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ABSTRACT Water contamination by heavy metal cations such as nickel, cobalt, and lead has become a significant
environmental concern. To remove these pollutants from water to levels that allow industrial wastewater to be
reused in industrial and agricultural applications, various methods, including adsorption using different adsorbents,
have been employed. In this study, a chitosan/acid-activated bentonite composite adsorbent was prepared in the
form of beads. A suspension containing chitosan and bentonite at different weight ratios was added dropwise into
an alkaline medium containing NaOH and then allowed to stand for 24 h to facilitate the formation of beads with
suitable size, shape, and apparent mechanical strength. The X-ray diffraction (XRD) pattern of the composite beads
indicated an increase in the interlayer spacing of the montmorillonite layers. Brunauer—Emmett-Teller (BET)
analysis showed that compositing chitosan with bentonite increased the specific surface area by 407% compared
with chitosan beads alone. Fourier-transform infrared (FTIR) spectroscopy revealed the formation of a Ni(RNHz)**
complex between nickel cations and the amine groups of chitosan, evidenced by an absorption peak at a
wavenumber of 1632 cm™'. Nickel adsorption at an initial concentration of 80 ppm, pH 7-8, and a temperature of
25 °C, using composite beads with a chitosan-to-bentonite weight ratio of 2:1, achieved 93% removal,
corresponding to an adsorption capacity of 18.6 mg/g. The results of the Langmuir and Freundlich isotherm studies
for the activated chitosan/bentonite composite beads indicated that the experimental data were in good agreement

with the Freundlich model.
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1. Introduction

Freshwater accounts for only 3% of the world's total
water resources, and wastewater from several major
industries is contaminated with heavy metals such as
nickel, with nickel concentrations reaching 50-109
mg/L in effluents. In contrast, the permissible discharge
limits are 0.2 mg/L for environmental release and 0.07
mg/L for drinking water. Among the available treatment
methods, adsorption is preferred because of its simple
design, low cost, and satisfactory efficiency, although it
has certain drawbacks, such as the disposal of spent
adsorbents and reduced performance at high pollutant
concentrations (Wang & Chen, 2014). Chitosan, a
natural polymer derived from crustacean chitin, is an
effective adsorbent; however, it suffers from relatively
high cost, poor mechanical properties, low density, and
limited stability in acidic media (Zaimee et al., 2021).

To overcome these limitations, acid-activated
bentonite, a clay characterized by high acid resistance
and mechanical strength, is utilized. The aim of this
study is to develop an activated bentonite/chitosan
composite for optimal nickel ion adsorption without the
use of crosslinking agents, thereby facilitating semi-

industrial scale-up and minimizing environmental
pollution.

2. MATERIALS AND METHODS

In this project, medium-molecular-weight chitosan
(Sabz Gostareh Azin Torkan Company), Iranian
bentonite (Barit Flat Iran Company), nickel sulfate
hexahydrate (NiSO4:6H-0, 99.5% purity) as the nickel
cation source, acetic acid (CHsCOOH), sodium
hydroxide (NaOH), calcium chloride dihydrate (Extra
Pure, Dr. Mojallali), sodium bicarbonate (NaHCOs), and
25% ammonia solution (NH:OH) were used. Double-
distilled water was used in all experiments.

The Iranian bentonite used in this study had a
chemical composition consisting of 67% silica and
16.37% alumina, along with other oxides, including
magnesium, calcium, sodium, and potassium. For acid
activation, the bentonite was first heated in an electric
furnace at 400 °C for 3 h and then placed in a 0.5 M acid
solution at a solid-to-liquid ratio of 1:5. The mixture was
stirred at 50 °C and 300 rpm for 4 h, washed several
times with distilled water, filtered, dried at 100 °C, and
milled to pass through a 52 um sieve.
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Chitosan beads were prepared by dissolving 1.5 g of
chitosan in 100 mL of a 2% acetic acid solution and then
adding the solution dropwise into 250 mL of NaOH
solution containing 20 g of NaOH. The mixture was
allowed to stand for 24 h to facilitate bead formation.
For the preparation of chitosan/bentonite composite
beads, bentonite suspensions with different weight ratios
(as shown in the table) were added to the chitosan
solution, followed by the same alkaline treatment. After
evaluation of mechanical strength, the sample with a
chitosan-to-bentonite weight ratio of 2 (CSB2H) was
selected as the most suitable formulation.

For nickel adsorption studies, nickel solutions with
concentrations ranging from 40 to 100 ppm were
prepared, and the beads were immersed in these
solutions for periods ranging from 40 to 300 min. The
analytical instruments used included XRD, FTIR,
atomic absorption spectroscopy (AAS), BET, SEM, a
magnetic stirrer, and a pH meter.

3. RESULTS AND DISCUSSION

To characterize the structural properties of the
samples, X-ray diffraction (XRD) patterns of chitosan
(CS), hydrochloric acid-activated bentonite (HBen), and
the optimal chitosan/acid-activated bentonite composite
(CSB2H) before adsorption were obtained, as shown in
Fig. 1. The main peak of chitosan at 20 = 20.1°
corresponds to the (001) and (100) planes of the
monoclinic crystal system. The high intensity of this
peak indicates a high degree of deacetylation and an
abundance of amine groups in the commercial chitosan
used. In the pattern of the CSB2H composite, two
important changes are observed: first, a shift of the
montmorillonite peaks toward lower angles, especially
for the (001) plane; and second, an increase in the
amorphous background in the 26 range of 10-25°, which
is attributed to the presence of chitosan. The interlayer
spacing (d001) of montmorillonite increased from 15.12
A in HBen to 15.91 A in the composite, indicating that
chitosan molecules had intercalated between the clay
layers. Since this increase is limited, it appears that only
a single layer of chitosan molecules entered the
interlayer space. Furthermore, the characteristic
chitosan peak merged with the bentonite peaks in the
composite and was not observed independently. These
findings are consistent with results reported by other
researchers (Guibal, 2004).

To investigate structural changes, Fourier-transform
infrared (FTIR) spectra of the chitosan/bentonite
composite beads before adsorption (CSB2H) and after
nickel adsorption (CSB2H-Ni) are presented in Fig. 2.
In the composite spectrum, all functional groups were
identified. Some of the amine groups (-NH>) of chitosan
are converted to NHs* through hydrogen bonding, which
can then be adsorbed onto the negatively charged
surfaces of montmorillonite. In addition, a large portion
of the chitosan intercalates between the clay layers.
These factors cause shifts in some peaks relative to the
pure components. After nickel adsorption, significant
changes occur. Nickel uptake takes place through
adsorption onto the negatively charged surfaces of
montmorillonite, cation exchange with Ca?*, Na*, or H*
ions present on the surfaces and between the layers, and
the formation of Ni(RNH2)** complexes. The most
significant change involves the peak at 1632 cm™ and

its shoulder peak at 1560 cm™, which nearly merge,
while the peak at 1632 cm™ for the CSB2H-Ni sample
becomes broader. This complexation also affects the
peak at 1038 cm ™, causing it to broaden, which indicates
that the montmorillonite structure becomes more
disordered after nickel adsorption (Muliwa et al., 2018;
Teimouri et al., 2016).

Fig. 3 shows the microstructure of the CSB2H
composite bead along with elemental mapping analysis.
The results indicate that carbon (C), nitrogen (N), and
part of the oxygen (O) originating from chitosan, as well
as aluminum (Al), silicon (Si), and another portion of
oxygen originating from bentonite, overlap throughout
most areas of the image. This overlap demonstrates the
successful and uniform  formation of the
chitosan/bentonite composite. Furthermore, after nickel
adsorption, the distribution of nickel is clearly visible in
the image.
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Figure 1. X-ray diffraction patterns of chitosan (CS),

hydrochloric acid-activated bentonite (HBen), and the
optimal composite sample (CSB2H) before adsorption
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Figure 2. FTIR spectra of chitosan/bentonite composite
before adsorption (CSB2H) and chitosan/bentonite composite
after adsorption (CSB2H-Ni)
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Figure 3. Elemental analysis of the entire shown surface of
the chitosan/bentonite composite after nickel adsorption

4. CONCLUSION

Mixing a medium-molecular-weight chitosan
solution prepared in 2% acetic acid with an acid-
activated bentonite suspension at a chitosan-to-bentonite
ratio of 2:1, followed by introducing the composite into
an alkaline NaOH medium and allowing it to stand for
24 h, resulted in the formation of beads with suitable
apparent mechanical strength. In these beads, the

interlayer spacing of montmorillonite increased to 15.91
A, and the specific surface area of the composite beads
increased by 407% compared with that of chitosan beads
alone.

The optimal conditions for nickel adsorption were
achieved using chitosan/acid-activated bentonite beads
under the following conditions: an initial nickel
concentration of 80 ppm, pH 7-8, a temperature of 25
°C, an adsorbent dosage of 0.4 g, a stirring speed of 200
rpm, and an equilibrium time of 24 h. Under these
conditions, the removal efficiency reached 93%, and the
equilibrium adsorption capacity was 18.6 mg/g.
Adsorption results obtained in the concentration range
of 40—-100 ppm under the aforementioned conditions
showed a better fit to the Freundlich isotherm model,
indicating that physical adsorption predominated over
chemical adsorption. The Freundlich constant (Kf) was
determined to be 4.9 mg/L.
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