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Abstract: Efficient extraction of lignin from lignocellulose
by low-cost and eco-friendly way has been a key focus in the
lignin-first biorefinery strategy. The bamboo lignocellulose
consists of three major components, in which the complex
crosslinking structure greatly hindering the rapid and large-
scale extraction of lignin. To address this issue, an innovative
method of microwave-assisted deep eutectic solvent (MA-
DES) was developed to extract lignin from bamboo. The DES
emerging as promising alternatives to conventional sol-
vents, offers outstanding selective extraction capabilities.
The effect of DES types on the lignin yield was investigated.
The DES containing choline chloride-formic acid (1:6 Molar
ratio), and the 1:40 solid-liquid ratio of bamboo powder to
solution were selected as optimal conditions for the high
lignin yield. Under the microwave radiation, the optimum
lignin yield (89.5 %) was achieved in 10 min. The bamboo
fibers and extracted lignin were analyzed by X-ray photo-
electron spectroscopy (XPS), Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM),
and thermos gravimetric (TG) techniques. The extracted
lignin was granular and irregular cluster morphology. The
crystallinity index of bamboo fibers increased by 20.4 % af-
ter treatment, thus offering a new strategy for optimizing
extraction procedures for producing lignin.
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1 Introduction

The bamboo is particularly promising because of its abun-
dance in China. It faces a growing supply-demand imbalance
due to the banning logging policy. The bamboo has high
potential as a biomass feedstock due to its fast growth, high
carbon content, and easy cultivation on non-arable land
(Emamverdian et al. 2020). Compared to woods, the hamboo
is easier to obtain, showing higher sustainable utilization
rate. The unique characteristics make bamboo widely
applicable in various industries, e.g., building, furniture
manufacturing, handicrafts, and papermaking (Fan et al.
2023; Yuan et al. 2022; Zhu et al. 2022). The bamboo has been
recognized as a promising lignocellulosic resource in the
global bioeconomy. As a biorefinery resource, bamboo
contains lignin with proportion of 38-50 % (Zhang et al.
2021). The lignin can be used to provide high-value products
as the most abundant renewable aromatic compound in
bamboo fibre. Lignin primarily comprises three monolignol
units including p-hydroxyphenyl, syringyl, and guaiacyl
phenylropanoid units that are linked by ether and carbon
carbon bonds (Liu et al. 2019a,b). The abundant functional
groups such as carbonyl, aliphatic, phenolic hydroxyls, and
carboxyl groups, endow lignin with high hydrophobicity,
UV-shielding properties, antioxidant activity, thermal sta-
bility, flame retardancy, and biocompatibility (Figueiredo
et al. 2018; Zhang et al. 2021). Therefore, efficient separation
of lignin is the key to the utilization of hamboo resources.
Lignin as the most abundant biopolymer is an abundant
renewable resource that can provide a sustainable substi-
tute for energy and chemicals. In recent decades, more
emphasis has been given on developing lignin conversion
processes for commercialization, such as heating and elec-
tricity generation, phenolic modified adhesives (Wang et al.
2023). It presents variable extraction rate, purity, and reac-
tion activity for different extraction conditions, which hin-
ders its high value-added utilization (Hiroshi et al. 2018). The
common treatment for extracting lignin include using acids,
alkalis, ionic liquids, organic, and deep eutectic solvents
now. The acid method can preliminarily separate lignin
(Liao et al. 2024). The f—0—4 structure was maintained in the
primary lignin. The alkali treatment resulted in lignin with
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increased purity and higher molecular weight. Whereas,
there will be residual chemical linkages between lignin and
cellulose (Wang et al. 2024). The ionic liquid can be reused in
separating lignin. However, its efficiency decreased over
subsequent cycles (Mohtar et al. 2017). High cost and com-
plex synthesis process of ionic liquid hinder its feasibility in
large scale applications. The organosolv method is among
the most user-friendly and economically interesting because
many of the solvents involved can be easily recycled. The
presence acid residues would require additional purification
treatments (Florian et al. 2019). The deep eutectic solvent (DES)
treatment can selectively dissolve lignin during biomass frac-
tionation for the value-added conversion of the carbohydrates
(Feng et al. 2024). The advantages of DES methods over the
convention include low toxicity, nonflammability, biocompat-
ibility, and chemical tunability by varying the molar ratio of
the parent components (Smith et al. 2014). The DES can break
down the f—0—-4 and - bonds in lignin, which removes fat
and methoxy hydroxyl groups from lignin side chains (Uddin
et al. 2024). Therefore, the efficient, and green preparation of
lignin from lignocellulose is of great significance.

The DES is a system formed by hydrogen bond or self-
association interactions between hydrogen bond acceptors
and hydrogen bond donors. In recent years, the DES has
emerged as promising solvents for lignocellulosic biomass
fractionation. DES was recognized on lignin extraction and
biomass saccharification enhancement, which attributed to
the DES ability to selectively dissolve lignin and hemicellu-
lose (Wang and Lee 2021). Compared to other solvents,
preparation of high purity DESs using low cost sources is
relatively simple. Most DESs do not deactivate enzymes,
making DES advantageous in biomass conversion (Gorke
et al. 2010). Several crucial factors influence extraction effi-
ciency and extracts properties for DES-assisted/enhanced
methods. These factors include DES types, molar ratio, solid-
liquid ratio, extraction temperature, and extraction time
(Yahaya et al. 2024). DESs obtained with choline chloride and
carboxylic acids are particularly promising for lignin
extraction and solubilization. The formic acid (FA) has been
reported as a sustainable and effective strategy for decon-
struction of bamboo fibers. The simplest organic carboxylic
acid and can be derived from biomass (Zhang et al. 2025).
Due to the good lignin solvency, the formic acid can make
hemicellulose more accessible, thus accelerating the disso-
lution of lignin out from cellulosic feedstocks (Wang et al.
2019). FA can be efficiently recovered by vacuum distillation
due to its lower boiling point (100.8 °C) to guarantee a clean
process. Thus, the choline chloride-formic acid system was
chosen for lignin extraction.
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Despite substantial progress has been made in DES
treatment techniques, the majority processes suffer from
prolonged durations. It seriously impacts treatment effi-
ciency. Itrequires a certain reaction temperature to proceed.
Heating can reduce reaction time for faster biomass disso-
lution. The conventional heating methods (e.g., water bath,
oil bath, and electric furnace) heat materials from the sur-
face to inside by the radiation, convection, and conduction
ways. In comparison, the microwave irradiation is intro-
duced to the improve heating uniformity and reduce the
treatment time. Microwaves are longer than other electro-
magnetic waves used for radiant heating and therefore it has
better penetration ability. Many polar molecules vibrate,
rub, and collide in high-frequency electromagnetic fields, so
that the temperature of the material rises rapidly. The mi-
crowave hydrothermal treatment is a more efficient, eco-
friendlier method, due to it consumes less energy than
traditional heating (del Rio et al. 2022).

Herein, this study aims to explore how to efficiently
extract lignin from bamboo by MA-DES method. Specifically,
it explores the effects of different DES types, microwave
time, DES molar ratio, and solid-liquid ratio on the lignin rate
under microwave assistance. The extraction optimisation
was achieved in a comprehensive and systematic manner
by investigating the effect of various extraction conditions.
The chemical compositions of bamboo fiber before and after
treatment were analyzed. The proportion of each compo-
nent was calculated to demonstrate the efficient extraction
of lignin. The changes in surface compositions, crystallinity,
and microstructure of bamboo fibers before and after MA-DES
treatment, and the extracted lignin were also investigated by
Thermos gravimetric (TG), X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), and scanning electron microscopy (SEM),
respectively. Considering the extracted lignin rate and econ-
omy, the optimal solution was obtained.

2 Materials and methods
2.1 Materials

The bamboo of 3-5-year-old Moso bamboo (Phyllostachys
edulis) were sourced from Zhejiang, China. The bamboo was
first cut and then mechanically crushed to form a uniform
powder of particles. The powder was dried in an oven at 105 °
C to a constant weight. All the chemical reagents were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., Beijing,
China.
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2.2 Determination chemical compositions of
bamboo fiber

To calculate the extraction yield of lignin, the content of each
component in bamboo fibers was determined. The moisture
content was measured using the MB23 moisture analyzer
(Shanghai Ohhaus Instrument Co., Ltd). The organic solvent
extract content was determined according to GB/T 2677.6-94.
The holocellulose content was determined according to GB/T
2677.10-1995. The lignin content was obtained by calculating
the contents of acid insoluble lignin and acid soluble lignin.
The content of acid insoluble lignin and acid soluble lignin in
bamboo fiber were determined according to the modified
method of Pinnarat et al. (Pinnarat et al. 2024). The ash
content in the sample was determined according to GB/T 742-
2018.

2.3 Preparation of DES

The DES can be prepared by the mixture of hydrogen bond
acceptor (HBA) and hydrogen bond donor (HBD). The DES
can rupture cell wall by choline group. Three types of DESs
were prepared, where the chloride choline (ChCl) was
chosen as HBA, and formic acid (FA), oxalate (OA), and urea
(U) were used as the HBD, respectively. All the DESs were
produced by mixing HBA and HBD in molar ratios of 1:2.
The mixture was heated at 60 °C with continuous stirring
for 2 h until a homogeneous colorless liquid obtained. The
synthesized DESs were stored in the desiccator prior
before use.

2.4 Lignin separation by MA-DES treatment

The bamboo powder and DES were mixed at a ratio of 1:10 (g/
g) until obtaining uniform liquid. Using microwave-assisted
heating mixed liquid in WD700A microwave reactor
(Shunde Galanz Microwave Appliance Co., Ltd) at various
times (5 min, 10 min, 15 min, 20 min, and 25 min), molar ratio
of choline chloride to formic acid (2:1, 1:1, 1:2, 1:4, and 1:6) and
DESs and bamboo powder solid-liquid ratio (1:10, 1:20, 1:30,
1:40) (g/g).

The extraction yield X (%) of lignin from bamboo fiber
were calculated as following equations:

x =120 4009 )
m

where m is weight of lignin in untreated bamboo fiber (g),
and m, is the weight of Lignin in bamboo fibers treated with
deep eutectic solvents (g).
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2.5 Analytical methods

Thermal stabilities of bamboo fibers and extracted lignin
were characterized using thermos gravimetric analysis SDT
Q600 (Waters Technology Co., Ltd., USA) with a temperature
range from 30 to 600°C in nitrogen atmosphere with a
heating rate of 10 °C/min. The surface morphology was
observed by a Hitachi SU8010 scanning electron microscope
(Shanghai Jiexing Biotechnology Co., Ltd) with an acceler-
ating voltage of 5kV before and after treatment. The sample
was performed golden spraying treatment under vacuum
conditions before X-ray analysis. The bamboo fibers were
investigated using an X-ray diffractometer (Bruker GmbH,
Germany) ranging from 5 to 40° at 40 kV and 30 mA. The
crystallinity index (C,.I) was calculated according to (Segal
et al. 1959) in Eq. (2):

- M % 100 % )
002

CI

where Iy, is the crystalline peak at 20 = 22.0°. and Lyyorpn 1S
the amorphous peak at 26 = 18.0°.

The bamboo fibers were determined using an AXIS SU-
PRA X-ray photoelectron spectrometer (SHIMADZU Corpo-
ration, Japan). The qualitative analysis of lignin was
performed using a Nicolet iN10 Fourier transform infrared
spectrometer (Thermo Fisher Scientific, Inc), with a wave-
length scanning range of 4,000-400 cm™, a resolution of
4 cm™, and a frequency of 32 times. The OMNIC software was
used for processing and analysis.

3 Results and discussion

3.1 Lignin extraction process and structure
changes of bamboo fibers in MA-DES
method

The deep eutectic solvent (DES) method is green and recy-
clable in extracting lignin, which has received widespread
attention from scholars. This work proposes a microwave-
assisted (MA) DES method for lignin separationin from
bamboo fibers. The lignin extraction process is illustrated in
Figure la. The bamboo was mechanically crushed into
powder, and then mixed with DES under MA heating. After
MA treatment, the solid-liquid mixture exhibited dark
brown appearance. The solids rich in cellulose was obtained
by vacuum filtration. The regenerated lignin was then
precipitated from the remaining mixture.

In addition to 6.2 % of benzyl alcohol extract, the bamboo
fiber contained 61.3 % of holocellulose and 30.7 % of lignin
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Figure 1: Schematic of (a) lignin extraction process and (b) structure and compositions changes of bamboo fiber under MA-DES.

(Figure 1b). The rapid and uniform heating with low energy
loss was achieved through the interaction between micro-
waves and polar molecules. The electric dipoles in DES maxi-
mized ionic properties and increased the molecular polarity
(Zhou et al. 2022). The movement of polar molecules could
enhance the penetration of DES into bamboo fibers, providing
energy for lignin solvation. The microwave heating also pro-
moted the selective bond cleavage during lignin depolymer-
ization, such as f~0—4 bonand Cs—O bond (Muley et al. 2019).

3.2 Microstructure and compositions of
bamboo fibers

The morphological changes of bamboo fibers were observed in
Figure 2a—c. The original bamboo fibers exhibited a dense and
smooth surface morphology. In comparison, the treated fibers
underwent tremendous changes with layered protrusions

and pores, resulting in visible cracks and rough surfaces
(Figure 2d—f). This phenomenon could be attributed to the
partial destruction of fibers. The partial degradation of hemi-
cellulose and lignin occurred during MA-DES treatment. The
penetration and delivery of DES into fiber cells enhanced by
the microwave irradiation (Yan et al. 2009). The polar mole-
cules under the microwave energy facilitated the fragmenta-
tion of weak bonds within bamboo fibers, including ether
connections connecting lignin molecules, linkage bonds be-
tween lignin and polysaccharides (Chen et al. 2020). The surface
compositions were mainly composed of cellulose, which
were covered by the amorphous lignin. It confirmed that
the MA-DES method were an effective approach to etch the
surface amorphous layer, eventually removing the layer. It
destroyed the compact fiber structure, retaining plentiful cel-
lulose with crystalline regions. It facilitated the accessibility of
DES into bamboo fibers, advantaging for enhancing lignin
extraction.
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The XPS spectra of bamboo fibers before and after
treatment with MA-DES are shown in Figure 2g and h. The
spectra of all samples showed two major peaks of Cls
(binding energy (BE): 285eV) and O1s (BE: 532eV). The
theoretical O/C values of carbohydrates are higher than that
of lignin, with values of 0.83 and 0.33, respectively (Ju et al.
2013). The O/C ratio increased by 8.3% after treatment,
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reflecting the decrease in lignin concentration (Johansson
et al. 1999), confirming the MA-DES treatment significantly
dissolved lignin.

The high-resolution XPS spectra of C1s of hamboo fibers
are presented in Figure 2i and j. The spectra were decon-
volved into four Gaussian peaks. The quantification results
of Cls and Ols are shown in Table 1. For lignin, the Cls
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Figure 2: SEMimages of (a-c) untreated bamboo fibers and (d-f) DES treated fibers; XPS spectra of (g) untreated and (h) DES treated fibers; XPS spectra
of C1s for (i) untreated bamboo fiber and (j) treated fibers; XPS spectra of O1s for (k) untreated and (I) DES treated fibers.
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Table 1: Surface atomic concentration of bamboo fibers treated with
MA-DES method.

Samples c1 c2 c 01 02 03
Untreated fiber (%) 369 357 274 650 286 6.4
DES treated fibers (%) 20.2 450 348 552 156 29.2

spectrum of the sample deconvoluted into three peaks cor-
responding to C1: C-C at 284.5 eV, C2: C-0/C-OC at 286.2 eV,
C3: 0-C-0/C=0 at 287.7 eV, respectively (Arun et al. 2020;
Chirila et al. 2013; Sreedhar et al. 2006). The C1is connected to
groups of hydrogen (C—H) or carbon (C-C), that are primarily
aliphatic and aromatic (Wei et al. 2018a,b). The relative
content of C1 decreased from 36.9 % to 20.2 %, with that of C2
increased from 35.7 to 45.0 % after DES treatment, indin-
cating that carbon chains on fiber surface became less
exposed, while hydroxyl groups become more exposed after
the treatment.

The high-resolution Ols spectra of bamboo fibers are
presented in Figure 2k and 1. The O1 spectrum was composed
of three highly intense peaks that corresponding to three
oxygen chemical functional groups: O1 peak represents C=0
at531.7 eV, the 02 peak is —OH at 532.9 eV, and 03 peak is C-O
at 533.7 eV (Peng et al. 2017; Wei et al. 2018a,b). The 01 peak
(C=0) corresponds to lignin structure of bhamboo fibers. The
03 peak (C-0) is closely related to hemicellulose and cellu-
lose (De et al. 2020). After DES treatment, the relative content
of O1 decreased from 65.0 to 55.2 %, while the O3 fraction
rose from 6.4 to 29.2 %. It indicated a decreased presence of
lignin in treated fibers, with an increased proportion of
hemicellulose and cellulose.

3.3 Micromorphology of isolated lignin by
MA-DES method

The microscopic morphology of isolated lignin from bamboo
using MA-DES approach is shown in Figure 3a—c. It can be
seen that the extracted lignin showed irregular morphology.
It displayed a loose, porous, and fluffy structure. The high
magnifications showed an agglomeration state for inter-
connected particles. These particle sizes ranged from 1 to
6 um. The similar phenomenon was found for the extracted
lignin from corncob using DES containing choline chloride
and ethanolamine (Luo et al. 2021).

As shown in Figure 3d-f, the calcium lignosulfonate was
smooth and uniform, with scattered and a blocky structure.
It differed from the DES extracted lignin owing to the
condensation reactions during extraction and preparation
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processes for the ready-made calcium lignosulfonate. How-
ever, the DES facilitated the fragmentation of chemical
bonds, i.g., ester and ether bonds between hemicellulose and
lignin. The rigid structure between lignin and hemicellulose
was broken by polar molecules under the microwave energy
(Yang et al. 2024), resulting in different apparent morphology
of lignin.

3.4 Crystal structure of bamboo fibers after
MA-DES treatment

The crystal structure of bamboo fibers treated wiht MA-DES
was assessed through XRD technique (Figure 3g). It exhibited
a typical type I cellulose crystalline for treated bamboo fi-
bers, closely resembling that of untreated fibers. The peaks
observed at 15.6°, 22°, and 34.5° corresponded to the (110),
(200), and (004) crystalline planes of cellulose, respectively
(Segal et al. 1959). After MA-DES treatment, the intensities of
diffraction peaks were obviously increased, indicating the
change of relative crystal content in bamboo fibers. The
untreated bamboo fiber showed a C,I at 25.7 %, while it was
increased to 46.1% upon MA-DES treatment. It could be
attributed to the removal of amorphous hemicellulose and
lignin, resulting in an increased content of crystal cellulose
(Liu et al. 2024).

3.5 FTIR analysis of isolated lignin and
bamboo fibers

The changes of chemical groups in bamboo fiber were
analyzed by FTIR spectroscopy (Figure 3h). The major ab-
sorption peaks were observed at 3,400 cm™, 1,740 cm™,
1,510 cm™, 1,375cm™, 1,250 cm™, 1,162cm™, and 898 cm™.
The broad spectrum (3,000-3,600 cm™) corresponds to the
stretching vibration of OH bond in polysaccharides
(Amnuaycheewa et al. 2016). The absorption peak at
3,400 cm ™ shifted towards higher wave numbers after for-
mic acid treatment, indicating the increase in surface hy-
droxyl groups and the reduction in internal hydrogen bonds.
The peak at 1,740 cm ™ was attributed to ester bonds, such as
the acetate in hemicellulose and y-acetate in lignin (Kim
and Ralph 2010). The absorption peaks at 1,250 cm™ and
1,375 cm ™ were corresponded to the C-0 and C-H stretch-
ing between lignin and hemicelluloses, respectively (Hou
et al. 2012). The above peaks were obviously decreased in
the intensity, indicating that most hemicellulose were
removed. The peaks between 1,423 and 1,655 em™! were
attributed to typical aromatic skeletal vibrations (Guo et al.
2022). Notably, it showed that the intensity of absorption
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Figure 3: SEM images of (a-c) MA-DES isolated lignin and (d-f) calcium lignosulfonate; (g) X-ray diffraction spectra of bamboo fibers; (h) FITR spectra of
bamboo fibers before and after treatment; (i) FTIR spectra of lignosufanate and isolated lignin from bamboo fibers.

peak at 1,510cm™ was evidently decreased after DES
treatment, indicating that most lignin molecules were
removed. The typical absorption peaks at 1,162 cm™ and
898 cm™! were corresponded to the ether bond stretching
vibration and glycosidic linkages related to carbonyl link-
age, respectively. Evidently, the representative functional
groups of cellulose and hemicellulose were exhibited in the
treated sample spectrum.

To monitor the compositions of extract, the isolated
lignin were further analyzed (Figure 3i). The peak appeared
at 1,708 cm™' was corresponded to C=0 stretching vibration
in non-conjugated ketones, esters, and carbonyls (Remy et al.
2023). The peak at 1,623 cm™ assigned to the conjugated
carbonyl C=0 stretching vibration. These peaks at 1,589 cm ™,
1,499 cm ™, 1,453 cm™), and 1,415 cm™ were attributed to the
vibration of aromatic rings of lignin in the extracted prod-
ucts. The characteristic peak appeared at 1,320 cm™ and
1,135 cm ™ corresponding to the C-0 and C-H group in lignin,

respectively. Therefore, it is well demonstrated the existence
of lignin in isolated extracts.

3.6 Thermal property of isolated lignin and
bamboo fibers

The thermal stability of bamboo fibers treated with MA-DES
were studied by TGA (Figure 4a and b). The first stage of mass
loss occurred between 30 and 105 °C was due to the water
evaporation. The second stage at 200-600°C was corre-
sponding to the decomposition of lignocellulose. Typically,
ascribed to the presence of acetyl groups, the decomposition
temperature of hemicellulose (200-300 °C) was lower than
that of lignin (200-600 °C) and cellulose (275-400 °C) (Ullah
et al. 2019). The DTG peak between 296 and 330 °C was
appeared in untreated bamboo fibers, and but not detected
in the treated fibers, which was mainly ascribed to the
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Figure 4: TGA and DTG curves (a) untreated and (b) DES treated bamboo fibers; TGA and DTG curves of (c) isolated lignin and (d) calcium lignosulfonate.

selective cleavage of f—0—4 and Cs—O bonds (Ma et al. 2024).
Compared to untreated fibers, the treated fibers were
increased in the maximum degradation rate, indicating that
the volatiles derived from pyrolysis were easily released.

The TGA curves of isolated lignin and lignosulfonate
were shown in Figure 4c and d. They exhibited three major
degradation stages: below 150 °C (stage I), 150-600 °C (stage
II), above 600 °C (stage III). In stage I, the weight loss was
attributed to the evaporation of moisture and small molec-
ular impurities (Li et al. 2022). The enormous degradation of
isolated lignin occurred in stage II, generating substantial
volatiles. The most weight loss peak occurred in 150-400 °C,
which was ascribed to the fracture and degradation of aro-
matic skeleton (Zhang et al. 2012). The maximum degrada-
tion rate were at 257.4°C and 230.7°C, respectively, for
isolated lignin and lignin sulfonate. As the temperature
above 600 °C (stage III), the bio-char became the primary
product rather than volatiles. It was worth nated that the
isolated ligninthe showed lower residue content (33.2 %)
compared that (43.6 %) of lignin sulfonate, indicating that
DES treatment helped to inhibit the formation of coke from
lignin pyrolysis.

3.7 Optimization process parameters for
maximizing lignin yield

As illustrated in Figure 5a, the choline chloride/formic acid
(ChFA), choline chloride/oxalic acid (ChOA), and choline
chloride/urea (ChU) were synthesized, respectively, for the
lignin extraction from bamboo fibers. The ChFA showed the
best lignin yield at 54.2 %, followed by ChOA at 44.9 % and by
ChU at 35.0 % (Figure 5b). The lignin yield was increased with
the reduction in the molar ratio of ChFA (Figure 5c). As the
molar ratio changed from 2:1to 1:6, the lignin yield improved
from 44.5 to 78.0 %, indicating that a small ratio of ChCl
played an essential role in the removal of lignin (Hong et al.
2020). It was due to the increase of acid dosage enhancing the
cracking of lignin from bamboo fibers.

The effect of MA time on the lignin yield was shown in
Figure 5d. The lignin rate increased with reaction time in 5-
10 min. The extension of treatment time improved the
accessibility of DES into bamboo fibers. The lignin yield
reached 54.2% in 10 min. The prolonged treatment time
could result in the condensation of lignin fragment on the
fiber surface and reduce the yield (Wang et al. 2017). The
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Figure 5: Lignin extraction and yield: (a) process diagram; effects (b) DES types, ChFA molar ratios, (d) MA treatment time, and (e) solid-liquid on the

lignin yield rate.

reaction time continued to be prolonged would also degrade
cellulose (Zhong et al. 2021).

Figure 5e showed the change of lignin yield with solid—
liquid ratio of hamboo fiber to ChFA. The reduction of solid—
liquid ratio slightly increased the lignin yield. This is mainly
due to that as the increased amount of liquid promoted the

contact of bamboo fibers with DES. As the solid-liquid ratio
changed from 1:20 to 1:40, the lignin yield only showed 3.8 %
in increment. Considering the solvent consumption, the
solid-liquid ratio of 1:20 was considered as the optimizal
conditions for good lignin extraction rate (85.7 %). Under the
same conditions, the lignin rate was only 11.6 % for the
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control group. Thus, it was concluded that the MA-DES
method has advantages in fast extraction of high-yield lignin
from bamboo fibers.

3.8 The superiority of MA-DES extraction of
lignin

In bamboo fibers, the lignin binds together with hemicellu-
lose and cellulose (Figure 6a). The fiber cell wall is hardened
through a network formed by the interconnection between
hemicellulose and cellulose, in which lignin acts as a filler
(Yang et al. 2020). The microwave energy causes the move-
ment of polar molecules during the MA-DES treatment,
affecting the permeability of DES. The DES can be able to
cleavage the ether bonds between the phenylpropene units
in lignin by the acid-base catalysis (Chourasia et al. 2021). The
DES is selective for the cleavage of aryl-ether bonds cata-
lyzed by hydrochloric acid.

As shown in Figure 6b, the dried bamboo fibers were
uniformly mixed with DES and subjected to the MA treat-
ment. After completion, the mixture was filtered for solid-
liquid separation. The solid obtained was a cellulose-rich
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solid. The liquid was a mixture of lignin and DES. The liquid
was added into deionized water to precipitate the regener-
ated lignin, which was then separated from DES. The pro-
cessed bamboo fibers were washed and dried. The obtained
cellulose-rich solid contained 84.5% of total holocellulose
and 4.5 % of lignin, demonstrating that the lignin was obvi-
ously decreased after MA-DES processing.

Figure 6c shows that the DES as a new generation of
ecological solvents is low-cost, sustainable, and highly selec-
tive in lignin extraction. It can destroy the macromolecular
structure and cleave the linkages between carbohydrates and
lignin. It ultimately achieves the dissolution of lignin (Dhar-
maraja et al. 2022). In addition, DES has the advantages of
nontoxicity, low volatility, and biodegradability. Hence, the
usage of DES has emerged as a new strategy for biomass
refining.

In bamboo treatment process, the usage of microwaves
can facilitate the transformation of electromagnetic energy
into thermal energy. It reduced the process time and energy
consumption (Figure 6d). The DES has high viscosity, causing
the heat and mass transfer limitation (Patil and Rathod 2023),
which can be addressed by microwave assistance. In com-
parison with conventional heating ways, the microwave way
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i, ) m— ] ignin
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Microscopic morphology of, .. omic o :
Hails op TPRO'OBY 0%\ fiddle lamella Hemiccilose 90%
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Figure 6: Analysis of extraction technology: (a) multiscale structure of bamboo fibers; (b) lignin extraction process; advantages of (c) DES and (d) MA.
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Table 2: Different research using working conditions and their comparison this work.

Author(s) Working conditions The lignin yield
Used reagent Feed stock Heating method Time %)
(min)

Li et al. (2012) Organic acid aqueous solution Bamboo stem Microwave- 60 18.0
assisted

Zhang et al. (2024) DES (glycerin/choline chloride) Poplar powder Water-bath 120-240 49.0
heating

Das and Mohanty (2023) Solution of acidic aqueous ethanol Bamboo powder  Ultrasonic bath 55 68.2

Xu et al. (2025) DES (choline chloride/lactic acid) Spruce Microwave- 2 80.0
heartwood assisted

Zhou et al. (2024) L-cysteine/lactic acid Sugarcane Sand-bath 360 82.6
bagasse heating

Bécsy-Jakab et al. (2024) NaOH Corn stover Oil-bath heating 60 84.0

Balasubramanian and Venkatachalam  DES (choline chloride/toluene sulfonic Rice husk Direct heating 60 87.8

(2023) acid)

This work DES (choline chloride/formic acid) Bamboo powder Microwave- 10 89.5

assisted

can make water molecules acquire a boost in reactivity. Its
high kinetic energy accelerates the mass transferring rate
(Luo et al. 2017). Researches demonstrated that the MA could
enhance the isolation of compounds from biomass (Mustapa
et al. 2015). It facilitated the interaction between microwave
energy and polar biomass, thereby improving the lignin
extraction.

Table 2 shows the comparisons on lignin yield for
different extraction methods. Zhang et al. (2024) spent 2-4 h
obtaining 49 % of lignin by mixing the sifted poplar powder
with DES (i.e., glycerin and choline chloride combined in a
molar ratio of 2:1). Bécsy-Jakab et al. (2024) used 1h getting
84 % of lignin from air-dried cake by sodium hydroxide
method. By comparison, it can be seen that the MA-DES
method not only shortened the reaction time (10 min) but
also improve the lignin rate (89.5%). It has also received
widespread attention in the rapid and efficient extraction of
lignin, exhibiting broad prospects.

The lignin can be used for valuable products, e.g., acti-
vated carbon, adhesives, and packaging materials. Different
separation methods affects not only lignin yield, but also
structural and chemical properties (Ma et al. 2023). The
surface functional groups influence the adsorption capacity
of lignin (Guo et al. 2023). The lignin-derived active carbon
can be used for efficiently remove dye molecules, organic
pollutants, heavy metal ions, and other impurities from
wastewater. The extracted lignin with benzene rings can be
used as a phenol substitute in adhesives, such as soybased
adhesives (Sivasankarapillai et al. 2019). The lignin is rich in
groups including phenolic units and ketones, enlarging ap-
plications for UV shielding. It makes lignin as excellent

biopolymers for packaging with strong water resistance and
UV blocking (Ma et al. 2022).

4 Conclusions

A microwave-assisted deep eutectic solvent (MA-DES)
method was developed for the efficient extraction of lignin
from lignocellulose. It confirmed that the microwave heating
were an effective approach to destroy the compact fiber
structure, facilitating the DES accessibility into bamboo fi-
bers, advantaging for enhancing lignin extraction. The DES
displayed a considerable selectivity removal for lignin, while
retained a large amount of cellulose. The processed bamboo
fibers underwent changes compared to untreated ones,
including decreased thermal stability, loose and porous
surface, and increased proportion of cellulose by structural
characterization. The influence of various treatment pa-
rameters (i.e., DES types, MA time, molar ratio and solid-liquid
ratio) on the extraction yield of lignin were meticulously
examined. The optimum yield of 89.5 % lignin was achieved
by ChFA at 10 min, 1:6 (molar ratio) and 1:40 (solid-liquid
ratio), demonstrating efficient lignin extraction achieved by
adjusting reaction time, molar ratio, and solid-liquid ratio. By
comparison, the MA-DES method not only shortened the re-
action time but also improve the lignin extraction rate. The
aforesaid advantageous effects possessed by the MA-DES
method made the same a strong candidate for future large-
scale, low-cost production of lignin and open new avenues for
efficient lignin utilization.



12 —— M. Wang et al.: Extraction of lignin from bamboo

Acknowledgments: The authors are grateful to the North-
east Forestry University for its continuous support and
providing research facility.

Research ethics: Not applicable.

Informed consent: Not applicable.

Author contributions: All authors have contributed to the
writing of the manuscript and have accepted responsibility
for the entire content of this manuscript and approved its
submission. Min Wang: conceptualization, investigation,
and experimental design. Ruocheng Li: methodology, formal
analysis, and visualization. Quanliang Wang: writing-
original draft, conceptualization, and supervision. Tao Xing:
resources and supervision. Liping Cai: review & editing.
Use of Large Language Models, AI and Machine Learning
Tools: None declared.

Conflict of interest: The authors declare no conflicts of
interests.

Research funding: This work was supported by the North-
east Forestry University Student Innovation and Entrepre-
neurship Training Program Project (5202410225060) and the
Natural Science Foundation of Heilongjiang Province
(YQ2023C025), respectively.

Data availability: Data are available directly from the cor-
responding authors on demand via email.

References

Amnuaycheewa, P., Hengaroonprasan, R., Rattanaporn, K., Kirdponpattara,
S., Cheenkachorn, K., and Sriariyanun, M. (2016). Enhancing enzymatic
hydrolysis andbiogas production from ricestraw by pretreatment with
organic acids. Ind. Crop. Prod. 84: 247-254.

Arun, V., Perumal, E.M., Prakash, K.A., Rajesh, M., and Tamilarasan, K.
(2020). Sequential fractionation and characterization of lignin and
cellulose fiber from waste rice bran. J. Environ. Chem. Eng. 8: 104124,

Balasubramanian, S. and Venkatachalam, P. (2023). Valorization of rice husk
agricultural waste through lignin extraction using acidic deep eutectic
solvent. Biomass Bioenergy 173: 106776.

Bécsy-Jakab, V.E., Savoy, A., Saulnier, B.K., Singh, S.K., and Hodge, D.B.
(2024). Extraction, recovery, and characterization of lignin from
industrial corn stover lignin cake. Bioresour. Technol. 399: 130610.

Chen, Z., Ragauskas, A., and Wan, C. (2020). Lignin extraction and
upgrading using deep eutectic solvents. Ind. Crop. Prod. 147: 112241.

Chirila, 0., Totolin, M., Cazacu, G., Dobromir, M., and Vasile, C. (2013). Lignin
modification with carboxylic acids and butyrolactone under cold
plasma conditions. Ind. Eng. Chem. Res. 52: 13264-13271.

Chourasia, V.R., Pandey, A, Pant, K.K., and Henry, R.J. (2021). Improving
enzymatic digestibility of sugarcane bagasse from different varieties
of sugarcane using deep eutectic solvent pretreatment. Bioresour.
Technol. 377: 125480.

Das, A. and Mohanty, K. (2023). Optimization of lignin extraction from
bamboo by ultrasound- assisted organosolv pretreatment. Bioresour.
Technol. 376: 128884.

De, S., Mishra, S., Poonguzhali, E., Rajesh, M., and Tamilarasan, K. (2020).
Fractionation and characterization of lignin from waste rice straw:

DE GRUYTER

biomass surface chemical composition analysis. Int. J. Biol. Macromol.
145: 795-803.

Del Rio, P.G., Pérez-Pérez, A., Garrote, G., and Gullén, B. (2022).
Manufacturing of hemicellulosic oligosaccharides from fast-growing
paulownia wood via autohydrolysis: microwave versus conventional
heating. Ind. Crop. Prod. 187: 115313.

Dharmaraja, J., Shobana, S., Arvindnarayan, S., Francis, R.R., Jeyakumar,
R.B., Saratale, R.G., Ashokkumar, V., Bhatia, S.K., Kumar, V., and
Kumar, G. (2022). Lignocellulosic biomass conversion via greener
pretreatment methods towards biorefinery applications. Bioresour.
Technol. 369: 128328.

Emamverdian, A., Ding, Y., Ranaei, F., Ahmad, Z., and Ren, H. (2020).
Application of bamboo plants in nine aspects. Sci. World J. 7284203:
1-9.

Fan, Z., Xu, S., Liu, X., Cao, Q., Cao, Y., and Wu, X. (2023). Aspergillus Niger
infection weakens the robustness of bamboo-adhesive interphases by
damaging the adhesive and detaching the interfacial bonding. Ind.
Crop. Prod. 204: 117402.

Feng, Y., Eberhardt, T.L., Meng, F., Xu, C., and Pan, H. (2024). Efficient
extraction of lignin from moso bamboo by microwave-assisted ternary
deep eutectic solvent pretreatment for enhanced enzymatic
hydrolysis. Bioresour. Technol. 400: 130666.

Figueiredo, P., Lintinen, K., Hirvonen, J.T., Kostiainen, M.A., and Santos, H.A.
(2018). Properties and chemical modifications of lignin: towards
lignin-based nanomaterials for biomedical applications. Prog. Mater.
Sci. 93: 233-269.

Florian, T., Villani, N., Aguedo, M., Jacquet, N., Thomas, H.G., Gerin, P.,
Magali, D., and Richel, A. (2019). Chemical composition
analysis and structural features of banana rachis lignin
extracted by two organosolv methods. Ind. Crop. Prod. 132:
269-274.

Gorke, J., Srienc, F., and Kazlauskas, R. (2010). Toward advanced ionic
liquids. Polar, enzyme-friendly solvents for biocatalysis. Biotechnol.
Bioproc. Eng. 15: 40-53.

Guo, W., Sun, S., Wang, P., Chen, H., Zheng, ., Lin, X., Qin, Y., and Qiu, X.
(2022). Successive organic solvent fractionation and homogenization
of technical lignin for polyurethane foam with high mechanical
performance. Int. J. Biol. Macromol. 221: 913-922.

Guo, S., Zou, Z., Chen, Y., Long, X., Liu, M., Li, X., Tan, ., and Chen, R. (2023).
Synergistic effect of hydrogen bonding and m-t interaction for
enhanced adsorption of rhodamine B from water using corn straw
biochar. Environ. Pollut. 320: 121060.

Hiroshi, N., Akihiro, K., Takashi, N., Masato, K., and Takashi, W. (2018). Direct
evidence for a ether linkage between lignin and carbohydrates in
wood cell walls. Sci. Rep. 8: 6538.

Hong, S., Shen, X., Xue, Z., Sun, Z., and Yuan, T. (2020). Structure-function
relationships of deep eutectic solvents for lignin extraction and
chemical transformation. Green Chem. 22: 7219-7232.

Hou, X.D., Smith, T.J., Li, N., and Zong, M.H. (2012). Novel renewable ionic
liquids as highly effective solvents for pretreatment of rice straw
biomass by selective removal of lignin. Biotechnol. Bioeng. 109:
2484-2493.

Johansson, L.S., Campbell, .M., Koljonen, K., and Stenius, P. (1999).
Evaluation of surface lignin on cellulose fibers with XPS. Appl. Surf. Sci.
144-145: 92-95.

Ju, X., Engelhard, M., and Zhang, X. (2013). An advanced understanding of
the specific effects of xylan and surface lignin contents on enzymatic
hydrolysis of lignocellulosic biomass. Bioresour. Technol. 132: 137-145.

Kim, H. and Ralph, J. (2010). Solution-state 2D NMR of ball-milled plant cell
wall gels in DMSO-d(6)/pyridine-d(5). Org. Biomol. Chem. 8: 576-591.



DE GRUYTER

Li, M., Sun, S., Xu, F., and Sun, R. (2012). Microwave-assisted organic acid
extraction of lignin from bamboo: structure and antioxidant activity
investigation. Food Chem. 134: 1392-1398.

Li, T., Yin, Y., Wu, S., and Du, X. (2022). Effect of deep eutectic solvents-
regulated lignin structure on subsequent pyrolysis products
selectivity. Bioresour. Technol. 343: 126120.

Liao, H., Feng, B., Ying, W., Lian, Z., and Zhang, J. (2024). Novel approach for
corn straw biorefineries: production of xylooligosaccharides, lignin
and ethanol by nicotinic acid hydrolysis and pentanol pretreatment.
Bioresour. Technol. 395: 130352.

Liu, X., Li, Y., Ewulonu, C.M., Ralph, J., Xu, F., Zhang, Q., Wu, M., and Huang, Y.
(2019a). Mild alkaline pretreatment for isolation of native-like lignin
and lignin-containing cellulose nanofibers (LCNF) from crop waste.
ACS Sustain. Chem. Eng. 7: 14135-14142.

Liu, Y., Nie, Y., Lu, X, Zhang, X., He, H., Pan, F., Zhou, L., Liu, X., Ji, X., and
Zhang, S. (2019b). Cascade utilization of lignocellulosic biomass to
high-value products. Green Chem. 21: 3499-3535.

Liu, W, Jiang, C., Li, X., Li, H., Zhang, Y., Huang, Y., Chen, S., and Hou, Q.
(2024). Microwave- assisted DES fabrication of lignin-containing
cellulose nanofibrils and its derived composite conductive hydrogel.
Carbohydr. Polym. 328: 121741.

Luo, Y., Fan, ]., Budarin, V., Hu, C., and Clark, J.H. (2017). Microwave-assisted
hydrothermal selective dissolution and utilisation of hemicellulose in
Phyllostachys Heterocycla cv. Pubescens. Green Chem. 19: 4889-4899.

Luo, T., Wang, C., Ji, X,, Yang, G., Chen, J., Yoo, C.G., Janaswamy, S., and Lyu,
G.J. (2021). Innovative production of lignin nanoparticles using deep
eutectic solvents for multifunctional nanocomposites. Int. J. Biol.
Macromol. 183: 781-789.

Ma, L., Zhu, Y., Huang, Y., Zhang, L., and Wang, Z. (2022). Strong water-
resistant, UV-blocking cellulose/glucomannan/lignin composite films
inspired by natural LCC bonds. Carbohydr. Polym. 281: 119083.

Ma, C., Luo, X., Xu, L., Sun, Q., Wen, J., Liang, X., Liu, H., and Yuan, T. (2023).
Structural elucidation and targeted valorization of untractable lignin
from pre-hydrolysis liquor of xylose production via a simple and
robust separation approach. Int. J. Biol. Macromol. 253: 127029.

Ma, S., Li, W,, Liu, H., Li, Z., Tang, X., Lin, L., and Zeng, X. (2024). Ethyl acetate
fractionation improved the homogeneity and purity of CAOSA-
extracted lignin. Ind. Crop. Prod. 219: 118957.

Mohtar, S.S., Tengku Malim Busu, T.N.Z., Md Noor, A.M., Shaari, N., and
Mat, H. (2017). An ionic liquid treatment and fractionation of cellulose,
hemicellulose and lignin from oil palm empty fruit bunch. Carbohydr.
Polym. 166: 291-299.

Muley, P.D., Mobley, J.K., Tong, X.J., Novak, B., Steven, J., Moldovan, D., Shi, .,
and Boldor, D. (2019). Rapid microwave-assisted biomass
delignification and lignin depolymerization in deep eutectic solvents.
Energ. Convers. Manage. 196: 1080-1088.

Mustapa, A.N., Martin, A., Mato, R.B., and Cocero, M.J. (2015). Extraction of
phytocompounds from the medicinal plant Clinacanthus nutans
lindau by microwave-assisted extraction and supercritical carbon
dioxide extraction. Ind. Crop. Prod. 74: 83-94.

Patil, S.S. and Rathod, V.K. (2023). Extraction and purification of curcuminoids
from Curcuma longa using microwave assisted deep eutectic solvent
based system and cost estimation. Process Biochem. 126: 61-71.

Peng, X., Shen, S., Wang, C,, Li, T., Li, Y., Yuan, S., and Wen, X. (2017).
Influence of relative proportions of cellulose and lignin on carbon-
based solid acid for cellulose hydrolysis. Mol. Catal. 442: 133-139.

Pinnarat, T., Marom, P., and Silpradit, W. (2024). Solubility effect of deep
eutectic solvent and ethanol concentration on corncob lignin
extraction. Bioresour. Technol. 414:131627.

M. Wang et al.: Extraction of lignin from bamboo =— 13

Remy, L., Sudre, G., Charlot, A., and Fleury, E. (2023). a-Substituted ketones
as reagent for passerini modification of carboxymethyl cellulose:
toward dually functionalized derivatives and thermo-sensitive
chemical hydrogels. Carbohydr. Polym. 320: 121228.

Segal, L.C., Creely, J., Martin, A.EJ., and Conrad, C.M. (1959). An empirical
method for estimating the degree of crystallinity of native cellulose
using the X-ray diffractometer. Text. Res. J. 29: 786-794.

Sivasankarapillai, G., Eslami, E., and Laborie, M.P. (2019). Potential of
organosolv lignin based materials in pressure sensitive adhesive
applications. ACS Sustain. Chem. Eng. 7: 12817-12824.

Smith, E.L., Abbott, A.P., and Ryder, K.S. (2014). Deep eutectic solvents
(DESs) and their applications. Chem. Rev. 114: 11060-11082.

Sreedhar, B., Chattopadhyay, D.K., Karunakar, M.S.H., and Sastry, A.R.K.
(2006). Thermal and surface characterization of plasticized starch
polyvinyl alcohol blends crosslinked with epichlorohydrin. J. Appl.
Polym. Sci. 101: 25-34.

Uddin, N., Li, X., Ullah, M.W., Sethupathy, S., Chen, F., Yang, B., and Zhu, D.
(2024). Unlocking the potential of catechyl lignin: molecular regulation
of biosynthesis, structural organization, and valorization. ACS Sustain.
Chem. Eng. 12: 12289-12305.

Ullah, Z., Man, Z., Khan, A.S., Muhammad, N., Mahmood, H., Ghanem,
0.B., Ahmad, P., Shah, M.H., Rashid, M., and Raheel, M. (2019).
Extraction of valuable chemicals from sustainable rice husk waste
using ultrasonic assisted ionic liquids technology. J. Clean. Prod. 220:
620-629.

Wang, W. and Lee, D.J. (2021). Lignocellulosic biomass pretreatment by
deep eutectic solvents on lignin extraction and saccharification
enhancement: a review. Bioresour. Technol. 339: 125587.

Wang, S., Li, F., Zhan, P.,Jin, S., Tao, X., Tang, X., Ye, J., Nabi, M., and Wang, H.
(2017). Ultrasound assisted alkaline pretreatment to enhance
enzymatic saccharification of grass clipping. Energ. Convers. Manage.
149: 409-415.

Wang, Q., Xiao, S., Shi, S.Q. and Cai, L. (2019). Microwave-assisted formic
acid extraction for high-purity cellulose production. Cellulose 26:
5913-5924.

Wang, T., Li, H., Diao, X., Lu, X., Ma, D., and Ji, N. (2023). Lignin to dispersants,
adsorbents, flocculants and adhesives: a critical review on industrial
applications of lignin. Ind. Crop. Prod. 199: 116715.

Wang, X., Pu, J., Xu, C., Yao, S., Liu, Y., Qin, C., Wang, S., and Liang, C. (2024).
Effects of alkali-soluble hemicellulose separation on the structure of
bamboo lignin and lignin-carbohydrate complexes. Ind. Crop. Prod.
222: 119549.

Wei, X., Wang, Y., Li, J., Wang, F., Chang, G., Fu, T., and Zhou, W. (2018a).
Effects of temperature on cellulose hydrogen bonds during
dissolution in ionic liquid. Carbohydr. Polym. 201: 387-391.

Wei, Y., Huang, Y., Yu, Y., Gao, R., and Yu, W. (2018b). The surface chemical
constituent analysis of poplar fibrosis veneers during heat treatment.
J. Wood Sci. 64: 485-500.

Xu, J., Si, C., Dai, L., Hemming, J., Pranovich, A., and Xu, C. (2025). Microwave-
assisted deep eutectic solvent extraction of lignin from spruce
heartwood and sapwood, targeting the comparison of different
biorefinery concepts. Chem. Eng. J. 505: 159232.

Yahaya, N., Mohamed, A.H., Sajid, M., Zain, N.N.M, Liao, P.C., and Chew,
K.W. (2024). Deep eutectic solvents as sustainable extraction
media for extraction of polysaccharides from natural sources:
status, challenges and prospects. Carbohydr. Polym. 338: 122199.

Yan, M,, Liu, W., Fu, Y., Zu, Y., Chen, C., and Luo, M. (2009). Optimisation of
the microwave-assisted extraction process for four main
astragalosides in Radix astragali. Food Chem. 119: 1663-1670.



14 —— M. Wang et al.: Extraction of lignin from bamboo

Yang, X., Song, Y., Ma, S., Zhang, X., and Tan, T. (2020). Using y-valerolactone
and toluenesulfonic acid to extract lignin efficiently with a combined
hydrolysis factor and structure characteristics analysis of lignin.
Cellulose 27: 3581-3590.

Yang, W., Chen, Y., Li, K., Jin, W., Zhang, Y., Liu, Y., Ren, Z., Li, Y., and Chen, P.
(2024). Optimization of microwave-expanding pretreatment and
microwave-assisted extraction of hemicellulose from bagasse cells
with the exploration of the extracting mechanism. Carbohydr. Polym.
330: 121814.

Yuan, T., Wang, X,, Liu, X,, Lou, Z., Mao, S., and Li, Y. (2022). Bamboo
flattening technology ebables efficient and value-added utilization of
bamboo in the manufacture of furniture and engineered composites.
Compos. Part B: Eng. 242: 110097.

Zhang, M., Resende, F.L.P., Moutsoglou, A., and Raynie, D.E. (2012). Pyrolysis
of lignin extracted from prairie cordgrass, aspen, and kraft lignin by
Py-GC/MS and TGA/FTIR. J. Anal. Appl. Pyrol. 98: 65-71.

Zhang, H., Han, L., and Dong, H. (2021). An insight to pretreatment, enzyme
adsorption and enzymatic hydrolysis of lignocellulosic biomass:
experimental and modeling studies. Renew. Sust. Energ. Rev. 140:110758.

Zhang, L., Zhang, C., Ma, Y., Zhao, X., and Zhang, X. (2024). Lignocellulose
pretreatment by deep eutectic solvent and water binary system for

DE GRUYTER

enhancement of lignin extraction and cellulose saccharification. Ind.
Crop. Prod. 211: 118257.

Zhang, Y., Deng, W., Wang, Z., Wu, M., Liu, C., Yu, G., Li, Q., Xu, C., and Li,
B. (2025). A green cellulose dissolution system for producing
tunable regenerated nanocellulose formate. ACS Nano 19:
21243-21259.

Zhong, L., Wang, C.,, Yang, G., Chen, ., Xu, F., Yoo, C.G., and Lyu, G.J. (2021).
Rapid and efficient microwave-assisted guanidine hydrochloride deep
eutectic solvent pretreatment for biological conversion of Castor stalk.
Bioresour. Technol. 343: 126022.

Zhou, M., Fakayode, O.A., Yagoub, A.A., Ji, Q., and Zhou, C. (2022).
Lignin fractionation from lignocellulosic biomass using deep
eutectic solvents and its valorization. Renew. Sust. Energ. Rev. 156:
111986.

Zhou, X., Zeng, X., Hu, S., Zhou, Y., Xie, M., and Yue, F. (2024). Highly
uncondensed lignin extraction in the novel green L-cysteine/lactic acid
cosolvent system. Chem. Eng. J. 497: 154340.

Zhu, X,, Liu, M., Sun, Q., Ma, J., Xia, A., Huang, Y., Zhu, X., and Liao, Q. (2022).
Elucidation of the interaction effects of cellulose, hemicellulose and
lignin during degradative solvent extraction of lignocellulosic
biomass. Fuel 327: 125141.



	Rapid extraction of lignin from bamboo with high yield by microwave-assisted choline chloride-formic acid method
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Determination chemical compositions of bamboo fiber
	2.3 Preparation of DES
	2.4 Lignin separation by MA-DES treatment
	2.5 Analytical methods

	3 Results and discussion
	3.1 Lignin extraction process and structure changes of bamboo fibers in MA-DES method
	3.2 Microstructure and compositions of bamboo fibers
	3.3 Micromorphology of isolated lignin by MA-DES method
	3.4 Crystal structure of bamboo fibers after MA-DES treatment
	3.5 FTIR analysis of isolated lignin and bamboo fibers
	3.6 Thermal property of isolated lignin and bamboo fibers
	3.7 Optimization process parameters for maximizing lignin yield
	3.8 The superiority of MA-DES extraction of lignin

	4 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


