16.2.3103-3120 

Xie, J., Chen, J., Cheng, Z., Zhu, S., Xu, J. (2021). “Pretreatment of pine lignocelluloses 

by recyclable deep eutectic solvent for elevated enzymatic saccharification and lignin 

nanoparticles extraction,” Carbohydrate Polymers 2021, article no. 118321. DOI: 

10.1016/j.carbpol.2021.118321 

Xiong, D., Zhang, Q., Fan, J., and Wang, J. (2019). “Hydrophobic deep eutectic solvents 

and its application in extraction and separation in aqueous media,” Scientia Sinica 

Chimica 49(7), 933-939. DOI: 10.1360/N032018-00251 

Xiong, X., Zhang, H., Lai, S.L., Gao, J., and Gao, L. (2020). “Lignin modified by deep 

eutectic solvents as green, reusable, and bio-based catalysts for efficient chemical 

fixation of CO2,” Reactive and Functional Polymers 149, article no. 104502. DOI: 

10.1016/j.reactfunctpolym.2020.104502 

Yang, Z., Asoh, T.-A., and Uyama, H. (2019). “Cationic functionalization of cellulose 

monoliths using a urea-choline based deep eutectic solvent and their applications,” 

Polymer Degradation and Stability 160, 126-135. DOI: 

10.1016/j.polymdegradstab.2018.12.015 

Yang, J., Wang, Y., Zhang, W., Li, M., Peng, F., and Bian, J. (2021). “Alkaline deep 

eutectic solvents as novel and effective pretreatment media for hemicellulose 

dissociation and enzymatic hydrolysis enhancement,” International Journal of 

Biological Macromolecules 193, 1610-1616. DOI: 10.1016/j.ijbiomac.2021.10.223 

Yang, J., Zhang, W., Wang, Y., Li, M., Peng, F., and Bian, J. (2022). “Novel, recyclable 

Brønsted acidic deep eutectic solvent for mild fractionation of hemicelluloses,” 

Carbohydrate Polymers 278, article no. 118992. DOI: 10.1016/j.carbpol.2021.118992 

Yiin, C. L., Quitain, A. T., Yusup, S., Sasaki, M., Uemura, Y., and Kida, T. (2016). 

“Characterization of natural low transition temperature mixtures (LTTMs): Green 

solvents for biomass delignification,” Bioresource Technology 199, 258-264. DOI: 

10.1016/j.biortech.2015.07.103 



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Zhou et al. (2022). “Deep eutectic-like solvents,” BioResources 17(3), 5485-5509.  5509 

Yu, W., Wang, C., Yi, Y., Wang, H., Yang, Y., Zeng, L., and Tan, Z. (2021). “Direct 

pretreatment of raw ramie fibers using an acidic deep eutectic solvent to produce 

cellulose nanofibrils in high purity,” Cellulose 28(1), 175-188. DOI: 10.1007/s10570-

020-03538-3 

Zang, Y.-Y., Yang, X., Chen, Z.-G., and Wu, T. (2020). “One-pot preparation of 

quercetin using natural deep eutectic solvents,” Process Biochemistry 89, 193-198. 

DOI: 10.1016/j.procbio.2019.10.019 

Zargar, S., Jiang, J., Jiang, F., and Tu, Q. (2022). “Isolation of lignin‐containing cellulose 

nanocrystals: Life‐cycle environmental impacts and opportunities for improvement,” 

Biofuels, Bioproducts and Biorefining 16(1), 68-80. DOI: 10.1002/bbb.2261 

Zdanowicz, M., Wilpiszewska, K., and Spychaj, T. (2018). “Deep eutectic solvents for 

polysaccharides processing. A review,” Carbohydrate Polymers 200, 361-380. DOI: 

10.1016/j.carbpol.2018.07.078 

Zhang, C.-W., Xia, S.-Q., and Ma, P.-S. (2016). “Facile pretreatment of lignocellulosic 

biomass using deep eutectic solvents,” Bioresource Technology 219, 1-5. DOI: 

10.1016/j.biortech.2016.07.026 

Zhang, Q., Ma, R., Ma, L., Zhang, L., Fan, Y., and Wang, Z. (2021). “Contribution of 

lignin in esterified lignocellulose nanofibers (LCNFs) prepared by deep eutectic 

solvent treatment to the interface compatibility of LCNF/PLA composites,” Industrial 

Crops and Products 166, article no. 113460. DOI: 10.1016/j.indcrop.2021.113460 

Zuo, M., Zeng, X., Sun, Y., Tang, X., and Lin, L. (2019). “Processing of biomass in deep 

eutectic solvents,” Deep Eutectic Solvents: Synthesis, Properties, and Applications, 

12, 235-255. DOI: 10.1002/9783527818488.ch12 

 

Article submitted: April 13, 2022; Peer review completed: June 4, 2022; Revised version 

received and accepted: June 18, 2022; Published: June 22, 2022. 

DOI: 10.15376/biores.17.3.Zhou2 

 


