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ABSTRACT 

This research studies the synthesis and evaluation of a new composite material, MWCNT/Chitosan-g-Poly (acrylic 

acid–crotonic acid), designed for the efficient removal of congo red (CR) dye from water. The composite was created 

through a graft polymerization technique and characterized by FTIR, XRD, and FE-SEM. These analyses confirmed the 

successful integration of MWCNTs and presence of numerous functional groups for adsorption. To understand the 

composite's performance, a series of batch experiments were performed to investigate the impact of contact time, pH, 

adsorbent dose, and initial dye concentration. Study was best described by pseudo-second model and Langmuir model 

(with maximum adsorption capacity of 14.13 mg g⁻¹) was the best fit for the equilibrium data and process was thermally 

spontaneous and exothermic. Overall, the synthesized material showed good adsorption potential for dye removal from 

water.  
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1. Introduction 

Water pollution has become one of the most critical 

environmental issues nowadays. Synthetic dyes from industries such 

are a major source of water pollution, posing a significant threat to 

aquatic ecosystems and human health [1]. These dyes are complex 

organic compounds that are often resistant to biodegradation, light, and 

temperature [2,3]. Even in small concentrations, they can reduce light 

penetration and disrupt photosynthesis in water system. Furthermore, 

many dyes and their breakdown products are known to be toxic, 

mutagenic, and carcinogenic, presenting direct risks to human health 

through contaminated drinking water [4]. To address these hazards, the 

effective treatment of dye-laden wastewater is essential. Removing 

these pollutants before they are released into the environment is vital 

for complying with environmental laws and protecting water resources 

for future generations. While various physical, chemical, and 

biological methods as flocculation, membrane filtration, and ozonation 

have been developed, many have limitations. These include high 

operational costs, incomplete color removal, the generation of large 

amounts of sludge, and reduced efficiency with highly concentrated 

dye solutions. Among these methods, adsorption has gained considerable attention as a highly effective and 

versatile approach for removing dyes from water [5]. The choice of adsorbent is crucial, and a wide variety of 

materials [7-9]. 
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Carbon nanotubes (CNTs), especially multi-walled carbon nanotubes (MWCNTs), are of great interest 

due to their exceptional surface area and high adsorption potential. However, pristine MWCNTs tend to clump 

together due to strong van der Waals forces, which limit their effectiveness. To overcome this, surface 

functionalization and hybridization with polymers or biopolymers are used to improve adsorption. In this study, 

a novel composite based on MWCNTs and chitosan, grafted with poly(acrylic acid–crotonic acid) 

[MWCNT/Chitosan-g-P(AA–CA)], was synthesized for the adsorption of CR dye [10,11]. Grafting with poly 

(acrylic acid–crotonic acid) improves chitosan’s stability and adds more functional groups, enhancing its 

affinity for anionic dyes [12]. The primary aim of this research is to evaluate the adsorption performance of this 

novel composite. Unlike earlier chitosan/CNT or chitosan-g-AA materials, our design incorporates additional 

carboxyl groups from crotonic acid grafting, which significantly strengthens the electrostatic attraction to 

anionic dyes. Simultaneously, the MWCNTs contribute powerful π–π stacking interactions. The synergy 

between these two effects leads to higher adsorption efficiency and better stability in acidic solutions.   

2. Materials and methods  

2.1. Chemicals 

The following chemicals were purchased and used as received: multi-walled carbon nanotubes-carboxyl 

(95%), crotonic acid, chitosan (99%) and acrylic acid (99%), potassium persulfate (99%), n,n'-methylene-bis-

acrylamide (99%), nitrogen gas, sodium hydroxide (99% purity), hydrochloric acid (36%), and CR dye (99%).  

2.2. Instrumentation 

The Shimadzu UV-Visible Spectrometer and a Shimadzu FTIR employed for spectroscopic analysis. 

Morphological characterization was performed using a TESCAN Field Emission-Scanning Electron 

Microscope (FESEM, Model MIRA3) at 15 kV with gold sputter-coating. Other key equipment included an 

X-ray diffraction Spectroscopy (Model XRD-6000, Shimadzu), a Trup International Centrifuge (Model 80-1), 

a Jlabtech Shaker Incubator (Model LSI-3016A), and a Denova Electronic Balance (Model L420 B). An 

Intertek pH meter (Model pH-3110), a Jlabtech Oven (Model L-OD-380N), and a Hotplate (Model L-81, 

Labtech) were also employed. For water purification and temperature control, a Water Still, a Labtech 

Ultrasonic bath (Model LUC - 410), and a Labtech Water Bath (Model K-WBBL) were utilized.  

 

2.3. Preparation of MWCNT/CS-g-P(AA-CA) nanohydrogel composite      

The MWCNT/CS-g-P(AA-CA) nanohydrogel composite was prepared through a sequence of solution-

based steps. Initially, a 1% acrylic acid (AAc) solution was obtained by diluting 0.5 mL of concentrated AAc 

to 50 mL with distilled water, from which 20 mL was used in the reaction. Separately, 0.5 g of chitosan (Ch) 

was dissolved in 20 mL of acetic acid under magnetic stirring for 15 minutes, while 0.1 g of multi-walled 

carbon nanotubes (MWCNTs) was dispersed in 100 mL of distilled water. Both solutions were then combined, 

followed by the addition of 5 mL of crotonic acid (CA), previously prepared by dissolving 1 g of CA in 5 mL 

of distilled water. The mixture was stirred for another 15 minutes before adding 5 mL of AAc and continuing 

the stirring for an additional 15 minutes. A crosslinking agent solution was prepared by dissolving 0.05 g of 

N, N′-methylenebisacrylamide (MBA) in 2 mL of distilled water, and an initiator solution was prepared by 

dissolving 0.05 g of potassium persulfate (KPS) in 2 mL of water. Both solutions were added dropwise to the 

reaction mixture under stirring. The entire solution was then subjected to ultrasonication for 1 hour, followed 

by nitrogen gas purging for 1 minute to eliminate dissolved oxygen. The resulting mixture was transferred into 

test tubes and placed in a water bath at 70 °C for 3 hours to complete the polymerization process. Finally, the 

synthesized nanohydrogel was collected, cut into pieces, washed thoroughly with distilled water, and dried in 

an electric oven at 70 °C [13].  
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2.4. Batch adsorption study, kinetic, isotherm and thermodynamic models 

Fo understanding the effect of dye adsorption on prepared composite, different experiments were 

performed in batch mode. The dye’s adsorption capacity and removal efficiency was calculated using Eq. 1 

and 2 correspondingly: 

Qe or 
x

m
= 

V(Co-Ce)

m
                          (1) 

E%=
(Co-Ce)

Co
 ×100                 (2) 

where: Co (mg.L-1) and Ce (mg.L-1) refers to initial and equilibrium dye concentrations, respectively, and x is 

amount of dye adsorbed, whereas m (g) is mass of the adsorbent material and Qe (mg.g-1) is amount of dye 

adsorbed at equilibrium [14,15]. The kinetics of adsorption process were evaluated using two primary models. 

The pseudo-first model (Eq. 3) states that adsorption rate is directly proportional to the concentration of 

available, unoccupied active sites. In contrast, the pseudo-second model (Eq. 4) proposes that rate-limiting 

step involves chemisorption. Further, for understanding equilibrium behavior, several isotherm models were 

applied. The Langmuir model (Eq. 5) is founded on the premise of monolayer adsorption on a uniform surface 

where all sites are identical and there are no interactions between adsorbed molecules. Conversely, the 

Freundlich model (Eq. 6) is an empirical equation used to describe adsorption on heterogeneous surfaces that 

have sites with different affinities. The Temkin model (Eq. 7), meanwhile, accounts for the interactions 

between the adsorbent and adsorbate, and assumes that heat of adsorption decreases linearly with increasing 

surface coverage. Furthermore, the thermal behaviour of the adsorption process was studied by applying 

thermodynamic model and Van’t Hoff plot (ln Kd versus reciprocal absolute temperature). From this plot, the 

values of enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) changes were determined using Equations 

(8-10) [14,16,17]:  

ln (qe − qt) = ln(qe) − kl · t         (3) 

1

q
=

1

k2.qe2
+

t

qe
                                                              (4) 

1

qe

 = 
1

qmax

+ 
1

qobCe
                     (5)  

log q
e
 = log K

f
+ 

1

n
log C

e
      (6)  

q
eq

 =BlnAT+BlnCeq                  (7) 

ΔG = ΔH-T.ΔS                              (8) 

ΔG = – RT ln Keq               (9) 

ln Keq= -
∆H

RT
+

∆S

R
            (10) 

By applying the kinetic, isothermal and thermal models, the adsorption behaviour of CR dye on studied 

material can be better analyzed.  

3. Results and discussion  

3.1. Calibration curve  

A robust linear correlation was observed between the concentration of CR dye and its corresponding 

absorbance values, as depicted by the calibration curve (Figure 1). The high coefficient of determination, with 

an R2 value of 0.9996, underscores reliability of using UV-Vis spectroscopy for accurately quantifying 

unknown concentrations of Congo Red, confirming the method's suitability for precise measurements.  
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Figure 1. Calibration of CR dye 

3.2. Characterization findings    

The FTIR (Figure 2) of MWCNT/Chitosan-g-P(AA–CA) composite prior to adsorption showed key 

peaks. A broad band at around 3400 cm⁻¹ was present, corresponding to vibrations of O–H and N–H bonds 

from hydroxyl, carboxylic, and amine groups. The stretching of aliphatic –CH₂ groups was indicated by peaks 

at 2920–2850 cm⁻¹. A band at approximately 1720 cm⁻¹ was assigned to the C=O stretching of carboxylic 

groups from the acrylic and crotonic acid units. The characteristic amide I band from chitosan's N-acetyl groups 

was observed around 1650 cm⁻¹. Other bands in the 1550–1590 cm⁻¹ range were associated with N–H bending 

and amide II vibrations, while peaks between 1400–1450 cm⁻¹ were attributed to C–N stretching and –CH₂ 

bending. Finally, the C–O–C stretching of the polysaccharide backbone was visible in the 1000–1100 cm⁻¹ 

region. After the adsorption of dye, several noticeable changes appeared in the spectrum. The broad O–H/N–

H stretching band at 3400 cm⁻¹ became less intense and slightly shifted, suggesting that hydroxyl and amine 

groups were involved in hydrogen bonding with the dye molecules. A shift and reduction in C=O peak at 1720 

cm⁻¹ indicated an interaction between the composite's carboxyl groups and the dye's sulfonate groups, likely 

through electrostatic attraction. Furthermore, variations in the intensity of the amide bands at around 1650 cm⁻¹ 

and 1550 cm⁻¹ provided additional evidence that the amine functionalities were involved in the adsorption 

process [18-21].  
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Figure 2. FTIR of prepared composite before and after dye adsorption   

The XRD (Figure 3) of the MWCNT/Chitosan-g-P(AA–CA) composite displayed a broad peak at 

approximately 2θ≈20–25°. This peak is associated with the amorphous nature of both the chitosan and the 

polymer graft, while also incorporating the characteristic (002) reflection from the graphitic layers of the 

MWCNTs. Sharp peaks were also evident around 26° and 43°, confirming the presence of crystalline planes 

from the MWCNTs and their successful integration into the polymer matrix. A broad halo between 15° and 

25° further highlighted the semi-crystalline structure of the biopolymer backbone. Compared to pristine 

MWCNTs, the overall intensity of the peaks was reduced, which suggests that the nanotubes were well-

dispersed and that their regular stacking was partially disrupted by the grafting process [15,22,23].   

 

Figure 3. XRD of prepared composite  

The FESEM (Figure 4) of the composite, taken prior to the adsorption process, revealed a surface that 

was rough, porous, and highly heterogeneous. The images showed that the MWCNTs were well-dispersed and 

effectively embedded within the polymer matrix. A significant number of cavities and channels were observed, 

which pointed to a large surface area and a high concentration of active binding sites available for dye 

molecules [24,25]. Following the adsorption of dye, a noticeable change in the surface morphology was 

documented. The pores and cavities that were previously visible appeared either partially or entirely filled, and 

the overall surface texture became smoother and more compact [12,26]. This distinct morphological 
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transformation provides visual evidence of the successful binding of dye molecules to the composite's surface 
[15,27].  

 
 

 
 

(a)  

 
 

 
 

(b)  

Figure 4. FESEM of prepared composite (a) before and (b) after dye adsorption 

3.3. Kinetic study  

The adsorption of dye onto composite was observed to be rapid during the initial minutes, which is 

attributed to the presence of a high number of readily available active sites. At a contact time of 1 minute, the 

removal efficiency was 5.39%, with a corresponding adsorption capacity of 2.70 mg/g. This efficiency then 

climbed sharply to 23.88% at 4 minutes, yielding a Qe of 11.94 mg/g, and continued to rise to 30.85% at 6 

minutes, resulting in a Qe of 15.43 mg/g (Figure 5a-d and Table 1). Following this initial rapid uptake, the 

rate of adsorption slowed significantly, indicating that the system was approaching equilibrium as the active 

sites became increasingly occupied and intra-particle diffusion became the rate-limiting step. Even though the 

pseudo-first-order model provided a decent fit to the data (R2 = 0.938), the pseudo-second-order model was a 

much better match (R2 = 0.997). This strong agreement, along with the calculated equilibrium adsorption 

capacity (qe) of 46.29 mg g⁻¹ being very close to the experimental value, confirms that chemisorption is 

dominant rate-controlling mechanism. The kinetic data were well-described by the pseudo-first-order model, 

which had a good correlation coefficient (R2) of 0.938 and a rate constant (k1) of 0.0482 min-1. This suggests 

that the early stages of the adsorption process were predominantly governed by physical interactions, such as 
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electrostatic attraction between the anionic dye and the protonated amino groups of the chitosan. Overall, the 

superior fit of the first-second model implies that the rate of adsorption is more take place by chemical 

interactions [28,29].  

  

 (a) (b) 

 
 

(c) (d) 

Figure 5. Effect of time on (a) removal %, (b) adsorption capacity, plot of (c) pseudo first order and (d) pseudo second order model  

Table 1. Parameters obtained from pseudo first and pseudo second order model 

Pseudo-first order Pseudo-second order 

K1 (1/min) 
qe (cal) 

(mg/g) 
R2 K2 qe (cal) (mg/g) h R2 

0.0482 29.79 0.938 0.0021 46.29 4.555 0.997 

 

3.4. Thermodynamic study  

Analysis of the thermodynamic parameters (Figure 6 and Table 2) showed that the equilibrium constant 

(Kc) decreased at higher temperatures, demonstrating that the affinity of the dye for the adsorbent diminishes 

as the temperature rises. The negative enthalpy (ΔH) indicates that the process is exothermic, releasing heat as 

it occurs. The negative entropy (ΔS) shows that the system becomes more ordered and less random, as the dye 

molecules are immobilized on the surface. Lastly, the negative Gibbs free energy (ΔG) values confirm that the 

adsorption is a spontaneous process, with a greater tendency to occur at lower temperatures [30].  
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Figure 6. Van’t Hoff plot 

Table 2. Thermodynamic parameters   

ΔH (kJ/mol) ΔG (kJ/mol) ΔS (kJ/K.mol) Equilibrium Constant  

-20.090 -2.127 -61.394 2.394 

3.5. Effect of pH 

The pH of the solution (Figure 7) was found to be a crucial factor influencing the adsorption capacity of 

the composite. At a pH of 2, the adsorption capacity was 22.98 mg/g, corresponding to a 54.04% removal 

efficiency. As the pH was increased to 6, the capacity rose significantly to 43.91 mg/g, achieving an 87.91% 

removal efficiency. This trend is explained by the protonation and deprotonation behavior of the functional 

groups on the adsorbent's surface. At low pH, a high concentration of H+ ions competes with the dye anions 

for binding sites, thereby lowering the adsorption capacity [31,32]. In contrast, as the pH increases, this 

competition is reduced, and the enhanced electrostatic attraction between the negatively charged CR molecules 

and the positively charged adsorbent surface promotes dye uptake until the available sites become saturated [3].   

 

Figure 7. Effect of pH on dye adsorption  

3.6. Isotherm modelling  
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The Qe of composite increased as the dye dosage was raised. Concurrently, the overall percentage removal 

showed a slight decrease at higher concentrations. At lower initial concentrations, a large portion of the dye 

molecules are successfully adsorbed due to the abundance of available binding sites, leading to a high 

percentage removal. However, as the concentration increases, the competition for the finite number of active 

sites results in a greater amount of dye being adsorbed per gram of adsorbent, thus increasing Qe, but a lower 

overall percentage removal as the sites become saturated (Figure 8a-d and Table 3). The equilibrium data 

were best described by the Langmuir model, which suggests that the adsorption occurs as a single, uniform 

layer on a homogeneous surface. The qmax obtained from the Langmuir fit, along with the dimensionless 

separation factor (RL) values being less than 1, confirms favorable nature of the adsorption. The Langmuir 

model also implies that all adsorption sites are energetically equivalent and that each dye molecule occupies 

one site without interacting with neighboring adsorbed molecules. The high adsorption capacity is likely a 

result of several mechanisms, including π–π stacking interactions between the aromatic rings of CR and the 

graphitic domains of the MWCNTs, in addition to hydrogen bonding facilitated by the chitosan and P(AA–

CA) functional groups. The π–π interactions occur between graphitic surfaces of multi-walled carbon 

nanotubes (MWCNTs) and aromatic rings of adsorbate molecules. Simultaneously, the chitosan backbone and 

the grafted poly(acrylic acid–crotonic acid) polymer facilitate hydrogen bonding. Finally, at an optimal pH 

level, electrostatic forces also play a significant role. These three mechanisms work together to enhance the 

overall adsorption capacity of the material [33].  
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 (c) (d) 

Figure 8. Effect of dye concentration on (a) adsorption capacity, plot of (b) Langmuir, (c) Freundlich and (d) Temkin model 

Table 3. The Langmuir Freundlich and Temkin parameters. 

Langmuir Freundlich Temkin 

KL (L/mg) qmax (mg/g) R2 
KF (mg g-1 (mg 

L-1)-1/n) 
1/n R2 

KT 

(L/mg) 
B (J/mol) R2 

-0.012 14.13 0.9875 5.184 0.790 0.9874 0.0001 0.9556 0.999 

3.7. Effect of adsorbent dose 

Increasing the adsorbent dose from 0.01 g to 0.05 g led to an increase in the percentage removal of CR 

from 84.06% to 87.27%. However, this increase in removal efficiency came at the cost of a significant decrease 

in the adsorption capacity per gram which dropped from 84.06 mg/g to 17.45 mg/g (Figure 9a-b). The slight 

improvement in removal efficiency is a direct result of the greater number of available adsorption sites 

provided by the larger dose. Conversely, the decrease in Qe is attributed to the underutilization of these binding 

sites which reduces the total effective surface area accessible for the adsorption of dye molecules [34,35].   
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Figure 9. Effect of adsorbent dose on adsorption 
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In conclusion, the MWCNT/Chitosan-g-P(AA–CA) composite demonstrated outstanding performance in 

removing dye from solutions. Its effectiveness is attributed to its structural properties, which were confirmed 

through characterization to include a porous structure, high surface area, and a variety of functional groups. 

The adsorption process was initially very fast, reaching equilibrium in a short period, and was significantly 

affected by solution pH, contact time, and the amount of adsorbent used. The pseudo-second-order model was 

the best fit for the adsorption kinetics, which suggests that chemisorption is the primary mechanism controlling 

the process. Langmuir isotherm was the best fit for the equilibrium data, consistent with monolayer surface 

coverage. The thermodynamic findings established that adsorption was spontaneous highlighting the effective 

dye removal from water.  
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