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Green foundation

1. Deep eutectic solvents (DESs) are promising green solvents for biomass 

pretreatment. To enhance their efficiency, this work reviews environmentally friendly 

intensification technologies applied to DES pretreatment. These intensified processes 

are critical for improving the fractionation and recovery of biomass components, which 

facilitate their subsequent high-value conversion.

2. Existing reviews on intensified DES pretreatment primarily focus on microwave 

and ultrasound technologies. However, this work comprehensively summarizes various 

intensified technologies, including microwave, ultrasound, pulsed electric field, 

mechanical activation, hydrothermal treatment, steam explosion, and catalysis. 

Relevant characteristics and underlying mechanisms of these strategies are analyzed, 

offering valuable guidance to researchers. Meanwhile, solvent recovery strategies are 

also discussed.

3. Future efforts need to incorporate artificial intelligence to accelerate the 

optimization of DES pretreatment processes, promote component separation, deeply 

reveal the separation mechanism, and determine application scale expansion from 

environmental and cost perspectives.
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Abstract

Lignocellulosic biomass pretreatment has become a prerequisite for the efficient 

conversion of lignocellulosic components into high-value chemicals and materials as 

sustainable alternatives to fossil-based products. In recent years, deep eutectic solvents (DES) 

have emerged as promising green and versatile solvents for biomass fractionation. However, 

their relatively limited treatment efficiency and the necessity for multi-component recovery 

have driven the development of intensified DES pretreatment strategies. This review first 

briefly summarizes the performance of various DES systems when applied alone to biomass 

pretreatment, and then systematically highlights recent advances in intensified technologies 

integrated with DES processes. These intensification strategies include physical approaches, 

such as microwave irradiation, ultrasonic treatment, pulsed electric fields, and mechanical 

activation, as well as chemically driven processes, including hydrothermal treatment, steam 

explosion, and catalyst-assisted DES pretreatment. The advantages, limitations, processing 

outcomes, and underlying mechanisms of these strategies are comparatively analyzed. To 

reduce the overall cost and environmental footprint of DES-based processes, current 

developments in DES recovery technologies are comprehensively reviewed. Finally, the 

existing challenges and future perspectives are discussed to provide guidance toward the 

development of efficient and sustainable DES-based biomass pretreatment technologies.

Keywords: 

Deep eutectic solvent, Lignocellulosic biomass pretreatment, Intensification technologies, 

Mechanism, Solvent recovery

Page 3 of 68 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
9/

20
26

 3
:3

3:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC01236A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6gc01236a


3

1. Introduction

The energy and chemicals that are ubiquitous and indispensable in modern society mainly 

originate from non-renewable fossil feedstocks. With excessive exploitation of fossil resources 

and the growing concerns about environmental issues (i.e., greenhouse gas emissions and waste 

accumulation), developing renewable and clean resources to replace fossil products has become 

a very promising research direction.1 Lignocellulosic biomass, such as forestry residues, energy 

crops, and agricultural residues, is a low-cost, widely distributed, naturally abundant, carbon-

neutral, and renewable resource on Earth.2 It is reported that the global annual production of 

such biomass is approximately 181.5 billion tons, yet only about 8.2 billion tons are utilized, 

leaving the vast majority to be discarded as waste.3 Lignocellulosic biomass is mainly 

composed of cellulose (30–40%), hemicellulose (20–30%), and lignin (10–25%), and their 

content varies depending on the type of biomass (Fig. 1a).4 Both cellulose and hemicellulose 

are carbohydrates. Cellulose is a linear polymer consisting of glucose units linked by glycosidic 

bonds, whereas hemicellulose is a complex polymer of pentoses and hexoses, such as xylose, 

mannose, and galactose.5 Lignin is a three-dimensional cross-linked natural aromatic polymer, 

mainly composed of three phenolic units (p-hydroxyphenyl, guaiacyl, and syringyl). These 

units are connected by carbon-carbon bonds (such as β-5, β-β, and 5-5) and ether bonds (such 

as β-O-4, α-O-4, and 4-O-5).6 The three major components derived from the fractionation and 

refining of lignocellulosic biomass can be further valorized into fuels, chemicals, and 

biomaterials as alternatives to petrochemical-based products (Fig. 1b).7 The high-value 

utilization of biomass is of great value in alleviating current social and environmental problems. 

Nevertheless, the specific content of these lignocellulosic components varies depending on the 

type and source of the biomass. The compositional diversity introduces greater complexity and 
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challenges to the overall conversion processes. Furthermore, cellulose, hemicellulose, and 

lignin are naturally cross-linked into a complex matrix via covalent and hydrogen bonds, along 

with the crystallinity of cellulose and the hydrophobicity of lignin, resulting in an extremely 

sturdy structure of the lignocellulosic biomass.8 These structural characteristics pose the main 

bottleneck in biorefining technology, severely impeding the efficient conversion of 

lignocellulose into high-value bioproducts.9 Therefore, in order to achieve subsequent efficient 

conversion, it is necessary to employ effective and economical pretreatment methods to break 

down the raw materials into their main components.

Fig. 1 (a) Schematic structure of lignocellulosic biomass.4, 10 Adapted from ref. 10. Copyright 

2021, Elsevier. (b) Conversion of biomass components into biomass-based products.7 Adapted 

from ref. 7. Copyright 2025, Elsevier.

The pretreatment of lignocellulosic biomass is a critical step for structural deconstruction 

and component separation, which contributes significantly to the overall cost of the biorefinery 

process.11 Conventional pretreatment technologies primarily include mechanical milling, 

acid/alkali treatment, organosolv treatment, hydrothermal treatment, and biological treatment.12 
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They can be classified into physical, chemical, biological, or combined treatment processes. As 

illustrated in Fig. 2a, these pretreatment technologies contribute to the destruction of biomass 

structure and the separation of major components to varying degrees, thereby facilitating 

subsequent fermentation and high-value conversion. However, the challenges inherent in these 

processes, such as high energy demand, prolonged treatment durations, poor selectivity, 

chemical consumption, the associated economic and environmental burdens, as well as 

equipment corrosion, can substantially compromise process profitability and pose a significant 

obstacle to sustainable industrial-scale application.13 Furthermore, these treatments disrupt the 

native structure of the separated components, particularly lignin and hemicellulose, thereby 

constraining the potential for further high-value conversion of the biomass. Thus, researchers 

have been dedicated to developing sustainable and efficient green methods for biomass 

pretreatment.

In recent years, novel environmentally friendly solvent pretreatment methods have 

emerged as a popular pretreatment strategy for the fractionation of lignocellulosic biomass. 

This approach not only reduces the environmental impact of the process but also enhances the 

structural preservation and separation selectivity of biomass components. In contrast to 

conventional organic solvents (e.g., methanol, ethanol, and acetone), these novel solvents 

overcome the inherent drawbacks of high volatility, flammability, toxicity, and poor 

sustainability.14-16 Ionic liquids (ILs), for instance, have been widely studied for biomass 

pretreatment due to their high stability and strong dissolution capacity toward lignocellulosic 

components.17, 18 Nevertheless, ILs have been widely criticized for their high synthesis cost, 

toxicity, and poor biodegradability. By contrast, deep eutectic solvents (DESs), while sharing 

similar physicochemical properties with ILs, have attracted growing interest owing to their cost-
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effectiveness, relatively low toxicity, biodegradability, and recyclability.19 DESs are composed 

of hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD), which exhibit high 

viscosity and strong hydrogen bonding interactions (Fig. 2b).20 In particular, choline chloride-

based DESs are generally considered green solvents, demonstrating advantages over ILs in both 

environmental and technical aspects.21 Furthermore, DES can effectively deconstruct biomass, 

selectively extract lignin and hemicellulose, and enhance the saccharification efficiency of 

cellulose.5 For example, the study by Cheng et al. reported that a diol-based DES pretreatment 

removed 63% of lignin and 73% of xylan from bamboo at 110 °C, leading to a glucan 

saccharification yield of up to 95%.22 Importantly, more than 90% of the recovered lignin 

maintained a relatively intact structure, which is highly advantageous for subsequent high-value 

utilization. Additionally, DES pretreatment is superior to traditional methods in terms of energy 

efficiency. For instance, Gunny et al. examined alcohol-based DES and NaOH pretreated rice 

husk for saccharification and found that the former consumes approximately 20% less energy 

than the latter.23 Li et al. also reported similar results on the low energy consumption of DES 

pretreatment.24 Procentese et al. further compared the energy consumption per unit mass of 

biomass between DES pretreatment and other common methods (e.g., acid/alkali treatment and 

steam explosion), and similarly showed that DES pretreatment offers a clear advantage in terms 

of low energy consumption.25 

According to the search results from the Web of Science (WOS) database, the number of 

published research articles and reviews on DES pretreatment of biomass has been growing year 

by year from 2019 to 2025, demonstrating the increasing interest in biomass pretreatment using 

DES methods (Fig. 2c). To further visualize the current research on DES pretreatment of 

lignocellulosic biomass, the relevant literature retrieved over the past six years (i.e., 2019–2025) 
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was analyzed using VOSviewer software, which excels at constructing and visualizing 

bibliometric networks. Fig. 2d presents the co-occurrence network of keywords related to “deep 

eutectic solvent pretreatment” or “DES pretreatment” in combination with “biomass”. In this 

network, distinct color-coded clusters represent semantically related research themes. The node 

size corresponds to the frequency of occurrence, while the interconnecting lines reflect the 

strength of associations between the terms.26 As illustrated by these interconnected clusters, 

research on DES pretreatment mainly focuses on delignification, component extraction 

efficiency, recovery technologies, development of related pretreatment technologies, and 

applications of pretreated biomass. This indicates the broad scope and increasing depth of DES 

research in biomass pretreatment. Furthermore, this trend has also led to the emergence of 

various reviews on DES pretreatment in recent years. For example, Wang et al. focused 

specifically on lignin extraction and saccharification enhancement in their summary of 

advances in DES pretreatment of biomass, along with a systematic analysis of the mechanism 

of biomass deconstruction by DES.13 Xiao et al. reviewed the composition and classification of 

DES, analyzed the critical parameters governing the DES pretreatment process, and explored 

the roles of functionalized DES in lignocellulose valorization.5 Similarly, in order to further 

guide DES pretreatment to promote biomass conversion, Xu and colleagues comprehensively 

outlined the synergistic effects of various parameters in DES pretreatment, including biomass 

particles size and crystallinity, solvent components, temperature, reaction time, and liquid-solid 

ratio.27 In addition, converting biomass treated with DES into functional materials has also 

become a recent research hotspot. Shen et al. summarized the emerging applications of DES in 

the production of biomass-derived carbon materials, and highlighted challenges related to 

solvent recoverability and cost control.28 Tan et al. systematically reviewed lignocellulosic 
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biomass fractionation using DES and the subsequent conversion of DES-derived saccharides 

and lignin into biomass-based products, with particular emphasis on the performance of diverse 

DES systems and pretreatment strategies.29

Fig. 2 (a) Schematic diagram of lignocellulosic biomass pretreatment. (b) The characteristics 

of the DES system. (c) The number of publications related to biomass pretreatment. (d) 

Keywords co-occurrence network analysis using VOSviewer software.

The existing reviews on DES pretreatment have mainly focused on summarizing various 

DES-based biomass pretreatment strategies, optimizing processing parameters, elucidating the 

pretreatment mechanisms, and developing functional biomass-based materials mediated by 
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DES. However, an important drawback of the DES pretreatment process is that its high 

viscosity hampers mass transfer efficiency, resulting in low overall efficiency. Moreover, this 

result also causes difficulties in solvent recovery. The viscous DES tends to adhere to the 

pretreated solid biomass, creating a physical barrier that obstructs enzymatic access to cellulose 

and consequently restricts its hydrolysis into fermentable sugars. For example, the study by 

Dong et al. showed that extracting lignin from eucalyptus using a diol DES still required 48 h 

at 120 °C.30 This significantly restricts the large-scale application of this pretreatment approach. 

Moreover, different biomass feedstocks such as hardwoods, softwoods, and grasses exhibit 

significant differences in the contents of cellulose, hemicellulose and lignin, which makes it 

extremely difficult to adopt a universal treatment method. In response to these limitations, the 

integration of DES pretreatment with various intensified technologies has been increasingly 

explored in recent years. For instance, Xia et al. reported that microwave-assisted acid DES 

pretreatment of reed achieved approximately 65% lignin removal within only 40 s, while 

attaining a cellulose saccharification yield of 88%, far surpassing the performance of 

conventional DES pretreatment.31 According to the research from Sharma et al., ultrasound-

assisted pretreatment of sugarcane bagasse with ethylene glycol (EG)-based DES for 7.7 min 

resulted in a 1.2-fold higher cellulose sugar yield.32

Nevertheless, current reviews on intensified DES treatment of lignocellulosic biomass 

have merely discussed the microwave and ultrasonic-assisted technologies, which leads to 

insufficient coverage.33-35 In fact, beyond the aforementioned approaches, various emerging 

strategies for enhancing DES pretreatment have been developed in recent years, including 

physical methods such as pulsed electric fields and ball milling, as well as chemical methods 

like hydrothermal treatment and catalytic processes. These methods not only improve the 
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overall performance of DES pretreatment but also enhance the value-added potential of biomass. 

Therefore, it is essential to comprehensively analyze diverse intensification technologies for 

DES pretreatment and compare their process characteristics. Such an analysis will facilitate a 

deeper understanding of the principles and application scopes of different intensified DES 

processing strategies, thereby promoting more efficient DES-based biomass processing.

In the context of DES-based biomass pretreatment, process intensification refers to 

strategies that enhance mass and heat transfer and intensify solvent–biomass interactions, 

thereby improving the efficiency of lignocellulosic fractionation and cellulose saccharification. 

This review surveys and analyzes the literature published since 2019 concerning intensified 

DES pretreatment of biomass. It offers a critical overview of the process characteristics and 

mechanisms from chemical and physical standpoints, along with their corresponding 

performance outcomes. The review is structured as follows. Firstly, the conventional DES 

pretreatment process of lignocellulosic biomass is briefly introduced based on the different 

types of DES. Furthermore, this review systematically examines the intensified DES 

pretreatment strategies applied to the fragmentation of lignocellulosic biomass, with an in-depth 

analysis of physical intensification methods (e.g., microwave irradiation, ultrasonication, 

pulsed electric fields, and mechanical milling) and chemical approaches (e.g., hydrothermal 

treatment, steam explosion, and catalytic modification). These technologies synergistically 

enhance DES performance by optimizing solvent-biomass interactions, thereby improving the 

delignification efficiency and enzymatic saccharification of recalcitrant lignocellulosic 

substrates. Meanwhile, the costs and environmental implications associated with the potential 

scale-up of these technologies are also briefly analyzed. Besides, the process of one-pot biomass 

pretreatment based on DES is also introduced. In addition, considering the significant impact 
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of cost, the strategies for solvent recovery and reuse reported in the literature are also discussed. 

Finally, this study discusses the current challenges and potential perspectives regarding 

enhanced DES pretreatment for the valorization of biomass. Against the backdrop of the rapid 

development of environmentally friendly DES in biomass pretreatment, this work provides 

insights and guidance for enhancing the overall efficiency of lignocellulosic biomass 

pretreatment. It offers a comprehensive understanding of the mechanisms and process 

characteristics underlying various DES intensification strategies, as well as their respective 

advantages and limitations, thereby supporting the rational selection of pretreatment approaches 

for specific applications. From the perspective of process intensification, this work clarifies the 

principles governing enhanced DES-based fractionation of lignocellulosic components and 

promotes the broader implementation of DES in biorefinery systems. Ultimately, these 

advances will contribute to the high-value utilization of biomass waste resources, reduced 

reliance on fossil resources, and the sustainable development of the bioenergy industry.

2. DES pretreatment overview

DES was firstly synthesized by Abbott et al. in 2001 by simple heating, serving as a 

promising solvent alternative to IL.36 Compared to traditional organic solvents, DES possesses 

unique advantages such as high stability, lower toxicity, and biodegradability.22, 37 DES is a 

mixed solution system typically composed of HBAs and HBDs in a specific molar ratio, with 

a melting point lower than that of each individual component.38 This reduction in melting point 

is attributed to the presence of ions with low lattice energy and charge delocalization effects 

during hydrogen bond formation.39 When HBAs and HBDs are mixed to synthesize DES, the 

strength of the hydrogen bond network formed is significantly influenced by the type, size, and 

ratio of the DES components, which in turn affects the physicochemical properties of the DES. 
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Therefore, DES is recognized as a designer solvent whose properties can be tailored by 

adjusting the composition and ratio of the constituents.40 Most DESs have relatively high 

viscosity (> 100 cp) at room temperature, which reduces the mass transfer efficiency of the 

DES system. This high viscosity arises from the extensive hydrogen bond networks formed 

among all components, as well as additional intermolecular interactions such as van der Waals 

forces and electrostatic forces.41 The polarity of DES, which is influenced by variations in 

HBDs, has a significant impact on the solubility of biomass components. For example, polyol-

based HBDs make DES exhibit high polarity by forming extensive hydrogen bonding networks. 

Furthermore, the increased alkyl chain length of HBDs reduces the polarity of DES.41 Generally, 

the density of DES is greater than that of water (approximately 1.0-1.35 g/cm3), which is 

affected by the DES components and reaction temperature.42 An increase in the hydroxyl 

content of HBDs often leads to an increase in DES density. The change in DES density may 

alter their interaction with solute molecules, thereby affecting their solubility. Furthermore, it 

plays a crucial role in extraction and separation processes. Compared to commonly used 

solvents, DES generally exhibits low volatility and relatively high thermal stability, which are 

influenced by their composition and hydrogen bonding. Unlike ILs, the thermal decomposition 

of DESs often requires overcoming hydrogen bonding first, followed by the decomposition of 

components with poor thermal stability.43

Common HBAs include quaternary ammonium salts, guanidine hydrochloride, and proline, 

while HBDs include amides, carboxylic acids, and polyols (Fig. 3a).44 Choline chloride (ChCl) 

is the most widely used HBA, owing to its biodegradability and non-toxicity.45 Another reason 

is that Cl⁻ ions can form strong hydrogen bonds with hydroxyl groups in polysaccharides, 

leading to greater disruption of chemical bonds within the lignin-polysaccharide complex.46  
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The pioneering work of Francisco et al. in applying carboxylic acid-based DES to wheat straw 

pretreatment rapidly spurred extensive research into DES pretreatments for the separation and 

refining of lignocellulosic biomass.47 The strong hydrogen bonding network endows DES with 

the capacity to compete with the inherent linkages within lignocellulose, which facilitates the 

deconstruction of labile ether bonds between phenylpropane units of lignin, along with the 

hydrogen and covalent bonds between lignin and hemicellulose.5 In this process, DES anions 

interact with electron-deficient sites in lignin and hemicellulose molecules, thereby effectively 

disrupting the lignin-carbohydrate complex (LCC) linkages at the sites marked by the arrows 

(Fig. 3b).48, 49 After pretreatment, the dissolved lignin and hemicellulose fractions remain in the 

DES solvent, whereas the cellulose-rich solids are retained due to the hindrance of the more 

robust hydrogen bonding networks. DES in the filtrate can subsequently be recovered through 

methods such as anti-solvent addition.

According to the different properties of HBDs, DES-mediated pretreatment can be 

categorized into acidic, neutral, and alkaline strategies. They are comparatively summarized in 

Table 1. Acidic DESs are widely applied in biomass pretreatment, with their HBD typically 

being organic acids such as lactic acid (LA), oxalic acid (OA), and formic acid (FA). The 

carboxylic groups can release active protons (i.e., acid catalysis) in the DES system with strong 

hydrogen bond interactions, which catalyze the breakage of chemical bonds such as ester, ether, 

and glycosidic bonds, as well as LCC linkages in lignocellulosic biomass.50 This process 

primarily promotes the depolymerization of lignin and hemicellulose to disrupt the structure of 

the biomass.51 For instance, research by Su et al. revealed that the LA-DES removed 76.0% of 

hemicellulose and 89.3% of lignin from poplar sawdust at 130 °C.52 Similarly, Shen et al. 

reported that when treated with acidic DES from 90 °C to 130 °C, the lignin removal increased 
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from 36% to 93%, while the cellulose content remained almost unchanged, suggesting rapid 

lignin depolymerization and cellulose stability.53 As illustrated in the depolymerization 

mechanism (Fig. 3c), acidic DES preferentially cleaves susceptible β-O-4 linkages to form 

Hibbert’s ketones, promoting the dissociation of lignin.54, 55 Moreover, the side chains of lignin 

units generate a large number of free radicals under such conditions, leading to the formation 

of recalcitrant C–C linkages between adjacent lignin units and resulting in lignin 

condensation.56 The condensed lignin not only adheres to the surface of cellulose, reducing the 

efficiency of enzymatic hydrolysis, but also diminishes the conversion value of lignin itself. As 

for hemicellulose, it is hydrolyzed into sugars under strong acidic DES pretreatment at 

temperatures above 120 °C, whereas its degradation is less pronounced under milder 

conditions.57 However, the possible excessive degradation of carbohydrates during acidic DES 

pretreatment leads to a decrease in product yield.58 Additionally, the corrosive nature of acidic 

systems further challenges to the application of acidic DES.

Neutral DESs have also attract growing interest for lignocellulosic biomass pretreatment 

due to their superior environmental benefits and biocompatibility. The HBD components in 

typical neutral DESs are primarily polyols (such as EG, glycerol, sorbitol, and butanediol) and 

certain sugars (such as glucose, sucrose, and fructose). The diffusion of small-molecule 

alcohols, combined with the synergistic effect of their multiple hydroxyl groups, enhances 

hydrogen bonding interactions with lignin and thereby promotes its dissolution. For instance, 

Hossain et al. reported that glycerol-based DES achieved 52.2% lignin removal from rice straw 

while retaining more than 90% of glucan. In contrast, sorbitol-based DES with more hydrogen 

bonding sites and thus higher viscosity, removed only 30.8% lignin and resulted in a glucan 

digestibility of approximately 50%.59 Similarly, glucose-based DES also has particularly high 
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viscosity and poor fluidity, which impairs its mass transfer process.60 In addition to facilitating 

lignin dissolution, polyols also provide structural stabilization effects. Recently, Cheng et al. 

reported that butanediol mitigated lignin condensation by introducing diol hydroxyl groups into 

the α-position of the β-O-4 linkages through etherification.61 Specifically, the reaction of diols 

with Hibbert’s ketones to form dioxane structures serves to suppress lignin condensation in 

acidolysis. Beyond their role in neutral DESs, polyols can also be incorporated into acidic DES 

to inhibit lignin condensation and preserve the structure of the liberated lignin. Despite their 

merits of low corrosivity, environmental benefits, and minimal damage to lignin structure, 

neutral DESs generally exhibit relatively low removal efficiency for lignin and hemicellulose. 

For instance, Phromphithak et al. found that a glycerol-based DES treatment of corncob at 

150 °C for 12 h yielded removal rates of merely 55% for lignin and 47% for hemicellulose, 

both of which were significantly lower than those achieved with acidic DESs.62

In contrast to the extensive investigation on acidic and neutral DES, studies on alkaline 

DES remain limited. Alkaline DESs are commonly constituted of components such as 

alcoholamines and urea.44, 63 They disrupt the lignin-carbohydrates linkages by deprotonating 

lignin phenolic hydroxyl groups, thereby facilitating the loosening of the structure and 

fractionation of biomass components.64 The resulting highly nucleophilic anions attack the 

adjacent β‑O‑4 bonds, generating reactive quinone methide-type intermediates, which 

subsequently undergo either depolymerization into small fragments or repolymerization.65 In 

addition to this pathway, the β‑O‑4 linkages in non‑phenolic lignin subunits can also be cleaved 

under strong alkaline conditions to form epoxide intermediates. These intermediates then 

undergo further rearrangement and depolymerization reactions, yielding ketone and aldehyde 

fragments (Fig. 3c).55, 65 Owing to the inherent alkali solubility of lignin, alkaline DESs exhibit 
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greater selectivity in lignin extraction compared to acidic DESs. For instance, Zhao et al. 

reported that ethanolamine-based DES treatment of wheat straw for 9 h resulted in the removal 

of 71.4% of lignin and 42.1% of hemicellulose, while 93.4% of cellulose was retained.66 This 

selectivity promotes the retention of polysaccharides in the product and reduces by-product 

generation, enhancing the subsequent production of fermentable sugars. In addition, urea-DES 

releases ammonia as a nucleophile to accelerate the cleavage of LCC linkages. Furthermore, 

distinct from conventional alkaline pretreatments, mild alkaline DES suppresses the 

condensation of lignin fragments by capturing the carbocation intermediates generated from the 

cleavage of lignin ether bonds.7, 67 Reduced condensation is beneficial to maintaining a higher 

reactive group content in dissociated lignin, promoting high-value utilization such as the 

conversion of aromatic chemicals. However, alkaline DES pretreatment often requires acidic 

solvents to regulate the later separation of lignin, which inevitably increases subsequent costs 

and environmental issues. Recent reports have proposed a novel green recycling approach for 

separating components and recovering DES through the introduction of CO2 in suitable alkaline 

DES systems.68 In the future, more efforts will be needed to optimize the alkaline DES 

pretreatment strategy in order to enhance the effectiveness of biomass pretreatment.

Binary acid- or alkaline-based DES systems typically operate under relatively harsh 

conditions, which not only disrupt the structural integrity of biomass components but may also 

raise environmental concerns. In contrast, polyol-based DES systems suffer from low 

pretreatment efficiency. These limitations have constrained the broader application of DESs for 

high-quality biomass fractionation. Although ternary polyol-based DESs are emerging as 

promising solvents for biomass pretreatment, achieving a favorable balance among 

pretreatment efficiency, environmental sustainability, cost-effectiveness, and product quality 
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remains an ongoing challenge that requires further development.

Fig. 3 (a) Representative HBAs and HBDs in synthesis of DESs.44 (b) Schematic diagram of 

DES destroying lignocellulosic biomass.48 Adapted from ref. 48. Copyright 2025, Springer. (c) 

Possible lignin separation mechanism during acidic and alkaline DES pretreatment.55, 65 

Adapted from ref. 55. Copyright 2025, Elsevier.
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Table 1. Comparison of common acidic, neutral and alkaline DES pretreatment

Strategy DES types Biomass Conditions Lignin 
removal

Hemicellulose 
removal

Cellulose 
retention

Features Ref.

ChCl-LA Poplar 
sawdust 

130 °C, 1.5 h 89.3% 76% 90.5% 52

ChCl-LA Eucalyptus 130 °C, 6 h 93% 94.5% 82.5% 53

ChCl-OA Moso 
bamboo

100 °C, 3 h 73.4% 84% 94.1% 69

ChCl-OA Rape straw 130 °C, 1 h 83.6% 89% 55.1% 70

ChCl-CA Bamboo 130°C, 1 h 78.8% 57.5% 98.2 71

Acidic 
DES

ChCl-AA Rice straw 126 °C, 2.5 h 83.1% 82.1% 98.8%

High 
dissociation 
efficiency, 
high 
viscosity, 
corrosiveness
, lignin 
condensation
, excessive 
degradation

72

ChCl-Gly Corncob 150 °C, 15 h ~56% ~42% - 62

ChCl-EG Switchgrass 130 °C, 0.5 h 24% 1% 97% 73

ChCl-Gly Rice straw 150 °C, 15 h 52.2% 29.6% 96.5% 59

ChCl-EG Rice straw 150 °C, 15 h 30.7% 41.0% 82.2% 59

ChCl-
Xylitol 

Rice straw 150 °C, 15 h 21.4% 26.3% 84.5% 59

Neutral 
DES

ChCl-BDO 
with AlCl3

Bamboo 120 °C, 1 h 85.5% 91.1% ~95%

Environment
al 
friendliness, 
maintenance 
of 
component 
structure 
integrity, 
high dosage 
usage, 
low 
efficiency

61

ChCl-
Imidazole

Populus 115 °C, 15 h 26.4% 34.8% 77.1% 74

ChCl-Urea Rice straw 120 °C, 6 h 48.5% 19.7% 85.0% 75

Alkaline 
DES

ChCl-MEA Wheat straw 90 °C, 12 h 81.0% 47.3% 90.8% 66

K2CO3-Gly Oil palm 
empty fruit 
bunch

120 °C, 8 h 51% 36% 75%

Selective 
removal of 
lignin, 
substantial 
lignin 
removal, 
high 
saccharificati
on yields, 
complex 
separation, 
strict 
reaction 
conditions 

76

Notes: LA: lactic acid; OA: oxalic acid; CA: citric acid; AA: acetic acid; Gly: glycerol; EG: ethylene 
glycol; BDO: 1,4-butanediol; EG: ethylene glycol; MEA: monoethanolamine

3. Intensifying technologies assisting DES pretreatment
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Although DESs have shown significant potential in biomass pretreatment, their 

effectiveness still relies on relatively harsh reaction conditions, such as high temperature, 

prolonged duration, or strong acidity or alkalinity.77 These conditions can cause excessive 

degradation of biomass components, undesired side reactions, and possible environmental 

issues, ultimately hindering downstream valorization. Therefore, integrating DES pretreatment 

with other environmentally friendly technologies offers a promising strategy to improve overall 

processing efficiency under mild conditions and increase the potential value-added utilization 

of biomass components. Such synergistic strategies also contribute to a cleaner, more energy-

efficient pretreatment process with minimized negative environmental impacts. In this section, 

a summary and analysis of various intensified technologies are provided from the perspectives 

of physical effects and chemical effects intensified DES pretreatment.

3.1 Physically intensified DES pretreatment process

Physical intensification technology refers to the use of various physical fields or 

mechanical effects to accelerate and optimize DES pretreatment process. These technologies 

are implemented using mechanical equipment and, except in specific cases, typically occur 

simultaneously with DES pretreatment to achieve intensification. Meanwhile, they require no 

chemical reagent additions, reflecting their environmentally friendly characteristics. These 

strategies often mitigate the drawbacks of DES to some extent and effectively enhance the 

efficiency of DES-based biomass pretreatment.

3.1.1 Microwave-assisted DES pretreatment

Microwaves are electromagnetic waves with frequencies ranging from 300 MHz to 300 

GHz, characterized by strong directionality and linear propagation.34 Compared with traditional 

conductive heating methods, microwaves interact with target materials at the molecular level 
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through dipole polarization and ion conduction, providing rapid and uniform volumetric 

heating.78 Dipole polarization aligns the dipoles of polar materials with the oscillating 

electromagnetic field generated by microwaves to dissipate energy as heat, whereas ion 

conduction involves charged species oscillating and colliding within the microwave field.79 

When microwave irradiation is combined with DES pretreatment, it facilitates the conversion 

of more thermal energy due to enhanced ionic characteristics, thus improving overall processing 

efficiency, shortening reaction time, decreasing reaction temperature, and reducing energy 

loss.(Fig. 4a) This process subsequently promotes the disruption of the biomass structure and 

the cleavage of chemical bonds by the localized hot-spots, while also reducing the formation of 

by-products.5, 50 Furthermore, microwave excitation enhances the molecular mobility and 

effective polarity of the DES, which improves its interaction with biomass. This synergistic 

effect accelerates the breakdown of the hydrogen-bonding network and the subsequent 

depolymerization of biomass compositions.2 As previously reported, the extraction of lignin 

using DES usually requires several hours or high temperature to achieve the desired results, 

which significantly increases energy consumption and reduces efficiency.80 Wang et al. 

proposed that DES diffusion is the rate-limiting step during the initial stage of biomass 

dissolution, while surface chemical reactions dominate in subsequent stages.81 Microwave 

radiation directly affects the polar components of both biomass and DES, promoting frequent 

collisions among these molecules due to dielectric polarization and relaxation phenomena82. 

On one hand, microwave weakens the hydrogen bond network within DES, reducing its 

viscosity and enhancing mass transfer efficiency. On the other hand, the collisions of polar 

molecules facilitate biomass swelling and the cleavage of LCC, which in turn increases the 

accessibility of DES to the internal components of biomass. Therefore, microwave irradiation 
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can effectively reduce the diffusion energy barrier of DES, thereby enhancing biomass 

deconstruction and significantly improving the removal rates of lignin and hemicellulose (Fig. 

4b). Liu et al. also reported that microwave-assisted DES pretreatment (800 W) of wood flour 

required only 3 min of irradiation at 80 °C to attain a delignification efficiency comparable to 

that achieved by conventional oil bath heating at 110 °C for nearly 9 h.49 This demonstrated 

that this coupled model can rapidly break LCC bonds and achieve effective lignin separation. 

Kumar et al. reported that, for achieving comparable separation performance in the acidic DES 

pretreatment of rice husk, microwave assistance reduced energy consumption by 67.7% and 

shortened the reaction time by 75.0% relative to conventional conductive heating.83

Although microwave-assisted DES method has enhanced the pretreatment efficiency and 

demonstrated advantages such as eco-friendliness, lower energy consumption, and lower costs, 

it encounters some bottlenecks in practical applications. The limited penetration depth of 

microwaves (2–10 cm) exacerbates the problem of uneven heating in large reactors and hinders 

their application in such large systems, which requires innovative reactor designs.84, 85 

Moreover, the presence of various hot spots and temperature fluctuations in large reactors 

makes it challenging to achieve uniform microwave heating throughout the entire volume.34 

This has an adverse effect on the separation of biomass components. Although operating 

multiple reactors in parallel can broaden the applications, it undoubtedly increases the overall 

investment cost. However, the reduced energy costs resulting from the microwave-assisted 

process can partially offset the total cost. Additionally, it is crucial to manage potential 

microwave leakage to enhance safety, which also imposes requirements on the rational design 

of the reactor. In addition, in microwave-assisted DES treatment, it is generally agreed that 

lower temperatures are not conducive to biomass disruption, while higher temperatures tend to 
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cause excessive degradation of components. Therefore, controlling the appropriate reaction 

temperature and monitoring the reaction process will help ensure the smooth progress of 

biomass pretreatment. Finally, the diversity in biomass types and morphologies can also 

interfere with the effect of microwave irradiation, which increases the complexity of 

microwave-assisted DES pretreatment and warrants more in-depth investigation.

3.1.2 Ultrasound-assisted DES pretreatment 

Ultrasound is another potential green auxiliary technology for enhancing biomass 

pretreatment, as it facilitates biomass deconstruction through mechanical and sonochemical 

effects during cavitation of bubbles.86 Mechanical acoustic waves with frequencies of 20–200 

KHz are typically used for ultrasonic pretreatment.87 As illustrated in Fig. 4c, this cavitation 

phenomenon refers to the process where numerous microbubbles are generated in a liquid 

medium during ultrasonication, followed by their growth and subsequent violent collapse after 

absorbing ultrasonic energy.86, 88 This process exerts intense hydrodynamic shear forces on the 

biomass due to the strong shock waves and microjets, and is accompanied by turbulence and 

agitation, which collectively contribute to the breakdown of the biomass recalcitrant structure.2, 

86 Meanwhile, in the DES medium, the vigorous agitation induced by these mechanochemical 

acoustic effects not only increases the microporosity of the biomass, thereby enlarging its 

contact surface area with the solvent, but also promotes the transfer of heat and mass.2, 50 In 

addition, the cavitation-induced cleavage of DES solvent molecules generates hydroxyl radicals, 

which promote the rupture of linkages within LCC.89 Similarly to microwave, ultrasound-

assisted DES treatment also offers an efficient and green approach for biomass deconstruction 

and component extraction, along with lowered reaction time, temperature, and enzyme 

requirements. For example, a comparative study by Sharma et al. showed that sugarcane 
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bagasse pretreated with ultrasound-assisted glycerol-DES achieved a higher reducing sugar 

yield (276.8 mg/g biomass), which was 17.6% and 58.6% higher than the results of DES or 

ultrasound pretreatment alone, respectively.32 Ong et al. reported that the incorporation of 

ultrasound with alkaline DES boosted lignin removal by 52% over the non-sonicated method, 

by facilitating the formation of oil palm fronds surface voids and enhancing solvent 

wettability.90 Lee et al. also demonstrated that ultrasound-assisted DES treatment exhibited a 

synergistic effect, resulting in a reducing sugar yield from the products that was twice as high 

as that from DES pretreatment alone.91 Furthermore, this yield surpassed that achieved by acid, 

alkali, and steam explosion pretreatment under comparable conditions. 

The positive effects of ultrasound have also spurred research into combining it with other 

methods for treating biomass. For example, given the respective advantages of efficient heating 

by microwave radiation and ultrasound-enhanced mixing, Yan et al. conducted sequential 

ultrasound and microwave-intensified natural DES pretreatment of corn straw (Fig. 4d).92 The 

results demonstrated that the sequential multimode intensification increased the lignin removal 

rate to 61%, while the cellulose content in the residue also rose from 34.70% to 76.08%. This 

dual-physical-field-assisted DES pretreatment achieved more efficient and energy-saving 

dissociation of biomass components. Due to different cavitation effects, the rapid collapse of 

microbubbles at the biomass interface during ultrasonication erodes the biomass surface and 

damages its structural integrity.93 Under such conditions, the penetration resistance of the DES 

is reduced, allowing it to easily penetrate the biomass structure and dissolve target compounds. 

Meanwhile, ultrasonication accelerates the mixing of DES with biomass particles and reduces 

mass transfer barriers for the solvent. Subsequently, microwave radiation directly acts on the 

solvent molecules, weakening the energy barrier of heat transfer, thereby achieving rapid 
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heating of DES and greatly increasing the reaction rate.94 Moreover, microwave irradiation 

disrupts the hydrogen bonding network of biomass, facilitating the dissociation of biomass 

components by DES. In addition, Wang et al. proposed a new pulsed ultrasound-assisted DES 

extraction for biomass components, noting that this pulsed mode not only enhances extraction 

efficiency but also effectively mitigates overheating issues compared to continuous 

ultrasound.95

The scale-up of ultrasound-assisted processes from laboratory to industrial applications 

requires specialized equipment and precise process control to ensure that large volumes of 

biomass are uniformly pretreatment in a low-energy manner. For example, compared to the 

uneven distribution of acoustic energy caused by the ultrasonic probe, the sonicator with a cup 

horn can provide a non-intrusive mechanical treatment and uniformly dispersed acoustic energy 

intensity to the target.96 However, this inevitably increases equipment and operational costs, 

posing a barrier to widespread adoption. Moreover, the efficiency of lignin removal remains 

relatively low under low-temperature conditions, because the high-viscosity DES prevents the 

transmission of ultrasonic energy through the medium.92 The high cost of ultrasound equipment 

has become a major bottleneck for its broad application. However, the high-value conversion 

of the treated products can partially offset the overall costs. For example, the cellulose from the 

dissociated products can be converted into ethanol and other products, while lignin can serve 

as fuel or additives.97 Therefore, developing energy-efficient ultrasonic systems and optimizing 

process parameters can help offset energy costs and reduce environmental impact. Furthermore, 

leveraging the mixing advantages of ultrasound to appropriately increase solid loading can also 

lower feedstock costs. Beyond these individual strategies, the combined ultrasound-microwave 

enhancement strategy demonstrates great potential.
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Fig. 4 (a) Microscopic mechanism of microwave-assisted DES pretreatment of biomass.2 

Adapted from ref. 2. Copyright 2022, Elsevier. (b) Comparison of the biomass pretreatment 

pathways using DES without and with microwave-assisted heating and changes in 

composition.81 Adapted from ref. 81. Copyright 2025, Elsevier. (c) Microscopic mechanism of 

ultrasound-assisted DES pretreatment of biomass.2, 86 Adapted from ref. 2 and 86. Copyright 

2022 and 2020, Elsevier. (d) Schematic diagram of corn stalk deconstruction by DES under 

sequential ultrasound and microwave assistance.92 Adapted from ref. 92. Copyright 2021, 

Elsevier.
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3.1.3 Pulsed electric field-assisted DES pretreatment

The emerging pulsed electric field (PEF) technology (also known as electroporation or 

electropermeabilization) has recently exhibited potential in biomass deconstruction, component 

extraction, and digestion due to its high extraction efficiency, economic benefits, and 

environmentally benign characteristics.98, 99 The implementation of PEF treatment relies on 

high-voltage pulses generated by a pulse generator to process the target materials. In this stage, 

biomass particles are suspended in a suitable solvent and positioned between two electrodes, 

then they are exposed to an electric field of 0.1–100 kV/cm for several microseconds to 

milliseconds.100 The generated electrical pulses trigger electrochemical effects within the 

biomass cells, causing mechanical stress and electro-disruption of the cell wall structure.99 As 

shown in Fig. 5, the irreversible pores induced in the biomass cell wall by high-voltage 

electrical pulses not only facilitates the infiltration of DES but also permanently disrupts the 

lignocellulosic matrix, effectively breaking the hydrogen bonds between cellulose and 

lignin/hemicellulose. After solid-liquid separation, the solid is rich in cellulose, while the other 

components are mainly present in the DES solvent. The cellulose microfiber structure of the 

biomass was damaged and decomposed into fibers, with the lignin removal rate reaching 66–

79%. Therefore, the incorporation of the PEF process can improve mass transfer within biomass 

under relatively mild conditions, accelerate the overall processing, and shorten treatment 

duration.100 This process reduces energy consumption, minimizes inhibitor formation, and 

improves product quality. Putranto et al. also demonstrated that, at a comparable lignin removal 

rate, PEF-assisted DES pretreatment reduced energy consumption by 96% compared to 

conventional DES pretreatment alone, while also yielding higher solid recovery (~77%), 

cellulose yield (84–89%), and solvent recovery (77.5–90.71%).101 They concluded that 

compared to purely non-thermal PEF treatment, the conventional DES process involving higher 

temperatures can cause excessive biomass degradation and increased solvent loss. However, 
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when this strategy is applied on a large scale, the uniformity of the electric field distribution 

and the impact of high-viscosity DES on the electric field penetration need to be further studied. 

Moreover, under high voltage, the corrosiveness of chloride ions or acidic environment in DES 

toward the electrode and the stability of DES itself may be potential challenges. The high initial 

cost of the PEF system (e.g., power supply, pulsed voltage generator, and cooling system 

installation) also hinders its widespread application.102 Thus, the economic feasibility of this 

intensified process relies heavily on high-value conversion of the products and the recovery of 

DES.

Fig. 5 The mechanism of DES-PEF pretreatment effect on lignocellulose bonds of oil palm 

empty fruit bunches.98 Adapted from ref. 98. Copyright 2025, Elsevier.

3.1.4 Mechanical activation-assisted DES pretreatment

Mechanical activation (e.g., crushing, ball milling, and extrusion) is a commonly 

employed physical biomass pretreatment method. It reduces particle size and alters the surface 

structure and crystallinity of the solid, thereby moderating subsequent reaction conditions and 

enhancing reactivity.103 Our previous study demonstrated that mechanical milling can promote 
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the defibrillation of biomass.104 When combined with DES pretreatment in biorefinery, 

mechanical treatment effectively disrupts the recalcitrant biomass structure and increases the 

contact area between the substrate and solvents, which significantly enhances the efficiency of 

DES in extracting lignocellulosic components. The resulting milder processing conditions (e.g., 

lower temperature and shorter duration) also help preserve the integrity of dissociated 

component structures.105 For example, Xiong et al. sequentially subjected cassava residues to 

coarse crushing followed by fine ball milling prior to treatment with a ternary DES (Fig. 6a).106 

Owing to the efficient removal of other components, the cellulose-enrichment capability of the 

DES was markedly enhanced, resulting in a cellulose content as high as 82.52%. This 

enhancement is attributed to the fact that ball milling effectively strips starch particles and 

reduces lignocellulose particle size, which facilitate the dissociation of non-cellulosic 

constituents by the acidic DES through hydrogen bonding interactions. Considering that 

mechanochemical effects can enhance the solvent performance, Jiang et al. developed a one-

pot refining method for treating straw based on ball milling-assisted alkaline DES (Fig. 6b).107 

This approach successfully produced high-value amphiphilic LCC with high β-O-4 bond 

contents (48.8/100 Ar) and structurally intact xylan with high activity. Concurrently, it achieved 

nearly 100% cellulose recovery coupled with a high saccharification efficiency (74.2−96.4%).

Besides, extrusion has emerged as a cost-effective biomass pretreatment method, 

leveraging its efficient mixing, rapid heat transfer, and high shear capabilities.108 A key 

advantage of this technology is its unique ability to handle high solid loadings, which 

significantly enhances process productivity and economic feasibility. The integration of 

extrusion with DES thus represents a promising strategy for intensified biomass pretreatment 

(Fig. 6c). For example, Ai et al. developed a process combining twin-screw extrusion with 

neutral DES pretreatment for sugarcane bagasse, which increases the solid loading from 10% 

to 50% and reduces the treatment time to tens of minutes while still sufficiently disrupting the 
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rigid biomass structure.109 Under these conditions, the glucose and xylan yields after enzymatic 

saccharification both exceeded 85%. 

Therefore, the mechanical-assisted DES pretreatment process is simple and effective, with 

the extrusion process in particular demonstrating potential for large-scale continuous 

production. It also alleviates the harshness of processing conditions and promotes the 

saccharification yield of cellulose. The improvement in treatment efficiency brought by the 

optimization of processing conditions, together with the valorization of dissociated products, 

will enhance the overall benefits of this process. However, it should be noted that mechanical 

activation usually consumes a large amount of energy and may damage the cellulose structure 

during high-speed rotation, which could pose a challenge for large-scale applications. Thus, a 

balanced consideration of pretreatment efficiency, subsequent component utilization, and 

energy consumption will guide the sustainable application of this technology. 
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Fig. 6 (a) Mechanistic diagram of treating biomass by sequential mechanical activation-assisted 

DES.106 Adapted from ref. 106. Copyright 2024, Elsevier. (b) Schematic diagram of ball milling 

combined with alkaline DES for synchronous fragmentation of straw biomass.107 Adapted from 

ref. 107. Copyright 2024, American Chemical Society. (c) Schematic diagram of twin-screw 

extrusion-assisted DES pretreatment of biomass.

3.2. Chemically intensified DES pretreatment process

Efficient deconstruction and component separation of biomass are the keys to achieving 

high-value utilization of biomass. DES pretreatment alone is difficult to effectively separate 

and recover higher purity components. Different pretreatment technologies often exhibit 
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selectivity for specific components. Coupling chemical effect-based intensification strategies 

with DES can promote the separation and recovery of biomass components and reduce the 

equipment investment involved in the physically intensified process. Depending on the 

characteristics of different technologies, they can improve processing efficiency through 

simultaneous enhancement or stepwise coupling processes.

3.2.1 Hydrothermal pretreatment-assisted DES pretreatment

It is well known that hydrothermal (HT) pretreatment is widely used in biomass 

biorefinery, owing to its eco-friendliness, low cost, and operational simplicity.110 The HT 

process is usually carried out at 160–200 °C under appropriate pressure (i.e., a subcritical state). 

Under these conditions, enhanced autohydrolysis generates abundant hydronium ions that 

catalyze the hydrolysis of hemicellulosic acetyl groups into acetic acid, which in turn 

significantly accelerates the cleavage of hemicellulose into oligosaccharides, especially at 

higher temperatures.111 In addition to efficient hemicellulose removal, the acidic medium 

produced in the hydrothermal reaction also partially promotes the dissociation of lignin. 

Moreover, the removal of hemicellulose also create space for the subsequent separation of 

lignin and cellulose.112 Therefore, after HT pretreatment preferentially removes hemicellulose, 

the implementation of a DES pretreatment process with efficient delignification will enable 

efficient fragmentation and recovery of biomass components. For example, Basak et al. applied 

this combined strategy to treat rice straw, achieving nearly 96% hemicellulose dissolution with 

negligible formation of inhibitory by-products, and removing 81.3% of lignin in the subsequent 

DES treatment (Fig. 7a).113 Similarly, the research group led by Yuan demonstrated that 

integrating HT with alkaline DES efficiently fractionated bamboo for valorization (Fig. 7b). 

This combined approach not only selectively converted hemicellulose into 
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xylooligosaccharides (XOS), accounting for 65.9% of the hydrolyzed xylan, but also enhanced 

the efficiency of subsequent delignification (93.1%) by DES.114 Compared with single DES 

pretreatment, this combined approach also increased the glucose yield from 67.9% to 90.2%. 

Chang et al. also demonstrated that sequential HT and DES pretreatment effectively 

fractionated bamboo, achieving high removal rates of hemicellulose (88.6%) and lignin 

(79.1%).115 The synergistic pretreatment also enhanced the saccharification yield to nearly 

twice that of HT alone, highlighting its great potential for biomass component separation. The 

combination of HT and DES pretreatment forms an environmentally friendly strategy. By 

leveraging their respective advantages in dissociating hemicellulose and lignin, this approach 

synergistically enhances biomass fractionation efficiency and reduces overall costs. HT 

requires only low-cost water, showing potential for large-scale application. When applied 

sequentially with DES pretreatment, it can reduce separation costs and obtain relatively high-

purity components, thereby increasing conversion benefits. Moreover, the costs of DES can be 

partially offset by selecting efficient systems and recycling the solvent.116 It should be noted, 

however, that the substantial time consumption associated with HT pretreatment, together with 

the inherent complexity of the two-step procedure, presents challenges to the deployment of 

this strategy in industrial applications. Therefore, further optimization of process parameters is 

necessary to enhance fractionation efficiency and product conversion benefits.

Recently, Bu et al. developed a one-pot pretreatment strategy by directly introducing water 

into the DES system.117 Water incorporation reduced solvent viscosity and cost while enhancing 

biomass component solubility to a certain extent. When further assisted by microwave 

irradiation, rapid fractionation was achieved with delignification of 88.9% and hemicellulose 

removal rate of 90.2%. Nevertheless, the simultaneous dissolution of multiple components in 
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this process still requires additional complex separation operations, which significantly 

increases the cost in industrial applications. 

Fig. 7 (a) Process flow diagram for coupling HT with DES pretreatment of rice straw and 

comparison of different biocomponents in solid fractions.113 Adapted from ref. 113. Copyright 

2022, Elsevier. (b) Fractionation of bamboo via synergistic HT-alkaline DES pretreatment.114 

Adapted from ref. 114. Copyright 2023, Elsevier. (c) Schematic diagram of microwave-assisted 

hydration DES pretreatment of wheat straw.117 Adapted from ref. 117. Copyright 2025, Elsevier.

3.2.2 Steam explosion-assisted DES

Steam explosion pretreatment, characterized by high efficiency, relatively low energy 

consumption, and minimal environmental impact, has been extensively studied at pilot and 

industrial scales for various types of lignocellulosic biomass.118 Steam explosion pretreatment 

is typically conducted at 160–260 °C and 0.69–4.83 MPa, with steam as the primary reaction 

medium.119 This process involves steam penetration into biomass followed by the abrupt release 

of pressure, generating intense shear forces that disrupt hydrogen bonds and glycosidic linkages 

(Fig. 8a).118 This mechanism breaks down the recalcitrant structure, depolymerizing soluble 

hemicellulose while largely retaining cellulose and lignin in the solid residues. To enhance 
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selective extraction of lignin in DES, the prior removal of hemicellulose is an effective strategy. 

Compared with HT pretreatment and mechanical milling, steam explosion is more efficient and 

energy-saving. For instance, Tian et al. developed an effective two-step pretreatment method, 

where biomass undergoes steam explosion pretreatment to extract labile hemicellulose 

components prior to DES pretreatment (Fig. 8b).120 This approach not only preserves the 

structural integrity of polysaccharide components but also enhances lignin extraction efficiency. 

Such a combined strategy expands the comprehensive utilization of biomass components. 

In this sequential approach, steam explosion rapidly destroys the biomass structure, and 

the resulting residue can be efficiently permeated by DES for further lignin dissociation. This 

enhances the performance of DES pretreatment and reduces process costs. In large-scale 

applications, however, the investment cost of steam explosion equipment needs to be seriously 

considered and optimized. Furthermore, the strict conditions of steam explosion facilely induce 

lignin condensation, while the high temperatures also lead to increased energy consumption.121 

These factors present hurdles for industrial implementation. Therefore, future efforts should 

focus on regulating steam treatment parameters to disrupt biomass structure while minimizing 

lignin condensation, followed by the timely dissociation and recovery of lignin through DES 

pretreatment. A comprehensive consideration of the trade-off between processing costs and 

product returns throughout the entire process is required to guide the practical application of 

this approach.
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Fig. 8 (a) Illustration of the steam explosion process for biomass pretreatment.118 Adapted from 

ref. 118. Copyright 2023, Elsevier. (b) Schematic diagram of steam explosion coupled DES 

pretreatment to enhance cellulose enzymatic hydrolysis of poplar wood.120 Adapted from ref. 

120. Copyright 2017, Springer.

3.2.3 Catalyst-assisted DES pretreatment

Polyol-based DES is a class of environmentally benign solvents frequently used for 

biomass pretreatment. However, it shows relatively low efficiency in breaking the chemical 

bonds of biomass and dissociating its components due to insufficient hydrogen-bonding 

capability to effectively compete with lignin–carbohydrate interactions.122 The incorporation of 

catalysts into DES systems has been demonstrated to markedly enhance pretreatment efficiency. 

Table 2 briefly summarizes the commonly used catalysts and corresponding treatment results 

reported for DES pretreatment in recent years. For instance, Zhang et al. systematically 

evaluated the pretreatment performance of EG-based DES incorporating various Brønsted acids, 

such as HCl, H2SO4, H3PO4, and p-toluenesulfonic acid (p-TsOH).123 The acid-catalyzed 

process achieved a lignin removal rate as high as 90.08% and near complete hemicellulose 

removal, while maintaining over 70% of cellulose. However, the utilization of strong acids 
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facilely leads to excessive carbohydrate degradation and causes additional challenges in waste 

liquid disposal and solvent recycling. 

In comparison, the Lewis acid catalytic process is gentler and more environmentally 

friendly, and the resulting dissociation products have higher activity. Yuan’s team applied 

multiple Lewis acids (e.g., AlCl3, FeCl3, and CuCl2) to catalyze glycerol-based DES 

pretreatment, resulting in a marked increase in delignification efficiency to 85% (Fig. 9a).124 In 

particular, the FeCl3-catalyzed DES achieved a high delignification rate (91%) and high lignin 

purity (only 3.15 wt% polysaccharides in lignin). This is attributed to the enhancement of 

solvent system acidity and hydrogen bonding interactions by Lewis acid catalysts, which leads 

to increased cleavage of β-O-4 linkages within the lignin structure, thereby promoting lignin 

fragmentation (Fig. 9c).125 Subsequently, the benzyl carbocations generated under acidic 

conditions facilitate lignin condensation to form new C-C bonds. Additionally, acid-sensitive 

benzyl ether bonds and phenyl glycosidic bonds readily undergo hydrolysis and cleavage, 

contributing to hemicellulose dissociation. Bai et al. further developed a bifunctional DES 

system by combining a Brønsted acid and a Lewis acid for the extraction of lignin from poplar, 

achieving a lignin recovery of 95.2% and a purity of 92.1%.126 Compared with the 

homogeneous catalytic process above, solid acid catalysts are gradually being used in DES 

pretreatment due to their good separability and reusability. Yang et al. combined a Sn-loaded 

sulfonated montmorillonite solid acid catalyst (AT-Sn-MMT) with a DES/GVL system, which 

effectively promoted the conversion of xylo-oligosaccharides.127 Notably, the catalyst retained 

over 70% of its catalytic activity after five cycles.

In addition, to mitigate excessive degradation of carbohydrates under acidic conditions, 

Lewis base catalysts were also applied in DES systems.68 They not only promote fiber swelling 
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but also release hydroxide ions that facilitate the cleavage of intermolecular ether bonds, 

thereby leading to effective delignification and hemicellulose degradation. Xie et al. conducted 

EG-based DES pretreatment catalyzed by Lewis bases (e.g., CH3COONa, Na2SO3, and Na2CO3) 

at 120 °C for 3 h, demonstrating that all three catalysts effectively removed the majority of 

hemicellulose and lignin from corn straw (Fig. 9b).128 In particular, Na2CO3 achieved the 

highest lignin removal and glucose yield of 94.5%. Under alkaline conditions, β-O-4 linkages 

are relatively resistant to cleavage. Lignin is mainly extracted via alkali-catalyzed cleavage of 

lignin–carbohydrate complex linkages, particularly the γ-ester bonds (Fig. 9c). However, 

because phenyl glycosidic bonds are relatively stable in this environment, the extracted lignin 

often contains carbohydrates residues, which reduces lignin purity to some extent.125 Although 

catalysts significantly improve the efficiency of DES pretreatment, several challenges may arise 

during its large-scale application. Currently, these catalyst-assisted DES pretreatment systems 

depend strongly on metal salts, some of which may precipitate during the reaction and 

compromise the reaction efficiency.54 Therefore, selecting suitable metal salts and controlling 

metal ion concentrations are crucial for achieving efficient lignin extraction and catalytic 

depolymerization. Moreover, the introduction of catalysts increases costs (particularly for 

expensive metal salts) and causes difficulties in subsequent separation. To address this issues, 

the development of magnetically separable catalysts in recent years has offered a new approach 

for their recovery and reuse.129 Furthermore, some acidic or alkaline catalysts may corrode the 

reaction vessels. Consequently, the development of suitable catalytic systems represents a 

future research direction to promote the widespread application of this technology. 

In short, in order to improve the applicability of DES in biomass pretreatment, various 

strategies have been developed by integrating intensification technologies with DES 
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pretreatment systems, as summarized briefly in Table 3. They are coupled with DES processing 

through either simultaneous synergistic intensification or stepwise sequential intensification 

processes, facilitating biomass deconstruction via physical, chemical, or combined 

physicochemical effects. These strategies exhibit different characteristics in terms of 

dissociation efficiency, selectivity, component recovery, and process cost.

Fig. 9 (a) Comparison of lignin removal rate and yield in biomass after different Lewis acid-

catalyzed DES treatments.124 Adapted from ref. 124. Copyright 2020, American Chemical 

Society. (b) Comparison of dissociation results of various components in corn straw after 

different Lewis base-catalyzed DES pretreatment.128 Adapted from ref. 128. Copyright 2022, 

Elsevier. (c) Mechanism of lignin extraction by Lewis acid/base-mediated DES.125 Adapted 

from ref. 125. Copyright 2024, Elsevier.
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Table 2. Summary of various DES catalyst intensified DES pretreatment 

Catalyst type Catalyst Compositions and 
conditions

Lignin 
removal

Hemicellulose 
removal

Cellulose 
retention

Ref.

H2SO4 ChCl-Gly
100 °C, 40 min

52.6% 80.5% 65.0% 130

HCl ChCl-Gly 
120 °C, 2 h

90.08% 90.13% 76.84% 123

H3PO4 ChCl-Gly
120 °C, 2 h

65.18% 69.77% 73.86% 123

OA ChCl-EG 
110 °C, 2 h

73.5% 80.4% 91.7% 131

p-TsOH TEBAC-Gly, 
90 °C, 160 min

92.0% 88.2% 96.8% 132

TBAC TBAC-LA
140 °C, 3 h

86.4% 76.72% 87.15% 133

Brønsted 
acid

OA ChCl-BDO
110 °C, 4 h

76.25% 79.72% 93.25% 134

FeCl3 ChCl-Gly
120 °C, 6 h

91.0% - - 124

CuCl2 ChCl-Gly
120 °C, 6 h

88.4% - - 124

AlCl3 ChCl-BDO,
110 °C, 1 h

59.5% 88.8% 91.9% 135

ZnCl2 ZnCl2-LA
120 °C，3 h

96.3% 92.0% 93.8% 126

Lewis acid

FeCl3 ChCl-LA
130 °C, 3 h

56.2% 99.6% 77.2% 122

AT-Sn-MMT 
catalyst 

ChCl-OA
160 °C, 20 min

59.5% ~100% 55.7% 127Solid acid

Magnetic carbon-
based solid acid

Gly-DES-GVL
181.2 °C, 20 min,

57.69% 81.25% 62.20% 136

Brønsted base NaOH ChCl-EG 
150 °C, 2 h

56.78% 63.20% 89.26% 137

Na2S ChCl-EG 
150 °C, 2 h

74.67% 54.3% 93.83% 137Lewis base

Na2CO3 ChCl-EG
120 °C, 2 h

88.1% 80.4% 91.8% 128

CH3COONa ChCl-EG
120 °C, 2 h

69.9% 59.7% 96.6% 128

Notes: TEBAC: Benzyltriethylammonium chloride; TBAC: Tetrabutylammonium chloride; GVL: γ-

Valerolactone
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Table 3. Summary of different intensifying technologies in DES systems

Intensifying 
technologies

Mechanism Advantage Disadvantage General direction of application

Microwave-
DES

Physics, 
synchronous 
process 

Short time, rapid heating, low 
energy costs

High equipment costs, limited 
heating depth, difficulties in 
large-scale application

Laboratory or medium-scale applications, 
efficient delignification, particularly 
suitable for assisting acidic DES

Ultrasound-
DES

Physics, 
synchronous 
process

Improve mass transfer, mild 
reaction conditions

Limited ability to break 
chemical bonds, reduced 
treatment efficiency in large-
scale application

High-viscosity DES, protection of 
component structure, integration with 
microwave technology

Pulse electric 
field-DES

Physics, 
synchronous 
process

High extraction efficiency, low 
energy costs, environmentally 
friendliness, protection of 
carbohydrate structure 

Limited ability to break 
chemical bonds, technology 
requires further development

Technology requires further 
development, focus on downstream 
applications of sugar platform products, 
reduce lignin condensation

Mechanical 
activation-DES

Physics, 
synchronous or 
sequential 
process

Simple operation, enhance mass 
transfer, environmentally 
friendliness, increase solid loading

High energy costs, structural 
damage to components affecting 
downstream utilization

Recalcitrant biomass, typically used as a 
pretreatment step in combination with 
other approaches

Hydrothermal 
pretreatment-
DES

Chemistry, 
sequential/ 
synchronous 
process

Environmentally friendliness, high 
efficiency, sufficient collection of 
components, large-scale application

Excessive water consumption, 
formation of complex by-
products (e.g., pseudo lignin),

Preferential hemicellulose removal, high-
moisture biomass, industrial application

Steam 
explosion-DES

Chemistry, 
sequential 
process

Environmentally friendliness, short 
time, low energy costs, improve 
accessibility of components

High equipment costs, limited 
removal of hemicellulose, 
condensation of lignin

Industrial application, relative low 
process costs

Catalyst-DES Chemistry, 
sequential 
process

High treatment efficiency, reduced 
temperature and time, easy 
integration with other approaches

High costs, potential 
contamination and 
corrosiveness, separation issues 
of catalysts

High demand for lignin removal, high-
value utilization of biomass components
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4. Recovery of DES

Because DES dissolves impurities originating from cellulose and lignin during 

biomass pretreatment, its effectiveness gradually declines. Therefore, recovery and 

purification are essential for the recycling of DESs. Moreover, the recovery of DESs is 

of great significance for reducing overall production costs. Currently, the market prices 

of biomass-derived components such as cellulose and hemicellulose is still relatively 

low, and research on their high-value conversion is still insufficient, resulting in very 

limited profit margins for entire biorefinery processes. The synthesis and processing 

cost of DES remain major bottlenecks hindering their large-scale application.138 In 

addition, regarding environmental impacts, Wang et al. conducted a prospective life 

cycle assessment (pLCA) of the DES pretreatment system and identified solvent 

recovery as a key factor in mitigating environmental impacts at large scale.139 Their 

results indicate that increasing the DES recovery rate from 50% to 90% can reduce the 

overall environmental impact by approximately 70%. Consequently, the development 

of effective recovery technologies is critical prerequisite for the large-scale 

commercialization of DES pretreatment.

The anti-solvent addition is a simple and rapid approach for DES recovery, which 

is frequently used in laboratory-scale studies. It typically involves adding large amounts 

of low-cost anti-solvents (e.g., water, ethanol, and acetone) to the treated solvent, 

causing the disruption of hydrogen bonds and changes in solvent polarity within the 

DES.140 This leads to the precipitation of soluble solids from the mixture. As shown in 

Fig. 10, the remaining mixed solvent is then subjected to rotary evaporation to remove 
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the anti-solvent, thereby recovering the DES for recycling. Among these anti-solvents, 

water is the most commonly used; its addition can precipitate lignin. In contrast, ethanol 

and acetone usually need to be combined with water, and their joint use enables the 

sequential separation of dissolved hemicellulose and lignin.8 For example, Cheng et al. 

employed an acetone/water mixture as an anti-solvent to recover DES, demonstrating 

a DES recovery rate exceeding 90% at each cycle.61 Furthermore, although the lignin 

removal rate gradually decreased, it remained at approximately 70% over 2–4 cycles.

Liquid-liquid extraction is an energy-efficient separation technique that relies on 

the principle of distribution differences between two immiscible solvents to separate 

target solutes. In biomass pretreatment, this technology separates dissociated products 

(e.g., lignin) from the DES phase by adding an extractant immiscible with DES, 

followed by phase separation and recovery of the denser DES phase. For instance, 

Smink et al. identified a biphasic system formed by 2-methyl-tetrahydrofuran with 

choline chloride/lactic acid DES, enabling efficient recovery of dissociated lignin and 

subsequent DES purification.141 Although this separation approach is environmentally 

friendly and efficient, its application remains limited to specific scenarios, particularly 

when the extractant is immiscible with DES and the target product exhibits different 

partition coefficients between the two phases. In miscible systems, the emulsions 

formed easily lead to solvent entrainment and loss. Moreover, this technique shows 

better potential in low-viscosity systems, as high-viscosity solvents hinder mass 

transfer across the phase interface and prolong the separation process. Finally, the high 

capital investment in equipment should also be considered for large-scale industrial 
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application.

Solid-liquid extraction using macroporous resins is a widely adopted eco-friendly 

separation method in the food industry and the extraction of plant bioactive compounds. 

It offers advantages such as simple operation, high stability, and excellent selectivity. 

This process relies on the macroporous structure of solid resins to selectively adsorb 

target compounds from liquid mixtures via van der Waals forces or hydrogen bonding. 

In recent years, this technology has also been applied to the separation and purification 

of products derived from DES-based biomass pretreatment. As illustrated in Fig. 10, 

the DES filtrate obtained after filtering the DES-pretreated product is eluted through a 

column packed with macroporous resin.140 During this process, the target compounds 

adsorb onto the solid structure. Subsequently, water washes away the DES, while low-

cost ethanol is used as the desorption solvent to capture the eluted products. After 

evaporation of water from the DES phase, the DES can be recycled within the system. 

For instance, after producing anthocyanins from grapes treated with DES, Panić et al. 

used the macroporous resin (Sepabeads 825L) as the stationary phase, achieving 

recoveries of 96.8% for the DES and 99.5% for anthocyanins, respectively.142 However, 

it should be noted that this process requires a large amount of solvent to elute the 

adsorbed compounds from the resins, and additional purification of the eluent further 

increases the overall cost.

Electrodialysis is employed in industrial applications for the directed transfer and 

concentration of electrolyte chemicals. Its operating principle involves the selective 

migration of anions and cations through periodically arranged ion-exchange 
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membranes upon the application of an electric potential.143 Given the unique 

characteristics of ChCl-based DES, researchers have begun employing electrodialysis 

to recover DES solvents following biomass pretreatment. In this process, the electrolyte 

components within the DES (such as ChCl) migrate through the ion-exchange 

membranes, whilst other constituents (such as polyols) remain in situ due to their non-

electrolyte nature. For example, an electrodialysis approach was employed by Liang et 

al. to recover DES solvents after biomass fractionation, achieving recovery rates of 92% 

for ChCl and 96% for EG with corresponding purities ranging from 98–99%.143 

However, this approach necessitates ultrafiltration purification of the treated mixture 

followed by high-concentration dilution of the desalted solution in water, adding 

complexity to large-scale application.
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Fig. 10 Separation and recycling of DES using different technologies:140, 143 (a) anti-

solvent addition, (b) in situ liquid–liquid extraction, (c) solid–liquid macroporous resin 

extraction, (d) electrodialysis treatment. Adapted from ref. 140 and 143. Copyright 

2022, Springer and Copyright 2019, Elsevier.

5. Challenges and future perspectives

As a promising green solvent for biomass pretreatment, DESs have demonstrated 

markedly enhanced treatment efficiency, particularly when integrated with intensified 

processing strategies. Ultrasound-assisted DES pretreatment offers broad applicability 
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and is particularly suitable for high-viscosity DES systems with poor mass transfer, as 

well as for processes involving high solid loadings. It has a significant effect on straw-

based lignocellulosic feedstocks. Microwave-assisted DES enables rapid heating and 

achieves pretreatment objectives within a relatively short time and at lower 

temperatures. Mechanical activation effectively reduces biomass particle size and is 

particularly suitable for high-hardness feedstocks. It is often used as a preliminary 

pretreatment step. When combined with DES, it substantially enhances processing 

efficiency through mechanochemical effects. PEF-assisted DES is well suited for the 

low-temperature treatment of thermosensitive materials. This process consumes less 

energy but has higher equipment costs. Hydrothermal-assisted DES pretreatment is 

particularly effective for feedstocks rich in hemicellulose. This process not only 

recovers high-purity hemicellulose and lignin separately, but also is environmentally 

friendly and low cost. Steam explosion-assisted DES pretreatment consumes less water 

and is suitable for dense biomass. This process fully leverages the synergistic effects 

between physical tearing and the chemical decomposition of DES. Catalyst-assisted 

DES pretreatment achieves high lignin removal rates and improves the treatability of 

recalcitrant biomass. However, the presence of catalysts may interfere with the 

separation and recovery of DES, and may also cause corrosion issues. These 

intensification techniques are not only applicable to DES pretreatment, but their 

integration with conventional pretreatment methods also significantly enhances the 

overall treatment performance. Nevertheless, several challenges remain in their 

practical application for these technologies-intensified DES pretreatments, which will 
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constitute the future development directions of DES-based pretreatment technologies 

(Fig. 11).

(1) The high viscosity and inadequate selectivity of DES systems often reduce the 

dissociation efficiency and separation of extracted components. Future research should 

therefore focus on developing DES formulations to overcome these limitations. High 

viscosity hinders mass transfer during pretreatment and complicates solvent recovery. 

Whilst elevated temperatures can reduce DES viscosity to some extent, they promote 

side reactions and increase energy consumption. Recent studies indicate that 

introducing a small amount of water into DES not only significantly lowers its viscosity 

and enhances the solubility of components, but also reduces overall processing costs.144 

However, given that excessive water can disrupt the hydrogen-bonding network of DES, 

strictly controlling the water content (generally below 30%) becomes a prerequisite for 

achieving optimal DES pretreatment performance.22, 138 In addition, regarding 

selectivity, DES often extracts hemicellulose and lignin simultaneously, which is 

detrimental to their subsequent individual conversion. Although coupled treatment 

processes can facilitate separation of these components, they inevitably increase 

process complexity. The development of biphasic DES systems with enhanced 

selectivity is considered a promising strategy for the efficient processing and separation 

of biomass components.

(2) The DES pretreatment process involves complex multifactorial influences, 

such as time, temperature, solid-liquid proportion, and the degree of intensification. The 

optimization of process parameters is crucial for achieving low-cost, high-performance 
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DES treatment, yet its reliance on extensive experimentation constitutes a major 

bottleneck. The introduction of artificial intelligence (AI), particularly machine 

learning technologies, can assist in parameter screening, thereby accelerating process 

optimization and providing a new paradigm for regulating system functionality. For 

instance, Xu et al. employed machine learning algorithms, such as artificial neural 

networks and random forests, to investigate the effect of DES characteristics and 

treatment process parameters on pretreatment outcomes.145 This demonstrated the 

significant value of AI assistance in optimizing DES pretreatment processes, while 

reducing experimental time and resource consumption.

(3) Although the intensification technologies enhance DES pretreatment 

efficiency, the industrial-scale application of DES pretreatment still faces issues related 

to mixing uniformity, cost-effectiveness and environmental friendliness. For instance, 

there are issues related to equipment costs involved in ultrasound and PEF 

intensifications, as well as the uniformity of microwave emission. The design of 

rational and efficient reactors is crucial to improving heat and mass transfer efficiency. 

Furthermore, a comprehensive techno-economic analysis (TEA) is essential to evaluate 

the economic viability of different DES systems within the biomass conversion chain. 

For instance, process simulation and TEA for converting lignocellulose into products 

like bioethanol and lignin via DES pretreatment would facilitate solvent system 

screening and process optimization from a cost perspective.146

Besides, it is notable that although DESs are generally greener than traditional 

solvents, the potential biotoxicity, biocompatibility, and long-term environmental 
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impact of partial DESs remain significant safety concerns, particularly in large-scale 

industrial applications. For instance, certain alkaline DES exhibit greater toxicity 

compared to natural DES. Therefore, pLCA approach is vital to establish a reliable 

scale-up model, systematically evaluating the industrial feasibility and holistic 

environmental impact of DES pretreatment across different systems. Such integrated 

assessments will guide the rational design of environmentally friendly DESs and 

promote their sustainable application in biorefinery processes. Simultaneously, in-

depth investigation of these DES properties is crucial for ensuring their safety in 

biomedical applications.

(4) At present, studies on intensification technology-assisted DES pretreatment 

mainly focus on component removal rates and product yields, while lacking in-depth 

investigation into the treatment mechanisms of different strategies. Elucidation of 

microscopic treatment mechanisms can efficiently guide the optimization of 

pretreatment processes. Various intensification technologies are coupled with DES 

through either synchronous or asynchronous approaches, accompanied by diverse 

effects such as physical and/or chemical interactions. This complexity poses challenges 

to clarifying the mechanisms of the pretreatment processes. In the future, integrating 

molecular dynamic simulation and quantum chemical calculations with advanced 

molecular-level characterization of products is expected to become an important 

strategy for revealing the mechanisms of different treatment processes.

(5) Following DES pretreatment, the resulting substrates can be further converted 

into downstream products through enzymatic hydrolysis. Nevertheless, residual DES 
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may remain in the solid fractions after solvent separation, which can impair enzymatic 

activity and hinder the conversion of biomass components.147 Advances in synthetic 

biology offer opportunities to enhance the tolerance and activity of enzymes and 

microorganisms in DES-containing environments, enabling continuous bioconversion 

processes with minimized inhibition and improved productivity. In addition, the 

extensive washing required to remove DES inevitably generates large volumes of waste 

liquid and increases energy costs. To address these challenges, several studies have 

explored one-pot strategies that integrate biomass pretreatment and saccharification 

into a continuous process, thereby avoiding intermediate separation steps. By 

optimizing the DES system, a total sugar yield of 75.7% was achieved, with a high 

recovery of xylose, significantly reducing overall processing costs.148 Finally, 

dissociated biomass components may remain in the recovered DES, which can impair 

solvent recyclability and reduce reuse efficiency. Therefore, improving the recovery 

performance and recyclability of DES is also a critical future direction for expanding 

its application in biomass pretreatment.
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Fig. 11 Challenges and corresponding development perspectives in the process of 

intensified technology-assisted DES pretreatment of lignocellulosic biomass

6. Conclusions

As a novel class of environmentally benign solvents, DES demonstrates great 

potential in biorefinery and biomass fractionation. However, biomass pretreatment 

using DES alone often delivers unsatisfactory performance, which has stimulated the 

development of various intensified DES-based pretreatment strategies. This review 

systematically analyzes recently reported intensification technologies for DES 

pretreatment from the perspectives of physical and chemical effects. Physical 

intensification of DES pretreatment involves microwave, ultrasound, mechanical 

activation, and pulsed electric field. By improving mass transfer, enhancing energy 
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input, and shortening reaction time, these technologies effectively intensify DES 

pretreatment process in a green way and generate synchronous enhancement effects. 

Chemical intensification of DES pretreatment primarily involves the coupling of 

hydrothermal or steam explosion processes with DES treatment, as well as catalyst-

assisted strategies. The former typically enables a stepwise dissociation of biomass 

components, thereby enhancing the ability of DES to disrupt the biomass structure and 

improving component separation. The latter, in contrast, enhances the efficiency and 

selectivity of DES-mediated biomass deconstruction by regulating the acidity or 

alkalinity of the reaction system. This work focuses on detailing the pretreatment 

processes, underlying mechanisms, and challenges associated with each technology, 

while also analyzing the recovery process and future development prospects of DES. 

In short, these intensification strategies improve DES pretreatment and promote the 

fractionation of lignocellulosic components, laying a solid foundation for expanding 

the application of DES pretreated biomass.
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No primary research results, software or code have been included and no new data 
were generated or analyzed as part of this review.
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