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The presence of Pb²⁺ ions in water systems poses severe environmental and public 
health hazards, highlighting the need for efficient and sustainable treatment 
technologies. Among various remediation approaches, adsorption stands out due to 
its practicality and cost-effectiveness; however, selecting environmentally benign, 
highly efficient, and low-cost adsorbents remains a key challenge. In this work, 
composite beads of the biopolymers chitosan (Ch) and alginate (A) were synthesized 
to address this need. After synthesis, the structural characteristics of the Ch–A beads 
were examined, and their adsorption performance toward Pb²⁺ ions was 
systematically evaluated under varying operational parameters. The results indicated 
that the composite beads removed Pb²⁺ ions efficiently while maintaining structural 
stability. The adsorption mechanism was governed mainly by chemical interactions, 
and the composite achieved a maximum adsorption capacity of 279 mg g⁻¹. 
Thermodynamic and kinetic analyses confirmed that adsorption occurred via 
endothermic and spontaneous processes and was controlled by multiple pathways, 
including pore and film diffusion. Overall, these findings demonstrate that Ch–A 
composite beads provide a scalable, environmentally sustainable, and regenerable 
adsorbent material suited for removing Pb²⁺ ions from contaminated water. 

 
1. Introduction 
 
In recent years, the rapid expansion of industrial 
activities, particularly in sectors such as leather 
processing, mining, battery production, and 
electroplating, has led to a significant increase in 
the discharge of wastewater contaminated with 
Pb2+ ions into the environment [1, 2]. Lead, a 
non-biodegradable and highly toxic heavy metal, 
is generally present in aquatic systems in its 
divalent ionic form, which readily binds to 
biomolecules and activates various enzymatic 
and metabolic pathways [3]. Lead is not 
biodegradable and tends to accumulate in living 
organisms, making it a serious environmental 
and public health problem [4].  
The tendency of Pb2+ ions to accumulate in living 
organisms makes it a particularly hazardous 

pollutant with toxic, mutagenic, and carcinogenic 
effects on human health [5]. Because of these 
serious health and environmental risks, the 
World Health Organization (WHO) has set the 
maximum acceptable concentration of Pb2+ in 
drinking water at 10 µg L-1 [6]. Considering its 
toxicity and persistence, Pb2+ removal from 
industrial wastewater is of vital importance for 
environmental protection and human health. 
Various physicochemical treatment methods, 
including ion exchange, chemical precipitation, 
reverse osmosis, membrane filtration, 
adsorption, and electrochemical processes, have 
been used to remove Pb2+ ions from wastewater 
[7, 8].  
However, despite their effectiveness, most of 
these methods suffer from problems such as high 
operating costs, energy requirements, secondary 

Research Article 

Sakarya Üniversitesi Fen Bilimleri Dergisi 
Sakarya University Journal of Science 

e-ISSN : 2147-835X 
Publisher : Sakarya University 

Vol. 30, No. 3, 383-395, 2026 
DOI: https://doi.org/10.16984/saufenbilder.1839948 

 

Cite as: Z.M. Şenol, “Eco-Friendly chitosan-based composite for superior Pb²⁺ adsorption: mechanism and performance insights,” Sakarya University Journal of Science, 
vol. 30, no. 3, pp. 383-395, 2026. https://doi.org/10.16984/saufenbilder.1839848 

                                 

 This is an open access paper distributed under the terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International License. 

mailto:bayramaygn60@gmail.com
mailto:msenol@cumhuriyet.edu.tr
https://orcid.org/0009-0004-2896-4554
https://orcid.org/0000-0002-5250-1267
https://ror.org/04f81fm77
https://doi.org/10.16984/saufenbilder.1839948
https://doi.org/10.16984/saufenbilder.1839848


Sakarya University Journal of Science, 30(3) 2026, 383-395 

384 
 

pollution, or technical complexity. Adsorption, 
as a sustainable alternative, has emerged as a 
promising method for heavy metal removal due 
to its advantages, including simplicity, cost-
effectiveness, low energy requirements, high 
efficiency, environmental friendliness, and the 
potential for adsorbent regeneration and reuse 
[9]. In adsorption methods, the selection of 
appropriate adsorbents is crucial [10]. The 
physicochemical and morphological properties 
of the adsorbents used largely influence the 
performance of adsorption processes. 
Biopolymer-based materials and composites are 
attracting increasing interest due to their 
environmental compatibility, functional 
versatility, and tunable surface properties. In this 
context, polysaccharides such as chitosan and 
alginate, which are natural biopolymers, have 
emerged as promising candidates for the 
development of efficient adsorbents. 
 
Chitosan, a low-cost, non-toxic, biodegradable, 
sustainable, and hydrophilic biopolymer, offers 
active binding sites with high affinity for heavy 
metal ions thanks to the hydroxyl (-OH) and 
amino (-NH2) groups in its polymer chain [11]. 
However, chitosan has some disadvantages, such 
as low mechanical strength, limited specific 
surface area, high swelling behavior, 
susceptibility to agglomeration, and proneness to 
degradation in acidic environments [12]. On the 
other hand, sodium alginate is a natural 
polysaccharide extracted from brown algae. It 
possesses some superior properties, such as high 
biocompatibility, biodegradability, and 
renewability. It also contains -OH and -COOH 
groups, which have high adsorption affinity for 
heavy metal ions [13]. However, sodium 
alginate's mechanical strength, stability, and heat 
resistance are disadvantages [14]. The use of 
chitosan and alginate as a composite material 
offers a renewable, environmentally friendly 
alternative for green chemistry and efficient 
heavy metal removal. 
 
In this study, cross-linked Ch-A composite beads 
were successfully synthesized using 
epichlorohydrin (ECH) and sodium 
tripolyphosphate (NaTPP) using an innovative 
approach for the effective removal of Pb2+ ions 
from aqueous media. The novelty of this study is 
that the composite structure, developed by 

combining two different cross-linkers, exhibited 
superior mechanical stability and surface 
functionality. The Pb2+ removal performance 
was investigated in detail depending on the 
adsorption conditions, and the adsorption 
mechanisms were explained in depth through 
kinetic, isotherm, and thermodynamic analyses. 
By analyzing structural and surface properties 
using comprehensive characterization techniques 
such as FT-IR, SEM-EDX, and the point of zero 
charge (pHpzc), the relationship between material 
properties and Pb2+ heavy metal removal 
capacity has been clearly demonstrated. In this 
context, the study offers significant contributions 
to the literature on Pb2+ removal through its 
unique synthetic approach, the synergistic effect 
of double cross-linker hybrid structures, and 
comprehensive analyses. 
 
2. General Methods 
 
2.1. Chemicals  
 
In this study, sodium alginate and chitosan 
(medium molecular weight) were supplied by 
Merck (Germany), and ECH, NaTPP, HCl, 
C2H5OH, NaOH, and other chemicals were 
supplied by Sigma–Aldrich (produced in 
Iceland). 
 
2.2. Synthesis of Ch-A adsorbent 
 
2 g of chitosan and 2 g of alginate were added to 
50 mL of 5% acetic acid. The mixture was then 
stirred on a magnetic stirrer for 2 hours to ensure 
homogeneity. 80 mL of ECH, a crosslinker, was 
then added and stirred for 1 hour. Then, the Ch-
A mixture crosslinked with ECH was added to 
the NaTPP solution. The composite beads were 
soaked in this solution overnight. Then, the 
formed Ch-A composite beads were washed with 
plenty of pure water until neutrality was 
achieved, then filtered and left to dry at room 
conditions. Crosslinked Ch-A composite beads 
were prepared in this way (Figure 1). The 
characterization of this new adsorbent was 
performed; the performance of the prepared 
adsorbent in removing Pb2+ ions was evaluated 
using different experimental conditions. 
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Figure 1. Schematic representation of the synthesis 

of Ch-A composite beads 
 

2.3. Experimental Design and Parameter 
Effects 
 
The adsorption performance of the Ch-A 
composite in the removal of Pb2+ ions was 
investigated using a batch biosorption 
experimental method with different parameters 
such as medium pH (2.0-5.0), initial Pb2+ ion 
concentration (50-1000 mg L-1), time (0-1440 
min), temperature (5 °C, 25 °C and 40 °C) and 
Ch-A adsorbent amount (1-20 g L-1). Adsorption 
studies were carried out in 10 mL polypropylene 
tubes containing 50 mg Ch-A and a constant Pb2+ 
concentration of 1000 mg L-1 in 10 mL of 
solution. Samples were incubated at 25 °C for 24 
hours. After the adsorption process, the 
supernatant was filtered, and the absorbances of 
the metal complexes formed with PAR at a 
wavelength of λ = 518 nm were determined using 
a UV-vis spectrophotometer [5]. The percentage 
of Pb2+ removal (Removal% %), and the 
adsorption capacity (Q, mg g-1) were calculated 
using Eq. 1 and Eq. 2, respectively. 
 
   𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅% = �𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓

𝐶𝐶𝑖𝑖
�100  (1) 

 
    𝑄𝑄 = �𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓

𝑚𝑚
� 𝑉𝑉   (2) 

 
Here, Ci (mg L-1 ) and Cf (mg L-1) represent the 
initial and equilibrium dye concentrations, 
respectively, while m (mg) is the mass of the 
adsorbent and V (L) is the volume of the solution. 
 
3. Results and Discussion  
 
3.1. FT-IR and SEM-EDX Analysis 
 
To confirm that the Ch-A composite was 
successfully synthesized (Figure 2). The FT-IR 
spectra of Ch, A, Ch-A, and the Pb2+ adsorbed 
Ch-A composite are presented comparatively in 
Figure 1. When the FT-IR spectrum of alginate 

(C6H10O7) is examined, peaks indicating the 
presence of carboxylate groups and hydroxyl 
groups, which characterize its chemical structure, 
are observed. Typically, a broad -OH stretching 
band in the 3100-3600 cm-1 range is observed in 
the alginate spectrum, while the peaks at 2918 
and 1593 cm-1 are attributed to aliphatic C-H 
stretching. The peaks at 1593 and 1415 cm-1 are 
attributed to asymmetric and symmetric -COO⁻ 
stretching vibrations. The peaks at 1093 and 
1040 cm-1 are attributed to -C-O-C- stretching 
vibrations of ether and alcohol groups [15, 16].  
 
In the FT-IR spectrum of chitosan, an OH 
stretching band is observed in the range of 3400-
3500 cm-1, an amide I band (C=O stretching) 
around 1650 cm-1, and an amide II band (N-H 
bending) around 1550 cm-1. In addition, C-O-C 
stretching vibrations are observed in the range of 
1150-1070 cm-1 [17]. In the Ch-A composite, it is 
seen that both of its components show 
characteristic peaks, which is evidence that the 
Ch-A composite has been successfully 
synthesized. The co-occurrence of characteristic 
peaks of chitosan and alginate in the Ch-A 
composite spectrum confirms structural 
integration.  
 
The observed shifts and intensity changes in the 
-COO- band around 1600 cm-1 and the -NH band 
around 1550 cm-1 indicate electrostatic 
interaction between the -NH3+ groups of chitosan 
and the -COO⁻ groups of alginate. The 
increase/shift in the C-O-C bands and decrease in 
the broad -OH band in the 1100-1150 cm-1 region 
as a result of cross-linking with ECH suggest the 
formation of covalent ether bridges via hydroxyl 
groups. Furthermore, band contributions due to 
P=O and P-O vibrations in the 1150-1250 cm-1 
range and changes in the 1500-1650 cm-1 region 
reveal the ionic interaction of TPP with the -NH3+ 
groups. These findings demonstrate the 
simultaneous presence of both covalent (ECH-
derived) and ionic (TPP-COO-/-NH3+ 
interactions) cross-linking mechanisms in the 
composite. 
 
When the FT-IR spectrum after Pb2+ ion 
adsorption is compared with that of the Ch-A 
composite, the increases in peak intensities are 
remarkable while the peak locations remain 
unchanged, which is evidence of Pb2+ adsorption. 
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The observed shifts in the –COO- (1600–1400 
cm-1), -NH, and C-O-C bands after Pb2+ 
adsorption indicate that metal ions coordinate 
with carboxylate, amino, and hydroxyl groups. 
Furthermore, the presence of phosphate groups 
suggests that a multiple binding mechanism (ion 
exchange and surface complexation) occurs, 
contributing to complexation with Pb2+ ions. This 
structurally supports the high metal-binding 
capacity of the composite. 
 
SEM morphologies and EDX spectra of the 
composites Ch, A, and Ch-A are presented in 
Figure 3, and Pb2+ adsorbed Ch-A is presented 
in Figure 4 for comparison. From the SEM 
morphologies, it is seen that Ch has a porous and 
smooth surface, while alginate has a 
homogeneous surface and a more irregular shape 
with cracks [18]. The SEM image of the Ch-A 
composite has a completely different 
morphology from its components. The porous 
surface morphology of chitosan created 
fluctuations with the incorporation of alginate 
into the structure. These morphological changes 
indicated that chitosan interacted well with 
alginate, and the surface morphologies were 
modified by physicochemical interactions. The 
formation of Ch-A composite beads increased 
the interaction between the carbonyl groups of 
alginate and the amine groups of chitosan. The 
new texture in the SEM image of the Ch-A 
composite is a result of electrostatic interactions.  
It is also noticeable that the surface morphology 
of the Ch-A composite changed significantly 
after Pb2+ adsorption.  
 
The Ch-A composite surface appears to have 
become smoother after Pb2+ ion adsorption, 
indicating surface complexation. EDX spectra 
(Figure 3) showed that Ch contained C, N, and 
O, while alginate contained C, O, and Na. The 
Ch-A composite contained C, N, O, and Na, 
elements found in both Ch and alginate. 
Furthermore, EDX analyses of the Ch-A 
composite indicated that chitosan had been 
incorporated into the alginate structure, as 
evidenced by the presence of N in the composite 
beads. 
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Figure 2. FT-IR spectra for Ch, A, Ch-A, (a) and 

Pb2+ adsorbed Ch-A composite (b) 
 
The presence of Pb in the EDX spectrum of the 
Ch-A composite adsorbed with Pb2+ ions (Figure 
4), in addition to the elements present in the 
composite structure (C, N, and O), is considered 
evidence of metal adsorption. Furthermore, the 
disappearance of the Na peaks in the EDX 
spectrum of the Ch-A composite after Pb2+ 
adsorption provides strong evidence of an ion-
exchange mechanism. The replacement of the 
Na+ ions initially present in the composite matrix 
with Pb2+ ions supports the significant 
contribution of ion exchange to the overall 
adsorption process. 
 
3.2. Effect of Initial pH and the pHpzc for Ch-A 
 
The pH of the aqueous solution plays a critical 
role in the adsorption processes by affecting both 
the ionization state of the adsorbent surface and 
the chemical form of the adsorbate species. 
Figure 5 shows the change in Pb2+ ion removal 
concerning pH. The effect of pH on the 
adsorption process was investigated by varying 
the pH in the range of 1.0-5.0 while keeping other 
parameters ([Pb2+]0: 1000 mg L-1, m: 5 g L-1, t: 



 Bayram Aygün, Zeynep Mine Şenol 

387 
 

24 h, T: 25 oC) constant, and the results are 
presented in Figure 5. 
 

 
Figure 3. SEM morphologies of Ch, A, Ch-A 

composite, and EDX spectra 
 

 
Figure 4. SEM morphologies of Ch-A and Pb2+ 

adsorbed Ch-A composite, and EDX spectra 
 
As seen in Figure 3, the adsorption efficiency of 
the Ch-A composite increased with increasing 
solution pH. Pb2+ ion adsorption is affected by 
the ambient pH. At acidic pH values, protonation 
of amine and carboxyl groups causes a decrease 
in Pb2+ ion adsorption. At acidic pH values, the 
presence of more H+ ions than Pb2+ ions causes 
protonation at the active centers on the Ch-A 
surface to become positively charged, thus 
decreasing the adsorption efficiency of Pb2+ ions. 
Competitive bonding between Pb2+ and H+ ions 
decreases with increasing pH. Pb2+ ion 
adsorption increases with increasing pH.  
 
As pH increases, the number of H+ ions 
decreases, allowing Pb2+ ions to interact more 
easily with functional groups such as amines, 
carboxyls, and hydroxyls on the Ch-A 
composite; these groups begin to deprotonate and 
become negatively charged. In this case, 

electrostatic interactions with Pb2+ ions on the 
adsorbent surface increase, which also increases 
adsorption efficiency. Furthermore, at pH 4.5, 
where complexation is also effective, it also 
plays a role in increasing adsorption capacity. 
Pb2+ ion adsorption was found to be 25% at pH 
1, 65% at pH 2, 71% at pH 3, 89% at pH 4, and 
85% at pH 5. Many articles have reported similar 
effects of pH on Pb2+ adsorption [19]. At pH>6.0, 
Pb2+ ions produce Pb(OH)+ and Pb(OH)2 
precipitates [20]. At these pH values, 
precipitation was not studied because it could be 
perceived as adsorption. The natural pH of Pb2+ 
ions was used in all adsorption experiments. 
 
The point of zero charge value of the adsorbent 
is a critical parameter for understanding and 
interpreting electrostatic interactions during 
adsorption processes. Knowing the charge of the 
adsorbent in a given pH range plays a vital role 
in predicting the binding behavior of target 
contaminants (e.g., metal ions, dyes, etc.) to the 
surface. The pHpzc value of the Ch-A composite 
was determined using the solid addition method 
[21], and the pHpzc of the composite was 
determined to be 4.6 (Figure 5). At solution pHs 
lower or higher than this pH value, the surface 
charge of the composite changes, and this 
directly affects the adsorption process of Pb2+ 
ions.  
 
When pHsolution<pHpzc, the Ch-A surface is 
positive, and since the Pb2+ ions present in the 
medium are also positively charged, electrostatic 
repulsion occurs between them. This makes it 
difficult for Pb2+ ions to adhere to the Ch-A 
surface. When pHsolution>pHpzc, the Ch-A 
surface is negative, and the Pb2+ ions present in 
the medium are attracted to the composite surface 
by electrostatic attraction. This facilitates the 
adhesion of Pb2+ ions to the Ch-A surface. The 
pHpzc value of Ch-A composite is consistent with 
the experimental findings explaining the pH 
effect on the adsorption process. 
 
3.3. Effect of Adsorbent Dose 
 
Figure 6 shows the change in Pb2+ ion removal 
depending on the adsorbent dose. The adsorbent 
dose was varied within the range of 1-20 g L-1, 
while other parameters ([Pb2+]0: 1000 mg L-1, 
pH: 4.5, t: 24 h, T: 25 oC) were kept constant. As 
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seen in Figure 6, the Pb2+ removal percentage 
increased from 55% to 86% as the adsorbent dose 
increased. This is due to the increase in the active 
centers on the composite surface with the 
increasing adsorbent amount. The presence of 
more adsorptive sites on the adsorbent surface 
increases the Pb2+ removal efficiency. 
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Figure 6. Effect of adsorbent dose 

 
3.4. Modeling of Adsorption Process 
 
The effect of concentration on the adsorption of 
Pb2+ ions onto Ch-A composite was investigated 
in the concentration range of 50-1000 mg L-1 by 
keeping other parameters (m: 5 g L-1, pH: 4.5, t: 
24 h, T: 25 oC) constant. To optimize the design 
of the Pb2+ ions adsorption process onto the 
adsorbent, three different isotherm models were 
used to explain the relationship between Pb2+ 
concentrations in the solid-liquid phase. In this 
study, the experimental data were based on the 
methods of Langmuir [22], Freundlich [23], and 
Dubinin-Radushkevich (D-R) [24] were applied 
to the non-linear equations of the isotherm 
models (Table 1).  

Figure 7 shows the fit of the isotherm models for 
Pb2+ ion removal. As Figure 7 shows, as the Pb2+ 
ions concentration increases, the Pb2+ adsorption 
capacity of the Ch-A composite increases 
rapidly, from 4.60 mg g-1 to 69.8 mg g-1. This is 
because, when the solution concentration is low, 
the active centers in the Ch-A composite are not 
fully occupied, resulting in a lower adsorption 
capacity. However, as the Pb2+ concentration in 
the solution increases, the active centers on the 
composite surface are gradually occupied by 
Pb2+ ions, increasing the adsorption capacity. 
When the active centers are completely occupied, 
the adsorption capacity reaches equilibrium. 
 
The R2 values in Table 1 showed that the 
Langmuir model was more consistent with the 
concentration data. This indicated that the 
adsorption of Pb2+ ions onto the Ch-A composite 
was a monolayer process. The maximum 
adsorption capacity from this model was found to 
be 279 mg g-1. The Ch-A composite adsorbent 
has homogeneous Pb2+ ions on its surface, and 
the adsorption behavior follows a single-layer 
adsorption mechanism on a homogeneous 
surface. Using the Langmuir model, the 
adsorption capacity was determined to be 279 mg 
g-1.  
 
The Freudlich model, which describes the 
multilayer adsorption process on a heterogeneous 
surface, yielded a value of XF, a measure of 
adsorption capacity, of 0.206, and a surface 
heterogeneity of β of 0.852. The D-R isotherm 
allows the calculation of the adsorption energy 
(EDR), which provides information about the 
physical and chemical characteristics of 
adsorption. If the adsorption energy EDR<8 kJ 
mol-1, the adsorption process is dominated by 
physical adsorption; if EDR= 8–16 kJ mol-1, ion 
exchange and complex formation; and if EDR>16 
kJ mol-1, particle diffusion [25]. EDR=9.51 kJ 
mol-1 was found, indicating that the adsorption 
process is chemical, and ion exchange and 
complex formation dominate the adsorption.  
 
When the comparative data presented in Table 2 
are examined, it is seen that the Pb2+ removal 
capacity of Ch-A composite beads (279 mg g⁻¹) 
is quite high compared to many adsorbents 
reported in the literature. These results clearly 
demonstrate that the synthesized Ch-A 
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composite beads are a competitive and superior 
alternative to many adsorbents in the literature in 
terms of Pb2+ removal. 
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Figure 7. Adsorption isotherm models 

 
Table 1. Parameters of isotherm models 

Isotherm Model Parameter Value 
𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋 

Q =
QLCe

1 + KLCe
 

QL (mg g-1) 279 
KLx103 (L mg-1) 0.352 

R2 0.996 

𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅 
Q = XFCe

β 
XF 0.206 
β 0.852 
R2 0.993 

D-R 
Q = XDRe−�KDRε2� 

ε = RTln �1 +
1
Ce
� 

𝐸𝐸𝐷𝐷𝐷𝐷 = (2𝐾𝐾𝐷𝐷𝐷𝐷)−0.5 

XDR (mg g−1) 325 
-KDRx109/mol2 KJ−2 5.53 

EDR/kJ mol−1 9.51 
R2 0.967 

 
3.5. Effect of Contact Time on Adsorption    
 
The effect of contact time on Pb2+ adsorption 
onto Ch-A composite was investigated in the 
time range of 10-1440 min by keeping other 
parameters ([Pb2+]0: 1000 mg L-1, m: 5 g L-1, pH: 
4.5, T: 25 oC) constant. Figure 8 shows the 
change in Pb2+ ion removal with time. When 
Figure 8 is examined, it is seen that the effect of 
contact time on Pb2+ ion adsorption onto Ch-A 
composite occurs in three stages. i) The first 
stage is rapid (10-60 min) and is attributed to 
external surface Pb2+ adsorption. Pb2+ removal 
increased rapidly within the first 60 min. 

 
This is due to the presence of a large number of 
active centers on the composite surface and the 
rapid filling of these sites. ii) The second stage 
(60-480 min) is attributed to intraparticle 
diffusion resulting from the adsorption of Pb2+ 
ions within the pores of the Ch-A. At this stage, 
removal efficiency gradually decreases. iii) The 

third stage (480-1440 min) is the stage where 
adsorption equilibrium occurs. 
 

Table 2. Pb2+ ion uptake capacities of various 
adsorbent materials 

Adsorbent pH Q / mg g-1 Ref. 
Chitosan-derived 
copolymeric blend 

6.0 177 [26] 

Jackfruit peel-derived 
biochar 

5.7 83.86  [27] 

Fe3O4-CS/EDTA 6.0 220.0 [28] 
Polymer-grafted silica-
coated acid-resistant 
magnetic chitosan 

6.0 88.03 [29] 

Chitosan/fluorapatite 
biocomposite 

4.0 60.24 [30] 

Chitosan-conjugated 
magnetite nanoparticle 

6.1 192.3 [31] 

Calcined modified 
attapulgite 

- 84.64 [32] 

Graphene 
oxide@sodium alginate 

- 241.5 [33] 

Porous geopolymers 6.0 85.67 [34] 
Polyphenol-analogous 
dextran hydrogel 

- 102.35 [35] 

Cs Schiff 
base@Fe/NiFe 

5.0 67.9 [36] 

Chitosan/microbial 
(B. longum) composite 

4.5 3.93 [37] 

Chitosan (10 %)-
bentonite (90 %) 
composite 

4.5 46.6 [38] 

Polypyrrole-based 
activated carbon 

5.5 50 [39] 

Bamboo-biochar 3 183.6 [40] 
Ch-A composite beads 4.5 279 This 

study 
 
To understand the kinetic mechanism of the 
adsorption process, the fit of the experimental 
data to pseudo first order (PFO) [41], pseudo 
second order (PSO) [42], and intra particle 
diffusion (IPD) [43] models was investigated 
(Figure 8). As presented in Table 3, the PFO 
model shows better agreement with the kinetic 
data. The PFO model exhibits a high correlation 
(R2 =0.967) and closeness of experimental and 
theoretical adsorption capacities. These results 
demonstrate the applicability of the PFO model 
to explain and interpret the adsorption process. 
 
Two linear regions were identified by applying 
the IPD model presented in Figure 8 to 
experimental data. The IPD model rate constants 
are calculated from the slopes of the 
corresponding linear regions. ki1 and ki2 represent 
the diffusion rates at different stages of 
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adsorption. In the initial stage, Pb2+ ions were 
adsorbed very rapidly onto the outer surface of 
the Ch-A composite. After the active centers on 
the outer surface of the composite were occupied, 
intraparticle diffusion occurred more slowly. The 
IPD model fit graph in Figure 8 shows that the 
linear regions do not pass through the origin, 
indicating that the Pb2+ adsorption mechanism 
occurs through multiple mechanisms, such as 
pore diffusion and film diffusion. 
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Figure 8. Adsorption kinetic models 

 
Table 3. Parameters of kinetic models 

Kinetic model Parameter Value 
PFO Qt/mg g-1 87.3 
Qt = Qe�1 − e−k1t� Qe/mg g-1 86.6 
𝐻𝐻1 = 𝑘𝑘1𝑄𝑄𝑒𝑒 k1/min-1 0.0482 
 H1/mgg-1min-1 4.17 
 R2 0.967 
PSO Qt/mgg-1 87.3 

Qt =
t

� 1
k2Qe

2� + � t
Qe
�
 Qe/mgg-1 

k2/mg-1gmin-1 
H2/mgg1min-1 

92.3 
7.9x104 

6.73 
𝐻𝐻2 = 𝑘𝑘2𝑄𝑄𝑒𝑒2 R2 0.937 

IPD k1/mgg-1min-0.5 0.0827 
𝑄𝑄𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑡𝑡0.5 k2/mgg-1min-0.5 

R2 
0.00408 
0.899 

 
3.6. Effect of Temperature 
 
The effect of ambient temperature on Pb2+ 
adsorption onto Ch-A composite was 
investigated at 5 oC, 25 oC, and 40 oC, while 
keeping other parameters ([Pb2+]0: 1000 mg L-1, 
m: 5 g L-1, pH: 4.5, t: 24 h) constant. The 
relationship between, which expresses the 
substance distribution in equilibrium between the 
adsorbent and the solution obtained at these 
temperatures, was examined graphically. The 
ΔH⁰ and ΔS⁰ parameters were determined from 

the slope and intercept of this graph using the 
following equations (Eq. 3-5) [44]. 
 
   K = 𝑄𝑄

𝐶𝐶𝑒𝑒
   (3) 

𝑙𝑙𝑙𝑙K = ΔS0

𝑅𝑅
− ΔH0

𝑅𝑅𝑅𝑅
  (4) 

  ΔG0 = −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅K  (5) 
 
Table 4 details the calculated thermodynamic 
parameters for the adsorption process. Figure 9 
shows a significant increase in adsorption 
capacity as the temperature increases from 5 °C 
to 40 °C. This trend demonstrates that the 
adsorption process is endothermic, as increasing 
temperature increases the energy level of the 
system, facilitating ion adsorption. On the other 
hand, the positive ΔH⁰ value confirms that the 
system absorbs heat from the external 
environment, indicating an endothermic 
character. The negative ΔG⁰ values obtained at 5 
°C, 25 °C, and 40 °C indicate that the adsorption 
of Pb2+ ions onto the Ch-A composite occurs 
spontaneously.  
 
Furthermore, the positive ΔS⁰ value indicates 
increased disorder in the system. This can be 
explained by the fact that, as Pb2+ ions migrate 
from solution to the adsorbent surface during 
adsorption, the water molecules in the 
surrounding hydration shell are released. This 
increases the total entropy of the system, and the 
ions become freer. This finding demonstrates that 
the adsorption process is favorable not only in 
terms of energy but also in terms of increased 
disorder. 
 
3.7. Possible Adsorption Mechanism 
 
The adsorption capacity of an adsorbent is 
governed by the interactions between the 
adsorbate and the functional groups present on 
the adsorbent surface. The Ch-A composite 
surface is rich in functional groups such as –NH2, 
–COOH, and –OH, which exhibit a strong 
affinity for Pb2+ ions. Electrostatic interactions 
are established between these functional groups 
and Pb2+ ions, facilitating their adsorption on the 
Ch-A composite surface. 
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Figure 9. The effect of temperature on the 

adsorption 
 

Table 4. Thermodynamic parameters 
T/oC ΔH0 ΔG0 ΔS0 R2 

 (kJmol-1) (kJmol-1) (Jmol-1K-1)  
5  

18.8 
-14.0  

118 
 

0.993 25 -16.4 
40 -18.2 

 
Following Pb2+ adsorption, the FT-IR spectrum 
of the Ch-A composite revealed significant shifts 
in the locations and intensity changes of the 
characteristic absorption peaks corresponding to 
amino, carboxyl, and amide groups. These 
spectral changes can be attributed to the 
formation of electrostatic interactions and 
complexation between Pb2+ ions and the surface 
functional groups of the composite. In particular, 
the adsorption of Pb2+ ions occurs primarily 
through the complexation of the -NH2 and -
COOH groups on the surface with Pb2+ ions, 
forming stable metal-ligand bonds. After Pb2+ 
ion adsorption, the Ch-A composite surface 
appears smoother in the SEM morphology, 
further supporting the formation of surface 
complexation.  
 
Furthermore, EDX analysis reveals that the Na 
peaks disappear and prominent Pb peaks appear 
after Pb2+ adsorption, indicating that ion 
exchange plays a crucial role in the overall 
adsorption process. In light of all this, the 
dominant mechanisms for Pb2+ ions adsorbed by 
the cross-linked Ch-A composite beads are 
suggested to be pore diffusion, film diffusion, 
electrostatic attraction, ion exchange, and surface 
complexation (Figure 10). These mechanisms 
act synergistically to facilitate the effective 

binding of Pb2+ ions from the aqueous solution to 
the surface of the composite material. 
 

Figure 10. Possible mechanism for Pb2+ ion 
adsorption onto Ch-A composite 

 
5. Conclusion  
 
In this study, a chitosan-alginate composite was 
successfully produced by using ECH and TPP 
crosslinkers. The composite exhibited 
remarkable Pb2+ adsorption performance. The 
composite beads showed excellent adsorption 
performance with a maximum capacity of 279 
mg g-1 according to the Langmuir isotherm 
model. Thermodynamic and kinetic analyses 
confirmed that the adsorption process was 
endothermic, spontaneous, and governed by 
multiple mechanisms, including pore and film 
diffusion. In addition, FT-IR, SEM-EDX, and 
pHpzc structural analysis results indicated that 
electrostatic attraction, ion exchange, and surface 
complexation act synergistically during the 
adsorption process to facilitate the effective 
adsorption of Pb2+ ions. These findings indicate 
that Ch-A composite beads are promising and 
sustainable adsorbents for the removal of heavy 
metals from wastewater systems 
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