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Abstract 7 

Cotton straw is an abundant lignocellulose-rich agricultural residue that provides 8 

a sustainable and low-cost source of lignin. In this study, lignin was first extracted from 9 

cotton straw using a lactic acid-based deep eutectic solvent and then sulfonated to 10 

prepare two lignin/bentonite composites—LS/B (raw bentonite) and LS/CB (calcined 11 

bentonite)—as functional adsorbents. The composites were systematically 12 

characterized for their physicochemical properties, and their adsorption performance 13 

toward methylene blue (MB) was evaluated. Under optimized conditions, LS/B and 14 

LS/CB delivered remarkable MB adsorption capacities of 238.61 and 277.56 mg·g-1, 15 

respectively. The adsorption data fitted well to the pseudo-second-order kinetic and 16 

Langmuir isotherm models, indicative of monolayer chemisorption. Thermodynamic 17 

parameters confirmed the spontaneous and endothermic nature of the adsorption 18 

process. Mechanistically, adsorption was predominantly governed by electrostatic 19 

interactions, with synergistic contributions from π–π stacking and hydrogen bonding. 20 

Notably, LS/CB exhibited favorable recyclability, retaining 71.41% of its initial 21 

removal efficiency (86.37%) after five consecutive adsorption–desorption cycles. 22 

These findings demonstrate the valorization of cotton straw waste into efficient 23 
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adsorbents for dye wastewater treatment, offering a scalable strategy applicable to other 1 

lignin-rich biowastes including agricultural waste and black liquor. 2 

Key words: Lignin extraction; Sulfonated lignin-bentonite composites; Methylene blue; 3 

Adsorption 4 

1 Introduction 5 

Cotton straw is a lignocellulose-rich agricultural residue, with lignin constituting 6 

15-30 wt% of its biomass [1,2]. As a major component of plant cell walls, lignin is a 7 

natural aromatic polymer containing phenolic hydroxyl, methoxyl, and carboxyl groups 8 

[3,4]. These functionalities confer inherent adsorption activity, making lignin a 9 

promising low-cost precursor for functional materials [5]. However, conventional 10 

lignin extraction methods typically employ harsh alkaline or organic solvents, which 11 

are energy-intensive and environmentally unfavorable [6,7]. Deep eutectic solvents 12 

(DES) have therefore emerged as an attractive alternative for lignin isolation due to 13 

their low cost, easy preparation, and mild operating conditions [8]. 14 

Despite its innate active groups, native lignin suffers from a complex and 15 

heterogeneous structure that leads to limited chemical reactivity, restricting its direct 16 

utilization in high-value applications [9,10]. Various modification strategies—17 

including sulfonation, amination, phenolation, and graft copolymerization—have been 18 

developed to tailor its structure and enhance compatibility and reactivity [11,12]. These 19 

approaches introduce additional functional groups and increase the accessibility of 20 

inherent ones, thereby significantly strengthening lignin’s ability to adsorb organic dyes 21 

and heavy metal ions through hydrogen bonding, electrostatic interaction, and 22 

complexation [13], related lignin-based materials have been extensively reported [14-23 

16]. 24 



 

3 

Nevertheless, lignin molecules tend to aggregate due to strong intermolecular 1 

hydrogen bonding and π–π stacking, which reduces active site accessibility [17]. The 2 

limited active sites and steric hindrance of lignin hinder the formation of mechanically 3 

robust hydrogel networks [18]. To address these issues, organic–inorganic composite 4 

hydrogels have attracted considerable attention. Such systems integrate the adsorption 5 

functionality of biomass polymers with the structural stability of mineral phases[19], 6 

serving as low-cost, renewable alternatives to activated carbon, whose high cost and 7 

poor regeneration hinder large-scale application . 8 

In recent years, lignin/bentonite composite adsorbents have attracted increasing 9 

attention. Bentonite, a naturally abundant layered aluminosilicate, possesses high 10 

cation-exchange capacity and expandable interlayer spaces, making it an ideal 11 

candidate for constructing lignin-based composites [20,21]. Fu et al.[22] intercalated 12 

quaternized lignin into bentonite interlayers, increasing the specific surface area from 13 

16.43 to 45.60 m2/g and achieving a methylene blue adsorption capacity of 822.22 14 

mg·g-1. Fang et al.[23] incorporated amino-functionalized montmorillonite nanosheets 15 

into a lignin/poly(vinyl alcohol) matrix via glutaraldehyde crosslinking, achieving a 16 

Pb(II) adsorption capacity of 190.22 mg·g-1. Our previous quaternary ammonium 17 

lignin/CTAB-modified bentonite hydrogel (LT/BC) achieved a methylene blue capacity 18 

of 151.20 mg·g-1, yet its efficiency dropped sharply from 94.14% to 61.41% after 19 

merely four cycles due to the poor water solubility of unmodified lignin and weak 20 

interfacial binding [24]. To address this, the present work employs sulfonated DES 21 

lignin and calcined bentonite to enhance interfacial compatibility and structural stability, 22 

aiming to construct composite hydrogels with superior adsorption capacity and cycling 23 

durability. 24 

In this study, cotton straw-derived lignin was hydroxymethylated with 25 



 

4 

formaldehyde prior to sulfonation with sodium sulfite (Na2SO3). Two novel composite 1 

hydrogels with three-dimensional network structures were then fabricated by graft 2 

copolymerization of the LS with bentonite or CB, using acrylamide (AM) as the 3 

monomer, ammonium persulfate (APS) as the initiator, and N,N'-4 

methylenebisacrylamide (MBA) as the cross-linker. The structural, compositional, 5 

surface, and morphological characteristics of the materials were comprehensively 6 

characterized using FT-IR, XRD, TG-DTG, SEM, and XPS. Furthermore, adsorption 7 

isotherm, kinetic, and thermodynamic models were established to elucidate the MB 8 

adsorption mechanism, and the regeneration performance of the materials was 9 

evaluated. This work aims to provide experimental insights into the fabrication 10 

strategies and structure-activity relationships of lignin-bentonite-based composite 11 

hydrogels. 12 

2 Materials and Methods 13 

2.1 Materials 14 

All chemicals were of analytical grade and used as received. Acrylamide 15 

(AM, >98%), N,N'-methylenebisacrylamide (MBA, AR), (B, AR), and choline chloride 16 

(ChCl, AR) were bought from Shanghai Macklin Biochemical Technology Co., Ltd. 17 

(Shanghai, China). Tianjin Xin Bote Chemical Co., Ltd. (Tianjin, China) supplied 18 

methylene blue (MB, AR), sodium hydroxide (NaOH, AR), lactic acid (LA, AR), 19 

anhydrous ethanol (C2H5OH, AR), ethylene glycol (EG, AR), and oxalic acid (OA, AR). 20 

Ammonium persulfate (APS, >98%) and acetic acid (AA, AR) were products of Tianjin 21 

Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China). For pH adjustment and lignin 22 

content determination, hydrochloric acid (HCl, AR) and sulfuric acid (H2SO4, >98%) 23 

were acquired from Xilong Scientific Co., Ltd. (Sichuan, China). Sodium sulfite 24 

(Na2SO3, >99.5%) was procured from Xi'an Chemical Reagent Factory (Xi'an, China), 25 
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and commercial lignin (>98%) from Shanghai Aladdin Biochemical Technology Co., 1 

Ltd. (Shanghai, China). Deionized water was prepared in the laboratory. Raw bentonite 2 

was calcined in a muffle furnace at 550 °C for 2 h to yield calcined bentonite (CB), 3 

which was then sealed and stored at room temperature. 4 

2.2 Preparation of LA-lignin 5 

Lignin was extracted from cotton straw using a choline chloride/lactic acid deep 6 

eutectic solvent (DES). The extraction parameters, including DES type, temperature, 7 

time, molar ratio, solid-to-liquid ratio, and ultrasonication time, were optimized as 8 

detailed in Section 3.1. The as-prepared lignin denoted as LA-Lignin, dealkalized lignin 9 

and the solid residue were characterized by FTIR, XRD, TG/DTG, and SEM to confirm 10 

their structural features and thermal stability (Supplementary Information, Section 2, 11 

Fig. S1 and Fig. S2). 12 

2.3 Determination of Lignin content 13 

Lignin content was determined using the National Renewable Energy Laboratory 14 

(NREL) protocol [25]. Accurately weighed cotton straw samples (300.0 ± 3.0 mg) were 15 

mixed with 72% H2SO4 (3.00 ± 0.01 mL) and subjected to concentrated acid hydrolysis 16 

in a water bath at 30 ± 3 °C for 60 min. Subsequently, deionized water (84.00 ± 0.04 17 

mL) was added to dilute the acid concentration to 4%, and the mixture was treated at 18 

121 °C for 1 h to complete the dilute acid hydrolysis. After hydrolysis, the mixture was 19 

filtered and washed until the filtrate approached neutrality. The residue was dried at 20 

105 °C to constant weight and weighed to obtain the acid-insoluble lignin (AIL). The 21 

collected filtrate was analyzed by UV-Vis spectrophotometer at around 240 nm to 22 

determine the acid-soluble lignin (ASL). The total lignin content of the sample was 23 

obtained by summing AIL and ASL. Accordingly, the lignin content of the CS used 24 



 

6 

was determined to be 26.07%. The total lignin content was calculated according to 1 

Equation (1): 2 

𝑌 = ௠ಲ಺ಽ+௠ಲೄಽ௠ೞೌ೘೛೗೐ × 100% (1)3 

where mAIL and mASL are the masses of acid-insoluble and acid-soluble lignin (g), 4 

respectively, and msample is the oven-dry weight of the raw material (g). 5 

2.4 Fabrication of LS/CB and LS/B composites 6 

To prepare LS, 0.5 g of lignin was dissolved in 15 mL of deionized water (pH 7 

adjusted to 10.5). Hydroxymethylation was conducted by dropwise addition of 0.35 mL 8 

of 37% HCHO solution at 75 °C for 2 h, followed by sulfonation with 0.2 g of Na2SO3 9 

at 90 °C for 3 h. The reaction mixture was neutralized with hydrochloric acid and 10 

precipitated with 45 mL of anhydrous ethanol. The resulting precipitate was collected 11 

by centrifugation (8000 rpm, 10 min), washed, and vacuum-dried at 60 °C to obtain LS. 12 

Subsequently, to fabricate the composite hydrogels, 0.5 g of the SL aqueous solution 13 

was mixed with 0.5 g of bentonite (or CB) suspension. Then, 1 g of AM and 80 mg of 14 

MBA were added and stirred until completely dissolved, followed by the addition of 50 15 

mg of APS. The mixture was sealed and reacted at 45 °C for 1 h. The resulting hydrogel 16 

was immersed in deionized water for 24 h to remove unreacted monomers and finally 17 

lyophilized at -45 °C to yield the LS/B and LS/CB composite hydrogels (Scheme. 1). 18 
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 1 

Scheme. 1. The synthesis routes for the LS/B and LS/CB composites. 2 

2.5 Characterization 3 

The functional groups of lignin, bentonite, and their composites were identified by 4 

Fourier transform infrared spectroscopy (FTIR, Bruker INVENIO R) over the 5 

wavenumber range of 500–4000 cm-1. X-ray diffraction (XRD, Rigaku Smartlab, Japan) 6 

with Cu Kα radiation was employed to examine the crystal structures, scanning from 5° 7 

to 80° (2θ). Thermogravimetric analysis coupled with derivative thermogravimetry 8 

(TGA/DTG) was conducted at a heating rate of 10.0 °C/min under a nitrogen 9 

atmosphere, with the temperature ramped from 30 to 700 °C. The surface morphology 10 

of Au-sputtered samples was observed by high-resolution cold-field emission scanning 11 

electron microscopy (SEM) at an accelerating voltage of 5 kV. The molecular structure 12 

of DES-extracted lignin was further analyzed by two-dimensional heteronuclear single 13 

quantum coherence nuclear magnetic resonance (2D HSQC NMR, Bruker DMX-500, 14 

Germany, 600 MHz). X-ray photoelectron spectroscopy (XPS) was employed to probe 15 

the surface elemental composition and chemical states. Specific surface area was 16 

measured by nitrogen adsorption-desorption using a CIQTEK V-Sorb 2800TP analyzer. 17 
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2.6 Adsorption experiments and modeling 1 

2.6.1 Batch adsorption experiments 2 

Adsorption experiments followed a univariate approach. 150 mL MB solutions at 3 

initial concentrations from 50 to 400 mg·L-1 were equilibrated with 20-100 mg 4 

adsorbent in sealed flasks for 3 h at 150 rpm. Solution pH was adjusted between 2.0 5 

and 10.0 prior to contact. For thermodynamic evaluation, runs were conducted at 298, 6 

308, and 323 K. Aliquots were withdrawn at predetermined intervals up to 300 min, 7 

centrifuged at 8000 rpm for 8 min, and the residual MB concentration was determined 8 

at 664 nm. Equilibrium capacities qe (mg·g-1) and removal rate R (%) were calculated 9 

using. All determinations were performed in triplicate, and average values were used to 10 

compute qe and R (%)via Equations (2) and (3), respectively: 11 

௘ݍ = 0ܥ) − (௘ܥ × ܸ݉ (2) 12 

ܴ(%) = 0ܥ − 0ܥ௘ܥ × 100 (3) 13 

where, C0 and Ce denote the initial and equilibrium dye concentrations (mg·L-1), 14 

respectively; V is the solution volume (L); and m represents the adsorbent mass (g). 15 

2.6.2 Theoretical models 16 

To elucidate the underlying sorption mechanisms, equilibrium data were analyzed 17 

using Langmuir and Freundlich isotherm models, while kinetic profiles were fitted with 18 

pseudo-first-order (PFO), pseudo-second-order (PSO), and intra-particle diffusion 19 

(IDM) models. Thermodynamic feasibility was evaluated via the van’t Hoff equation. 20 

The mathematical expressions and corresponding parameter definitions are 21 

summarized in Table 1. 22 
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Table 1. Adsorption isotherm, kinetic, and thermodynamic models used in this study. 1 

Category Model Equation 

Isotherm 

Langmuir 
௘ݍ1 = ௘ܥ௠௔௫ݍ௅ܭ1 + ௠௔௫ݍ1  

Freundlich ݈݊ݍ௘ = ிܭ݈݊ + (1݊) ௘ܥ݈݊  

Kinetics 

PFO ݈݊(ݍ௘ − (௧ݍ = ௘ݍ݈݊ − ݐ1݇  

PSO 
௧ݍݐ = ௘2ݍ1݇2 + ௘ݍݐ  

IDM ݍ௧ = 12ݐௗ௜௙௙ܭ + ܥ  

Thermodynamics van’t Hoff 

∘ܩ߂ = ∘ܪ߂ − ∘ܵ߂ܶ = ௗܭ݈ܴ݊ܶ− ௗܭ  = ௘ܥ௘ݍ  

ௗܭ݈݊ = ܴ∘ܵ߂ − ܴܶ∘ܪ߂  

Note: qmax, maximum adsorption capacity (mg·g-1); Ce, equilibrium concentration (mg·L-1); KL, 2 

Langmuir constant (L·mg-1); KF and 1/n, Freundlich constants; qt, adsorption capacity at time (mg·g-3 

1); k1 and k2, PFO (min-1) and PSO (g·mg-1·min-1) rate constants; Kdiff, intra-particle diffusion rate 4 

constant (mg·g-1·min-0.5); C, boundary layer thickness; Kd, distribution coefficient (L·mg-1); R, gas 5 

constant (8.314 J·mol-1·K-1); T, absolute temperature (K); ΔG°, ΔH° and ΔS°, Gibbs free energy, 6 

enthalpy and entropy changes (kJ·mol-1, kJ·mol-1, and J·mol-1·K-1, respectively). 7 

3 Results and Discussions 8 

3.1 Lignin extraction and structural validation 9 

Conventional alkaline extraction invariably cleaves phenolic –OH groups and 10 

oxidizes aromatic rings, damaging lignin's native structure. To preserve these critical 11 

features, DES extraction conditions were first investigated through single-factor 12 

experiments (Fig. 1) and subsequently subjected to systematic optimization, yielding a 13 

validated optimum of 130 °C, 8 h, ChCl:LA = 1:8, solid-to-liquid = 1:10, and 10 min 14 

ultrasonication. Under these conditions, the extraction achieved a yield of 82.90% with 15 

a relative deviation of merely 0.64% from the predicted value. The quadratic model 16 

demonstrated strong fit and predictive ability, as evidenced by R2 = 0.9941 and 17 

predicted R2 = 0.9890 (see Section 1.2 of the Supplementary Information). 18 
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 1 

Fig. 1. Single-factor experiments for lignin pretreatment: Type of DES (A); Reaction temperature 2 

(B); Reaction time (C); Molar ratio (D); Solid-liquid ratio (E); Ultrasonic treatment time (F). 3 

2D HSQC NMR confirmed the preservation of native lignin architecture. In the 4 

aliphatic side-chain region (Fig. 2A), β-O-4 aryl ether linkages dominated over β-5 and 5 

β-β substructures, with the characteristic Cγ–Hγ correlation at δC/δH 60.9/3.40 ppm, 6 

alongside prominent methoxyl signals at δC/δH 55.6/3.73 ppm [26]. The aromatic 7 

region (Fig 2B) distinctly revealed intact guaiacyl (G-type) units, evidenced by G2 at 8 

δC/δH 110.8/7.01 ppm, G5 at 115.0/6.67 ppm, and G6 at 120.3/6.70 ppm [27]. The intact 9 

preservation of these β-O-4 linkages and G-rich aromatic platforms, abundant in 10 

phenolic –OH precursors and π-conjugated domains, directly furnishes high-density –11 

SO3H anchoring sites and π–π interaction loci upon subsequent sulfonation, 12 

constituting the fundamental structural origin of the adsorption performance 13 

demonstrated throughout this study. 14 
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 1 

Fig. 2. Aliphatic side-chain region (A) and aromatic region (B) of the 2D HSQC NMR spectrum of 2 

lignin.  3 

3.2 Structural design of composite hydrogels 4 

To verify whether CB outperforms raw bentonite (B) in constructing an efficient 5 

adsorption network, the structural evolution from raw materials to composites was 6 

systematically traced. Thermogravimetric analysis showed that CB exhibited a mass 7 

loss of only 4.73% at 700 °C, compared with 7.55% for B, confirming effective 8 

impurity removal (Fig. 3A and B). XRD patterns further indicated that the characteristic 9 

peaks of B at 19.8°, 20.1°, and 26.6° were preserved in CB with markedly enhanced 10 

intensity, reflecting increased crystallinity [28] (Fig. 3C). 11 
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 1 

Fig. 3. TG and DTG curves of LS, bentonite, CB, LS/B and LS/CB (A) and (B); XRD spectra (C) 2 

and FT-IR spectra of LS, LS/B, LS/CB, CB and bentonite (D). 3 

Sulfonation introduced sulfonate groups into lignin, as evidenced by S=O 4 

stretching vibrations at 1182 and 1040 cm-1 [29], and subsequent cross-linking 5 

integrated these components into a stable hydrogel network, reflected by the emergence 6 

of an amide C=O band at 1658 cm-1 and –CH2/–CH3 stretching vibrations at 2935 and 7 

2858 cm-1 [30] (Fig. 3D). XPS spectra (Fig. 4C-E) further corroborated this architecture: 8 

the N 1s signal at 399.6 eV confirmed polyacrylamide-mediated hydrogen bonding 9 

between LS and bentonite, the S 2p peak at 168.1 eV verified retained sulfonate 10 

functionality [31], and the unshifted Si 2p peak at 102.1 eV demonstrated intact 11 

bentonite crystallinity. 12 
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 1 

Fig. 4. XPS spectra of LS/CB: (A) C 1s; (B) O 1s; (C) N 1s; (D) S 2p; (E) Si 2p; and (F) LS/CB 2 

survey spectrum. 3 

Morphologically, SEM (Fig. 5A and B) revealed a sharp contrast: LS/B possessed 4 

a loose structure with large, smooth pores, whereas LS/CB displayed a densely 5 

distributed mesoporous network with significantly reduced pore size and rougher walls. 6 

These densely packed small pores and the rough skeleton are expected to substantially 7 

increase the specific surface area, thereby providing more accessible contact sites for 8 

subsequent adsorption. 9 

 10 

Fig. 5. SEM images of LS/B (A) and LS/CB (B). 11 

Nitrogen sorption analysis (Fig. 6) quantitatively confirmed this structural 12 

transformation. The LS/CB hydrogel exhibited a Type IV isotherm with an H3 13 
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hysteresis loop, characteristic of slit-shaped mesopores concentrated in the 7-29 nm 1 

range, and a specific surface area of 52.64 m2·g-1. This dense mesoporous architecture 2 

furnishes abundant contact sites for adsorption while establishing the structural basis 3 

for the pore-diffusion behavior examined below. 4 

 5 

Fig. 6. BET curve of LS/CB. 6 

3.3 Adsorption parameter dependence 7 

Fig. 7 compares the adsorption behavior of LS/B and LS/CB under varying 8 

conditions. The optimal parameters were determined to be initial concentration 250 9 

mg·L-1, adsorbent dosage 40 mg, contact time 120 min, pH 8.0, and temperature 308 K, 10 

this temperature was selected because further increasing to 323 K yielded only marginal 11 

capacity improvements for both hydrogels, as detailed in the thermodynamic analysis 12 

below. Under these conditions, LS/CB achieved a maximum capacity of 275.29 mg·g-13 

1, consistently outperforming LS/B. Adsorption was strongly suppressed at pH 2.0 but 14 

increased sharply with deprotonation, peaking at pH 8.0 before a slight decline at pH 15 

10.0. 16 
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 1 

Fig. 7. Effect of initial concentration (A); adsorbent dosage (B); adsorption time (C); pH (D) on 2 

adsorption capacity and removal rate. 3 

The superior performance of LS/CB stems from calcination-induced purification: 4 

raw bentonite contains exchangeable cations that compete with MB+ under acidic 5 

conditions, whereas calcination removes these impurities and enhances structural 6 

rigidity. At pH 8.0, the sulfonate and silanol sites are fully deprotonated, maximizing 7 

ion-exchange efficiency, while the denser pore structure of LS/CB provides a higher 8 

density of accessible active sites per unit mass. 9 

3.4 Adsorption isotherms, kinetics and thermodynamics 10 

The fitting curves in Fig. 8 and the parameters listed in Table 2 show that the 11 

Langmuir model achieved R2 values of 0.9970 for LS/B and 0.9931 for LS/CB, 12 

markedly higher than the Freundlich model. This confirms that both hydrogels follow 13 

a monolayer adsorption mechanism, structurally rooted in the high-density -SO3H 14 
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anchoring sites and π–π interaction loci furnished by the intact β-O-4 linkages and G-1 

rich aromatic platforms, as well as the fully deprotonated sulfonate and silanol sites at 2 

pH 8.0. The Langmuir maximum adsorption capacities were calculated as 252.53 mg·g-3 

1 for LS/B and 293.26 mg·g-1 for LS/CB, values that closely match the experimental 4 

equilibrium capacities of 238.61 and 277.56 mg·g-1 respectively. The higher qmax of 5 

LS/CB reflects its calcination-induced purification and denser mesoporous network, 6 

which provides a higher density of accessible active sites per unit mass. 7 

 8 

Fig. 8. Adsorption isotherm models: (A) Langmuir; (B) Freundlich. 9 

Table 2. Parameters of Langmuir and Freundlich adsorption isotherm models. 10 

Samples 
Langmuir Freundlich 

qm (mg·g-1) KL (L·mg-1) R2
 KF 1/n R2

 

LS/B 252.53 0.1235 0.9970 63.98 0.2619 0.7980 

LS/CB 293.26 0.1237 0.9931 65.07 0.3000 0.8174 

 11 

Table 3 compares the maximum MB adsorption capacity of the as-prepared 12 

adsorbent with those of related adsorbents previously reported in the literature. The 13 

LS/CB composite exhibits a maximum adsorption capacity of 277.56 mg·g-1, which is 14 

higher than or comparable to most existing bentonite- or lignin-based adsorbents. This 15 

highlights the potential of the proposed modification strategy in enhancing the 16 

adsorption performance of bentonite- or lignin-based materials. 17 
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Table 3. Adsorption capacities of relevant adsorbents towards MB. 1 

Adsorbent Maximum adsorption capacity (mg⋅g-1) Reference 

CS-LIG aerogel 95.68 [32] 

Lignin-PVA hydrogel 179 [33] 

BC/Ca-MMT 338.8 [34] 

CMC/ZnO/lignin hydrogel 276.79 [35] 

PVP/PCMC/GO/bentonite 
hydrogel 172.14 [36] 

Chitosan/lignin composite 74.07 [37] 

Magnetic bentonite 86.20 [38] 

L-SC@Fe3O4 281.4 [39] 

Carrageenan-g-
polyacrylamide/bentonite 

156.25 [40] 

LT/BC 151.20 [24] 

LS/B 238.61 This work 

LS/CB 277.56 This work 

 2 

The kinetic data presented in Fig. 9A and B and summarized in Table 4 reveal that 3 

the PSO model achieves a markedly better fit than the PFO model for both hydrogels, 4 

and the equilibrium capacities predicted by this model are in close agreement with the 5 

experimental values. These findings demonstrate that chemisorption predominates for 6 

both materials, a behavior structurally underpinned by the sulfonate functionality and 7 

the polyacrylamide-mediated hydrogen bonding network stabilizing active sites within 8 

the hydrogel matrix.  9 

 10 

Fig.9. Adsorption kinetic models: (A) PFO; (B) PSO; (C) IDM. 11 
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Table 4. Parameters of PFO, PSO and IDM adsorption kinetic models. 1 

 2 

The intra-particle diffusion plots in Fig. 9C and the parameters in Table 4 show 3 

that both hydrogels undergo three distinct diffusion stages with rate constants following 4 

the order Kp1 > Kp2 > Kp3. In the first stage, Kp1 values of 29.50 and 38.79 correspond 5 

to rapid surface diffusion; the higher Kp1 of LS/CB is consistent with its rougher surface 6 

morphology and larger specific surface area. In the second stage, the Kp2 values 7 

decrease for both materials as the MB concentration drops and active sites become 8 

occupied, reflecting slower intra-particle diffusion through the mesoporous channels. 9 

In the third stage, Kp3 values drop to 0.0951 and 0.4950 and the curves plateau, 10 

indicating equilibrium within the densely packed pore network. The consistently higher 11 

diffusion constants of LS/CB confirm that its densely packed mesoporous structure not 12 

only increases the active site density but also maintains more efficient mass transfer 13 

Kinetic models Kinetic parameters 
Sample 

LS/B LS/CB 

PFO 

qe (mg·g-1) 438.50 454.76 

k1(min-1) 0.0423 0.0433 

R2
 0.9007 0.9222 

PSO 

qe (mg·g-1) 253.16 296.74 

k2 (g·mg-1·min-1) 2.00×10-4 1.66×10-4 

R2
 0.9967 0.9939 

IDM  

Step1 

Kp1 29.50 38.79 

C1 -20.58 -48.16 

R2
 0.9942 0.9936 

Step2 

Kp2 4.2036 5.9427 

C2 178.21 204.51 

R2
 0.9355 0.9560 

Step3 

Kp3 0.0951 0.4950 

C3 231.59 263.71 

R2
 0.9952 0.8141 
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channels even at the final equilibrium stage. 1 

 2 

Fig. 10. Effect of LS/B and LS/CB at different temperatures adsorption capacity and removal rate(A); 3 

Adsorption thermodynamic model (B). 4 

The temperature-dependent data in Fig. 10A show that both hydrogels exhibit 5 

increased adsorption capacity and removal efficiency with rising temperature. At 293 6 

K, LS/B and LS/CB achieved capacities of 206.19 and 251.57 mg·g-1 with removal rate 7 

of 65.98% and 80.50%, respectively; at 323 K, these values rose to 261.16 mg·g-1 and 8 

83.57% for LS/B, and 284.84 mg·g-1 and 91.14% for LS/CB. The van't Hoff plots in 9 

Fig. 10B and the thermodynamic parameters in Table 5 confirm positive ΔH° and 10 

negative ΔG° values for both materials, verifying an endothermic and spontaneous 11 

process that becomes more favorable at elevated temperatures. 12 

Table 5. Parameters of adsorption thermodynamic models 13 

Samples T /K ΔG /kJ·mol-1 ΔH /kJ·mol-1 ΔS /J·mol-1·K-1 

LS/B 

293 -2.30 

24.34 90.72 308 -3.48 

323 -5.03 

LS/CB 

293 -4.00 

24.12 96.40 308 -5.86 

323 -6.86 

 14 
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3.5 Reusability of materials 1 

The adsorption-desorption cycle is a critical aspect of evaluating the practical 2 

applicability of an adsorbent. In this study, the regeneration process involved ultrasonic 3 

treatment in ethanol for 20 min, followed by washing with 0.1 mol·L-1 HCl and rinsing 4 

with deionized water until neutral. The dried hydrogels were then subjected to 5 

subsequent adsorption cycles. The removal efficiency and adsorption capacity in each 6 

cycle were used as indicators to assess the regeneration capability of the adsorbents. 7 

As illustrated in Fig. 11, LS/CB exhibits superior recyclability, with its removal 8 

efficiency decreasing from 86.37% to 71.41% after five adsorption-desorption cycles, 9 

compared to a more pronounced drop for LS/B from 75.28% to 58.43%. This enhanced 10 

stability is likely stemming from the calcination treatment, which strengthens the 11 

bentonite framework and facilitates the preservation of active sites under acidic 12 

regeneration conditions [41]. 13 

14 

Fig. 11. Adsorption capacity and removal rate for five adsorption-desorption cycles:(A) LS/B; (B) 15 

LS/CB. 16 

3.6 Mechanism insights 17 

The adsorption mechanism of MB onto the hydrogel was investigated by 18 

integrating pH studies, isotherm, kinetic, and thermodynamic analyses with FTIR 19 
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characterization of LS/CB before and after adsorption. As shown in Fig. 12, the broad 1 

absorption band centered at 3425 cm-1 originates from the O-H stretching vibrations of 2 

phenolic and aliphatic hydroxyl groups in lignin. After MB adsorption, this band shifted 3 

to a higher wavenumber of ~3440 cm-1, indicative of weakened hydrogen bonding and 4 

the deprotonation of phenolic hydroxyl groups on G-type lignin units, generating 5 

negatively charged phenolates (-O-) [42,43]. These phenolate anions form electrostatic 6 

interactions with the cationic N+(CH3)2 moieties of MB molecules, and this electrostatic 7 

adsorption mechanism is further confirmed by the simultaneous shift of phenolic C-O 8 

stretching vibration from ~1319 cm-1 to ~1392 cm-1. The shift of the benzene ring C=C 9 

stretching vibration from 1458 cm-1 to 1498 cm-1 suggests the involvement of π-π 10 

stacking during the adsorption process. The variation in the sulfonic acid group peak at 11 

1040 cm-1 provides additional evidence for the electrostatic adsorption mechanism.  12 

 13 

Fig. 12. FTIR spectra: LS/CB before and after MB adsorption. 14 

In summary, the adsorption of MB onto LS/CB is primarily driven by electrostatic 15 

attraction, with - stacking and hydrogen bonding acting as synergistic auxiliary 16 
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mechanisms (Fig 13). 1 

 2 

Fig. 13. Possible adsorption mechanisms between MB and LS/CB. 3 

4 Conclusions 4 

In this study, lignin was extracted from cotton straw using a lactic acid-based deep 5 

eutectic solvent (LA-DES), achieving an 82.90% yield under optimized conditions 6 

(130 °C, 8 h, ChCl:LA = 1:8, S/L = 1:10, 10 min ultrasonication). Characterization 7 

confirmed that the extracted lignin retained an intact aromatic backbone with a 8 

predominantly amorphous, guaiacyl-rich structure. The lignin was subsequently 9 

sulfonated and cross-linked with bentonite or CB to fabricate LS/B and LS/CB 10 

composite hydrogels with three-dimensional network structures. Under optimal 11 

conditions (250 mg·L-1 MB, 35 °C, 40 mg adsorbent, 2 h, pH 8), LS/CB exhibited a 12 

superior maximum adsorption capacity of 277.56 mg·g-1 compared to 238.61 mg·g-1 13 

for LS/B. The adsorption followed Langmuir isotherm and pseudo-second-order 14 

kinetics, indicating spontaneous, endothermic, entropy-driven chemisorption primarily 15 

governed by electrostatic interactions, synergistically assisted by π–π stacking and 16 
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hydrogen bonding. After five regeneration cycles, LS/CB retained considerable 1 

removal efficiency, demonstrating superior cyclic stability. This work offers a 2 

sustainable strategy for converting agricultural waste into effective dye adsorbents. 3 
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