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A B S T R A C T

Miscanthus provides diverse lignocellulose substrates convertible for sustainable biofuels and valuable bio
products. Due to lignocellulose recalcitrance, however, a cost-effective and environmentally friendly strategy is 
required for biomass valorization with minimal biomass loss. In this study, a green-like pretreatment was initially 
explored for two distinct Miscanthus accessions (M. lutarioriparius/Mlu10 and M. sacchariflorus/Msa21) using 
crop-reusable fertilizers (K3PO4, K2CO3). Under the optimal pretreatment (10% K3PO4, 2.5 h), the Miscanthus 
showed a maximum lignin removal at 67% for a remarkably increased lignocellulose porosity by 2.6-4.5 folds. 
These structural improvements significantly enhanced biomass enzymatic saccharification accountable for 81% 
cellulose conversion into hexose (14.39 g/L), which subsequently improved both yeast and bacterial fermen
tations for yielding 28% bioethanol (7.81 g/L) and 68% lactic acid (20.19 g/L) on the basis of cellulose mass. 
Furthermore, the enzyme-undigested lignocellulose residues were employed to produce cellulose nanofibers 
(CNFs), whereas the pretreatment supernatants were utilized to generate lignin nanoparticles (LNPs). Notably, 
the CNFs and LNPs were fully integrated by Tween-80 for desirable biosorbents assembly, which showed 
significantly upgraded adsorption with a maximum Langmuir capacity of 59.52 mg/g for methylene blue. Mass 
balance analysis indicated that Msa21 is optimal for sugar-based bioconversion, whereas Mlu10 is favor for 
material-oriented valorization. Therefore, this study demonstrates a green-like strategy that efficiently produces 
bioethanol and lactic acid and effectively generates functional biosorbents from distinct Miscanthus accessions 
and beyond.

1. Introduction

Miscanthus spp. has emerged as a highly promising feedstock for 
renewable energy and bio-based materials owing to its high biomass 
yield, exceptional photosynthetic efficiency, and broad environmental 
adaptability [1,2]. Its rapid growth cycle and strong carbon sequestra
tion capacity make it a sustainable source for bioethanol production, 
thermochemical conversion, and other clean energy applications [3,4]. 
In addition, its well-developed root system and remarkable stress 
tolerance enable applications in soil remediation and ecological resto
ration [5,6]. These attributes collectively position Miscanthus as an ideal 
model for constructing an integrated biorefinery platform, which aims 
to convert lignocellulosic biomass into a spectrum of value-added 

products including bioethanol, biochemicals and bioproducts as a 
simultaneously promoted sustainability [7,8].

Nevertheless, the intrinsic recalcitrance of lignocellulosic bio
mass—arising from the compact, cross-linked network of cellulose, 
hemicellulose, and lignin—severely restricts enzymatic accessibility and 
catalytic efficiency [9,10]. Effective pretreatment is therefore essential 
to overcome these structural barriers and unlock the full bioconversion 
potential of Miscanthus [11,12]. Among various methods [13,14], 
alkaline pretreatment (e.g., NaOH, K3PO4, NaCO3) [15] is widely 
adopted for its efficient delignification and cellulose preservation [16]. 
To promote greener and more sustainable processes, environmentally 
friendly alkaline salts such as potassium phosphate (K3PO4) and potas
sium carbonate (K2CO3) have gained increasing attention [17]. These 
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salts not only provide moderate alkalinity and strong delignification 
efficiency [18], but also enable potassium recovery and reuse as agri
cultural fertilizers, aligning with circular economy principle [19].

Despite significant progress in pretreatment technologies, most bio
refineries still operate under a linear utilization model [20], which re
sults in incomplete resource valorization. Enzymatic hydrolysis 
residues, typically enriched in crystalline cellulose [21], and lignin 
solubilized in pretreatment liquors are often treated as waste streams 
[22], with their functional potential largely underestimated [23]. In 
particular, lignin's unique aromatic backbone and abundant functional 
groups render it a promising precursor for advanced functional mate
rials [24]. Moving beyond the traditional linear paradigm [25], the 
integration of lignin nanoparticles (LNPs) with cellulose nanofibers 
(CNFs) via green crosslinking strategies provides a sustainable route to 
fabricate high-performance composites with hierarchical porous struc
tures [26], thereby extending the biomass value chain and advancing 
holistic biorefinery development.

In this context, the present study aims to establish a closed-loop 
biorefinery paradigm for the full-component valorization of Miscanthus 
[27]. By selecting two representative Miscanthus (Mlu10 and Msa21) 
accessions, this study systematically evaluated the green-like pre
treatments using K3PO4 and K2CO3 at 121 ◦C (0.1 MPa) for 2.5 h, and 
then determined biomass enzymatic saccharification and fermentation 
performances toward bioethanol and lactic acid production. [28,29]. A 
key innovation of this work lies in the downstream valorization of pre
treatment by-products: lignin nanoparticles recovered from the pre
treatment liquor were co-assembled with cellulose nanofibers from 
enzymatic residues to fabricate a high-performance bio-based adsorbent 
[30]. This strategy not only enhances the yields of primary bioproducts 
(biofuels and platform chemicals) but also transforms by-products into 
value-added materials, providing a novel theoretical framework and 
practical approach for high-value utilization of lignocellulosic biomass 
with less residue release [31].

2. Materials and methods

2.1. Collection of biomass samples

Four types of Miscanthus (Mlu10, Msa21, Msa22, and Msa32) were 
selected from the Miscanthus resource bank and cultivated under uni
form agronomic conditions in the experimental field of Huazhong 
Agricultural University (Wuhan, China). All mature plant tissues were 
collected, and their leaves and branches were removed. The stems were 
dried at 60 ◦C, and ground using a crusher (QE-300) [32]. The ground 
powder was sieved through a 40-mesh sieve (0.425 mm × 0.425 mm) 
and then placed in an oven at 60 ◦C for dehydration to constant weight 
before storage.

2.2. Determination of cell wall components

Cell wall polysaccharides were sequentially extracted following the 
stepwise fractionation method described by Refs. [33,34],allowing the 
separation of soluble sugars, pectin, hemicellulose, and cellulose frac
tions. Hexose and pentose contents were quantified using a UV–visible 
spectrophotometer (V-1100D; Shanghai Mapada Instruments Co., Ltd.). 
For cellulose determination, samples were hydrolyzed with 67% (v/v) 
H2SO4, and hexose content was quantified by the anthrone–H2SO4 
colorimetric method. Hemicellulose content was calculated as the sum 
of hexoses and pentoses present in the hemicellulose fraction. The total 
lignin (acid soluble/insoluble) content was determined using a two-step 
H2SO4 hydrolysis method according to the Laboratory Analytical Pro
cedure of the National Renewable Energy Laboratory (NREL) [35]. All 
measurements were performed in triplicate with independent biological 
replicates to ensure reproducibility.

2.3. Determination of lignin monomer content and total phenolic content

Lignin monomers were extracted by the nitrobenzene oxidation 
method, authentic standards of H-, G-, and S-type lignin monomers were 
obtained from Sinopharm Chemical Reagent Co., Ltd. Quantitative 
analysis was performed on a Shimadzu LC-20A high-performance liquid 
chromatography (HPLC) system equipped with a UV detector set at 280 
nm, using a Kromat Universal C18 column (4.6 mm × 250 mm, 5 μm). 
The mobile phase consisted of methanol:water: acetic acid (16:63:1, v/ 
v/v) at a flow rate of 1.1 mL/min, with an injection volume of 20 μL. 
Each measurement was conducted in triplicate using independent bio
logical replicates to ensure accuracy and reproducibility.

The total phenolic content (TPC) of lignin released into the pre
treatment supernatant was determined using the Folin–Ciocalteu 
colorimetric assay with slight modifications [36]. Briefly, 1.0 mL of 
appropriately diluted sample solution was mixed with 5.0 mL of 10% 
(v/v) Folin–Ciocalteu reagent. After incubation for 5 min at room tem
perature, 4.0 mL of 7.5% (w/v) sodium carbonate solution was added, 
followed by thorough mixing. The reaction mixture was incubated at 
40 ◦C for 30 min in the dark, and the absorbance was measured at 760 
nm using a UV–Vis spectrophotometer. Gallic acid was used as an 
external standard to generate a calibration curve (0–200 mg/L), and 
results were expressed as gallic acid equivalents (GAE, mg GAE/L). All 
measurements were performed in triplicate.

2.4. Material pretreatment and enzymatic hydrolysis

2.4.1. Material pretreatment
Miscanthus powder was separately mixed with 10% (w/w) K3PO4 and 

10% (w/w) K2CO3 (each at a solid-to-liquid ratio of 1:10), and each 
mixture was reacted in a high-pressure steam sterilizer at 121 ◦C for 2.0- 
3.5 h. Subsequently, the mixture was transferred into a 50 mL centrifuge 
tube and centrifuged at 3000 g for 5 min. The supernatants were 
collected for lignin recovery, while the residues were washed once with 
6 mL of phosphate buffer solution (pH 4.8) prior to enzymatic 
hydrolysis.

2.4.2. Enzymatic hydrolysis
The residue was added to a 2.0 g/L cellulase complex solution (Im

perial Jade Biotechnology Co., Ltd., Ningxia, China) with an enzyme 
concentration of 13.25 FPU g− 1 biomass and xylanase of 8.4 U g− 1 

biomass, a solid loading of 3.3% (w/v). During the enzymatic hydroly
sis, about 0.33 mL of 1% Tween-80 was simultaneously added, and the 
reaction was carried out with shaking at 50 ◦C and 150 rpm for 48 h. 
After the reaction was completed, the samples were centrifuged at 3000 
g for 5 min, and the supernatant was collected for determination of 
soluble sugar content [37], all experiments were independently 
repeated three times. The calculation formula for enzymatic hydrolysis 
efficiency was described: 

Enzymatic hydrolysis efficiency (%)=
C
N
× 100% (1) 

Where C represents the relative content of soluble sugars (% dry matter); 
N represents the cellulose content (% dry matter).

2.5. Determination of soluble sugars

For pentoses assay, the enzymatic hydrolysis supernatant was diluted 
with ultrapure water to a final volume of 1.0 mL in a 10 mL stoppered 
glass test tube. Reagent A (134.0 μL; 6.00 g orcinol dissolved in 100.0 mL 
of absolute ethanol) and Reagent B (2.0 mL; 0.100 g FeCl3 dissolved in 
100.0 mL of concentrated hydrochloric acid) were added sequentially. 
After vigorous mixing, the tube was heated in a boiling water bath for 
20 min and subsequently cooled to room temperature. The absorbance 
was measured at 660 nm using a visible spectrophotometer, with 
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ultrapure water used as the blank.
For hexoses assay, the enzymatic supernatant was transferred into a 

10 mL stoppered glass test tube and diluted with ultrapure water to a 
final volume of 1.0 mL. 2.0 mL of 0.20% (w/v) anthrone–sulfuric acid 
reagent was slowly added, followed by immediate vigorous mixing. The 
test tube was then heated in a boiling water bath for 5 min and cooled to 
room temperature under running tap water. The absorbance was 
measured at 620 nm using a visible spectrophotometer. A 1.0 mL aliquot 
of ultrapure water served as the blank.

2.6. Measurement of porosity by Congo red staining method

A dried sample (0.10 g) was mixed with phosphate buffer (pH 6.8) 
and varying volumes (0.25, 0.50, 0.75, 1.00, 1.50, and 2.00 mL) of 
Congo red solution (10 mg/mL), with the total volume adjusted to 10.0 
mL. The mixtures were incubated at 60 ◦C for 24 h. After incubation, the 
samples were centrifuged for 5 min, and the absorbance of the super
natant was measured at 498 nm. The amount of Congo red adsorbed was 
determined from the difference between the initial dye concentration 
and the residual concentration in the supernatant.

2.7. Detection of degree of polymerization (DP) of cellulose

The degree of polymerization (DP) of cellulose was measured by 
capillary viscometry using an Ubbelohde viscometer (capillary diam
eter: 0.7–0.8 mm) [38]. The intrinsic viscosity ([η]) was derived from 
the relative viscosity (ηrel) based on the viscosity tables reported in the 
United States Pharmacopeia (USP 25/NF 20, 2002). The DP was then 
obtained using the modified Grobe equation: 

DP = 190[η]                                                                                  (2)

2.8. Ethanol fermentation

All yeast fermentations used Saccharomyces cerevisiae, which was 
purchased from Yichang Angel Yeast Co., Ltd. The yeast powder was 
dissolved in a phosphate buffer at pH 4.8 for 30 min to activate before 
use. Then, the yeast powder was suspended in a phosphate buffer at pH 
4.8 to a final concentration of 0.5 g/L for all fermentation reactions, 
which were carried out at 37 ◦C for 48 h [39,40]. After the completion of 
ethanol fermentation, the mixture was centrifuged at 3000 g for 5 min 
[41]. The supernatant was collected, subjected to a 10-fold dilution, and 
then added to a biosensor analyzer (Xerman Technology) for ethanol 
determination. The calculation formula for ethanol yield is as follows: 

Ethanol yields (%)=
A × B
1000

×
1
M

× 100% (3) 

Where, A represents the total amount of ethanol (g/L); B represents the 
volume of the fermentation broth (mL); M represents the dry weight (g).

2.9. Lactic acid fermentation

Lactobacillus paracasei was used for all lactic acid fermentations. The 
strain was obtained from the Fermentation Engineering Laboratory, 
Huazhong Agricultural University, was used for lactic acid fermentation 
using sugars released from enzymatic hydrolysis. Anaerobic fermenta
tion was conducted at 37 ◦C for 36 h with an initial inoculum adjusted to 
an OD600 of 0.5. After fermentation, the broth was centrifuged to collect 
the supernatant, which was diluted 10-fold prior to lactic acid quanti
fication using a biosensor analyzer (Xerman Technology). The calcula
tion formula for lactic acid yield is the same as that for the above- 
mentioned ethanol yield.

2.10. Assembly of biosorbents

2.10.1. Preparation of lignin nanoparticles (LNPs)
The supernatant obtained after pretreatment with 10% K3PO4 was 

collected and adjusted to pH 2 using 67% H2SO4 [42]. The mixture was 
left to stand overnight, and the resulting precipitate was dried in an oven 
at 60 ◦C. The dried solid was ground into powder, sieved through a 
400-mesh screen, and collected as LNPs.

2.10.2. Preparation of oxidized cellulose nanofibers (CNFs)
Cellulose was extracted from the enzymatically hydrolyzed residue 

according to the method of [43]. About 3.0 g of crude fiber was placed 
into a ball-milling jar together with 20 small and 15 large steel balls, and 
the mixture was milled at 300 rpm for 4 h using a planetary ball mill. 
And the product was sieved through a 400-mesh screen to obtain cel
lulose nanofibers (CNF). Subsequently, 0.1 g of CNF was dispersed in 98 
mL of distilled water under continuous stirring. A TEMPO-mediated 
oxidation was conducted by adding TEMPO (2,2,6,6-tetramethylpiper
idin-1-oxyl, 0.016 g) and NaBr (0.1 g), while maintaining the pH at 
10–11 using 1 M NaOH. The reaction proceeded at room temperature for 
2 h and was quenched by adjusting the pH to 7 with 1 M HCl [44]. The 
product was thoroughly washed with distilled water until neutral, dried, 
and collected as oxidized CNFs.

2.10.3. Constructing hybrid of biosorbents
LNPs (0.1 g) and oxidized CNFs (0.1 g) were dispersed in 2 mL of 8% 

Tween-80 solution, followed by the addition of 10 mL of 0.45% H2O2. 
The mixture was shaken well and incubated at 50 ◦C with agitation at 
150 rpm for 2 h. After the reaction, the suspension was centrifuged, and 
the supernatant was discarded. The precipitate was washed with 
distilled water to neutrality, dried at 60 ◦C, and ground into powder to 
obtain the biosorbent [45].

2.11. Adsorption experiments

Methylene blue (MB) and Congo red (CR) were prepared by dis
solving the dyes in ultrapure water at room temperature (25 ± 1 ◦C), 
with initial concentrations of 25 mg/L and 50 mg/L, respectively. For 
adsorption experiments, 20 mL of dye solution was mixed with 20 mg of 
biosorbent or pretreated residue in a 50 mL centrifuge tube. The mix
tures were shaken at 150 rpm for 4 h in a constant-temperature shaker. 
After adsorption, the suspensions were filtered, and the residual dye 
concentrations were determined using a UV–Vis spectrophotometer 
(V1100D, Shanghai MAPADA Instruments Co., Ltd.) at 664 nm for MB 
and 490 nm for CR. All experiments were performed in triplicate.

2.12. Isothermal adsorption models and kinetic models

The adsorption capacity (qe, mg/g) of the dye is calculated by the 
following formula [46]: 

qe =
(C0 − Ce)*V

M
(4) 

Where, C0 (mg/L) and Ce (mg/L) indicate the concentration of MB or CR 
at initial and equilibrium. The volume of the solution is expressed as V 
(L) and the mass of the sample is expressed as M (mg).

The correlation between adsorption capacity (qe, mg/g) and the 
concentration of MB, CR (Ce, mg/L) at equilibrium was modeled using 
three isotherms. The Langmuir isothermal equation is given below [47]: 

qe =
qmaxKLCe

1 + KLCe
(5) 

Among them, qmax refers to the maximum adsorption capacity (mg/ 
g), KL represents the Langmuir isothermal constant, and indicates the 
adsorption capacity of biosorbent for MB.
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The Freundlich isotherm equation is stated as follow: 

qe =KFC1/n
e (6) 

Where, KF is the Freundlich isotherm constant, and 1/n is the hetero
geneity factor.

Representing equation of Temkin model is as follow: 

qe =
RTln(ATCe)

bT
(7) 

Where, AT refers to the equilibrium constant, bT is the Temkin constant 
related to adsorption heat, R is the universal gas constant, and T is the 
absolute temperature (K).

The kinetic models were applied to predict the relationship between 
adsorption capacity at equilibrium (qe, mg/g) and adsorption for t hours 
(qt, mg/g). The pseudo 1st order model (8) and pseudo 2nd order model 
(9) are represented as follows: 

ln(qe − qt)= ln qt − K1t (8) 

t
qt
=

1
K2q2

e
+

t
qe

(9) 

Where, K1 and K2 are the pseudo 1st order and pseudo 2nd order con
stants, respectively.

The Weber–Morris intraparticle diffusion model is stated as: 

qt =Kipt0.5 + C (10) 

Where, Kip is intraparticle diffusion apparent adsorption rate constant, C 
is a constant related to the boundary layer thickness.

2.13. Adsorption thermodynamic model

The thermodynamic parameters Gibbs free energy (ΔG, kJ/mol), 
adsorption enthalpy (ΔH, kJ/mol), and adsorption entropy (entropy (ΔS, 
kJ/mol) during the MB adsorption process can be calculated via Eqs. 
(11) and (12). 

ΔG= − RTlnKL (11) 

ln KL =
ΔS
R

−
ΔH
RT

(12) 

2.14. Characterization

Cellulose crystalline index (CrI) was characterized by X-ray diffrac
tion (XRD) method. Powdered samples were evenly spread on a glass 
slide and analyzed using an X-ray diffractometer equipped with Cu Kα 
radiation (λ = 1.54056 Å), operated at 40 kV and 30 mA. Diffraction 
patterns were recorded over a 2θ range of 10–40◦, with a scanning rate 
of 5◦ min− 1 and a step size of 0.02◦. The crystallinity index was calcu
lated using the Segal method according to the following equation: 

CrI(%)=
I200 − Iam

I200
× 100% (13) 

Where, I200 is the maximum intensity of the (200) crystalline peak, and 
Iam is the intensity of the amorphous background measured at around 2θ 
≈ 18◦.

The surface morphology and cross-sectional structure of the syn
thesized biosorbents were examined using scanning electron microscopy 
(SEM). The samples were dried at 60 ◦C prior to analysis, fractured to 
expose fresh cross-sections, and mounted on conductive adhesive tape 
with the cross-section facing upward. The samples were sputter-coated 
with a thin layer of gold under vacuum before observation. SEM im
ages were acquired under high-vacuum conditions at appropriate 
accelerating voltages using a slow-scan imaging mode.

Fourier transform infrared (FTIR) spectroscopy was employed to 
identify the functional groups of the samples. Approximately 0.1 g of 
sample powder was prepared as a pellet and analyzed over the wave
number range of 4000–400 cm− 1, with 32 scans collected per sample. 
Air was used as the background and subtracted automatically during 
measurement. Functional groups were qualitatively identified based on 
characteristic absorption bands.

Fluorescence microscopy was used to observe the cellulose structure 
of the biosorbents. A small amount of sample was dispersed in sterile 
normal saline to form a homogeneous suspension, followed by staining 
with Calcofluor White solution. The mixture was incubated in the dark 
at room temperature for 10 min. An aliquot (10 μL) of the stained sus
pension was placed on a glass slide, covered with a coverslip, and 
observed under a fluorescence microscope using a UV excitation chan
nel. Fluorescence images were captured after appropriate focusing [48].

2.15. Statistical analysis

Analysis of variance (ANOVA), regression coefficients, and 
Spearman rank correlation coefficients were performed using SPSS 16.0 
(Inc., Chicago, IL). Line charts, bar charts, and regression analyses of the 
best-fit curves were plotted using Origin 8.5 software (Microcal Soft
ware, Northampton, MA).

3. Results and discussion

3.1. Optimization of green alkaline salt pretreatment for efficient 
saccharification

To establish an efficient saccharification platform for Miscanthus 
biomass, the initial cell wall composition of four Miscanthus varieties 
(Mlu10, Msa21, Msa22, and Msa32) was screened and characterized. 
The analysis revealed significant compositional differences among the 
varieties (Fig. S1), with cellulose contents ranging from 33.26% to 
43.25%, and the most pronounced disparity observed between Mlu10 
and Msa22. The lignin contents of the four accessions were varied from 
21.30% to 23.37%. As lignin is a major barrier in biorefinery processes, 
its variations should mainly affect pretreatment performance and sub
sequent enzymatic hydrolysis efficiency. Despite cellulose content de
termines glucose production, the content and structural complexity of 
lignin act as the primary recalcitrant factors by physically blocking 
enzyme accession and non-productively adsorbing cellulases. Therefore, 
a favorable balance between high cellulose availability and low lignin 
recalcitrance is essential, underscoring the necessity of adopting tailored 
pretreatment strategies to maximize carbohydrate release.

Based on these results, Mlu10 and Msa21 were selected as repre
sentative substrates for a systematic investigation of the effects of salt 
concentration and reaction time on enzymatic hydrolysis, using potas
sium phosphate (K3PO4) and potassium carbonate (K2CO3) as green 
alkaline pretreatment agents. Experimental findings demonstrated a 
typical unimodal trend for both variables: enzymatic efficiency peaked 
at a salt concentration of 10% (Fig. 1B & D) and a reaction time of 2.5 h 
(Fig. 1C & E). Moderate pretreatment intensity effectively removed 
lignin and enhanced cellulose accessibility, whereas excessive severity 
led to the formation of fermentation inhibitors such as furfural, thereby 
diminishing enzymatic activity. In terms of salt species, K3PO4 out
performed K2CO3 significantly, achieving a maximum saccharification 
efficiency of 81.22% (14.39 g/L), which was 32.5% higher than that of 
K2CO3. This enhancement is primarily attributed to the stronger hy
drolytic capacity of PO4

3− ions released by K3PO4, which generate a 
higher concentration of OH− , facilitating more thorough lignin removal 
[49]. Substrate performance evaluation further revealed that Msa21 
consistently exhibited superior enzymatic digestibility and total sugar 
yield compared to Mlu10 across all pretreatment conditions 
(Table S1–S2). Under optimal conditions, Msa21 achieved a total sugar 
yield of 47.31%, which was 35.6% higher than that of Mlu10 (Fig. 1F). 
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This performance gap highlighted the strong correlation between feed
stock composition and saccharification potential; the superior sugar 
release in Msa21 is likely driven by its higher initial cellulose loading 
and a more porous cell wall structure following delignification, which 
should mitigate the physical barriers limiting enzymatic attack. In 

contrast, the lower cellulose content and potentially more recalcitrant 
lignin-carbohydrate complexes in Mlu10 restricted its hydrolysis effi
ciency, confirming its greater potential as a feedstock for 
saccharification-based bioprocessing.

Overall, pretreatment with 10% K3PO4 for 2.5 h proved optimal for 

Fig. 1. Optimization of Miscanthus pretreatment with green alkaline salts. (A) Schematic diagram of the pretreatment process; (B, D) Sugar yields obtained after 
pretreatment with different concentrations of K3PO4 and K2CO3; (C, E) Sugar yields at various pretreatment times with 10% K3PO4 and K2CO3; (F) Total sugar yield at 
the optimal pretreatment concentration; (G) Total sugar yield at the optimal pretreatment time (n = 3). DM: dry matter. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Fermentation of hydrolysates for sugar and lactic acid production.(A) Schematic diagram of the fermentation process; (B, C) Ethanol and lactic acid yields (% 
cellulose) under the optimal pretreatment conditions (10% K3PO4 or K2CO3, 2.5 h); (D) Theoretical ethanol yield; (E) Theoretical lactic acid yield. * and ** indicate 
significant differences between two Miscanthus varieties at p < 0.05 and 0.01, respectively (n = 3).
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maximizing saccharification efficiency, establishing a robust platform 
for subsequent fermentation studies.

3.2. Regulation of ethanol and lactic acid yields by green pretreatment

Building upon the optimized saccharification platform, the potential 
of Miscanthus biomass for fermentative production of biofuels (ethanol) 
and platform chemicals (lactic acid) was further evaluated, with a focus 
on elucidating the regulatory effects of pretreatment agents on the 
fermentation pathways (Fig. 2). The K3PO4-pretreated hydrolysates 
exhibited significantly higher ethanol yields (20.65%–27.46%) (7.215 
g/L–7.81 g/L) compared to those pretreated with K2CO3 (Fig. 2B), pri
marily attributed to their higher fermentable sugar content and 
enhanced pH buffering capacity during fermentation. This improvement 
can be ascribed to the more effective lignin removal and increased sugar 
availability conferred by K3PO4, which collectively created a more 
favorable metabolic environment for ethanol fermentation.

Conversely, lactic acid fermentation exhibited an opposite trend. The 
K2CO3-pretreated group achieved lactic acid yields of 42.39%–67.95% 
(% cellulose), substantially surpassing the K3PO4-treated samples. This 
observation suggests that although K3PO4 facilitates greater sugar 
release, the presence of PO4

3− ions exerts an inhibitory effect on the 
metabolic activity of lactic acid bacteria, thereby altering the product 
distribution towards ethanol at the expense of lactic acid synthesis [50].

Notably, regardless of the target fermentation product, Msa21 
consistently outperformed Mlu10 in terms of product yields. Specif
ically, Msa21 exhibited an increase of 9.0%–10.9% in ethanol yield and 
8.8%–21.8% in lactic acid yield compared to Mlu10 (Fig. 2D & E), 
further corroborating its superiority as a feedstock for biomass 
fermentation. Additionally, co-pretreatment experiments combining 
10% K3PO4 and 10% K2CO3 (Fig. S2) demonstrated similar trends to 

those observed in the single-agent treatments, thereby reinforcing the 
pivotal role of pretreatment agent selection in steering the distribution 
of fermentation products.

These findings demonstrate that green pretreatment agents not only 
enhance the fermentation efficiency of Miscanthus biomass but also 
enable precise regulation of product distribution, offering a viable 
strategy for directing biomass conversion towards specific high-value 
products.

3.3. Enhanced lignin removal and structural modification via green 
alkaline salt pretreatment

To evaluate the impact of alkaline salts on the structural integrity of 
Miscanthus lignocellulose, scanning electron microscopy (SEM) was 
employed to observe the microstructural morphology of raw and pre
treated samples (Fig. 3A). The untreated Miscanthus stalks exhibited a 
dense, smooth surface lacking visible porosity. In contrast, after alkaline 
salt pretreatment, the lignocellulosic matrix was visibly disrupted, 
characterized by surface roughness and exfoliation. Particularly under 
K3PO4 treatment, the stalks underwent extensive structural degradation, 
generating numerous fine particulate and lamellar fragments, indicative 
of K3PO4 superior delignification capability as a stronger alkaline salt.

To elucidate the chemical composition changes induced by pre
treatment, cell wall compositional analysis (Fig. 3B & C) revealed that 
lignin content decreased by 44.8%–67.2% after pretreatment, with 
K3PO4 achieving the highest removal (64%–67%). Monomeric lignin 
analysis (Fig. 3D & E, Table S3) indicated a reduction in H-monomer 
after K3PO4 pretreatment, thereby elevating the S/G ratio in the residual 
biomass and loosening the lignocellulosic structure, which in turn is 
favorable for enzymatic hydrolysis. Total phenolic content of lignin from 
pretreatment supernatant (Fig. 3F) revealed that Msa21 consistently 

Fig. 3. Characteristics of Miscanthus straws before and after pretreatment. (A) SEM images of Msa21 before and after K3PO4/K2CO3 pretreatment; (B, C) Cell wall 
composition of pretreated samples compared with the raw materials; Mlu10 (D) and Msa21 (E) lignin monomer after pretreatment compared with the raw materials; 
(F) Total phenolic content of lignin from pretreatment supernatant; (G) Cell wall porosity; (H) Degree of polymerization (DP) of cellulose; (I) Crystallinity index (CrI) 
of cellulose; FTIR spectra of Mlu10 (J) and Msa21 (K). * and ** indicate significant differences between two samples at p < 0.05 and 0.01, respectively (n = 3).
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exhibited 4.2%–14.48% lower total phenol levels than Mlu10. This 
finding suggests that alkaline salt pretreatment of Mlu10 facilitated the 
release of more H monomers (Table S3), indicating a higher adsorption 
activity. As the relatively higher proportion of H monomers in lignin is 
accountable for the lower degree of cross-linking of its molecular chains, 
it is easier to form a porous structure during the preparation of lignin 
nanoparticles (LNPs) or adsorbents, which could provide more physical 
adsorption sites for adsorbates and shortens their intraparticle diffusion 
paths.

Porosity measurements (Fig. 3G & Fig. S3) further confirmed that 
pretreatment enhanced material porosity by 2.6–4.5-fold, with the 
K3PO4-treated samples exhibiting the highest values (196.07–227.27 
mg/g). These results corroborated the SEM observations, demonstrating 
that K3PO4 more effectively disrupted the stalk structure and promoted 
lignin removal. Across different Miscanthus cultivars, Msa21 exhibited 
2.6%–5.2% higher lignin removal and 1.85%–33.99% greater porosity 
increased than Msa10, suggesting greater cell wall sensitivity to alkaline 
salts and making it a promising bioenergy feedstock. Further analysis 
revealed that the degree of polymerization (DP) decreased by 28.4% in 
Mlu10 and 47.1% in Msa21 after pretreatment (Fig. 3H), with Msa21 
consistently maintaining lower DP values, thereby facilitating cellulose 
depolymerization and sugar release (Fig. 1). As cellulose crystallinity 
(CrI) was decreased after pretreatment (Fig. 3I & Fig. S4), it was likely 
due to partial disruption of the crystalline cellulose structure, although 
some amorphous component such as lignin was removed. FTIR analysis 
(Fig. 3J & K) further confirmed lignin removal, as both K3PO4 and K2CO3 
markedly attenuated characteristic lignin peaks (C=O at 1735 cm− 1, 
C=C at 1627/1510 cm− 1, C–O–C and C–H at 894 cm− 1, and 1247 cm− 1), 
with the 1247 cm− 1 peak disappearing completely after pretreatment.

Altogether, K3PO4 pretreatment substantially disrupts the Miscanthus 
cell wall, efficiently removes lignin, enhances porosity, and reduces 
polymerization degree, thereby laying a solid foundation for subsequent 
high-efficiency enzymatic hydrolysis. Particularly for Msa21, its high 
cell wall sensitivity confers superior bioconversion potential after 
pretreatment.

3.4. Mechanistic insights into CNF-LNP composite assembly

Efficient lignin removal not only enhanced cellulose enzymatic hy
drolysis but also yielded large quantities of recoverable lignin nano
particles (LNPs), providing a key feedstock for biosorbent fabrication. In 
this study, LNPs recovered from the pretreatment supernatant and cel
lulose nanofibers (CNFs) isolated from the solid residue were co- 
assembled into CNFs–LNPs composite adsorbents (Fig. 4). The effect of 
CNFs/LNPs ratios on adsorption performance was first examined. 
Increasing the CNF proportion initially improved adsorption capacity 
but subsequently caused a decline once the ratio exceeded 2:2, as 
excessive CNF encapsulation shielded LNP active sites and densified the 
composite structure (Fig. S5). Crosslinker optimization showed that 
0.45% H2O2 achieved the highest capacity. Moderate H2O2 induced 
mild LNP surface oxidation, introducing hydrophilic groups that 
enhanced CNFs–LNPs interfacial bonding, whereas excessive oxidation 
degraded LNPs and reduced performance (Fig. S6). To improve struc
tural stability, Tween-80 was introduced as a coupling agent. Its hy
drophilic moieties formed hydrogen bonds with CNF hydroxyls, while 
hydrophobic tails engaged in π–π interactions with LNPs aromatic rings, 
enhancing dispersion and suppressing aggregation. Adsorption capacity 
increased with Tween-80 concentration from 2% to 8% (v/v), beyond 

Fig. 4. Assembly of CNFs–LNPs biosorbents. (A) Schematic diagram of adsorbent assembly; (B) Effect of different Tween-80 concentrations on MB adsorption by the 
biosorbents; (C) MB adsorption of three biosorbents; (D)(E) Synchronous and asynchronous XRD spectra of Mlu10 biosorbent as prepared at Fig. S7; (F) FTIR spectra 
of LNPs, CNFs, CNFs(O), CNFs–LNPs, and CNFs(O)–LNPs; (G) Fluorescence microscopy image of the adsorbent; (H) SEM image of the biosorbents. * and ** indicate 
significant differences between two samples at p < 0.05 and 0.01, respectively (n = 3). Adsorption conditions: CMB = 50 mg/L, time = 4 h. CNFs(O) represents CNFs 
oxidized by TEMPO.
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which over-encapsulation slightly reduced performance, making 8% 
optimal (Fig. 4B). Additional TEMPO-mediated oxidation of CNFs 
further enhanced adsorption, particularly in Mlu10-based composites 
(Fig. 4C).

X-ray diffraction (XRD) analysis (Fig. S7) showed that Tween-80 
markedly increased composite crystallinity. Two-dimensional correla
tion spectroscopy (2D-COS XRD) (Fig. 4D & E Fig. S7) revealed syn
chronous positive correlations between 18◦ and 22.5◦ peaks, indicating 
cooperative reorganization of crystalline and amorphous domains under 
Tween-80 modulation. Asynchronous spectra confirmed that crystalline 
regions responded first to external perturbations, subsequently driving 
amorphous reordering. FTIR spectra (Fig. 4F) confirmed the formation 
of chemical bonds (C-O-C) between CNFs and LNPs, reinforcing the 
structural and functional stability of the composites. Fluorescence mi
croscopy revealed distinct morphological transformations among the 
three types of biosorbents (Fig. 4G). With the incorporation of Tween- 
80, CNFs and LNPs assembled into larger adsorptive particles, whose 
size further increased upon CNFs oxidation, thereby enhancing the 
adsorption performance. Under UV excitation, pronounced lignin- 
associated fluorescence was observed on the composite surface, con
firming the encapsulation of CNFs by LNPs. SEM images (Fig. 4H) 
illustrated that composites without surfactant formed dense, irregular 
aggregates with low porosity. Incorporating 8% Tween-80 produced 
uniform, film-like morphologies with reduced aggregation, though 
partial collapse occurred during drying. In contrast, TEMPO-oxidized 
CNFs(O) composites formed highly porous, three-dimensional nano
fiber networks via electrostatic repulsion-driven self-assembly, ensuring 
high surface area, structural integrity, and uniform LNPs 
immobilization.

3.5. Adsorption performance and mechanism of CNFs-LNPs biosorbents

The adsorption performance and underlying mechanism of CNF–LNP 
biosorbents were evaluated using methylene blue (MB) as a model 
pollutant (Fig. 5). UV–Vis spectra (Fig. 5A) revealed a pronounced 
decrease in MB absorbance after adsorption, with Mlu10 consistently 
showing lower residual intensities than Msa21, indicating superior dye 
removal efficiency. As the initial MB concentration increased from 20 to 

200 mg/L, the adsorption capacity rose from 22.15 to 59.65 mg/g. 
Across all concentrations, Mlu10 maintained a higher adsorption ca
pacity than Msa21. Isotherm fitting (Fig. 5B–E, Table 1) showed that, 
although the Freundlich model (R2>0.980) described the data well, the 
Langmuir model achieved the best fit (R2>0.989), indicating predomi
nantly monolayer chemisorption, with minor contributions from van der 
Waals-driven physisorption. Temkin model results (R2 =

0.9659–0.9731) further supported chemisorption dominance. The 
maximum Langmuir capacities for Mlu10 and Msa21 were 59.5 and 
43.4 mg/g, respectively—a 37.1% improvement for Mlu10.

Temperature-dependent experiments (Fig. 5F) showed decreasing 
adsorption with increasing temperature, confirming an exothermic 
process. Van't Hoff analysis (Fig. 5G–Table 2) yielded negative Gibbs 
free energy changes (ΔG) for both materials, with more negative values 
for Mlu10, indicating stronger spontaneity and affinity. Negative 
enthalpy (ΔH) and entropy (ΔS) changes indicated exothermic adsorp
tion accompanied by reduced system randomness. These thermody
namic trends, together with FTIR observations of functional group 
interactions and SEM images showing 3D CNFs-LNPs network, were 
consistent with directional intermolecular interactions such as hydrogen 
bonding and π–π stacking between surface functional groups and dye 
molecules, although these interactions were inferred indirectly from the 
data. The lower absolute ΔH and ΔS values for Mlu10 further suggested 
a higher density of accessible active sites, corresponding to its greater 
adsorption efficiency.

Kinetic studies showed rapid uptake within 50 min, reaching equi
librium at ~90 min (Fig. 5H). Pseudo-second-order kinetics provided 
the best fit (Fig. S9, Table S4–S5), confirming chemisorption control. 
Additional tests with Cr (VI) ions (Fig. S10) demonstrated a 1.58-fold 
higher adsorption capacity for Mlu10 over Msa21, underscoring its po
tential for both dye removal and heavy metal remediation.

Collectively, Mlu10-derived CNFs–LNPs biosorbents, characterized 
by abundant active sites and optimized microstructure, exhibited high- 
efficiency dye and heavy metal removal via coordination-driven chem
isorption, highlighting their promise as sustainable functional adsor
bents for environmental applications.

Fig. 5. Performance of the biosorbents.(A) UV–Vis full spectra of methylene blue (MB) adsorption by the adsorbents; (B) Adsorption capacities of the adsorbents at 
different MB concentrations; (C–E) Isothermal adsorption model fitting using Langmuir (C), Freundlich (D), and Temkin (E) models; (F) MB adsorption capacities of 
the adsorbents at different temperatures; (G) Thermodynamic parameters of the adsorbents; (H) MB adsorption capacities of the adsorbents at different times. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.6. Component distribution and product yields of Miscanthus varieties

The component distribution and product yields from two Miscanthus 
varieties, Mlu10 and Msa21, were evaluated on a basis of 1000 g of 
initial dry biomass (Fig. 6). Mlu10 possessed a higher cellulose content 
(432.5 g) than Msa21 (332.6 g), whereas their lignin contents were 
comparable. Following pretreatment, a majority of the lignin was sol
ubilized into the supernatant (175.2 g for Mlu10; 163.3 g for Msa21), 
while cellulose and hemicellulose were predominantly retained in the 
solid residue. Subsequent enzymatic hydrolysis of this residue released 
significantly higher amounts of pentoses and hexoses from Msa21 
(185.4 g and 287.2 g, respectively) compared to Mlu10 (154.4 g and 
197.0 g, respectively). While both varieties generated similar quantities 
of lignin nanoparticles (LNPs) and cellulose nanofibrils (CNFs), their 
performance diverged in downstream applications. Mlu10 yielded more 

biosorbent (109.4 g), whereas Msa21 exhibited superior fermentation 
efficiency, resulting in a higher lactic acid yield (226 g). Ethanol pro
duction was comparable between the two varieties. Overall, the results 
reveal a critical trade-off: the higher initial cellulose content of Mlu10 
favored biosorbent production, while the superior sugar-release effi
ciency of Msa21 made it the preferred candidate for lactic acid 
fermentation.

4. Conclusion

This study aims to explore a green and integrated biorefinery of 
Miscanthus biomass for high productivity of fermentable sugars, bio
fuels, organic acids, and functional materials. In general, green alkaline 
salt pretreatment (10%, 121 ◦C, 0.1 MPa, 2.5 h) enables maximum lignin 
removal (67.2%) for significantly increasing lignocellulose porosity and 
reducing cellulose polymerization, leading to a remarkably enhanced 
biomass enzymatic saccharification in two Miscanthus accessions 
(Msa21, Mlu10). In comparison, the Msa21 accession shows superior 
sugar release for lactic acid and ethanol fermentations at high yields, 
whereas the Mlu10 rich at cellulose content is effective for generation of 
CNFs–LNPs biosorbents. In particular, the distinct CNFs–LNPs compos
ites constructed by TEMPO-mediated CNF oxidation combined with 
Tween-80-assisted coupling, are of characteristically adsorbing 

Table 1 
Parameters of isothermal adsorption model fitting.

Samples Langmuir Freundlich Temkin

qmax (mg/g) b (L/mg) R2 KF 1/n R2 bt(mg/g) kt(L/mg) R2

Mlu10 59.524 0.1055 0.9893 27.344 0.1478 0.9803 5.5621 28.07 0.9659
Msa21 43.422 0.1613 0.9926 21.264 0.1318 0.9875 4.0806 20.31 0.9731

Table 2 
Thermodynamic parameters of adsorption.

Samples T K R2 ΔG◦ (kJ 
mol− 1)

ΔH◦ (kJ 
mol− 1)

ΔS◦ (kJ 
mol− 1)

Mlu10 298.15 4.37 0.9399 − 3.655 − 27.11 − 79.28
Msa21 298.15 1.77 0.9844 − 1.422 − 8.641 − 24.23

Fig. 6. Comparative component distribution and product yields of Mlu10 and Msa21 after fractionation and conversion.
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capacities for removals of industry dyes and heavy metal ions via a 
primary chemisorption mechanism. Therefore, this work has demon
strated a powerful strategy for enhancing biomass enzymatic sacchari
fication towards bioethanol and biochemicals conversions at high yields 
along with bioproducts generation at high performance, providing an 
applicable technology for both biorefinery and environmental remedi
ation using Miscanthus and other bioenergy crops.
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