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Abstract
Background

Lignocellulosic biomass for biofuel production was considered as an effective way to develop new
energy. However, the e�cient sugar conversion of cellulose and practical utilization of lignin are great
challenges for sustainable biore�nery. In addition, sugar conversion and lignin utilization are generally
performed separately. In this study, high reducing sugar production and multiple lignin nanoparticles
preparation were realized in a pattern based on tetrahydrofuran-water (THF-H2O) pretreatment of corn
straw (CS).

Results

The maximum production of the reducing sugar was 26.79 g/l, which was signi�cantly higher than the
theoretical yield of 20.65 g/l. Lignin nanoparticles with different sizes ranged from 239 to 798 nm were
prepared using dissolved lignin in the supernatant �uid from different THF-H2O pretreatment conditions
through self-assembly with introducing water. The formation of lignin particles with different sizes were
in�uenced by soluble lignin characteristics in the pretreatment liquid. The lignin molecular, functional
groups, and structure were explored to elucidate the effects on the variation of lignin particles sizes by
GPC, FTIR, and 2D-HSQC-NMR. The guaiacyl (G)-type lignin was easier to be dissolved in the mild
pretreatment liquid, contributing to form smaller lignin nanoparticles with a good dispersibility.
Comparatively, a small content of syringyl- and G-type lignin which caused by the lignin depolymerization
retained in the severe pretreatment liquid to form the larger sphere particles.

Conclusions

The optimal pretreatment under TH22 (THF-H2O pretreatment at 120 °C for 2 h) simultaneously realized
the utilization of all components in biomass through high reducing sugar production and the smaller
lignin particles preparation. This new pattern of CS pretreatment plays a novel perspective for the
technical design of lignocellulosic biomass conversion.

1. Background
Due to the increasing consumption of energy and the depletion of fossil fuels, many researchers have
dedicated to exploring the potential of alternative biofuels [1, 2]. Among different generations of biofuel
development, lignocellulosic biomass is drawing increasing interest in producing fuels, chemicals, and
materials [3, 4]. Lignocellulose, consisting of cellulose, hemicelluloses and lignin, is the most abundant
biomass on earth. For the decades, signi�cant progress have been made to produce biofuels from
lignocellulosic biomass [5, 6]. However, most of the biore�nery schemes focus on easily utilizing
convertible celluloses and hemicelluloses, leaving lignin behind in the selective conversion processes [7,
8]. Lignin, together with cellulose and hemicellulose, constitutes a complex structure of lignocellulosic
biomass with cross-linking heterogeneity. Therefore, how to e�ciently utilize lignin with low cost and
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aromatic nature to realize all components utilization has turned into a global conundrum in current
biore�nery.

There is no doubt that achieving high content of glucose is the major goal in the advanced biore�nery
process. However, cellulose is inter-crossing with lignin which covers in the outside of biomass to hinder
the enzymatic hydrolysis of biomass. Therefore, the removal of the outer lignin in lignocellulosic biomass
has become the primary mission via pretreatment methods. Currently, a great many pretreatment
strategies based on acid, alkali and organic solvent et al. were employed to e�ciently remove or solve
lignin from lignocellulose, which improve the glucose releasing [9-11]. Unfortunately, large amounts of
lignin are wasted in the �ushing way of pretreatment spent liquor.

Lignin is a natural aromatic compound with complex structure, high carbon content, abundant bonds,
and functional groups. Therefore, it is a good precursor for the preparation of carbon-based materials
including lignin �ber, activated carbon, carbon foam, and lignin nanomaterials [11, 12]. Recently,
nanoparticles preparation with lignin has gained increasing interest, given their diverse advanced
functionalities and great potential in the �elds of medicine, catalysis, water treatment adsorbents, and
antimicrobial agents [13]. It opens up a green and environment-friendly window for value-added
utilization of lignocellulosic biomass. Various strategies have been developed for lignin nanoparticles
preparation. However, most of the approaches have used lignins from the paper and pulping industry or
biore�nery process, which need further chemical modi�cation. For example, the uniform colloidal spheres
were prepared via self-assembly with alkali lignin recovered from the pulping black liquor and chemically
modi�ed by acetylating [14]. Recently, lignin nanoparticles directly prepared with lignin produced from
lignocellulose pretreatment were proposed [15, 16], which not only avoids lignin modi�cation, but also
realizes the utilization of waste lignin. However, the preparation of lignin nanoparticles and enzymatic
hydrolysis of carbohydrates from lignocellulosic biomass are different and independent processes,
therefore, the lignin with suitable structure for excellent colloidal spheres formation is usually obtained at
the expense of sugar yield, due to the accessibility of carbohydrate to enzymes resulted from the
destruction of lignin in the lignocellulosic biomass is not good enough.

In our previous studies, a new strategy involved a synergy of lignocelluloses pretreatment by THF-H2O
and bacterial strain to enhance enzymatic hydrolysis was developed [17, 18]. The pretreatment of CS with
THF–H2O alone had a high lignin removal e�ciency and retained a large amount of cellulose for sugar
production. However, the pretreatment spent liquor after THF recovery was directly treated as wastewater
. In addition, lignin nanoparticles prepared based on alkali lignin dissolved in THF has been reported [14,
19]. Therefore, lignin nanoparticles directly prepared from the supernatant of CS pretreated by THF-H2O to
realize the utlization of lignin waste is reasonable and has great perspective for biore�nery design.

In this work, we developed a new pretreatment pattern based on acid-catalyzed THF-H2O system, which
not only obtained high reducing sugar yield from biomass, but also realized the untilization of lignin in
wastewater through directly lignin nanopaticle preperation. Firstly, the acid-catalyzed THF-water
pretreatment of CS was carried out. After enzymatic hydrolysis of the remaining solid residues, the yields
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of reducing sugar were investigated. In addition, lignin nanoparticles with different particle sizes were
directly formed by self-assembly of the lignin in the pretreated supernatant under different conditions via
adding water. The size, morphology, functional groups, and formation process of lignin nanoparticles
were characterized. Then the structure changes of lignin in pretreatment solution were analyzed to
explain the effect of the structure changes of lignin on the formation of lignin nanoparticles.

2 Results And Discussion
2.1 E�cient biomass pretreatment

2.1.1 The release of reducing sugar

Generally, biomass pretreatment is the primary step for the utilization of biomass resources. The
satisfying enzymatic digestibility to produce sugar is the major criteria for measuring the effects of
pretreatments. Enzymatic hydrolysis of CS under all pretreatment conditions was carried out and the
corresponding reducing sugar yield was determined (Figure 1). 

All the reducing sugar yields produced from CS that pretreated by THF-H2O system under different
conditions were higher than the theoretical reducing sugar yield of 20.65 g/l (the value was calculated
according to the literature [20]), except that of 10.19 g/l from CS pretreated under 120 ℃ for 1 h (TH21).
The maximum reducing sugar yield of 26.79 g/l was obtained after pretreatment under 150 ℃ for 2 h
(TH52). The reducing sugar concentration higher than the theoretical has obtained in several previous
studies with DNS methods, however, such a high yield of the reducing sugar in our work is of seldom
(Table S1). In addition, the yield of the reducing sugar increased from 10.19 g/l (TH21) to 26.28 g/l (120
℃ for 4 h, TH24) with the prolongation of reaction time under 120 ℃. This is 3.74 and 11.40-fold higher
than that of the untreated sample (84.70 mg/g, that is 2.12 g/l [17]). This phenomenon is attributed to the
breakdown of the biomass recalcitrance structure. A large amount of lignin was dissolved by THF-H2O,
and the solid of cellulose residue species are accordingly exposed, which promoted the accessibility of
the enzymes to the substrate. In general, the reducing sugar yield of biomass pretreated by THF-H2O
increases with the increase of the pretreated temperature and time [18]. It was surprised to observed that
the reducing sugar yield of CS pretreated at 150 ℃ increased from 24.26 g/l (150 ℃ for 1 h, TH51) to
26.79 g/l (150 ℃ for 2 h, TH52) �rst, and then decreased to 25.47 g/l (150 ℃ for 4 h, TH54) with the
increase of the pretreated time. Although enzymatic digestion was signi�cantly improved due to lignin
removal from CS by THF-H2O under 120 ℃, there is still lignin remained in the pretreated CS, which still
has a negative effect on the enzymatic hydrolysis. This lignin residue can be further dissolved under
more severe condition, which resulted that the reducing sugar yields under 150 ℃ are higher than those
under 120 ℃ with corresponding pretreated times. It is well known that lignin can provide the necessary
attachment site for the enzymes, therefore, a small amount of lignin remains on the biomass is
indispensable. However, almost all lignin and some of cellulose were removed from the CS, which lead to
the decreased reducing sugar yield under TH54.
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2.1.2 Morphology change of CS

The effect of biomass pretreatment is closely related to the change of its structure. To deep understand
the reducing sugar production from pretreated CS, we analyzed the morphology structure change of CS.
The purpose of pretreatment is not only to remove lignin on the surface of biomass as much as possible
but also to maximize the retention of cellulose to obtain a high yield of the reducing sugar.

The surface of the untreated CS (Figure 2a) is smooth and rigid, covered with a large amount of lignin,
which is the physical barrier for enzymatic hydrolysis of biomass. In contrast, the surface of CS
pretreated under TH21 was changed (Figure 2b). Some lignin droplets were deposited on the surface of
the pretreated residues which was similar to the phenomenon that was found in our previous work [9].
The formation of lignin droplets was caused by the acidic environment created by adding sulfuric acid as
a catalyst in THF–H2O reaction system. However, the lignin droplets remained on the surface of CS
hindered the enzymatic hydrolysis, resulting in the low yield of the reducing sugar under TH21. In
contrast, the morphology of CS pretreated under the other �ve reaction conditions has undergone
tremendous changes. For example, the CS pretreated by TH22 was split and the cellulose �ber appeared
(Figure 2c). The CS was deformed after TH24 pretreatment (Figure 2d), indicating that the structure of the
CS became fragile and collapsed [21]; TH51 pretreated CS was also cracked, showing cellulose structure
(Figure 2e). Moreover, the �ber bundles can be seen in TH52 pretreated CS (Figure 2f) which signi�cantly
improves the accessibility of cellulose to the enzyme, contributing to the highest reducing sugar yield.
With the aggravation of reaction conditions (TH54), the CS was damaged to form a slurry structure
(Figure 2g) that was not good as that of TH52, causing the reducing sugar yield decrease.

2.1.3 Mass loss of the CS
In order to further investigate the change of the CS structure before and after pretreatment, the analysis of
the quality loss of the CS under various conditions was performed. The mass loss of treated CS increases
with the prolongation of reaction time at 120 ℃ and 150 ℃ (Figure 3).

The CS used in this study was found to consist of 34.9% of cellulose, 38.5% of hemicellulose, 13.9% of
lignin, and 12.7% of other non-organic and organic components [17]. The mass loss of CS under the
reaction condition of TH21 was 36.14%. Moreover, the reducing sugar yield was low and the morphology
of the CS was not signi�cant changed after pretreatment under this condition (Section 2.1.1 and 2.1.2). It
can be inferred that the mass loss of CS is mainly attributed to the removal of a small amount of lignin
and other components like hemicellulose. Most of the lignin formed droplets deposited on the surface of
the CS. The mass losses of TH22 and TH24 were 50.5% and 52% respectively, which were contributed by
most of the hemicellulose and lignin removal. Similarly, with the increase of reaction time, more lignin
was removed and more mass loss was observed at 150 ℃. In addition, under TH54 condition, some
cellulose was destroyed after lignin removal, which resulted in the increase of reducing sugar yield �rst
and then decrease. Therefore, in order to maximize the yield of the reducing sugar from biomass, it is very
important to select appropriate pretreatment conditions. Compared with the other THF pretreatment [22,
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23], the pretreatment method adopted in this paper has the advantages of low temperature, low energy
consumption, and high sugar yield. It is an environmentally friendly pretreatment technology.

2.2. Formation of lignin nanoparticles

The current utilization of biomass resources is not only involved in the utilization of cellulose
components, but also in lignin due to its unique structure. Therefore, in addition to the high reducing
sugar obtained from CS by THF–H2O pretreatment, we also directly used the pretreatment liquid to
prepare lignin nanoparticles via introducing water into it without other chemical modi�cation, which
made the utilization of lignin in biomass. Different concentrations of colloid solution were formed under
six different reaction conditions (Figure S1). To understand the characteristics of the colloid solution, we
adopted SEM to observe the morphology of lignin nanoparticles, nano size analyzer to get information of
particle size distribution statistics, Uv-vis to measure the concentration of colloid solution, and FTIR to
analyze the functional groups of lignin particles.

2.2.1 Morphology and Size analysis of lignin nanoparticles

All the prepared lignin nanoparticles are spherical and rich (Figure 4 and Table S2). The particle size
increases with the increase of the reaction time under the temperatures of 120 ℃ and 150 ℃. Lignin
nanoparticles prepared from TH21 pretreatment solution (NP-TH21) has a small number of very small
nanoparticles, and the particle size mainly distributes between 164-295 nm, the average particle size is
239 nm. The size distribution of lignin nanoparticles prepared from TH22 pretreatment solution (NP-
TH22) was 164-342 nm, which was a little bigger than that of NP-TH21. Its average particle size is 243
nm and the dispersion of particles is better than that of NP-TH21. Lignin nanoparticles prepared from
TH24 pretreatment solution (NP-TH24) has a particle size distribution of 295-531 nm with the average
particle size of 433 nm. Besides, it can be observed that the minimum particle size of NP-TH24 is larger
than the average particle size of NP-TH21 and NP-TH22. Moreover, the particle sizes of NP-TH51, NP-
TH52, and NP-TH54 prepared from TH51, TH52 and TH54 pretreatment solutions are also increasing.
The corresponding particle sizes are 190-342, 459-712, 615-955 nm with the average particle sizes of 359,
589 and 798 nm, respectively. These results indicated that the lignin particle size gradually grew with the
increase of reaction intensity. In addition, some NP-TH54 particles even reach about ~1000 nm. The
explanation for this result might be related to the lignin structure dissolved in different pretreatment
solution. In addition, the lignin nanopaticles prepared in this work was comparative to the other lignin
nanoparticles with various shapes and sizes prepared by different methods (Table S3).

2.2.2 Uv-vis analysis of lignin nanoparticles

Uv-vis was used to compare the lignin in the pretreatment solution with the corresponding lignin
nanoparticles to analyze the formation of lignin nanoparticles. Previous studies have  discussed the
lignin nanoparticles are formed by the π-π interaction of orbitals of non-chemical bonds between
aromatic rings in lignin molecule [14].
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As displayed in Figure 5, the absorption peak of typical benzene compounds (~280 nm) occurred in the
lignin and lignin nanoparticles solution, suggesting the aromatic ring structure of lignin has not destroyed
in the process of lignin nanoparticles formation. It was consistent with the conclusion that π-π interaction
in lignin caused the hydrophobic effect which brought about the lignin colloid solution formation [14].
The different shifts of maximum l at ~280 nm indicated the weakening or strengthening in π-stacking of
aromatic groups. Moreover, the TH24, TH52, and TH54 of lignin-NP colloid solution had a higher
absorption peak at maximum l, which were related to their high concentration that can be seen in the
Figure S1. The higher concentration depends on the increasing lignin dissolution with the increase of
pretreatment reaction degree.

2.2.3 FTIR analysis of lignin nanoparticles

The structural properties of materials determine their application values. Therefore, FTIR was used to
characterize the functional groups of lignin nanoparticles. As shown in Figure 6, the abundant functional
groups were intuitively observed in the lignin nanoparticles prepared from pretreatment solutions at 120
℃ and 150 ℃.

The broad absorption peak at ~3400 cm-1 and the band at ~1379 cm-1 represent -OH stretching of
phenolic and aliphatic moieties. The band at 2918 cm-1 and 2849 cm-1 represents C-H stretching [24].
Aromatic skeleton stretching occurs at ~1600 cm-1, ~1515 cm-1, ~1426 cm-1, and C=O stretching in G unit
appeared at ∼1267 cm-1 [25]. All these location peaks suggested that there is no signi�cant change in the
aromatic structures of lignin in the formation process of lignin nanoparticles; and the particle surface
was modi�ed with higher phenolic hydroxyl and carboxyl functional groups, which is good for enhancing
the solubility and stability of lignin nanoparticles. In addition, lignin nanoparticles have extra function
groups of C=O (at ~1330 cm-1 and ~1265 cm-1) and C-O-C (at ~1165 cm-1) compared to the lignin. In
recent years, the lignin nanoparticles with plenty of functional groups have been reported to play an
important role in the adsorption materials applied in the environment �eld and other composite materials
preparation for biomedical or cosmetic �elds [12, 26]. Therefore, the lignin nanoparticles in our study
have the potential to be applied in these �elds.

2.3. In�uence of lignin on the lignin nanoparticles

Spherical lignin nanoparticles with different sizes were prepared in different pretreatment solution. The
formation of lignin nanoparticles is closely related to the structure of dissolved lignin [27], therefore, we
extracted the lignin from the liquid and analyzed their molecular weight and structural changes by GPC,
FTIR, and 2D-HSQC-NMR to elucidate the impact mechanism of lignin structure on the formation of lignin
nanoparticles.

2.3.1 GPC analysis

The analysis of the changes in lignin molecular weight through GPC can be used to characterize the
degree of lignin polymerization during THF-H2O pretreatment. The deconstruction of the macromolecular

https://www.sciencedirect.com/topics/materials-science/cosmetics
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lignin during the pretreatment process can be monitored via three indexes including weight-average
molecular weight (Mw), number-average molecular weight (Mn), and dispersive poly-dispersity (PDI).

Lignin extracted from different pretreatment liquids showed similar Mw distribution ranging from 2670 Da
to 3644 Da (Table 1). Compared with the untreated lignin (9742 Da), the Mw of pretreated CS was
signi�cantly reduced, indicating that THF–H2O solvent depolymerized the macromolecular lignin in the
pretreatment process [28]. Most of the lignin (in the form of polymer) after depolymerization was
dissolved in the pretreatment solution. Meanwhile, the Mw of lignin in the pretreatment solution gradually
increased when the pretreatment conditions changed from TH21 to TH51, indicating that more
macromolecular lignin was dissolved in THF–H2O solvent with the increase in severity of the reactions..
The results are consistent with the particle size changes of lignin nanoparticles obtained in the above. In
addition, the Mw of lignin from TH54 and TH52 did not continue to increase, which may be attributed to
the strong fragmentation of lignin caused by excessive pretreatment, followed by different degrees of the
condensation reaction of small molecular lignin. The PDI analysis showed that molecular weight
distribution under the weakest condition (TH21) was the narrowest and the corresponding Mw was the
smallest. The increase in severity of the reactions resulted in the larger molecular weight, wider
distribution, and worse homogeneity of lignin. The PDI of TH52 and TH54 is the same as that of TH22,
but their Mw are lower than that of TH22. In addition, the size of NP-TH52 and NP-TH54 are much larger
than those of NP-TH22. This phenomenon may be attributed to the different types of structural units of
lignin. Therefore, lignin was further characterized by FTIR and 2D-HSQC-NMR analysis to explain it.

2.3.2 FTIR analysis

Based on the results of reducing sugar yield and the characteristics of the prepared lignin nanoparticles,
the lignins under the condition of TH22 and TH52 were selected for FTIR and 2D- HSQC-NMR analysis to
further investigate the effect of lignin structure on the size of nanoparticles.  

Obviously, FTIR spectra ( Figure 7) shows that most of the characteristic peaks of lignin extracted from
TH22 and TH52 pretreatment liquids still remained in these two samples [29]. The peaks at 1617 cm-1,
1513 cm-1, and 1426 cm-1 are related to the vibration of aromatic ring skeleton, and the peak at 1462cm-1

represents the C-H deformation of aromatic ring skeleton. These peaks indicated the existence of
benzene structure in lignin of TH22 and TH52. However, compared with lignin of TH22, the peak at 1320
cm-1 which represents C=O stretching in syringyl (S) derivatives disappeared in lignin of TH52, while it
still retained a little in lignin of TH22. In addition, the G ring breathing with C=O stretching (at 1270 cm-1)
displays signi�cantly decrease from TH52 lignin. Moreover, the peak at 1164 cm-1 which is attributed to
the C-O-C vibration only remained in TH22 lignin. The peak at 1227 cm-1 associated with C-C, C-O, and
C=O stretching only appeared in TH52 lignin. These changes may be caused by the breakage of linkage
bonds due to the intense pretreatment. The destruction of linkages resulted in the changes of lignin
structure units such as S and G. In order to further con�rm the speculation, we adopted the 2D-HSQC-
NMR analysis to illustrate the structural changes of lignin.
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2.3.3 2D-HSQC-NMR analysis

Generally, the lignin is consisted of three basic units (S, G and p-hydroxyphenyl (H)) and linked by β-O-4,
β-β, β-5 etc. [30]. All these signals can be re�ected through the 2D-NMR spectra. The signal information of
side chain region (δC/δH 50-90/2.5-6.0) and aromatic region (δC/δH 100-135/5.5-8.5) of lignin extracted
from TH22 and TH52 pretreatments was displayed in Figure 8. And the main cross-signals of lignin
related to HSQC spectra were also listed in Table S4.

The signals of β-O-4 and β-5 bonds in lignin-TH22 is stronger than that of lignin-TH52, indicating the
lignin in the dissolved process was destroyed severely under TH52. In the aromatic region, the S-type and
G-type lignin in TH52 pretreatment solution signi�cantly decreased, and even the signal of H-type lignin
completely disappeared. In contrast, the signals of all three basic lignin units (S, G and H-type) remained
in TH22 pretreatment solution. Speci�cally, the G-type lignin signal in TH22 lignin is much higher than
that of TH52 lignin. This phenomenon may attribute to the lignin recombination and condensation that
happened in the acidic environment under mild conditions (TH22) after the depolymerization [31]. It
is worth noting that it is easier for high content of G-type lignin or low S/G lignin to form small size
nanoparticles [15]. Therefore, in order to achieve the preparation of lignin nanoparticles with smaller
particle size, the reaction solvent must have the ability to dissolve more G-type lignin. Correspondingly,
the smaller nanoparticles prepared from TH22 than those fromTH52 in our work can be explained.  

The pretreatment under TH52 can not form good lignin nanoparticles even if the maximum yield of
reducing sugar can be produced. However, pretreatment under TH22, which also exceeds the theoretical
yield of the reducing sugar, can simultaneously realize the preparation of lignin nanoparticles with good
properties and high reducing sugar yield. Therefore, the pretreatment under TH22 was more practical in
the actual biore�nery. The schematic process �ow diagram was fabricated as shown in Figure 9. This
strategy provides a practical guiding signi�cance for the design of biomass pretreatment and the
preparation of lignin nanoparticles.

3. Conclusions
An e�cient pretreatment strategy based on THF–H2O with the acid catalytic system is proposed in this
paper. Under the optimum pretreatment condition (120 ℃, 2 h), the reducing sugar yield of 24.23 g/l was
higher than the theoretical value, and lignin nanoparticles with good dispersibility and particle size of 243
nm were obtained. The mechanism of simultaneously obtaining the high reducing sugar yield and
nanoparticles with small size in biomass pretreatment was elucidated. THF–H2O pretreatment that
dissolved more G-type lignin would achieve better enzymatic hydrolysis e�ciency and smaller lignin
nanoparticles. This pretreatment strategy realizes the effective utilization of all components in biomass. 

4. Materials And Methods
4.1 Materials and Chemicals
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The corn straw (CS) was purchased from Jining, Shandong province, China. The CS after washing and
drying was cut and crushed using a pulverizer, then sifted by 18 to 60-mesh griddles and air-dried for 24 h
at 50 °C before use. Tetrahydrofuran (THF, A.R.) was purchased from a commercial Shanghai Macklin
Biochemical Co., Ltd. Concentrated sulfuric acid (98 wt%) was purchased from ChengDu Chron
Chemicals Co., Ltd. Other chemicals were purchased from a commercial source and used without any
further puri�cation.

4.2 Biomass pretreatment

The CS was weighed at the ration of 1:20 (g/ml) with the THF/H2O (1:1) solution. The mixture was
placed in a 100 ml of hydrothermal reactor. Then the sulfuric acid (0.5wt%) was added as the catalyst.
The hydrothermal reactor was put into the air drying oven after stirring. The temperature and time were
set to 120 °C and 150 °C for 1 h, 2 h, and 4 h, respectively. The reactor was quickly cooled down by
�ushing the water after the completion of the reaction. Then, the solid residues and reaction liquid were
separated by vacuum �ltration. The liquid was collected and stored in a refrigerator (4 °C). The solid
residues were further �ltrated by distilled water to remove THF until the pH was neutral. And then, they
were dried at 50 °C for 24 h.

4.2.1 Enzymatic hydrolysis

The enzymatic hydrolysis of air-dried untreated and pretreated solid residues was conducted with
Cellulase Cellic (CTec2, Novozymes) in the water bath shaker at 50 °C, 150 rpm for 3 d. The supernatant
with 100 μL was withdrawn out to measure the reducing sugar with the DNS method [32]. All the
experiments were done in triplicate.

4.2.2 Weight loss analysis

The weight loss rate of CS was calculated with the different mass obtained before and after pretreatment
[33]. All the experiments were done in triplicate.

4.2.3 Morphology analysis

The morphology of CS before and after pretreatments with different conditions were detected with the
scanning electron microscopy (SEM JSM-IT300LA, JEOL, Japan) [34].

4.3 Preparation of Lignin nanoparticles

Lignin stream from the biomass pretreatment under different conditions was transformed into a �ask.
Subsequently, the excess of the deionized water was slowly added into each �ask with constant
magnetic stirring. Finally, the colloid solutions containing lignin nanoparticles from different pretreatment
conditions were obtained as shown in Figure S1. 

4.4 Characterization of lignin nanoparticles
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The morphology of lignin nanoparticles was observed with the �eld emission scanning electron
microscope (FESEM, FEI Nova NanoSEM230, Czekh). The size and dispersity of particles were analyzed
using a Nano-ZS (Malvern Instruments, UK). The absorption peak of lignin nanoparticles in aqueous
solutions was measured using a U-4100 Spectrophotometer (Thermo Scienti�c Inc., USA). The puri�ed
lignin directly extracted from the pretreatment liquid was used as the positive control. The extracted lignin
was dissolved in the solution of THF and water at the ratio of 1:1. The chemical groups of lignin
nanoparticles were con�rmed via a Nicolet IS10 Fourier Transform Infrared spectrometer (FTIR, Thermo
Fisher, USA).

4.5 Extraction and Characterization of lignin

In order to study the in�uence of lignin structure on the formation of lignin nanoparticles, the lignin in the
pretreatment liquid was extracted with the same method as the previous report [35]. The extracted lignin
samples were analyzed via a Bruker Avance 400 MHz two-dimensional heteronuclear single quantum
coherence nuclear magnetic resonance spectrometer (2D- HSQC-NMR, Billerica, MA, USA) to identify the
change of lignin structure units and investigate the cleavage of linkage bonds. The chemical groups of
lignin were analyzed through the FTIR. The Waters Alliance gel permeation chromatography 1515
(Waters, USA) was used to analyze the molecular weight of lignin.

Abbreviations

Abbreviation Full name

CS
THF-H2O

G
S

TH21
TH22
TH24
TH51
TH52
TH54

NP-THxx
PDI
Mw
Mn

FESEM
FTIR
Uv-vis
GPC

HSQC-NMR

Corn straw
Tetrahydrofuran-water

Guaiacyl
Syringyl

120 ℃ for 1 h
120 ℃ for 2 h
120 ℃ for 4 h
150 ℃ for 1 h
150 ℃ for 2 h
150 ℃ for 4 h

nanoparticles prepared from THxx pretreatment
poly-dispersity

weight-average molecular weight
number-average molecular weight

Field emission scanning electron microscope
Fourier Transform Infrared spectrometer

Ultraviolet visible spectroscopy
Gel permeation chromatography

Heteronuclear single quantum coherence nuclear magnetic resonance
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Table
Table 1 Molecular weight of the lignin extracted from different pretreatment liquid

Figures

Figure 1

Reducing sugar yield of corn stover pretreatment under different conditions. THXX: T represents
temperature, H represents the hour, X (2/5) and X (1/2/4) represent the temperature of 120 ℃/150 ℃
and the hour of 1 h/2 h/4 h, respectively.
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Figure 2

SEM of corn straw pretreatment under different condition (a: un-treatment, b: TH21, c: TH22, d: TH24, e:
TH51, f: TH52, g: TH54)

Figure 3

Weight loss of corn straw by the pretreatment under different conditions



Page 17/20

Figure 4

FESEM and Size Distribution of lignin nanoparticles prepared from different pretreatment liquid (a: NP-
TH21, b: NP-TH22, c: NP-TH24, d: NP-TH51, e: NP-TH52, f: NP-TH54) NP-THXX represents nanoparticles
prepared from the pretreatment liquid under the condition of X temperature X hour.



Page 18/20

Figure 5

Uv-vis spectra of lignin and lignin nanoparticles prepared from different pretreatment liquid

Figure 6

FTIR spectra of lignin nanoparticles prepared from different pretreatment liquid
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Figure 7

FTIR spectra of lignin extracted from TH22 and TH52

Figure 8
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Aromatic region and side-chain in the HSQC-2DNMR spectra of lignins S: syringyl units, S’: oxidized
syringyl units, G: guaiacyl units, H: p-hydroxyphenyl units, PB: p-hydroxybenzoate substructures, FA:
ferulates.

Figure 9

A schematic process �ow diagram illustrating the high reducing sugar production and lignin
nanoparticles formation from CS by THF–H2O pretreatment
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