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ABSTRACT. The contamination of water by toxic, non-biodegradable dyes like malachite green (MG) presents 
serious environmental and health risks, demanding effective and sustainable removal strategies. This study explores 
the adsorption of MG from aqueous solutions using silver nanoparticles (AgNPs) as adsorbents. The synthesized 
AgNPs were characterized using FTIR, XRD, UV-Visible spectrophotometry, and SEM. XRD confirmed a face-
centered cubic crystalline structure, while SEM images showed both spherical and irregular granular shapes. FTIR 
spectra displayed peaks between 1005 and 1646 cm⁻¹, indicating phosphonate bond formation between –NH₃⁺ 
groups of chitosan and –PO₃²⁻ moieties of sodium tripolyphosphate (NaTPP) during cross-linking. Adsorption 
experiments revealed that all tested factors significantly affected MG uptake by the AgNPs, demonstrating their 
potential for effective dye removal from aqueous environments. AgNPs effectively remove MG in acidic conditions 
of pH of 4.7, contact time of 80 min, and temperature of 45 °C, indicating that electrostatic interactions primarily 
drive. The adsorption models were best described by Tempkin isotherms. The findings suggest that AgNPs are 
promising adsorbents for MG removal from aqueous environments. 
 
KEY WORDS: Malachite green (MG), Silver nanoparticles (AgNPs), Sodium tripolyphosphate, Adsorption, 
Cross-linking, Electrostatics attraction 

INTRODUCTION 
 

Nanoparticles are extremely small particles that measure between one and a hundred nanometers 
in size [1]. Although they cannot be observed with the naked eye, they possess numerous arrays 
of potential uses across many fields for instance materials science, electronics, optics, medicine, 
and catalysis, all of which could enhance human health [2, 3]. The exceptional characteristics of 
nanoparticles, including their great surface area to volume ratio, well-ordered size, form, and 
distribution, make them particularly suitable for diverse applications [3]. Among the numerous 
forms of nanoparticles, noble metals nanoparticles are especially valuable in the biomedical 
sector, finding uses in bio-imaging, sensors, diagnostics, and novel therapies [4]. Due to their 
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numerous advantages over their bulk counterparts, including distinctive optical, physical, and 
chemical reactivity, metal nanomaterials are increasingly being utilized as subjects of various 
research [5]. Applications for metal nanomaterials comprise colorimetric devices for many 
analytes [6, 7], antimicrobials [8], conductors [9], antibacterial agents [10], and energy 
conservation technology [2].  

Silver nanoparticles (AgNPs) belong to the most frequently used materials. Unlike other 
metals, AgNPs exhibit unique characteristics in terms of size, shape, and exceptional thermal 
conductivity [11]. Additionally, AgNPs are more cost-effective than many other metals and 
possess significant physical properties, favorable chemical reactivity, and relatively high 
availability [12]. Consequently, they are employed in a broad range of applications. With a low 
menace of toxicity to beings, AgNPs, have recently been incorporated as antimicrobial mediators 
in countless products, including water purification systems [13], wound dressings [14], animal 
feed [15], cosmetics [16], and catheters coating [17], all with minimal risk of human toxicity. 
Numerous procedures have been developed for the production of AgNPs including chemical 
reduction [18] and the utilization of Ketapang leaves [19], the use of Syzygium polyanthum extract 
[20], and the use of Neem bark extract [21]. Sodium borohydride can serve as a reducing agent 
when creating AgNPs through chemical reduction [22]. 

The AgNPs, alternatively, are not highly stable and readily aggregate to create larger flocks. 
To stop the aggregation of AgNPs between their surfaces, additional materials are required as a 
capping agent [23]. AgNPs stability, electro-optical characteristics, and biological uses can all be 
enhanced by stabilizing them with a polymer. Polymers can attach to metal nanoparticle surfaces 
by a variety of interactions, including hydrophobic, electrostatic, and chemical adsorption [24]. 
Poly-(vinylpyrrolidone) (PVP) [25], and hyperbranched polyethyleneimine (PEI) [3] are 
polymers that can be utilized as stabilizers for AgNPs. In this study, chitosan was employed as a 
silver nanoparticle capping agent. N-acetylglucosamine and D-glucosamine make up the linear 
polymer called chitosan. The -NH2 group in chitosan can interact with the silver nanoparticle 
surface. 

An organic compound referred to as malachite green (MG) finds applications extensively 
across various industries, particularly for dyeing paper, leather, silk, and plastics. However, its 
presence in the environment (especially, wastewater) poses significant health risks, including 
respiratory toxicity, reduced fertility in humans, and harmful effects on both humans and animals 
upon ingestion or inhalation. Additionally, MG can cause skin irritation, is classified as 
carcinogenic, and is highly toxic to mammalian cells [20, 25]. Therefore, it is imperative to 
remove MG from wastewater to safeguard the environment [26]. Despite its extraordinary 
resistance to light and reduction, traditional techniques for instance chemical precipitation and 
biological treatment have proven ineffective in eliminating this compound [27]. The resistance of 
these dyes to microbial degradation renders conventional biological treatment methods inadequate 
for wastewater treatment. Moreover, as the concentration of effluent increases, the effectiveness 
of physic-chemical treatment methods diminishes. The solidity of its chemical structure, along 
with the bio-compatibility, robust oxidizing properties, non-poisonous, and cost-effectiveness of 
metal precursors, has positioned silver as a promising semiconductor for the elimination of 
various toxic organic contaminants via adsorption and photo-catalytic processes [5, 6, 8, 18]. 
Recently, improvements in nanotechnology have been leveraged for wastewater remediation [9, 
15, 17]. 

The AgNPs exhibit enhanced reactivity due to their extensive surface area [1, 4], and enhanced 
reactivity due to their extensive surface area [1-3]. The selection of this study was primarily driven 
by growing environmental concerns regarding the contamination of water bodies by toxic dyes 
like MG. MG is a widely used synthetic dye in the textile, paper, and aquaculture industries, but 
its persistence in water sources poses serious ecological and health risks due to its toxicity and 
carcinogenic nature [18]. Addressing this issue necessitates the development of efficient and 
sustainable removal techniques. Traditional water treatment methods, often have limitations in 
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terms of cost, efficiency, and environmental impact [11, 18]. 
Nanotechnology presents an innovative solution to this problem, with AgNPs emerging as 

promising candidates for pollutant removal due to their high surface area, tunable 
physicochemical properties, and strong adsorption capabilities [4, 8, 11, 12]. Their unique 
properties make them effective in interacting with dye molecules, facilitating enhanced adsorption 
and removal from aqueous solutions. Similarly, the study was informed by the increasing demand 
for sustainable and eco-friendly water treatment solutions and the use of bio-facilitated synthesis 
methods for AgNPs aligns with global efforts to develop green technologies that minimize 
environmental harm while ensuring cost-effectiveness. The primary objective of this research is 
to synthesize and characterize chitosan-assisted AgNPs (Ch-AgNPs) using various analytical 
techniques such as Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffractometry 
(XRD), UV-Visible spectrophotometry, and scanning electron microscopy (SEM). The efficiency 
of Ch-AgNPs in removing MG from aqueous solutions under different conditions was determined. 
Furthermore, the research seeks to analyze the adsorption behavior using established isotherm 
models, including Langmuir, Freundlich, and Tempkin, to understand the nature of MG 
adsorption onto Ch-AgNPs. 

EXPERIMENTAL 
 
Chemicals and reagents 
 
Chitosan derived from lobster shell waste, exhibiting a degree of deacetylation of 85%, was 
sourced from Sigma Aldrich, India, along with HCl, glacial acetic acid, and NaOH. Sodium 
tripolyphosphate (NaTTP), sodium borohydride, acetone, ethanol, and silver nitrate were 
procured from Sigma Aldrich, India, and utilized as supplied. MG was supplied by Bektoh 
Germany and was employed as received. Its visible spectrum indicated a molar extinction 
coefficient of 619 nm. All chemicals were utilized without additional decontamination, and all 
solutions were made using distilled water. Characterization of AgNPs was conducted using 
various atomic and scanning techniques, comprising X-ray diffractometry (XRD) (Philips PAN 
analytical model, Netherlands), Fourier transform infrared spectroscopy (FTIR) (ABBBOMEM 
MB 3000 instrument, Canada), scanning electron microscopy (SEM) (NOVA Nano JSM-6480 
LV model, Japan), and UV-Visible Spectrophotometry (Shimadzu UV-spectrophotometer (UV-
1800, Japan). 
 
Synthesis of AgNPs and AgNO3/chitosan-NaTPP 
 
The AgNP was synthesized following modified procedures from the literature [28, 29]. Initially, 
60 mg of chitosan was added to 20 mL of 2% acetic acid to create a chitosan solution. 
Subsequently, a 0.25% NaTPP solution was incorporated into the chitosan solution in a 1:3 ratio, 
with gentle stirring until an opalescent suspension was formed. Following this, 10 mL of 0.3% 
AgNO3 was added to the chitosan-NaTPP hydrogel (serving as a capping agent), and the mixture 
was stirred continuously for 30 min to achieve a homogeneous solution. Finally, 10 mL of 0.01 
M NaBH4 was added to the mixture. The synthesis was carried out at room temperature of 25 °C 
and in a slightly acidic medium (pH of 6.0). The AgNPs were then separated from the liquid 
through centrifugation at 10,000 g for 1 h. The supernatant was removed, and the AgNPs formed 
were carefully washed with acetone, ethanol, and distilled water before being vacuum-filtered. 
The resulting AgNPs were dried in an oven at 115 °C. The proposed mechanism for the synthesis 
of AgNPs in Figure 1 was adopted from the reported work of Leonida et al. [28] with minor 
modifications. 
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Figure 1. Reaction mechanism for chitosan-AgNPs synthesis at 25 °C and slightly acidic medium 

(pH of 6.0). 
 
Adsorption studies 
 
A stock solution of MG dye was made by adding 0.1 g of MG in 100 mL of water, giving rise to 
100 mg/L concentration. A working solution of 50 mg/L MG was formed from this stock solution. 
Subsequently, 0.02 g of AgNPs was introduced as adsorbent to each of the prepared solutions and 
then the mixtures were stirred for 2 h. The absorbance of the prepared dye solution was determined 
at 420 nm, the maximum wavelength (λmax), using Shimadzu UV-spectrophotometer (UV-1800, 
Germany). The equilibrium quantity of MG adsorbed (qe) in mg/g was evaluated by applying 
equation (1) below, based on absorbance measurements taken before and after the adsorption 
process, as well as considering the influence of concentration, temperature, time, pH, and 
adsorbent dosage. 

v
m

CC eo
e 







 
q                                                                    (1) 

In this context, v denotes the volume of the solution utilized (mL), m signifies the weight of 
the adsorbents (g), and Co and Ce represent the initial and final concentration of the adsorbates 
(mg/L), respectively. The impact of temperature was assessed within a range of 10 °C to 40 °C, 
while the influence of time was evaluated at 10 min intervals spanning from 10 to 90 min. To 
explore the effect of concentration, adsorbate levels ranging from 20 to 250 mg/L were employed, 
and pH was adjusted between 2 and 13 using either 0.1 M HCl or 0.1 M NaOH. 
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Desorption experiment 
 
Following the adsorption of MG onto AgNP, the AgNP adsorbent was separated from the MG 
solution by dipping the used adsorbent in 0.1 M HCl as a desorbing agent. Afterward, the 
adsorption cycle was carried out after a pre-determined time, the solution mixture was filtered and 
the solution was analyzed for MG concentration by measuring the absorbance of the filtrate using 
a UV-Visible spectrophotometer to determine adsorption-desorption efficiency. The AgNPs 
adsorbent was regenerated by washing with 0.1 M HCl and water which was subsequently applied 
in adsorption cycles to evaluate its reusability. The efficiency of desorption was determined using 
Equation 2: 

100
AdsorbedMG  ofAmount 

DesorbedMG  ofAmount 
 Efficiency Desorption                                                          (2) 

The experiment was conducted in triplicate and the average value was reported. 
 
Characterizations of the adsorbent 
 
The UV-Visible spectrum of the brown solution of AgNPs that results from the excited particles' 
surface plasmon vibrations was recorded on a Shimadzu UV-160 double-beam 
spectrophotometer. The FTIR spectrum was documented in KBr pellets for AgNPs at 25 °C using 
an ABBBOMEM MB 3000 instrument. The SEM images of the chitosan-stabilized AgNP were 
observed with the Hitachi SU 6600 instrument. To evaluate the phase variation and particle size 
of the produced AgNPs X-ray diffraction spectrophotometry (Philips PAN analytical) was 
engaged. The produced nanoparticle was investigated using Cu-Kα radiation at a voltage of 35.0 
kV and a current of 25.0 mA with a scan rate of 0.05 °/s and λ = 1.55 Å. To investigate the 
morphological characteristics of AgNPs produced NOVA Nano Scanning Electron Microscope 
(JSM-6480 LV) was employed. The solutions were smeared across slides to create the SEM 
slides. To make the samples conductive, a tiny layer of platinum was applied. The samples were 
then analyzed with SEM at a high-speed voltage of 6.0 KV, emission current of 78 – 82 A, and a 
short distance of 8 – 15 nm. 

RESULTS AND DISCUSSION 
 
X-ray diffraction spectrum of AgNPs analysis 
 
The phase configuration and particle unit of the produced AgNPs were analyzed using XRD. 
Figure 2 illustrates the XRD spectrum of the hybrid derivative from AgNPs. The synthesized 
AgNPs exhibit a cubic face-centered structure, as evidenced by the presence of four distinct 
diffraction peaks at 2θ values of 39.09°, 45.15°, 65.67°, and 78.54°, corresponding to the Bragg 
reflections indexed as 111, 200, 220, and 311, respectively [30] confirming the crystalline nature 
of the AgNPs. These data align with JCPDS card no. (65-2871), and the pronounced sharpness of 
the peaks further substantiates the crystalline characteristics of the particles [31]. The crystallite 
size of the synthesized AgNPs was evaluated with a value of 15 nm employing Debye-Scherrer 
expression (D = kλ/βcosθ), with a relative deviation of 4.55%. In this equation, D represents the 
average crystallite size, k is the Scherrer-Scherer constant valued at 0.85, λ represents the 
wavelength of the X-ray sources (0.16402 nm), θ is the Bragg angle, and β is the angular full-
width at half maximum (FWHM = 0.005) of the XRD peak at the specified diffraction angle [32]. 
The XRD pattern (JCPDS, File No- 04-0783) confirms that the synthesized AgNPs configuration 
is a face-centered cubic (FCC). 
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Figure 2. XRD spectrum of silver nanoparticle (AgNPs). 
 
SEM analysis of AgNPs 
 
The AgNP's morphological arrangement was examined using scanning electron microscopy 
(SEM). The image magnification results of AgNPs at an 80 nm scale with a high voltage of 5.0 
kV are presented in Figure 3a. Due to the bio-mediated ionic gelation process, the AgNPs exhibit 
a relatively smooth, spherical structure characterized by high density and an asymmetrical 
granular form. This outcome agreed with the verdicts of Abdulwahid et al. [33], which noted that 
the synthesized AgNPs possess a globular shape, are slightly elongated, and demonstrate a strong 
tendency to aggregate, forming larger particle clusters. Figure 3b displays the AgNP's UV-visible 
spectrum. The AgNP's Surface Plasmon Resonance (SPR) peak, which corresponds to the greatest 
absorbance peak, is detected at 420 nm. Generally, it appears that the Ag+ bio-reduction to Ag0 
was verified by the UV-visible spectrum. 
 
UV-Visible result of AgNPs 
 
The solution of AgNPs, characterized by its brown color, was generated through the excitation of 
surface Plasmon vibration. This solution underwent UV-visible spectral analysis and the UV-
Visible spectra of the AgNPs is illustrated in Figure 3b. The peak corresponding to the surface 
plasmon resonance (SPR) of the AgNPs, indicates the maximum absorbance, which was observed 
at approximately 420 nm. The absorbance and the broadening of the peak near 420 nm suggest 
that the nanoparticles are mono-dispersed, reflecting the SPR absorption band resulting from the 
collective vibration of electrons in resonance with UV-visible light [34] indicating that Ag+ bio-
reduction to metallic silver. 
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Figure 3. (a) Scanning electron micrograph (SEM) of AgNPs, and (b) UV-Visible spectrum of 

AgNPs. 
 
FT-IR result of AgNPs 
 
The FT-IR spectrum of the AgNP derivative is presented in Figure 4. The spectrum of the AgNPs 
gave peaks within the range of 1055-1645 cm-1, which indicates the existence of phosphonate 
bonds formed between the –NH3

+ groups of chitosan and the –PO3
2- groups of NaTPP in the course 

of the cross-linking procedure. Notably, two peaks are observed at 1141 cm-1 and 1279 cm-1, 
corresponding to the symmetric and asymmetric stretching of the phosphonate link, separately. 
Additionally, the asymmetric peak is attributed to limited rotation [35]. The two terminal –PO3

2- 
groups of the NaTPP molecules appear to be linked to two –NH3

+ (CH3COO-) groups from two 
chitosan monomers. The broadening, along with the loss of minor features in the band, suggests 
an increase in intermolecular hydrogen bonding between NH and OH groups. The maximum peak 
is observed at nearly 3880 cm-1 for the AgNPs. This band broadening aligns with the past literature 
findings regarding chitosan-NaTPP nanoparticles and chitosan succinylated nanoparticles [36]. 
This is ascribed to the creation of hydrogen-linked networks. AgNPs display a low-intensity yet 
wide band centered near 3265 cm-1, indicating that the Ag-chitosan complexes primarily consist 
of nanoparticles. 
 
Adsorption results 
 
Contact time effect 
 
To evaluate the equilibrium time for the adsorption processes, the effect of contact time on the 
adsorption of MG onto AgNPs was examined at a pH of 8.0 utilizing an MG concentration of 50 
mg/L and AgNPs dose of 0.02 g over a period ranging from 10 to 90 min. The adsorption 
effectiveness of AgNPs improved progressively with longer contact times, attaining a maximum 
after 60 min (Figure 5a). Subsequently, the adsorption of the MG onto the AgNPs remained stable. 
This initial increase in adsorption can be primarily attributed to the accessibility of adsorption 
spots, which becomes unavailable over time in the course of the adsorption, leading to a negligible 
increase in further adsorption onto the adsorbents [37]. 
 
Effect of pH 
 
Figure 5b demonstrates the effect of pH on the adsorption capacity of MG onto AgNPs. pH was 
varied from 2 to 13 applying 0.1 M HCl or 0.1 M NaOH to adjust the pH during the experimental 
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procedure, and the effects were assessed by measuring the equilibrium concentrations of the 
AgNPs (i.e., 25 mg/L) for 80 min. The adsorption of MG onto AgNPs increased with rising pH 
levels, achieving optimal sorption at approximately pH 4.7, a trend that can be attributed to the 
enhanced degradation of the MG dye. There was a complete acid-base neutralization reaction that 
led to the negative charges on the surface of the silver nanoparticle being neutralized by MG, 
which facilitated diffusion phenomena and created additional active sites for adsorption. 
Consequently, the adsorption mechanism is primarily governed by the electrostatics interactions 
[37]. However, at a pH level below 4, there was a notable reduction in the quantity of negatively 
charged spots on the AgNPs, leading to a substantial decline in the degree of dye degradation. 
The increase in positively charged active sites on the surface resulted in greater repulsion between 
the dye and the AgNPs, thereby diminishing the efficiency of the adsorption phenomenon. 
 

 

Figure 4. The FTIR spectrum of AgNPs. 
 

In acidic conditions, MG adsorption was enhanced, but as pH increased, the adsorbent surface 
became more negatively charged, which contributed to an increase in adsorption capacity due to 
electrostatic interactions. Conversely, at elevated pH levels, a decrease in MG adsorption was 
observed. Notably, at pH 7, an increase in pH correlated with a reduction in the sorption process. 
This diminished adsorption may be attributed to the interactions between the AgNPs and MG 
being overshadowed by the bonding between the -COOH moieties of chitosan in the capped 
nanoparticles and water [38]. The cumulative effects of these factors strongly indicate that the pH 
of the solution represents an essential element in the adsorption of MG [39]. 

 
Temperature effect and thermodynamic study 
 
The temperature influence on the adsorption of MG dye onto AgNPs was examined by utilizing 
the equilibrium solution concentration for each adsorbent. Adjusting the temperature from 10 to 
40 °C, for 80 min for each experimental trial, the results of exercise, illustrated in Fig. 6a, showed 
that temperature increases had a positive influence on the adsorption procedure as more MG were 
adsorbed at higher temperatures [40, 41]. 
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Figure 5. Plots of the (a) amount of dye removed against time, and (b) the percentage of dye 
removed with pH at the temperature of 45 °C, MG concentration of 50 mg/L, and AgNPs 
dose of 0.02 g. 

 

Figure 6. Plots of (a) percentage dye removed with temperature, and (b) thermodynamics at the 
temperature of 25 to 45 °C, MG concentration of 50 mg/L and AgNPs dose of 0.02 g, 
pH of 4.7, and contact time of 80 min. 

 
Thermodynamic quantities comprising free energy change (ΔG°) (kJ/mol), enthalpy change 

(ΔH°) (kJ/mol), and entropy change (ΔS°) (J/K/mol) for the adsorption processes were appraised 
by applying the Van’t Hoff equation and shown in Figure 7b [40, 41]:  

RT303.2

H

R303.2

S
logK

oo

o





                                                                                   (3) 

ooo STHG                                                                                     (4) 
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o

C

C
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The values of ∆H (kJ/mol) and ∆S ((J/K/mol) were obtained from the slope and intercept of 
the plot of logKo against (1/T) (Figure 6b). The derived outcomes are 6.1041 kJ/mol and 27.84 
(J/K/mol), respectively. Positive ∆H value specifies that the adsorption process is endothermic, 
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suggesting a physiosorption mechanism. Furthermore, the positive ∆S value implies that the 
adsorption process is driven by entropy, reflecting an upsurge in disorder and randomness at the 
interface between the solid and solution phases of the adsorbents. Water molecules that are 
expatriated by MG acquire additional translational entropy, which exceeds the entropy lost by dye 
molecules, thereby enhancing the overall randomness within the system [42]. The calculated ∆G 
(kJ/mol) at room temperature is -2.192 kJ/mol. The negative ∆G value signifies that the 
adsorption process is highly feasible and spontaneous. Consequently, it can be concluded that 
physisorption is the more effective mechanism. 
 
Equilibrium adsorption isotherm studies 
 
Various isotherm models, such as Langmuir, Freundlich, Tempkin, and Dubinin-Radushkevich 
(D-R) models, were utilized to investigate the equilibrium properties of the adsorption 
phenomenon. The graphs representing the isotherms are presented in Figures 7a-d, while Table 1 
summarizes the constant factors associated with the isotherm equations relevant to the adsorption 
process. From the Langmuir isotherm (Figure 7a), the slope and intercept derived from the graph 
of Ce/qe versus Ce were utilized to calculate the Langmuir adsorption constant (Ka) value (L/mg) 
and the hypothetical maximum adsorption ability Qm (mg/g), which are gotten from the linear 
representation of the Langmuir adsorption isotherm isotherm. According to the Langmuir model, 
it is clear that no interaction between the adsorbate molecules occurred, and the adsorption occurs 
as a monolayer on a solid surface with a defined amount of equivalent spots [37, 43]. 

For 0.02 g of each adsorbent, the fit of the experimental data was evaluated. The AgNPs have 
a strong correlation coefficient of 0.9845 at the optimal concentration providing substantial 
evidence that the adsorption results align with the Langmuir isotherm. The Langmuir monolayer 
capacity indicates maximum significant adsorption of 58.45 mg of MG per gram of AgNP 
adsorbents. To further validate this finding, the separation factor (RL) was evaluated to determine 
whether the adsorption of MG as described by the Langmuir model was favorable or unfavorable. 
An RL value ranging from 0 to 1 signifies a favorable adsorption process [43]. The RL values for 
the AgNPs adsorbents were found to be below 1, suggesting effective adsorption and confirming 
the suitability of the Langmuir isotherm to the experimental facts. 

In the case of the Freundlich isotherm, the plot of lnqe against lnCe provided the slope and 
intercept necessary to ascertain the parameters of the Freundelich isotherm, expressed as Kf 
(mg/g)/(mg/L) and 1/n (Figure 7b). Freundlich constant shows the degree of adsorption, while the 
heterogeneity factors (1/n) reflect the efficiency of adsorption. The 1/n values of this factor range 
from 0 to 1. A 1/n value of one denotes a linear adsorption process, whereas a 1/n value below 
one suggests that the adsorption is chemically driven. Conversely, a 1/n value exceeding one 
indicates a physically driven adsorption process [37, 41, 43]. The observed Freundlich constant 
obtained is 0.9756 for the entire adsorbent doses confirming that the Freundlich isotherm aligns 
well with the experimental facts. Additionally, the value of 0.49 signifies a favorable adsorption 
process, highlighting the robust attraction of MG for adsorption onto AgNPs. The heat of 
adsorption and the interface between AgNPs and MG were assessed using the Tempkin isotherm 
(Figure 7c). In this context, the Tempkin constant is associated with the heat of adsorption (J/mol), 
T represents the absolute temperature (K), R is the gas constant (8.314 J/K/mol), and the 
equilibrium binding constant (KT) is expressed in L/mg. Tempkin constant yielded a value of 8.02, 
with a correlation coefficient of 0.9889, which is higher than those values obtained from the 
Freundlich and Langmuir models. Consequently, the Tempkin model best described the 
experimental results, compared to both the Langmuir and Freundlich isotherms. 
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Figure 7. Plots of (a) Langmuir, (b) Freundlich, (c), Tempkin, and (d) D-R isotherms at the 

temperature of 45 °C, MG concentration of 29 25 mg/L and AgNPs dose of 0.02 g, pH 
of 4.7 and contact time of 80 min. 

 
Table 1. The constants isotherm factors for MG adsorption onto AgNPs. 
 

Isotherms Equations Constants Adsorbents AgNPs 
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1/n 
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6.38 
2.02 
0.49 

0.9746 
 
Tempkin 

 

e1T1e lnCBlnKB q
 

B1 (mg/g) 
KT 
R2 

12.65 
8.01 

0.9889 
Dubinin-
Radushkevic 

2
se Blnln  Qq  Qs 

E (kJ/mol) 
B 
R2 

212.14 
814.25 
-223.28 
0.3817 

 
The D-R isotherm was utilized to assess the permeability, actual free energy, and adsorption 

characteristics. The term K (mol2/(kJ2)) denotes a constant linked to the adsorption energy, while 
Qs (mg/g) signifies the hypothetical saturation capacity, and the Polanyi potential (e) is also 
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included. The slope of the plot of the Polanyi potential against the corresponding variable, i.e. 
lnqe versus ε2 in Figure 7d yields the B value, whereas the intercept gives the Qs value. In this 
case, the D-R model demonstrates a suboptimal fit to the experimental results concerning AgNPs. 
The fitting data indicates that the correlation coefficient for the Langmuir isotherm surpasses those 
of the other isotherms, implying that the Langmuir, Freundlich, and Tempkin models more 
accurately characterized the adsorption of MG onto the AgNPs. This suggests that the adsorption 
occurs as a monolayer process, whereas the Dubinin-Radushkevich isotherm is deemed unstable 
for this adsorption process [44]. The AgNPs have been compared with other adsorbents [45-48] 
on the degradation of MG from aqueous solution. Figure 8 depicts the schematic diagram 
illustrating the adsorption mechanism. 

 
Table 2. Comparison of AgNPs with other adsorbents on the degradation of MG from aqueous solution. 
 

Various adsorbents Dyes Optimum pH Adsorption 
capacity (mgg-1) 

References 

Carboxylate group 
functionalized multi-
walled carbon nanotubes 

MG 9 11.8 [45] 

ZnO nanorod-loaded 
activated carbon 

MG 6 20 [46] 

Nickel hydroxide 
nanoplate-modified 
activated carbon 

MG 6.5 56.9 [47] 

Lignin sulphonate-based 
mesoporous material 

MG 7 121 [48] 

AgNPs (AgNPs) MG 4.7 58.8 This work 

 

 
Figure 8. Schematic diagram illustrating the adsorption mechanism. 
 
Desorption study 
 
The outcome of desorption of MG from AgNPs established the reusability of the AgNPs as 
adsorbent. The capacity of AgNPs to be reused declines over a series of cycles of use as displayed 
in Figure 9. These discoveries offer valuable statistics about the resilience and enduring efficiency 
of AgNPs as adsorbents for MG. The percentage adsorption dropped from 68.52% in the first 
cycle to 45.53% by the fifth cycle. Although the reduction was minimal within the first three 
cycles of the processes demonstrating that AgNPs can be subject to reusability after each 
adsorption experiment. These findings align with previous research. Yunusa and Ibrahim [49] 
investigated the desorption and reusability of activated carbon derived from desert date seed shells 
for the removal of MG (MG). Their study revealed that after five adsorption-desorption cycles, 
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the removal efficiency decreased from 96.5% to 70.5%. In a separate study by Pandian et al. [50], 
AgNPs (AgNPs) were employed for the removal of MG from aqueous solutions and the results 
from their reusability tests demonstrated a similar trend, with adsorption efficiency decreasing 
from 68.52% to 45.53% by the fifth cycle. Azaman et al. [51] observed that the desorption 
efficiency of MG (MG) by desert date seed shell improved as ethanol concentration increased, 
rising from 50% to 80%. However, a slight decline was noted when the ethanol concentration 
reached 90%. The highest desorption efficiency was recorded at an ethanol-to-water ratio of 80:20 
(v/v).  
 

 
 
Figure 9. Chart of percentage MG removal versus number of cycles. 
 

CONCLUSION 
 
The AgNPs were synthesized via an ionic gelation method and characterized using SEM, XRD, 
UV-Vis, and FTIR. XRD analysis confirmed a face-centered cubic structure with diffraction 
peaks at 2θ values of 38.09°, 44.15°, 64.67°, and 77.54°. The SEM imaging revealed smooth, 
globular AgNPs with a tendency to form aggregated clusters due to the bio-assisted ionic gelation 
process. FTIR spectra showed peaks at 1055–1309 cm⁻¹, indicating phosphonate bond formation 
between chitosan and sodium tripolyphosphate during cross-linking. The synthesized AgNPs 
were used as adsorbents for MG removal from aqueous solutions, reaching equilibrium within 80 
min. Optimal adsorption occurred in acidic conditions (pH of 4.7) due to acid-base interactions, 
with an ideal adsorbent dosage of 0.02 g. Adsorption isotherms were best described by the 
Tempkin models, while the Dubinin-Radushkevich model was unsuitable. These findings 
highlight the potential of AgNPs for effective MG adsorption, demonstrating their efficiency in 
water treatment applications. 
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