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Abstract: Deep eutectic solvents (DESs), a novel and environmentally-friendly solvent, have high
potential for biomass pretreatment due to its advantages of low cost, low toxicity, strong solubility, ex-
cellent selectivity and biocompatibility. Two types of DES (binary and ternary) were synthesized and
characterized, and optimized ternary DES was selected to pretreat wheat straw for enhancement of
the solubility of lignocellulose. Moreover, enzymatic hydrolysis was tested to verify the performance
of pretreatment. In addition, the changes in surface morphology, structure and crystallinity of wheat
straw pretreated by DES were analyzed to reveal the pretreatment mechanism. Experimental results
indicated that viscosity exhibited little difference in different types of DESs, and a declining trend
as the temperature increases in same DES. The ternary DES pretreatment efficiently enhanced the
solubility of typical lignocellulose, with the optimal removal rate of lignin at approximately 69.46%.
Furthermore, the total sugar concentration of the residue was about 5.1 times more than that of un-
treated wheat straw after the pretreated samples were hydrolyzed by the cellulase for 24 h, indicating
that DES has the unique ability to selectively extract lignin and hemicellulose from wheat straw
while retaining cellulose, and thus enhanced the solubility of lignocellulose. The scanning electron
microscope (SEM) observation and X-ray diffraction (XRD) determination showed that the surface
of wheat straw suffered from serious erosion and the crystallinity index of wheat straw increased
after DES5 pretreatment. Therefore, DES cleaves the covalent bond between lignin and cellulose and
hemicellulose, and reduces the intractability of lignin resulting in the lignin dissolution. It suggests
that DES can be used as a promising and biocompatible pretreatment way for the cost-effective
conversion of lignocellulose biomass into biofuels.

Keywords: deep eutectic solvents; pretreatment; lignocellulose; enzymatic hydrolysis; total sugar

1. Introduction

Biobutanol, renewable carbon-neutral liquid fuel, is considered as an alternative to
gasoline, and is expected to meet the demand of sustainable economic development with-
out increasing emissions of greenhouse gas as fossil fuels [1,2]. Lignocellulosic biomass is
an ideal raw material for the biobutanol production due to its merits of being renewable,
cheap and easily accessible [3]. However, the complex structure of lignocellulose hinders
its direct hydrolysis, and it is difficult to achieve component separation, hydrolysis and
saccharification, making efficient utilization of lignocellulosic biomass challenging [4,5].
Therefore, pretreatment to dissolve or separate the lignin from the cellulose in lignocellu-
losic biomass removes the physical and chemical barriers that make it difficult to degrade
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the native biomass and facilitates enzymatic hydrolysis of hemicellulose and cellulose [6],
which is a key step in the biochemical processing of lignocelluose based on the concept of
sugar platform [7,8].

Traditional pretreatment methods of lignocellulosic biomass include physical methods
(e.g., mechanical comminution, microwave and ultrasonic) [9,10], physical and chemical
methods (e.g., steam explosion and hydrothermal) [11], chemical processes (e.g., acid,
alkali and ionic liquids) [12–15] and biological methods [16]. Although various traditional
pretreatment technology can improve the hydrolysis rate through change the physical and
chemical structure of lignocellulosic biomass [17], it tends to be harsh, yield lignocellulose-
derived by-products and lead to downstream complex of the production process [18].

Recently, deep eutectic solvents (DESs) have been viewed as potential green solvents
for extracting lignin from lignocellulose [19,20], which have great biodegradability, low-
cost and easy synthesis compared to ionic liquids (ILs) [21,22]. Constitutionally, DESs are
synthesized from renewable and natural components, with at least a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA) (e.g., quaternary ammonium salts, alcohols
and acid amides) [23]. The most common HBAs in DES are quaternary ammonium salts
with choline chloride (ChCl). There is more variability in the choice of HBD such as polyols
and carboxylic acids [24]. The complex hydrogen bond network structure in DES makes
it as a special solvent for different applications [25–27]. The eutectic solvent technology
has been successfully applied to the pretreatment of wheat straw, corn cob and switch
grass [28,29]. Despite some unique merits for the separation of the three main components
of lignocellulosic biomass, DESs still suffers from lengthy pretreatment time to reduce
biomass recalcitrance so as to obtain a desirable outcome. In order to efficiently separate
cellulose, hemicelluloses and lignin from lignocellulose, new DES and its synthesis strategy
should be studied in order to achieve the overall biorefining of lignocellulosic biomass [30].
Previous works have shown that types of DESs are influential in biomass fractionation, i.e.,
acidic DESs are more effective in biomass deconstruction and the enhancement of enzymatic
hydrolysis of cellulose [31,32]. Compared to acidic DES pretreatment, alkaline one can
reduce equipment corrosion, which improves the economic and commercial viability of
biofuel production [33].

Aimed to efficiently separate lignin, cellulose and hemicellulose from lignocellulosic
biomass, this study first prepared six kinds of different eutectic solvents with two types
(binary and ternary) and analyzed the changes in the composition before and after the
pretreatment of wheat straw by the prepared EDS. Then, enzyme hydrolysis was explored
to examine the pretreatment performance with different EDS. The pretreatment effect of
DES at different temperatures was also investigated. Finally, the pretreatment mechanism
of biomass with DES was analyzed by scanning electron microscope (SEM) and X-ray
diffraction (XRD) characterization.

2. Materials and Methods
2.1. Synthesis and Characterization of DESs
2.1.1. Synthesis of Different Types of DES

The hydrogen bond acceptor (Choline chloride) and hydrogen bond donor (Urea,
Ethanediol and Lactic acid) of deep eutectic solvent with different mole ratio were mixed
in a beaker, and then the beaker was sealed with a film to reduce the volatilization of
solvent during the preparation process. The mixture was heated to 60 ◦C with a constant
temperature magnetic stirrer at a stirring speed of 200 rpm until a uniform transparent
liquid was formed. After preparation, the mixture was stored at room temperature. Six
eutectic solvents were synthesized in this study, and the composition was showed in
Table 1.
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Table 1. Composition of deep eutectic solvents.

DES Composition (Mole Ratio)

DES1 Choline chloride + Urea (1:2)
DES2 Choline chloride + Ethanediol (1:2)
DES3 Choline chloride + Lactic acid (1:2)
DES4 Choline chloride + urea (1:2) + 10 wt%H2O
DES5 Choline chloride + urea (1:2) + 10 wt%H2O + 1 wt%NaOH
DES6 Choline chloride + Ethanediol + Lactic acid (1:1:1)

2.1.2. Viscosity and Density of Eutectic Solvent

The viscosimeter was cleaned with anhydrous ethanol, and then about 5 mL of the
prepared deep eutectic solvent was injected into the instrument (DMA5000M-Lovis2000ME,
Anton Paar, Wien, Austria) with a syringe. The viscosity and density of different deep
eutectic solvents at 25, 55 and 85 ◦C were measured, respectively.

2.1.3. pH Value of Eutectic Solvent

The prepared deep eutectic solvent was cooled to room temperature and placed in a
beaker. The pH meter electrode was washed with distilled water and gently dried with
mirror paper. The pH meter electrode was placed in the deep eutectic solvent until the
indicator is stable.

2.2. Pretreatment of Wheat Straw with DESs
2.2.1. Wheat Straw Materials

Wheat straw was collected from a farm in Jiangsu province, China. The sample of
wheat straw was dried at room temperature for one week, and then was stored in sealed
plastic bags at room temperature after passed through 40 mesh sieve.

2.2.2. Experimental Design of Pretreatment with DES

A mixture containing of 5% (w/w) wheat straw (WS) was prepared by combining 1 g
of WS (particle size of 250–500 mm) with 20 g solvent in a 100 mL Teflon-sealed autoclave
and put into a muffle furnace for 2 h at the defined temperature. After the pretreatment, the
mixtures were cooled to room temperature. The precipitate was harvested by centrifuging
at 10,000× g rpm and washing with deionized water until the supernatant was colorless
followed by drying with a vacuum freeze dryer (FD-1A-50, Biocool, Beijing, China).

2.2.3. Assay of the Component Content of Wheat Straw Treated with DES

The specific steps of sample component determination before and after pretreatment
were as follows: In the first step, 72% H2SO4 was used to hydrolyze the sample in a shaker
at 30 ◦C for 1 h (solid-liquid ratio 1:10 w/v). In the second step, 72% H2SO4 in the first step
was diluted to 4% H2SO4, and the system was hydrolyzed for 1 h in an air-dry oven at
121 ◦C. The hydrolyzed suspension was cooled naturally at room temperature, and the solid
and liquid were separated by vacuum filtration device. The resulting supernatant was used
to measure the contents of cellulose, hemicellulose and acid soluble lignin derived from
wheat straw. Sediment was further used to determine the content of acid insoluble lignin.

2.2.4. Enzymatic Hydrolysis

Enzymatic saccharification of the pretreated wheat straw was described previously [34].
Briefly, 10 mg pretreated wheat straw, cellulase solution (add cellulase at a concentration
of 50 mg protein/g solid) and citrate buffer solution (50 mM sodium citrate, pH 4.8) were
successively added into 50 mL corked triangular flask. The blank samples were not added
with wheat straw. The enzymatic reaction was carried out at 50 ◦C (at 180 rpm) and levels
of the resultant sugar were estimated at various time intervals (1, 2, 4, 6 and 24 h) using the
DNS method.
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2.3. Morphology and Structure of Wheat Straw Pretreated with DESs

The surface morphology of wheat straw was observed by scanning electron mi-
croscopy (SEM, JSM-7610F, Tokyo, Japan). A multi-functional X-ray diffraction (XRD,
Ultima IV, Tokyo, Japan) system was used to conduct X-ray diffraction analysis on the
wheat straw samples under avoltage of 40 kV and current of 30 mA. The test range was
5–80◦, and the test speed was 5◦/min. The crystallinity index (CrI) was calculated by the
following formula:

CrI = [(I002 − Iamorphous)/I002] × 100% (1)

where I002 is the diffraction intensity of crystalline structure (2θ = 22.5◦), and Iamorphous is
the diffraction intensity of amorphous fraction (2θ = 18.2◦).

3. Results and Discussion
3.1. Characterization of DESs

Manipulation of alkalinity and acidity levels of deep eutectic solvents as a potential
tool to modulate hydrogen bond donor plays a key role in the dissolution capacity of
lignocellulosic biomass. In the binary DES system, the pH value of DES1 was 8.55, showing
weak alkalinity. While the pH values of DES2 and DES3 were 3.42 and 0.25, respectively
(Figure 1). DES3 showed strong acidity, indicating that the pH value of the deep eutec-
tic solvent is closely related to the hydrogen bond donor, this was similar to Hansen’s
research [26]. Based on the correlation, solvents with different pH values can be designed
by changing the use of different hydrogen bond donors in the choline chloride-based deep
eutectic solvent. In the ternary DES system, DES4 and DES5 were alkaline, and DES6
presented acidic. As shown in Figure 1, the pH value of DES2 did not change significantly
compared to DES1, but the pH value increased to 13.41 after adding 1 wt% NaOH and
10 wt% H2O to DES1, showing strong alkalinity. In acidic deep eutectic solvents, although
the pH value of DES6 was between DES2 and DES3, its pH value was closer to DES3,
showing strong acidity. Previous research showed that the pH of deep eutectic solvent
had a great influence on the composition of residue, and the enhancement of acidity or
alkalinity could improve the removal efficiency of lignin [35].
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The synthesis of new DES with low viscosity is of potential significance because the
hydrogen bond between components of DES makes it low fluidity and high viscosity,
which affects its performance on pretreatment of lignocellulose. At room temperature,
the viscosity of DES is range about 30–700 mPa·s, which reduces its fluidity to a large
extent (Table 2). The reduction of viscosity can often improve the solvent’s solubility and
mass transfer performance, thus having a great impact on the pretreatment. Therefore, the
synthesis of low viscosity deep eutectic solvent or reducing the viscosity of deep eutectic
solvent is an important way to improve solvent solubility. As shown in Table 2, the viscosity
of deep eutectic solvent is DES1 > DES5 > DES4 > DES2 in descending order at 25 ◦C. The
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recent research showed that the increased temperature and water content effected on the
physical properties and esterification of DES [36]. After adding 10 wt%H2O into DES1 to
form DES4, the viscosity of DES4 was only about 1/10 that of DES1. Although the viscosity
of DES5 increased slightly after the addition of 1 wt% NaOH and 10 wt%H2O, it was still
far less than that of DES1. This could be attributed to that the low mole fraction of water
did not affect the diffusion of ions in the deep eutectic solvent, but significantly reduced the
viscosity of the solvent, thus enhancing the fluidity of the solution and improving the mass
transfer performance and efficiency. However, at a high molar fraction, water molecules
could form hydrogen bonds with anions (such as Cl−) in hydrogen bond receptors and
hydrogen bond donors, which inhibited intermolecular and intramolecular interactions in
deep eutectic solvents and caused serious changes in their properties. Collectively, chemical
properties of components, water content, temperature and other factors in deep eutectic
solvents affected the interaction between molecules, and change the viscosity [37,38].

Table 2. Viscosity of deep eutectic solvents at different temperatures.

Treatment Viscosity mPa·s (25 ◦C) Viscosity mPa·s (55 ◦C) Viscosity mPa·s (85 ◦C)

DES1 611.40 73.74 21.29
DES2 38.49 14.26 7.23
DES4 53.01 15.73 7.14
DES5 75.68 19.78 8.44

Density is another important property affecting the mass transfer in the pretreatment
process of DES, which can also provide information about intermolecular interactions in a
DES. As showing in Figure 2, the density of deep eutectic solvent varied as a function of
temperature according to the hydrogen bond donor of DES. Ethanediol based DES have
the lower density compared to urea–based DES. Typically, DESs have exhibited higher
densities than that of water [26]. It can be seen that the addition of a small amount of water
reduces the density of DES1. The density of deep eutectic solvent is DES1 > DES5 > DES4
> DES2 in descending order at 25–85 ◦C. With the increase of temperature, the density of
deep eutectic solvent decreased, which was consistent with the change of liquid density
with temperature [39].
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3.2. Effect of DESs on Decomposition of Wheat Straw

The composition changes of wheat straw before and after various pretreatments were
presented in Table 3. Obviously, in terms of lignin contents, the lignin content of residues of
wheat straw pretreated by DES1, DES2 and DES4 were higher than that of untreated wheat
straw, while it pretreated by DES3, DES5 and DES6 were lower than that of untreated wheat
straw, indicating that DES3, DES5 and DES6 had high removal capacity of lignin. The
lignin removal rates of DES3, DES5 and DES6 were 69.46%, 61.98% and 63.81%, respectively,
whereas those of cellulose were 50.55%, 41.70% and 44.09%, respectively. It was noted that
the dissolution efficiency of the three deep eutectic solvents for lignin was obviously higher
than that for cellulose, and all of them showed moderately selective solubility of wheat
straw components. In acidic deep eutectic solvent, the lignin contents of residues of wheat
straw pretreated by DES3 and DES6 were lower than that of untreated wheat straw, in
contrast, the lignin content of DES2 pretreated residues was higher than that of untreated
wheat straw. Therefore, DES3 and DES6 had evident pretreatment effect on wheat straw.
Although acidic solvent system was favorable for lignin fragmentation and subsequent
solubilisation, the acidic conditions tended to cause severe hemicellulose degradation [11].
In alkaline deep eutectic solvent, the cellulose content of residue of wheat straw pretreated
by DES5 increased slightly compared with DES1 and DES4, while hemicellulose content
presented no significant difference. The results showed that DES5 with strong alkalinity
could significantly improve the lignin removal rate and better preserve cellulose and
hemicellulose compared to DES1 and DES4 with weak alkalinity. It was beneficial for
sugar production since cellulose is the most important raw material used for reducing
sugar production. The deep eutectic solvent with strong alkalinity had good selectivity in
components of wheat straw and was a potentially high-quality solvent for pretreatment of
lignocellulosic biomass to produce reducing sugars for biobutanol fermentation [33].

Table 3. Effect of different DES on the pretreatment of wheat straw.

Pretreatment
Method

Pretreatment (%) Composition (%)

Lignin
Removal Rate

Hemicellulose
Retention Rate

Cellulose
Retention Rate Solid Yield Cellulose Hemicellulose Lignin

Control - - - - 28.95 15.30 20.72
DES1 36.98 62.47 83.33 50.71 37.80 26.02 25.95
DES2 27.26 36.16 91.75 56.07 37.64 13.62 27.09
DES3 69.46 13.62 80.95 36.83 50.55 7.81 17.32
DES4 41.37 65.36 84.70 51.87 37.56 26.61 23.60
DES5 61.98 57.06 81.88 45.16 41.70 26.68 17.58
DES6 63.81 21.14 81.27 42.39 44.09 10.53 17.83

3.3. Effect of DESs on Enzymatic Hydrolysis Efficiency

The total reducing sugar concentration was 0.296 g/L after 24 h of enzymatic hy-
drolysis of the residue from wheat straw pretreated by DES1 (Figure 3), and the initial
hydrolysis rate of polysaccharide was 0.015 g·L−1·h−1 (Figure 4). Although the lignin
removal rate with DES4 pretreatment was not significantly improved compared with that
with DES1 pretreatment, the enzymatic hydrolysis yield was dramatically enhanced. The
total reducing sugar concentration is about 1.6 times that with DES1 pretreatment, and the
initial hydrolysis rate of polysaccharide is about 7.5 times that with DES1 pretreatment.
An explanation for the improvement of enzymatic hydrolysis is that the addition of water
reduces the viscosity of DES4 (the viscosity of DES4 is evidently lower than that of DES1 at
room temperature), which makes the residue of wheat straw pretreated by DES4 easier to
wash, with the weakened agglomeration. Compared with DES4, the enzymatic hydrolysis
effect of the residue from wheat straw after DES5 pretreatment was further significantly
improved. After 24 h of enzymatic hydrolysis, the total sugar concentration the residue
with DES5 pretreatment was 1.547 g/L, which was about 3 times of that with DES4 pre-



Sustainability 2022, 14, 657 7 of 11

treatment. Moreover, initial hydrolysis rate of polysaccharides was 0.704 g·L−1·h−1, which
was about 6 times of that with DES4 pretreatment. This could be attributed to that most
of the lignin in wheat straw was removed by DES5 pretreatment, resulting in the accessi-
bility of enzyme to polysaccharide in the residue. The previous study indicated that the
large removal of hemicelluloses and high delignification efficiency could be elevated after
DES treatment, thus obtaining the reduced nonproductive absorption and the diminished
coating efficiency [20].
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the residue derived from lignocellulosic biomass with DES pretreatment [40]. In view
of the less processing time and high enzymatic digestibility, it could be concluded that
the pretreatment using DES was a desirable approach for a cost-effective processing and
dissolution of lignoellulosic biomass.

3.4. Mechanism of Pretreatment by DESs

DES pretreatment can cleave the structure of wheat straw and bring in the impact of
lignin relocation, biocompatibility and biomass components on enzymatic accessibility. The
morphological changes induced by DES5 pretreatment were observed by SEM (Figure 5).
The wheat straw had relatively smooth surface without any erosion trace. After DES5
pretreatment, the fiber bundles of wheat straw became uneven, loose and disordered,
with more fragmented structures, and the specific surface area increased obviously. The
explanation might be that DES5 pretreatment caused the release of lignin and hemicellulose,
forming the porosity and channel of the biomass. The interior of biomass becomes fluffy,
which facilitates the enzyme molecules to enter the interior of biomass and effectively
improves the enzyme hydrolysis efficiency [41]. Consequently, the fragmentation of the
fiber bundle is due to the destruction of a large number of special bond-bridge structures
connecting lignin and hemicellulose, which is consistent with the experimental results of
large amounts of dissolved lignin and hemicellulose. Both the enhancement of enzymatic
accessibility to cellulose and rupture of wheat straw fibers contributed to the increase of
total sugar yield during enzymatic hydrolysis [10].
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Figure 5. SEM images of the wheat straw before and after pretreatment: (A) untreated wheat; (B) the
residue with DES5 pretreatment.

CrI, the ratio of crystalline cellulose among the lignocellulosic biomass, is a signif-
icant factor affecting the enzymatic hydrolysis. If the aim of pretreatment is to remove
lignin and hemicellulose, higher crystallinity would show better pretreatment performance.
However, if the aim is to break the cellulose crystallization zone, lower crystallinity would
indicate better pretreatment performance. In this study, the former is what we need, thus
higher crystallinity means superior pretreatment performance (Figure 6). X-ray diffraction
measurement of CrI is the appropriate way to estimate the impact of the pretreatment on
biomass crystallinity [42]. The crystallinity of wheat straw pretreated with DES5 (36.8%)
(DES5 is alkaline deep eutectic solvent synthesized in this study) was significantly higher
than that of untreated wheat straw (23.7%) (Table 4). The results showed that the removal
rate of disordered structures (lignin and hemicellulose) in wheat straw was higher than
that of cellulose after pretreatment with alkaline deep eutectic solvent, which was consis-
tent with the results of selective solubility of wheat straw pretreated with deep eutectic
solvent mentioned above. As reported previously, similar attempts on the increase of CrI of
lignocellulosic biomass have also been made by introducing alkaline pretreatment [43].
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Table 4. The crystallinity of wheat straw pretreated with DES5.

Treatment Iam (18.2) I002 (22.5) Crystallinity (%)

CK 4299 5635 23.7
DES5 4284 6780 36.8

4. Conclusions

Deep eutectic solvents have been viewed as potential green solvents for extracting
lignin from lignocellulose. The DESs synthesized in this study have the unique ability to
selectively extract lignin and hemicellulose from wheat straw, while retaining cellulose,
and thus enhanced the solubility of lignocellulose. The pH of deep eutectic solvent has a
great influence on the composition of residue. The enhancement of acidity or alkalinity is
helpful to improve the removal efficiency of lignin, but too low pH value of deep eutectic
solvent caused the loss of a large amount of xylan and part of cellulose, resulting in
low content of fermentable sugar. Under the condition of the same lignin removal rate,
alkaline DES5 can preserve relatively more xylan besides cellulose, thus increasing the
total sugar concentration as the substrate for subsequent fermentation. Moreover, the DES
pretreatments significantly improved solubilization of lignin, and crystallinity index (CrI) of
residual cellulose. It suggests that combining DES pretreatment with cellulase contributes
novel green and effective approach in lignocelluloses hydrolysis for bioenergy production.
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