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This study shows a functional deep eutectic solvent (DES) employing choline chloride (ChCl) and glyoxylic
acid (GA) for lignocellulose fractionation. This DES exhibited a higher pretreatment efficiency (92.15%)
than that composed of ChCl and lactic acid (10.36%). Molecular dynamic (MD) simulations indicated that
the ChCl: GA DES showed a higher total binding energy (AE) with lignin than the ChCl: LA DES, resulting
in a higher dissolution of lignin. GA prevented lignin condensation during pretreatment. The stabilized
lignin containing 69.39% p-0O-4 linkages can be used for phenolic monomer production with a bio-oil
yield of 59.60% and lignin-based sunscreen preparation with a SPF of 58.46. The cellulose residues with a
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mild pretreatment severity exhibited a high enzymatic saccharification yield of 91.99%. Meanwhile, an
esterification reaction occurred between cellulose and GA during pretreatment. The inhibition of enzy-
matic hydrolysis and microbial growth enables the use of functional cellulose to produce antibacterial
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1. Introduction

Lignocellulosic biomass, a promising feedstock to replace pet-
roleum resources for biofuel, chemical, and bioproduct pro-
duction, has attracted much attention in recent years due to
its sustainability, renewability, and carbon neutrality."* In the
plant cell wall, hemicellulose and lignin encircle cellulose to
form a rigid structure that is recalcitrant against degradation.
The complex matrix hinders their further fractionation and
value-added utilization for humans.>* Thus, a pretreatment
step is necessary to break down the recalcitrance towards
efficient biomass conversion.>*

So far, various pretreatment techniques have been devel-
oped to enhance the biomass fractionation, such as physical
methods (e.g., ball milling and microwave irradiation), chemi-
cal methods (e.g., using ionic liquid and organic acid), biologi-
cal methods (e.g., using white-rot fungus), and physico-
chemical methods (e.g,, ammonia or alkali-steam explosion).
Although these strategies promote enzymatic saccharification
of glucan, their industrial applications face many challenges,
such as cost and energy consumption.””® DES, a typical eutectic
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paper. Furthermore, 96.80% of the DES could be easily recycled and reused for biorefinery purposes.

mixture consisting of a hydrogen bond acceptor (HBA) and a
hydrogen bond donor (HBD), has been identified as a promis-
ing media for biomass pretreatment due to its high lignin
solubility, non-flammability, good bio-compatibility, and
thermostability.>*'® In particular, the ChCl-based DES exhi-
bits an excellent ability to selectively dissolve lignin and hemi-
cellulose from lignocellulosic biomass.''* This is due to
strong hydrogen bonds formed between hydroxyl groups (-OH)
in the lignin-polysaccharide complex and the chloride ion
(CI7) from ChCL" Conversely, acidic protons in the HBD can
promote the cleavage of ester bonds in lignin and hemi-
cellulose, leading to their isolation from biomass.* Currently,
widely used ChCl-based DESs include ChCl as a HBA and
polyol and organic acids, such as glycerol, 1,4-butanediol
(BDO), lactic acid (LA), oxalic acid (OA), acetic acid (AA), and
p-toluenesulfonic acid (p-TsOH), as HBDs."*™*® Although a
high lignin dissolution (65%-90%) was obtained with the
ChCl-based DES, an undesired condensation of lignin usually
occurs by the formation of a C-C linkage during pretreatment,
which dramatically affects the further upgrading of lignin.'®"”
For example, Wang et al. used a DES (ChCl and p-TsOH) for
miscanthus pretreatment at 80 °C for 20 min, resulting in a
low p-O-4 linkage content of only 30.90% in the obtained
lignin."® Several researchers have developed diol-based DES
systems containing glycol and ChCl to pretreat biomass and
obtain functionalized lignin.*"**° However, the delignification
yield and lignin stabilization efficiency need to be improved.
Recently, Bertella et al. used a cosolvent containing glyoxylic
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acid (GA), dioxane, and HCI to extract lignin. GA addition
efficiently prevented lignin condensation and simultaneously
introduced a carboxyl group on the lignin backbone.?! This
gave us inspiration to use GA-containing carboxyl groups as
HBDs to prepare a DES with ChCl as a HBA, achieving lignin
extraction, stabilization, and functionalization.

In this study, a functional DES employing ChCl and GA was
developed to pretreat lignocellulose for lignin stabilization and
valorization toward multiple purposes. The effect of different
pretreatment conditions on changes in main components
during pretreatment was investigated. The lignin dissolution
mechanism of the ChCl: GA DES was explored by a molecular
dynamics (MD) simulation. After that, the value-added utiliz-
ation of stabilized lignin was carried out, such as preparing
phenolic monomers via hydrogenative depolymerization and
producing lignin-based sunscreen. Furthermore, the enzymatic
hydrolysis and antibacterial testing of obtained fibers after pre-
treatment were performed. By blending with softwood pulp,
the obtained fibers were used for papermaking. In addition,
the ChCl: GA DES was recycled for further reuse. Therefore,
this green refining strategy provides a valuable reference for
achieving a sustainable bioeconomy and highlights the poten-
tial for efficient pretreatment and conversion of lignocellulosic
biomass using the ChCl: GA DES.

2. Experimental section
2.1 Materials

Boehmeria nivea stalks used in this study were kindly provided
by Shandong Century Sunshine Paper Group Co., Ltd
(Shandong, China). Chemical reagents of analytical grade,
such as choline chloride (ChCl), lactic acid (LA), glyoxylic acid
(GA), and dimethyl sulfoxide (DMSO), were purchased from
Macklin Biochemical Technology Co., Ltd (Shanghai, China).

2.2 DES synthesis

ChCl and GA were mixed at different molar ratios (1:2, 1:3,
1:4 and 1:5) and subsequently heated for 30 min at 80 °C
and 200 rpm to obtain a DES. Additionally, a DES composed of
ChCl and LA with a molar ratio of 1:4 was used for
comparison.

2.3 Boehmeria nivea stalk pretreatment

The Boehmeria nivea stalks were crushed into particles with a
diameter of 0.45-0.9 mm using a grinder (FZ102, Tianjin Teste
Instrument Co., Ltd, China). Subsequently, 3 g of those par-
ticles and 40 g of DES were added in a pressure vessel
(P170003, Tchongqing Xinweier Glass Co., Ltd, China), and
the pretreatment was carried out at different temperatures
(110 °C, 120 °C, 130 °C, and 140 °C) and times (30 min,
60 min, 90 min, and 120 min), as illustrated in Table S1.T At
the end of each reaction, the pressure vessel was cooled to
room temperature before opening. After adding 50 mL of
ethanol (EtOH) into the vessel and stirring for 30 min; solid
and liquid phases were separated employing filter paper
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(15 cm, Shenzhen Xinkehua Experimental Instrument Co.,
Ltd, China). The solids were washed with ethanol (50 mL) and
deionized water (DI) to a neutral pH, and subsequently sub-
jected to ultrasonication for 10 s to form a pulp. EtOH was
removed via rotary evaporation (XA-R-1010, Xi’an Yuhui
Experimental Instrument Co., Ltd) at 40 °C and 100 rpm. The
stabilized lignin was obtained from the liquid phase after pre-
cipitation with DI and filtration. The DES was recycled using
rotary evaporation at 100 rpm for 60 °C for the next pretreat-
ment of Boehmeria nivea stalks.

The component content in the pretreated solids was ana-
lyzed following the protocol described by the National
Renewable Energy Laboratory (NREL).”*> This process involved
adding 0.3 g of dry solids and 3 mL of 72% sulfuric acid to a
pressure vessel and allowing it to soak for 2 h. After adding
84 mL of ultrapure water, the hydrolysis reaction was con-
ducted at 121 °C for 1 h using a steam sterilizer.
Monosaccharide concentrations in the liquid phase were
measured using an HPLC system (Ultimate 3000, Thermo
Scientific) equipped with a separating column (Aminex
HPX-87H, Bio-Rad, CA, United States) and a refractive index
detector (RID-20A, Shimadzu, Japan). The pretreatment
efficiency was calculated using the following equation:**

Epretreatment (%) _ (1 _ mligninl /mcellulosel) % 100%’ (1)
Miignino /mcelluloseo
where Epreqreatment 1S the pretreatment efficiency (%); Miignini
and Mcenuloser are the weights of lignin and cellulose in the
pretreated substrate, respectively (g); Miignino and Mceituioseo are
the weights of lignin and cellulose in the raw Boehmeria nivea
stalks, respectively (g).

2.4 MD simulation of the lignin dissolution mechanism

MD simulations were performed using GROMACS 2018.4
software.>**® Veratrylglycerol-p-guaiacyl ether (VG) was used as
a model compound of lignin for computer simulation.>”>°
The simulation system of the pure DES contained 510 Lac/Gac
and 2040 choline chloride molecules. Before program
running, the steepest descent method was used to minimize
the simulation system. The simulation was equilibrated for 5
ns in the normal volume and temperature (NVT) ensemble
and 40 ns in the normal pressure and temperature (NPT)
ensemble (P = 1 bar). An additional 5 ns NPT ensemble simu-
lation was carried out to collect representative snapshots. After
adding a VG molecule into the DES simulation system, the
DES-VG system simulation was run under same conditions as
described above.

2.5 Cellulose residue characterization and utilization

The crystallinity index (Crl) of the cellulose residue was ana-
lyzed on an X-ray diffractometer (Ultima IV, Japan) with a diffr-
action angle range from 5° to 40° and a scanning speed of 2°
min~". Crl was calculated using the following equation:

(%) _ Ipoz — IAmorph

Crl x 100%, (2)

002
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where Iy, and Iymorpn Stand for the diffraction intensities at
approximately 26 = 22° and 18°, respectively.

Fiber quality analysis (FQA), including fiber length and
width, was performed on a L&W Fiber tester (ABB AB/
Lorentzen & Wettre, Sweden) according to the TAPPI T-pm-91
standard.

Handsheets were prepared by blending softwood pulp and
Boehmeria nivea pulp of various amounts (0%, 5%, 10%, 15%,
and 20%, wt%) at a basis weight of 100 g m™> in accordance
with the SCAN-C 26:76 standard. The ring crush strength of
the prepared handsheets was measured on a ring compressive
strength tester (17-60, Testing Machines Inc., America) based
on the TAPPI T822 om-11 standard, the tear strength was
tested on a tearing tester (009, ABB AB/Lorentzen & Wettre,
Sweden) according to the TAPPI T414 om-88 standard, and the
tensile strength was tested using an Auto Tensile Tester (066,
ABB AB/Lorentzen & Wettre, Sweden) in accordance with the
TAPPI T494 om-81 standard. The morphology was scanned
using an SEM system (TM4000 Plus, Japan Hitachi Nake high-
tech enterprise).

The enzymatic hydrolysis of the fibers was conducted on a
shaking bed incubator (THZ-100, Shanghai Bluepard
Instruments Co., Ltd, China) at a temperature of 50° C and a
speed of 180 rpm. Specifically, dry pretreated substrate (1 g)
and cellulase (Cellic® CTec 2, Novozymes, China) with a cellu-
lase loading of 15 FPU g~* glucan were added into a sodium
citrate buffer of 50 mL (pH 4.8). At different time intervals
(3 h, 6 h, 12 h, 20 h, and 30 h), 400 pL of the supernatant was
taken out and centrifuged at 8000 rpm for 5 min. The glucose
content was measured via a biosensor analyzer (SBA-40E,
Biological Institute of Shandong Academy Sciences, China).
The yield of enzymatic hydrolysis was calculated using the fol-
lowing equation:

Mglucose

Yeu (%) = x 100%, (3)

Cglucan

Msolids X
solids 0.9

where Mgiycose aNd Mggligs stand for the weights of produced
glucose in the enzymatic hydrolysate and used pretreated
solid, respectively (g); Cglucan iS the glucan content in the pre-
treated solid; 0.9 is a conversion coefficient from glucan to
glucose.

To assess the antimicrobial capabilities of the prepared
antibacterial paper using pretreated fibers, 100 pL of
Staphylococcus aureus cultured in 50 mL of liquid medium was
diluted with sterile water and poured onto a plate with solid
medium containing 2% (w/v) agar. The plate containing anti-
bacterial paper and Staphylococcus aureus was incubated at
37 °C for 24 h.

The *C NMR measurement of cellulose was carried out
using a Bruker Avance NEO spectrometer (400WB, Bruker,
Germany) at a spinning speed of 10 kHz (4.2 ps 90° pulses), a
cross-polarization pulse of 2 ms, and a recycling delay of 3 s.
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2.6 Lignin characterization and utilization

To explore the chemical structure characteristics of lignin
samples, 2D-HSQC NMR measurement was carried out on an
Avance NEO 600M spectrometer (Bruker, Germany). Before
testing, 40 mg of lignin was dissolved in 0.5 mL of DMSO-d6
solution."’

The lignin depolymerization was carried out in a high-
pressure reactor containing 0.15 g of lignin and 20 mL of
methanol at 230 °C for 15 h with a Ru/C catalysis loading of
0.1 g. It is worth noting that the initial hydrogen pressure and
the working hydrogen pressure were 1 MPa and 8 MPa, respect-
ively. After cooling the reactor to 25 °C, the liquid phase con-
taining depolymerization products was separated from the
reacted mixture through filtration. Then, n-hexane was added
to extract the depolymerization products. The resulting liquid
phase was analyzed by a GC-MS system (QP2020, Shimadzu)
with a HP-5 column. The n-hexane was removed using rotary
evaporation (XA-R-1010, Xi’an Yuhui Experimental Instrument
Co., Ltd). The yield of bio-oil was calculated based on the fol-
lowing equation:

NMpio-oil

Ybio-oil(%) = X 100%7 (4)

lignin

where Mpio.oi1 and Myignin are the weights of bio-oil and used
lignin, respectively (g).

The UV absorbance of the lignin sample was measured on a
UV-vis spectrophotometer (Shimadzu, Japan) with a wave-
length range from 290 nm to 400 nm. DMSO-lignin solution
was added in a dialysis bag (31 mm, Beijing Tianan United
Technology Co., Ltd, China) for 48 h to generate lignin nano-
particles (LNPs). The particle size and morphology of the LNPs
were further analyzed using a zeta potential tester (ZEN3690,
Malvern Instruments Ltd, UK) and an atomic force microscope
(AFM) (Multimode8, Bruker, Germany), respectively.

After freeze-drying, LNPs were added to commercial sunsc-
reen to prepare lignin-based sunscreens. Different amounts
(1%, 2%, 3%, and 4%, wt%) of LNPs and commercial sunsc-
reen were blended and stirred in the dark for 24 h.
Subsequently, the UV transmittance (7') of the prepared sunsc-
reen was tested within a wavelength region of 290 nm-400 nm
and a slit width of 5 nm. Prior to testing, the prepared sunsc-
reen was coated on a 3 M medical tape on a clean quartz glass
slide with a coating weight of 2 mg cm™. The sun protection
factor (SPF) was calculated according to the following equation
based on previous literature:*>°

400 400
SPF = Z E;S;/ ZE/lSATA (5)
290 290

where E;, S, and T, stand for erythemal spectral effectiveness,
solar spectral irradiance, and spectral transmittance,
respectively.
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3. Results and discussion
3.1 Boehmeria nivea stalk pretreatment

The effect of different pretreatment parameters, such as pre-
treatment temperature (T), molar ratio (M), and pretreatment
time (¢), on the changes in the main components of the pre-
treated solid during pretreatment was investigated. Fig. 1a
shows the effect of temperature on the cell wall compositions

View Article Online
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of the pretreated substrates. Accordingly, the content of the
main components can be seen in Table S2.1 Hemicellulose of
47.68% and lignin of 19.46% were removed from raw materials
at 110 °C. Increasing the temperature from 110 °C to 140 °C
caused obvious delignification and hemicellulose removal.
Only 4.13% of hemicellulose and 4.32% of lignin were found
in the pretreated solid at 130 °C compared with initial con-
tents in the raw material (hemicellulose of 22.46% and lignin
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Fig. 1 The changes in the three main components of the pretreated solids at different pretreatment temperatures (a), molar ratios (c), and pretreat-
ment times (e); the morphology of the pulp (top) and stabilized lignin (bottom) at different pretreatment temperatures (b), molar ratios (d), and pre-
treatment times (f); a comparison of the changes in the three main components (g) and morphology of the pulp (top) and stabilized lignin (bottom)

(h) between ChCl: GA and ChCl: LA with same pretreatment conditions.
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of 21.53%). Under this pretreatment temperature, an obvious
fiber dissociation occurred after 10 s of ultrasonic treatment
(Fig. 1b). However, an increased pretreatment temperature
caused a high energy consumption and serious cellulose
degradation. Therefore, a relatively mild pretreatment tempera-
ture of 130 °C was determined with a high removal of lignin
(79.93%) and hemicellulose (81.61%). After that, the effect of
the molar ratio of ChCl: GA on the changes in the main com-
ponents of the cellulose residues was further explored at
130 °C (Fig. 1c). As the molar ratio increased from 1:2 to 1:5,
the retention rate of hemicellulose and lignin decreased from
4.13% and 4.32% to 2.54% and 0.96%, respectively
(Table S2t). The viscosity of the DES presented in Table S3+
further supported the above observation that an increase in
the GA content in the DES led to a decrease in viscosity, result-
ing in improved flowability, which promoted the pretreatment
efficiency.®’ The fibers were released from the pretreated
matrix (Fig. 1d). It should be noted that the content of cell-
ulose partially reduced from 34.50% to 31.97% (Table S27}) as
the molar ratio increased. Furthermore, the presence of exces-
sive GA in the DES solution further affected the saccharifica-
tion yield in enzymatic hydrolysis. The pretreatment efficiency
under molar ratios of 1:4 reached 92.15%. Therefore, an
appropriate molar ratio of 1:4 with high-pretreatment
efficiency (>90%) was chosen. According to the results in
Fig. 1e and Table S2, and the morphology of the stabilized
lignin (Fig. 1f), the optimum pretreatment time was deter-
mined to be 30 min. Only 3.33% of hemicellulose and 2.15%
of lignin remained in the cellulose residue. Although prolong-
ing the pretreatment time resulted in an increase of the pre-
treatment  efficiency, cellulose would be degraded
accompanied by the destruction of the lignin structure. Higher
temperature enhanced the removal of lignin and hemicellulose
from the amorphous region. The CrI of the cellulose residue
also increased (Fig. S1bf). Increasing the molar ratio and
extending the pretreatment time showed a decrease of Crl. For
example, an obvious CrI decrease from 75.45% to 72.40% was
found as the pretreatment time which further prolonged from
30 min to 120 min. The main reason was that the swelling of
the crystalline region of cellulose was promoted after DES
penetration.*” In addition, the Crl decreased from 74.65%
(1:3) to 72.48% (1:5) because the acid hydrolysis of cellulose
in the crystalline region occurred due to the presence of GA.
Therefore, the optimal pretreatment conditions were deter-
mined as a pretreatment temperature of 130 °C, a molar ratio
(ChCl:GA) of 1:4, and a pretreatment time of 30 min.

A pretreatment comparison was carried out between
ChCl:GA and ChCl:LA with the same pretreatment con-
ditions as for T130M1:4t30. Fig. 1g and h show the changes in
the three main components and morphology of the pulp (top)
and stabilized lignin (bottom). Only 28.66% of lignin and
45.73% of hemicellulose were removed from the Boehmeria
nivea stalks for ChCl:LA. After pretreatment with ChCl: GA,
the CrlI of the cellulose residue increased from 65.96% to
75.45% as hemicellulose and lignin were dissolved out from
the raw materials. Compared with the ChCl: GA DES pretreat-
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ment, the ChCl: LA DES pretreatment led to a lower CrI under
same pretreatment conditions (Fig. Slaf). The pretreatment
efficiency of the ChCl: GA DES reached 92.15%, which was
8.89 times higher than that of the ChCl:LA DES (10.36%)
under same conditions of T130M1:4t30, demonstrating a
strong ability for lignin and hemicellulose extraction.
Moreover, the obtained lignin with ChCl: LA DES exhibited a
darker brown color than that of ChCl: GA DES. Furthermore,
the collected cellulose residue cannot be effectively dispersed
in water to form a pulp after ultrasonic treatment (Fig. 1h).

3.2 MD simulation of the lignin dissolution mechanism

To understand the interactions between lignin and DES mole-
cules, the lignin dissolution mechanism of the ChCl: GA DES,
and the reason for differences in lignin removal between
ChCl: GA and ChCl: LA DESs, MD simulations were performed
using VG as a model compound of lignin. The densities of the
two DESs were first calculated to ensure the accuracy of the
parameters employed in the MD simulations."® The calculated
densities of ChCl:GA and ChCl:LA DESs were 1.25 g cm >
and 1.39 g ecm ™3, as shown in Fig. S2,T respectively, which was
consistent with the measured densities of 1.23 g em™ and
1.36 g cm ™ with a permitted error of below 2.00%. The force
field parameters used in the simulation are very reliable. Fig. 2
shows the volumetric density map (isosurface) of cosolvent
molecules around the VG molecule at different isovalues.
Based on the results from Fig. 2a and the movie in the ESIL¥
the distance between ChCl:GA and VG is closer than that
between ChCl:LA and VG. Subsequently, the local organiz-
ation and bonding of the DES molecules in the immediate
vicinity of VG were investigated by calculating radial distri-
bution functions (RDFs) between the DES and VG molecules,
or more precisely, by calculating the center of mass (the mole-
cule) RDFs, as shown in Fig. 2b. For the simulation system of
Lac/ChCI-VG, an obvious sharp peak was found at 5.36 A with
a strength value of 1.97 for the centroids of the ChCl: LA and
VG benzene ring, while a strong peak with a strength value of
2.23 appearing at 4.50 A for the centroids of the ChCl: GA and
VG benzene ring in the simulation system of Gac/ChCl-VG.
The two strong peaks approaching around 5.00 A were attribu-
ted to the H-x interaction between the VG benzene ring and
DES molecules, thus resulting in high strength of van der
Waals interaction.'” The results were consistent with those in
Fig. 2a. Furthermore, interaction energies (AE), mainly van der
Waals (LJ-SR) and electrostatic (Coul-SR) interaction energies,
between the DES and VG molecules were calculated, as shown
in Fig. 2c. The electrostatic interaction energies of ChCl/LA-VG
and ChCI/GA-VG were calculated to be 161.19 k] mol™ and
158.35 kJ mol™", respectively. No significant difference in
electrostatic interaction energy was found between the two
simulation systems. The electrostatic interactions were cumu-
lated according to the cutoff method with a distance of 3.0 nm.
The calculated van der Waals interaction energies of Lac/ChCl-
VG and Gac/ChCl-VG were 215.63 k] mol™" and 234.55 k] mol™,
respectively, indicating that van der Waals interaction plays an
important role in the interaction between the DES and VG mole-
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Fig. 2 (a) Volumetric spatial density maps (isosurfaces) of the time averaged distribution of the cosolvent and molecules (red, green and blue iso-
surfaces represent ChCl cations, ions, and acid molecules, respectively); the isovalues of the ChCl cation, ion, and Lac molecules for the complex of
ChCl: LA and VG are 0.02, 0.004, and 0.02, respectively; the isovalues of the choline chloride cation, ion, and Gac molecules for the complex of
ChCl:GA and VG are 0.02, 0.004, and 0.02, respectively. (b) The RDFs of the DES and VG molecules. (c) The calculated interaction energies
between the DES and VG molecules, mainly van der Waals (LJ-SR) and electrostatic (Coul-SR) interaction energies.

cules. The ChCl:GA DES system with a high total AE of
392.90 k] mol™" caused a higher dissolution of lignin than the
ChCl: LA DES system (376.82 k] mol™"), which explains why
using the ChCl: GA DES lead to a higher lignin removal during
pretreatment than using the ChCl: LA DES.

3.3 Characterization and utilization of cellulose

Fiber length and width were measured through FQA as pre-
sented in Table S4.1 The fiber length and width decreased
from 0.48 mm and 44.90 pm to 0.37 mm and 25.10 pm,
respectively, with an increase in temperature from 110 °C to
140 °C. At 130 °C, almost all of the fibers had dissociated from
the pretreated solid to form a pulp (Fig. 1b). The length and
width were measured to be 0.35 mm and 25.30 pm, respect-
ively. High temperature caused hydrolysis of the cellulose
chain, resulting in a short fiber length. This conclusion is
further substantiated by the SEM image presented in Fig. S3.1
Thus, the fibers from the pretreatment conditions of
T130M1:4t30 were used for papermaking by blending them
with commercial softwood pulp.

The saccharification yield of the cellulose residues after
various pretreatment conditions (Table S51) was investigated,
as shown in Fig. 3a. The ChCl: GA DES pretreatment resulted
in a higher cellulose digestibility rate of 70.61% than that
using the ChCl:LA DES pretreatment (60.91%) under same
conditions (130 °C). This was due to the removal of more

3458 | Green Chem., 2024, 26, 3453-3465

hemicellulose and lignin during the pretreatment process,
which led to an increased surface area for enzyme adsorp-
tion."® The SEM images of the pretreated substrates also
revealed a loose structure (Fig. 3c). After 10 s of ultrasonic
treatment, the free fibers were released from the pretreated
matrix (Fig. 3c) to form a pulp (Fig. 1b). Interestingly, the
highest saccharification yield of 91.99% was found after 30 h
of enzymatic hydrolysis for the cellulose residue with a pre-
treatment temperature of 110 °C. The increased pretreatment
temperature caused a decrease of the enzymatic efficiency
(Fig. 3a). The main reason for this was the chemical modifi-
cation of cellulose by the esterification reaction between the
carboxyl groups in GA and hydroxyl groups in cellulose during
pretreatment (Fig. 3d). The aldehyde groups on the surface of
cellulose caused a possible inhibition or deactivation effect on
the individual cellobiohydrolase (CBH) and p-glucosidase (BG)
activities. In particular, enzyme deactivation is usually indi-
cated by a time-dependent loss of enzyme activity. Aldehyde
groups could interact with different functional groups on the
enzyme/protein surface through covalent and/or exceptionally
strong noncovalent bonds, which sometimes remain even after
complete protein breakdown.?*?* This finding was demon-
strated in the FTIR spectrum of the pretreated substrates
(Fig. 3b). A new signal was found at 1202 cm™" originating
from the stretching vibration of the CO-O-C structure in the
ester bond.>®> A clearer peak was observed in the substrate as

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) The saccharification yield of cellulose residues; (b) the FTIR spectrum of the pretreated substrates; (c) SEM images of the pretreated solids
(Tx stands for pretreatment temperature and U stands for a 10 s ultrasonic treatment); (d) the esterification reaction between cellulose and GA
during the pretreatment process; (e) the *C spectrum of the pretreated substrate; (f) a digital photo of antimicrobial measurement of the prepared

paper using the fibers from the pretreatment conditions of T130M1:4t30.

the pretreatment temperature was raised. Furthermore, the
solid-state **C NMR spectra of the pretreated substrates exhibi-
ted a typical carbonyl group peak at 178 ppm in Fig. 3e,
further revealing that an esterification occurred between cell-
ulose and GA during the pretreatment process.*® In short, the
ChCl: GA DES pretreatment resulted in not only a high yield
(91.99%) of enzymatic saccharification when converting the
cellulose residue to glucose but also cellulose functionali-
zation by introducing aldehyde groups on the cellulose

This journal is © The Royal Society of Chemistry 2024

surface. The inhibition on enzymatic hydrolysis gave us inspi-
ration to use the esterified cellulose to produce antibacterial
paper. Fig. 3f demonstrates the good inhibitor effect of the pre-
pared antibacterial paper towards the growth of Staphylococcus
aureus within 24 h.

The physical properties, such as ring crush strength index,
tear index, and tensile index, of the handsheets produced by
mixing commercial softwood pulp with Boehmeria nivea pulp
are shown in Fig. 4. Although the average length of the
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Boehmeria nivea pulp is shorter than that of the commercial
softwood pulp, some studies have shown that adding short
fibers into the softwood pulp could improve the physical pro-
perties, particularly the ring crush strength index. This is
because short fibers can fill up gaps between long softwood
pulp fibers, leading to an increase in binding sites between
the fibers. The enhancement of hydrogen bonding between
hydroxyl groups on the fiber surface resulted in an improve-
ment in the paper strength. In this study, although adding
different amounts of Boehmeria nivea pulp into the softwood
pulp did not significantly increase the mechanical strength of
the handsheets, when the added amount of Boehmeria nivea
pulp reached 10%, the mechanical strength was very close to
that of the pure softwood pulp handsheets without Boehmeria
nivea pulp addition. The ring crush strength index of 4.34 Nm
g~! (Fig. 4a), tear index of 8.07 mN m? g~' (Fig. 4b), and
tensile index of 16.09 Nm g~ (Fig. 4c) of the prepared hand-
sheets were 83.30%, 89.37%, and 97.16% of those of the pure
softwood pulp handsheets, respectively. The probable reason
was that the Boehmeria nivea fibers acted as a filler in the soft-
wood fiber frame, and the gaps between the fibers were filled,
not only increasing the binding sites but also improving the
interactions of intermolecular hydrogen bonds (Fig. 4d).°
However, further raising the amount of produced pulp signifi-
cantly reduces the mechanical strength of the handsheets due
to the decrease of softwood fibers. Thus, using Boehmeria
nivea pulp to replace commercial softwood pulp at an
optimum amount of 10% can reduce the cost of papermaking

3460 | Green Chem., 2024, 26, 3453-3465

with a bit of bacterial inhibition function while providing a
strategy for the utilization of agricultural waste, Boehmeria
nivea stalks.

3.4 Lignin characterization and utilization

The ChCl:GA DES not only showed a higher lignin removal
than ChCl:LA but also obtained a lighter colored lignin.
Traditional lignin fractionation usually involves reactions of
condensation and repolymerization to produce a highly stable
C-C linkage. Aldehyde-assisted fractionation with GA can
prevent lignin fractionation to form condensed lignin, as
shown in Fig. 5a°” The structural characteristics of the
extracted lignin with ChCl: GA DES, labeled as GSL, were ana-
lyzed via 2D HSQC NMR as demonstrated in Fig. 5g and h.
Milled wood lignin that was labeled as MWL (Fig. 5c¢ and d)
and the extracted lignin with ChCl: LA DES that was labeled as
LAL (Fig. 5e and f) were used for comparison.

As shown in Fig. 5, the 2D HSQC NMR spectrum was
divided into a side chain region and a benzene ring region at
b¢c/bu  52.0-100.0/2.70-5.30 ppm and J¢c/éy  100.0-136.0/
6.30-8.00 ppm, respectively. The main cross-peaks are listed in
Table S6T based on a previous publication.?®

In the side chain region, a clear cross-signal of methoxy
groups (-OCH;) was observed at 6c/6y 56.1/3.76 ppm. The
typical interunit linkages, such as p-O-4 structure (A and A’
unit), phenyl-coumaran structure (-5, B unit), and resinol (p-f,
C unit), were also determined. Specifically, the cross-peaks for
B-O-4 were displayed at /8y 72.1/4.88 ppm (Aa), 5c/6y 84.1/

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc04749k

Published on 02 February 2024. Downloaded on 6/17/2026 5:23:33 PM.

Green Chemistry

Lignin NS
Me

View Article Online

Paper

Lignin
o

MeO. N
s
Z

Lignin MeO

Lignin

Og P o”

0.
SLignin

HooOC. 0.
o

Lignin
o~

Lignin
e \r

o

80 80 NN PY beo
Ba ABO gy e SHD Ass) Ba &= GA« oj)\o)x/
° g TS f : “
- Ba - == AB(G) 2 om:
AB(S) 90 90 ) 90
GA1 L
N ome
T T T T T T T T T T T T T T T
5.0 4.5 4.0 3.5 ppm 5.0 4.5 4.0 3.5 3.0 ppm 5.0 4.5 4.0 3.5 3.0  ppm
ppm PPm PPm
d S2.6 LD L .- |h S26 . 3
108 105 . o & 105
- F110 F110 . Fi10
° e oo 2K
- F115 GS < o< ' - Fi1s
- F120 k120 k120
G G 3
F12s e o G o
PCA 26 P
PB 2,6 c@PCA 2,6 F130 = F130 F130
F13s F13s ; F13s

T T T T T T T T
7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 ppm

T T T T T T T T T T T T T T T
7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 ppm 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 ppm

Ho, HoL, HO._MeO 2
HO. . HO. 2 o"\G HO. y "o"\
7 z Me Z OMe
| | |
S G PCA PB A A-G A-S B (o4
Syringyl  Guaiacyl p-coumarate p-benzoate B-aryl-ether B-aryl-ether B-aryl-ether ~ Phenylcoumarane  Resinol
moieties (B-0-4) (B-0-4-G) (B-O-4-8) (B-5, 0-0-4) (B-B)

Fig. 5 Lignin stabilization mechanism and the HSQC spectra of different lignin samples. (a) Stabilization mechanism during lignin extraction; (b) a
digital photo of MWL and GSL in different solvents (GVL, THF, and 1,4-dioxane); (c), (e) and (g) the side chain region of MWL, LAL and GSL, respect-
ively; (d), (f) and (h) the benzene ring region of MWL, LAL and GSL, respectively; (i) the main chemical structure in Boehmeria nivea lignin.

4.35 ppm (AB(G)), 6c/6u 87.0/4.13 ppm (AP(S)), 6c/6u 60.0/
3.72 ppm (Ay), and 6/8y 63.5/4.25 ppm (A'y). The phenyl-cou-
maran structures were found at 5¢/6y 85.2/4.69 ppm (Ba) and

This journal is © The Royal Society of Chemistry 2024

8c/6u 71.9/3.87-4.21 ppm (By). The cross-signals at 5¢/6y 87.9/
5.48 ppm (Ca), 6c/6u 53.8/3.08 ppm (CP), and Sc/6y 62.8/
3.85 ppm (Cy) were assigned to the resinol structure.'* Unlike

Green Chem., 2024, 26, 3453-3465 | 3461


https://doi.org/10.1039/d3gc04749k

Published on 02 February 2024. Downloaded on 6/17/2026 5:23:33 PM.

Paper

the spectra of MWL (Fig. 5¢) and LAL (Fig. 5e), the cross-peak
at 6c/éy 97.0/5.06-5.27 ppm was attributed to the newly
formed acetal structure (Fig. 5g).*° Additionally, the a, B, and y
signals of stable lignin were observed at dc/6y 82.0/4.63 ppm,
8c/6y 73.5/4.30-4.40 ppm, and 6¢/6y 67.0/3.82 ppm in Fig. 5g,
respectively, which indicated that GA prevented further lignin
condensation during the ChCl: GA DES pretreatment.”’ After
stabilization and functionalization, the GSL exhibited a very
poor solubility in GVL, THF, and 1,4-dioxane, as shown in
Fig. 5b.

In the benzene ring region, the typical cross-signals of
lignin were found, such as syringyl (S) and guaiacyl (G) units at
8clby 104.2/6.72 ppm (Cy6-Hy 6, S unit), 6c/dy 111.1/6.95 ppm
(C,—H,, G unit), 6¢/5y 116.1/6.81 ppm (Cs—Hs, G unit), and ¢/
Sy 119.5/6.82 ppm (Cs-Hg, G unit),*° respectively. Additionally,
the peaks at 6c/6y 131.1/7.57 ppm and 6¢/6y 130.8/7.50 ppm
originated from p-benzoate units (C,6-H,) and p-coumarate
moieties (C,,-H, 6, PCA unit). Table S77 illustrates the content
of main inter-unit linkages (f-O-4, p-5, and p-f) and S/G ratio
in the lignin samples. The GSL sample exhibited a high
content of B-O-4 linkages (69.39%), which is very close to that
of MWL (85.57%). The results indicated that the DES contain-
ing GA can effectively hinder the polymerization of lignin
during lignin extraction.

The depolymerization of GSL was performed using Ru/C as
a catalyst and methanol as a solvent at 230 °C for 15 h in
hydrogen atmosphere. The original depolymerization analysis
of the three lignin samples by gas chromatogram (MWL, LAL
and GSL) is listed in Fig. S4.7 As shown in Fig. 6, nine main
aromatic monomers were found in the depolymerization pro-
ducts of MWL with a bio-oil yield of 81.10%. Six major lignin
monomers were identified in the products of GSL with a bio-

100

View Article Online
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oil yield of 59.60%. Without GA stabilization during pretreat-
ment, the bio-oil yield of 58.95% was obtained in the products
of LAL. The ChCl: LA DES pretreatment showed a monomer
yield of only 48.20% and low lignin removal (28.66%). The
ChCl: GA DES pretreatment led to not only a high lignin
removal (90.01%) but also a high final monomer yield after
hydrogenolysis of the extracted lignin (57.80%). The increased
monomer yield can be attributed to the stabilization mecha-
nism in Fig. 5a, which is consistent with previous publications
with FA stabilization.”® The B-O-4 structure was largely pre-
served via preventing the formation of stable C-C bond lin-
kages during the ChCl:GA DES pretreatment process.
Therefore, GSL has great potential in the preparation of bio-
fuels with excellent combustion performance by further cata-
lytic hydrogenation.*"*>

The stabilized lignin showed a strong UV absorption ability
and could be used as an anti-ultraviolet additive for lignin-
based sunscreen preparation.® After introducing an amount of
carboxyl groups, the UV absorption ability of GSL was improved
(Fig. 5a). Thus, the possibility of using the obtained GSL for
lignin-based sunscreen production was investigated. To improve
the dispersibility and UV resistance in sunscreen, the GSL was
prepared into lignin nanoparticles (LNPs). The size distri-
butions of the produced LNPs from different pretreatment con-
ditions are shown in Fig. S5.f The different LNPs exhibited a
similar size distribution between 100 and 1000 nm, indicating
that these LNPs had a larger specific surface area and could
provide stronger UV shielding function. Furthermore, these
uniform-size LNPs were dispersed in commercial emulsions to
prepare lignin-based sunscreens (Fig. 7a).

The UV absorptions of the LNPs extracted at different temp-
eratures were measured prior to preparing sunscreen as pre-
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Fig. 6 The bio-oil and aromatic monomer yields of lignin (MWL, LAL, and GSL) after depolymerization.
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absorbance using the prepared sunscreen (4% LNPs addition) and commercial sunscreen (SPF 50) on the back of the hand.

sented in Fig. 7b. The UV absorption of the LNPs decreased
with the temperature rising. The LNPs obtained at 110 °C
exhibited the highest UV absorption capacity among all LNP
samples. Many publications have reported that the presence of
the conjunction structure formed by double bonds and/or car-
bonyl groups with a phenyl group may provide lignin with a
strong UV absorption capacity.*>** However, the content of
this conjunction structure in the extracted lignin was reduced
with the enhancement of the pretreatment severity, which
resulted in a decrease in the UV absorption capacity.'**’
Combining the highest enzymatic efficiency at 110 °C (Fig. 3a),
the LNPs obtained from 110 °C were selected to prepare the
lignin-based sunscreen. Besides, an AFM image of the LNPs
obtained under 110 °C (Fig. S61) exhibited their nanoscale
size, further demonstrating that the collected LNPs might be a
desirable anti-ultraviolet additive for sunscreen production.

As exhibited in Fig. 7a, different amounts of LNPs were
mixed with a commercial sunscreen with an SPF of 15. The

This journal is © The Royal Society of Chemistry 2024

addition of 4% LNPs resulted in a similar light-yellow color as
that of the blank sample without LNP addition. The UV trans-
mittances for produced sunscreens are shown in Fig. 7¢, and
their SPF values were further calculated as demonstrated in
Fig. 7d according to a previously reported method.® The pro-
duced sunscreen displayed a decrease in UV transmittance
within UVA (320-400 nm) and UVB (290-320 nm) ranges with
an increasing content of LNPs, indicating an excellent UV
blocking performance. The SPF of the lignin-based sunscreen
adding 2% LNPs reached 34.15, exceeding that of commercial
SPF 30 sunscreen with a measured SPF value of 32.06. With
the addition of LNPs (4%), the SPF value of the obtained
sunscreen reached up to 58.46, which was 1.82 times and 1.28
times higher than those of SPF 30 and SPF 50 sunscreens,
respectively. The measured results indicated that the prepared
sunscreen possessed excellent UV resistant properties. The
produced sunscreen did not cause any contamination on the
human skin as demonstrated in Fig. 7e. Thus, the GSL

Green Chem., 2024, 26, 3453-3465 | 3463
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extracted from Boehmeria nivea stalks can be used as an anti-
ultraviolet additive for lignin-based sunscreen preparation.

3.5 DES recovery

Fig. 8 shows an approach of lignocellulose fractionation using
the ChCl: GA DES and DES recovery. After filtration, the anti-
solvent (ethanol) was used to wash the cellulose residue. Pulp
was obtained via further ultrasonic treatment for 10 s in step
1. Subsequently, the mixture containing ethanol, lignin, and
DES was further concentrated by removing ethanol using
rotary evaporation at 40 °C (step 2). The addition of deionized
water in step 3 led to the precipitation of GSL. After filtration
and washing with DI, the protected lignin with a purity of
95.60% was obtained in step 4. DES was recovered by removing
deionized water in step 5 and reused for lignocellulose frac-
tionation in step 6. In this system, the cellulose fraction and
lignin fraction were effectively separated from Boehmeria nivea
stalks. The ChCl: GA DES used in the biomass fractionation
process was easily recycled with an ideal yield of 96.80%.

4. Conclusion

Herein, a new DES composed of ChCl and GA was developed
for lignocellulose valorization. Under optimal pretreatment
conditions (T130M1:4t30), the ChCl: GA DES exhibited higher
removal of lignin (90.01%) and hemicellulose (85.17%) from
Boehmeria nivea stalks than the ChCl: LA DES. MD simulations
indicated that the ChCl:GA DES showed a higher total
binding energy (AE) with lignin than the ChCl: LA DES, result-
ing in a higher dissolution of lignin. Furthermore, the
ChCl: GA DES pretreatment caused cellulose functionalization
by introducing aldehyde groups on the cellulose surface,
which was not found in the pretreatment using the ChCl: LA

3464 | Green Chem., 2024, 26, 3453-3465

DES. The cellulose residue can be used for antibacterial paper
fabrication or industrial papermaking. Meanwhile, GA pre-
vented lignin condensation by a stabilization approach. The
stabilized lignin containing 69.39% f-O-4 linkages can be used
for phenolic monomer production with a bio-oil yield of
59.60% and lignin-based sunscreen preparation with a SPF of
58.46. Moreover, the ChCl: GA DES was recycled with a desir-
able yield of 96.80%. Therefore, this study provided a func-
tional DES for lignocellulose valorization via lignin stabiliz-
ation and cellulose functionalization.
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