
Magnetic Chitosan Nanocomposites Derived from Industrial Solid
Waste: A Promising Approach for Arsenic(III) Remediation
Le Minh Tri, Pham Thi Mai Huong, and Nguyen Thi Huong*

Cite This: ACS Omega 2025, 10, 3351−3360 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this paper, the “waste to adsorbent” strategy was
proposed to synthesize Fe3O4 nanoparticles using the ultrasonic-
assisted coprecipitation method from Bayer industrial waste. The
nanoparticles were combined with chitosan (CS) to enhance their
physicochemical properties. The well-covered CS on the surface of
Fe3O4 is characterized by the nanocomposite’s saturation magnet-
ization of 50.2 emu/g, zeta potential of −14.2 mV, and specific
surface area of 93.64 m2/g. The highest percentage removal
efficiency was 96.73% at pH 4, with the adsorbent dosage of 0.5 g/
L and the As(III) concentration of 10 mg/L, which suggests that
the material is an ideal adsorbent for arsenic(III) remediation.
Furthermore, the effects, kinetics, isotherms, and thermodynamic
study of the As(III) adsorption process in an aqueous solution of
Fe3O4/CS nanocomposites were thoroughly investigated.

1. INTRODUCTION
The development of heavy industry is an important part of the
industrialization process of a country, especially for developing
nations. Heavy industry typically includes large-scale manu-
facturing sectors such as steel production, cement, chemicals,
and other related industries. Throughout history, the develop-
ment of heavy industry has contributed to economic growth
and created a solid infrastructure foundation for developing
economies. However, the development of the heavy industry
also comes with many serious environmental issues. Environ-
mental pollution from factories, manufacturing plants, and
extraction activities can have significant negative impacts on
the environment and human health.1

One such environmental issue is the contamination of water
and soil by arsenic.2 Arsenic is a naturally occurring element
present in the Earth’s crust in various forms, with inorganic
arsenic being the most dangerous. Its toxicity has been well-
documented, and exposure to arsenic poses significant health
risks. This element can accumulate in crops such as rice,
vegetables, and seafood, further exacerbating the issue.3

Industrial activities, particularly the use of arsenic in pesticides
and wood preservatives, contribute to its release into the
environment. Acute ingestion of high levels of arsenic can
result in severe symptoms, such as nausea, vomiting, diarrhea,
abdominal pain, and shock. Most environmental arsenic
contamination stems from human activities, causing life-
threatening complications for millions of people who consume
water and food from arsenic-contaminated sources.4

Various strategies have been explored for the removal of
arsenic in wastewater, including photocatalysis,5 microbial

decomposition,6 reverse osmosis,7 membrane filtration,8 ion
exchange,9 and adsorption.10 Adsorption is particularly
advantageous due to its ease of operation, affordability,
environmental sustainability, and fast processing capabilities.
As a result, a wide range of solid adsorbents have been
engineered for wastewater treatment, including covalent
organic frameworks, metal−organic frameworks,11 organic
polymers,12 porous inorganic materials,13 and metal oxide
materials.14 Iron oxides, in particular, are renowned for their
high capacity to adsorb arsenic and are extensively applied in
real-world scenarios.15 Nonetheless, conventional methods for
synthesizing iron oxides, such as solvothermal and hydro-
thermal techniques,16 require high temperatures and pressures,
use toxic solvents, and consume significant amounts of energy.
Thus, the development of highly active iron oxide-based
adsorbents using ecofriendly and efficient methodologies
presents a significant challenge.

In Vietnam, a notable discovery is that the byproducts from
the Bayer process used to refine bauxite ore into Al2O3 contain
significant amounts of metal oxides, including Fe2O3, Al2O3,
CaO, SiO2, and TiO2, with iron oxide comprising up to 60%.
Additionally, this highly alkaline waste material, with a pH
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between 11 and 12, contributes to severe environmental
pollution and poses substantial health risks to the local
population. Consequently, there is a strong incentive to recycle
this harmful industrial solid waste and transform it into
valuable adsorbents.17

Since 2017, the adsorption of As (III) in red mud aqueous
solution has been investigated by researchers after the
separation of aluminum and alkali-soluble components.18

Three years later, in 2020, the ferromagnetic nanoparticles
were successfully fabricated and tested for Cr (VI)
adsorption.19 However, with a focus on enhancing the
efficiency and characteristics of the material, research has
been continuously conducted on its nano surfaces to not only
improve diffusion but also reduce particle agglomeration and
promote its recovery rates.

In this study, chitosan (CS) has been selected as an agent for
the modification of ferromagnetic nanoparticles owing to its
antibacterial properties, biodegradability, and other favorable
characteristics. These include abundant sources allowing for
low-cost and large-scale production,20 chemical stability when
combined with Fe3O4,21 as well as good biocompatibility,22

rendering it suitable for applications such as catalyst supports
and biomedical materials. Furthermore, its strong ion exchange
properties facilitate the rapid removal of heavy metals and
contribute to its high adsorption capacity.23 The adsorption of
heavy metals is attributed to ion exchange, complexation, and
electrostatic interaction mechanisms, facilitated by the
presence of free electrons on the −NH2 and −OH surface
groups of CS, which interact with metal ions by filling empty d-
orbitals to form complexes.23 Meanwhile, the role and
effectiveness of CS when modified with some materials in
the treatment of arsenic have also been mentioned in literature
reports.24

In this study, the “waste to adsorbent” strategy was
proposed, in which solid waste from heavy industrial processes
is treated to produce nanostructured Fe3O4 materials for
arsenic pollution remediation. This strategy serves two
functions simultaneously: (1) the synthesis process of the
Fe3O4 material does not generate additional hazardous waste;
and (2) solid waste sources undergo cleaning processes and
pollution reduction measures to mitigate environmental
contamination. Moreover, the materials are also evaluated for
their properties and arsenic isothermal adsorption process
kinetics in an aqueous environment.

2. EXPERIMENTAL SECTION
2.1. Materials. Ferrous chloride tetrahydrate (FeCl2·

4H2O), ascorbic acid (C6H8O6), sodium borohydride
(NaBH4), hydrochloric acid (HCl), potassium iodide (KI),
sodium hydroxide (NaOH), and acetic acid (CH3COOH)
were purchased from Merck. Arsenic standard solution 1000
mg/L for AA (arsenic III-oxide in 0.5 M nitric acid solution, d
= 1.01 g/cm3) was purchased from Scharlau, Spain.
Ammonium hydroxide (NH4OH) was obtained from
Macklin-China, India. The red mud was from Central
Highlands, Vietnam (particle size ≤200 μm; main components
include Al2O3:14.0%, CaO: 2.3%, Fe2O3: 55.5%, SiO2: 5.3%,
and MKN: 11.1%). All chemical solutions were diluted with
distilled water until the desired concentration was reached.
2.2. Synthesis Methods. 2.2.1. Synthesis of Fe3O4/CS

Nanocomposites. The method of synthesizing Fe3O4 nano-
particles using the Central Highlands red mud followed a
previous ultrasound-assisted coprecipitation method (Scheme
1).19

The red sludge was dissolved in deionized water with a
weight ratio of 5 liquid:1 solid and stirred until the pH reached
equilibrium in the range of 7.5−8.0 and then dried at 80 °C for
24 h. The sample received was about 50% iron oxide in weight,
and it was further treated with H2SO4 2 M solution for 3 days
at room temperature. Then a red solution was obtained after
being filtered to remove the insoluble materials.

FeCl2·4H2O was added to a 100 mL brown-red solution
(with a molar ratio of 2 Fe3+:1 Fe2+) with vigorous stirring
under a N2 gas flow for 10 min. The mixed solution was
sonicated with a VCX500 probe sonicator operating at a
frequency of 20 kHz. The reaction flask was then slowly filled
with a 25−28% NH3 solution in weight, ensuring that the
solution always maintained a pH of 9−10. During this process,
the solution’s color changed from yellow-orange to brown
before becoming black. Then, the solution was allowed to react
with a sufficient amount of NH3 for 30 min while maintaining
the original conditions. Next, the Fe3O4 NPs were dried at 70
°C under vacuum for 12 h after being separated by a magnet
and washed several times in ethanol and deionized water.

The method to prepare Fe3O4/CS nanocomposites was
previously presented in a publication by Nguyen et al.25 First,
sonication was used to dissolve 0.5 g of CS in 50 mL of acetic
acid to obtain a 1% CS/CH3COOH solution. After that, 5 g of
Fe3O4 NPs was added, and the mixed solution was sonicated

Scheme 1. Synthesis of the Fe3O4/CS Nanocomposite
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for 1 h. Finally, the Fe3O4/CS product was dried on Petri
dishes in an oven at 60 °C for 24 h.
2.2.2. Study Material Properties. The structure phase and

magnetic properties of the materials were characterized by X-
ray diffraction (XRD) using Cu Kα (λ = 1.5406 Å) radiation
and vibrating sample magnetometry (VSM). In addition, the
FTIR technique was also used to determine the chemical
bonds, composition, covalent bond pairs, and functional
groups in the material.

The surface morphology of the materials was determined by
FESEM measurement using a Hitachi S-4800. The sample
preparation for FESEM measurement was as follows: a small
amount of sample was dissolved in an ethanol solution, and a
few drops of the mixture were placed on an aluminum grid.
Then, it was allowed to dry for 1−2 h in a vacuum at over 40
°C. The solid samples were subjected to magnetic measure-
ments at room temperature (25 °C) utilizing a Magnet B-10
vibrating sample magnetometer.19

Experimental studies of static desorption and adsorbed were
conducted at 77 K to determine the specific surface areas and
pore size distributions. The preparation has been described in a
previous study.19

2.2.3. Batch Adsorption Procedure. Adsorption ability was
determined by the batch method so that we could find the
main factors influencing adsorption. They were the adsorbent
dose, temperature, initial arsenic(III) concentration, and time.
Hence, optimization was calculated to achieve maximum
process efficiency.

In this study, a predetermined amount of nanocomposites
was added continuously to the As(III) solution flask and
shaken until the pH value reached equilibrium at a temperature
of 303 ± 1 K. Subsequently, the flask was continually shaken at
240 rpm before the inside solution was filtered through a
magnet and stored in polythene tubes. The solution was then
diluted for further analysis. The experimental conditions of this
procedure are the same as previously reported,19 including
adsorbent dosage (0.25−2.5 g/L), pH (2.0−10.0), the initial
As(III) concentration (5.0−25.0 mg/L), temperature (293−
313 K), and time (0−180 min). Besides, the pH value was
adjusted by 0.1 N HCl or 0.1 N NaOH solutions.

For the adsorption isotherm study, 0.5 g/L doses of Fe3O4/
CS nanocomposite were added to flasks having 100 mL As(III)
solutions (5−25 mg/L at concentration) at a predetermined
temperature and pH. The optimum adsorption time was 1 h.
All of the experiments were triplicated, and their standard
deviation was 2.0%.

The experiments for thermodynamic studies were repeated
at 297−903 and 313 K. Kinetic studies were also carried out at
various initial arsenic concentrations ranging from 5 to 25 mg/
L at 303 K, at equal time intervals.
2.2.4. Analysis of As(III) Ion Concentration. The adsorbent

concentration was measured using an atomic fluorescence
spectrophotometer (AFS), AFS 240-Agilent, modular VGA 77
vapor, and using the hydride technique.

The adsorption capacity (q) was calculated by the formula26

q
C C V

m
( )to=

·
(1)

where q, Co, Ct, V, and m are As(III) uptake capacity (mg/g),
initial As(III) concentration (mg/L), As(III) concentration at
time t (mg/L), the volume of the treated solution (L), and
adsorbent weight (g), respectively.

The removal efficiency (%R) of As(III) was calculated as
follows:

R
C C

C
% 1000 e

0
= ×

(2)

Here, Ce is the As(III) concentration at equilibrium (mg/L).

3. RESULTS AND DISCUSSION
3.1. Characterization of the Fe3O4/CS Nanocompo-

sites. The XRD data of the Fe3O4/CS nanocomposite is

demonstrated in Figure 1. The characteristic peaks at 30.42°,
35.97, 43.38, 57.3, and 63.05° correspond to (220), (311),
(222), (511), and (440), respectively. These peaks belong to a
phase of Fe3O4 nanoparticles (ICSD 01−071−6339) (Figure
S1). CS demonstrates two distinct crystalline peaks, located at
approximately 20 and 10.8°. The presence of numerous
hydroxyl and amino groups within the CS structure initiates
the creation of hydrogen bonds, thereby facilitating the

Figure 1. XRD profile of Fe3O4/CS.

Figure 2. FTIR spectra of Fe3O4, CS, and Fe3O4/CS.
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establishment of a uniform crystalline structure within the CS
molecules, as observed in prior research.27

Figure 2 presents the FTIR spectra of bare Fe3O4, CS, and
Fe3O4/CS nanoparticles. The peak observed around 3431
cm−1 in both Fe3O4 and Fe3O4/CS samples is associated with
the −OH stretching vibration.28 For the Fe3O4 nanoparticles,
the peaks located at approximately 579 and 650 cm−1 are
attributed to the Fe−O stretching vibration.29 In the FTIR
spectrum of CS, the absorption bands around 2921 and 2877
cm−1 correspond to the symmetric and asymmetric stretching
of C−H bonds, respectively, while the broad peak around 1049
cm−1 is due to the C−O stretching, and the peak at 1625 cm−1

is related to the C�O stretching of amide I.30 In the spectrum
of Fe3O4/CS nanoparticles, all characteristic peaks of CS and
Fe3O4 nanoparticles are almost present. However, some minor
deviations in peak positions and the merging of peaks into
broader peaks are observed. This observation may be due to
the overlap of vibrations, for example, the broad peak at

position 598 cm−1 of the Fe3O4/CS may be due to the overlap
of −OH group vibrations of CS31 and the Fe−O vibration of
Fe3O4. The results pointed out that CS was coated on Fe3O4
nanoparticles successfully.

The morphologies of Fe3O4 NPs and Fe3O4/CS are
displayed in Figure 3a,b, respectively. It is clear that the
distribution of Fe3O4 NPs is uniform (from 10 to 30 nm) and
that CS is present on the surface of these particles. This result
was also confirmed through TEM images (Figure 3c).
Furthermore, the magnified TEM image presented in Figure
3d revealed lattice fringes with an interlayer spacing of 0.262
nm, which closely corresponds to the d-spacing of the (311)
plane in cubic Fe3O4.32

Figure 4 shows the magnetic properties of Fe3O4 NPs and
Fe3O4/CS nanocomposite samples by VSM spectra. The
results of saturation magnetization of Fe3O4 NPs and Fe3O4/
CS nanocomposites are 63.2 and 50.2 emu/g, which indicate
that both synthesized materials were superparamagnetic. The
reduction in magnetization is likely attributed to the presence
of the antiferromagnetic organic coating, specifically the CS
layer, as confirmed by morphology and structure analysis. For
this reason, the material can be easily separated from the
aqueous solution in the presence of an external magnetic field,
especially after the adsorption process.33 In addition, the graph
also reveals that the coated nanoparticles exhibit superior
superparamagnetic properties, characterized by a lower
remnant magnetization (Mr = 0.38 emu/g) and coercivity
(Ce = 5.9 Oe).

The hydrodynamic diameter of the nanocomposites in dilute
aqueous suspensions is determined by DLS (Figure 5a). The
size-distribution curve of Fe3O4/CS has only one peak at a size
of around 165 nm, larger than the average size of Fe3O4
particles. The zeta potential of Fe3O4/CS is 25.02 mV (Figure
5b), which is also much larger than that of the Fe3O4 NPs (6.9
mV). This enhancement may be due to the protonation of free
amine groups on the surface of CS.34 Additionally, the
Brunauer−Emmett−Teller theory data indicates that the

Figure 3. FESEM images of Fe3O4 NPs (a), Fe3O4/CS (b), and TEM images of Fe3O4 with the scale of 50 nm (c) and 10 nm (d).

Figure 4. Magnetic hysteresis curves (M-H) of Fe3O4 NPs and
Fe3O4/CS.
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specific surface area of the material system increased to 93.64
m2/g after the addition of CS, which is higher than that of
Fe3O4 NPs at 88.94 m2/g (Figures S2 and S3). This also
contributes to the enhanced adsorption performance of the
material system as the active surface increases.

3.2. Adsorption Studies. 3.2.1. Effect of pH on Arsenic
Removal. One of the most significant factors in As(III)
removal is the pH. It can directly affect the removal efficiency
of pollutants or the adsorbate because [H+] ions and [OH−]
ions can interact with the activated site of adsorbents.35

In this experiment, the initial dose of As(III) was 10 mg/L;
the initial pH values were adjusted in the range of 2−10, and
the contact time was 3 h. Hence, the amount of adsorbate was
controlled by pH adjustment. Figure 6 shows the effect of pH
on the adsorption experiment at 303 K.

Generally, the efficiency decreased gradually when the pH
increased. The optimal adsorption efficiency in acidic aqueous
solutions at equilibrium was in the pH range of 2.0−4.0. The
highest and lowest percentage removal efficiencies were
96.73% (at pH = 4) and 80.61% (at pH = 10). Guo and
Chen36 reported that As(III) is stable as H3AsO3 at pH < 9,
while its other corresponding forms are H AsO2 3 at pH = 9−
12; HAsO3

2 at pH = 12−13; or AsO3
3− at pH > 13. When the

pH increased, the removal efficiency decreased due to the
decrease in electrostatic attraction. The higher the pH, the
higher the amount of negatively charged hydroxyl ions in
solutions. As a result, these ions caused the impediment for the
attraction between AsO3

3− ions and Fe3+ ions.
3.2.2. Effect of Contact Time on Adsorption. Figure 7

represents the data of adsorption capacity (q) after 90 min at 5,
10, 15, 20, and 25 mg/L initial As(III) concentration at pH 4.0
and temperature 303 K.

The graph revealed that the adsorption capacity increased
rapidly after 10 min at the beginning and moved sideways until
adsorption equilibrium was reached at 90 min.
3.2.3. Adsorption Isotherm Study. The Langmuir, Freund-

lich, and Temkin isotherm models were calculated to explain
the theoretical adsorption capacity of the nanocomposite. They
can be denoted as eq 3−5, respectively.37

i
k
jjjjjj

y
{
zzzzzzq q K C q

1 1 1 1

e max L e max

=
·

× +
(3)

q K
n

Clog log
1

loge F e= +
(4)

Q R T
b

A R T
b

Cln lne
T

T
T

e= · + ·
(5)

Figure 5. (a) Size distribution and (b) zeta potential of Fe3O4 NPs and Fe3O4/CS.

Figure 6. Effect of pH (adsorbent dosage = 0.5 g/L; [As(III)] = 10
mg/L; t = 90 min).

Figure 7. Effect of time on adsorption capacity (adsorbent dosage =
0.5 g/L; pH = 4.0; agitation: 240 rpm).
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Here, Ce is the equilibrium concentration of As (III) (mg/L),
qmax is the maximum uptake capacity (mg/g), KL is the
Langmuir constant (L/mg), KF is the Freundlich constant, n is
the constant integrating intensity, bT represents the Temkin
constant associated with the heat of adsorption (J/mol), aT is
the Temkin isotherm equilibrium binding constant (L/mg), R
is the gas constant valued at 8.3145 J/mol K, and T denotes
the absolute temperature, which is 303 K.38

Figure 8 presents the isotherm curve (a) as well as the
Langmuir (b), Freundlich (c), and Temkin (d) isotherm
models analyzed through linear regression. The close fit and
high linear determined coefficients (R2 > 0.99) suggest that the

adsorption behavior of the adsorbent adheres to the Langmuir
model, indicating monolayer adsorption of heavy metals on the
surface. Additionally, the fitting parameters derived from the
Freundlich and Temkin models are included and exhibit
significant deviations (Table 1).
3.2.4. Adsorption Kinetics Study. The pseudo-first-order

model, pseudo-second-order model, intraparticle diffusion
model, and Elovich model were utilized to study the
adsorption kinetics of the nanocomposite. Their formulas are
as follows, respectively.39

q q q k tln( ) ln( )te e 1= (6)

t
q

t
q k q

1
.t e 2 e

2= +
(7)

q k tln( ) ln( ) 0.5. ln( )t D= + (8)

q t
1

ln( )
1

ln( )t = +
(9)

Here, k1 (min−1) is a pseudo-first-order kinetic constant, k2
(mg/g.min) is a pseudo-second-order kinetic constant, kD
(mg/g (min)1/2) is the diffusion coefficient, and α and β are
constants of the Elovich equation.

There are plots of ln(qe − qt) versus t value (pseudo-first-
order), t/qt value versus t value (pseudo-second-order), ln(qt)
versus ln(t) (intraparticle model), and qt versus ln(t) (Elovich
model) as represented in Figure 9.

According to Table 2, the linear fitting lines and the R2

values of the pseudo-second-order model were relatively high
(R2 > 0.99). This indicated that chemical adsorption served as
the rate-limiting step, involving valence forces through electron
exchange between the adsorbate and the adsorbent phases.40

Figure 8. Isotherm curve (a) and the fitting plots of Langmuir (b), Fruendlich (c), and Temkin (d) adsorption isotherm models.

Table 1. Langmuir, Freundlich, and Temkin Isotherm
Constants

model parameters

Langmuir Intercept 0.002
Slope 1.647
R2 0.995
KL (L/mg) 0.028
qmax (mg/g) 21.04
RL 0.776

Freundlich Intercept −0.394
Slope 1.353
R2 0.962
KF 2.477
N 0.738

Temkin Intercept 2.160
Slope 0.083
R2 0.729
aT (L/mg) 0.288
bT (J/mol) 10.265
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Figure 9. Kinetic-model plots of As (III) adsorption. (a) Pseudo-first-order model, (b) pseudo-second-order model, (c) intraparticle diffusion
model, and (d) Elovich model.

Table 2. Pseudo-First-Order Model, Pseudo-Second-Order Model, intraparticle Diffusion Model, and Elovich Kinetic-Model
Parameters

model linear equation

parameters

conc. (mg/L) 5 10 15 20 25

Pseudo First Order ln(qe − qt) = ln(qe) − k1t Intercept −0.726 0.150 0.625 1.255 1.806
Slope −0.046 −0.039 −0.049 −0.056 −0.062
R2 0.632 0.614 0.719 0.826 0.891
k1 (min−1) −6.1 × 10−4 −5.2 × 10−4 −6.5 × 10−4 −7.4 × 10−4 −8.2 × 10−4

qe, cal (mg/g) 0.484 1.162 1.868 3.508 6.086

Pseudo Second Order
t
q k q

t
q

1

t 2 e
2

e

= +

Intercept 0.374 0.176 0.113 0.095 0.072
Slope 0.392 0.166 0.112 0.075 0.050
R2 0.999 0.999 0.999 0.999 0.999
k2 (g/mg min) 0.411 0.157 0.111 0.059 0.035
qe, cal (mg/g) 2.551 6.024 8.929 13.333 20.000

Elovich q t1
ln( )

1
lnt = +

Intercept 2.160 5.122 7.103 9.786 14.244
Slope 0.083 0.187 0.394 0.786 1.220
R2 0.766 0.9367 0.909 0.874 0.938
α (mg/g min) 12.048 5.319 2.538 1.272 0.819
β (g/mg) 1.66 × 1010 1.28 × 1011 2.66 × 107 2.01 × 105 1.43 × 105

intraparticle diffusion qt = Kdifft1/2 + C Intercept 2.258 5.324 7.572 10.74 15.683
Slope 0.030 0.072 0.143 0.282 0.446
R2 0.680 0.906 0.791 0.742 0.825
Kdiff 0.030 0.072 0.143 0.282 0.446
C 2.258 5.324 7.572 10.74 15.683
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Meanwhile, the equations of the other models at each
concentration had unsuitable correlation coefficients, indicat-
ing that the adsorption process did not follow the results of
these models, which is consistent with a previous study.41 The
experimental qe values (determined from Figure 7) also
corresponded more accurately with the qe values derived
from the pseudo-second-order kinetic model. Thus, this model
proved to be more effective in validating the adsorption
process, compared to other models.
3.2.5. Thermodynamic Study. The thermodynamics of

As(III) onto the Fe3O4/CS nanocomposite was studied by the
following equations:42

G RT Kln( )L° = (10)

K S
R

H
R T

ln( )L = ° °
· (11)

Here, R, ΔH°, ΔG°, ΔS°, and KL correspond to the universal
gas constant (8.314 J/mol K), the enthalpy change (kJ/mol),
the free energy change (J/mol), the entropy change (kJ/mol
K), and the Langmuir isotherm constant, respectively. Using
the straight-line plots of ln(KL) versus 1/T, the ΔS° and ΔH°
values could be determined by the intercept and slope of the
drawn lines. The parameters and thermodynamic data are
given next (Table 3 and Figure 10, respectively).

As shown in Table 3, the positive change in enthalpy (ΔH°
= 23.258) signifies that the adsorption process is an
endothermic process, whereas the positive change in entropy
(ΔS° = 81.227) indicates an increase in randomness at the
solid/solution interface.43 Gibbs free energy ΔG° values were
−0.579, −1.355, and −2.223 at temperatures of 293, 303, and
313 K, respectively. Hence, the adsorption process is
spontaneous in nature and is better at lower temperatures.44

In Table 4, the maximum adsorption capacity (Qmax) and As
removal efficiency (H) of the Fe3O4/CS nanocomposite
synthesized in this study are compared with those of similar
Fe3O4-based materials from previous studies. The results
indicate that Fe3O4/CS exhibits good performance and holds
potential for the treatment of As(III) in contaminated water
sources.

4. CONCLUSIONS
The Fe3O4/CS nanocomposite was synthesized using red mud
(Central Highlands, Vietnam) by the ultrasonic-assisted
coprecipitation method with a relative size of 165 nm. The
results of XRD, FESEM, and TEM proved that the
nanocomposite material was successfully synthesized. The
batch uptake experimental results indicated that the nano-
composite is a promising adsorbent for As(III) removal
application. The adsorption equilibrium data is suitable for
Langmuir isotherm models. The adsorption process is a
physical and exothermic process, as proven by the pseudo-
second-order kinetic model and thermodynamic study.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c05955.

XRD data of synthesized Fe3O4 NPs (Figure S1) and
nitrogen adsorption/desorption isotherm plots of
Fe3O4/CS and Fe3O4 NPs (Figures S2 and S3) (PDF)

Table 3. Thermodynamic Parameters for As (III)
Adsorption at Different Temperatures

temperature (K) ΔG° (kJ/mol) ΔS° (J/mol K) ΔH° (kJ/mol)

293 −0.579
303 −1.355 81.227 23.258
313 −2.223

Figure 10. Plot of the thermodynamic model (adsorbent dosage 0.5
g/L; pH 4.0; t = 120 min; agitation 240 rpm).

Table 4. Comparison of the Removal Efficiency with Those in Literature Reports

materials Qmax − H (mg/g)-(%) arsenic (conc.) year (ref)

BNNS-Fe3O4 (Fe3O4-functionalized boron nitride nanosheets) 24.5 mg/g (0.4 g/L) As (III) in water (As(III) ions from 134
to 2.67 ppb, 25 °C)

20202

BMN (Biomass-derived magnetic nanocomposite) 16.23 mg/g (2.0 g/L) As (III) in water (As(III) ions 50 ppm,
25 °C)

202045

MTHCNPs (Magnetic composite microparticles based on Fe3O4, TiO2,
and CS)

33.68 mg/g (6.7 g/L) As (III) in water (As(III) ions 5.0 ppm,
40 °C)

202346

34.61 mg/g (6.7 g/L) As (V) in water (As(V) ions 5.0 ppm,
40 °C)

Fe3O4/CS/PEI Modification of magnetic CS (Fe3O4/CS) with
polyethylenimine (PEI)

77.61 mg/g − 99.5% (0.5 g/L) As (III) in water (As(III) ions 2.0 ppm,
30 °C)

202147

86.50 mg/g − 99.7% (0.5 g/L) As (V) in water (As(V) ions 1.5 ppm,
30 °C)

Fe2O3 Activated hematite iron ore/Balochistan, Pakistan 14.46 mg/g − 95.0% (15.0 g/L) As (III) in water (As(III) ions 150 ppm,
25 °C)

202048

Fe3O4/CS Magnetic CS nanocomposites derived from industrial solid
waste

21.04 mg/g − 96.73% (0.5 g/L) As (III) in water (As(III) ions 100 ppm,
303 K)

This
work
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