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Abstract: A novel reusable, high-compressible cotton regenerated cellulose/chitosan 

composite aerogel (RC/CSCA) was prepared using N-methylmorpholine-N-oxide 

(NMMO) as the green cellulose solvent, and glutaraldehyde (GA) as the crosslinking 

agent. The regenerated cellulose obtained from cotton pulp could chemically crosslink 

with chitosan and GA, to form a stable 3D porous structure. The GA played an 

essential role in preventing shrinkage and preserving the deformation recovery ability 

of RC/CSCA. Due to the ultralow density (13.92 mg/cm
3
), thermal stability (above 

300℃), and high porosity (97.36%), the positively charged RC/CSCA can be used as 

a novel biocomposite adsorbent for effective and selective removal of toxic anionic 

dyes from wastewater, showing an excellent adsorption capacity, environmental 

adaptability, and recyclability. The maximal adsorption capacity and removal 

efficiency of RC/CSCA for methyl orange (MO) was 742.68 mg/g and 95.83%. 

Keywords: Regenerated cellulose; macroporous network; water purification; 

Selective adsorption; Reusability 
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1 Introduction 

Environmental pollution has become a critical global concern of modern 

societies[1]. Mainly, wastewater contains a variety of carcinogenic and teratogenic 

pollutants, including some organic and inorganic harmful substances, partly not easily 

degradable in the environment, which would bring significant risks to water species 

and human beings[2]. Therefore, various methods, including adsorption technology, 

flocculation, photocatalysis, and bioremediation, have been developed for removing 

pollutants from wastewater[3-5]. Among them, the adsorption method is a promising 

strategy because of its low cost, high efficiency, and simple operation. Actually, 

various kinds of functional materials, such as carbon nanomaterials[6], zeolite[7], 

clay[8], and polystyrene[9], have been used as absorbents for water treatment. 

However, most adsorbents could not be widely used in practical applications due to 

low adsorption capacity, high cost, and non-biodegradable or non-recyclability. 

Therefore, it is still challenging to separate the diversified dyes that coexist in 

wastewater [10]. Therefore, developing novel adsorbents which can remove dyes 

effectively and selectively from wastewater but are also easily reusable, low-cost, and 

eco-friendly is still a great challenge.   

As well known, besides the capillary effect, the surface functional groups and 

charge states of porous adsorbents play an essential role in the adsorption and 

separation of dyes from a solution[11]. For example, anionic dyes, mainly composed 

of azo and anthraquinone structures, are widely used colorants, which might be 

strongly absorbed by the porous adsorbents with positively charged[12-14].  
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In this context, abundant, renewable, degradable cellulose and chitosan have 

been widely used as aerogel adsorption materials to remove dyes from wastewater 

[10]. In particular, regenerated cellulose (RC) obtained via N-methylmorpholine-N-

oxide (NMMO) physical dissolution has attracted much attention because its abundant 

hydroxyl groups are easily chemically modified [15, 16]. Moreover, NMMO, in which 

active N-O dipoles can break cellulose molecules' intrinsic hydrogen bond networks, 

may be recycled and reused as a “Green” solvent [17, 18]. However, the low 

adsorption capacity and poor recovery of pure cellulose aerogels limited its practical 

applications. Therefore, many strategies have been investigated to improve cellulose 

aerogel's adsorption property and recovery, such as surface chemistry modification, 

adding reinforcement materials, and loading organic or inorganic materials [19]. 

Recently, we reported on the synthesis of regenerated cellulose(RC) aerogel obtained 

from short cotton wool crosslinked with N, N’-methylenebisacrylamide (MBA), 

efficiently removing Congo red from water[20].On the other hand, due to abundant 

hydroxyl and amino groups on molecular chains as chelating agents or the positively 

charged groups, chitosan composites (CS) have been reported as absorbents to remove 

heavy metal ions and anionic dyes in wastewater[21-24]. However, chitosan is 

unstable and hydrolytic in an aqueous solution, preventing its practical applications as 

pure CS aerogel for water treatment [12]. 

Recently, many kinds of cellulose-chitosan composite aerogels have been 

reported, presenting enhanced mechanical properties, in which the swelling property 

of chitosan was also relieved in water.[23, 25-27]. For example: Do et al[28] reported 
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that TEMPO-oxidized pineapple leaf pulp-chitosan composite aerogel simultaneously 

adsorbed anionic and cationic dyes in water. However, as far as we know, less 

attention has been paid to developing a high-compressible and reusable 

cellulose/chitosan composite aerogel using the "Green" solvent of NMMO for 

effective and selectively removing anionic dyes from water. 

Here, a novel reusable and high-compressible cotton regenerated 

cellulose/chitosan composite aerogel (RC/CSCA) were prepared via an 

environmentally friendly process, using NMMO as the green cellulose solvent, and 

glutaraldehyde (GA) as the crosslinking agent, in which RC obtained from cotton pulp 

could crosslink with chitosan via electrostatic and hydrogen bonding interactions 

between NH3
+
 and -OH groups, to form a stable 3D porous structure. The chemical 

crosslink of GA with RC and CS via amines or hydroxyl groups enhanced the 

structural stability of the 3D porous skeleton, refraining from shrinkage and retaining 

the deformation recovery ability of RC/CSCA. The chemical composition, structural, 

morphological, and mechanical stability of RC/CSCA were studied in detail. Owing to 

the ultralow density (13.92 mg/cm
3
), thermal stability (above 300℃), and high 

porosity (97.36 %), the positively charged and highly compressible 3D porous 

RC/CSCA can be used as a novel biocomposite adsorbent for effective and selective 

removal of toxic anionic dyes from wastewater, showing an excellent adsorption 

capacity, environmental adaptability, and recyclability. The maximal adsorption 

capacity and removal efficiency of RC/CSCA for methyl orange (MO) was 742.68 

mg/g and 95.83%. The low-cost, reusable, and compressible RC/CSCA as a novel 
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biobased-adsorbent presents a broad potential in dye wastewater treatment. 

 

2 Experimental 

2.1 Materials 

Firstly, the cotton pulp (1.5 g) as the cellulose and ascorbic acid (0.03 g) as the 

antioxidant are successively added into 100 g of NMMO·H2O solution in a double-

layer glass reactor under vigorously stirring at 100℃ for 20 min under vacuum 

conditions. As a result, a uniform amber cellulose-NMMO mixture is obtained. Then, 

the dissolved cellulose solution is poured into the mold and solidified at room 

temperature. Finally, the cellulose hydrogel (RCH) is obtained after immersing the 

solid cellulose material in distilled water for 48 h and washing it several times to 

remove the NMMO solvent completely. A diagram of the preparation process of the 

regenerated cellulose hydrogel via NMMO solvent is shown in Fig.S1. 

2.2 Regenerated cellulose hydrogel (RCH)  

Firstly, the cotton pulp (1.5 g) as the cellulose and ascorbic acid (0.03 g) as the 

antioxidant were successively added into 100 g of NMMO·H2O solution in a double-

layer glass reactor under vigorously stirring at 100℃ for 20 min under vacuum 

conditions. The uniform amber cellulose-NMMO mixture was obtained. Then, the 

dissolved cellulose solution was poured into the mold and solidified at room 

temperature. Finally, the cellulose hydrogel (RCH) was obtained after immersing the 

solid cellulose material in distilled water for 48 h and washing it several times to 

remove the NMMO solvent completely. Diagram of the preparation process of 
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regenerated cellulose hydrogel via NMMO solvent is shown in Fig.S1. 

2.3 Regenerated cellulose/chitosan composite aerogel (RC/CSCA) 

The synthetic route of the RC/CSCA is shown in Schema 1. Firstly, 2 g of CS 

powder is dissolved in aqueous acetic acid (1 wt%) and stirred thoroughly at 25℃ for 

a CS transparent solution. Next, the above RCH is cut into small pieces and pulped 

with a high-speed mechanical shear at 15000r min
−1

 for 30 min to obtain a uniform 

RC suspension (15 mg mL
−1

). And the RC suspension is mixed with different 

concentrations of chitosan solution and the glutaraldehyde (3 wt% of chitosan 

powder), continuously stirring in a water bath at 60℃ for 1 h to allow the constant 

interaction between the regenerated cellulose fibers, chitosan, and the glutaraldehyde 

molecules. Thus, the regenerated cellulose/chitosan composite (RC/CSC) is obtained. 

Finally, a pale-yellow soft mixture is obtained after degassing RC/CSC material in a 

vacuum oven for 20 min. After cooling to room temperature, the pale-yellow mixture 

is frozen in a refrigerator for 12h, followed by lyophilization at −55℃ for 48h in a 

vacuum (1 Pa). After washing with deionized water and ethanol to remove unreacted 

acetic acid and GA, the wetting aerogel is freeze-dried for subsequent analysis. The 

aerogels named RC/CSCA-1, RC/CSCA-2, RC/CSCA-3, and RC/CSCA-4 correspond 

to samples with RC:CS mass ratios of 3:1, 3:2, 1:1, and 3:4, respectively. For 

comparison, the pure RC aerogel (RCA), CS aerogel (CSA), and RC/CS composite 

aerogel without GA (RC/CSCA-0) were also prepared following the above method.  

2.4 Characterization  

The surface morphology and structure of prepared samples were observed using 
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a field emission scanning electron microscope (FE-SEM, FEI, USA). Fourier 

transform infrared spectra (FTIR, Perkin Elmer, USA) were recorded in the range of 

4000-400 cm
−1

 to identify chemical functional groups. The crystallographic structure 

of the samples was studied by X-ray diffraction (XRD, D/Max2500pc, Rigaku) in the 

2θ range of 5 to 60°. Thermogravimetric analysis (TG, 209F3A, NETZSCH) was used 

to assess the thermal stability of the samples and the proportion of volatile 

components. The tests were conducted in nitrogen at a heating rate of 10°C/min over a 

temperature range of 35-800°C. X-ray photoelectron spectroscopy (XPS; 

ESCALAB250Xi, THERMO SCIENTIFIC, UK) analyzed chemical bonding states 

and elemental composition. The compression unit Univert S2 (Cellscale, Canada) has 

a 200 kN load cell with a 2 mm/min compression speed. UV-Vis spectrophotometer 

(TU-1901, Beijing, China) for measuring the absorbance of dyes in aqueous solutions. 

The pH at the point of zero charges (PHPZC) is determined by the pH drift method 

[29]. While, the ethanol substitution method determined the average porosity of 

aerogels. Supplementary Information, Text S1, provides a detailed description.  

2.5 Adsorption experiment  

2.5.1 Dye adsorption 

Two anionic organic dyes methyl orange (MO) and congo red (CR), and two 

cationic dyes, methylene blue (MB) and rhodamine b (RhB), were selected as model 

dyes to evaluate the adsorption capacity of the composite aerogels. Aerogel samples 

(20 mg) were put into 50 mL of different anionic and cationic dyes (20 mg/L) and 

stirred at 200 rpm for adsorption equilibrium. 
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The pH dependent of the aerogels was performed by adjusting the solution pH 

range from 3 to 9. Then, the aerogel samples (20mg) were added into 50 mL dye 

solutions (50 mg/L) at different pH values and stirred at room temperature. 

The effect of the experimental temperatures (25°C, 35°C, 45°C) and the 

coexisting ionic strength (NaCl and Na2CO3) on adsorption were studied. Continuous 

filter adsorption experiments were carried out using a column (25mm in diameter, 20 

cm in length) with about 0.2 g RC/CSCA. A solution with anionic (20 mg/L MO) and 

cationic dye (10 mg/L MB) was percolated through the column via gravity driven. 

The adsorption capacity Qe (mg/g) and the removal efficiency (R) are 

respectively calculated by the following equations Eq (1) and (2). 

 

                                           𝑄𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
                                                            (1)      

 

                                      𝑅 =
(𝐶0−𝐶𝑒)

𝐶0
∗ 100%                                                       (2) 

 

In which, V (L) is the volume of the dye solution; C0 (mg/L) is the initial dye 

concentration of dye; m(g) is the mass of the adsorbent; Ce (mg/L) is the equilibrium 

dye concentration. 

2.5.2 Adsorption kinetics  

Adsorption kinetic data were obtained by measuring MO's adsorption capacities 

as a time function. As a result, the pseudo-first order and pseudo-second-order kinetic 

models can be represented in Eq (3) and (4), respectively. 
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𝑄𝑡 = 𝑄𝑒(1 − 𝑒𝑘1𝑡)                                         (3) 

 

𝑄𝑡 =
𝑄𝑒

2𝑘2𝑡

1+𝑄𝑒𝑘2𝑡
                                                   (4) 

 

In which, Qt (mg/g) Qe (mg/g) are the adsorption capacity at time t (min) and 

equilibrium time of absorbent, respectively; k1 (min
−1

)) and k2 (g mg
−1 

min
−1

) are the 

first-order adsorption rate constant and second-order adsorption rate constant, 

respectively[14]. 

The intraparticle diffusion model was also investigated to identify the dye 

diffusion mechanism and rate-limiting step, as shown in Eq (5). 

 

𝑄𝑡 = 𝐾𝑖 × 𝑡
1

2 + 𝐶                                                 (5) 

 

In which, ki (mg g
−1

 min
−1/2)

 is the intra-particle diffusion rate constant; C is the 

parameter related to the thickness of the boundary layer [11]. 

2.5.3 Adsorption isotherms 

To obtain adsorption isotherm data, MO adsorption experiments were carried out 

at initial dye concentrations ranging from 20 to 1000 mg/g (50 mL). The Langmuir 

and Freundlich models were used to analyze the data obtained. The Langmuir and 

Freundlich models can be represented in Eq (6) and (7), respectively.  
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𝑄𝑒 =
𝐶𝑒𝐾𝐿𝑄𝑚𝑎𝑥 

𝐶𝑒𝐾𝐿+1
                                                 (6) 

 

𝑄𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛  
                                                      (7) 

 

In which, kL (L/mg) and Qmax (mg/g) are the Langmuir constant and the maximum 

adsorption capacity of absorbent, respectively. KF[mg⋅g−1⋅(mg⋅L−1
)
−1/n

]and n are the 

Freundlich adsorptions constant and the empirical parameter.  

2.5.4 Adsorption thermodynamics 

The effect of temperature on the adsorption of MO onto RC/CSCA was 

investigated and the corresponding thermodynamic parameters were calculated. 

Supplementary Information, Text S2, provides a detailed description.  

2.5.5 Reusability 

The reusability of the adsorbent was assessed with 20 mg RC/CSCA and 50 ml 

dye solution (20 mg/L). First, the depleted RC/CSCA was desorbed by soaking in 

NaOH (0.1M) under agitation, followed by regeneration of the aerogel with 0.1MHCl. 

 

3 Results and discussion 

3.1 Fabrication and characterization of the aerogel 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



12 

 

 

Scheme 1. Schematic diagram of preparation and structure crosslinking of RC/CSCA. 

The structural composition and schematic diagram of RC/CSCA are shown in 

Schema 1. After high-speed shearing, the regenerated cellulose hydrogel (RCH) 

obtained via NMMO solvent formed a white suspension. Then, CS solution was added 

into the RCH suspension and mechanically stirred for 1 h at 60℃, while 

glutaraldehyde (GA) was added drop by drop. The chemical linking reaction triggered 

among GA, amine group on CS chains, and hydroxyl group on RC formed covalent 

bonds via the acetal reaction and the Schiff base reaction [30-33], resulting in multiple 

crosslinked networks. In addition, from the molecular formula of CS, the CS presents 

abundant -NH2 groups, which can be protonated to -NH3
+
 groups in an acid 

environment. Thus, the CS molecule would be positively charged -NH3
+
 groups in an 

acetic acid solution. CS interacts electrostatically with RC which has a small negative 

charge on the surface[34]. On the other hand, the cellulose molecule has a large 
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amount -OH groups, which can combine with CS molecules with hydrogen bonds. 

Therefore, after combination with CS, the adsorption capacity of RC/CSCA for 

anionic dyes would be greatly enhanced. The GA forms a stronger bond and 

reinforces the framework of RC/CSCA via the chemical crosslinking of cellulose and 

chitosan. 

 

Fig. 1. SEM images of (a) RCA, (b) RC/CSCA-1, (c) RC/CSCA-2, (d) RC/CSCA-3, (e) 

RC/CSCA-4, and (f) CSA. 

From the SEM image of natural cotton pulp shown in Fig S2a, it can be seen that 

the cotton pulp is composed of abundant rough fibers with a diameter of 10-20 μm. 

However, after the treatment of NMMO solvent, the strip fibers and flake fibers with a 

3D porous structure (Fig. S2b, c) can be observed from the pure regenerated cellulose 

aerogel (RCA), indicating that the original natural fibers of cotton have been 

converted to regenerated cellulose. As shown in Fig.S2d, after freeze-drying, the 

aerogel samples with different mass ration of RC:CS have a typical cylindrical 

morphology following the template. SEM images of the composite aerogel samples 

are shown in Fig. 1(a-f). The strip and flake fibers, with a 3D porous structure, are 
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primarily due to strong hydrogen bonding interactions among the RC fiber. From Fig. 

1(b-e), with the addition of chitosan, the pore size of RC/CSCA gradually increases, 

varying from tens of micrometers to hundreds of micrometers. In addition, more 

wrinkled CS are covered on the RC fibers, showing that the CS content is essential in 

forming strong porous structures[28, 35]. Compared with RCA and CSA, the as-

prepared RC/CSCA presents large 3D interconnected porous structures, promoting 

pollutant adsorption. In addition, a distinctive honeycomb pore wall structure can be 

observed in the RC/CSCA-4 sample. On the other hand, the pure CSA sample is 

composed of a sheet multi-void structure, as shown in Fig. 1f. The microporous 

structure of RC/CSCA and CS coating on the surface of RC provide favorable 

conditions for the rapid adsorption of pollutants. 

Fig. 2(a-c) displays the aerogel's water absorption capacity (WAC), density, and 

porosity with various RC/CS mass ratios. For increasing RC/CS mass ratio from 3:1 to 

3:4, the corresponding porosity decreased linearly from 97.36% to 91.36%, and 

density increased from 13.92 to 26.34 mg/cm
3
. As a consequence, due to a large 

number of hydrophilic groups in CS [23], the WAC of the RC/CSCA sample increased 

from 36.20 to 44.91g/g. Further increases in CS increased the bulk density, and the 

WAC decreased to 41.91g/g. Therefore, due to ultra-lightweight, porous structure, and 

excellent WAC of RC/CSCA, the pollutants (some dyes) can rapidly be adsorbed from 

water. Furthermore, with the increase of chitosan addition, the density of the 3D 

porous network of RC/CSCA is much more stable, which limits the swelling space 

and the water adsorption capacity. On the other hand, the adsorption capacity of 
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RC/CSCA for anionic dye is mainly based on the chemistry of the -NH3
+
 groups of 

CS. Therefore, increasing the amount of CS in the RC/CSCA composite means that 

the more -NH3
+
 groups in the sample can increase the absorption efficiency of dye 

from water. Moreover, Fig. 2d shows that the obtained RC/CSCA-3 sample has 

excellent stability and compression performance in the water. It can maintain its 

original shape after absorbing water and quickly recover after extruding, presenting 

broad potential in complex water environments [26]. 

 

Fig. 2. (a) Water absorption, (b) density, and (c) porosity of RC/CSCA for various RC to CS mass 

ratios. (d) Photographs of compressed and recovered water-absorbed RC/CSCA-3. 

Fig. 3a shows the XRD patterns of raw cotton, RCA, CSA, RC/CSCA-0GA, and 

RC/CSCA-3 samples. X-ray diffraction of cotton pulps shows the typical cellulose I 

pattern with peaks at 14.6, 16.1, 22.5, and 34.1°, corresponding to the (11̅0), (110), 

(200), and (004) crystal planes [36]. The RCA pattern shows two prominent peaks at 

12.2° and 20.4°, corresponding to the (100) and (200) crystal planes, indicating that 

after NMMO treatment, the cotton structure was transformed to cellulose Ⅱ[20]. The 

characteristic diffraction peaks of CSA observed around 19.8° are attributed to the 
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semi-amorphous phase[37]. When RC combined with CS without GA to form 

RC/CSCA-0GA, only the peak of RC remained intact, similar to the RC/CSCA-3, 

indicating that the addition of GA did not affect the crystallinity of the material. 

However, the intensity of the peaks in RC/CSCA-3 was lower than that of RCA, 

showing that the added CS hampered the crystal structure formation around the 

cellulose ribbons, consistent with the SEM image [30].  

 

Fig. 3. (a) XRD patterns of Cotton pulps, RCA, CSA, RC/CSCA -0GAand RC/CSCA-3. (b) TG, 

(c) DTG curves of RCA, CSA, and RC/CSCA-3. 

TG and DTG curves of samples are shown in Fig. 3b and c. RCA, CSA, and 

RC/CSCA-3 samples show a significant mass loss with the temperature increase. 

Compared with pure RCA, the mass retention rate of RC/CSCA-3 increased from 

10.39% to 29.58% at 600
◦
C. After complete carbonization, RC/CSCA-3 has a smaller 

weight loss than CS due to the introduction of RC. The degradation process could be 

divided into three steps: first, the evaporation of adsorbed water is responsible for the 

slight weight loss of about 100°C. The second: the principal weight loss occurs at 

200℃-400°C, indicating the glycosidic bond decomposition and the organic 

compound volatilization. The third:  due to the additional thermal degradation 

carbonization, a slight weight loss was observed at 500°C [38]. The maximum 
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decomposition rates (Tmax) of RC/CSCA-3 are 294 and 353°C, corresponding to CS 

and RC's thermal decomposition, confirming the successful interaction between the 

two materials.  

 

Fig. 4. (a) FTIR spectra (b) Wide-scan XPS of RCA, CSA, RC/CSCA-0GA and RC/CSCA-3. 

High resolution C 1s (c) and N 1s (d) XPS spectra of RCA, CSA, RC/CSCA-0GA and 

RC/CSCA-3. 

FTIR spectra were used to identify the functional groups of RCA, CSA, 

RC/CSCA-0GA, and RC/CSCA-3 (Fig. 4a). From the spectra of CSA and RCA, the 

characteristic peaks corresponding to the asymmetrical tensile vibration of C-O, C-O-

C, C-H and-OH groups are observed, indicating that the fundamental structures of 

chitosan and cellulose materials are preserved[39]. The broad peak at 3351 cm
-1

 is 

attributed to the overlap of N-H stretching, O-H stretching, and intramolecular 

hydrogen bond vibration [40, 41]. The weak absorption band at 1635 cm
-1

 is from the 

stretching vibration of -C=O in the -NHCOCH3 group of CS. The absorption peak at 
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1555 cm
−1

 is associated with the bending vibration of N-H in the -NH2 group of 

CS[42]. Interestingly, after reacting with RC and GA, the corresponding peak shifted 

to 1645cm
-1

. In addition, the band of the C=N bond formed through the reaction 

between -NH2 groups of CS and -CHO groups of GA also appears in this region, 

indicating that the Schiff base reaction has occurred[31]. After adding GA, the 

increased intensity of the peak at 1050-1150 cm
−1

 proved that hydroxyl groups of RC 

reacted with the aldehyde group of GA to form the O-C-O group[33, 43]. Therefore, 

suggesting that hydrogen chemical bonds and chemical bonds mainly form the 

structure of crosslinked RC/CSCA-3. 

XPS survey was performed to investigate the elemental composition of  RCA, 

CSA, RC/CSCA-0GA, and RC/CSCA-3, as shown in Fig. 4(b-d). Nitrogen was found 

in XPS spectra of CSA and RC/CSCA (Fig. 4b) rather than RC, indicating that CS has 

successfully combined with RC to form aerogel. As shown in Fig. 4c, the RC/CSCA C 

1S broad peak can be fitted with five components: C-C (284.55 eV), C-N (285.14 eV), 

C-O(286.35eV) C=N (287.68eV), and C=O (288.15 eV). When the crosslinking agent 

GA was added, the intensity of the component C=N of RC/CSCA-3 increased, 

indicating the formation of the chemical crosslinking GA with CSA [38, 44]. For 

RC/CSCA-0GA, the area ratio for the C-O component of C-OH groups to the C-C 

component is 2.36. After the introduction of GA as a crosslinking agent in RC/CSCA-

3, the ratio of the C-O peak to the C-C peak is 1.8, indicating that the hydroxyl 

aldehyde reaction occurred. This is because -OH groups on the cellulose reacted with 

GA and formed the acetal groups, leading the C-C (C-C bond in GA) peaks increased 
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[45]. As shown in Fig. 4d, the RC/CSCA-3 nitrogen peak is composed of four 

components, including N=C (398.10 eV), N-C (399.15 eV), C-NH2 (400.00 eV), 

O=C-NH (401.40 eV). The area ratio N 1s (400.00 eV) /N 1s (401.40 eV) of 

RC/CSCA is 1, lower than that of CS, equal to 5.17, indicating that part amines react 

with GA and form imines in RC/CSCA-3 [31]. The analysis of the XPS spectra 

indicates the successful completion of the Schiff base reaction. The presence of 

chemical bonds crosslinked with the RC/CSCA-3 is consistent with the results of 

FTIR. 

Furthermore, from the solid-state NMR spectra of RC/CSCA-3 samples with and 

without glutaraldehyde, as shown in Fig.S3, it can be seen that, compared with the 

composite aerogel without GA, the peak intensity at C4 of RC/CSCA-3 with GA is 

reduced, and the chemical shift decreased. This could be explained by the lower 

mobility of carbon atoms of anhydrous D-glucose units induced by the chemical 

cross-linking of cellulose with GA[46]. Meanwhile, the reduced area of the signal 

peaks corresponding to C2, C3, and C5 of the cellulose in the cross-linked RC/CSCA-

3 means the number of carbon atoms linking to hydroxyl groups reduced, indicating 

the acetal reaction occurred between the hydroxyl groups of cellulose and aldehyde 

groups of GA[47]. 

Fig. 5a and b show the stress-strain curves of the RC/CSCA-0GA and RC/CSCA 

samples. These curves show three stages: the first stage (<10%) is the approximate 

linear elastic region. The second stage belongs to the stress-strain yielding stage in the 

strain range of 10%-60%, causing structural collapse and partial irreversible damage. 
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In the third stage (>60%), the densification rapidly increases because the fiber bundles 

are bent and piled together, causing a steeper curve[48]. The sample with an RC:CS 

mass ratio of 3:4 exhibits the highest compressive stress, as shown in Fig. 5b. This can 

be associated with the honeycomb pore wall structure, resulting in a higher vertical 

compressive stress than the other samples. From the stress-strain curves of RC/CSCA-

3 and RC/CSCA-0GA, respectively, samples with and without GA (Fig.5c), it is clear 

that the mechanical strength of RC/CSCA-3 is significantly improved after the 

addition of GA, demonstrating that the covalent cross-linking of GA with RC and CS 

improves the mechanical properties of the RC/CSCA-3 composites. Moreover, after 

ten cycles of stress-strain testing, the RC/CSCA-3 sample presents a good 

compression recovery performance, as shown in Fig. 5d, suggesting excellent 

elasticity. The optical images of the damp aerogel sample show that its original shape 

can be recovered entirely after press-releasing, further indicating its excellent 

compressive and resilience capabilities (Fig. 5e). On the other hand, the excessive 

vertical load will destroy the internal orientation structure of RC/CSCA-3 (Fig. S4). 
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Fig. 5. Stress-strain curve of dry RC/CSCA-0GA (a), and RC/CSCA (b), and the sample with the mass 

ratio of 1:1 (c), Compression cycle curve of damp RC/CSCA-3 (d); The compressible image of the 

damp RC/CSCA-3 (e) 

As shown in Fig.S5, due to the strong water absorption of chitosan, the amino 

group combines with a large number of water molecules to form hydrogen bonds, 

weakening the hydrogen bonds between chitosan and cellulose in the original 

structure, leading to the damp RC/CSCA-0GA sample collapsed after depressing. 

Overall, the above results show RC/CSCA-3 with good mechanical properties is 

suitable for separating contaminants in solutions such as dyes and water in dye 

solution and reusing. 

3.2 Batch adsorption 

3.2.1 Dye removal 
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Fig. 6. (a) The structural formulas of the dyes MO, CR, RhB, and MB. (b) R of four different dye types 

by RC/CSCA-3. (c) pHpzc of RC/CSCA-3. (d) Adsorption capacity changes with PH. (e) Effects of 

RC/CS mass ratio. 

The molecular formulas of the selected dyes to be studied, methyl orange (MO), 

congo red (CR), rhodamine B (RhB), and methylene blue (MB), are shown in Fig. 6a. 

The adsorption capacity of RC/CSCA-3 for these dyes is shown Fig.6b. It can be seen 

that the anionic dyes (MO, CR) were adsorbed to 95.83% and 90.57%, much more 

effectively than the cationic dyes (RhB, MB), therefore RC/CSCA-3 is suitable for 

anionic dyes. As is well known, the adsorption capacity of absorbents is seriously 

influenced by the solution pH because the pH value not only interferes with the 

surface charge of the adsorbent but also affects the overall chemical properties of the 
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dye in the solution[13, 49]. In this experiment, we found that the pH at the point of 

zero charges for the RC/CSCA-3 was 6.40 (Fig. 6c). Therefore, for pH lower or higher 

than pHPZC, the surface charge of the sample would be negative or positive, 

respectively [50]. From Fig. 6d, the adsorption capacity of RC/CSCA-3 for MO 

increased to a maximum at solution pH=4. Further increasing the pH from 4 to 9, the 

adsorption capacity decreased. Here, we proposed that the protonation of -NH2 groups 

of CS played an essential role in the interaction between RC/CSCA and MO. In the 

presence of H
+
, the amino group of RC/CSCA is protonated to a positive charge, and 

the sulfonate groups (-SO3H) of MO dissociate to form an anion (-SO3
-
). So, the 

electrostatic attraction of oppositely charged ions is central to the adsorption process. 

The adsorption capability of RC/CSCA reduced as the solution pH < 4 because more 

free hydrogen ions could combine with the negatively charged (SO3
-
) on MO and 

compete for SO3
- 
with NH3

+
 from the adsorbent [29], resulting in the reduction of MO 

adsorption. However, many more OH
- 
ions would deprotonate the positive charge of 

the composite aerogel, weakening the ability to adsorb MO dye because of the 

electrostatic repulsion between the deprotonated aerogel and the anionic molecule.  

The effect of mass ratios of RC to CS of RC/CSCA samples for the adsorption 

rate and capacity of MO is shown in Fig. 6e and Fig.S6. It can be seen that the 

RC/CSCA sample with a 1:1 mass ratio of RC to CS presents the optimal adsorption 

rate and capacity. The removal rate for MO reached 95.83% in 90 min, indicating that 

the suitable macroporous structure with properly charged functional groups is more 

favorable to promote the contacting reaction between the active site and dye. 
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Compared with composites with ratios 3:1, 3:2, and 1:1, the sample with ratio 3:4 

contains more CS, therefore more -NH3
+
 groups at the sample surface, resulting in 

more dye molecules adsorbed and longer adsorption time for reaching the 

adsorption/desorption equilibrium. However, the dye adsorption capability slightly 

increased as the CS fraction in the composites increased might be due to the presence 

of more protonated CS in the composite.  

3.2.2 Selectivity 

Fig. 7a shows that the intensity of the characteristic adsorption peak at 465 nm of 

RC/CSCA-3 for MO decreases after adsorption, indicating that most MO molecules 

were removed from the aqueous solution. However, the pure RCA sample shows a 

poor adsorption capacity for MO (shown in Fig. S7a), proving that NH3
+
 groups of CS 

in RC/CSCA can significantly promote the adsorption of MO. Conversely, for the 

positively charged MB, according to Fig.S7b, the absorption rate decreases slightly 

after adsorption by RCA, indicating that negatively charged RCA can adsorb a small 

amount of MB. The MB adsorption curves (λMax =664 nm) before and after 

RC/CSCA-3 adsorption showed nearly no change because of the electrostatic 

repulsion, as shown in Fig. 7b, further proving the existence of electrostatic 

interactions. 

A MO and MB mixture solution is used to evaluate the selectivity of RC/CSCA-3 

for a mixture of a dye solution (Fig. 7c). Compared with the curve of the mixed MO-

MB solution, the intensity of the MO peak centered at 465 nm decreased sharply after 

RC/CSCA-3 adsorption, rather than that of MB, as well as the color of the mixture 
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solution changed to blue (the inset in Fig. 7c), indicating that RC/CSCA-3 can only 

selectively adsorb MO dye from mixed dyes. The adsorption of RC/CSCA-3 for the 

multiple anionic mixed dyes solution (MO/CR, MO/RhB, and MO/RhB/MB) can be 

seen in Fig S8. It can be observed that after adsorption, all mixed dye solutions 

present lighter colors, and the corresponding absorption curves of the dyes in the 

solution decreased significantly, proving that the composite aerogels can separate 

multiple anionic dyes from the solution, even if the anionic dye is mixed with other 

cationic dyes. 

 

Fig. 7. Absorbance of (a) MO, (b) MB, (c) a mixture of MO/MB before and after adsorption. (d) 

Filtration separation of MO and MB from mixed solution by RC/CSCA-3, (e) FTIR of RC/CSCA, 

RC/CSCA + MB, RC/CSCA + MO, and RC/CSCA+ MO+MB aerogel. 

The preferential adsorption of RC/CSCA-3 toward anionic dyes was further 

investigated via the dynamic filtering experiment of a constantly flowing mixed 

MO/MB solution, as shown in Fig. 7d and Video S1. Under the gravity and the unique 

3D pore structure, the dark green MO/MB solution can quickly pass through the 

RC/CSCA-3 filter, in which the MO molecules were captured and adsorbed on 
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RC/CSCA-3 because of the abundance of active sites on the pore wall[51]. Then, the 

filtered solution became blue, showing that the MB were separated. Interestingly, the 

MO adsorbed on RC/CSCA-3 can be easily desorbed after washing with NaOH 

solution, offering the better regeneration capability of aerogel materials (Video S2). 

The result demonstrates that as-prepared RC/CSCA-3 samples have an excellent 

continuous separating ability from anionic dyes; it provides evidence for the potential 

application of RC/CSCA in separating flowing mixed dyes.  

FTIR spectra of RC/CSCA-3 before and after MO adsorption is shown in Fig. 7e. 

It can be seen that, after or before MB adsorption, the FTIR pattern of RC/CSCA-3 

hardly changed, showing the lower adsorption capacity for MB. However, after MO 

adsorption, the C-N absorption peak was shifted from 1381cm
-1

 to 1370 cm
-1

 because 

of the strong interaction between the C-N group and other groups, proving that 

introducing nitrogen-containing groups is essential for enhancing the adsorption of 

MO on aerogel. The MO absorption bands of RC/CSCA-3 at 1606cm
-1

, 1523cm
-1

, 

1231cm
-1,

 and 816cm
-1

 shifted to 1603cm
-1

, 1519cm
-1

, 1228cm
-1,

 and 820cm
-1

, 

respectively, because C=C bonds in the aromatic ring and C-N and C-H bonds on the 

benzene ring are involved in the adsorption reaction [27]. Thus, it can be assumed that 

there is an n-π stacking attraction between the benzene ring and the nitrogen and 

oxygen with the dye. The resonance absorption peaks of RC/CSCA +MB/MO were 

similar to those of RC/CSCA +MO, indicating that the presence of MB did not affect 

the adsorption of MO on RC/CSCA. 

3.3. Adsorption mechanism 
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Fig. 8. Schematic diagram of presumed adsorption for MO separation by RC/CSCA 

From the above experimental results, the electrostatic interaction, hydrogen, 

bonds, and n-π stacking attraction were proposed to be the primary driving forces of 

the adsorption process. Fig. 8 shows the Schematic diagram of the electrostatic 

interaction between the positively charged protonated amino group of RC/CSCA and 

the negatively charged sulfonate group on MO. The cationic groups (-NH3
+
 and -

NH2
+
-) were generated on the surface of the RC/CSCA after the protonation. 

Meanwhile, the negatively charged sulfonate group (- SO3
−
) can be converted from the 

sulfonate group (-SO3H) on MO in water[49]. Therefore, -NH2
+
-, -NH3

+
, and -SO3

-
 

will produce strong electrostatic attraction, significantly increasing the MO dye 

adsorption by RC/CSCA. It is also suggested that hydrogen bonds can be formed 

between the oxygen/nitrogen atoms in MO and the hydrogen on the surface of 

RC/CSCA. The adsorption of dye molecules on RC/CSCA is a multi-point docking 

process [52]. Each dye molecule can bind to multiple sites in the RC/CSCA [46]. 

Therefore, theoretically, the increase of electronegative groups in dyes could enhance 
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the dye adsorption capacity of RC/CSCA. 

3.4 Adsorption kinetic and adsorption isotherm 

 

Fig. 9. Kinetic (a), the intra-particle model fit (b), Variation of adsorption amount with 

contact time at different initial dye concentrations (c), experimental data at 298K, 308K, 318K of 

the isothermal model fitted by RC/CSCA-3 (d-f). 

To analyze the kinetics of the adsorption process, the influence of contact time 

between the adsorbent and MO solution was investigated. From Fig. 9a, the 

adsorption capacity of the sample for MO increased to 47.91 mg/g after reaching the 

equilibrium in 90 min. To explain the mechanism of MO adsorption, the experimental 

data were fitted by non-linear pseudo-first-order kinetic and pseudo-second-order 

kinetic models. The fitted curves are shown in Fig. 9a. Table 1 lists the parameters 

calculated after curve fitting. The R
2 

values of the fitting curves of the two kinetic 

processes are higher, indicating that the adsorption of MO by RC/CSCA-3 may be a 

physical and chemical adsorption process [53]. 

Fig. 9b shows the effect of different concentrations of dye solution on the 
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adsorption capacity of the adsorbent. The adsorption capacity increased from 

378.83mg/g to 730.90mg/g as the dye concentration increased from 200 mg/L to 

1000mg/L. The adsorption rate of the adsorbent was the fastest in the first 20 minutes, 

and the adsorbent reached the equilibrium state of adsorption and desorption at 90 

minutes. The higher initial dye concentration resulted in a higher adsorption capacity, 

indicating that a stronger driving force from the concentration gradient exists. The 

initial rapid adsorption is caused by the vacancy interaction between dye molecules 

and RC/CSCA-3 surface. They are gradually reaching equilibrium with the active 

adsorbent sites occupied by dyes. Fig. 9c shows the linear relationship between Qt and 

t
1/2

 in the adsorption process, indicating that the adsorption process of MO has three 

stages. The first stage is the rapid transmission of MO in the boundary layer, 

characterized by strong electrostatic interaction between RC/CSCA-3 and MO. The 

second stage is due to the mobile diffusion of the dye through the pores of the 

RC/CSCA-3. In the dye diffusion process, more active sites on the adsorbent are 

occupied. Due to the repulsion between the adsorbed anionic dye molecules and the 

identical molecules dispersed in solution, a few remaining sites show greater 

adsorption resistance. As a result, reaching adsorption equilibrium takes longer, a rate 

determining step in the dye adsorption process[11]. The region of the third stage of 

relaxation is the signal for reaching adsorption equilibrium. Additionally, the absence 

of a straight line through the origin in the model suggests that the adsorption rate is 

controlled by multiple steps[27].  

Moreover, Langmuir adsorption isotherm and Freundlich adsorption isotherm can 
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be used to study the adsorption mechanism of the adsorbent[54]. The adsorption 

isotherm fitting curves at different temperatures and associated parameters are shown 

in Fig. 9(d-f). The adsorption capacity of the adsorbent increases rapidly at low MO 

concentrations and gradually reaches the maximum after further increasing MO 

solution concentration. The parameters of the isotherm are in Table 2. The R
2
 of the 

Langmuir model experimental data is better than that of the Freundlich model at all 

three temperatures. The results showed that MO was adsorbed on the active site of 

RC/CSCA-3 through monolayer adsorption. The maximum adsorption capacity Qmax 

of RC/CSCA-3 for MO at 298 K is 742.68mg/g, showing good adsorption 

performance. The calculated values of ΔH
0
, ΔS

0
, and ΔG

0
 are shown in Table S1. 

Detailed analysis is given in the supporting information. As shown in Table 3, the 

adsorption capacity of RC/CSCA-3 for MO is compared with that of various CS 

composites or products. derivatives. It can be proved that RC/CSCA-3 has a high 

adsorption capacity for MO. This efficient adsorption is due to the electrostatic 

attraction between the prepared composite and the dye molecules. The results show 

that the prepared RC/CSCA becomes a promising candidate for removing anionic 

dyes from mixed dye solutions. 

3.5 Effect of environmental conditions 

It is necessary to investigate the effects of co-existing ions on MO adsorption 

because dye wastewater usually contains many ions [55, 56]. Fig. 10a shows the 

concentrations effect of NaCl and Na2CO3 solutions on the adsorption capacity of 

RC/CSCA-3. With the increased NaCl concentration, the adsorption capacity of 
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RC/CSCA-3 for MO slightly decreased because Cl
- 
ions can compete with MO dye 

molecule for the active site on RC/CSCA-3. CO3
2-

 as the co-existing ions, can 

significantly affect MO adsorption capacity because the divalent CO3
2-

 would compete 

stronger for positively charged active sites on the adsorbent than that of Cl
-
 ions. 

 

Fig.10. Effect of (a) ionic strength, (b) temperature on MO adsorption capacity. (c) Reusability of 

RC/CSCA-3 for MO adsorption. 

The effect of temperature on MO adsorption from RC/CSCA-3 samples is shown 

in Fig. 10b. With the increase of temperature from 25℃ to 45℃, the adsorption 

capacity of MO decreased slightly from 118.07 to 114.71 mg/g, combined with the 

analytical results of adsorption thermodynamics, indicating that the adsorption process 

is exothermic[57]. As the kinetic energy of MO molecules increases with increasing 

temperature, the electrostatic interaction between the MO molecules and the active 

center on RC/CSCA-3 is weakened. Therefore, regarding energy saving, the prepared 

adsorbent should be used for wastewater treatment at room temperature.  

3.6. Recycle performance. 

The recovery and reusability of the absorbent are critical parameters in practical 

applications. As the surface charge of the RC/CSCA-3 sample is susceptible to the pH 

of the solution, the adsorbent can be reused for the adsorption process after the 
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completion of desorption by an alkaline solution and regeneration with an acid 

solution. Due to the intense competition for adsorption sites between OH
- 

and 

adsorbed dyes, NaOH solution can be used to wash the dyes adsorbed on 

adsorbents[27]. The reusability of RC/CSCA-3 on MO after washing with NaOH 

solution several times and regenerated in HCl solution is shown in Fig. 10c. After ten 

cycles, the adsorption capacity only decreases from 95.83% to 94.57%, proving that 

RC/CSCA-3 sample can be recovered and reused for multiple adsorption-desorption 

cycles, and is an ideal material for industrial wastewater treatment. 

 

4 CONCLUSIONS 

In summary, novel adsorbent RC/CSCA samples were successfully prepared 

using regenerated cellulose and chitosan as raw materials. The hydrogen bonding and 

chemical cross-linking among RC, CS, and GA occur, resulting in excellent structural 

stability and compression performance in the water. Furthermore, due to the 

protonation of -NH2 groups of CS, RC/CSCA presents a strong selective adsorption 

capacity for anionic MO dye to 742.68mg/g. Electrostatic interaction was considered 

the primary means for removing anionic dyes by RC/CSCA, whose efficiency can be 

above 94.57%c under a wide range of environmental pH. Analysis of the adsorption 

kinetics and isotherms indicates that the process of MO adsorption by RC/CSCA is a 

physical chemisorption of a single molecular layer. After ten adsorption-desorption 

cycles, 94.57% of the adsorption capacity remained, indicating that RC/CSCA can be 

an ideal material for industrial wastewater treatment. 
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Table 1. On the kinetic parameters of RC/CSCA-3 adsorption of MO. 

   Pseudo-first-order  Pseudo-second order 

C0 Qe (exp) K1 Qe (eal) R
2
 K2 Qe (eal) R

2
 

(mg·L-1
) (mg·g-1

) （1/min） (mg·g
-1

) (g·mg
-1

·min
-1

) (mg·g
-1

)  

20 47.92 6.67×10
-2

 47.55 0.9997 1.93×10
-3

 52.11 0.9902 

200 378.83 4.84×10
-2

 351.59 0.9720 1.63×10
-4

 395.29 0.9973 

400 513.35 1.32×10
-1

 502.99 0.9941 5.19×10
-4

 525.62 0.9993 

600 610.72 1.50×10
-1

 575.82 0.9762 4.90×10
-4

 603.37 0.9936 

800 721.92 1.80×10
-1

 692.27 0.9950 6.92×10
-4

 712.33 0.9989 

1000 730.90 1.90×10
-1

 706.39 0.9963 7.40×10
-4

 724.83 0.9975 
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Table 2. Fitting parameters for MO sorption isotherms on RC/CSCA-3. 

  Langmuir isotherms Freundlich isotherms 

T Qmax(exp) Qmax kL R
2
 kF n R

2
 

(k) (mg/g) (mg/g) (L/mg)  (mg/g)   

298 730.90 742.68 5.30×10
-2

 0.9979 138.70 3.65 0.9181 

308 674.71 735.70 1.68×10
-2

 0.9946 85.74 0.32 0.9549 

318 638.44 684.53 1.50×10
-2

 0.9916 120.12 0.26 0.9197 
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Table 3. Comparison of different adsorbents for maximum MO adsorption. 

 

 

 

 

 

 

  

Adsorbents                               Adsorption capacity (mg/g)                        References 

Regenerated cellulose/ Chitosan  

composite aerogel                                                               742.68                           This work 

Cellulose nanofiber/Chitosan films                                     655.23                          2021 [27] 

TEMPO-oxidized cellulose/chitosan aerogel                      136.64                          2022l [28] 

Cellulose nanofibril/polyethylenimine aerogel                   265.90                           2019[58] 

ZIF-67/cellulose composite aerogel                                    617.00                           2019[59] 

Chitosan/Graphene nanoplates composite                         230.91                           2018[44] 

Chitosan-lysozyme biocomposite                                       435.00                          2018[60] 

Fe-AC/Fe2O3/PVA microgel                                              457.31                           2023[61] 

DADMAC‑MBAA modified CNF‑Silica aerogels              186.7                           2022[62] 

Diethylene triamine reduced graphene oxide aerogel          227.24                        2022[63] 

sc-PLA/PDA/PEI Composite Fibers                                    612                              2023[64] 
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Research Highlights 

•A Novel porous regenerated cellulose/chitosan composite aerogel was 

prepared. 

•Stability of composite aerogel was enhanced by the potentiation of 

chemical crosslinking. 

•The aerogel shows selective adsorption of anionic dyes when coexisting 

with cationic dyes. 

•FTIR revealed the selective adsorption mechanism mainly via 

electrostatic interaction. 
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