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Abstract: Deep eutectic solvents (DESs) have been used for the pretreatment of lignocellulose and
showed selective dissolution for different lignocellulosic components. In this study, six new ternary
DESs were synthesized on the basis of anhydrous oxalic acid DES by adding alcohol, acid, and deion-
ized water, respectively, including choline chloride/anhydrous oxalic acid/ethylene glycol (ChCl-
OA-EG), choline chloride/anhydrous oxalic acid/glycerol (ChCl-OA-G), choline chloride/anhydrous
oxalic acid/lactic acid (ChCl-OA-LA), choline chloride/anhydrous oxalic acid/malonic acid (ChCl-
OA-MA), choline chloride/anhydrous oxalic acid/10% H2O (v/v) (ChCl-OA + 10% H2O), and choline
chloride/anhydrous oxalic acid/20% H2O (v/v) (ChCl-OA + 20% H2O). The lignin in bagasse was
extracted and separated with these ternary DESs, and Fourier Transform Infrared (FTIR), Scanning
electron microscope (SEM), X-ray diffraction (XRD), Two-dimensional Heteronuclear Single Quantum
Coherence (2D HSQC), and Thermogravimetric analysis (TG) were used to characterize the molecular
structures of lignin and cellulose. The results showed that under the mild reaction condition of
cooking at 90 ◦C for 4 h, all six ternary DESs effectively dissolved hemicellulose in bagasse, the DES
ChCl-OA-MA prepared with malonic acid significantly increased the removal of lignin (71.64%)
by breaking the β-O-4′ ether bond of lignin molecules, and the crystallinity of cellulose was also
significantly improved (67.65%).

Keywords: ternary deep eutectic solvents; bagasse; lignin; structure

1. Introduction

The storage capacity of fossil fuels is finite and their unfettered use has caused increas-
ingly major environmental concerns, prompting researchers to look for alternate energy
sources [1,2]. At the same time, a considerable quantity of agricultural wastes (straw, corn
stover, bagasse, etc.) can only be consumed by incineration, which generates a slew of
environmental issues while also making biomass reuse difficult, resulting in resource waste.
As a raw material, lignocellulose biomass has inexpensive and renewable properties and
has a wide range of research prospects [3–5]. Abbott [6] published a study in 2003, in
which it was discovered that, combining choline chloride (ChCl) and urea, the mixture’s
melting point was lower than the melting point of the separate components, leading to
the development of the deep eutectic solvent (DES) idea. DES has been developed for
more than ten years and offers the following advantages: environmental protection, low
cost, easy synthesis, simple recovery and purification, and strong biocompatibility. DES
pretreatment of biomass produces energy chemicals to replace fossil fuels—green, low-cost
solvents that are more environmentally friendly than ionic liquids [7].

Abbott [8] and Francisco [9] found that the hydrogen bond formed between ChCl and
cellulose can stabilize cellulose structure, making it difficult to dissolve cellulose while
allowing lignin to dissolve. Currently, most DES research focuses on screening various
hydrogen-bonded acceptors to various hydrogen-bonded donors. Meanwhile, due to the
inherent problem of high viscosity in DES systems, it is frequently necessary to use a long
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pretreatment time, a high-temperature, or a multi-step combined pretreatment to obtain a
high solubility of lignin when pretreating lignocellulose [10]. Zhang et al. [11] prepared
DES using ChCl, monocarboxylic acids, dicarboxylic acids, and polyols, and they found
that through treating corncob at 90 ◦C for 24 h, ChCl/anhydrous oxalic acid (OA) DES
achieved the best delignification rate. Chen et al. [12] treated switchgrass at 120 ◦C for
1 h with ChCl/glycerol DES acidified with H2SO4 and the results showed that the lignin
removal rate increased from 17.72% to 56.62% after a single pretreatment, demonstrating
that an acidic environment can effectively improve DES pretreatment performance. Overall,
the acidic hydrogen-bond donors of DES can efficiently separate cellulose, hemicellulose,
and lignin from lignocellulose [13].

Poplar is now the most common raw material used in the pretreatment of DES systems,
and good lignin removal results have been achieved. However, the solubilization of lignin
in DESs varies with plant materials. Compared with poplar wood, straw, and other raw
materials, bagasse is rich in resources and inexpensive and can be utilized as a biomass
feedstock to produce high-value chemicals. Bagasse as a raw material has been used in a
series of studies on DES pretreatment. However, high temperatures, prolonged treatment
times, and multi-step combined treatments are often required to produce a high lignin
yield from bagasse. By comparing the DES formed by ChCl with the hydrogen bond
donors, including acids, alcohols, and urea, Li et al. [14] found that ChCl/oxalic acid DES
removed 48.20% of lignin from bagasse after pretreatment at 100 ◦C for 4 h. Still, cellulose
carbonation was observed in the treated bagasse. Chourasia et al. [15] pretreated bagasse
at 80 ◦C for 12 h by synthesizing a DES and the results showed that ChCl/lactic acid DES
(molar ratio 1:5) removed 81.6% of lignin. Ji et al. [16] removed 83.30% of the lignin by
treating bagasse with ChCl, oxalic acid, and AlCl3·6H2O DES (molar ratio 1:1:0.2) in a
microwave ultrasound at 110 ◦C for 20 min.

In this study, to obtain a pretreatment route for bagasse with a low temperature and
high pretreatment efficiency, six ternary DESs were composed by adding the new compo-
nents into the basic ChCl-OA DES and the effects of the pretreatment on the dissolution
rate of lignin and its molecular structure, hemicellulose dissolution, and the cellulose
crystallinity of bagasse were investigated. This provides a theoretical basis for finding
green mild biomass refining routes and for bagasse reuse.

2. Materials and Methods
2.1. Material and Reagents

Bagasse (from Nanning, Guangxi Province, China) was packed into a slurry bag and
washed with flowing tap water for 6 h to eliminate pollutants before drying for 48 h at
60 ◦C. Bagasse was crushed with a disintegrator and sieved with a 40–60 mesh screen after
drying, followed by extraction with a benzene/ethanol (2:1, v/v) solution in a water bath at
100 ◦C for 6 h and four refluxes per hour. The product was washed three times with 100%
ethanol after the extractions to ensure no residue of phenyl alcohol solution and placed in a
blast drying oven at 60 ◦C for 12 h and sealed.

Choline chloride, lactic acid, anhydrous oxalic acid, malonic acid, ethylene glycol,
glycerol, KBr, and Deuterated Dimethyl sulfoxide (DMSO) were purchased from the Shang-
hai Aladdin Chemical Co., Ltd. (Shanghai, China). All reagents were of analytical grade
and used without further purification.

2.2. Compositional Analysis of Bagasse

The contents of cellulose and hemicellulose in raw and pretreated bagasse were deter-
mined using the National Renewable Energy Laboratory (NREL) procedure [17]. GB/T
2677.8-1994, GB/T 10337-2008, GB/T 742-2018, GB/T 2677.2-2011, and GB/T 2677.6-1994
were used to determine the total lignin, ash, moisture, and extract contents of bagasse [18].
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2.3. Preparation of DESs

The binary DES was composed of ChCl and anhydrous oxalic acid (OA) (ChCl-OA)
in a molar ratio of 1:1. Ternary components of ethylene glycol (EG), glycerol (G), lactic
acid (LA), and malonic acid (MA) were added to the binary DES in a molar ratio of 1:1:1 to
produce ternary DESs, respectively, and marked as ChCl-OA-EG, ChCl-OA-G, ChCl-OA-
LA, and ChCl-OA-MA; ChCl-OA + 10% H2O and ChCl-OA + 20% H2O were created by
combining 10% (v/v) and 20% (v/v) of deionized water with the ChCl-OA DES.

All compounds were dried in a vacuum drying oven for 48 h before use. The prepared
ternary DESs were magnetically stirred in conical flasks at 80 ◦C for 6 h until the mixtures
became clear without solids and then stored at room temperature (25 ± 2 ◦C).

2.4. Bagasse Pretreatment by DESs

Bagasse (2 g, oven-dried) was added into the conical flask with different DESs (40 g)
and was stirred continuously at 90 ◦C for 4 h. After dissolution, 50 mL of ethanol was added
to the conical flask, and the solid and liquid were separated by vacuum filtration using a
G3 filter. The resulting solid residue was washed with anhydrous ethanol several times
until the filtrate became colorless and then the G3 filter was dried at 105 ◦C for 6 h. The
filtrate was evaporated at 65 ◦C with a rotary evaporation device to remove ethanol, then
4–5 volumes of distilled water were added to the filtrate. The supernatant was removed
after 48 h precipitation, the lignin solid was obtained by centrifugation, and excess moisture
was removed by freeze-drying for backup use. The lignin obtained using this method after
DES pretreatment is called DES-Lignin (DES-L).

2.5. Materials Characterizations
2.5.1. Compositional Analysis

The chemical compositions of the original bagasse and DES-pretreated bagasse were
determined using the NREL method [17]. In this way, 0.3 g bagasse (absolute dry weight
basis) was hydrolyzed by 3 mL of 72% H2SO4 at 30 ◦C for 1 h and 84 mL of deionized water
was added before holding in an autoclave at 121 ◦C for 45 min. After cooling and standing
at the end of the reaction, the mixture was filtered with a G3 filter, and 5 mL of the filtrate
was taken and adjusted to pH 2 with 8% NaOH solution and then diluted to 10 mL and
transferred to a liquid phase vial using a syringe with 0.22 µm filter tip. The liquid phase
vial was placed into a high-performance liquid chromatography (HPLC) Agilent 1260 series
(Agilent, Palo Alto, CA, USA), column Sugar SH 1011 300 × 8 mm, (Showa Denko K.K.,
Tokyo, Japan) to determine the cellulose and hemicellulose content of the samples.

The lignin content was determined by the weight method. For this, 15 mL of 72%
H2SO4 and 1 g of dried bagasse were mixed and hydrolyzed at 30 ◦C for 2 h and transferred
to a conical flask. Then, 560 mL of deionized water was added and the mixture was boiled
at 100 ◦C for 4 h in a water bath, during which water was added continuously to keep the
volume constant, then the conical flask was cooled and kept for 6 h. Solid–liquid separation
was performed using a G3 filter. (The G3 filter is an acid-resistant glass filtration apparatus
for solid–liquid separation with an average microporous diameter of 15–40 microns.) After
filtration, the G3 filter and the insoluble residue were dried in an oven at 105 ◦C for 6 h and
weighed, then placed in a muffle furnace at 575 ◦C for 4 h, cooled at the end of the reaction,
and weighed.

The equations for lignin, cellulose, and hemicellulose were calculated as follows.

Lignin (%) =
m1 −m2

m0
× 100% (1)

Cellulose (%) =
Cglu × 87.00 × 0.90

300
× 100% (2)

Hemicellulose (%) =
Cxly × 87.00 × 0.88

300
× 100% (3)
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where m1 is the weight of the acid-insoluble residue plus the crucible, mg; m2 is the weight
of the ash plus the crucible, mg; m0 is the weight of the raw material, mg; Cglu and Cxyl
are, respectively, the concentrations of glucose and xylose measured in the liquid phase,
mg/mL; 87 is the total volume of the sample, mL; 0.90 and 0.88 are the correction coefficients
of C-6 sugar and C-5 sugar, respectively; and 300 is the weight of the raw material, mg.

The solid recovery was calculated as a percentage of the solid recovered after pretreat-
ment. The component loss was calculated as a percentage of the corresponding component
reduced after pretreatment.

The solid recovery and loss of components were calculated using the equations below:

Solid Recovery (%) =
M0

M
× 100% (4)

Component Loss (%) =

(
1− A

A0

)
× 100% (5)

where M0 is the dry weight of the pretreated bagasse; M is the initial dry weight of the
untreated bagasse; A is the content (%) of individual components in the pretreated bagasse;
A0 is the content (%) of individual components in the untreated bagasse.

2.5.2. The Properties of DESs

The viscosity of seven DESs at different temperatures (20 ◦C, 40 ◦C, 60 ◦C, 80 ◦C, and
100 ◦C) were measured using a DV-III viscometer (Brookfield, Middleboro, MA, USA). The
DESs were adjusted to 0.5 mol/L by adding deionized water [19] and the pH values were
measured using a PHS-3C pH meter (INESA Instrument, Shanghai, China).

2.5.3. Scanning Electron Microscopy (SEM)

The morphology of the samples was analyzed using an SU 5000 field emission SEM
(Hitachi, Tokyo, Japan). The samples were gold-coated and then test shots were taken. The
accelerating voltage during imaging was 0.5 kV.

2.5.4. X-ray Diffraction (XRD)

An X-ray diffractometer (PANalytical B.V., Almelo, The Netherlands) was used to
characterize the cellulose of the post-treatment bagasse at room temperature (25 ± 2 ◦C)
with nickel-filtered Cu Kα1 radiation at 40 kV and 30 mA. At a scan rate of 12◦/min, the
scattering angle (2θ) ranged from 5 to 40◦. The peak height method was used to calculate
the crystallinity index (CrI) based on the diffraction intensity of crystalline and amorphous
regions using the equation below [20,21]:

CrI (%) =
I2 − I1

I2
× 100% (6)

where I2 is the diffraction intensity at 2θ ≈ 22◦, which corresponds to the (020) lat-
tice diffraction, and I1 is the minimum intensity at 2θ ≈ 18◦, which corresponds to the
amorphous region.

2.5.5. Fourier Transform Infrared (FTIR) Spectroscopy

On a Nicolet IS50 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA),
the chemical structure of cellulose and DES-L from sugarcane bagasse treated under dif-
ferent conditions and milled wood lignin (MWL) were scanned. All samples were mixed
with KBr and pressed, dried at 105 ◦C for 12 h, and scanned in the spectral range of
4000–400 cm−1 with 32 scans per spectrum.

2.5.6. Two-Dimensional Heteronuclear Single Quantum Coherence Analysis of Lignin

Two-dimensional Heteronuclear Single Quantum Coherence nuclear magnetic res-
onance (2D HSQC NMR) analyses of MWL and DES-L were performed on the Bruker
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500 Hz nuclear magnetic resonance spectrometer (Bruker, Karlsruhe, Germany) following
the standard procedure for lignin analysis [22]. Lignin was analyzed using deuterated
dimethyl sulfoxide (DMSO-d6, deuterated: 0.998) as solvent (50 mg sample per 0.5 mL
DMSO-d6). Two-dimensional hydrocarbon correlation spectra of lignin samples were then
acquired using the pulse program “hsqcetgp”, in which the spectral widths of 1H and
13C NMR were 2200 and 15,400 Hz, respectively. Of these, 1024 were sampled in the 1H
dimension, the relaxation time was 1.5 s, and the number of samples was accumulated
32 times; the 13C dimension was sampled 256 times.

2.5.7. Thermogravimetric Analysis (TGA)

The thermal properties of the samples were analyzed using TA 25 (TA Instruments,
New Castle, DE, USA). Approximately 5–10 mg samples were placed in aluminum crucibles
with a temperature range from 40 to 800 ◦C in a nitrogen atmosphere and heated at
10 ◦C/min.

3. Results and Discussion
3.1. Chemical Compositions of Bagasse

The composition of sugarcane bagasse, which was used as a lignocellulosic raw
material, is shown in Table 1. The cellulose, hemicellulose, and lignin contents were
44.68 ± 1.27%, 27.98 ± 0.43%, and 22.84 ± 0.29%, respectively. The contents of acid-soluble
lignin and acid-insoluble lignin were 1.57 ± 0. 12% and 21.27 ± 0.17%, respectively. The
composition obtained in this study differs slightly from those reported in previous studies,
owing to the different origins of bagasse [10].

Table 1. Content of bagasse biomass (%).

Cellulose Hemicellulose Lignin Ash Moisture Extract

44.68 ± 1.27 27.98 ± 0.43 22.84 ± 0.29 1.02 ± 0.02 6.06 ± 0.17 2.12 ± 0.07

3.2. Solubility Analysis of Bagasse Components in Various DESs

A total of seven DESs were synthesized for bagasse pretreatment; the viscosities of
the seven DESs at different temperatures are shown in Figure S1 and Table S1 and their
pH values are shown in Table S2. The compositions of bagasse after various pretreatments
are shown in Table 2. The results showed that the pretreatment efficiency of DES with the
addition of alcohols and acids was improved. The addition of alcohols, acids, and deionized
water were all effective in enhancing the flowability of DES and improving the pretreatment
effect; more hemicellulose was leached from bagasse at low temperatures compared to
ChCl-OA. The 80.01% solid recovery rate treated by ChCl-OA alone was reduced to 60.88%
after ChCl-OA-MA pretreatment; this was mainly due to the decrease in the viscosity of
DES at 90 ◦C after the addition of malonic acid (the viscosity decreased from 146.3 mpa·s
to 75.3 mpa·s) and the enhancement of the acidity of the system (pH 2.33 to 2.22). The
hemicellulose removal rate of all DESs increased from 46.45% to over 63.48%, indicating
that they were all effective solvents for the separation of hemicellulose from bagasse.

Table 2. Effect of various pretreatment solvents on the chemical composition of bagasse.

Pretreatment
Solvent Solid Recovery (%)

Removal (%)

Cellulose Hemicellulose Lignin

ChCl-OA 80.01 ± 0.87 11.34 ± 0.77 46.45 ± 0.55 48.23 ± 1.19
ChCl-OA-EG 63.82 ± 0.51 9.88 ± 0.42 67.43 ± 0.43 55.34 ± 0.91
ChCl-OA-G 62.08 ± 0.98 9.41 ± 0.41 68.37 ± 0. 31 51.10 ± 0.74
ChCl-OA-LA 65.35 ± 1.35 6.67 ± 0.25 70.76 ± 0.94 52.48 ± 0.80
ChCl-OA-MA 60.88 ± 1.25 5.91 ± 0.80 75.82 ± 0.67 71.64 ± 0.67
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Table 2. Cont.

Pretreatment
Solvent Solid Recovery (%)

Removal (%)

Cellulose Hemicellulose Lignin

ChCl-OA + 10% H2O 64.68 ± 0.98 8.96 ± 1.17 63.48 ± 0.44 40.26 ± 0.74
ChCl-OA + 20% H2O 68.86 ± 1.28 6.84 ± 1.21 72.46 ± 0.76 35.50 ± 1.18

The lignin removal rate varied depending on the newly added DES components. As
shown in Table 2, both alcohol and acid components from ChCl-OA-EG, ChCl-OA-G, ChCl-
OA-LA, and ChCl-OA-MA effectively boosted hemicellulose and lignin removal rates, and
pretreatment with ChCl-OA-MA resulted in the maximum removal of 71.64% of lignin
and 75.82% of hemicellulose. This is because adding acids provides more protons that
contribute to breaking chemical bonds in lignocellulose (e.g., ether bonds, ester bonds, and
polysaccharide compounds) [23], facilitating the separation of lignin from lignocellulose.
Furthermore, carboxyl groups (-COOH) in DESs can easily react with hydroxyl groups
(-OH) in cellulose to form monoesters or cross-linked diesters, which prevents cellulose
from being dissolved during acid hydrolysis [24]. The addition of alcohols improved the
solubility of lignin because the free hydroxyl groups of alcohols can interact with the ether
bonds in the lignin structure, thereby facilitating lignin removal. However, in the cases
of combination with deionized water, the delignification effects of DES were weakened,
although the fluidity of DES solvent was improved.

In conclusion, four DESs, including ChCl-OA-EG, ChCl-OA-G, ChCl-OA-LA, and
ChCl-OA-MA, effectively enhanced the pretreatment efficiency of the ChCl-OA system, in-
dicating that they can be used as pretreatment reagents for lignocellulose biomass. Whereas
ChCl-OA + 10% H2O and ChCl-OA + 20% H2O improved hemicellulose removal and
reduced solids recovery, the lignin removal rate decreased. The different viscosity and pH
values of DESs after the addition of different new components resulted in differences in the
effects of pretreatment bagasse.

3.3. Analysis of Surface Morphology of Bagasse

SEM was used to view the morphology of bagasse fibers before and after pretreatment
with DESs. As shown in Figure 1a, the surface rupture of bagasse fiber was observed after
the pretreatment of the other five DESs, except for ChCl-OA-G. Irregular lamellar cells
appeared on the surface and some fibers were even broken.

As shown in Figure 1b, DESs (ChCl-OA-LA and ChCl-OA-MA) formed by the addition
of acids showed the most significant effect on the surface morphology of bagasse fiber and
a number of cracks and pores appeared on the fiber surface, while after the pretreatment of
bagasse with DESs (ChCl-OA-EG, ChCl-OA-G, ChCl-OA + 10% H2O, and ChCl-OA + 20%
H2O) formed by the addition of alcohols and deionized water, only some holes existed on
the surface and the fiber surface was less fractured.

3.4. Crystallinity Analysis

XRD was used to investigate bagasse’s crystalline structure and relative crystallinity
(Figure 2). The samples before and after pretreatment showed absorption at 15.0◦, 16.4◦,
22.5◦, and 34.5◦, indicating the presence of cellulose I. The crystal planes of cellulose II are
typically found at 2θ = 13◦, 20.0◦ and around 22.0◦ [20,21]. The absorption spectrum had
the main peak at 22.5◦, indicating that cellulose I was the predominant crystal form.

Compared with the feedstock crystallinity of 56.9%, pretreatment with ChCl-OA-
EG and ChCl-OA-G increased the crystallinity of cellulose to 65.85% and 66.03%. After
pretreatment with ChCl-OA-LA and ChCl-OA-MA, it increased to 61.88% and 67.65%.
After pretreatment with ChCl-OA + 10% H2O and ChCl-OA + 20% H2O, it increased to
66.90% and 66.42%.
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3.5. Chemical Composition Analysis of Bagasse

FTIR spectra of bagasse treated by various DESs are shown in Figure 3a. The signal at-
tribution in the FTIR spectrum is shown in Table S3. The peak of spectra at 3300–3500 cm−1

represented the stretching vibrations of hydroxyl groups of lignin or carbohydrates (cel-
lulose or hemicellulose). Lignin has absorption peaks of 1600, 1510, 1456, and 826 cm−1,
where the skeletal vibrational absorption peaks of the benzene rings are positioned at 1600,
1510, and 1456 cm−1, and the vibrational absorption peaks of C-H linked with benzene
rings are placed at 826 cm−1 [25]. The peak at 1600 cm−1 was weakened after ChCl-OA-
MA pretreatment, indicating that it removed lignin from bagasse more effectively than
other DESs. The absorption peak at 1245 cm−1 was weakened or disappeared after being
pretreated with all the six DESs, indicating the breakage of ester bonds between lignin and
hemicellulose. These weaker absorption peaks proved that DESs effectively removed lignin
from bagasse. Figure 3b depicts photographs of the samples before and after pretreatment,
these six DES-pretreated samples showed minor macroscopic changes and none of them
showed carbonization of fibers.
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Figure 3. The Fourier Transform Infrared (FTIR) spectra (a) and images (b) of bagasse treated with
different DESs.

Figure 4 shows the FTIR spectra of the DES-L and MWL. The results showed that
different DES treatments had no significant effect on DES-L structure. The characteristic
bands of lignin aromatic ring vibrations were observed at 1595, 1512, 1462, and 1423 cm−1.
The absorption vibration of the clove nucleus, guaiacyl group, the C-C/C-O/C=O vibration
of the guaiacyl group, and the C-H vibration are attributed to the peaks at 1271 cm−1,
1224 cm−1, 1125 cm−1, and 1036/831 cm−1 near 1325 and 1220 cm−1 [26]. MWL had a
peak at 1657 cm−1, which was derived from non-conjugated carbonyl and ester groups and
conjugated carbonyl vibrations, while DES-L had no peak there. This finding suggested
that DES treatment may have disrupted the conjugated structure of lignin by breaking the
double bond at the α-position of the lignin molecule. It is worth noting that the peak at
918 cm−1 indicated the presence of a small amount of cellulose and the six DES-Ls had a
weak peak here.
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Figure 4. FTIR spectra of the Lignin was extracted after DES treatment (DES−L) prepared with
different DESs.

3.6. Two-Dimensional HSQC Analysis of Lignin

Two-dimensional HSQC analysis aimed to compare the structural changes in the MWL
and DES-L. The side chain (δC/δH 50–90/2.5–6.0) and aromatic (δC/δH 90–150/5.0–8.0)
regions of the 2D HSQC spectra of MWL and DES-L are shown in Figure 5. The main
substructures observed in MWL and DES-L by 2D HSQC are shown in Figure 6. The
2D HSQC spectra of other DES-Ls are shown in Figure S2 and Table S4 shows the main
cross-linking signal peak in lignin samples. The abundances of the principal lignin linkages
and the S/G ratios were estimated based on the previous literature [27].

The aromatic regions of lignin (δC/δH 90–150/5.8–7.8) are shown in Figure 5a,b. The
signal peaks in the spectra corresponded to different lignin units, including p-hydroxyphenyl
units (H), guaiacyl units (G), syringyl units (S), coumaric acid (PCA), and ferulic acid
(FA) [28]. According to the signal intensity, the MWL of bagasse mainly consisted of S-type
units, G-type units, and a few H-type units. The increased content of S-type units was
observed only in the lignins from pretreatments with ChCl-OA-G, ChCl-OA-LA, and ChCl-
OA-MA, and the relative content of G-type units in all six DES-Ls decreased, indicating
that the DESs mainly destroyed G-type units. The ratios of S/G in all DES-Ls (1.70–1.92)
were higher than that in MWL (1.67).

Two special and typical flavone tricin (T) signal peaks were found in the 2D HSQC
of the bagasse lignin sample [29]. However, the flavone tricin structure was not detected
in DES-Ls pretreated with ChCl-OA-MA and ChCl-OA-LA, indicating that the above
pretreatments disrupted the flavone tricin structure of the lignin molecules.

The side chain regions of lignin (δC/δH 50–95/2.7–5.5) are shown in Figure 5c,d
which include β-aromatic ether linkage (β-O-4′, A), resinol structure (β-β′, B), and phenyl-
coumaran structure (β-5′, C). It was calculated that the content of the β-O-4′ ether bond in
MWL was 46.9/100 Ar, which was higher than that of all DES-Ls (6.92–28.20/100 Ar), and
this suggested that DES mainly disrupted the β-O-4′ ether bond of lignin molecules. In com-
parison to the content of β-β′ bonds (3.30/100 Ar) and β-5′ bonds (1.50/100 Ar) in MWL,
among the six DES-Ls, only ChCl-OA-Gs were detected with β-β′ bonds (2.47/100 Ar) and
β-5′ bonds (0.07/100 Ar), owing to their trace amounts after pretreatments.
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In addition, except for ChCl-OA-G-treated DES-L, the other five DES-Ls showed no
signal of carbohydrates in the side chain region (boxed areas in Figure 5c,d), indicating the
high purity of DES-Ls.

Processes 2022, 10, x FOR PEER REVIEW  10  of  14 
 

 

 

Figure 5. Two‐dimensional Heteronuclear Single Quantum Coherence nuclear magnetic resonance 

(2D HSQC NMR) spectra of milled wood lignin (MWL) (a,c) and DES‐L from ChCl‐OA‐MA (b,d). 

 

Figure 6. Main substructures observed in MWL and DES‐Ls by 2D HSQC: (A) β‐O‐4′ ether linkages, 

(A’) β‐O‐4′ ether linkages with, acetylated at γ‐carbon, (B) resinol, (C) phenyl‐coumaran, (PCA) p‐

coumarate acid, (FA) ferulic acid, (T) flavone tricin, (H) p‐hydroxyphenyl units, (G) guaiacyl units, 

(S) syringyl units. 

3.7. Thermal Stability 

The pyrolysis of  lignocellulose is divided  into four stages, with water degraded at 

40–100 °C, hemicellulose at 215–310 °C, cellulose at 310–390 °C, and lignin at 390–515 °C 

[30]. The thermogravimetric (TG) analysis of bagasse treated with different DESs is shown 

in Table S5. Figure 7 shows the TG and differential thermogravimetric (DTG) curves of 

bagasse under different treatment conditions. As shown in Figure 7, the degradation pro‐

cess of bagasse raw materials includes three stages: hemicellulose, cellulose, and lignin. 

However, the samples treated with DESs have no weight loss stage with lignin, indicating 

that lignin was removed through pretreatments. Moreover, within the second decompo‐

sition temperature range, the weight losses of all six DES samples were less than that of 

the  raw  material,  indicating  that  substantial  hemicellulose  had  been  successfully 

Figure 5. Two-dimensional Heteronuclear Single Quantum Coherence nuclear magnetic resonance
(2D HSQC NMR) spectra of milled wood lignin (MWL) (a,c) and DES-L from ChCl-OA-MA (b,d).

Processes 2022, 10, x FOR PEER REVIEW  10  of  14 
 

 

 

Figure 5. Two‐dimensional Heteronuclear Single Quantum Coherence nuclear magnetic resonance 

(2D HSQC NMR) spectra of milled wood lignin (MWL) (a,c) and DES‐L from ChCl‐OA‐MA (b,d). 

 

Figure 6. Main substructures observed in MWL and DES‐Ls by 2D HSQC: (A) β‐O‐4′ ether linkages, 

(A’) β‐O‐4′ ether linkages with, acetylated at γ‐carbon, (B) resinol, (C) phenyl‐coumaran, (PCA) p‐

coumarate acid, (FA) ferulic acid, (T) flavone tricin, (H) p‐hydroxyphenyl units, (G) guaiacyl units, 

(S) syringyl units. 

3.7. Thermal Stability 

The pyrolysis of  lignocellulose is divided  into four stages, with water degraded at 

40–100 °C, hemicellulose at 215–310 °C, cellulose at 310–390 °C, and lignin at 390–515 °C 

[30]. The thermogravimetric (TG) analysis of bagasse treated with different DESs is shown 

in Table S5. Figure 7 shows the TG and differential thermogravimetric (DTG) curves of 

bagasse under different treatment conditions. As shown in Figure 7, the degradation pro‐

cess of bagasse raw materials includes three stages: hemicellulose, cellulose, and lignin. 

However, the samples treated with DESs have no weight loss stage with lignin, indicating 

that lignin was removed through pretreatments. Moreover, within the second decompo‐

sition temperature range, the weight losses of all six DES samples were less than that of 

the  raw  material,  indicating  that  substantial  hemicellulose  had  been  successfully 

Figure 6. Main substructures observed in MWL and DES-Ls by 2D HSQC: (A) β-O-4′ ether link-
ages, (A’) β-O-4′ ether linkages with, acetylated at γ-carbon, (B) resinol, (C) phenyl-coumaran,
(PCA) p-coumarate acid, (FA) ferulic acid, (T) flavone tricin, (H) p-hydroxyphenyl units, (G) guaiacyl
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3.7. Thermal Stability

The pyrolysis of lignocellulose is divided into four stages, with water degraded at
40–100 ◦C, hemicellulose at 215–310 ◦C, cellulose at 310–390 ◦C, and lignin at 390–515 ◦C [30].
The thermogravimetric (TG) analysis of bagasse treated with different DESs is shown in
Table S5. Figure 7 shows the TG and differential thermogravimetric (DTG) curves of bagasse
under different treatment conditions. As shown in Figure 7, the degradation process of
bagasse raw materials includes three stages: hemicellulose, cellulose, and lignin. However,
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the samples treated with DESs have no weight loss stage with lignin, indicating that
lignin was removed through pretreatments. Moreover, within the second decomposition
temperature range, the weight losses of all six DES samples were less than that of the
raw material, indicating that substantial hemicellulose had been successfully separated by
pretreatment. According to the above results, the crystallinities of the samples treated with
DES were significantly higher than that of the raw material, which is manifested in the
larger decomposition amount of cellulose at a higher temperature, especially ChCl-OA-MA.
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The pyrolysis stage of lignin has three segments. The first stage occurs at 80–160 ◦C,
which is mainly ascribed to the dehydration and degradation of low-molecular weight
lignin; the second stage is the pyrolysis of lignin phenylpropane polymer at 160–470 ◦C; the
third stage is the lignin carbonization stage at 470–600 ◦C [31]. The TG analysis of different
DES-Ls is shown in Table S6. Figure 8 shows the TG and DTG curves of different DES-Ls.
As shown in Figure 8, the thermal degradation behaviors of the six DES-Ls are consistent.
In addition, the thermal stability of MWL is superior to DES-Ls due to its undamaged
structure. In the second stage, all the six DES-Ls have two inflection point temperatures (T1
and T2), while T2’ of MWL occurs in the third stage (470–600 ◦C) at higher temperature of
lignin degradation. The T1 and T2 of DES-Ls correspond to a large number of cleavages of
lignin side chains and depolymerization of phenylpropane units, respectively. The residue
reacts into coke with the increase in temperature, and the mass of MWL and DES-L remain
constant until 730 ◦C and 600 ◦C, respectively.

According to the results of 2D HSQC, a large number of β-O-4′ ether bonds in lignin
were broken in the process of ChCl-OA-MA treatment, which resulted in less weight loss
at 200–300 ◦C and the maximum weight loss at 300–400 ◦C for its corresponding DES-L,
while lignin from ChCl-OA-G treatment, with only a small amount of β-O-4′ ether bond
fracture, still had a maximum weight loss at 200–300 ◦C.
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Figure 8. TG/DTG curves of different DES−Ls.

4. Conclusions

In this study, six ternary DESs were synthesized on the base of ChCl-OA by adding
various third components. Except for the water-added ternary DESs, the other four effec-
tively dissolved lignin from bagasse at low temperatures. The ChCl-OA-MA formed by
the addition of malonic acid achieved the maximum lignin removal rate of up to 71.64%
through pretreatment at 90 ◦C for 4 h and the β-O-4′ ether bond of G-type units in the
bagasse lignin molecule was effectively destroyed. On the other hand, the ternary DES
system with deionized water did not promote lignin removal and instead interfered with
it. All six DESs effectively separated hemicellulose from bagasse with extraction rates
over 63.48%, and the crystallinity of cellulose from pretreated bagasse was elevated to
over 61.88%.
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of different ternary DES, Figure S2: 2D-HSQC NMR spectra of the other DES-L from bagasse, Table S1:
The viscosity of different ternary DES at 90 ◦C, Table S2: The pH value of different ternary DES,
Table S3: Band assignments for FTIR spectra, Table S4: Assignments of 13C-1H cross-peaks in 2D
HSQC spectra of the lignin fractions, Table S5: The TG analysis of bagasse treated with different
DESs, Table S6: The TG analysis of different DES-Ls.
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