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Contamination of water by heavy metals and organics is a critical environmental issue, with adsorption
being a key remediation strategy. Effective adsorbents include clays, zeolites, and biopolymers like
chitosan. Chitosan excels at capturing metal cations, but its performance in acidic media, mechanical
strength, and immersion behavior can be enhanced through compositing with other materials, such as
bentonite. This study synthesized composite beads from chitosan and thermally activated bentonite. A 1.5%
(w/v) chitosan solution in 2% acetic acid was mixed with bentonite suspensions at weight ratios of 3.75%,
7.5%, and 15% (w/v). The mixtures were dropwise introduced into an alkaline NaOH solution (pH 7-8)
and solidified for 24 hours. Adsorption performance was evaluated using nickel solutions (40-100 ppm).
The composite with a chitosan-to-bentonite ratio of 2:1 (CSB2) demonstrated optimal results, achieving
90.4% nickel removal and a capacity of 18.42 mg/g at an initial Ni** concentration of 80 ppm. This
represents a 6.9% improvement in removal efficiency and an 8.9% increase in capacity compared to pure
chitosan beads. Fourier-transform infrared spectroscopy (FTIR) confirmed the formation of Ni(RNH:)."
complexes within the beads. Adsorption isotherm analysis indicated that the Freundlich and Temkin
models best fit the experimental data. Freundlich parameters (Kf = 1.77 mg/L, 1/n = 0.909) confirmed
multilayer adsorption on heterogeneous sites with linearly decreasing energy as adsorbate thickness
increased. This composite shows enhanced potential for efficient nickel removal from wastewater.

https://doi.org/10.30501/acp.2026.580021.1 191d

1. INTRODUCTION

and organic dyes in industrial wastewater poses
significant problems both for reuse and for discharge into

The shortage of accessible freshwater resources and
widespread contamination caused by industrial,
agricultural, and urban activities have become some of
the most serious global environmental challenges
("Institute of Standards and Industrial Research of Iran."
1990). ThThe presence of heavy metals such as nickel

the natural environment and groundwater. Nickel enters
wastewater mainly from metal electroplating plants,
battery manufacturing, paint production, and related
industries. The nickel ion concentration in such effluents
generally ranges from 50 to 100 ppm, which can cause
severe toxic effects on human and animal health. The
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permissible limits for nickel are 0.2 ppm in agricultural
water, below 1 ppm in effluents discharged into the
environment, and 0.7 ppm in drinking water. Achieving
these levels often requires multistage wastewater
treatment (Pirild, 2015; Wang & Chen, 2014).

Among various treatment methods, adsorption is one
of the most effective techniques for controlling nickel
concentrations in wastewater. In this process, nickel ions
bind to solid surfaces containing active functional
groups. Such binding can occur physically via van der
Waals forces or chemically via ionic and covalent bonds
(Aliku, 2017). Adsorbents may include clays, zeolites,
agricultural wastes, industrial by-products such as
microsilica, bio-adsorbents such as algae, different forms
of carbon, and various hydrogels such as chitosan or its
composites (Al-Nuaim et al., 2023). One of the most
widely studied composites is chitosan/bentonite, which
has been employed to overcome the limitations of
chitosan, such as low acid resistance, insufficient
mechanical strength, and limited adsorption of certain
metal cations (El-Baz et al., 2020; Salimi et al., 2025;
Teofilovi¢ et al., 2014).

Chitosan, derived from the skeletons of mollusks,
insects, and certain mushrooms, is crystalline,
hydrophilic, and contains functional amino (—NH:) and
hydroxyl (—OH) groups that provide active adsorption
sites for pollutants (Alemu et al., 2023; Eser et al., 2012).
Bentonite is a clay mineral consisting mainly of layered
montmorillonite along with impurities such as quartz and
cristobalite. Montmorillonite possesses negatively
charged surfaces and exchangeable cations (e.g., Na* and
Ca?"), which make it highly suitable for pollutant
adsorption (Bahranowski et al., 2021; Hodzi¢ et al., 2020;
Zhu et al., 2016). In addition, bentonite exhibits good
acid resistance, enhances the mechanical strength of
chitosan, and helps overcome chitosan’s low density and
flotation problems in aqueous media. Both chitosan and
bentonite are environmentally friendly, biocompatible,
and can be regenerated and reused.

To improve the adsorption efficiency of bentonite,
thermal and chemical activation techniques are often
applied. Thermal activation involves calcination at
around 400-500 °C, which removes interlayer water
molecules and creates additional space for chitosan
intercalation during composite formation, as well as for
pollutant cation uptake (Alemu et al., 2023). Chemical
activation is carried out either under alkaline or acidic
conditions. In alkaline activation, bentonite is treated
with solutions such as calcium carbonate, while in acidic
activation, strong acids such as hydrochloric acid are
used. Acid activation enhances the specific surface area
of bentonite, increases diffusion pathways, and
consequently improves its adsorption performance
(Tirtom et al., 2012).

Giannakas et al. (Giannakas & Pissanou, 2018)
prepared chitosan/bentonite composites by separately
dissolving chitosan in acetic acid and dispersing

bentonite in water, followed by mixing the two
suspensions. After pH adjustment, the suspension was
added dropwise into an alkaline solution containing
CaCl. (or other alkalis) to form millimeter-sized
composite beads. In the resulting composite, part of the
chitosan intercalated between montmorillonite layers,
while the remainder surrounded bentonite particles. They
reported that these composite beads achieved about 88%
nickel removal and an adsorption capacity of 10 mg/g at
an initial Ni cation concentration of 200 mg/L
(Giannakas & Pissanou, 2018). To further enhance
adsorption, various modifications, such as cross-linking
of chitosan molecules using agents like formaldehyde
and  glutaraldehyde, have been investigated
(Bahranowski et al., 2021).

Buscano et al. (Buscano et al., 2009) studied cross-
linked chitosan/montmorillonite composites for the
adsorption of heavy metal ions from aqueous media.
Their results showed that both Langmuir and Freundlich
isotherm models provided a good fit to the experimental
data.

The present study aims to investigate the use of
thermally activated Iranian bentonite for improving the
properties of chitosan/bentonite beads in nickel
adsorption from wastewater, with a particular focus on
microstructural characterization and isotherm modeling.

2. MATERIALS AND METHODS

Medium-molecular-weight chitosan was purchased
from Iran Sabz Gostar Company, and Iranian bentonite
from Semnan Province was supplied by Iran Barite
Company as the main raw materials for preparing the
composite beads. Acetic acid (Sigma-Aldrich) was used
for dissolving chitosan, nickel sulfate hexahydrate for
preparing pollutant solutions of various concentrations,
NaOH for preparing the alkaline coagulating solution,
and a 25% ammonia solution (Dr. Mojallali Co.) for pH
adjustment.

For thermal activation, bentonite was heated at a rate
of 5 °C/min to 400 °C and maintained in an Azar Iran
electric furnace for 3 h, followed by cooling inside the
switched-off furnace. Simultaneous thermal analysis
(STA), including differential thermal analysis (DTA) and
thermogravimetric analysis (TGA), was employed to
investigate the changes occurring during calcination.

The preparation procedure of the chitosan/bentonite
composites is illustrated in Fig. 1. First, 15 g of chitosan
was dissolved in 100 cc of a 2% acetic acid solution and
stirred using a Labincol-73 magnetic stirrer at 200 rpm
and 50 °C for 4 h, followed by continuous stirring for an
additional 6 h at room temperature. Separately, bentonite
powder with a particle size below 53 pum was dispersed
in 100 cc of deionized water at amounts of 0.375, 0.75,
and 1.5 g to prepare suspensions, each stirred for 30 min.
To produce composites with different chitosan-to-
bentonite weight ratios of 4:1, 2:1, and 1:1, the prepared
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bentonite suspensions were gradually added to the
chitosan solution and stirred at room temperature for 6 h.
The obtained chitosan/bentonite suspensions were then
allowed to stand for 12 h to improve homogeneity, stirred
again for 1 h, and subsequently added dropwise using a
decanter into 250 cc of an aqueous solution containing 20
g NaOH (pH = 8). The mixture was maintained for 24 h
to complete bead formation. Finally, the composite beads
were separated by filtration, washed with deionized
water, and dried in an oven at 60 °C.

The appearance of the chitosan/bentonite beads formed
in the alkaline solution is shown in Fig. 2.
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Figure 1. Preparation procedure of chitosan/bentonite
composite

Figure 2. Formation stage of chitosan/bentonite composite
beads in NaOH solution

In addition to the chitosan/bentonite composite beads,
pure chitosan beads were also prepared using the same
procedure without the addition of bentonite suspension.
The studied formulations and their corresponding codes
are presented in Table 1.

TABLE 1. Different formulations of the investigated beads

Chitosan-to-thermally activated bentonite
Code . .
weight ratio
CS Without bentonite
CSBI 1:1
CSB2 2:1
CSB4 4:1

Nickel-containing pollutant solutions were prepared by
dissolving nickel sulfate hexahydrate in double-distilled
water, yielding solutions with concentrations of 40, 60,
80, and 100 mg/L (ppm). For the adsorption experiments,
0.2 g of each prepared bead was placed in 50 cc of the
different nickel solutions and stirred using a magnetic
stirrer at 25 °C for 24 h, with a stirring speed of 100 rpm
and the pH adjusted to 7-8. The remaining nickel
concentration in the solutions was determined by atomic
absorption spectroscopy using a GBC932PLUS
instrument.

After drying at 60 °C, the beads were characterized
using Fourier-transform infrared spectroscopy (FTIR)
with a SPECTRUMRX]I device, X-ray diffraction (XRD)
with an XMP-300 instrument, and microstructural
analysis using a TESCAN VEGA/XMU scanning
electron microscope (SEM).

Following the determination of equilibrium
concentrations (the remaining nickel concentration after
24 h) for each bead type, the adsorption percentage and
equilibrium adsorption capacity were calculated using
Equations 1 and 2 (Gupta et al., 2021).

A = (CO_ Ce) % 100 (1)
Co
(G- €)XV @
e

In the above equations, A represents the percentage of
pollutant removal; Cop and C. are the initial and
equilibrium concentrations (mg/L), respectively; W is the
mass of adsorbent in grams; and V is the volume of the
initial solution in liters.

To elucidate the adsorption mechanism and assess the
conformity of the experimental data with adsorption
isotherm models, the Langmuir, Freundlich, and Temkin
models were employed (Dada et al., 2012). The
Langmuir model is based on a fixed number of
adsorption sites and monolayer adsorption, and is
described by Equation 3.

Cc 1 G 3)

qe - quL dm

By plotting datas C./q. versus C,, a straight line should
be obtained. The maximum adsorption capacity, qm
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(mg/g), and the Langmuir adsorption equilibrium
constant, Ki, (L/mg), can be determined from the slope
and intercept of the resulting plot, respectively.

The Freundlich model is used to describe adsorption on
heterogeneous surfaces and multilayer adsorption, and it
is expressed by Equation 4.

In ge=In K¢+ (1/n) In C (4)

By plotting Inge versus InCe. , a straight line is obtained.
The slope of this line corresponds to 1/n, and the intercept
corresponds to InKy. Here, n is the adsorption intensity
constant, and Ky is the Freundlich adsorption capacity
constant, where a higher value of K¢ indicates a greater
adsorption capacity of the adsorbent.

The Temkin model is based on the assumption that the
heat of adsorption decreases linearly with the thickness
of the adsorbate layer, and it is expressed by Equations 5
and 6.

BInA + BlInCe = qge 5)

br= RT/B (6)

The constants B and InA are obtained from the plot of
ge versus InC.. Here, A is the Temkin equilibrium
constant (L/g), and B is a constant related to the heat of
adsorption. B value greater than one indicates physical
adsorption, while a value less than one indicates chemical
adsorption. Higher A values represent greater adsorption
capacity of the adsorbent, and higher bt values which are
inversely related to B and referred to as the Temkin
constant  indicate  stronger  adsorbent-adsorbate
interactions (Zia et al., 2019).

3. RESULTS AND DISCUSSION

3.1. The X-ray diffraction patterns of chitosan and
activated bentonite

The X-ray diffraction (XRD) patterns of medium
molecular weight chitosan powder, natural bentonite, and
bentonite after thermal activation at 400 °C in an electric
furnace are presented in Fig. 3.
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Figure 3. X-ray diffraction (XRD) patterns of (a) chitosan
powder, (b) natural bentonite, and (c) thermally activated
bentonite.

As shown in Fig. 3(a), the commercial chitosan used is
crystalline, with characteristic peaks observed at 26 =
20.1° and 10.6°. The main peaks correspond to the (001)
and (100) planes of the monoclinic chitosan crystal
system, with an interplanar spacing of 0.45 A. These
peaks indicate a high degree of deacetylation of chitin
during chitosan preparation (Guibal, 2004), which
implies a greater number of amino and hydroxyl groups
in the chitosan used for the preparation of composite
beads, playing a key role in pollutant adsorption. In
addition to the deacetylation degree of the initial chitosan
powder, factors such as the percentage of mesopores (Y-
°0 nm) and the drying method of pure or composite
chitosan beads also significantly influence the adsorptive
activity of chitosan (Ahmad et al., 2015).

Fig. 3(b) shows that the natural Iranian bentonite
mainly consists of montmorillonite, along with
impurities such as cristobalite, quartz, and calcite. The
formula of montmorillonite can be expressed as
Cao.15(Ali.7Mgo.3)(Si2010)(OH)2-4H20, where Ca?" can be
partially replaced by Na" up to twice the molar amount.
The monoclinic crystal structure of montmorillonite
consists of tetrahedral SiO4 sheets and octahedral AIOOH
sheets forming a three-layer structure, with two
tetrahedral layers sandwiching one octahedral layer.
Upon heating below 600 °C, interlayer water molecules
are removed and above 600 °C, hydroxyl groups (—OH)
from the octahedral sheets are released (do Nascimento
2021).

As shown in Fig. 3(c), the interlayer spacing of the
(001) plane in the C-axis direction for raw Iranian
bentonite is 13.4 A, corresponding to a diffraction angle
of 20 = 6.55°, which can be calculated using Bragg’s law
(Equation 7) (Wang et al., 2019). In this equation, d is the
interplanar spacing, 0 is the diffraction angle, and A is the
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X-ray wavelength. The wavelength of the Cu K a line of
x-ray diffraction instrument was 1.544 A.

2d.sin®© = nA (7

Characteristic peak of natural bentonite shifted from 20
= 6.55° to 26 = 8.24°, and the interlayer spacing of the
(001) plane in montmorillonite decreased from 13.4 A to
10.72 A. This shift is attributed to the removal of
interlayer water molecules during heating, which allows
the montmorillonite layers to move closer together due to
van der Waals forces.

3.2. DTA/TG analysis of activated bentonite

To investigate the thermal behavior of bentonite during
activation, simultaneous differential thermal analysis and
thermogravimetric analysis (DTA-TG) were performed,
and the resulting curves are shown in Fig. 4.
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Figure 4. Simultaneous differential thermal analysis and
thermogravimetric analysis (DTA+TG) of natural bentonite at
a heating rate of 10 °C/min in air atmosphere.

As observed, below 400 °C, a broad endothermic peak
accompanied by significant weight loss is detected,
corresponding to the removal of interlayer water
molecules. Another endothermic peak with associated
weight loss around 700 °C is attributed to the release of
hydroxyl groups (—-OH) from the octahedral AIOOH
sheets.

3.3. Investigation of nickel cation adsorption by
different beads

To enhance the statistical validity of the adsorption
data, all batch experiments were carried out in triplicate
under identical conditions, and the results are expressed
as the mean values. Table 2 summarizes the equilibrium
adsorption capacity (qe) and nickel removal efficiency
for chitosan beads (CS) at varying initial nickel

concentrations. According to the results, at an initial
concentration of 80 ppm, the nickel removal efficiency
reached 84.5%, corresponding to an equilibrium
adsorption capacity of 16.9 mg/g. The experiments were
conducted under constant conditions: temperature of
25°C, contact time of 24 hours, stirring speed of 100 rpm,
pH 7-8, and adsorbent dosage of 0.4 g per 100 mL of
nickel solution.

TABLE 2. Equilibrium adsorption capacity (qe) and removal
percentage for chitosan beads (CS) at different initial nickel
concentrations under fixed temperature, contact time, and
adsorbent dosage

Equilibrium Initial nickel
Removal : (
ercentage (%) adsorption concentration

P capacity qe(mg/g) (ppm) Co

83.8 8.4 40

832 12.5 60

84.5 16.9 30

81.1 20.3 100

Table 3. Equilibrium adsorption capacity and nickel
removal percentage from aqueous solution at an initial Ni
concentration of 80 ppm for three chitosan/bentonite
composites under fixed conditions: temperature 25 °C,
contact time 24 h, stirring speed 100 rpm, pH 7-8, and
adsorbent dosage of 0.4 g per 100 mL of solution.

TABLE 3. Equilibrium adsorption capacity (qe) and removal
percentage for Chitosan/Bentonite beads (CSB) at different
initial nickel concentrations under fixed temperature, contact
time, and adsorbent dosage

Equilibrium
Ni removal adsorption
efficiency (A, %) capacrilt)y, qe Adsorbent type
(mg/g)
75.1 15.02 CSB1
90.4 18.42 CSB2
84.6 16.92 CSB4

The results in Table 3 indicate that the Ni removal
efficiency of the CSB2 composite bead reaches 90.4%,
with an equilibrium adsorption capacity of 18.42 mg/g.
Compared to the pure chitosan bead under identical
conditions, this represents an increase of 6.9% in removal
efficiency and 8.9% in adsorption capacity. In the CSB2
composite, the weight ratio of chitosan to bentonite is
2:1. Both chitosan and bentonite are effective adsorbents
for nickel ions. The adsorption mechanism in chitosan
involves electrostatic attraction and the formation of
complexes between nickel ions and amino groups in the
form of Ni(-NHz), as illustrated in Fig. 5. In contrast, the
adsorption mechanism in montmorillonite, the main
mineral in bentonite, occurs through two pathways: (i)
adsorption by the negatively charged surface sites of
montmorillonite particles, and (ii) cation exchange of
Ni*" with Na* and Ca?" ions present on the surfaces or
within the interlayers of montmorillonite.
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Figure 5. Complex formation between chitosan and nickel
ions (Vijaya et al., 2008)

When the bentonite suspension is introduced into the
chitosan solution and subsequently dropped into an
alkaline medium during bead formation, polymerization
of chitosan occurs both within the interlayer spacing of
the montmorillonite sheets and around their particles,
resulting in the formation of the chitosan/bentonite
composite. The deeper the penetration of chitosan into
the montmorillonite interlayers, the better the
performance of the composite compared to a case in
which chitosan is only deposited around the particle
surfaces. This is because, in the former case, all three
adsorption mechanisms, electrostatic  interaction,
complexation between nickel ions and amino groups of
chitosan, and ion exchange, are activated simultaneously.
The contribution of each mechanism, however, depends
on other factors such as pH, specific surface area, pore
size, and the diffusion pathway of ions from the
pollutant-bead interface into and within the bead. A
schematic illustration of the chitosan/montmorillonite
composite is shown in Fig. 6. Chitosan consists of
repeating units of CeHiiNOa4 (Alemu et al., 2023).

NPt N /

Figure 6. Schematic representation of the arrangement of
chitosan within the chitosan/montmorillonite composite and
its interaction with the nickel solution

One of the most critical parameters influencing
adsorption is the pH of the contaminant solution. To
investigate this factor, the effect of solution pH on the
adsorption behavior of the CSB2 composite bead in

nickel-containing solution was studied. The results are
presented in Fig. 7.

100
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3.3 44 7.5 10.8
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Figure 7. Percentage adsorption of the chitosan/bentonite
composite bead (CSB2) at different pH values for a nickel
solution with an initial concentration of 80 ppm

As illustrated in Fig. 7, the adsorption efficiency
decreases under both acidic and alkaline conditions
outside the range of pH ~ 7.5. At lower pH values, the
positive surface charge developed on the composite
beads generates electrostatic repulsion, which hinders the
adsorption of Ni** ions onto the adsorbent surface.
Conversely, at higher pH values, a portion of the Ni** ions
precipitates in the form of nickel hydroxide [Ni(OH):],
thereby reducing the concentration of free nickel ions
available for adsorption and consequently lowering the
overall adsorption percentage. Zia et al. (Zia et al., 2019)
also reported that at low pH values, the probability of Ni(-
NH:) complex formation decreases, while at higher pH
values, the likelihood of complex formation increases.

3.4. FTIR analysis of activated bentonite and
bentonite/chitosan composite before and after
adsorption

To further investigate the structural changes and the
behavior of functional groups during bentonite thermal
activation, bead preparation, and subsequent nickel
adsorption, Fourier-transform infrared spectroscopy
(FTIR) was conducted. The FTIR spectra of natural and
calcined bentonite are shown in Fig. 8.
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Figure 8. FTIR spectra of raw bentonite (Ben) and thermally
activated bentonite at 400 °C (FBen)

The natural bentonite sample consisted mainly of
montmorillonite, cristobalite, quartz, and calcium
carbonate. Therefore, various characteristic vibrational
bands corresponding to Al-O, Al-OH, Si-O, Al-Fe-O,
Al-Mg-0, C-0, OH stretching in octahedral layers, and
OH stretching of interlayer water molecules are expected
to appear in its spectrum. As observed in Fig. 8, these
bands were successfully identified at different
wavenumbers. The main vibrational frequencies of clay
minerals, especially montmorillonite, are summarized in
Table 4, which is a combination of text, tables, and
figures from the cited sources (Jozanikohan &
Abarghooei, 2022: Madejova, 2003; Majiya et al., 2023).
Upon thermal activation by calcination at 400 °C, the
most significant changes were related to the O-H
vibrations. In particular, the band intensity at 3640 cm™
decreased, while the shape of the band around 3410 cm™
also changed slightly. This indicates that, in addition to
the removal of a considerable amount of interlayer water
molecules, minor changes occurred in the OH groups
associated with A1-OH octahedra.

TABLE 4. List of the main vibrational bands of clay minerals,
especially montmorillonite (Jozanikohan & Abarghooei, 2022;
Madejova, 2003; Majiva et al., 2023)

Waver}?mber Vibration type / Assignment
(em™)
3699 O-H stretching vibration
3650 O-H stretching vibration
3620 O-H stretching vibration
3598 Fe’*...O—H stretching vibration
3400-3640 O-H stretching vibration of interlayer
water
1109 Si—O stretching vibration
1033 Si—O-Si stretching vibration
1010 Si—O-Si stretching vibration
937 In-plane AI-OH—Al vibration
915-912 Out-of-plane AI-OH-AI vibration

857 Al-OH-Fe*" vibration
846 Al-Mg—OH vibration
842 Al-Mg—OH vibration
800 Si—O vibration (quartz)
778 Si—O vibration (quartz)
757 Al-OH vibration
700 Al-OH vibration
540 Al-O vibration
471 Si—O vibration
431 Si—O vibration

Fig. 9. FTIR spectra of the chitosan/bentonite
composite bead (CSB2) before adsorption and after 24 h
adsorption of nickel (CSB2—Ni).
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Figure 9. FTIR spectra of the chitosan/bentonite composite
bead before adsorption (CSB2) and after 24 h nickel
adsorption (CSB2—-Ni)

As previously mentioned, in the chitosan/bentonite
composite beads, part of the chitosan is intercalated
between the montmorillonite layers, while another part is
polymerized around the bentonite particles. Therefore, in
the composite beads before nickel adsorption, vibrational
bands corresponding to both montmorillonite and
chitosan are observed. The main vibrational bands of
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chitosan are summarized in Table 5 and indicated in Fig.
9.

Upon contact of the nickel-containing solution with the
chitosan/bentonite composite bead, nickel cations are
adsorbed through three main mechanisms: (1)
electrostatic attraction by both composite components,
(2) complex formation with chitosan as Ni(RNH2)**, and
(3) cation exchange of Ca?" and Na* in montmorillonite
with Ni?". Adsorption and ion exchange can induce slight
disorder in the molecular bonds, resulting in broadening
of the FTIR peaks in the composite bead, as observed in
the CSB2-Ni spectrum compared to that of CSB2 (Fig.
9). However, the formation of the nickel-chitosan
complex leads to the appearance of new vibrations and a
reduction in the -NH. band intensity. In Fig. 9, the
Ni(RNH2)** complex vibration reduces the intensity of
the sharp —NH: peak at ~1632 cm™, accompanied by a
shoulder corresponding to the -NHs" vibration at ~1560
cm!, This indicates a decrease in free amino groups due
to their complexation with nickel ions. The -NHs* groups
are formed by the protonation of —NH: groups upon
uptake of H ions.

Figure 9 also shows that the sharp peak corresponding
to the Si—O tetrahedral vibrations at ~1038 cm ™' becomes
broader. This observation suggests that the proximity of
SiO4 tetrahedra to the intercalated chitosan leads to
greater disorder in the tetrahedral layers during nickel
adsorption. The main vibrational bands of chitosan are
summarized in Table 5.

TABLE 5. lists the main vibrational bands of chitosan (Abu
Salem et al., 2025; Ngah et al., 2006; Nicomel et al., 2021)

W?Z;I}lll)m ber Vibration type / Assignment
3200-3600 O-H an'd Nf’H stretching
vibrations
2850 —CH stretching
1600-1661 —NH: stretching
1607 C=N stretching
1545 C=0 stretching
1433 CH-OH bending
1342 N—H bending
1213 C—N stretching
1123-1163 C—0O and C—H stretching
1030-1103 C—O stretching
603 C=0 bending
N-H coordinatewith Ni?*,
1632 corresponding to Ni(RNH2)**
complex formation

3.5. SEM analysis of the bead microstructure

To demonstrate the adsorption of nickel by the
prepared chitosan and chitosan/bentonite composite
beads, elemental surface analysis was performed on the
chitosan beads (CS) after adsorption, and the results are

presented in Fig. 10. Similarly, elemental surface
analysis was carried out on the chitosan/bentonite
composite beads (CSB2) after adsorption, and the
corresponding results are shown in Fig. 11. As can be
observed, a considerable amount of nickel was clearly
detected on the surface, confirming significant
adsorption.

Figure 10. Elemental analysis of the entire surface of chitosan
beads after nickel adsorption
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Figure 11. Elemental analysis of the entire surface of the
chitosan/bentonite composite after nickel adsorption

3.6. Adsorption isotherms

After determining the equilibrium concentrations in the
adsorption experiments using the chitosan/bentonite
composite beads, the experimental results were
compared with the Langmuir, Freundlich, and Temkin
isotherm models to evaluate the fit of the adsorption data,
determine the model parameters, and compare them with
those of other adsorbents.

The Langmuir model for the thermally activated
chitosan/bentonite composite (CSB2) is plotted in Fig.
12. This model is based on homogeneous, monolayer
adsorption of atoms or ions onto the active sites of the
adsorbent. As shown in Fig. 12, the Langmuir model does
not fit the experimental data well, since the adsorption
sites of the chitosan/bentonite composite beads do not
possess identical chemical potentials.

1
08 e L)
o ..
% GO e .
8 0.4 .
0.2 y =0.0325x +0.2759
2=10.8553
0
0 5 10 15 20
Ce (mg/L)

Figure 12. Langmuir isotherm model for nickel cation
adsorption by the chitosan/bentonite composite bead (CSB2)

The adsorption results of nickel cations by the
chitosan/bentonite composite beads were also analyzed
using the Freundlich model, as shown in Fig. 13.

4
30 e .
..... «*
g2 o
= y =0.9124x +0.5709
R2=0.9264
0
0 3

In Ce

Figure 13. Freundlich isotherm for nickel adsorption by the
chitosan/bentonite composite bead (CSB2)

As shown in Fig. 13, the experimental results fit the
Freundlich model well. In this model, the adsorbent
surface is heterogeneous, meaning that adsorption sites
have different activity levels. Adsorption begins at the
most active sites and can proceed in multiple layers (Zia
etal., 2019). The parameters obtained from this model are
summarized in Table 6.

TABLE 6. Freundlich parameters for chitosan/bentonite
composite beads

I/n Kf
2
Reference R (Limg) | (mg/L) Sample

Thermally

This activated
study 0.926 0.909 177 chitosan/bentonite

bead (CSB2)

[Tsai et i Chitosan/bentonite

al., 2016] 0.972 0.363 composite

Here, Kf represents the relative adsorption capacity,
and n indicates the adsorption intensity. If 1/n < 1,
adsorption is predominantly chemical; if 1/n > 1,
adsorption is predominantly physical (de Queiroz
Antonino et al., 2017; Romén-Doval et al., 2023).
Therefore, the values obtained for CSB2 indicate that
chemical adsorption, i.e., the formation of Ni(RNH2)**
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complexes at active sites, is more significant than
physical adsorption via electrostatic interactions by
chitosan and montmorillonite, as well as cation exchange
of Ni?* with Na* and Ca?" in montmorillonite.

The comparative data presented in Table 7 clearly
indicate that the chitosan/bentonite composite (CSB2)
exhibits remarkable adsorption performance for Ni(Il)
ions. The maximum adsorption capacity obtained in this
study is not only comparable to, but in some cases
exceeds, those of various chitosan-based adsorbents
reported in the literature. These findings highlight the
potential of CSB2 as an efficient and cost-effective
adsorbent for the treatment of nickel-contaminated
wastewater.

TABLE 7. Comparison of maximum adsorption capacities of
various chitosan/bentonite-based adsorbents for Ni(II) removal
from aqueous solutions.

Equilibrium
Reference  Co(ppm) Cziiiﬁ;loéle Adsorbent type
(mg/g)
This Thermally activated
study 80 18.42 chitosan/bentonite bead
[Tsai et Chitosan/bentonite
al.. 2016] 100 124 composite
[Ibarra-
Buscano 100 115 Chitosan/Montmorillonite
etal., ’ Beads
2009]

The Temkin model was also applied to evaluate nickel
adsorption by the CSB2 composite bead, as shown in Fig.
14.

25
50 |V =6.7836x +1.0231 P
&0 R>=0.8799 X Do
> - R
g 10 s
& 5| e
0 &
0 1 2 3
In Ce

Figure 14. Temkin isotherm for nickel adsorption by
chitosan/bentonite composite beads (CSB2)

The Temkin model is based on the interaction between
the adsorbate and adsorbent, assuming that the heat of
adsorption of the adsorbate in the adsorbed layer
decreases linearly with increasing layer thickness. In this
model, A represents the Temkin equilibrium constant,
and B is a constant related to the adsorption heat, from
which the Temkin constant bT (J/mol) can be obtained.
Higher values of A indicate greater adsorption capacity,
while higher bT values indicate stronger adsorbent—

adsorbate interactions. For the CSB2 composite bead, A
= 758.5 L/g and bT = 2421.8 J/mol were determined.
Ultimately, the Freundlich isotherm exhibited a higher
correlation coefficient than the Langmuir and Temkin
models, demonstrating better consistency with the
experimental findings.

3.7. Adsorption Kinetics

To investigate the adsorption mechanism of nickel ions
onto chitosan/bentonite composite beads and to identify
the rate-controlling step, the experimental time-
dependent data were fitted using three common kinetic
models, namely the pseudo-first-order (PFO), pseudo-
second-order (PSO), and intra-particle diffusion (IPD)
models. The fitting results for these models are presented
in Figs. 15, 16, and 17, respectively.

2 y =-0.0236x + 3.0274
. R?=0.9651

0 50 100 180 200 250 300 350

In (ge-qt)

: K1 qe
1] 0.023 | 20.643

(time)
Figure 15. Linear fitting of pseudo-first-order model for
adsorption of Ni(II) ions onto chitosan/bentonite composite
(CSB2) at initial concentration of 80 mg/L, pH = 7-8,
temperature of 25 °C, stirring speed of 200 rpm, and
adsorbent dosage of 0.2 g.

As shown in Figure 7 and Table X, the pseudo-first-
order model exhibited a correlation coefficient (R?) of
0.9651, with a calculated equilibrium adsorption capacity
(qe,cal) of 20.643 mg/g and a rate constant (ki) of 0.023
min~'. Although the R? value indicates a relatively
acceptable fit, comparison of ge,cal (20.643 mg/g) with
ge,exp (obtained experimentally) reveals a significant
discrepancy, suggesting that the pseudo-first-order
model does not adequately describe the adsorption
kinetics of Ni(II) onto the chitosan/bentonite composite.


https://doi.org/10.30501/acp.2026.580021.1191

A. Naghizadeh et al. / Advanced Ceramics Progress: Vol. 11, No. 4, (Autumn 2025) 31-43 41

18.0

160 y=0.0481x + 1.32
14.0 R*=0.9972
120
_10o
5o
6.0
o k2 ge

2.0 0.001753 | 20.79002

0.0
0 50 100 150 200 250 300 350

time (min)
Figure 16. Pseudo-second-order kinetic plot for Ni(II)
adsorption onto chitosan/bentonite composite beads (Co =80
mg/L, pH=7-8, T=25 °C, adsorbent dosage = 0.2 g, stirring
rate = 200 rpm).

As shown in Figure 16 and Table X, the pseudo-
second-order model exhibited a high -correlation
coefficient (R?=0.9972), indicating an excellent fit to the
experimental data. The calculated equilibrium adsorption
capacity (qe,cal = 20.790 mg/g) was in close agreement
with the experimental value (qe,exp = ... mg/g), further
confirming the suitability of this model. The rate constant
(k2 =0.001753 g/mg-min) was obtained from the slope
and intercept of the linear plot of #4g, versus t. These
results confirm that the pseudo-second-order model
provides the best description of Ni(II) adsorption kinetics
onto the chitosan/bentonite composite, suggesting that
chemisorption is the rate-limiting step. Compared to the
pseudo-first-order model (R? = 0.9651, qc,cal = 20.643
mg/g), the pseudo-second-order model showed superior
performance, confirming its reliability for describing the
adsorption kinetics.

25

N
=1

qt (mg/g)
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5 10 15 20
sqrt(t)

Figure 17. Intra-particle diffusion plot for Ni(II) adsorption

onto chitosan/bentonite composite beads (Co = 80 mg/L, pH

=7-8, T =25 °C, adsorbent dosage = 0.2 g, stirring rate =

200 rpm).

As shown in Figure 17, the intra-particle diffusion
model exhibited a correlation coefficient (R?) of 0.798,
with a diffusion rate constant (k;) of 2.87 mg/g-min°®-* and
an intercept (C) of 32.91 mg/g. The relatively low R?
value compared to that of the pseudo-second-order model
(0.9972) indicates that intra-particle diffusion alone
cannot adequately describe the adsorption Kinetics.
Furthermore, the linear plot does not pass through the
origin (C # 0), confirming that intra-particle diffusion is

not the sole rate-controlling mechanism. The high value
of C (32.91 mg/g) suggests that film diffusion (mass
transfer from the bulk solution to the adsorbent surface)
also plays a significant role in the overall adsorption
process. Therefore, the adsorption of Ni(Il) ions onto the
chitosan/bentonite composite is controlled by a
combination of both film diffusion and intra-particle
diffusion mechanisms.

In conclusion, the pseudo-second-order model
provides the best description of the Ni(II) adsorption
kinetics onto the chitosan/bentonite composite,
indicating that chemisorption is the dominant rate-
controlling mechanism. However, the contributions of
both film diffusion and intra-particle diffusion to the
overall adsorption process should also be considered.

4. CONCLUSION(S)

¢ Chitosan/bentonite composite beads were prepared by
mixing a suspension containing 0.75 g of Iranian
bentonite in 100 mL of water with 1.5 g of medium-
molecular-weight chitosan dissolved in 100 mL ofa 2%
aqueous acetic acid solution for 4 h, followed by
dropwise addition into an alkaline solution containing
NaOH at pH 7-8 and curing for 24 h, resulting in beads
approximately 3 mm in diameter.

During thermal activation of bentonite at 400 °C for 3
h, only the molecular water between the
montmorillonite layers was removed, while the OH
groups of the octahedral sheets, which play a key role
in pollutant adsorption, remained intact. The removal
of interlayer water reduced the basal spacing (001) of
montmorillonite from 13.4 A to 10.72 A.

The percentage removal and equilibrium adsorption
capacity of Ni*" at an initial concentration of 80 ppm by
chitosan beads were 84.5% and 169 mg/g,
respectively. For the chitosan/bentonite composite bead
with a chitosan-to-bentonite weight ratio of 2:1, these
values increased to 90.4% and 18.42 mg/g,
corresponding to relative increases of 6.9% and 8.9%,
respectively.

The effect of pH on the adsorption of Ni** (80 ppm)
showed that the maximum adsorption by CSB2
composite beads occurred at pH 7.5, achieving 90.4%.
Fourier-transform  infrared spectroscopy (FTIR)
analysis of the composite beads revealed that, after Ni*
adsorption, Ni(RNH2)?*" complexes were clearly formed
at 1632 cm™, which also induced structural disorder in
the montmorillonite layers.

Among the adsorption isotherm models tested, namely
Langmuir, Freundlich, and Temkin, the Langmuir
model did not fit the experimental data well. The
Freundlich model parameters were Kf = 1.77 mg/L and
1/n = 0.909, while the Temkin parameters were A =
0.33 L/mg and bT = 195.6 J/mol.
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