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Abstract

We developed a novel adsorbent from sulfonated, glutaraldehyde-crosslinked chitosan embedded with magnetic iron
sand. The adsorbent was synthesized through a two-step process: (1) sulfonation with N(SO3Na)3 to introduce sulfonate
groups, and (2) crosslinking with glutaraldehyde to enhance structural stability. The optimal formulation, containing
43.5 % iron sand and crosslinked with 0.17 M glutaraldehyde, exhibited the highest Hg2þ adsorption capacity (30.74 mg/
g) at pH 3. The adsorbents were characterized using Scanning Electron Microscopy (SEM), Fourier transform infra-red
spectroscopic (FT-IR), and X-ray diffraction (XRD) techniques. Adsorption equilibrium was achieved within 60 min, and
isotherm modeling showed that the process followed the Freundlich model (R2 ¼ 0.98). The adsorbent demonstrated
excellent reusability, maintaining its Hg2þ adsorption capacity (49.98 ± 0.06 mg/g initially to 49.82 ± 0.02 mg/g after five
cycles). Additionally, it effectively removed nearly 100 % of mercury from real contaminated water samples. In
conclusion, magnetic sulfonated chitosan crosslinked with glutaraldehyde is a highly effective solution for mercury
remediation in practical applications.

Keywords: Chitosan, Crosslinking, Hg, Regeneration, Isotherm

1. Introduction

A rtisanal gold mining and poorly regulated
anthropogenic activities often lead to

increased environmental heavy metal pollution
through wastewater discharge. This issue is partic-
ularly prevalent in rapidly developing economies
like Indonesia, where artisanal gold mining has
caused significant mercury contamination in aquatic
ecosystems due to the amalgamation process and
inadequate wastewater treatment. Direct exposure
to mercury and its accumulation in the food chain
can severely impact the local communities’ quality
of life [1]. Mercury is highly toxic even at low

concentrations, posing serious health risks to both
humans and wildlife. Hg2þ is particularly chal-
lenging to remove due to its complex chemical
behavior, including its ability to form stable com-
plexes with various organic and inorganic ligands
[2]. Improving wastewater treatment and remediat-
ing mercury-contaminated environments are critical
steps in mitigating these impacts. Chitosan, a
biopolymer derived from fungi or crustaceans, offers
significant potential as an adsorbent for mercury
removal from water. It is biodegradable, non-toxic,
and highly modifiable, making it an environmentally
friendly option [3]. Chitosan contains key functional
groups, such as O- and N-containing moieties, that
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can serve as binding sites for mercury uptake. These
groups interact with metal cations through electro-
static forces and complexation, enhancing their
effectiveness as an adsorbent.
Functional groups in an adsorbent play a crucial

role in attracting adsorbates, facilitating their diffu-
sion into the solid phase. Beyond well-known
functional groups, S-containing groups have been
shown to enhance heavy metal uptake. For instance,
a previous study demonstrated improved Hg2þ

adsorption by incorporating S-functional groups
into biochar via plasma modification [4]. Another
study reported a 50 % removal of heavy metals via
complexation with sulfonate groups in a chitosan-
based flocculant containing S-functional groups [5].
Sulfonate groups (SO3

�), as S-containing functional
groups, can form covalent bonds with metal ions,
either as S-metal or O-metal complexes [6]. X-ray
photoelectron spectroscopy analysis has revealed
that functional groups such as C]O or O-C]O
significantly contribute to mercury uptake, whereas
C-O (from O-H) does not [4]. Additionally, O-
containing functional groups can act as electron
acceptors, oxidizing Hg0 to Hg2þ, thereby enhancing
adsorption since Hg2þ is more favorable for elec-
trostatic interactions [7]. This study aims to modify
chitosan by replacing its hydroxyl functional groups
(O-H) with sulfonate groups using a sulfonating
agent. This approach incorporates S-containing
functional groups to improve mercury adsorption
capacity.
In previous studies, various materials have been

applied for water treatment such as carbon-based
sorbents [8], hydrocar [9], carboxymethylcellulose-
iron composite [10], activated carbon [11], zinc oxide
marigold [12], MWCNTs/ThO2 nanocomposite [13],
CNTs [14], silico-manganese fumes waste encapsu-
lated cryogenic alginate beads [15], and cross-linked
chitosan-activated charcoal [16]. While these ad-
sorbents exhibit high adsorption capacities, chal-
lenges such as complex synthesis procedures and
high production costs remain. Therefore, devel-
oping a magnetic sulfonated chitosan adsorbent
that offers a simpler synthesis process, lower pro-
duction costs, and minimal environmental impact
is crucial to address these limitations and provide
a more sustainable solution for water treatment
applications.
The use of the sulfonating agent N(SO3Na)3,

derived from a reaction between NaNO2 and
NaHSO3, in this study was inspired by previous
study [17]. This agent reacts with hydroxyl groups in
chitosan, replacing -OH with -OSO2Na (Fig. 1).
While sulfonation of chitosan is not new, previous

studies have employed various sulfonating agents,
such as sulfuric acid [18], 4-formyl-1,3-benzene
disulfonate [19], and 1,3-propane sulfone [20]. In this
study, glutaraldehyde was also used as a cross-
linking agent to improve the material's performance
in aqueous mercury removal. Crosslinking en-
hances the durability of chitosan, which is prone to
dissolution in acidic solutions and structural rupture
during application [21e23]. Glutaraldehyde ach-
ieves this by reacting with amino groups (eNH2) in
chitosan to form stable imine bonds (Schiff bases).
Our research group has previously used different
crosslinking agents such as H2SO4, poly(ethylene
glycol) diglycidyl ether, and epichlorohydrin,
demonstrating their positive effects on the adsorp-
tive removal of aqueous pollutants. In this study, the
sulfonation process using N(SO3Na)3 consumes
hydroxyl groups (O-H), requiring the crosslinking
reaction to target amino groups (N-H). Conse-
quently, glutaraldehyde was selected as the cross-
linking agent (Fig. 1). We hypothesized that the
introduction of the -OSO2Na moiety would increase
the number of active sites on the adsorbent surface,
enhancing pollutant uptake. Additionally, cross-
linking with glutaraldehyde was expected to yield a
material with improved properties, including
greater regenerability. A previous study used
glutaraldehyde to crosslink sulfonated chitosan for
organic dye (methylene blue) removal, employing a
different sulfonating agent (4-formyl-1,3-benzene
disulfonate) via hydrothermal grafting [19]. In the
present study, however, we synthesized the adsor-
bent in bead form, embedded it with magnetic iron
sand (IS), and applied it for mercury removal. This
study also demonstrated the applicability of the IS/
NaSO3-Chi-G bead composite for real mercury-
contaminated water and evaluated its regeneration
capability.

Fig. 1. Schematic diagram of two-step reactions in synthesizing sulfo-
nated chitosan crosslinked with glutaraldehyde.
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2. Materials and methods

2.1. Materials

The chemicals used in this study, including glacial
acetic acid (99.5 % purity), ammonium hydroxide
(NH4OH; 99.9 % purity), nitric acid (HNO3; 68 %
purity), hydrochloric acid (HCl; 37 % purity), sodium
hydroxide (NaOH; 98.5 % purity), sulfuric acid
(H2SO4; 98 % purity), sodium nitrite (NaNO2; 99.9 %
purity), sodium bisulfite (NaHSO3; 58.5 %), and
glutaraldehyde (25 % aqueous solution), were all of
analytical grade and procured fromMerck (Selangor,
Malaysia). The primary polymer, high-molecular-
weight chitosan with a deacetylation degree of 75.0 %
to 85.0 %, was obtained from Tokyo Chemical In-
dustry (Tokyo, Japan). Iron sand (IS) was extracted
from beach sand collected at Syiah Kuala Beach,
Banda Aceh, Indonesia, using a magnet. The IS was
thoroughly washed with boiling deionized water and
then oven-dried at 70 �C for 24 h. Following this, the
dried IS was ball-milled for 20 min at 300 rpm. The
sulfonating agent, N(SO3Na)3, was synthesized by
mixing solutions of NaNO2 and NaHSO3 in a 1:4.25
volume ratio in a beaker at 90 �C and 250 rpm for
90 min. This method was adapted from a previously
published procedure [17].
Mercury-contaminated water was collected on

March 5, 2019, from the Manggamat River in Aceh
Selatan Regency, Aceh Province, Indonesia
(3.1873�N, 97.3895�E). Sampling locations were near
artisanal gold mining sites where mercury was used
in the amalgamation process. Initial mercury con-
centrations from six sampling points were measured
as 0.675, 0.537, 0.468, 0.843, 0.211, and 0.264 mg/L,
respectively. The water samples were stored in
polyethylene bottles, labeled, and immediately
acidified with 2 N HNO3 before transportation to
the laboratory.

2.2. Iron sand/NaSO3-Chi-G composite preparation

For sulfonation, chitosan flakes were soaked in the
freshly prepared sulfonating agent, N(SO3Na)3, with
a pH of 5, and left for 24 h at 27�C ± 2 �C. The
sulfonated chitosan was then collected by filtration,
rinsed with deionized water, and oven-dried at
40 �C for 7 h. To produce a chitosan film, the sul-
fonated chitosan was dissolved in 20 mL of 2 %
glacial acetic acid and stirred for 2 h at room tem-
perature. Subsequently, 0.5 g of iron sand was
added to the solution and stirred for an additional
hour. The weight of dissolved chitosan was varied
(0.35, 0.4, 0.45, 0.5, 0.55, 0.6, and 0.65 g), resulting in
iron sand ratios of 58.8 %, 55.6, 52.6, 50, 47.6, 45.5,

and 43.5 % w/w, respectively. The casting solution
was transferred into a syringe and added dropwise
into a 250 mL NaOH (3 M) solution. The formed
beads were washed with deionized water until the
pH reached 7, then oven-dried at 40 �C for 12 h. The
resulting sample was labeled as IS/NaSO3-Chi.
For the crosslinked composite, the same protocol

used for preparing IS/NaSO3-Chi was followed.
However, before adding the iron sand, glutaralde-
hyde at varying concentrations (0.04, 0.08, 0.13, 0.17,
and 0.21 M) was added to the chitosan solution and
stirred for 2 h. The resulting bead samples from this
process were labeled as IS/NaSO3-Chi-G.

2.3. Characterization

The observed characteristics included morpho-
logy, functional groups, and crystallinity. Mor-
phology was examined using a Scanning Electron
Microscope (SEM, Jeol JSM-6510 LA, Tokyo, Japan)
at a maximum magnification of 30,000� and an
operating voltage of 15 kV. Functional groups of
neat chitosan, iron sand, IS/NaSO3-Chi, and IS/
NaSO3-Chi-G were analyzed using a Shimadzu
Fourier Transform Infrared (FT-IR) spectrometer
(Kyoto, Japan). Crystallinity was assessed with a
Shimadzu X-Ray Diffractometer (XRD-700, Kyoto,
Japan), and the crystallinity index was calculated
using a peak-to-noise ratio formula. Data processing
included a smoothing procedure with the Savitzky-
Golay method, applying a 50-point window in Ori-
ginPro 2021 (version 9.8.0.200, Northampton, MA,
USA). All samples subjected to FT-IR and XRD
characterization were pre-dried overnight at 40 �C.

2.4. Batch adsorption

To determine the optimal compositions of iron
sand and glutaraldehyde, as well as adsorption pa-
rameters, an artificial mercury-contaminated solu-
tion was prepared using HgCl2 dissolved in distilled
water. The solution volume and adsorbent mass
were fixed at 10 mL and 0.1 g, respectively, for all
experiments. For optimizing the compositions of
iron sand and glutaraldehyde, 0.1 g of adsorbent
was used with an initial mercury concentration of
300 mg/L at pH 7. To investigate the effect of contact
time, experiments were conducted with contact
durations ranging from 5 to 100 min at pH 7 and an
initial mercury concentration of 300 mg/L. The in-
fluence of pH on mercury removal was evaluated at
the optimal contact time (60 min), with pH levels
varied between 2 and 9.
All batch adsorption experiments were carried out

in Erlenmeyer flasks placed on a rotary shaker
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operating at 250 rpm at room temperature. After
each experiment, the adsorbent was separated using
a magnet attached to the outside of the flask. The
remaining mercury concentration in the water was
measured using a Shimadzu AA-6300 Atomic Ab-
sorption Spectrophotometer (Kyoto, Japan). The
same procedure was applied to a real mercury-
contaminated water sample collected earlier for
comparison. Each batch adsorption experiment was
performed in triplicate to ensure reproducibility.

2.5. Regeneration

After each adsorption batch, the composite beads
(0.1 g) were soaked in 250 mL of 3 M H2SO4 for
30 min at 250 rpm and room temperature. The beads
were then removed from the acid solution and
thoroughly washed with deionized water until the
surface pH reached neutral (pH 7). Subsequently,
the beads were oven-dried at 40 �C for 12 h. The
dried composite beads were reused for the next
cycle of batch adsorption, with an initial mercury
concentration of 300 mg/L for each cycle. The same
batch adsorption conditions were maintained across
all regeneration cycles to ensure consistency. Large-
scale treatment of contaminated water was con-
ducted by previous study with different removal
procedures for some heavy metal ions [24].

3. Results and discussions

3.1. Characteristics of IS/SO3-Chi-G composite

The surface morphology of ball-milled iron sand
was analyzed using SEM at 1,000� and 30,000�
magnifications (Fig. 2a). The particle size was het-
erogeneous, ranging from approximately 0.1 to
0.3mm,with irregular shapes. SEM images of chitosan
beads at 100� magnification revealed a spheroidal
shape with a smooth surface (Fig. 2b). However, at
30,000� magnification, the surface appeared rough
and wavy. The embedment of iron sand onto sulfo-
nated chitosan (IS/NaSO3-Chi) resulted in the bead
surface being covered with irregularly shaped small
particles, identified as iron sand (Fig. 2c). Similar
particles were also observed covering the surface of
IS/NaSO3-Chi-G beads (Fig. 2d).
The effect of crosslinking on the surface

morphology of IS/NaSO3-Chi-G beads was also
observed. Following crosslinking, agglomerations
were evident under SEManalysis andwere attributed
to non-crosslinked chitosan regions. Glutaraldehyde-
crosslinked chitosan molecules exhibit a more rigid
molecular structure, leading to a difference in density
compared to non-crosslinked chitosan.

This density variation may result in agglomera-
tion, as chitosan molecules can still form intermo-
lecular bonds through amine groups. A similar
phenomenon was noted in our previous study on
polyol particles crosslinked with urethane linkages.
Other researchers have also reported comparable
morphological changes. For example, chitosan
crosslinked with palladium (II) phthalocyanine tet-
rasulfonate via amine groups showed similar
agglomeration, although no explanation was pro-
vided for this observation [25]. Romal and Ong also
described changes in morphology after crosslinking,
offering explanations in their study [26]. Further-
more, in another work, they observed morpholog-
ical alterations when phosphorylating the C6-OH of
chitosan, even without a crosslinker [27]. In sum-
mary, the morphology of IS/NaSO3-Chi-G appears
rough with agglomerated chitosan regions, which
may be associated with its mercury uptake
capability.
The FT-IR spectra of chitosan, IS/NaSO3-Chi, and

IS/NaSO3-Chi-G composites are presented in Fig. 3.
The absorption band in the range of
3700e3000 cm�1 corresponds to O-H stretching and
N-H stretching vibrations of primary amines [28].
Shifts in spectral signals and variations in the amide
I band (1700e1600 cm�1) and amide II band (near
1550 cm�1) were observed, indicating interactions
with metal ions [29]. The medium-intensity bands at
1654.92 cm�1 (a) and 1633.71 cm�1 (c, d) are attrib-
uted to the vibrational region of amide I (C]O
stretching) [30].
Additionally, a shift in the weak to medium-in-

tensity bands from 1587.42 cm�1 (c) to 1585.49 cm�1

(d) is associated with C-N stretching coupled with
N-H bending. This confirms the formation of a bond
between NH2 and the aldehyde group (C]O) of
glutaraldehyde, forming amide II and validating
successful glutaraldehyde crosslinking in the chito-
san. The band at 1375 cm�1 represents CH2 scis-
soring vibrations, while the peak at 1070 cm�1

corresponds to S]O stretching, indicative of sul-
fonic acid groups. However, this does not specify
whether sulfonation occurred at both the C3 and C6
positions or only at C6. New functional groups were
identified in the spectra of IS/NaSO3-Chi and IS/
NaSO3-Chi-G. The band at 896.90 cm�1 represents
C-O-S bond vibrations from sulfonation, and the
band at 578.64 cm�1 corresponds to Fe-O bond vi-
brations from the iron sand. These findings confirm
the successful incorporation of sulfonic and iron
sand groups into the composites.
The crystallographic structures of iron sand, chi-

tosan, NaSO3-Chi, and IS/NaSO3-Chi-G were
analyzed using XRD, and the results are presented
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in Fig. 4. The diffractogram of iron sand nano-
particles exhibits peaks at 2q values of 30.13�, 35.50�,
43.13�, 57.03�, and 62.63�, which are characteristic of
Fe3O4. These peaks correspond to the (220), (311),

(400), (511), and (440) planes, representing the
crystalline cubic magnetite structure (JCPDS
reference No. 01e075-0033) [46]. For chitosan
(Fig. 4b), a broad peak at 2q ¼ 21.8� indicates its

Fig. 2. Surface morphology of iron sand particles resulted from the ball-milling process observed under 1,000� (left) and 30,000� (right) magnifications
(a). Surface morphologies of chitosan (b), IS/NaSO3-Chi (c), and IS/NaSO3-Chi-G (d) beads were observed under 100� (left) and 30,000� (right).
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semi-crystalline nature [31,32]. In the IS/NaSO3-Chi
and IS/NaSO3-Chi-G composite samples, distinct
peaks at 2q ¼ 35.8� and 36.01�, respectively, confirm
the presence of Fe3O4 from the iron sand. However,
the characteristic crystalline peak of chitosan is not
observed in these composites, suggesting that the
crystallinity of the iron sand dominates within the
material. This observation aligns with previous
studies on hydroxyapatite-embedded chitosan
matrices, where the embedded component masked
the chitosan crystallinity [33]. Overall, the XRD
analysis confirms the successful incorporation of
magnetic iron sand into the polymer matrix, as
evidenced by the dominant crystalline peaks
attributed to Fe3O4.
Regarding the crystallinity, we calculated the

crystallinity index of each sample using the peak-to-
noise ratio formula. Crystallinity indices of chitosan,
IS/NaSO3-Chi, and IS/NaSO3-Chi-G samples were
78.15, 47.04, and 45.64, respectively. The crystallinity
of chitosan dropped as much as 35.97 % when iron

sand fillers were introduced to the matrix. It also
indicates the increase on the amorphousness of the
prepared composites. Nonetheless, the crystallinity
change was insignificantly observed between IS/
NaSO3-Chi and IS/NaSO3-Chi-G, which is in
agreement with the diffractogram shape. The find-
ings of this research are in line with several previous
studies where they reported significantly reduced
crystallinity indices following the addition of Fe3O4

as filler particles [34].

3.2. Effect of iron sand filler on Hg2þ adsorption

The embedment of iron sand aimed to impart
magnetic properties to the adsorbent, facilitating its
easy separation from water after treatment. How-
ever, the addition of iron sand to the chitosan-based
matrix influenced its adsorption capacity for Hg2þ

(Fig. 5a). In the current study, the lowest Hg2þ

adsorption capacity was observed with an iron sand
composition of 58 % w/w in the chitosan matrix.
Because high composition of iron sand reduced the
chitosan content where chitosan is the main mate-
rial for Hg2þ adsorption. Reducing the iron sand
content to 55.6 % increased the adsorption capacity
to 29.55 ± 0.03 mg/g. Further reductions in iron sand
composition resulted in a gradual increase in Hg2þ

adsorption capacity, with compositions of 52.6 %,
50 %, 47.6 %, and 45.5 % yielding capacities of
29.74 ± 0.02, 29.74 ± 0.04, 29.71 ± 0.05, and
29.75 ± 0.03 mg/g, respectively. The highest
adsorption capacity for Hg2þ (30.74 ± 0.03 mg/g) was
achieved with an iron sand composition of 43.5 % w/
w in the chitosan-based adsorbent (Fig. 5a).
Similar findings were observed in a study using

chitosan embedded with graphene oxide and
nanocellulose, where the removal percentages of Pb
and Cd fluctuated, as analyzed by inductively
coupled plasma-optical emission spectrometry [35].
These variations in adsorption capacity can result
from a tradeoff between the adsorptive benefits and
disadvantages of filler addition. For IS/NaSO3-Chi-
G, fluctuations in adsorption capacity likely arise
from this tradeoff. However, since the adsorbent
with a 43.5 % iron sand composition achieved the
highest Hg2þ adsorption capacity, it was selected for
all subsequent experiments.

3.3. Effect of glutaraldehyde crosslinking on Hg2þ

adsorption

The effect of glutaraldehyde concentration in IS/
NaSO3-Chi-G on Hg2þ removal is shown in Fig. 5b.
An increase in adsorption capacity from
27.51 ± 0.12 mg/g to 28.23 ± 0.23 mg/g was observed

Fig. 3. FT-IR spectra of chitosan (a), iron sand (b), IS/NaSO3-Chi (c),
and IS/NaSO3-Chi-G (d).

Fig. 4. XRD patterns of iron sand (a), chitosan (b), NaSO3-Chi (c) and
IS/NaSO3-Chi-G (d).
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when glutaraldehyde concentration was increased
to 0.04 M during crosslinking. The adsorption ca-
pacity continued to rise with increasing glutaralde-
hyde concentration, reaching a peak of
30.74 ± 0.14 mg/g at 0.17 M. This trend highlights
the positive correlation between glutaraldehyde-
based crosslinking and the ability of IS/NaSO3-Chi-
G to adsorb Hg2þ from water. However, when the
glutaraldehyde concentration was further increased
to 0.21 M, the adsorption capacity declined to
28.78 ± 0.25 mg/g, indicating that excessive cross-
linking may hinder adsorption efficiency.
Crosslinking with glutaraldehyde plays a critical

role in pollutant adsorption by maintaining the
structural integrity of chitosan in acidic or basic
wastewater. This concept has also been highlighted
in a study that used glutaraldehyde-crosslinked
chitosan beads for Cr4þ removal [36]. In our previ-
ous research, we observed that chitosan tends to
swell in acidic solutions, which enhances adsorbate
diffusion and increases adsorption capacity. How-
ever, chitosan is inherently unstable in strongly
acidic environments, leading to structural

degradation of the adsorbent material. Glutaralde-
hyde crosslinking addresses these challenges by
preventing the formation of an overly dense chito-
san structure at basic pH levels and mitigating
structural decay at acidic pH levels. However, in this
study, we observed a reduction in adsorption ca-
pacity when the glutaraldehyde concentration was
increased to 0.21 M. This decline can be attributed to
over-crosslinking, which creates a denser and less
porous chitosan structure. Over-crosslinking re-
duces the availability of active sites for Hg2þ

adsorption, limits the diffusion of Hg2þ ions, and
blocks functional groups, ultimately decreasing the
overall adsorption capacity.

3.4. Batch adsorption parameter: contact time

The effect of contact time on Hg2þ adsorption was
investigated over 100 min, and the results are pre-
sented in Fig. 5c. The adsorption capacity (Q)
increased initially and reached equilibrium after
60 min (Q ¼ 30.73 mg/g). Notably, previous research
using neat Fe3O4 (iron sand) achieved a similar

Fig. 5. Effect of iron sand filler (% w/w) (a) and crosslinking agent glutaraldehyde (M) (b) in the IS/NaSO3-Chi-G composite on Hg2þ adsorption
(t ¼ 80 min; pH ¼ 7). Effect of contact time variation (0d100 min) (c) and effect of pH variation (pH ¼ 2d9) toward Hg2þ adsorption onto IS/
NaSO3-Chi-G composite. Otherwise stated, the adsorption parameters are as follows: adsorbent mass ¼ 0.1 g; initial [Hg2þ] ¼ 300 mg/L; 135 rpm;
and room temperature. Dashed lines indicate an optimum contact time or pH.
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adsorption capacity of about 28.8 mg/g but required
800 min [37]. In this study, the adsorption capacity
rose sharply within the first 5 to 20 min, followed by
a gradual increase until equilibrium was achieved.
This behavior can be explained by the following
rapid initial adsorption. During the early phase, the
high Hg2þ concentration in the bulk solution drove
rapid adsorbate diffusion onto the IS/NaSO3-Chi-G
composite. As the Hg2þ concentration in the solu-
tion decreased, the uptake rate slowed [38]. In later
times, the adsorption rate decreased over time due
to the progressive occupation of binding sites on IS/
NaSO3-Chi-G. As fewer binding sites remained
available, the adsorption rate declined until all sites
were occupied by Hg2þ. At equilibrium, the rates of
adsorption and desorption became equal, resulting
in no further changes in adsorption capacity [39].
These findings highlight the efficiency of IS/NaSO3-
Chi-G in rapidly adsorbing Hg2þ compared to
pristine Fe3O4.

3.5. Adsorption batch parameter: pH

The effect of solution pH on Hg2þ adsorption by
IS/NaSO3-Chi-G was studied within the pH range
of 2e9 (Fig. 5d). As the pH increased from 2 to 3, the
adsorption capacity improved significantly, reach-
ing 40.32 mg/g at pH 2 and peaking at 49.78 mg/g at
pH 3. However, the adsorption capacity decreased
as the pH increased further, dropping to a minimum
of 27.5 mg/g at pH 9.
These changes can be explained by several factors,

including surface charge, chitosan swelling, and the
transformation of Hg2þ species in the solution. At
lower pH levels, the amine groups in chitosan are
protonated, imparting a more positive surface
charge that can repel the cationic Hg2þ ions. How-
ever, the optimal adsorption at pH 3 suggests that
glutaraldehyde crosslinking effectively consumes a
significant portion of the amine groups, reducing
this repulsion and allowing better interaction with
Hg2þ. In acidic solutions, chitosan is prone to
swelling, which increases the accessibility of bind-
ing sites for Hg2þ. This swelling mechanism con-
tributes to the high adsorption capacity observed at
pH 3. At higher pH levels, reduced swelling limits
the availability of these binding sites. At higher pH
levels, however, the Naþ ions from the sulfonate
(-NaSO3) group may act as competitors, reducing
the interaction of Hg2þ with the adsorbent [40].
Additionally, at basic pH, Hg2þ can react with hy-
droxyl (OH�) ions to form insoluble complexes,
resulting in precipitation and a further reduction in
adsorption capacity [41]. Notably, the adsorption
capacity sharply decreased from pH 3 to 7 and then

declined slightly at pH 9. This trend underscores the
importance of maintaining an optimal pH for
effective Hg2þ removal, with pH 3 being identified
as the most favorable condition.
The prepared IS/NaSO3-Chi-G composite exhibits

enhanced electrostatic advantages due to the sulfo-
nate group, which dissociates into anionic SO3

� in
aqueous solution. This contributes to a more nega-
tively charged adsorbent surface, facilitating higher
Hg2þ adsorption [38]. While at acidic pH levels, the
presence of H3O

þ ions can compete with cationic
Hg2þ for binding sites (as observed at pH 2), this
competition diminishes at pH 3, where optimal
adsorption was achieved. Comparing the adsorption
capacities at acidic and basic pH ranges reveals
significantly higher capacities in acidic conditions.
This suggests that Hg2þ uptake by IS/NaSO3-Chi-G
is not predominantly driven by electrostatic in-
teractions but is more likely influenced by swelling
of the chitosan matrix and Hg2þ speciation.
The dominant interaction between adsorbate and

adsorbent is proposed to occur via complex forma-
tion, either with the N ligand from glutaraldehyde
[42] or the S]O ligand from the sulfonate group [6].
An illustration of the proposed adsorbate-adsorbent
interaction mechanisms in this study is presented in
Fig. 6.

3.6. Isotherm modeling

Herein, the adsorption of Hg2þ onto IS/NaSO3-
Chi-G was modeled using two widely applied
isotherm models: Langmuir and Freundlich. The
Langmuir model assumes homogeneous binding
energies on the adsorbent surface and describes
monolayer adsorption, where each binding site in-
teracts equally with the adsorbate. In contrast, the
Freundlich model is based on the assumption of
heterogeneous binding energies across the

Fig. 6. Illustration of covalent bonding mechanism between IS/NaSO3-
Chi-G and Hg2þ. Dashed lines represent the covalent bond.
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adsorbent surface and describes multilayer adsorp-
tion. The mathematical expressions for the Lang-
muir and Freundlich isotherm models are presented
in Equations (1) and (2).

1
Qe

¼
�

1
Qm KL

�
1
Ce

þ 1
Qm

ð1Þ

log10 Qe¼ log10 KF þ 1
n
log10 Ce ð2Þ

where Qe (mg/g), is the amount of Hg2þ adsorbed
onto IS/NaSO3-Chi-G, Qm (mg/g) is the maximum
adsorption capacity of IS/NaSO3-Chi-G, Ce (mg/L)
is the equilibrium concentration of ion Hg, KL (L/
mg) and KF [(mg/g)(mg/L�1/n)] are Langmuir and
Freundlich constant, 1/n is the heterogeneity factor
[43,44].
Linear regression curves of the experimental data

based on the Langmuir and Freundlich isotherm
models, along with their respective parameters, are
shown in Table 1. The agreement between the pre-
dicted and experimental data was evaluated using
the R2 value. The R2 value for the Freundlich model

was higher, indicating that the interaction between
Hg2þ and IS/NaSO3-Chi-G is best explained by
multilayer adsorption with heterogeneous binding
energies [43].
The adsorptive behavior is likely due to the ability

of the sulfonate groups to form covalent bonds with
heavy metal ions. The Freundlich model's adsorp-
tion intensity constant (n) was greater than 1, sug-
gesting that IS/NaSO3-Chi-G is favorable for Hg2þ

adsorption [45]. Additionally, the Langmuir
isotherm also showed good applicability, with an R2

value > 0.95, indicating that monolayer adsorption
also contributes to the system. The maximum
adsorption capacity (Qm) derived from the Lang-
muir model was 93.46 mg/g. This value is compa-
rable to, and in some cases higher than, the
capacities reported in other studies, as summarized
in Table 3, highlighting the effectiveness of IS/
NaSO3-Chi-G for mercury removal.

3.7. Kinetic study

Pseudo-first-order (PFO) and pseudo-second-
order (PSO) models were used to assess the
adsorption kinetics. Table 2 shows the parameters
derived from these models. According to the PFO
kinetic model, physical adsorption governs the
majority of the adsorption process, with the
adsorption rate being proportional to the number of
vacant adsorption sites. Systems where the adsorp-
tion process is dominated by van der Waals forces
or other weak interactions are usually described
using this model. The PSO kinetic model, on the
other hand, indicates that chemical adsorption
which includes valence forces and potentially the
creation of surface coordination bonds between the
adsorbent and the adsorbate controls the adsorption
process. Higher correlation coefficients (R2), which
show a better fit of the experimental data to the PSO
model, suggest that chemisorption processes were
primarily responsible for Hg2þ adsorption by IS/
NaSO3-Chi-G. Metal ions adhere to the adsorbent's
surface during chemisorption to create coordinated
covalent bonds.

Table 1. Langmuir and Freundlich Isotherm parameters for Hg2þ

adsorption by IS/NaSO3-Chi-G.

Langmuir Isotherm

Qm (mg/g) 93.46
KL 0.57
R2 0.97
RMSE 0.002

Freundlich isotherm

KF 32.99
N 2.08
R2 0.98
RMSE 0.035

Table 2. Adsorption kinetic parameters of PFO and PSO kinetic models
for Hg2þ adsorption by IS/NaSO3-Chi-G.

Parameter PFO PSO

qe 2.68 mg/g 370.37 mg/g
k 0.002 mg/g/min 0.0009 mg/g/min
R2 0.8625 0.9999

Table 3. Comparison of regeneration cycles and adsorption capacity maximum (Qm) between this present work and previously published studies.

Sample Year Ref Regeneration (cycles) Qm (mg/g)

Iron sand/glutaraldehyde-crosslinked sulfonated chitosan 2024 This work >5 93.46
SnO2-crosslinked-chitosan nanocomposite 2022 [46] 4 21.05
Modified ion-imprinted chitosan 2022 [47] 5 315
Thiophene-chitosan hydrogel-trap 2020 [48] 3 18.71
Fibrous polymer-grafted chitosan 2016 [49] 3 4.88 ± 0.21
Chitosan coated Fe3O4 nanocomposites 2016 [50] 12 96
Biobased chitosan derivative 2021 [51] Not reported 107
Chitosan oligosaccharide/silica nanoparticles hybrid porous gel 2021 [52] Not reported 33.3

G. Fathurrahmi et al. / Karbala International Journal of Modern Science 11 (2025) 269e281 277



3.8. Regeneration of NaSO3-Chi-G for aqueous
Hg2þ removal

The re-generatability of an adsorbent is crucial for
enhancing the cost efficiency and eco-friendliness of
wastewater treatment processes. In this study, the
regeneration of IS/NaSO3-Chi-G was performed
over five cycles (Fig. 7). The adsorption capacity for
Hg2þ was initially 49.98 ± 0.06 mg/g and remained
nearly unchanged at 49.82 ± 0.02 mg/g after the fifth
cycle. This minimal reduction in adsorption capacity
even after multiple regeneration cycles confirms the
excellent re-generatability of IS/NaSO3-Chi-G. Such
durability highlights its potential as a sustainable
and reusable material for mercury removal in
wastewater treatment.
Previously, we observed poor re-generatability in

polyethylene glycol diglycidyl ether-crosslinked
chitosan, where the heavy metal adsorption capacity
decreased dramatically after just one cycle. This
issue was attributed to the degradation of functional
groups, particularly amine groups, and/or an inef-
fective regeneration protocol. In this study, we
employed a similar regeneration protocol using 3 M
H2SO4 to desorb mercury from IS/NaSO3-Chi-G.
Thus, the primary factor influencing re-generat-
ability is likely the preservation of functional groups
during regeneration cycles.
In the present study, the degradation of key

functional groups was effectively minimized, likely
due to glutaraldehyde crosslinking, which enhances
chitosan's stability in acidic conditions [72]. It was
confirmed by the existence of typical absorption
bands of chitosan, iron sand, and sulfonate groups
in the FTIR spectrum of IS/NaSO3-Chi-G after 5
cycles of regeneration (Fig. 8).

This improved stability allowed the IS/NaSO3-
Chi-G to maintain high adsorption capacity over
multiple regeneration cycles. A comparison of the
number of successful regeneration cycles achieved
in this study with those reported in previously
published works is presented in Table 2.

3.9. IS/NaSO3-Chi-G for remediating Hg-
contaminated water

The performance of IS/NaSO3-Chi-G in removing
Hg from real water samples is presented in Fig. 9.
The adsorptive efficiency observed in actual water
samples may deviate from the results obtained in
controlled laboratory conditions. This is partly
because the isotherm study was conducted using a
high range of Hg concentrations (300e800 mg/L),
which may not fully represent real-world condi-
tions. Despite this, a significant reduction in Hg

Fig. 7. Adsorption capacity of IS/NaSO3-Chi-G for Hg2þ following 5
cycles of regeneration.

Fig. 8. FT-IR spectrum of IS/NaSO3-Chi-G after 5 cycles of
regeneration.

Fig. 9. Hg removal from the real sample using IS/NaSO3-Chi-G. The
red line indicates the removal percentage of Hg by IS/NaSO3-Chi-G.
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concentration was achieved following batch
adsorption treatment with IS/NaSO3-Chi-G, with
nearly 100 % removal efficiency. The removal per-
centage appeared to correlate with the initial Hg
concentration, likely due to the role of adsorbate
concentration in driving diffusion forces. The vari-
ability in removal percentages could also be attrib-
uted to the presence of competing cationic ions in
the water, which may interfere with adsorption.
Additionally, Hg in real water samples may exist in
various formsdorganic or inorganicdand in
different oxidation states (e.g., Hg0, Hgþ, and Hg2þ).
Nevertheless, the results confirm the high efficacy of
IS/NaSO3-Chi-G composite beads in removing
mercury from real contaminated water samples,
demonstrating their potential for practical
applications.

4. Conclusions

The IS/NaSO3-Chi-G composite beads were suc-
cessfully synthesized through a two-step reaction
involving sulfonation with N(SO3Na)3 and cross-
linking with glutaraldehyde. The modification
introduced a new functional group, SO3Na, as
confirmed by FT-IR analysis. Additionally, the
combination of sulfonation and the incorporation of
magnetic iron sand led to changes in crystallinity
and surface morphology. The optimal conditions for
Hg2þ adsorption onto IS/NaSO3-Chi-G composite
beads were determined to be a contact time of
60 min and a pH of 3. Isotherm studies demon-
strated the compatibility of both Langmuir and
Freundlich models, with the adsorption system
aligning more closely with the Freundlich model.
The material exhibited high regenerability, retain-
ing its performance for more than five cycles of
regeneration using a strong acid solution. Moreover,
the adsorbent effectively removed mercury from
real contaminated water samples, demonstrating its
practical applicability. In conclusion, IS/NaSO3-Chi-
G composite beads present a promising solution for
the remediation of heavy metal pollution in aquatic
environments, offering a cost-efficient and eco-
friendly approach.
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