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

• Pretreatment is a key step for biomass 
conversion. 

• Deep Eutectic Solvents have shown 
compare favorably with other pretreat-
ment methods. 

• Biorefinery approach based on DES 
pretreated materials is reviewed. 

• Tecno-economic and environmental is-
sues dealing with DES application are 
considered. 

• Updated state-of-the-art and barriers to 
improvement are discussed in this 
review.  
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A B S T R A C T   

Pretreatment processes — recognized as critical steps for efficient biomass refining — have received much 
attention over the last two decades. In this context, deep eutectic solvents (DES) have emerged as a novel 
alternative to conventional solvents representing a step forward in achieving more sustainable processes with 
both environmental and economic benefits. This paper presents an updated review of the state-of-the-art of DES- 
based applications in biorefinery schemes. Besides describing the fundamentals of DES composition, synthesis, 
and recycling, this study presents a comprehensive review of existing techno-economic and life cycle assessment 
studies. Challenges, barriers, and perspectives for the scale-up of DES-based processes are also discussed.   

1. Introduction 

Transitioning to a sustainable economy requires deep trans-
formations and alternatives replacing fossil resources with renewable 

ones. Biorefineries will be central players in converting biomass re-
sources into bio-based products (energy, fuels, chemicals, and mate-
rials), contributing to climate change mitigation and reducing the 
dependency on unsustainable fossil resources. Hence, switching from 
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first-generation biomass resources to higher generations is crucial to 
balance the pressure on food markets (Shams Esfandabadi et al., 2022) 
and move closer to achieving sustainable development goals. 

Despite its versatility for multiple uses, biomass resources must be 
adequately treated to separate it into its main components, and make 
them available in acceptable forms and purity for subsequent conversion 
processes. Hence, the use of Deep Eutectic Solvents (DES) for biomass 
pretreatment in biorefinery schemes has received increased attention in 
the last decade (Kim et al., 2018a; Y. Wang et al., 2021a). The mo-
mentum builds from the idea that DES are deemed as alternative “green” 
and “environmentally friendly” solvents and more economical than 
other neoteric solvents such as ionic liquids (ILs) (Y. Wang et al., 2021a). 
Moreover, DES show desirable and unique properties. They can be easily 
prepared and customized for particular applications, show high- 
efficiency in various biomass treatments, and are cost-effective (Ijar-
dar et al., 2022). They also can exhibit low toxicity and be recycled, 
offering a great alternative to improve the sustainability of biomass 
conversion processes (Procentese et al., 2015a). All these features make 
DES attractive in numerous applications focused on converting biomass 
resources into energy and valuable products through tailored extraction 
and pretreatment, physico-chemical and biochemical transformations 
(Mbous et al., 2017). 

Notwithstanding previous research and reviews on the topic (Sharma 
et al., 2022; Hansen et al., 2021), this contribution presents a compre-
hensive appraisal of state-of-the-art knowledge of DES-based biomass 
pretreatment and refining, focusing on assessing technical feasibility, 
economic viability, and environmental implications at an industrial 
scale. First, a description of the composition, functional characteristics, 
and fractionation capabilities of DES is presented. Then, most relevant 

studies on the use of DES to produce renewable chemicals and recycling 
are explored and discussed. Techno-economic and life cycle assessment 
studies of DES-based biorefineries are next critically examined. Finally, 
the review highlights the benefits and challenges or gaps and identifies 
opportunities for future work. This review opens new perspectives on 
the research of DES-based biorefineries and provides background to 
promote the large-scale deployment of DES processes for improved 
biomass refining. 

2. Composition and functional characteristics of DES 

2.1. Basic composition 

The term “eutectic mixture” refers to a combination of at least two 
components, i.e., Lewis or Brønsted acids and bases containing various 
anionic and/or cationic species besides other molecular compounds. 
These can act as hydrogen bond donor (HBD) and hydrogen bond 
acceptor (HBA) species, decreasing the lattice energy of the system and 
hence promoting a melting point depression lower than the values of the 
individual components. As explained by Martins et al., the use of the 
word “deep” is dependent on a significant negative deviation (ΔT2) of 
the melting temperature of the mixture (Fig. 1 – blue line) when 
compared to the melting temperature of an ideal eutectic mixture (Fig. 1 
– red line) (Martins et al., 2019). Therefore, phase diagrams and ther-
modynamic calculations must be considered to determine whether a 
eutectic mixture is “deep” or not. Although this distinction is essential to 
understand the physicochemical properties of DES systems, it is 
frequently less relevant from an application standpoint (Da Costa Lopes, 
2021). 

Fig. 1. Schematic representation of the comparison of the solid-liquid equilibria of an eutectic mixture (red line) and a deep eutectic mixture (blue line). Reprinted 
with permission from (Martins et al., 2019). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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DES can be described by the general formula Cat+X− Yz. Cat+ is 
typically an ammonium, phosphonium, or sulfonium ion; X− is a Lewis 
base, typically a halide anion; Y is a Lewis or Brønsted acid; and z is the 
number of Y species interacting with X− (El Achkar et al., 2021). Due to 
the plethora of compounds at variable ratios that can be successfully 
used in their formation, DES can be designed or tailor-made to a specific 
application. By changing the nature and molar ratios of the HBA and/or 
HBD, a wide range of physicochemical properties, including density, 
viscosity, acidity, and polarity, can be fine-tuned (Ijardar et al., 2022). 

DES can be classified into five types based on the nature of the 
components used. Type I and Type II are usually prepared by combining 
a quaternary ammonium salt (e.g., choline chloride – ChCl) with a metal 
chloride (e.g., ZnCl2) or a metal chloride hydrate (e.g., FeCl3⋅6H2O), 
respectively. Type III usually relies on ChCl as HBA and amides, car-
boxylic acids, or alcohols as HBDs. Type IV is formed with a metal 
chloride hydrate and HBDs such as amides and polyols; while Type V 
comprises non-ionic components, especially molecular HBAs and HBDs 
(Abranches et al., 2019). 

Apart from the DES categories mentioned above, other terminology 
can be adopted depending on the components’ nature. DES can be 
prepared from substances found in nature, particularly primary metab-
olites, such as organic acids, amino acids, and sugars. In these particular 
cases, they are also called “natural deep eutectic solvents” (NADES or 
NDES) (Liang et al., 2020). More recently, hydrophobic deep eutectic 
solvents (HDES) composed of hydrophobic compounds, such as tetra-
butylammonium bromide, menthol, thymol, and fatty acids as HBAs, 
together with long alkyl chain alcohols and carboxylic acids as HBDs 
have also been studied (Florindo et al., 2019a). Also, a new type of su-
pramolecular deep eutectic solvent (SUPRADES), including as HBA cy-
clic oligosaccharides such as cyclodextrins, have been developed (El 
Achkar et al., 2020). 

2.2. Physicochemical and functional properties of DES 

As mentioned before, DES properties can be tailored for particular 
applications by choosing different HBA and HBD combinations and 
proportions. Yet, the structure and properties of individual components 
making up DES are not entirely responsible for the physicochemical 
properties of the final mixture. The nature of intermolecular interactions 
between HBA and HBD is also a crucial factor influencing the physico-
chemical properties (Rente et al., 2021). Hydrogen bonding has been 
reported as the major interaction between DES components. This is 
particularly true for Type V DES; however, when organic or inorganic 
salts are present in the DES (Types I to IV), ionic interactions are also 
relevant (Da Costa Lopes, 2021). 

These intermolecular interactions, especially hydrogen bonding, 
greatly impact the viscosity of DES, a key physicochemical property of a 
solvent that determines its fluidity and mass transfer in a particular 
chemical process. For these reasons, low-viscosity solvents are 
frequently preferred. In this regard, viscosity is one of the main draw-
backs of applying DES, since most of them disclose high viscosity values. 

Another relevant physicochemical property of a solvent and essential 
for the design of a chemical process is density, which is related to the 
activity and molecular mobility of the solvent. DES densities are often 
temperature-dependent and have higher values than water (Biernacki 
et al., 2020). Furthermore, the density values are highly dependent on 
the structure of DES components and their molar ratio (Shafie et al., 
2019). 

Other physicochemical properties of DES can also vary significantly. 
For instance, due to their high viscosity, most DES tend to have poor 
ionic conductivities (к < 2 mS cm− 1 at room temperature). The surface 
tension of DES can also be affected by their viscosity, and the reported 
values generally vary between 35 and 75 mN m− 1 at 25 ◦C, which are 
higher than most molecular organic solvents (Hansen et al., 2021). In 
addition to these properties, DES solvation properties can also change 
according to DES composition and need to be evaluated, normally by 

using solvatochromic probes or, more recently, through quantum 
chemistry and molecular simulation (Florindo et al., 2018). 

Although DES-based technologies are promising for many applica-
tions, the challenges mentioned above still impede faster development 
and implementation. Increasing temperature and adding suitable co- 
solvents, such as water, have been suggested as promising strategies to 
overcome some challenges (Gabriele et al., 2019). Adding water may 
significantly alter the physicochemical properties of DES due to strong 
hydrogen bonding interactions which, in turn, can positively affect the 
DES ability to interact/solubilize target compounds (Nolasco et al., 
2022). 

Given a large number of possible HBA and HBD combinations, DES 
may disclose high to low biodegradability and toxicity. DES can be 
hazardous due to the precursor molecules, or synergistic interaction 
between the components can influence its toxicity and biodegradability 
(Radošević et al., 2015). Hence, the complete recyclability of the solvent 
becomes extremely important to reduce the environmental impact of the 
process, and particularly when DES exhibit toxicity or limited biode-
gradability (Da Costa Lopes, 2021). 

3. Primary biomass fractionation processes based on DES 

The tunable feature of DES and their delignification ability and 
hemicelluloses removal capability make them appealing to fractionate 
biomass. The following sections briefly discuss the fractionation ability 
of DES, including the removal properties of extractives and amorphous 
cellulose. 

3.1. Extractives 

Biomass extractives are non-structural biomass constituents that can 
be divided into water and ethanol-soluble fractions. Extractives can be 
inorganic cations, anions, and/or organic materials such as phenolic 
compounds, fatty acids, triglycerides, sterols, terpenic compounds, al-
kaloids, among others (Doménech et al., 2021; Gómez-Cruz et al., 
2021a). From a biorefinery perspective, the interest in this fraction is 
growing for two main reasons. First, this fraction may contain high 
added-value compounds e.g., essential oils, pigments, bioactive com-
pounds like some phenolic compounds and triterpenic acids, etc. 
(Doménech et al., 2021). Another reason is that their pre-extraction can 
improve subsequent polysaccharides recovery and their conversion into 
fermentable sugars, as some of these compounds (e.g., organic acids and 
phenolic compounds) are inhibitory products in the fermentation pro-
cesses (Doménech et al., 2021). Therefore, DES could be applied to 
extract these compounds from biomass like olive- and grape-derived 
biomasses (Contreras et al., 2022, Contreras et al., 2020). For 
example, Pan et al., using ChCl:urea, observed a reduction of the content 
of extractives in the pretreated solids from rice straw, as it occurs with 
other lignocellulose components (M. Pan et al., 2017a). Yu et al. (2020) 
showed a reduction between 76 % and 91 % of water soluble extractives 
in preterated solids using ChCl-based DES pretreatment (ChCl:OA, ChCl: 
urea, ChCl:glycerol). 

Nonetheless, the removal rate of extractives was not generally re-
ported (or determined) in most of the studies overviewed in the present 
review. In other cases, the extractives were obtained with other solvents 
before DES pretreatment, e.g. (Li et al., 2019, 2017; Sun et al., 2022), 
which clearly highlights the need of further development of integrated 
strategies that would allow using DES for that purpose and to break the 
biomass recalcitrance through the fractionation of the structural com-
ponents of biomass. 

3.2. Lignin 

In recent years, biomass delignification and lignin valorization has 
attracted increased attention. The application of DES for delignification 
(lignin extraction) favors decreasing cellulose crystallinity and 
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generates microvoids and cracks in the pretreated solids improving the 
downstream conversion (Ling et al., 2020). DES pretreatment can favor 
the penetration of DES from the cell lumen to the cell wall, making lignin 
accessible in the secondary wall (Hong et al., 2022). Notably, DES can be 
tailored based on their composition to increase lignin solubilization. 
Hence, ChCl, betaine, acetamide, urea, among others, have been tested 
as HBA with different types of HBDs (Bai et al., 2022; C. Y. Ma et al., 
2021b). The combination of ChCl and organic acids has resulted in 
higher delignification rates than those achieved with other HBAs like 
betaine and acetamide (Ling et al., 2020). Moreover, ChCl is cheaper 
than other HBAs. A wide range of organic acids has been applied for 
delignification, such as formic acid (FA), acetic acid, glycolic acid, 
propionic acid, lactic acid (LA), tartaric acid, citric acid, oxalic acid 
(OA), levulinic acid, and their combinations (Bai et al., 2022; Fernandes 
et al., 2021; Ling et al., 2020; Lynam et al., 2017) (some relevant ex-
amples are in Table 1). For this type of DES, delignification takes place 
mostly by acidic clevage of β-O-4 lignin bonds yet with an important role 
of the HBA (da Costa Lopes et al., 2020). Furthermore, lignin solubili-
zation has been correlated with the Kamlet–Taft parameters (in partic-
ular, α-value) and pKa values of the DES (Mankar et al., 2022). Other 
crucial factors for delignification using ChCl-based DES are the pre-
treatment severity and the characteristics of the HBD like polarity, alkyl 
chain length, capacity to form hydrogen bonds, and the molar ratio of 
HBD to ChCl (Xu et al., 2021). 

In general, the pretreatment by DES requires relatively mild severe 
conditions to get effective delignification; i.e., up to 175 ◦C and between 
a few min to several hours when using microwave and conventional 

heating, respectively (Fernandes et al., 2021; Wang and Lee, 2021). This 
is an advantage compared to conventional pretreatments, such as 
organosolv-based delignification. The operating conditions are in the 
same range (Gómez-Cruz et al., 2021b; Gómez-Cruz et al., 2022), while 
harsher conditions are often applied when using other types of pre-
treatment, e.g., using dilute acids (~0.1 %) pretreatment, higher tem-
peratures are required (>200 ◦C). In any case, using a relatively higher 
temperature in DES pretreatment improves DES activity and reduces 
viscosity and surface tension. This favors the fractionation of lignocel-
lulosic components and the accessibility of protons to facilitate the 
release of lignin. Therefore, this factor and time should be tested for each 
DES and biomass type to aid effective solubilization and delignification, 
but limiting lignin condensation (Bai et al., 2022). 

Water addition to DES media is another possibility to reduce vis-
cosity and increase mass transfer (New et al., 2019), with similar per-
formance up to ~20 % (H. Li et al., 2022a). Moreover, tuning aqueous 
DES solutions with catalytic mineral acids (e.g., HCl and H2SO4) or 
strong organic acids (e.g., p-toluenesulfonic acids), can also help to 
achieve high delignification yields at a temperature below 100 ◦C 
(Soares et al., 2021). 

Lignin extraction using DES is considered a cost-effectiveness pre-
treatment with high or similar yields to conventional thermo-chemical 
pretreatments (Lynam et al., 2017; Mankar et al., 2022). Nonetheless, 
using acidic DES to solubilize lignin can lead to equipment corrosion 
effects during processing. Compared with other types of HBDs, Wang 
and Lee (2021) suggested that the use of glycerol (Gly)-based DES 
instead of organic acids can reduce this effect (Wang and Lee, 2021). 

Table 1 
Performance of different deep eutectic solvnts and conditions of biomass pretreatments expressed in terms of of removal of lignin, hemicelluloses and cellulose.  

Feedstock DES type Molar 
Ratio 

T (◦C), t (min) Lignin (%) Hemice-llulose 
(%) 

Cellulose 
(%) 

Reference 

Willow trunk ChCl:LA 1:10 120 ◦C, 12 h 91.8 >70 %1 14.12 (Li et al., 2017) 
Coconut coir ChCl:LA 1:4 150 ◦C, 20 min 

(MW) 
82 NR NR (Mankar et al., 2022) 

Poplar wood ChCl:Gly 1:2 120 ◦C, 4 h 0.04 NR NR (Xia et al., 2018) 
Poplar wood ChCl:Gly:AlCl3⋅6H2O 1:2:0.28 120 ◦C, 4 h 95.5 NR NR (Xia et al., 2018) 
Maritime pine 

sawdust 
ChCl:LA:TA 1:4:1 175 ◦C, 1 h 94.9 NR NR (Fernandes et al., 

2021) 
Maritime pine 

sawdust 
ChCl:LA:TA 1:4:1 150 ◦C, 2 h 86.2 NR NR (Fernandes et al., 

2021) 
Maritime pine 

sawdust 
ChCl:LA 1:5 150 ◦C, 2 h 81.3 NR NR (Fernandes et al., 

2021) 
Maritime pine 

sawdust 
ChCl:LA 1:2 150 ◦C, 2 h 76.7 NR NR (Fernandes et al., 

2021) 
Rice straw ChCl:acetic acid 1:3.6 126 ◦C, 2.5 h 83.1 82.1 NR (Maibam and Goyal, 

2022) 
Pinus bungeana 

wood 
ChCl:LA 1:10 120 ◦C for 8 min 

(MW) 
42.8 74.71 10.12 (Li et al., 2019) 

Pinus bungeana 
wood 

ChCl:LA 1:10 120 ◦C for 4 h 66.6 74.91 19.02 (Li et al., 2019) 

Mosso bamboo ChCl:levulinic acid 1:2 120 ◦C for 2 h 28.9 – – (Ling et al., 2020) 
Mosso bamboo ChCl:malonic acid 2:1 160 ◦C, 10 min 

(MW) 
11.7 69.4 44.5 (Ling et al., 2021) 

Mosso bamboo ChCl:succinic acid 2:1 160 ◦C, 10 min 
(MW) 

6.2 86.4 44.8 (Ling et al., 2021) 

Mosso bamboo ChCl:OA 2:1 160 ◦C, 10 min 
(MW) 

42 58.6 48.2 (Ling et al., 2021) 

Raw poplar 
sawdust 

ZnCl2:LA 1:10 140 ◦C, 3 h 97.5 NR NR (Bai et al., 2022) 

Oil palm fronds ChCl:urea-30 vol% water 1:2 120 ◦C, 4 h 16.3 NR NR (New et al., 2019) 
Bamboo residues ChCl:oxalic acid 1:1 130 ◦C, 6 h 21.2 91.1 9.67 (N. Li et al., 2022b) 
Poplar wood Cholinium lysine:urea-5 wt% water 1:2 90 ◦C, 6 h NR 35.3 62.13 (Wang et al., 2022) 
Poplar wood ChCl:EG mixed with 0–20 wt% water and 

0–4 wt% NaOH 
1:2 100–140 ◦C, 2–4 h 18.7–62.2 6.0–35.34 10.8–26.4 (H. Li et al., 2022a) 

26.7–93.35 

Miscanthus ChCl:Gly 1:2 110 ◦C, 12 h 17.8 25.9 62.2 (Hassan and Mutelet, 
2022) 

Miscanthus ChCl:EG 1:2 110 ◦C, 12 h 16.7 25 53.1 (Hassan and Mutelet, 
2022) 

ChCl, Choline chloride; EG, ethylene glycol; Gly, glycerol; LA, lactic acid; MW, microwave; NR, not reported: OA, oxalic acid; TA, tartaric acid. 1Referred to hemi-
cellulosic sugars. 2Referred to glucans.3The yield was 59.2%.4Referred to xylans.5Referred to mannans. 
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However, acidic-ChCl based DES exhibit better performance in lignin 
removal (Mankar et al., 2022) related to higher acidity (Mankar et al., 
2021). 

Applying adequate antisolvents, part of the lignin can be isolated 
from the DES media (Fernandes et al., 2021; Provost et al., 2022). In 
some cases, the isolated lignin preserves most functional groups (Man-
kar et al., 2022), although it seems to depend on the delignification 
conditions and on the nature of the pristine biomass, considering the 
results reported by other authors (Bai et al., 2022; Fernandes et al., 
2021). 

3.3. Hemicelluloses 

Removal of lignin is generally linked to hemicelluloses depletion, 
whose magnitude depends on the conditions applied. DES can effec-
tively extract hemicelluloses from biomass (Liang et al., 2020; Morais 
et al., 2018). Under neutral conditions this can be achieved with limited 
depolymerization and deacetylation (Morais et al., 2018). Although 
acidic DES are more efficient on breaking ether and ester bonds between 
hemicelluloses and lignin to favor their solubilization (Maibam and 
Goyal, 2022), they can also induce extensive hemicelluloses degradation 
(Morais et al., 2020). Nonetheless, depending on the pretreatment 
purpose, DES can be designed to increase hemicellulose’s solubilization 
and removal rate (compared to lignin) if required, as illustrated with 
some key examples in Table 1. For example, using cholinium lysine-urea 
based DES or ChCl:OA at mild temperature conditions, hemicelluloses 
were removed from poplar wood chips and bamboo residues to a greater 
extent than lignin (H. Li et al., 2022a; N. Li et al., 2022b; Wang et al., 
2022). Higher removal rate of hemicelluloses from corncob was also 
achieved when betaine and histidine were mixed with water (Liang 
et al., 2020). 

Notably, the heating technology applied in the pretreatment can also 
improve the efficiency of the fractionation processes. As an example, Li 
and coauthors combined microwave-assisted heating (MWAH) (120 ◦C, 
~8 min) with ChCl:LA (1:10) on Pinus bungeana wood pretreatment, 
observing a significantly higher removal rate of hemicelluloses (75 %) 
compared to lignin (43 %) (Zulkefli et al., 2017). However, the results 
using conventional heating (120 ◦C, 4 h) were different (Table 1) (Li 
et al., 2019). Microwave irradiation efficiently heats the biomass-DES 
and creates ‘hotspots’ with an explosive action on the recalcitrant 
structure of lignocellulose, causing rapid dissolution of lignin and xylan. 
Hence, MWAH was highly efficient in removing non– or low-substituted 
xylan and synergistically MWAH-DES solubilized high-substituted xylan 
and lignin. However, in other cases, the hydrolysis of this polymer 
hinders its recovery from the pretreatment liquor (Liang et al., 2020; 
Wang et al., 2022). 

3.4. Cellulose 

Cellulose presents intense cohesive energy that prevents the disso-
ciation and reorganization of the hydrogen bonding and its solubiliza-
tion in DES. For example, ChCl can stabilize the DES-cellulose system 
due to forming a strong hydrogen bonding network (Mankar et al., 
2021). 

Therefore, most studies using DES take advantage of the removal of 
lignin and hemicelluloses by acidic DES for fractionation (see reviews by 
(Mankar et al., 2021; Wang and Lee, 2021)), but there are some ex-
ceptions. For example, ChCl combined with glycerol was preferred vs 
urea and EG to increase Miscanthus biomass fractionation towards cel-
lulose isolation, providing a 38.2 % cellulose-rich fraction with 68 % 
purity (Table 1) (Hassan and Mutelet, 2022). According to the authors 
this was related to the lower acidity and polarity of glycerol compared to 
the other HBDs, which favored the solution to remove amorphous cel-
lulose. Temperature also influenced the biomass fractionation with 
maximum cellulose recovery, grade, and regeneration rates around 
107 ◦C. In this line, several studies have shown that amorphous cellulose 

can be released from herbaceous biomass using DES to different extents 
depending on the DES type and conditions, along with hemicelluloses or 
the ensuing sugars and lignin (Okoufo et al., 2022; Yu et al., 2020). This 
fact has been exploited, for example, to loosen the fiber structure of 
ramie for nanofibrilation combining ChCl-based DES pretreatment and 
ball milling (W. Yu et al., 2019b). 

4. Production of renewable chemicals from biomass using DES 

4.1. High value extractable compounds 

DES have been employed to recover a wide range of added-value 
extractives components from biomass such as antioxidants, pigments, 
and bioactive compounds with pharmacological potential (Abdallah 
et al., 2022; Fernández-Prior et al., 2020; Lazzarini et al., 2022). 
Moreover, the extraction of these compounds can be performed before 
subsequent pretreatment steps; reducing the effects of contamination of 
the major biomass fractions or they can be degraded and/or lost in 
downstream biomass operations, which generally implies high-severity 
conditions. The extraction of these compounds is attractive when look-
ing for target molecules to formulate “clean label” ingredients with 
antioxidant, color, or functional properties. In this case, NADES are 
especially attractive due to their natural origin and biocompatible for-
mulations that can be directly used in food, pharmaceutical, and 
cosmetic ingredients (Abdallah et al., 2022). This also opens the possi-
bility to directly apply NADES-based extracts in product formulations 
without the need for intensive purification steps to separate extracted 
compounds from NADES. 

Different DES combinations have been applied to recover added- 
value compounds, including the combination of ChCl and betaine with 
organic acids, urea or carbohydrates; carbohydrates combined with 
organic acids; and mixtures of carbohydrates (Alam et al., 2021; Fanali 
et al., 2020; R. Wang et al., 2021a) (Table 2). 

The use of ternary DES (e.g., ChCl:levulinic acid:N-methyl urea) has 
also revealed successful results when an extraction target is a diverse 
group of phenolic compounds with different polarities (Xu et al., 2019). 
The effect of polarity can be explained by the rule “like dissolves like”, 
meaning that DES with moderate polarity will solubilize weak and 
medium polar phenolic compounds (Xu et al., 2019). The water content 
in DES can be adjusted to modulate these properties and to change the 
polarity index to render higher extraction efficiency if required. Since 
hydrogen bonding interactions between the DES with the hydroxyl 
groups of phenolic compounds favor solubilization (Che Zain et al., 
2021), high water contents can impair the interactions between the DES 
and the target compounds and, in turn, reduce the extraction yield 
(Fanali et al., 2020; Rico et al., 2021). Furthermore, it was demonstrated 
that polymeric phenolic compounds, such as tannins with high indus-
trial value (Neto et al., 2020a), can be more efficiently extracted using 
quaternary eutectic solvents composed of ChCl, glycerol, ethanol and 
water (Neto et al., 2020b). This DES extraction process can still be 
improved, in terms of extraction time reduction, yield improvement and 
selectivity through the combination of DES with microwave irradiation 
heating (Neto et al., 2022). 

DES can also be applied to extract less polar compounds, like ca-
rotenoids and triterpenoids from different type of wastes, for example, 
combining ChCl, tartaric acid and methanol (instead of water) as co- 
solvent (Koutsoukos et al., 2019), ethyl acetate:ethyl lactate mixture 
(Lazzarini et al., 2022) and hydrophobic DES based on natural terpenes 
(Silva et al., 2020) (Table 2). 

4.2. Reducing sugars 

To recover reducing sugars, biomass pretreatments based on DES can 
be mainly addressed through lignin and/or hemicelluloses fractionation. 
Meanwhile, the cellulose-rich solid is separated by filtration (or centri-
fugation) from the liquor, which will contain the solubilized fractions 
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such as lignin, hemicelluloses and degradation products thereof (Hassan 
and Mutelet, 2022; Maibam and Goyal, 2022). Afterward, enzymatic 
hydrolysis is applied to produce glucose from cellulose. 

DES with acid-based HBDs are usually applied to remove lignin and 
hemicelluloses, improving the subsequent cellulose saccharification step 
and obtaining high glucose yields (Isci et al., 2020; Wang and Lee, 2021; 
Ling et al., 2021). Besides LA, DES with shorter chain length organic 
acids, as FA and acetic acid, have been applied to promote the cellulose 
conversion into glucose, with yields up to 92 % (Isci et al., 2020; Mai-
bam and Goyal, 2022). 

DES pretreatment can decrease the content of surface lignin and its 
condensation, favoring cellulose accessibility by enzymes (H. Li et al., 
2022a). Although most studies used conventional heating in the pre-
treatment by DES, the application of MWAH can lead to enhanced 
enzymatic conversion with energy requirements (Ríos-González et al., 
2021). Another example was reported by Ma et al. (2022a), achieving 
enzymatic saccharification of 95.4 % when combining MWAH and the 
ternary DES ChCl:ethylene glycol:AlCl3. In other cases, ultrasound 
assisted DES pretreatment to favor delignification and enzymatic hy-
drolysis yield (Ong et al., 2021). Since DES viscosity can prevent the 
cavitation disruptive effect associated with ultrasound irradiation, water 
or alkaline aqueous solutions can be added as modifiers to favor the 
production of sugars (Ong et al., 2021). 

4.3. Biofuels 

Several approaches have been described in the literature to obtain 
alcohol biofuels by using mainly glucose. The production of reducing 
sugars for conversion into biofuels depends on the approach followed 
(section 4.2). As an example of application, Miscanthus pretreated with 
20 % dimethyl sulfoxide and 80 % ChCl:glycerol (1:2) at 100 ◦C for 6 h 
enabled to get a cellulose-rich solid, which was then hydrolyzed and 
fermented by Saccharomyces cerevisiae for 72 h yielding an ethanol yield 
close to 72 % (Hassan and Mutelet, 2022). Alternatively, Isci et al. 
applied MWAH and the acidic DES ChCl:FA (1:3), removing mainly 
hemicelluloses. Then, the solid fraction was simultaneously saccharified 

and co-fermented using Cellic Ctec2 and Escherichia coli KO11, which 
can ferment both hexoses and pentoses, yielding 82 % of bioethanol (26 
% dry biomass) (Isci et al., 2020). 

Another liquid biofuel is biodiesel, and for its production, some 
microalgae biomasses are attractive sources of lipids that do not 
compete with food supply chains. It presents the common bottleneck of 
downstream biomass processing, showing high energy demand disrup-
tion, especially microalgae (Lu et al., 2016). The production of biodiesel 
using microalgae lipids can be performed conventionally in two steps or 
in one step based on DES-methanol media catalyzed with sulfuric acid 
(Y. Pan et al., 2017b). In both cases, acidic-based DES enhanced biomass 
fractionation and lipid recovery. Concerning both strategies, the last 
approach enabled the direct conversion of lipids from wet biomass into 
fatty acid methyl esters (FAMEs), overcoming the hydrolysis reaction 
due to the presence of water. It also led to an increased FAMEs content. 

Biomass fractionation using DES can also be applied to produce gas 
fuels, e.g., biogas and biohydrogen (Basak et al., 2022; Jing et al., 2022; 
Yu et al., 2019a). As an example, Basak et al. used a cascading frac-
tionation based on hydrothermal and DES pretreatments to remove 
hemicelluloses and lignin, respectively. Then, a methane production of 
467.8 mL/g VSinitial was achieved by anaerobic digestion of the hemi-
cellulosic sugars and cellulose fraction, which were more accessible to 
efficiently promote the anaerobic process (Basak et al., 2022). Etha-
nolamine has been tested as HBD as an alternative to the aforementioned 
ChCl-based DES, enabling delignification, while removing hemi-
celluloses (Jing et al., 2022). In this study, corncob was pretreated using 
ChCl:ethanolamine to convert sugars into biohydrogen (yield 151 mL/g) 
by enzymatic hydrolysis and photofermentation with mixed bacteria 
(Rhodospirillum spp. and Rhodobacter sphaeroides). 

4.4. Other sugar based products 

Pectins and oligosaccharides (obtained from the partial hydrolysis of 
hemicelluloses), which owe bioactive and techno-functional properties, 
are also targeted macromolecules to be obtained using DES at mild 
thermal conditions (Contreras et al., 2020; Rico et al., 2021). In another 

Table 2 
DES and extraction conditions applied to extract bioactive compounds from biomass.  

Compound 
type 

Feedstock Conditioning DES extraction Extraction yield Reference 

Hyaluronic 
acid 

Tuna eyes Separation of the 
vitreous humor and 
freeze-drying 

1 % w/w solid loading with lactic acid:fructose 
(5:1), at 50 ◦C for 24 h 

10.7 μg/mL Precipitated extract by 
ethanol: 0.3 μg/mL 

(Abdallah et al., 
2022) 

Phenolic 
compounds 

Olive pomace  1:1 solid loading, ChCl:glycolic acid:oxalic 
acid (1:1.7:0.3) at 120 ◦C for 60 min 

Hydroxytyrosol (85.8 mg/g) (Fernández-Prior 
et al., 2020) 

Phenolic 
compounds 

Oil palm leaves Cutting, freeze-drying, 
milling and sieving 0.3 
mm) 

1 % w/w solid loading in ChCl:glycerol (1:3)- 
43 % w/w water, 25 ◦C for 30 min (ultrasonic 
bath) 

Luteolin and apigenin content (152.6 
mg/g) 

(Che Zain et al., 
2021) 

Phenolic 
compounds 

Spent coffee 
grounds 

Drying 7 % w/v solid loading in betaine:triethylene 
glycol (1:2)-30 % water at 65 ◦C for 20 min 
(ultrasonic bath) 

Chlorogenic acids (~4.7 mg/g) (Fanali et al., 
2020) 

Phenolic 
compounds 

Citrus peel Freeze-drying and 
milling (80 mesh) 

2 % w/v solid loading in ChCl:levulinic acid:N- 
methyl urea (1:1.2:0.8) at 50 ◦C for 25 min 

Polymethoxylated flavonoids (18.8 mg/ 
g); glycosides of flavonoids (47.1 mg/g) 

(Xu et al., 2019) 

Carotenoids Apricot waste Freeze-drying 2.2 % w/v soalding loading in ChCl:tartaric 
acid-20 % methanol at 120 W, 70 ◦C for 20 
min, 120 W 

β -carotene (0.8 mg/g) (Koutsoukos 
et al., 2019) 

Carotenoids Shrimp head Freeze-drying 10 % w/v solid loading in ChCl:tartaric acid- 
20 % methanol at 30–35 ◦C for 5 min 
(ultrasound, 600 W, pulsed mode) 

Astaxanthin (0.08 mg/g) (Koutsoukos 
et al., 2019) 

Carotenoids Shrimp head Freeze-drying 5 % w/v solid loading in ChCl:tartaric acid-20 
% methanol, 30 W at 52 ◦C for 7 min 
(microwave) 

Astaxanthin (0.3 mg/g) (Koutsoukos 
et al., 2019) 

Carotenoids Tomato pomace Non-thermal air-drying 1 % w/v solid loading in ethyl acetate:ethyl 
lactate (30:70 v/v) at 60 ◦C for 20 min 
(ultrasonic bath) 

Lycopene (0.08 mg/g); β -carotene (3.9 
mg/g) 

(Lazzarini et al., 
2022) 

Triterpenic 
acids 

Eucalyptus 
globulus outer 
bark 

Drying, milling and 
sieving (40–60 mesh) 

15 % w/w solid loading in menthol:thymol 
(1:2) at room temperature or 90 ◦C for 4 h 

Ursolic acid (18–20 mg/g); oleanolic 
acid (8.4–10 mg/g); betulinic acid (3–4 
mg/g) 

(Silva et al., 
2020) 

ChCl, Choline chloride. 
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context, DES can work as a green media to provide cellulose nano-
crystals (CNC) and to functionalize this type of cellulosic material. CNCs 
(or nanowhiskers) present low density, high crystallinity, and mechan-
ical strength, making it possible to find high value applications in sectors 
like electronics, food packaging, and biomedical materials (Tang et al., 
2022). 

Producing sugar derived building blocks such as furfural from 
renewable biomasses is also a topic of extreme interest in the biorefinery 
context, given the enormous potential to be converted into other value- 
added chemicals and materials (Contreras et al., 2020; Tang et al., 
2022). DES can be applied to produce furfural under mild thermal 
conditions (Lee and Wu, 2021; Morais et al., 2021). For example, in a 
recent study, a furfural yield of 55 % was achieved using a biphasic 
system formed by ChCl:LA (1:2) and 2-methyltetrahydrofuran with 0.2 
M Al2(SO4)3 and 0.075 M H2SO4 to pretreat Eucalyptus grandis biomass 
at 150 ◦C for 30 min (Sun et al., 2022). Crucial factors to increase 
furfural yield and minimize its degradation are time, temperature, vis-
cosity, density, melting point, and the addition of catalysts, which will 
address the workup process (Lee and Wu, 2021). Moreover, DES media 
has also been demonstrated to be very promising for carrying out the 
efficient one-pot conversion of DES pre-extracted hemicelluloses (Mor-
ais et al., 2018) into C-5 sugars and their subsequent conversion into 
furfural (Morais et al., 2021) and xylitol (Romaní et al., 2020). The 
furfural and xylitol yields reported in these studies are amongsts highest 
reported in the literature. 

4.5. Lignin derivatives 

Lignin valorization should be a part of any integrated biorefinery 
that aims to maximize the utilization of renewable biomass. Lignin is the 
primary aromatic polymer forming part of the lignocellulosic biomass 
and constitutes above 30 % of the world’s organic carbon (Provost et al., 
2022). Notably, in second-generation biorefineries, lignin is tradition-
ally burned to produce electricity and heat. However, it can also be 
marketed in different sectors. Lignin itself can also serve to obtain 
polymers, carbon fibers, adhesives, etc., but it depends on the lignin 
quality (Fernandes et al., 2021). Another use is the production of 
monomeric phenolic compounds such as 2-methoxy-4-propylphenol to 
be used in diesel engines (Zhang et al., 2021). 

Concerning this latter application, DES can be designed to solubilize 
lignin and isolate lignin-rich fractions by precipitation using adequate 
antisolvents. The yield and purity of the isolated fractions depend on the 
DES type and temperature, among other factors (Fernandes et al., 2021). 
In the case of the use of acidic DES is the delignification and dissolution 
steps, the co-solvent addition (e.g. water), and temperature influence 
the lignin molecular weight (Provost et al., 2022) and purity (Fernandes 
et al., 2021). Globally, using DES formed by ChCl and LA at 80 ◦C 
provided a guaiacyl (G)-type lignin with 61 % of β-O-4 bonds from 
softwood chips powder of spruce and pine, while brewer’s spent grain 
yielded lignin with 35 % G units and 53 % β -O-4 bonds. The lignin 
recovered by acidic DES processes and more severe thermal conditions 
(100 ◦C) showed a marked reduction of β -O-4 units as in lignin acid-
olysis, while C–C bonds were the main interunit linkages. Nevertheless, 
this lignin could have applications for the synthesis of soluble de-
rivatives. In this line, using acidic DES, Hong et al. (2020) obtained 
lignin oil with syringyl (S)- and G-derived diketones from poplar. The 
obtainment of lignin nanoparticles (<100 nm) by DES and its use for 
mixing with cream to improve sunscreen performance has also been 
suggested (Ma et al., 2022a). 

5. DES recycling 

Besides the tunability of DES for specific applications, their easier 
recyclability compared to other solvents makes them very attractive. 
Hence, the recovery and reuse of DES after biomass pretreatment, 
fractionation, and conversion into added-value components are equally 

important to their ability to disrupt the biomass matrix. After biomass 
pretreatment, the first step in DES recovery is the removal of the com-
pounds extracted from biomass, particularly lignin and hemicelluloses 
(Isci and Kaltschmitt, 2022), but also extractives. Typically, macromo-
lecular fractions can be recovered from the liquor by adding an anti- 
solvent, such as water, ethanol, or acetone in adequate amount. The 
anti-solvents break the hydrogen bonding network between the HBA 
and HBDs, changing the media’s polarity, and causing the precipitation 
of the solubilized components. Then, the most common strategy for DES 
recovery is the evaporation/distillation of the anti-solvent after 
removing the precipitated compounds (Isci and Kaltschmitt, 2022). This 
method allows recovering the DES free of macromolecular/unsoluble 
compounds but does not remove soluble impurities and degradation 
products generated, as well as extractives that will remain dissolved in 
DES (Procentese et al., 2015) and build up in the process upon DES re- 
use. Thus, removing impurities to keep the performance of DES in new 
pretreatment runs is yet a big challenge to overcome, as impurities can 
compromise the whole biomass conversion process (Chen et al., 2018a; 
Satlewal et al., 2019; Yan et al., 2022). 

A selection of studies exploring the recycling and reusability of DES 
is summarized in Table 3. Although some of the studies demonstrated 
the effect of DES recycling on the efficacy of the systems toward biomass 
processing, many of those studies (Cheng et al., 2022; Kim et al., 2018; 
Mankar et al., 2022; Zhong et al., 2022) have not clearly evaluated the 
impact of the recycling on DES composition (HBA:HBD ratio and total 
DES content), nor on the presence of low molecular weight soluble 
components. For instance, the decrease in the pretreatment efficacy of 
recycled DES, especially acid-based DES, can be explained by losses of 
the HBA and/or HBD during the DES regeneration, which can impact the 
overall acidity of the solvent. This has been reported by some authors in 
studies applying different types of acidic DES and biomass feedstocks 
(Bai et al., 2022; Mankar et al., 2022; Yang et al., 2022; Yao et al., 2022; 
Zhong et al., 2022). For example, Shen et al. showed that the pH of ChCl: 
LA (1:10) after the fourth recycling step was 12.7 % higher than that of 
the pristine DES (Shen et al., 2019). In another work, Chen et al. showed 
an increase in the pH value from 0.16 to 1.78 between fresh and second 
recycled ChCl:Gly (1:2) (Chen et al., 2018b). 

A reduction of delignification performance has also been shown for 
alkaline DES which have been recycled through acidification with CO2 
to precipitate extracted lignin from DES on diluted acid pretreated 
corncob (hemicelluloses free), yet 89.6 % delignification was still ach-
ieved after three recycling steps (Ma et al., 2022b). In another study, the 
DES recovery yields were at least 90 % in each cycle of re-use of alkaline- 
based cholinium lysinate:urea (1:2) with 5 wt% water, after pretreat-
ment of poplar wood. The composition and proportion of DES compo-
nents were maintained after the treatment, as confirmed by 1H and 13C 
NMR. Nonetheless, the hemicelluloses yield decreased from 59.2 % to 
40.5 % after three recycling steps, along with a gradual decrease in the 
molecular weights of extracted hemicelluloses (Wang et al., 2022). In 
both studies, the decreased capability after several recycling steps could 
be attributed to the decrease in the alkalinity, increase in the viscosity, 
decrease of hydrogen bonding ability, and accumulation of lignin frag-
ments on the recovered DES. 

From another perspective, Zhao et al. studied the recyclability of 
ZnCl2:LA (1:10) after the pretreatment of corn stover and the hydrox-
ymethylfurfural conversion yield. They observed that there is a cost and 
environmental benefit in the recovery and reuse of DES, while the vol-
ume of acetone/water applied for washing and precipitation of lignin 
can exhibit a high economic impact associated with distillation costs 
(size of equipment and operational efforts) (Zhao et al., 2022). 

6. DES-based integrated biorefinery approaches 

6.1. Examples of DES application in biorefinery schemes and bioproducts 

As clearly shown above, DES are very appealing for integrated 
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biorefineries processes, delivering simultaneously several bio-based 
products (i.e., chemicals and biofuels). Some diagrams of integrated 
biomass conversion using DES for lignocellulosic biomass, and oilseeds 
and their derived cakes (based on Grudniewska et al., 2018) and 

Wongsirichot et al., 2019) are exemplified in Fig. 2. Moreover, Table 4 
summarizes some recent scientific studies on the topic, most relying on 
residual biomasses starting materials. Biomass should be conditioned 
before the extraction and pretreatment and most studies apply drying 

Table 3 
Selected reports on recycling and reusability of DES.  

Feedstock DES Main results Reference 

Switchgrass ChCl:p-coumaric acid DES recovery yield of 95 %, slightly affected by impurities (Kim et al., 
2018) 

Poplar ChCl:p-hydroxybenzoic acid Acetic acid impurities coming from hemicelluloses (Y. Wang et al., 
2020) 

Eucalyptus 
wood 

ChCl:EG A membrane-based methodology combining ultrafiltration with electrodialysis reduced 
favors the purity of the recycled DES 

(Liang et al., 
2019) 

Corn cob Benzyltrimethylammonium chloride:LA Decrease of approx. 5 % in the enzymatic digestibility of cellulose-rich residues with the 
increasing number of DES recovery steps 

(Guo et al., 
2019) 

Moso bamboo Three levulinic acid-based DES combined with 
acetamide, betaine and ChCl 

Enzymatic hydrolysis performance decreased the glucose yield from 48 to 79 % to 24–39 
% after the third reuse cycle; the removal of lignin was 28.9 %, 20.6 % and 11.9 % 

(Ling et al., 
2020) 

Eucalyptus 
wood 

ChCl:urea:acetic acid Xylans could be effectively extracted and routed to other valorization strategies in DES 
media 

(Morais et al., 
2018) 

Beechwood 
xylan 

ChCl:malic acid in the presence of 
γ-valerolactone (GVL) 

The simultaneous recovery of furfural and recycling of DES/GVL was performed by 
liquid–liquid extraction with 2-methyltetrahydrofuran followed by distillation. 

(Morais et al., 
2020) 

Beechwood 
xylan 

ChCl:malic acid with LiBr Recyclability of the acid-based DES in the presence of alkali metal halide salt (LiBr) (Morais et al., 
2021) 

Hybrid 
Pennisetum 

ChCl:Gly:FeCl3 The cellulose saccharification yield after fourth recycling step was maintained at 99.5 % (Z. K. Wang 
et al., 2020b) 

Sugarcane 
bagasse 

ChCl:EG:NiCl2⋅6H2O After the third recycling step, the delignification yield decreased from 84 % to 76.2 %, 
when compared to pristine DES and the glucan enzymatic hydrolysis decreased from 66.5 
% to 49.8 % 

(Chourasia et al., 
2022) 

Moso bamboo 
culms 

ChCl:1,4-butanediol:AlCl3 After seven recycling steps, DES recovery yields was 90 %, lignin removal dropped from 
80 % to 42.78 %; the glucan enzymatic hydrolysis was still 100 % 

(Cheng et al., 
2022) 

Coconut coir ChCl:LA Lignin removal yield decreased from 82 to 68.5 % in four recycling steps (Mankar et al., 
2022) 

Castor stalk Guanidine hydrochloride:LA The delignification yield decreased with the increase of the recycling steps. The enzymatic 
hydrolysis efficiency was not affected after three times of DES recycling, remaining 
around 90 % glucose yield 

(Zhong et al., 
2022) 

ChCl, Choline chloride; EG, ethylene glycol; LA, lactic acid; Gly, glycerol. 

Fig. 2. General diagrams exemplifying cascading processes and bio-based products that can be obtained from a) lignocellulosic biomass and b) oilseeds and derived 
defatted cakes calling upon the use of deep eutectic solvents. 
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and milling for that purpose. Then, if there are valuable extractable 
compounds, they can be isolated before pretreatment (Table 2). At the 
same time, pretreatment generally requires more severe conditions to 
break the lignocellulosic structure of biomass and promote fractionation 
for the production of bio-based products (Table 1). Nonetheless, as 
deduced from the information shown, the use of DES improves opera-
tional conditions, for example, by reducing thermal requirements 
(Fernández-Prior et al., 2020) or increasing fractionations efficiency 
(Chen et al., 2018b). In other cases, product concentration or yield re-
sults were also improved compared to conventional fractionation 
processes. 

6.2. Sustainability of DES based biorefinery processes 

The green, environmentally friendly and sustainability labels of DES 
are often only attributed based on their biodegradability and low 
toxicity properties (Radošević et al., 2015). However, this claim is 
poorly justified or incomplete, as, introducing any novel technology or 
change in biorefinery processes, may induce new direct or indirect 
environmental impacts that cannot be overlooked. Hence, at least two 
key aspects should be considered to determine whether DES may truly 
help transition towards more sustainable bioprocesses. First, the DES 
themselves should be aligned with the sustainability principles and 
outperform existing solvents. Since DES are prepared by simple mixing 
of their components, they are not subjected to the limitations often 
raised to ionic liquids synthesis, yet, some hurdles could arise from the 
eventual nonsustainable origin of their components (HBAs or HBDs). 
Hence, bio-based DES, i.e., those prepared from chemical compounds 
sustainably obtained from renewable resources, may fully fulfill this 
criterion (Y. Wang et al., 2021a). Secondly, the overall sustainability of 
the whole value chain relying on DES should improve compared to the 
conventional treatments. The latter is particularly relevant as DES usage 
may affect the process conditions (temperature, residence time, energy 
requirements) and other upstream and downstream activities (Osman 
et al., 2021), ultimately determining the final environmental perfor-
mance. This critical issue is called burden-shifting, which could lead to 
undesirable and even irreversible environmental problems that should 
be avoided to protect the environment thoroughly. 

For this reason, whether a particular biomass conversion process 
relying on DES for biomass pretreatment is environmentally friendly or 
not can only be concluded by following a life cycle perspective, i.e., by 

considering the complete value chain (Ubando et al., 2020). 

7. Environmental and techno-economic assessment of DES- 
based biorefineries 

Whether DES can contribute to more sustainable biorefining pro-
cesses can only be concluded by carrying out a techno-economic 
assessment (TEA) and environmental analysis through life cycle 
assessment (LCA). This is particularly relevant for emerging DES treat-
ments that are still at the early stages of deployment (low technology 
readiness levels or TRL). To be sustainable, DES-based biorefineries 
should be technically scalable at the industrial level and economically 
and environmentally appealing compared with alternative processes. 

For the technical viability and economic profitability of emerging 
technologies such as DES, TEA are often conducted. These analyses 
consist of computer-aided simulation scaling-up exercises using 
modeling tools such as Aspen Plus, Aspen HYSYS, or SuperPro. Capital 
and operational expenditures, net present value, and payback period are 
economic indicators often evaluated using simulation mass and energy 
balance results. 

TEA studies applied to DES-based biorefineries are very scarce, 
although they are fundamental to reach the commercial scale. Kumar 
and coauthors presented the first TEA of different designs for a NADES- 
based biorefinery (Kumar et al., 2020). TEAs relying on process simu-
lation in Aspen Plus software were applied for the production of bio-
ethanol (Peng et al., 2021) and the co-production of butanediol, furfural, 
and lignin (Zang et al., 2020). Recently, a TEA of DES-IL catalyst system 
for lignin and 5-hydroxymethylfurfural production was performed 
(Zhao et al., 2022). Overall, all these studies of DES-based biorefineries 
found the DES recycling time is critical to the operating costs but showed 
economic advantages in using DES. 

For the environmental assessment, LCA constitutes a powerful 
methodology to support sustainable decision-making by quantifying 
impacts considering the entire life cycle of the systems. Comprehensive 
information on the challenges and recommendations of applying LCA to 
biorefinery systems can be found in many previous works (Yang Liu 
et al., 2021; Zhou et al., 2021). 

The goal of an LCA-based biorefinery study using DES might be to 
compare the environmental impacts of different technologies, process 
configurations, or biomass feedstocks. The system boundaries depend on 
the study’s goal. However, cradle-to-gate and cradle-to-grave system 

Table 4 
Relevant examples of DES pretreatments applied in biorefinery schemes.  

Feedstock DES Process conditions Main results Reference 

Poplar wood ChCl:EG:AlCl3 AlCl3-catalyzed hydrothermal pretreatment + DES 
pretreatment + enzyme hydrolysis 

Glucose, lignin, xylooligosaccharides are obtained as 
main products 

(C.-Y. Ma et al., 
2021a) 

Wet olive pomace ChCl, glycolic and 
oxalic acid 

Combination of thermal and DES treatment at 
different temperatures, time and sample/solvent 
ratios. 

Temperature of thermal treatment could be reduced from 
180 ◦C to 120 ◦C. The concentration of acid sugars 
increased by six times and the concentration of 
hydroxytyrosol by 30 times 

(Fernández-Prior 
et al., 2020) 

Rice straw ChCl:LA Different solid loading and enzymatic hydrolysis 
conditions along with1 atm pressure and 121 ◦C for 
15 min 

129 L ethanol per ton of raw material and 90 % lignin 
recovery. 98 % of the DES was recovered and reused three 
times 

(Kumar et al., 
2018) 

Engineered 
sorghum 
bagasse 

ChCl:p- 
hydroxybenzoic 
acid (PA) 

ChCl and PA were mixed at different molar ratios. 
Biomass (10 wt%) was loaded to the DES and 
allowed to react at 120 ◦C for 3 h 

Fermentable sugars were increased by 190 % compared 
to untreated material. Production of phenolic compounds 
was demonstrated by hydrogenolysis of the fractionated 
lignin 

(Y. Wang et al., 
2021b) 

Orange peel waste ChCl:EG Seven different NADES checked. The solution with 
50 % water was selected as the best performing  

(Panić et al., 
2021) 

Switchgrass ChCl:Gly 1.5 g switchgrass mixed with 15 g pretreatment 
solvent at 120 ◦C for 1 h. The solid fraction was 
enzymatically hydrolyzed. Lignin was separated 
from pretreatment liquor, which was in turn 
fermented by Rhodotorula toruloides 

Efficient fractionation of biomass. The oleaginous yeast 
R. toruloides produced 18.7 g/L biomass with 8.1 g lipids/ 
L and 15.0 mg carotenoids. 89 % glucose yield from solids 

(Chen et al., 
2018b) 

Rapeseed cake 
and evening 
primrose cake 

ChCl:Gly Oilseed cakes (5 g) mixed with DES (45 g) and 
treated at 60, 100, and 140 ◦C for 2 h in an oil bath 

Process is oriented to obtain vegetable-derived proteins, 
improving the results compared to untreated materials 

(Grudniewska 
et al., 2018) 

ChCl, Choline chloride; EG, ethylene glycol; LA, lactic acid; Gly, glycerol. 
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boundaries are the most used. The former starts from raw material 
acquisition (including biomass cultivation and the synthesis of the DES) 
to the factory gate before the bioproduct is transported to the final 
consumer, while the latter includes the use phase, end life, recycling (if 
any), and final disposal (Fig. 3). The functional unit of the study 
—reference magnitude to which all the impacts to deliver the system’s 
function will be evaluated— may refer to the use of feedstock (quantity 
of biomass feedstock or land), the production of a single bioproduct, or 
multifunctional systems delivering more than one bio-based product. 
Hence, biorefinery studies often face the allocation issue of distributing 
impacts among various co-products, which greatly influences the results 
(Vance et al., 2022). Moreover, completing the life cycle inventory (LCI) 
analysis —all inputs and outputs of the system— might also be chal-
lenging because DES are a new kind of solvent, and no information is 
available in databases. Hence, lab-scale experimental primary data 
synthesizing DES and process simulation tools could be us as a proxy for 
those data gaps (Ioannou et al., 2021). 

Regarding the life cycle impact assessment (LCIA), impacts beyond 
climate change should be considered as often environmental trade-offs 
arise in biorefinery studies (e.g., eutrophication and water and land 
use). Finally, in the interpretation phase, analyzing the data quality 
regarding the biomass feedstock and novel DES might be necessary due 
to data gaps and low TRL. 

LCA has been widely used to assess the sustainability of biorefineries 
using solvents other than DES (e.g., organic solvents, ILs) (Ioannidou 
et al., 2022). However, LCA studies on DES in biomass pretreatment are 
still very scarce (Sharma et al., 2022). This research gap was identified 
in many articles analyzing DES for biomass pretreatment (Hessel et al., 
2022; Ho and Wu, 2020; Zhong et al., 2022), but the knowledge gap 
remains mainly unexplored to date. 

Only a handful of studies have conducted LCA to evaluate the im-
pacts of bioresources technologies using DES. For example, laboratory- 
scale LCA showed that the application of DES to extract valuable 
bioactive compounds from different bio-based feedstocks could reduce 
waste and environmental impacts compared with traditional methods 
(Bisht et al., 2021; Guo et al., 2021). Alternatively, in another study, the 
use of ethanol lead to lower environmental impacts under categories 
such as global warming, acidification, and fossil resources attributed to 

the higher heating requirements for the extraction with DES (Murugan 
et al., 2021). Concerning other bio-based products, a recent study 
compared the LCA impacts of a process synthesizing 2,5-dihydroxyme-
thylfuran based on different green solvents, including DES (Hessel 
et al., 2022). The environmental benchmarking showed that the process 
based on DES performed better in global warming category than those 
using ILs, but worse than those relying on supercritical CO2 and 
theriomorphic solvents. Notably, the process relying on DES showed the 
highest impact in toxicity categories such as freshwater ecotoxicity and 
human non-carcinogenic toxicity. 

Recently, Zargar et al. investigated the impacts of producing lignin- 
containing cellulose nanocrystals using DES pretreatment to produce 
nanomaterials at a lab scale. The evaluation was conducted through a 
cradle-to-gate scope, and the results revealed the manufacturing of DES 
as the predominant contributor to the impact on global warming po-
tential, acidification, and cumulative energy demand (Zargar et al., 
2022). Similar conclusions were obtained by Xia et al. (Xia et al., 2021) 
in a study producing bioplastics from lignin-cellulose slurry using DES 
for deconstructing the natural wood powder. Again, the DES preparation 
was found to be the major driver of fossil fuel depletion, smog formation, 
global warming potential, and acidification. 

In another study, Guo et al. investigated the use of DES for biomass 
pretreatment in processing pellets. The feedstock employed was residual 
agricultural biomass (wheat straw), and the results indicate significant 
environmental savings compared with traditional alkali or acid methods 
(Guo et al., 2022). 

8. Challenges and outlook 

DES and NADES have demonstrated to be promising and effective 
alternatives solvents in several biomass pretreatment processes. How-
ever, several aspects still require further research and development. 
According to the Strengths, Weaknesses, Opportunities, Threats (SWOT) 
analyses performed by Panić et al. (2021), a major weakness includes 
the lack of scale-up initiatives using DES and mass transfer issues along 
with high energy consumption (Panić et al., 2021). For example, the 
viscosity of DES is a critical parameter for industrial applications, 
particularly when DES establish strong hydrogen bonding networks 

Fig. 3. General scope of an illustrative life cycle study of a biomass valorization route using deep eutectic solvents in the pretreatment.  
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(Stefanovic et al., 2017). The same for density, surface tension, etc. The 
quintessential green solvent, i.e. water, can be added as an opportunity 
to modify these properties. 

Moreover, some biomass components can be co-extracted using DES 
media, which could be useful if taking advantage from this situation, but 
if not, it could threaten the efficacy and usability cycles of the DES. 
Other issues are the potential losses of DES components and the change 
of DES properties during the workup process (Mankar et al., 2022). 
Therefore, developing new recycling methods to manage these issues (or 
opportunities in the former case) will be mandatory, especially consid-
ering the positive benefit for the economics of the process. 

As the main threat to use DES in biorefinery processes, new de-
velopments may be slowed down because of alternative conventional 
pretreatment methods preference (e.g., using organic solvents, inorganic 
alkali and acids, etc.). Nonetheless, DES, particularly NADES, can be 
combined with new green emerging technologies (e.g., microwave or 
ultrasound irradiation) to develop energy efficient biomass decon-
struction and valorization processes. However, and despite looking 
highly promising, in most cases, the scaling up of these technologies is in 
its infancy (Kumar et al., 2019). 

Another threat is the cost of DES because they are relatively more 
expensive than the typical acid and alkali used in pretreatment processes 
(New et al., 2019). Their efficient recycling and reuse may help to 
overcome the economic barrier. New processes for chemical and 
biochemical/enzymatic conversion of isolated compounds/extracts in 
the same DES media (one-pot or sequentially) or developing final for-
mulations that take advantage of the presence of the DES need to be 
explored. The potential direct application of some NADES as a vehicle of 
bioactive compounds for food, cosmetics, and pharmaceutical applica-
tions is an opportunity to address in extraction studies as the first step of 
biorefinery processes and to reduce costs regarding purification. 

In this line, the DES as media for the direct carbohydrolases appli-
cation could also conduct future studies to take advantage of this op-
portunity. In a recent opinion, Florindo and coworkers suggested that 
some properties of DES, like hydrophobicity and low viscosity, can 
improve enzyme activity and stability (Florindo et al., 2019b; Florindo 
et al., 2019a), while the presence of lignin derivatives and the acid 
conditions, when acidic DES are applied, could not be well tolerated by 
enzymes (e.g. inhibition and adsorption effects on enzymes). In contact 
with fermentative microorganisms, DES could disintegrate cells 
(Jamaldheen et al., 2021), limiting their use for direct hemicellulosic 
sugars conversion with non-conventional microorganisms. Hence, some 
studies are moving in this direction and, for example, Romaní et al. 
showed that ChCl:urea did not affect the production of xylitol from xylan 
by S. cerevisiae PE-2 GRE3 (Romaní et al., 2020). 

Overall, integrating TEA and LCA of biorefineries is prime and of 
utmost importance to fully understand the economic and environmental 
implications at the industrial scale. For this, process system engineering 
tools can be coupled with LCA methodologies providing a robust 
framework to promote technologies (Ioannou et al., 2021). Only by 
ensuring biorefineries’ technical and economic viability and demon-
strating their positive impacts on the environment will be possible to 
succeed in scale-up technologies with low TRL. 

The scarce TEA and LCA studies show the importance of assessing 
DES-based biorefineries via its combined approach to make informed 
decisions ensuring their sustainable large-scale deployment. The main 
challenge for TEA is that DES properties are unavailable in simulation 
software databases and should be defined manually. Concerning LCA, 
the scope of studies should be expanded to cradle-to-grave, which is 
suitable for comparative assessments but also sheds light on the envi-
ronmental implications of introducing bio-based products in the market 
(including final use and disposal). Moreover, LCA studies should 
consider a comprehensive set of impacts beyond climate-change-related 
impacts — today’s primary environmental concern — to analyze po-
tential trade-offs and avoid burden-shifting to other environmental im-
pacts. Challenges remain regarding the LCI data due to DES are very 

novel chemical compounds. To overcome it, most studies simplified it by 
considering the energy requirements at the lab scale. Here, standardized 
methods, transparency, and sensitivity analysis to make all studies 
comparable would be recommended to assess the robustness of the TEA 
and LCA results. 

9. Conclusions 

Transforming the current economical model of development into a 
fully sustainable economy requires replacing fossil-based products with 
renewable counterparts, calling upon fully sustainable production pro-
cesses. Due to their highly tunable and green properties, DES have 
emerged among the most promising solvents in biorefinery processes to 
achieve that goal. Although much research and development are still 
needed, DES can already be key players in biorefinery systems for sus-
tainable development. Upcoming laboratory studies on DES-based bio-
refineries should complement TEA scaling-up exercises and LCA 
analysis. Only this integrated approach will help make informed de-
cisions and guide the sustainable development of biorefinery processes. 
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Doménech, P., Duque, A., Higueras, I., Fernández, J.L., Manzanares, P., 2021. Analytical 
Characterization of Water-Soluble Constituents in Olive-Derived By-Products. Foods 
10, 1299. 

El Achkar, T., Moura, L., Moufawad, T., Ruellan, S., Panda, S., Longuemart, S., 
Legrand, F.X., Costa Gomes, M., Landy, D., Greige-Gerges, H., Fourmentin, S., 2020. 
New generation of supramolecular mixtures: Characterization and solubilization 
studies. Int. J. Pharm. 584, 119443. 

El Achkar, T., Greige-Gerges, H., Fourmentin, S., 2021. Basics and properties of deep 
eutectic solvents: a review. Environ. Chem. Lett. 19, 3397–3408. 

Fanali, C., Della Posta, S., Dugo, L., Gentili, A., Mondello, L., De Gara, L., 2020. Choline- 
chloride and betaine-based deep eutectic solvents for green extraction of 
nutraceutical compounds from spent coffee ground. J. Pharm. Biomed. Anal. 189, 
113421. 
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