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ABSTRACT
A new adsorbent was developed by integrating algae biomass (AG) 
into a chitosan (CN) matrix, followed by structural enhancement via 
crosslinking with pyromellitic dianhydride (PMDA) through 
a hydrothermal synthesis approach. This process resulted in the 
formation of a robust AG@CN-PMDA composite with improved 
physicochemical characteristics suitable for advanced adsorption 
applications. The AG@CN-PMDA composite was evaluated for its 
efficiency in removal of the cationic dye methyl violet 2B (MV 2B) 
from aqueous solution. The adsorption process was refined through 
the Box-Behnken design (RSM-BBD), evaluating three essential 
parameters: adsorbent dosage (A: 0.02–0.1 g/100 mL), pH (B: 
4–10), and time (C: 5–20 min). The ideal conditions for attaining 
the best removal rate for MV 2B (86%) were determined based on 
the desirability function optimisation results, corresponding to 0.09  
g/100 mL of AG@CN-PMDA, at a pH of 6.9 and time of 9.45 min. The 
adsorption isothermal analysis revealed a close fit between the 
experimental data of MV 2B adsorption and both the Temkin and 
Langmuir models, with the Temkin model showing a slightly better 
correlation. Furthermore, the adsorption kinetics are well-described 
by the pseudo-second-order model. The maximum adsorption 
capacity of AG@CN-PMDA was 162.3 mg/g at 25°C. The adsorption 
of MV 2B onto AG@CN-PMDA was spontaneous, endothermic, and 
entropy-driven as evidenced by negative ΔG° values. The binding of 
MV 2B dye onto the AG@CN-PMDA composite was facilitated 
through mechanisms such as hydrogen bonding, π–π stacking, 
and electrostatic attraction. These findings demonstrate that 
AG@CN-PMDA is an effective and sustainable adsorbent for the 
removal of cationic dyes from industrial effluents.
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1. Introduction

Water contamination is a pressing global issue mainly driven by rapid industrialisation 
and urbanisation [1,2]. Many industries discharge untreated effluents directly into natural 
water bodies, which intensify pollution levels [3,4]. The textile, food, cosmetics, and paper 
industries are among the largest contributors due to their extensive use of synthetic dyes, 
which generate vast volumes of toxic wastewater [5,6]. Cationic dyes such as methylene 
blue, methyl violet, and crystal violet are highly soluble, persistent, and hazardous. They 
hinder photosynthesis in aquatic systems, disrupt ecological balance, and pose severe 
health risks including nausea, carcinogenicity, tachycardia, and genetic damage [7,8]. 
Methyl violet 2B (MV 2B), a triphenylmethane dye, is particularly mutagenic and toxic, 
capable of disturbing cellular functions and accumulating in living organisms, thus 
threatening biodiversity and long-term ecosystem stability [9,10]. These concerns empha
sise the urgent need for efficient and sustainable dye removal methods.

Consequently, the advancement of innovative technology capable of efficiently elim
inating these pollutants from industrial waste prior to their discharge into aquatic 
environments has become a paramount issue. Researchers have investigated and used 
several sophisticated methods for the remediation of dye-contaminated wastewater, 
including adsorption [11], activated sludge process [12], photocatalysis [13], coagulation 
[14], ion exchange [15], nanofiltration [16], and osmosis [17]. Adsorption has emerged as 
a highly efficient and effective method, providing features like cost-effectiveness, user- 
friendliness, environmental sustainability, minimum waste generation, and elevated 
removal efficiency [18,19].

Chitosan (CN) is employed in a variety of fields, such as biotechnology, pharmaceu
ticals, wastewater treatment, and biomedicine, due to its mucoadhesive properties, 
adsorption capacities, and biodegradability, as well as its natural prevalence and non- 
toxic nature [20,21]. The existence of reactive amino and hydroxyl groups in CN has 
garnered considerable attention for wastewater remediation applications, chiefly owing 
to its exceptional reactivity and advantageous physicochemical characteristics [22]. 
Nevertheless, CN is afflicted by numerous deficiencies, including insufficient mechanical 
strength, rapid agglomeration, and solubility in low-concentration acids [23]. Therefore, 
enhancing the physicochemical properties of CN, including its adsorption effectiveness, 
chemical durability, and surface area, is essential. To mitigate these constraints, synthetic 
modification tactics has been employed that includes covalent cross-linking [24], grafting 
[25], and integration with biomaterials [26].

The covalent cross-linking procedure of CN utilises its binding sites to interact with 
different chemical cross-linking agents, leading to the creation of covalent bonds [27]. The 
covalent links are subsequently arranged to construct a cross-linked CN with a defined 
network architecture [28]. Cross-linking of chitosan yields enhanced mechanical integrity, 
improved resistance to acidic degradation, and superior dimensional stability, owing to 
the formation of covalent linkages that reinforce the biopolymer network structure [29]. 
Pyromellitic dianhydride (PMDA) is an environmentally benign crosslinker agent charac
terised by many – COOH groups that readily react with – NH2 on CN. Numerous investiga
tions have shown that PMDA-modified adsorbents display effective adsorption properties 
[30]. Cross-linked CN composites are extensively used for removal of synthetic dyes in 
contaminated aquatic environments [31,32].
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To enhance the adsorption capability of CN-based composites, several intriguing 
inorganic and biomaterials, including lignin [33], algae [34], TiO2 [35], and gum [36], 
have been used as additives to yield improved adsorption properties. The integration of 
inorganic/biomaterials seeks to use its distinctive properties and functions to improve the 
adsorptive capacity of CN-based composites. Adding algae (AG) to CN-based compounds 
might make them more resistant to chemicals, more effective at adsorbing, and structural 
enhancement [37]. The latest research has shown the remarkable adsorption capacity of 
AG in removing diverse contaminants, such as heavy metals [38], pharmaceuticals [39], 
and organic dyes [40], from polluted water. Environmental remediation and the promo
tion of sustainability are two areas that may benefit greatly from the innovative and long- 
term solutions offered by AG-based biomaterials [41].

Therefore, the aim of this study is to fabricate a sustainable composite adsorbent, 
designated as AG@CN-PMDA by incorporating AG into the polymeric matrix of CN, 
followed by covalent crosslinking with PMDA. The adsorption efficacy of AG@CN-PMDA 
was assessed for the removal of MV 2B dye from aqueous media. The response surface 
methodology-Box-Behnken design (RSM-BBD) was utilised to systematically improve the 
principal operational elements affecting the adsorption process. The parameters were 
evaluated that affect the adsorption process and include the AG@CN-PMDA dose, dura
tion, and pH. An analysis of the adsorption capacity and efficacy of AG@CN-PMDA for the 
removal of MV 2B may provide a full knowledge of these factors.

2. Materials and methods

2.1. Materials

PMDA (C₁₀H₂O₆, molecular weight: 218.12 g/mol) was provided by Shanghai Aladdin 
Biochemical Technology Co., Ltd., China. Medium molecular weight CN powder with a 75% 
deacetylation degree was obtained from Sigma-Aldrich. AG was obtained from Henan 
Yuzhong Bioengineering, China. MV 2B, C₂₄H₂₈ClN₃, molecular weight: 393.94 g/mol, wave
length: 575 nm) was procured from Tianjin Kemiou Chemical Reagent, China, and utilised as 
the standard cationic dye for adsorption tests. Supplementary reagents, comprising sodium 
hydroxide (NaOH), acetic acid (CH₃COOH), sodium chloride (NaCl), and hydrochloric acid (HCl), 
were procured from R&M Chemicals and utilised without additional purification.

2.2. Synthesis of hydrothermally cross-linked AG@CN-PMDA

The synthesis of the AG@CN-PMDA composite was performed according to the following 
procedure. Initially, 1 g of CN flakes and 1 g of AG powder were mixed in a 1:1 ratio, as 
described in previous work [42], where 75 mL of 5% acetic acid was added gradually. The 
mixture was magnetically stirred at room temperature for 24 h to completely dissolve the 
CN flakes and facilitate homogeneous interaction with AG. The resulting mixture was then 
subjected to ultrasonic treatment at a frequency of 40 kHz and a power output of 20 W for 
25 min to enhance homogeneity. The viscous suspension obtained was subsequently 
added dropwise into a 0.5 M NaOH solution by syringe, resulting in the formation of bead- 
like AG@CN structures. These beads were repeatedly washed with distilled water until 
a neutral pH was achieved. For the crosslinking step, 10 mL of 2% PMDA solution was 
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prepared, and the reaction was conducted in a hydrothermal reactor containing 2 g of 
AG@CN beads at 100°C for 4 h. After this procedure, the synthesised beads were subjected 
to extensive washing with distilled water. The AG@CN-PMDA beads were then dried 
inside the oven for 24 h at 60°C. To achieve consistency in particle size for adsorption 
tests, the AG@CN-PMDA sample was ground by using a mortar and pestle to provide 
particles measuring 250 μm. Figure 1 delineates the steps for the preparation of AG@CN- 
PMDA. Refer to the supplementary data (Text S1) for additional details on the character
isation of AG@CN-PMDA composite, including the techniques employed.

2.3. Statistical optimisation methodology

RSM is acknowledged as a potent statistical instrument for optimising adsorption pro
cesses by improving removal efficiency and reducing the necessity for undue 

Figure 1. Synthesis strides of AG@CN-PMDA.
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experimental trials [43]. RSM-BBD was applied to systematically examine the influence of 
three key parameters AG@CN-PMDA dose, contact time, and solution pH on the removal 
efficiency of MV 2B dye. Experimental design and optimisation were carried out using 
Design-Expert software (version 13.0, Stat-Ease Inc., Minneapolis, USA), ensuring statistical 
reliability and accuracy in the analysis of the obtained data. Consequently, preliminary 
tests were conducted to ascertain the functional rates of the adsorption critical factors for 
the removal of MV 2B by the AG@CN-PMDA composite, as indicated in Table 1. By 
applying a regression model to the experimental data, the correlation between the 
output (MV 2B removal) and the input variables may be estimated. Equation (1) illustrates 
this relationship:

Y refers to the response parameter, β0 constant coefficient, βi, βij, and βii coefficients for 
the linear, interaction, and quadratic expressions, respectively, and Xi and Xj are the 
parameter values. Analysing the regression model enables the estimation of ideal operat
ing parameters for obtaining the target MV 2B elimination during the adsorption process. 
The BBD tests for the removal of MV 2B using the AG@CN-PMDA are included in Table 2. In 
each experimental trial, 100 mL of MV 2B dye solution was produced, to which a specified 
quantity of adsorbent was introduced in a 250 mL conical flask. The mixture was stirred 
with an orbital shaker at 100 rpm for a designated period. Following the adsorption 
procedure, the adsorbent was isolated from the solution with a 0.45 µm syringe filter. The 
residual dye content in the filtrate was quantified using a UV – Vis spectrophotometer 

Table 2. Experimental matrix based on BBD approach for designing experiments and the correspond
ing response (MV 2B removal).

Run A: AG@CN-PMDA dose (g/100 mL) B: Time (min) C: pH MV 2B removal (%)

1 0.02 2 7 42.2
2 0.1 2 7 78.9
3 0.02 20 7 52.9
4 0.1 20 7 82.8
5 0.02 11 4 47.8
6 0.1 11 4 79.8
7 0.02 11 10 43.2
8 0.1 11 10 85.8
9 0.06 2 4 52.8
10 0.06 20 4 69.8
11 0.06 2 10 62.9
12 0.06 20 10 64.3
13 0.06 11 7 71.3
14 0.06 11 7 74.1
15 0.06 11 7 73.3
16 0.06 11 7 75.2
17 0.06 11 7 77.1

Table 1. Codes and actual variables and their levels in BBD.
Codes Variables Level 1 (−1) Level 2 (0) Level 3 (+1)

A AG@CN-PMDA dose (g/100 mL) 0.02 0.06 0.1
B Time (min) 2 11 20
C pH 4 7 10
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(HACH DR 3900) at a peak wavelength (λmax) of 575 nm. The efficiency of dye removal was 
determined using Equation (2):

Where Co and Ce denote the initial and equilibrium concentrations (mg/L) of dye, before 
and after adsorption, respectively.

2.4. Adsorption study

A desirability function tool was employed to ascertain the ideal values for the adsorption 
variables. The desirability function (cf. Figure 2) for MV 2b removal (%) by AG@CN-PMDA 
demonstrated that the ideal parameters for maximal MV 2B removal (86%) included an 
AG@CN-PMDA (dose = 0.09 g/100 mL, pH = 6.9, and a period of 9.5 min). The optimal 
conditions obtained from the BBD model were initially verified through survey experi
ments, conducted in triplicate to ensure reliability. The results demonstrated removal 
efficiency closely matching the predicted value from the desirability function (85.9%), 
thereby confirming the model’s accuracy. These optimised parameters were subsequently 
applied in batch equilibrium studies using varying initial concentrations of MV 2B dye 
ranging from 20 to 150 mg/L. All experiments were conducted in accordance with the 
procedure detailed in Section 2.3. The adsorption capacity of the adsorbent (qe, mg/g) was 
calculated using Equation (3): 

Figure 2. Desirability function of MV 2B removal (%) by the AG@CN-PMDA composite.
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The qe (mg/g) term refers to the equilibrium adsorption capacity, V (L) indicates to the 
volume of MV 2B solution and m (g) refer to AG@CN-PMDA dose.

3. Results and discussion

3.1. Characterisation of AG@CN-PMDA

A Field Emission Scanning Electron Microscopy-Energy Dispersive X-ray (FESEM-EDX) 
analysis was performed to assess the structural characteristics and chemical components 
of AG@CN-PMDA before after MV 2B dye adsorption. Figure 3(a,b) display the FESEM-EDX 
data for the AG@CN-PMDA composite, initially and after the adsorption of MV 2B dye. 
Figure 3(a) illustrates that the AG@CN-PMDA surface has an uneven and coarse surface 
texture, marked by the presence of agglomerates and voids. After the adsorption of MV 
2B, seen in Figure 3(b), the surface morphology of AG@CN-PMDA exhibits less flaws and 
a more refined granular texture. The decrease in surface roughness signifies the efficient 
adsorption of MV 2B dye onto the binding sites of AG@CN-PMDA. The EDX investigation 
revealed the existence of C, O, and N as the principal elements in the molecular structure 
of both AG@CN-PMDA composite and AG@CN-PMDA-MV 2B systems. The changes in 
atom content (%) observed after adsorption may suggest the binding of the MV 2B dye to 

Figure 3. FESEM images and EDX results of (a) AG@CN-PMDA and (b) AG@CN-PMDA-MV 2b (after dye 
adsorption).
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the AG@CN-PMDA surface, providing potential evidence for the adsorptive interaction 
between the dye and AG@CN-PMDA.

The structural characteristic of the AG@CN-PMDA composite was examined using X-ray 
diffraction (XRD) analysis, as depicted in Figure 4. The diffraction peaks observed at 
approximately 2θ ≈ 11.5° and 20° correspond to the semi-crystalline nature of the mate
rial, which can be attributed to the presence of hydrogen bonding between hydroxyl 
(−OH) and amino (-NH₂) groups within the CN chains, as well as the crystalline domains 
associated with the cellulose structure in AG biomass [44,45]. Additionally, a broad, low- 
intensity peak observed around 2θ ≈ 26.9° may be ascribed to residual mineral phases or 
partially ordered carbonaceous structures, potentially originating from the AG biomass or 
from structural modifications induced by PMDA incorporation [46,47]. The XRD pattern of 
the AG@CN-PMDA composite is consistent with previously reported profiles for pure CN, 
AG, and their binary composite (AG@CN, 50:50) [42], although noticeable variations are 
evident, particularly a reduction in peak intensity and increased broadness. These changes 
are indicative of successful intercalation of PMDA into the CN-AG matrix, which disrupts 
the ordered structure and reduces crystallinity. Such modifications in the diffraction 
pattern confirm the effective incorporation of PMDA into the CN-AG framework, thereby 
validating the formation of the AG@CN-PMDA composite.

The functional groups present in the AG@CN-PMDA composite that potentially 
interact with the MV 2B dye were analysed using FTIR spectroscopy prior to and 
after adsorption, as illustrated in Figure 5(a,b). The broad absorption band observed 
in the range of 3450–3300 cm−1 (Figure 5(a)) was attributed to the stretching vibrations 

Figure 4. XRD pattern of the AG@CN-PMDA composite.
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of hydroxyl (−OH) and amine (−NH) groups, originating from AG and CN, respectively 
[48]. The decreased intensity of the broad peak in this region, compared to our prior 
findings, indicates the consumption of –OH and –NH groups due to crosslinking with 
PMDA [42]. This observation aligns with the chemical modifications expected during the 
crosslinking process, further confirming the interaction. Notable IR absorption bands 
detected in the AG@CN-PMDA composite have a peak at 2920 cm−1, indicative of C–H 
stretching vibrations in –CH2 and –CH3 groups [49]. The band at 1650 cm−1 is ascribed to 
C=O stretching vibrations in AG, linked to functional groups like carboxylic acids (RCOOH) 
and ketones (RCOR), and may also suggest interactions between the amino groups of CN 
and the anhydride groups of PMDA, resulting in the formation of amide or imide linkages 
[50,51]. A band at 1550 cm−1, indicative of N–H bending, further corroborates the forma
tion of amide or imide bonds resulting from the reaction of PMDA with CN [52]. 
Additional bands were detected at 1380 cm− 1 (C–N stretching), 1150 cm−1 (asymmetric 
stretching of the C–O–C bridge in CN and AG), and 1070 cm−1 (C–O vibration) [53–55]. 
Following the adsorption of MV 2B, as illustrated in Figure 5(b), the spectrum closely 
resembles that of AG@CN-PMDA, with noticeable alterations in several bands. This 

Figure 5. FTIR spectra: (a) AG@CN-PMDA and (b) AG@CN-PMDA after adsorption of the MV 2B dye.

INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY 9



suggests that the adsorption process of MV 2B engaged with multiple functional groups 
of AG@CN-PMDA.

The impact of pH on adsorption efficacy may be more accurately elucidated by 
identifying the point of zero charge (pHpzc) of the AG@CN-PMDA. Adsorbent surfaces 
generally display a positive charge at pH levels below the pHpzc, whereas a negative 
charge prevails at pH levels above the pHpzc [56]. Figure 6 illustrates the pHpzc curve of the 
AG@CN-PMDA. At pH levels above pHpzc, the AG@CN-PMDA composite exhibits 
a negatively charged surface, facilitating the efficient adsorption of positively charged 
adsorbates as the MV 2B dye. When the pH surpasses the pHpzc for AG@CN-PMDA (6.4), 
strong electrostatic interactions may develop between the negative charge of the 
AG@CN-PMDA composite and the positive charge of the MV 2B dye. This suggests that 
solutions with a pH greater than 6.4 are optimal for the adsorption of MV 2B by the 
AG@CN-PMDA composite.

The pHpzc is conceptually comparable to the isoelectric point (IEP), as both denote the 
pH at which the surface bears no net charge, although they are determined by different 
methods. The IEP or pHpzc critically influences adsorption performance by controlling 
surface charge interactions between the adsorbent and adsorbate. At pH values below 
the IEP, the positively charged surface repels cationic dye molecules such as MV 2B, 
whereas at pH > 6.4, the negatively charged AG@CN-PMDA surface enhances adsorption 
through electrostatic attraction. This observation agrees with previous studies reporting 
the strong dependence of cationic dye removal efficiency on surface charge behaviour 
and solution pH [57].

3.2. Statistical analysis

Analysis of variance (ANOVA) serves as a fundamental statistical tool for validating model 
significance and evaluating the robustness of the MV 2B removal model. As presented in 
Table 3, the ANOVA results demonstrate that the developed model exhibits a high level of 

1 2 3 4 5 6 7 8 9 10 11 12

Figure 6. pHpzc of the AG@CN-PMDA composite.
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statistical reliability, with an F-value of 82.45. This confirms that the model was con
structed with strong confidence and predictive accuracy. Moreover, the excellent correla
tion between the predicted and experimental decolourisation values, supported by an R2 

value of 0.99, underscores the model’s suitability and effectiveness within the BBD 
optimisation framework. Since the discrepancy of less than 0.2 exists between the 
Adjusted R2 of 0.98 and the Predicted R2 of 0.94, suggesting a reasonable alignment 
[58], as shown in Table 3. Moreover, the non-significant LOF score (0.5630) indicates that it 
was suitably created [59]. The effectiveness of MV 2B dye removal depends on multiple 
variables, excluding statistical p-values over 0.05. The MV 2B removal model produced 
statistically significant outcomes for the interaction and quadratic factors A, B, AC, BC, A2, 
B2, and C2. A second-degree polynomial equation was utilised to characterise the statis
tical relationship between the response and the variables affecting the adsorption pro
cess. This model delineates the empirical connection between the examined components 
and the observed response, as seen in Equation (4).

Graphical analysis is a crucial instrument for model validation and evaluation of residual 
distribution. Normal probability plots are utilised to analyse the patterns of residual 
distribution. As seen in Figure 7(a), the data points are closely aligned with the 45° 
reference line, indicating that the residuals conform to a normal distribution. This align
ment validates the model structure’s appropriateness and the trustworthiness of the 
corresponding ANOVA findings [60]. The high predictive accuracy of the model is corro
borated by the robust linear correlation between the experimental MV 2B removal data 
and the projected values, as seen in Figure 7(b). The graph of externally studentized 
residuals against run number (Figure 7(c)) exhibited values between −3.0 and +3.0, 
indicating that the model demonstrated little deviation, with the discrepancies conform
ing to a normal distribution. Figure 7(d) illustrates the leverage for MV 2B adsorption 
experiments. The leverage values below 1 suggest that the fitted model’s approximation 
to the response surface is rather accurate, with no data recording errors, and the scatter
ing reflects the impact of all runs on the fitted model [61].

Table 3. Analysis of variance (ANOVA) for MV 2B removal by the AG@CN-PMDA composite.
Source Sum of squares df Mean square F-value p-value Remark

Model 3139.39 9 348.82 82.45 < 0.0001 S*
A-dose 2493.59 1 2493.59 589.39 < 0.0001 S
B-Time 136.54 1 136.54 32.27 0.0008 S
C-pH 4.52 1 4.52 1.07 0.3359 NS*
AB 11.83 1 11.83 2.80 0.1384 NS
AC 28.52 1 28.52 6.74 0.0356 S
BC 60.30 1 60.30 14.25 0.0069 S
A2 71.15 1 71.15 16.82 0.0046 S
B2 143.76 1 143.76 33.98 0.0006 S
C2 147.98 1 147.98 34.98 0.0006 S
Residual 29.62 7 4.23
Lack of Fit 10.94 3 3.65 0.7813 0.5630 NS
Pure Error 18.67 4 4.67
Cor Total 3169.00 16

R2 = 0.9907 Adjusted R2 = 0.9786 Predicted R2 = 0.9355

Note: S*: Significant, NS*: Not Significant
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3.3. Response surface plots

A comprehensive analysis was conducted to thoroughly understand the relationships 
between independent variables and the effectiveness of MV 2B removal. This investi
gation included the development of 3D response surfaces and 2D contours using the 
quadratic model. All possible combinations of input parameters were meticulously 
analysed, as seen in Table 3. The substantial impact of AG@CN-PMDA dosage (A) and 
pH (C) on MV 2B dye removal is shown by the statistically significant p-value of 0.0356 
in Table 3. The outcome indicates that the percentage of MV 2B dye removal rose with 
both the dose of AG@CN-PMDA (A) and the pH level (C), as seen in Figure 8(a,b). The 
removal rate of MV 2B increases when pH rises from 4 to 10. The analysis in Figure 6 
indicates that the pHpzc value of AG@CN-PMDA was determined to be 6.4. In turn, the 

Figure 7. (a) Normal plot of residual AG@CN-PMDA, (b) predicted versus actual, (c) probability plot of 
externally studentized residuals vs. predicted values, (d) the leverage for the MV 2B adsorption runs.
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surface of AG@CN-PMDA is protonated at pH levels below 6.4 and acquires a negative 
charge at pH levels above the pHpzc. Thus, at elevated pH values, the acidic groups of 
AG@CN-PMDA and MV 2B+ cation are drawn together by electrostatic attraction, as 
summarized in Equation (5):

Observations in Figure 8(a,b) suggest that augmenting the dose of AG@CN-PMDA from 
0.02 to 0.1 g/100 mL leads to an increase in the adsorption. Increased dosages of AG@CN- 
PMDA enhance the formation of a greater surface area and more adsorption spots, 
resulting in superior adsorption efficacy [62]. Figure 8(a,b) shows the 3D and 2D repre
sentations of the synergistic effects of time (B) and pH (C) on the removal rate of MV 2B 
(p-value = 0.0069). The findings indicate that the contact time positively influences the 
removal rate of MV 2B, showing enhancement as the period extends from 2 to 20 min. 
This is due to the time necessary for the MV 2B dye to permeate the pores of AG@CN- 
PMDA, which enhance the adsorption efficacy.

Figure 8. 3D response surfaces and 2D contour plots of AC (a: 3D; b: 2D), and BC (c: 3D; d: 2D).

INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY 13



3.4. Adsorption study

To gain insight into the adsorption properties of AG@CN-PMDA and how it interacts with 
MV 2B dye, it is crucial to assess the impact of the initial dye concentration on the uptake 
efficacy of the adsorbent. The adsorption capacity of AG@CN-PMDA was seen to fluctuate 
based on the initial MV 2B concentration, as depicted in Figure 9(a). In this assessment, the 
pH of the 250 mL MV 2B solution was adjusted to 6.9 by utilising 0.09 g of AG@CN-PMDA, 
according to the optimal parameters established by the desirability function. Increasing 
the starting MV 2B concentration (20–150 mg/L) enhanced the dye adsorption efficiency 
of AG@CN-PMDA from 14.3 to 120.3 mg/g. This effect may result from an augmentation in 
the mass transfer driving force, occurring when the dye’s initial concentration is raised 
[63]. The greater driving force causes an increase in the amount of dye that may diffuse 
into the internal pores of AG@CN-PMDA in the liquid phase.

3.5. Adsorption kinetics

An examination of the adsorption kinetics provides critical understanding of the mechan
isms regulating the interaction between AG@CN-PMDA and MV 2B dye. The adsorption 
behaviour was assessed using two kinetic models: the pseudo-first order (PFO) [64] and 
pseudo-second order (PSO) [65] equations. The nonlinear equations for these models are 
outlined in Table S1, and the associated kinetic parameters are detailed in Table 4. The 
findings of the model fits indicate that the PSO model had superior R2 values relative to 
the PFO model. The estimated adsorption capacities derived from the PSO model closely 
aligned with the experimental values (qe exp). The trend in the results indicate that 
chemisorption is the primary mechanism controlling MV 2B adsorption onto the AG@CN- 
PMDA surface, as corroborated by the kinetic data [66]. The decreased k2 values obtained 
at elevated initial levels of MV 2B suggest that the adsorption process needs an extended 
duration to achieve equilibrium [67]. This behaviour results from the increased concen
tration of MV 2B dye molecules that competes for the accessible adsorption sites on the 
AG@CN-PMDA adsorbent.

3.6. Adsorption isotherm

The adsorption isotherms provide an assessment of empirical adsorption data, which 
provides insight on the adsorption mechanism and the possible interaction between 
the adsorbate (MV 2B dye) and the adsorbent AG@CN-PMDA. Table 5 displays the 
characteristics of the adsorption isotherms derived from the utilisation of several 
models (Langmuir [68], Freundlich [69], and Temkin [70]). Descriptions of the non- 
linear forms of Langmuir, Freundlich, and Temkin are presented in Table S1. Figure 9 
(a) displays the fitted curves for the adsorption isotherms, and the values for the 
isotherms that were evaluated are listed in Table 5. The Temkin isotherm exhibited 
the most favourable match to the experimental data (R2 = 0.99) underscoring the 
critical influence of adsorbate-adsorbent interactions and the energy fluctuations 
over the adsorption surface. The adsorption heat (bT = 36.3 J/mol) suggests that the 
potential for both physisorption and chemisorption contributions. such as the equili
brium binding constant (KT = 1.21 L/mg) is situated within the range of 1 to 10, 
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indicating moderate binding strength and a favourable adsorption process [71,72]. 
Moreover, Langmuir isotherm exhibited a robust correlation (R2 = 0.98), indicating 
monolayer adsorption with a maximum adsorption capacity (qmax = 162.3 mg/g), 
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Figure 9. (a) Effect of initial MV 2B dye concentration on the adsorption ability of AG@CN-PMDA; and 
(b) adsorption isotherms of MV 2B (AG@CN-PMDA dose = 0.09 g/100 mL, solution pH = 6.9, tempera
ture = 25°C, and agitation speed = 100 rpm).
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reflecting high affinity between the AG@CN-PMDA surface with MV 2B. The 
Freundlich isotherm (R2 = 0.94) indicated the existence of heterogeneous adsorption 
sites, with a value of n = 1.97, implying favourable adsorption. This indicates a strong 
affinity between the adsorbent and the adsorbate, since (n) values ranging from 1 to 
10 are often regarded as favourable adsorption processes.

Table 6 presents a comparative analysis of the qmax values obtained in this study 
with those of other adsorbents reported for MV 2B removal. The results demon
strate that AG@CN-PMDA exhibits a superior adsorption capacity, confirming its 
efficiency and potential as an excellent adsorbent for dye-contaminated 
wastewater.

3.7. Dye adsorption thermodynamics

The thermodynamic analysis, encompassing variations in Gibbs free energy (ΔG°), 
enthalpy (ΔH°), and entropy (ΔS°), was conducted to gain further insight into the 

Table 4. PFO and PSO kinetic parameters for the adsorption of MV 2B by AG@CN-PMDA composite.

Concentration (mg/L) qe exp.(mg/g)

PFO PSO

qe cal (mg/g) k1 (1/min) R2 qe cal (mg/g) k2 x 10−2 (g/mg min) R2

20 15.9 13.8 0.89 0.63 14.3 0.1464 0.96
40 33.1 29.6 0.99 0.98 28.3 0.0898 0.99
60 51.1 46.6 1.24 0.99 47.7 0.0848 0.99
80 71.3 63.8 1.33 0.98 64.1 0.0784 0.99
100 91.5 80.5 0.21 0.97 93.1 0.0077 0.99
150 144.9 116.8 0.19 0.99 141.7 0.0042 0.99

Table 6. Comparison of the adsorption capacity of AG@CN-PMDA towards MV 2B with different 
adsorbents.

Adsorbents qmax (mg/g) References

AG@CN-PMDA 162.3 This study
Iraqi date seeds 59.5 [73]
Magnetic kaolin/TiO₂/γ-Fe₂O₃ nanocomposite 131.58 [74]
Natural Moroccan Zeolite 30.3 [75]
Halloysite-magnetite composite 90.91 [76]
NaOH-treated Cucumis melo var. cantalupensis (rock melon) skin 224.56 [77]
Stem axis of Artocarpus odoratissimus fruit (TSA) 263.7 [78]
Ipomoea aquatica (Aquatic plant) 267.9 [79]

Table 5. The parameters of the adsorption isotherm models and equilibrium parametersfor MV 2B by 
AG@CN-PMDA composite.

Adsorption isotherm Parameter Value

Langmuir qmax (mg/g) 162.3
Ka (L/mg) 0.13
R2 0.98

Freundlich Kf (mg/g) (L/mg)1/n 25.7
n 1.97
R2 0.94

Temkin KT (L/mg) 1.21
bT (J/mol) 68.3
R2 0.99
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adsorption behaviour of MV 2B onto the AG@CN-PMDA composite [80]. This evaluation 
aimed to identify whether the adsorption process is predominantly driven by enthalpic or 
entropic contributions. The thermodynamic parameters ΔG°, ΔH°, and ΔS°, along with the 
equilibrium constant (K), were calculated using Equations (6)–(8). 

The thermodynamic parameters for enthalpy (ΔH°) and entropy (ΔS°) were determined 
from the slope and intercept of the linear van’t Hoff plot (ln Kd vs. 1/T) as illustrated in 
Figure 10. A summary of the calculated values for ΔG°, ΔH°, and ΔS° are provided in Table 7. 
The negative values of ΔG° across all tested temperatures confirm the spontaneous nature 
of MV 2B adsorption onto the AG@CN-PMDA surface [81]. Furthermore, the positive 
enthalpy change (ΔH° = 15.7 kJ/mol) indicates that the adsorption process is endothermic 
and entropy-driven in nature, where chemisorption likely plays a dominant role in the 
interaction mechanism [82]. Furthermore, the positive entropy value (ΔS° = 0.07 J/mol K) 
suggests that the adsorbent-adsorbate interface becomes more random during the 
adsorption process, which is attributed to desolvation effects [83]. The results indicate 
that the adsorption of MV 2B is more advantageous at elevated temperatures, aligning with 
the endothermic adsorption process. The results of the thermodynamic functions sup
ported the Temkin isotherm model, and reinforce the conclusion that the potential for both 
physisorption and chemisorption contributions under the examined adsorption conditions.

Figure 10. van’t Hoff plot for the adsorption of MV 2B onto AG@CN-PMDA adsorbent. The following 
conditions apply: dose = 0.09 g/100 mL, pH = 6.9, agitation speed = 100 rpm.
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3.8. Adsorption mechanism

The adsorption of MV 2B dye is influenced by a complex interaction of elements, including 
the functional groups on the AG@CN-PMDA, the dye’s intrinsic chemical properties, and 
the ambient conditions during adsorption. The adsorption mechanism of MV 2B dye onto 
AG@CN-PMDA encompasses electrostatic attractions, π-π stacking, n-π interactions, and 
hydrogen bonding. The positively charged imine groups of MV 2B engage in electrostatic 
interactions with negatively charged functional groups on AG@CN-PMDA, including 
carboxylate (-COO−) and deprotonated hydroxyl (-O−) groups [25]. π-π stacking occurs 
between the aromatic rings of MV 2B and the aromatic systems introduced by PMDA 
functionalization in AG@CN-PMDA, whereas n-π interactions engage the lone pairs of 
nitrogen atoms in MV 2B with the π-systems of PMDA, as well as the lone pairs on nitrogen 
(from -NH2) or oxygen (from -OH/-COO−) in the material and the aromatic rings of MV 2B 
[84]. In addition, hydrogen bonding occurs between the nitrogen atoms in MV 2B and the 
hydroxyl (−OH) and amine (-NH2) groups on AG@CN-PMDA [85] as depicted in Figure 11. 
This stable and high-capacity adsorption process is the result of the synergistic 

Table 7. Thermodynamic adsorption parameters for MV 2B with the AG@CN-PMDA composite.
T (K) Kd ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/mol K)

298.15 9.5 −5.72 15.7 0.07
308.15 12.3 −6.44
318.15 13.5 −7.16
328.15 19.3 −7.88

Figure 11. Illustration of the possible interaction between the AG@CN-PMDA adsorbent and the MV 
2B dye system, which includes electrostatic attractions, hydrogen bonding, n–π, and π–π interactions.
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interactions between the material’s functional groups and the dye’s aromatic and cationic 
nature, which ensure efficient adsorption.

4. Conclusion

This study demonstrates the successful synthesis of the AG@CN-PMDA composite via the 
integration of AG biomass into a CN matrix, followed by structural reinforcement via cross
linking with PMDA using a hydrothermal method. The AG@CN-PMDA composite exhibited 
high efficiency in the removal of MV 2B cationic dye from aqueous media. Optimisation via 
RSM-BBD revealed a maximum removal of 86% under optimal conditions: adsorbent dose of 
0.09 g/100 mL, pH 6.9, and contact time of 9.45 min. Isotherm analysis indicated that the 
adsorption process conformed well to both the Temkin (R2 = 0.99) and Langmuir (R2 = 0.98) 
models. The Temkin fit suggests significant adsorbate – adsorbent interactions and the 
influence of adsorption energy, while the Langmuir model supports the formation of 
a monolayer with homogeneous adsorption sites, and a maximum adsorption capacity 
(qmax) of 162.3 mg/g. The Freundlich model also showed reasonable correlation (R2 = 0.94), 
implying some degree of surface heterogeneity and multilayer formation. Kinetic analysis 
followed a PSO model, confirming that chemisorption is the dominant rate-controlling 
mechanism, with possible physisorption effects at higher dye concentrations. 
Thermodynamic evaluation revealed a spontaneous and endothermic process, characterised 
by a positive enthalpy change (ΔH° = 15.7 kJ/mol) and a positive entropy change (ΔS° = 0.07 J/ 
mol· K), indicating an entropy-driven process. Overall, the AG@CN-PMDA composite exhibits 
promising potential as an efficient adsorbent for the treatment of cationic dye-contaminated 
wastewater.
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