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2
1 Preparation of LA-Lignin
1.1 DES synthesis and lignin extraction
Choline chloride (ChCl) and lactic acid (LA) were mixed in a round-bottom flask at a specific molar ratio and stirred at 60 °C for 1 h to form a homogeneous and transparent solution. The prepared DES was stored at room temperature for subsequent use. Dried cotton straw (4 g) was mixed with the DES (40 g), subjected to ultrasonication at 100 W, and subsequently stirred at 120 °C for 6 h. The resulting solid residue was separated by centrifugation, washed to neutrality, and collected via vacuum filtration. Meanwhile, the lignin-rich liquid was precipitated using a water/ethanol mixture (9:1, v/v) at room temperature for 12 h, followed by centrifugation and washing with deionized water. Both the solid residue and the precipitated lignin were dried at 60 °C for 24 h for further use. The dried lignin was weighed to calculate the extraction yield of lignin from CS using DES (YL) according to the following formula.

where YL is the extraction yield of lignin (%), mext is the mass of lignin extracted from CS (g), and mcont is the mass of lignin contained in the CS (g).
[bookmark: _Toc225384133][bookmark: _Toc225381444]1.2 DES pretreatment optimization
An L16 (45) orthogonal array was employed for preliminary screening. The factors and their levels are presented in Table S1, and the orthogonal experimental design and results are shown in Table S2. The relative significance of the factors was established as temperature > time > molar ratio > solid-to-liquid ratio > ultrasonication time.
Table S1. Factors and Levels Table
	No.
	A
Temperature（℃）
	B
Time（h）
	C
Molar ratio
	D
Solid-to-liquid ratio
	E
Ultrasonication time（min）

	1
	110
	6
	1:1
	1:5
	0

	2
	120
	8
	1:4
	1:10
	5

	3
	130
	10
	1:8
	1:15
	10

	4
	140
	12
	1:12
	1:20
	15



The optimal conditions were determined by orthogonal experimental analysis as A3B2C3D2E3, corresponding to a temperature of 130 °C, a reaction time of 8 h, an LA-DES molar ratio of 1:8, a solid-to-liquid ratio of 1:10, and an ultrasonication time of 10 min.
Table S2. Orthogonal Experimental Design and Results
	No.
	A
	B
	C
	D
	E
	Yield (%)

	1
	1
	1
	1
	1
	1
	56.4

	2
	1
	2
	2
	2
	2
	73.5

	3
	1
	3
	3
	3
	3
	72.1

	4
	1
	4
	4
	4
	4
	62.3

	5
	2
	1
	2
	3
	4
	68.7

	6
	2
	2
	3
	4
	3
	78.5

	7
	2
	3
	4
	1
	2
	73.8

	8
	2
	4
	1
	2
	1
	69.8

	9
	3
	1
	3
	2
	4
	81.3

	10
	3
	2
	4
	1
	3
	77.6

	11
	3
	3
	1
	4
	2
	68.3

	12
	3
	4
	2
	3
	1
	76.2

	13
	4
	1
	4
	4
	2
	65.4

	14
	4
	2
	1
	3
	1
	78.5

	15
	4
	3
	2
	2
	4
	78.5

	16
	4
	4
	3
	1
	3
	74.1

	K1
	264.30
	271.80
	273.00
	281.90
	280.90
	

	K2
	290.80
	308.10
	296.90
	303.10
	281.00
	

	K3
	303.40
	292.70
	306.00
	295.50
	302.30
	

	K4
	296.50
	282.40
	279.10
	274.50
	290.80
	

	k1
	66.08
	67.95
	68.25
	70.48
	70.23
	

	k2
	72.70
	77.03
	74.23
	75.78
	70.25
	

	k3
	75.85
	73.18
	76.50
	73.88
	75.58
	

	k4
	74.13
	70.60
	69.78
	68.63
	72.70
	

	R
	9.77
	9.08
	8.25
	7.15
	5.35
	

	Optimal model
	A3
	B2
	C3
	D2
	E3
	

	Optimal solution
	A3 B2 C3 D2 E3



The three most significant factors were subsequently selected as variables for Box–Behnken design, with the remaining two factors fixed at their optimal levels. The complete experimental matrix is provided in Supplementary Table S3.
Table S3. Experimental design and results of BBD
	No.
	A
	B
	C
	Yield (%)

	1
	130
	8
	1:8
	82.1902

	2
	140
	8
	1:4
	81.3997

	3
	120
	8
	1:12
	79.8187

	4
	130
	8
	1:8
	81.7950

	5
	140
	8
	1:12
	80.2403

	6
	130
	6
	1:4
	79.9768

	7
	120
	6
	1:8
	77.2100

	8
	130
	10
	1:12
	83.2574

	9
	140
	6
	1:8
	79.6606

	10
	140
	10
	1:8
	82.2166

	11
	130
	6
	1:12
	78.9755

	12
	120
	8
	1:4
	78.5012

	13
	130
	8
	1:8
	82.4801

	14
	130
	8
	1:8
	82.0058

	15
	120
	10
	1:8
	81.2943

	16
	130
	10
	1:4
	82.1375

	17
	130
	8
	1:8
	82.1375



NOVA for the quadratic model revealed high significance, with F = 124.64 and p < 0.0001, as summarized in Table S4. The model exhibited excellent goodness-of-fit, evidenced by R2 = 0.9941, adjusted R2 = 0.9865, and predicted R2 = 0.9890. Furthermore, the lack-of-fit was insignificant at p = 0.9925, confirming model adequacy. Among linear terms, extraction time exerted the strongest influence, with F = 545.61 and p < 0.0001, followed by temperature at F = 145.42 and p < 0.0001. In contrast, the linear effect of molar ratio was not statistically significant, yielding F = 0.0811 and p = 0.6267. However, significant quadratic terms for temperature and molar ratio, with F values of 261.61 and 37.42, respectively, indicate distinct optimal plateaus rather than monotonic relationships. Response surface optimization predicted a theoretical stationary point beyond the BBD experimental domain (B ≈ 13.5 h). However, the orthogonal experiment confirmed a distinct yield peak at 8 h, with clear declines at both 10 h and 12 h. Therefore, the practical optimal conditions were determined as 130 °C, 8 h, and 1:8 molar ratio.
Table S4. ANOVA of Response Surface Methodology Parameters Fitted with a Quadratic Equation
	Source
	SS
	DF
	MS
	F-value
	P-value

	Model
	43.75
	9
	4.86
	124.64
	＜0.0001

	A
	5.6
	1
	5.6
	145.42
	＜0.0001

	B
	21.4
	1
	21.4
	545.61
	＜0.0001

	C
	0.0096
	1
	0.0096
	0.0811
	0.6267

	AB
	0.5839
	1
	0.5839
	15.16
	0.0054

	AC
	1.53
	1
	1.53
	39.83
	0.0004

	BC
	1.12
	1
	1.12
	26.04
	0.0009

	A2
	10.27
	1
	10.27
	261.61
	＜0.0001

	B2
	0.9095
	1
	0.9095
	25.15
	0.0016

	C2
	1.37
	1
	1.37
	37.42
	0.0005

	Residual
	0.259
	7
	0.037
	
	

	Lack of fit
	0.0054
	3
	0.0018
	0.0285
	0.9925

	Pure error
	0.2536
	4
	0.0634
	
	

	Cor total
	44.01
	16
	
	
	


Note: R2=0.9941, adjusted R2=0.9865, predicted R2=0.9890.
2 Characterization
Fig. S1 A presents the Fourier transform infrared (FTIR) spectra of the samples. In the extracted lignin, the broad absorption band in the range of 3500–3400 cm-1 corresponds to the O-H stretching vibration, indicating the presence of abundant hydroxyl groups. A typical C-H stretching vibration peak appears near 2900 cm-1. Notably, the characteristic peak of carbohydrates at 1026 cm-1 almost completely disappears, demonstrating the thorough separation of lignin. Furthermore, the aromatic skeletal vibration peaks at 1515 cm-1 and 1458 cm-1 confirm that the fundamental aromatic backbone of the lignin is well preserved. The absorption peaks near 1325 cm-1, 1220 cm-1, and 1272 cm-1 verify that the extracted lignin is predominantly composed of guaiacyl (G) units [1].
[image: ]
[bookmark: _Toc225381457][bookmark: _Toc225384146]Fig. S1. FT-IR spectra of LA-Lignin, Lignin and Cotton straw(A); XRD spectra of Solid residue, LA-Lignin and Cotton straw(B); TG and DTG curves of Cotton straw and LA-Lignin(C) and (D).
Fig.S1 B shows the XRD patterns of the samples. The raw cotton straw exhibits diffraction peaks at 2θ = 16.4° and 21.8°, corresponding to the (110) and (200) planes of cellulose I [2]. After DES treatment, these peaks are significantly enhanced in the solid residue, indicating effective removal of amorphous components and enrichment of cellulose. In contrast, the extracted lignin displays a broad peak near 2θ ≈ 20°, characteristic of its amorphous structure [3]. These results confirm that the DES system successfully dissolved amorphous components, achieving separation of the three major biomass constituents.
Fig. S1 C and D present the TG and DTG curves. Over 30–700 °C, the extracted lignin undergoes gradual weight loss at 80-200 °C due to moisture and volatile evaporation. The main pyrolysis occurs at 200-400 °C, involving β-O-4 cleavage, side-chain decomposition, and aromatic rearrangement. Above 500 °C, mass loss plateaus. At 700 °C, the residual mass of extracted lignin and raw cotton straw is 12.6% and 23.63%, respectively. The higher residue of raw cotton straw is attributed to incombustible ash. This confirms the high purity of extracted lignin and that DES treatment did not introduce thermally unstable structures.
[bookmark: _Toc27670][image: ]
Fig. S2. SEM images: Original cotton straw (A); DES-prepared lignin sample (B).
The surface morphologies of raw cotton straw and extracted lignin are shown in Fig. S2 A and B. The raw cotton straw exhibits a dense, compact structure with tightly arranged fibers oriented longitudinally and relatively few pores. This architecture arises from the cross-linked network of cellulose, hemicellulose, and lignin, conferring high mechanical strength to the cell wall. After DES treatment, the surface undergoes marked changes: the original smooth structure is disrupted, with cracks, pores, and irregular depressions appearing as inter-fiber bonding weakens and internal structures become exposed. These changes indicate that the DES system disrupted the lignin-carbohydrate complex, causing cell wall swelling and delamination. This loosened structure increases the specific surface area, facilitating subsequent separation and conversion. The extracted lignin appears as aggregated particles with heterogeneous sizes, rough surfaces, and irregular morphologies.

References
[bookmark: _ENREF_1]1. Hongzhi M, Penglu F, Jihua Z, Xingxing L, Wenyu W, Ziqiang Y, Changlei X, Qunhui W, Ming G, Jun Z (2022) Pretreatment of Wheat Straw Lignocelluloses by Deep Eutectic Solvent for Lignin Extraction. Molecules 27 (22):7955–7955.https://doi.org/10.3390/molecules27227955.
[bookmark: _ENREF_2]2. Mashaal NM, Elwakeel KZ, Mansor ES, Taha GM (2026) Bentonite-modified sodium alginate/Gellan gum composite for Iron sorption: Kinetic, mechanistic analysis and application to groundwater in rural area. Inorganic Chemistry Communications 187:116363–116363.https://doi.org/10.1016/j.Inoche.2026.116363.
[bookmark: _ENREF_3]3. Zhang B, Li W, Ke J, Fang S (2024) Effective adsorption of As(V) from aqueous solution by quaternary ammonium and Zn2+ decorated lignin-based sorbent. International journal of biological macromolecules 261 (Pt 2):129883–129883.https://doi.org/10.1016/j.Ijbiomac.2024.129883.

image1.png
A

34438

2240
298}:

1743

11638
11515 1272 1026

) !\ 13708

1220

—\/\/—Bwn‘ SVERIEE

Cotton straw

Solid residue

LA-Lignin

2900

Intensity (a.u.)

Tranmittance (%)

1458 ' ' Wi

4000 3500 3000 2500 2000 1500 1000 300
Wavenumbers (cm™)

30 50 60 70

N
100 =
\ £ 0.0]
°\¢ /r"'
A\
~
K
©00.2
>
>
o= 0.4
Cotton straw § Cotton straw
~ — LA-lignin e - —— LA-lignin
W
() i ’ i ’ i ’ i ’ i ’ i ’ i ‘:: ‘)'6; . | .. | . | . l .. l . l .
100 200 300 400 3500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)




image2.tif




