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Abstract 

This study has investigated the effects of microcrystalline cellulose (C) on the swelling and adsorption characteristics of 

chitosan (CH)-based aerogels. The primary objective is to evaluate the impact of varying amounts of microcrystalline cellulose 

on the performance of chitosan-microcrystalline cellulose (CH-C) aerogels in methylene blue (MB) adsorption and swelling 

experiments. CH-C aerogel films were prepared by incorporating different quantities of microcrystalline cellulose into a 

chitosan solution, then freeze-dried. The results demonstrated that the addition of microcrystalline cellulose enhanced the 

strength of aerogel, allowing it to maintain its form when submerged in distilled water for 24 h. Although mechanical integrity 

improved with cellulose addition, the degree of swelling decreased due to stronger hydrogen bonding between chitosan and 

cellulose. Fourier transform infrared spectroscopy analysis indicated physical interactions between microcrystalline cellulose 

and chitosan. The adsorption process of MB on the CH-C aerogel revealed that it follows the pseudo-second-order kinetic 

model and the Langmuir isotherm model, suggesting that physical adsorption dominates this adsorption process. The 

adsorption amount increased with both the concentration of methylene blue and the duration of exposure, with an optimal 

adsorption time of 120 min. These findings highlight the potential of microcrystalline cellulose to enhance the mechanical 

properties and adsorption performance of chitosan-based aerogels. They offer promising applications in water treatment and 

environmental remediation. Additionally, the Highest Occupied Molecular Orbital (HOMO) of chitosan spans both oxygen 

and nitrogen atoms, whereas in cellulose, the electron density is predominantly localized around oxygen atoms.  

 

Keywords: Chitosan, cellulose, methylene blue, isotherm, kinetic 

Introduction 

Synthetic organic dyes are prevalent in various 

industries, including textiles, paper, plastics, and 

cosmetics, owing to their vibrant colors and chemical 

stability [1]. However, improper disposal of dye 

wastewater into rivers and other water bodies without 

adequate treatment poses severe environmental and 

ecological threats. Methylene Blue (MB) is a cationic 

dye known for its carcinogenic and toxic effects on 

human health [2]. It is water-soluble and forms 

colored cations [3]. Recent advancements in dye 

removal technologies include various methods such as 

adsorption, oxidation, ion exchange, membrane 

separation, electrokinetic processes, and coagulation 

[4]. Among these techniques, adsorption is the most 

promising due to its high efficiency and stability [5]. 

 

Chitosan (CH) is the second most abundant natural 

polysaccharide after cellulose. Chitosan is derived 

from chitin through a deacetylation process, typically 
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using highly concentrated sodium hydroxide as a 

reagent, as it does not occur naturally in its pristine 

form [6]. Although enzymatic processes are primarily 

limited to laboratory scales, the alkaline method is 

preferred in industry because of its efficiency, 

simplicity, and cost-effectiveness [7]. Chitosan is used 

in numerous fields, such as food, medicine, cosmetics, 

and wastewater treatment. Its valuable properties 

include its biocompatibility, nontoxicity, and 

biodegradability. The presence of active adsorption 

sites, such as amino (-NH2) and hydroxyl (–OH) 

functional groups makes chitosan highly effective in 

dye adsorption processes [8].  

 

Unfortunately, the application of chitosan in water 

treatment is hindered by its inherent limitations in 

terms of mechanical strength, stability, and solution 

separation capabilities [9]. Recent advancements have 

focused on enhancing the mechanical properties of 

chitosan-based adsorbents through chemical and 

physical modifications. Notably, the incorporation of 

cellulose has been extensively explored to improve the 

mechanical resilience of chitosan. This may be 

attributed to the formation of hydrogen bonds and 

excellent compatibility within the chitosan-cellulose, 

resulting in improved chemical and physical 

characteristics. Moreover, the integration of cellulose 

into chitosan matrices augments the availability of 

active sites for adsorbing dyes, such as methylene blue 

(MB) [10]. 

 

In this study, microcrystalline cellulose with a particle 

size of 20 μm has been employed, contrasting with the 

broader range (45.8 µm to 257 µm) utilized by Ozen 

et al. (2021). While their work concentrated on 

material preparation and characterization, it did not 

delve into dye adsorption properties [11]. In contrast, 

our research specifically investigated how 

microcrystalline cellulose affects the swelling 

properties and adsorption capacity of chitosan-

microcrystalline cellulose aerogels. We have 

systematically varied factors such as dye 

concentration and contact time to optimize 

experimental conditions. Furthermore, the adsorption 

mechanism has been comprehensively examined 

using adsorption isotherms and kinetic models to 

elucidate the underlying processes governing dye 

uptake. 

 

Materials and Methods 

Materials 

Chitosan was purchased from Chito-Chem (M) Sdn. 

Bhd. Microcrystalline cellulose extracted from cotton 

linter (CAS: 9004-34-6) with 0.25 g/mL bulk density 

at 25°C and pH 5.0 - pH 7.0 was obtained from Sigma-

Aldrich. The other reagents used were of analytical 

grade and used without further purification. 

 

Preparation of chitosan-cellulose (CH-C) film 

aerogels 

The experimental procedure for producing aerogels in 

this study was initiated by preparing a chitosan-

cellulose solution mixture. Subsequently, the aerogels 

were freeze-dried at −40°C to −60°C for 48 h after 

direct freezing. Unlike conventional approaches 

where hydrogels are first formed and then dried, this 

method directly freezes the CH-C solution bypassing 

the hydrogel stage. For 48 h, 1 g of chitosan powder 

was dissolved in 50 mL of a 1% (v/v) acetic acid 

solution. Various concentrations of cellulose (C) were 

added in the CH solution: 0.125 g, 0.25 g, 0.5 g, 0.75 

g, 1.0 g, and 1.5 g, respectively. To achieve a 

homogeneous solution, the CH-C mixture was stirred 

for 1 h and then sonicated for 30 min. After cooling 

for 48 h, CH-C aerogels were freeze-dried under 

vacuum. A pure CH aerogel film containing no 

cellulose used as a control was similarly prepared 

under identical conditions [12]. 

 

Swelling test 

To determine the degree of swelling, each aerogel 

films was weighed and placed in deionized water for 

24 h. The film was then removed from the medium 

and weighed after the removal of excess surface water 

using filter paper. The physical properties of pure 

chitosan film and reinforced chitosan film with 

cellulose were analyzed by measuring the thickness 

and length of the film as well as the swelling degree. 

The swelling degree was calculated using the Eq.(1) 

as follows [13-14]: 

 

    Swelling degree =  
𝑊𝑠−𝑊𝑑

𝑊𝑑
          (1) 

 

where 𝑤𝑠 is the swollen sample weight (g) and 𝑤𝑑 is 

the dry sample weight (g). 

 

Determination of pHpzc value 

The pH value at which the surface of the aerogel film 

carries no net charge is referred to as the point of zero 

charge (pHpzc), which was determined using a solid 

addition method. In a beaker, 50 mL of NaCl (0.01 M) 

solution was prepared. To achieve the required acidic 

and alkaline pH levels, 0.1 M HCl or 0.1 M NaOH 

solutions were added to the 0.01 M NaCl solution. The 

aerogel films were then submerged in a prepared 

solution. The mixture was allowed to interact and 

stirred at 100 rpm using a magnetic stirrer. A pH meter 

was used to measure and record the final pH after 

removing the hydrogel film from the solution. The 

difference between the initial (pHi) and final pH (pHf) 

values was plotted against the pHi. The pH where the 

ΔpH is equal to zero was referred to the pHpzc of each 

aerogel [15]. 
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Characterization of chitosan-cellulose aerogel 

CH-C aerogel film was characterized using a Fourier 

transform infrared spectroscopy (FTIR) device from 

Perkin Elmer USA. The infrared spectrum was 

recorded in the frequency range of 4000-400 cm-1. 

Infrared spectral analysis was performed to determine 

the functional groups on chitosan and cellulose. To 

confirm the crystallinity of the CH-C aerogel, X-ray 

diffraction analysis (D8-Advance, Bruker, Germany) 

was carried out using Cu Kα radiation (α = 1.5418 nm) 

at 40 kV.  

 

Effect of contact time on MB equilibrium 

adsorption 

The effect of contact time on MB adsorption by the 

CH-C aerogel was investigated in a batch experiment, 

using 1 cm × 1 cm of optimum CH-1.5 C aerogel and 

20 mL of methylene blue (2 mg/L) at room 

temperature for a period ranging from 30 to 150 min. 

The batch adsorption experiments were performed in 

a conical flask and stirred with a magnetic stirrer at a 

speed of 100 rpm. The adsorbent was removed from 

the MB solution, while the remaining aqueous dye 

was analyzed using a UV-Vis spectrophotometer at 

664 nm, which corresponds to the maximum capacity 

absorbency of methylene blue. The amount of 

adsorption at a time, qt (mg/g) was calculated by 

Eq.(2) as follows [16]: 

 

    𝑞𝑡 =
(𝐶𝑜−𝐶𝑡) 

𝑊
𝑉           (2) 

 

where  𝐶𝑜 is initial concentration of dye and 𝐶𝑡 (mg/L) 

are the concentration of dye at time, V is the volume 

of solution (L) and W is the mass of dry adsorbent used 

(g). 

 

Effect of concentration on MB equilibrium 

adsorption 

For the quantity of MB adsorbed with various initial 

concentrations of MB at optimum contact time 

obtained, the adsorption capacity at equilibrium (dye 

adsorbed per unit quantity of sorbent), 𝑞𝑒 was 

determined using Eq.(3) as follows [16]: 

 

     𝑞𝑒 = (
𝐶𝑜−𝐶𝑒

𝑊
) 𝑉           (3) 

 

here W = dry weight of the adsorbent (g), V = volume 

of dye solution (L), 𝐶𝑒 = dye concentration at 

equilibrium. 

 

Kinetic studies of adsorption 

To examine the kinetic mechanism of the adsorption 

process of MB on the CH1.5 -C aerogel, pseudo-first-

order and pseudo-second-order kinetic models were 

used. The pseudo-first-order rate equation of the 

Lagergren model for the absorption of solid–liquid 

systems is as Eq.(4) [16]: 

 

    𝑙𝑜𝑔 (𝑞𝑒 − 𝑞𝑡)  =𝑙𝑜𝑔 (𝑞𝑒) −
𝑘1

2.303
𝑡           (4) 

 

The pseudo-second-order rate equation is as Eq.(5) 

[16]. 

 

    
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2
−

1

𝑞𝑒
          (5)  

 

where 𝑞𝑒 and 𝑞𝑡 were the absorption capacity (mg/g) 

at equilibrium and at time t (min), respectively,  

𝑘1 (𝐿 𝑚𝑖𝑛−1) and 𝑘2 (𝑔 (𝑚𝑔 𝑚𝑖𝑛)−1) the absorption 

rate constants of pseudo-first order and pseudo-

second-order absorption rates, respectively. 

 

Isotherm studies of adsorption 

Adsorption data were elicited using the Langmuir and 

Freundlich isotherm equations [16]. The Langmuir 

isotherm model estimates the maximum adsorption 

capacity corresponding to the complete monolayer 

coverage on the sample surface. The linear form of the 

Langmuir adsorption isotherm can be expressed as 

Eq.(6) follows: 

 

        
𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝑎𝑥𝐾𝐿
+

𝐶𝑒

𝑞𝑚𝑎𝑥
                  (6)  

 

where 𝐾𝐿 was constant of the sorption equilibrium 

(L/mg) and 𝑞𝑚𝑎𝑥  was the maximum dye sorption 

capacity (mg/g). If the sorption is defined by 

Langmuir isotherm equation, plot of 
1

𝑞𝑒
 vs 

1

𝐶𝑒
would be 

linear. The values of 𝑞𝑚𝑎𝑥  and 𝐾𝐿  can be obtained 

from the slope and intercept of the straight line. 

 

The Freundlich adsorption isotherm model assumes 

that the adsorption occurs in a heterogeneous system. 

This model represents the balance between the amount 

of absorbent in the solution and the surface of the 

absorbent. This implies that adsorption occurs in the 

multilayer. The Freundlich isotherm equation is as 

Eq.(7) below: 

 

        𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
 𝐼𝑛 𝐶𝑒            (7) 

 

where KF and n are adsorption constants for measuring 

adsorption capacity, 1/n is intensity of adsorption. 1/n 

value represents adsorption process to be unfavorable 

(1/n > 2) or favorable (0.1 < 1/n < 0.5). The slope 1/n, 

ranging from 0 to 1, measures the surface 

heterogeneity, and values closer to zero indicate high 

heterogeneity. 
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Computational method 

Density functional theory (DFT) calculations to 

determine electronic properties were conducted using 

the Gaussian 09 software. HOMO and LUMO were 

defined as Highest Occupied Molecular Orbital and 

Lowest Unoccupied Molecular Orbital, respectively. 

The BLYP/6-311+G(d) basis set was used in this 

study. To enhance computational efficiency, only the 

monomeric units of chitosan and cellulose were 

modelled. It was assumed that the molecular 

interactions between cellulose and chitosan were 

qualitatively like those between the chitosan polymer 

chains and cellulose. The reactivity of organic 

molecules is characterized by their electrophilicity 

index (ω), electronic chemical potential (μ), chemical 

hardness (η), and softness (S). These parameters were 

derived from the one-electron energies of the HOMO 

and LUMO frontier molecular orbitals (FMO), which 

are expressed at Eq. (8) as follows: 

 

𝜔 =
𝜇2

2ƞ
       

 

𝜇 =
𝐸𝐻+𝐸𝐿

2
                

 

ƞ = 𝐸𝐿 − 𝐸𝐻                 

 

𝑆 =
1

ƞ
              (8)             

 

where EH and EL are the HOMO and LUMO energy 

levels energies, respectively. 

 

Results and Discussion 

Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra presented in Figure 1 illustrates the 

characteristics of chitosan powder and the aerogel film 

derived from chitosan-cellulose. The peaks at 3350 

cm−1 and 3285 cm−1 are attributed to N-H and O-H 

stretching, respectively, while the absorption bands at 

approximately 2925 cm-1 and 2869 cm-1 correspond to 

C-H symmetric and asymmetric stretching, 

respectively. The bands at 1627 cm-1 and 1575 cm-1 

signify C=O stretching and NH bending of the amide 

II, respectively. The presence of ether (C-O-C) and 

carbonyl (C-O) functional groups in chitosan is 

confirmed by the peaks observed at 1077 cm-1 and 

1023 cm-1 [17-18]. Additionally, the absorption peak 

at 888 cm-1 indicates the presence of a β-(1,4)-

glycosidic bond in chitosan. 

 

Notably, no new peaks emerged in the spectra of the 

chitosan-cellulose aerogel, suggesting that cellulose 

was incorporated into the chitosan molecules without 

forming new covalent bonds. Instead, a noticeable 

shift occurred at the existing peaks. Specifically, the 

shifts in the absorption peaks of –OH and –NH2 from 

3350 cm-1 and 3285 cm-1 to 3372 cm-1 and 3108 cm-1, 

respectively, suggest the formation of strong hydrogen 

bonds between chitosan and cellulose. The shift in the 

peaks indicates cellulose interaction and integration 

into the chitosan matrix while forming the aerogel.
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Figure 1. FTIR spectra for Chitosan powder and chitosan-cellulose aerogel
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Swelling test  

Figures 2(a) and 2(b) show the conditions of the 

aerogel film before and after a 24-hour swelling 

duration. Notably, CH-0 C underwent complete 

degradation in DI water after immersion in distilled 

water. Conversely, the addition of cellulose to the 

chitosan aerogel film significantly enhanced its ability 

to retain its shape. The CH-1.5 C aerogel, which had 

the highest cellulose content, remained intact even 

after 24 h of immersion in deionized water. This 

supports the conclusion that the addition of cellulose 

strengthens the structure of an aerogel based on 

chitosan [19]. The inclusion of cellulose results in the 

formation of a strong hydrogen bond with the 

functional group present in the chitosan structure [20].  

 

It can also be observed that the elongation and 

thickness of the aerogel decreased as the cellulose 

content increased. This indicates a reduction in water 

uptake owing to the presence of strong hydrogen 

bonds between cellulose and chitosan. Figure 3 also 

demonstrates a decrease in the swelling degree from 

CH-0.125 C to CH-1.5 C aerogel films as more 

cellulose was integrated into the chitosan aerogels. 

The swelling decreased from 32.30 g/g (CH-0.125 C) 

to 17.93 g/g (CH-1.5 C), indicating a negative 

correlation between cellulose loading and water 

uptake. This is due to increased crystallinity and 

hydrogen bonding which reduce pore accessibility. 

This trend aligns with the findings of Chang et al. 

(2010), suggesting that the bonds within the aerogel 

structure influence the degree of swelling, with an 

increase in hydrogen bonds observed in CH-C 

aerogels as the cellulose weight increases [21].

 
 

 

 
(b) 

Figure 2. (a) Elongation and (b) thickness of CH-C aerogel at various cellulose weights before and after swelling 
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Figure 3. Swelling degree of CH-C aerogels film

Determination of pHpzc value 

Figure 4 shows the point of zero charge (𝑝𝐻𝑝𝑧𝑐) value 

for all CH-C aerogel films. The incorporation of 

different cellulose weights does not significantly 

effect the 𝑝𝐻𝑝𝑧𝑐  value. Specifically, the 𝑝𝐻𝑝𝑧𝑐  values 

for all aerogels, are in the range of 5.2-5.3. It can also 

be observed that at pH values < 𝑝𝐻𝑝𝑧𝑐 , the surface of 

the aerogel film is positively charged because the pH 

changes to a lower pH. This is because the −𝑁𝐻2  
group is protonated and becomes a 𝑁𝐻3

+ ion. 

However, the surface of the film is negatively charged 

at pH > 𝑝𝐻𝑝𝑧𝑐 because the –OH group becomes 𝑂− 

ion. Therefore, the adsorption of methylene blue could 

occur at pH > 𝑝𝐻𝑝𝑧𝑐 (5.18 to 5.35) because it will lead 

to the adsorption of the cationic dye MB through 

electrostatic attraction with the negatively charged 

chitosan-cellulose-based aerogel film surface [22]. 

Therefore, in this study, the pH of the methylene blue 

solution used was 7. Both neutral and alkaline 

solutions benefit the adsorption process because the 

availability of anionic sites on the surface of the 

adsorbent is significantly higher than that of the 

adsorbent. 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 𝑝𝐻𝑝𝑧𝑐  point for chitosan-cellulose aerogel
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Sorption study towards methylene blue  

Figures 5 (a) and (b) show the effect of time and 

initial concentration on the removal of methylene blue 

by the CH-1.5 C aerogel, respectively. It can be 

observed that after 30 minutes, the sorption capacity 

of CH-1.5 C aerogel slightly increased from 1.04 mg/g 

to 1.09 mg/g. However, after 120 min, the sorption 

capacity decreased slightly over time. This 

phenomenon is due to the adsorption process. During 

the early stages of contact, the adsorption sites on the 

CH-1.5 C aerogel are unoccupied, allowing methylene 

blue (MB) ions to readily bind to them [23]. 

Consequently, the sorption capacity increases as more 

dye molecules are adsorbed. However, as the contact 

time increased, the available vacancies on the sorbent 

surface diminished continuously [24]. It becomes 

increasingly challenging for additional MB ions to 

occupy the active sorption sites owing to the reduced 

availability of vacant sites. As a result, excess dye 

molecules were not adsorbed on the binding site, thus 

reducing the sorption capacity [25]. Meanwhile for the 

effect of initial concentration, the adsorption capacity 

of CH-1.5 C aerogel increased from 0.17 mg/g to 0.39 

mg/g with the increasing initial concentration of MB 

from 2 ppm to 4 ppm. However, it is notable that there 

is competition for available sites, as well as a decrease 

in adsorption capacity. Complete binding of the 

sorption sites with MB molecules occurs when the 

maximum sorption capacity of the adsorbent is 

reached [26].

 
 

 
 

Figure 5. Adsorption of methylene blue by aerogel CH-1.5 C as a (a) function of time and (b) initial concentration
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Overall, Table 1 shows that the R2 value for the 

second-order model is higher than that for the first-

order model. Besides that, the second-order pseudo 𝑞𝑒 

value which is 1.093 mg/g is closer to the 

experimental 𝑞𝑒 value of 1.092 mg/g compared to the 

first-order pseudo 𝑞𝑒 value of 0.234 mg/g. The higher 

value of R2 (0.9998) and close to the experimental 𝑞𝑒 

value proves that this data is suitable for the second-

order pseudo model. Therefore, it can be said that the 

absorption of methylene blue conforms to the second-

order pseudo-model, where the absorption mechanism 

is dependent on chitosan-cellulose-based aerogel and 

methylene blue [27]. Furthermore, Table 2 shows that 

the R2 value for the Langmuir isotherm model is 

0.9177, which is higher than that of the Freundlich 

isotherm model. This indicates that MB adsorption 

occurred on the surface of the chitosan-cellulose-

based aerogel. 
 

 

Interaction studies 

DFT calculations were performed to investigate the 

interactions between chitosan and cellulose. As shown 

in Figure 6, the Highest Occupied Molecular Orbital 

(HOMO) of chitosan spans both oxygen and nitrogen 

atoms, whereas in cellulose, the electron density is 

predominantly localized around oxygen atoms. 

Moreover, the energy gap between the HOMO and 

LUMO levels was found to be narrower for chitosan 

(ƞ = 6.48 eV) than for cellulose (ƞ = 7.47 eV), 

indicating the slightly higher reactivity of chitosan. 

Additionally, the quantum chemical descriptor in Fig. 

6 reveals that the electrophilicity of chitosan surpasses 

those of cellulose, suggesting a greater degree of 

electrophilicity in chitosan [28]. Overall, it can be 

seen from optimized structures of chitosan and 

cellulose illustrated in Figure 7, O, OH, and NH2 

groups carry negative charges. The hydrogen atoms 

within chitosan and cellulose can engage in hydrogen 

bonding with these groups. 

Table 1. Pseudo-first and pseudo-second-order kinetic constants based on methylene blue absorption 

 

  Table 2. The Langmuir and Freundlich isotherms model constants for the sorption of methylene blue by CH-C 

 

 
Figure 6. HOMO and LUMO of chitosan and cellulose and their chemical descriptors 
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Aerogel 

Langmuir  Freundlich 

𝐾𝐿(
𝐿

𝑚𝑔
) 𝑞𝑚𝑎𝑥(

𝑚𝑔

𝑔
) RL 𝑅2  

𝐾𝐹(
𝐿

𝑚𝑔
) 

1/n 𝑅2 
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(a) 

 
 

(b) 

Figure 7. Optimized structure of (a) chitosan and (b) cellulose monomers. The numbers represent the natural 

charge of the groups of interest

We also analyzed the hydrogen bond interactions that 

occur between the OH, O, and NH2 groups of chitosan 

and cellulose when they come into contact. Based on 

the optimized geometries for these interactions, as 

shown in Figure 8, the structures demonstrated 

similar interaction energies, indicating that they have 

comparable probabilities of forming when chitosan 

and cellulose come into contact, irrespective of the 

electronegativity of the atoms involved.  

 

We also investigated the interaction of chitosan-

cellulose with a methylene blue (MB) molecule. Our 

results, as illustrated in Figure 9, demonstrate that the 

MB molecule can effectively bind to the chitosan-

cellulose. In all configurations, the NH group of the 

MB molecule forms a stable hydrogen bond with the 

oxygen atom of the OH groups in the chitosan-

cellulose. Both the chitosan and cellulose components 

can interact with the MB molecule, exhibiting 

appropriate interaction energies. However, it is also 

observed that several functional groups in cellulose 

exhibit stronger interactions compared to chitosan. 

This difference may be attributed to the greater 

electrophilicity of chitosan compared to cellulose. 

These findings align with experimental data which 

indicates that the presence of cellulose in the chitosan 

structure not only aids in retaining the shape of 

chitosan aerogel in water but also enhances the 

absorption capacity of methylene blue. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Optimized structure of chitosan-cellulose interactions. (a) OH group at C6 of N-acetylglucosamine 

rings, (b) hydroxyl group at C6 of glucosamine rings, (c) C=O group at N-acetylglucosamine rings, and (d) OH 

group at C3 of glucosamine rings 
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(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 9. The most stable interaction between MB and (a) C=O group at C1 N-acetylglucosamine rings of 

chitosan, (b) C-O-C group at cellulose, (c) OH group at C2 of cellulose, (d) OH group at C1 of cellulose, (e) OH 

group at C6 glucosamine rings of chitosan and (f) OH group at C1 glucosamine rings of chitosan

𝐸𝑖𝑛𝑡
MB = -1.20 eV 
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Conclusion 

This study demonstrates that the incorporation of 

microcrystalline cellulose into chitosan-based 

aerogels significantly enhances their structural 

retention stability. The adsorption behavior of 

methylene blue (MB) followed the Langmuir isotherm 

model, indicating monolayer adsorption on a 

homogeneous surface. Kinetic analysis revealed that 

the adsorption process fits the pseudo-second-order 

model, suggesting that physical adsorption dominates 

the interaction between the dye molecules and the 

aerogel surface. Besides that, spectroscopic analysis 

confirmed physical interactions between chitosan and 

cellulose, while computational studies indicated that 

hydrogen atoms within both polymers are capable of 

forming hydrogen bonds with electronegative groups 

such as O, OH, and NH₂, due to their negative charges. 

The interaction energies suggest that electronegative 

atoms in chitosan and cellulose have comparable 

probabilities of forming hydrogen bonds when in 

contact. Additionally, the NH group of the MB 

molecule forms stable hydrogen bonds with the OH 

groups of the chitosan–cellulose matrix. Both chitosan 

and cellulose contribute to the adsorption process. 

However, several functional groups in cellulose 

exhibit stronger interactions with MB compared to 

chitosan. Overall, this study shows that 

microcrystalline cellulose not only enhances the 

structural stability of chitosan aerogels but also 

actively contributes to their interaction with 

methylene blue during the adsorption process. 
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