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Tomáše Bati 5678, 76001 Zĺın, Czech Repub
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osan-embedded magnetic iron
oxide beads for nitrate removal from industrial
wastewater†
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Industrial sites worldwide significantly contribute to water pollution. Nitrates are a common effluent

pollutant from such sites. Effective means to remove nitrate ions (NO3
−) from polluted waters are

needed. Chitosan beads, which are a non-toxic, biocompatible, and biodegradable polymer, are used for

this purpose in this research. Iron-oxide nanoparticles are synthesized via the co-precipitation route and

embedded into chitosan by chemical co-precipitation to form ion exchange chitosan beads (IECBs) for

NO3
− removal. The performance of the IECBs in a batch system was studied against NO3

− adsorption

from industrial water. Morphological, structural, and chemical characterization was performed by SEM,

EDX mapping, BET, XRD, and FTIR, while the extent of NO3
− adsorption was quantified using UV-vis

spectroscopy. Different factors influencing the adsorption of NO3
− on the IECBs were investigated,

including the adsorbent dosage, pH of the solution, initial concentration, and interaction time. It is

demonstrated that pseudo-second-order isothermal and kinetic models were best fits to the

experimental data. It was found that the IECBs had a maximum adsorption capacity of 47.07 mg g−1 and

could load up to ∼93% of the NO3
− from the batch system. The regeneration efficiency for the IECBs

over 5 cycles remained high in the range of 93% to 79%, indicating their potential for industrial water

treatment use.
Environmental signicance

This study introduces ion exchange chitosan beads (IECBs) for efficient removal of nitrate ions (NO3
−) from industrial wastewater. Combining chitosan with

synthesized iron-oxide nanoparticles, IECBs exhibit a high adsorption capacity of 47.07 mg g−1 and achieve a notable removal efficiency of ∼93%. Pseudo-
second-order models best t the isothermal and kinetic data. Successful regeneration over ve cycles further highlights their potential as a sustainable solu-
tion for eco-friendly industrial water treatment.
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1 Introduction

A signicant problem that has rapidly spread worldwide,
attributed to limited water supplies, industrialization, and
population growth, is the shortage of clean water. Conse-
quently, one strategy to address this shortfall is to treat indus-
trial wastewater, removing pollutants released regularly
through various physical, chemical, and biological procedures.
This approach facilitates the creation of clean water on a large
scale, suitable for both industrial and agricultural purposes.
Nitrate, due to its high solubility in water, is a widespread
contaminant in both surface and groundwater. In recent years,
there has been increased awareness of nitrate contamination,
elevating it to a major global environmental issue.1 The primary
sources of nitrates in groundwater are fertilizers, septic tanks,
and manure storage or industrial application processes, which
© 2024 The Author(s). Published by the Royal Society of Chemistry
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cause nitrate discharge as a waste product.2 Nitrogen from
fertilizer that is not absorbed by the plants, volatilized, or
removed by surface runoff eventually ends up as nitrates in
water. Subsequently, the nitrogen becomes inaccessible for the
plants, and its concentration in the groundwater may increase
above the acceptable limits for safe drinking water, which is
10 mg L−1.3,4 Fields, barnyards, and storage areas can all be
sources of anthropogenic nitrogen.5 Long-term exposure to
excessive nitrate levels can result in the extinction of some
species and, thus, disturbance of entire ecosystems. Cancer,
thyroid illness, blue baby syndrome, and other acute problems
may result from nitrate water contamination. Hence, removing
nitrates from water is very important to avoid all associated
dangers.6

Diverse technologies and methods are under development
for nitrate contaminant removal from wastewater.7 These
methods encompass physicochemical removal,8,9 ion exchange
technologies,10,11 electrochemical reduction,12,13 reverse
osmosis,14 electrochemical oxidation,15 electro-coagulation,16

thermal decomposition,17,18 the polyol method,19 adsorption
methods,20 and biological denitrication.21 Within this spec-
trum, some technologies necessitate pretreatment to prevent
membrane and resin fouling, while others incur higher costs.

Among these methods, adsorption stands out as one of the
most effective, efficient, and straightforward approaches for
nitrate ion removal. Recently, adsorption has gained promi-
nence as the most promising method for wastewater treatment
thanks to its affordability, environmental friendliness, ease of
use, exibility, absence of byproducts, potential for adsorbent
regeneration, and minimal pretreatment requirements.22

In addressing the challenge of nitrate contaminant removal,
a variety of adsorbents, such as y ash, carbon, clay, activated
carbon, nano-alumina, carbon nanotubes, and chitosan, have
been investigated.23 Chitosan, derived from a straightforward
deacetylation process of chitin found in resources like shrimp,
crabs, fungi, and insects, stands out as a cationic biopolymer
widely recognized for its exceptional adsorption capabilities in
removing harmful ions from wastewater.24 While existing liter-
ature reveals the highest reported nitrate adsorption capacity
using modied chitosan microspheres to be 32.15 mg g−125

limited studies have explored nitrate removal using iron oxide
embedded chitosan beads, indicating a potential research gap
in this area. Leveraging the abundance, biodegradability, non-
toxicity, and biocompatibility of chitosan as a natural poly-
mer, our study aims to contribute novel insights into its effec-
tiveness for nitrate removal.26 Chitosan possesses functional
amino and hydroxyl groups in its backbone. In its pure form,
chitosan lacks mechanical stability. To enhance its mechanical
properties, we also modied the beads through functionaliza-
tion and incorporation of iron oxide (Fe3O4) nanoparticles.27

These magnetic beads introduced into wastewater attract
nitrate ions through electrostatic interactions and chemical
bonding involving hydroxyl and amino functional groups on
their surface. This mechanism holds the nitrate ions on the
beads via adsorption and offers a relatively environmentally
friendly solution. Nitrate removal efficiency with magnetic
beads depends on various factors such as bead size, surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
area, adsorbent material, wastewater pH, and nitrate ion
concentration.

In this study, we synthesized Fe3O4 nanoparticles through
co-precipitation and subsequently incorporated them into chi-
tosan using polyvinylpyrrolidone (PVP) as a crosslinker. This
facilitated the formation of a robust bond between chitosan and
Fe3O4 (magnetite) nanoparticles, resulting in the synthesis of
functionalized magnetic beads. This study encompassed batch
adsorption experiments aimed at optimizing conditions for the
effective removal of nitrate ions. Variables such as the initial pH
of wastewater, adsorption time, initial nitrate concentration,
and adsorbent dosage were systematically explored. Addition-
ally, the nitrate adsorption capacity of these ion-exchange chi-
tosan beads (IECBs) was evaluated over ve cycles of reuse.
2 Materials and methods
2.1 Materials

Iron(III) chloride hexahydrate (FeCl3$6H2O) (Mw = 270.30) and
iron(II) chloride tetrahydrate (FeCl2$4H2O) (Mw = 198.81) were
purchased from Duskan reagents, China. Sodium nitrate
(NaNO3), chitosan (C6H11NO4)n, (84% of deacetylation, Mw =

500 000), polyvinylpyrrolidone (PVP), sodium chloride (NaCl),
magnesium chloride (MgCl2), sodium sulfate (Na2SO4), sodium
hydroxide (NaOH) (pellets 98%, anhydrous), acetic acid (CH3-
COOH) (glacial 99–100%) and hydrochloric acid (HCl) were
obtained from Sigma-Aldrich, Germany. Ammonia (NH4OH-
32%) was bought fromMerck, South Korea. All the reagents and
solvents used in this investigation were of analytical grade and
were utilized without further purication.
2.2 Synthesis of magnetic beads

2.2.1 Step 1: preparation of iron oxide nanoparticles. The
co-precipitation process28 was used to synthesize Fe3O4 nano-
particles as schematically shown in Fig. 1a. 8 mmol of FeCl3-
$6H2O and 4 mmol of FeCl2$4H2O were dissolved in 100 mL of
deionized water at 20 °C. Each time, 5 mL of aqueous ammo-
nium hydroxide solution (NH4OH-32%) was added promptly
while stirring. Upon the addition of NH4OH, precipitation
commenced, causing the solution's color to change from pale
yellow to dark as the precipitates were formed. Aer the
precipitation was complete, the precipitates were allowed to
settle down, and the supernatant solution was decanted.29 The
dark brown precipitates were recovered and thoroughly washed
with deionized water and propanol. They were then separated
from the solution using centrifugation at 200 rpm for 2 h. The
resulting clean precipitates were dried overnight at 60 °C in
a vacuum oven. Subsequently, any agglomerated precipitates
were manually ground using a mortar and pestle.30

2.2.2 Step 2: formation of iron oxide embedded chitosan
beads. IECBs were synthesized using the embeddingmethod, as
discussed elsewhere.31 Meanwhile, Fe3O4 nanoparticles were
prepared using co-precipitation prior to this (as mentioned in
Section 2.2.1).32 To create hybrid beads, 2.6% v/v acetic acid was
added into a 50 mL solution containing 3.5 g of chitosan while
continuously stirring for 12 h at 450 rpm. 1 g of Fe3O4
Environ. Sci.: Adv., 2024, 3, 572–584 | 573
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Fig. 1 (a) Illustration of synthesis of Fe3O4 nanoparticles, and (b) representation of the synthesis of magnetic chitosan beads; (i) flow-chart
scheme; (ii) images of synthesized beads before and after drying.
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nanoparticles was then added to this solution aer it became
viscous. The nal solution was then further agitated by soni-
cation (for 30 min) to make it even more viscous, homogeneous,
and air-free.33 Using a syringe, the resultant slurry of chitosan-
iron oxide was added dropwise into 1 M NaOH solution while
continuously stirring.31 Then, hybrid chitosan-iron oxide beads
were removed from the NaOH solution and repeatedly
submerged in water until the ltrate's pH was neutral. In the
end, beads were dried in a vacuum oven at 65 °C for 4 h.34 All
these steps have been illustrated as a ow chart in Fig. 1b(i). The
574 | Environ. Sci.: Adv., 2024, 3, 572–584
actual images of beads before and aer drying are also pre-
sented in Fig. 1b(ii).
2.3 Characterization techniques and performance
evaluation

The morphology of the synthesized Fe3O4 nanoparticles and
magnetic beads was imaged using scanning electron micros-
copy (SEM) JSM 67001 (JEOL, Japan) at an accelerating voltage
of 10–20 kV. Compositional mapping was done with energy
dispersive spectroscopy (EDX) (JEOL, Japan). The crystal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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structure of the Fe3O4 nanoparticles and IECBs was examined
by X-ray diffraction (XRD) using a D2 PHASER (Bruker, Ger-
many), with Cu Ka radiation at a wavelength of l = 1.54 Å and
a scan rate of 0.02 s−1. FTIR was performed on a Perkin-Elmer-
283B spectrometer (USA), in the range of 400 to 4000 cm−1 at
a resolution of 4 cm−1 to conrm the presence of –OH and –NH
functional groups associated with magnetic chitosan beads
comprising the Fe3O4 nanoparticles. In addition, FTIR was used
to identify N–O bond vibrations to conrm nitrate adsorption.
The surface area and average pore size of the beads were
measured by N2 adsorption at 77 K using the Brunauer–
Emmett–Teller (BET) method with an ASAP 2420 system
(Micromeritics, USA). The laser diffraction analysis of the as-
synthesized iron oxide nanoparticles was carried out by using
a Mastersizer 3000. Before diffraction analysis, the iron oxide
nanoparticles were ultrasonicated for 5 s to dissociate the
agglomerated particles. The magnetic properties of the IECBs
were measured using a vibrating sample magnetometer (DXV
220, DEXING) equipped with JDAW 2000 soware. A ne
powder sample made by manual grinding was placed in
a sample holder under room conditions and analyzed under an
external magnetic eld between −5 and +5 kOe. Prior to the
adsorption studies, samples were degassed at 110 °C for 1 h
using a degassing chamber (Micromeritics, VacPrep 061).
Nitrate adsorption was analyzed throughout the batch study
using ultra-violet radiation spectroscopy using an Agilent 8453
spectrophotometer (JENWAY, UK), operating within the 200–
800 nm wavelength range.

2.4 Adsorption capacity and nitrate removal efficiency

For each adsorption experiment, 180 mg of beads were added to
1 L of nitrate water and mechanically agitated for 2 h. A shaker
was used to impose continuous stirring and to extract the
nitrate with the Fe3O4-embedded chitosan beads. The samples
were taken from the solution at different intervals, and the
beads were removed by centrifugation. The nitrate ion
concentration was determined following the Beer–Lambert law
using UV-vis spectroscopy. The remaining nitrate concentration
was measured to calculate adsorption capacity and removal
efficiency and determine the maximum adsorption of nitrate
ions on the beads. The following relationship in eqn (1) is used
to determine the capacity of the adsorbent to bind nitrate.35,36

Qe ¼ ðCO � CeÞ
m

� v (1)

Here in this equation, Qe is adsorption capacity (mg g−1), Co and
Ce are initial and nal concentrations (mg L−1), v is the volume
of the mixture in liters (L), andm is the mass of magnetic beads.
The following formula in eqn (2) is used to determine removal
efficiency:

hð%Þ ¼ ðCO � CeÞ
CO

� 100 (2)

For the optimization study to determine the best parameters
for nitrate removal, we discussed a single parameter change
that includes the change in pH (3–9), initial concentration (10–
© 2024 The Author(s). Published by the Royal Society of Chemistry
60 mg L−1), dosage of beads (30–110 mg) and time of contact
(160 min) between the beads and nitrate ions. Using the opti-
mized parameters, the ability of IECBs to remove nitrates was
investigated in 100 mL of 50 mg L−1 nitrate at 70 mg of IECBs at
room temperature. This slurry was agitated at 200 rpm for 2 h.
2.5 Adsorption isotherms

The equilibrium relation between the amount of adsorbate on
the adsorbent surface at a constant temperature and the
concentration or pressure of the adsorbate in the surrounding
phase is known as the adsorption isotherm.37 To evaluate the
mechanism of the adsorption process, it is essential to analyze
the isothermal models that best t the experimental data.3

The Langmuir isotherm model is based on some assump-
tions such as adsorption of a molecule on the surface of the
adsorbent due to chemisorption and localized adsorption of
adsorbate molecules on the active sites of the adsorbent in
single layer. The Langmuir isotherm model is only valid in the
case of homogeneous adsorption (of the adsorbate on the
adsorbent).9 The Freundlich model represents non-ideal
adsorption and is suitable for heterogeneous surfaces, multi-
layered adsorption, and distribution of energy with overactive
affinity sites. The Freundlich adsorption isothermmodel in eqn
(4) is for complex adsorption and heterogeneous surfaces.6

qe ¼ QmaxKLCe

ð1þ KLCeÞ (3)

qe = KFCe
1/n (4)

Ce is the concentration of the adsorbent at equilibrium (mg
L−1), KL is the Langmuir constant, Qmax is the maximum
amount of the adsorbent for monolayer adsorption (mg g−1), qe
is the extent of adsorption or amount of nitrate ions adsorbed
per unit mass of the adsorbent (mg g−1), KF is the Freundlich
constant, and n is the Freundlich exponent.
2.6 Adsorption kinetics

The sorption kinetics can be modeled using pseudo-rst-order
or pseudo-second-order processes to determine the adsorp-
tion mechanism, as per eqn (5) and (6), respectively.38

qt = qe(1 − e−k1t) (5)

t

qt
¼ 1

k2qe2
þ t

qe
(6)

where qt is the adsorbent adsorbed at a time ‘t’ (mg g−1), k1 is
the rate constant of pseudo-rst order (l min−1), and k2 is the
pseudo-second-order rate constant g (mg−1 min−1).39
2.7 Reusability

In a beaker containing 500 mg of aqueous nitrate solution (with
10 mg L−1 concentration), 200 mg of IECBs was agitated at
200 rpm for 2 h at room temperature at pH 5.5. The beads were
then thoroughly cleaned to remove the adsorbed nitrate ions
from their surface. The nitrate-loaded beads underwent stirring
Environ. Sci.: Adv., 2024, 3, 572–584 | 575
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for 24 h at 200 rpm and room temperature in 250 mL of 0.1 M
NaOH solution. This facilitated the elution of chemically
bonded nitrate ions from the beads into the solution, ensuring
comprehensive cleaning for subsequent reuse. Subsequently,
the beads were rinsed with deionized water until reaching
a neutral pH and then dried in an oven at 60 °C for 4 hours in
preparation for reuse in another loading cycle.
3 Results and discussion
3.1 Morphological studies

The SEM images of the as-synthesized Fe3O4 nanoparticles are
shown in Fig. 2a and b. Agglomerates of Fe3O4 nanoparticles
larger than 1 mm are visible in these SEM images. These
agglomerates were composed of ne particles that have rough
and porous structures as evaluated from the Brunauer–
Emmett–Teller (BET) analysis. The total surface area and total
pore volume of the synthesized Fe3O4 nanoparticles are re-
ported to be 68.723 m2 g−1 and 0.03 cm3 g−1, respectively. The
laser diffraction analysis of the nanoparticles indicated an
average particle size of 35.7 nm. This agglomeration is brought
on by the steric interaction between the active sites on the
surface of these nanoparticles. The agglomeration is due to the
magnetic interaction of Fe3O4 nanoparticles.40 Fig. 2c shows
that the IECBs have an elliptical shape that is almost spherical.
The calculated dimensions from the image of these magnetized
chitosan beads range between 1.09 mm and 1.30 mm. Fig. 2d
shows that their surface is rough and slightly porous, as also
Fig. 2 SEM images of the as-synthesized (a and b) Fe3O4 nanoparticles a
the IECB.

576 | Environ. Sci.: Adv., 2024, 3, 572–584
evident from the BET total area of pores (0.081 m2 g−1) with
a mean pore width of 1.445 nm and a total pore volume of 9 ×

10−5 cm3 g−1. This porous surface is consistent with good ion
adsorption capacity.41 The cross-linking of Fe3O4 nanoparticles
with the hydroxyl and amine groups of the chitosan (using PVP
as the crosslinker) is demonstrated by the numerous folds in
Fig. 2d. The SEM observations are consistent with the BET
results in that the surface area of the Fe3O4 nanoparticles is
167.8606 ± 0.9052 m2 g−1, much higher than that of beads
(0.2304 ± 0.0436 m2 g−1).
3.2 EDX mapping

Fig. S1† shows that there is a signicant increase in the nitrogen
peak intensity, which clearly indicates the adsorption of nitrate
ions onto the IECB surface. The elemental values in the chart
are also represented in the ESI (Table S1).†
3.3 Crystal structure: XRD

To conrm the successful synthesis of Fe3O4 nanoparticles,
their crystal structure was investigated using XRD. Fig. 3a
displays the XRD diffractograms of the Fe3O4 nanoparticles
prepared via co-precipitation. The crystalline peaks for Fe3O4

were observed at 2q = 30.15°, 35.55°, 43.1°, 56.97°, and 62.55°,
which originated from the characteristic planes of (311), (400),
(422), (511), and (440), respectively as per JCPDS card 00-001-
1111. However, the broadening of major peaks in the XRD
nd (c) magnetic chitosan beads (IECBs) and (d) surface morphology of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD pattern of (a) Fe3O4 nanoparticles and (b) magnetic chitosan beads (IECBs). FTIR spectra of (c) as-synthesized Fe3O4 nanoparticles
and (d) magnetic chitosan beads (IECBs) before and after adsorption.
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pattern is associated with the ne size of the as-synthesized
particles.

The XRD pattern of the IECBs is shown in Fig. 3b. The
characteristic peaks at 2q = 35.2° and 63.82° corresponding to
(311) and (440) crystallographic planes further conrmed the
crystalline nature of the Fe3O4. The characteristic peak of chi-
tosan is observed at 2q = 11° and 20°.42

3.4 FTIR analysis

Fig. 3c shows the FTIR spectrum of the Fe3O4 nanoparticles. The
broad bands observed at 580 cm−1 and 630 cm−1 are due to the
vibrational stretching of Fe–O coordination bonds. The pres-
ence of hydroxyl groups is evident from broad peak bands at
3435 cm−1 and 1629 cm−1, which originate from stretching and
bending –OH functional groups, respectively.43 Fig. 3d shows
the spectra for IECBs before and aer nitrate adsorption. The
black line indicates the spectra of IECBs before adsorption, with
the broad band observed at 616 cm−1 from the vibrational
© 2024 The Author(s). Published by the Royal Society of Chemistry
stretching of Fe–O bonds. The absorption band at 1114 cm−1

shows that the Fe atoms are also connected to O atoms from the
O–H functional groups. The peaks observed at 1626 cm−1 and
3424 cm−1 are due to the presence of N–H and O–H bonds,
respectively.44 The peaks observed at 2852 cm−1 and 2921 cm−1

are due to the C–H bonds in methyl (–CH3–) and alkyl (–CH2–)
functional groups.45 The red line shows the FTIR spectra of
IECBs aer nitrate adsorption. A broad absorption band
observed at 1600 cm−1 is due to the N–O bonds of nitrate ions.31

3.5 Magnetic characteristics of IECBs

The magnetic characterization of the as-prepared IECBs is
presented in Fig. S2.† The hysteresis loop is absent, which
indicates the superparamagnetic behavior of IECBs. This curve
is also evident due to the near-zero values of remanence
magnetization (Mr = 0.142 emu per g) and the squareness ratio
ofMr/Ms = 0.004. The present study reports a coercivity value of
12.23 Oe and a saturation magnetization (Ms) of ∼33.2 emu
Environ. Sci.: Adv., 2024, 3, 572–584 | 577
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per g. The given values are closely similar to the literature values
of PEG-coated nanoparticles (<50 nm) with saturation magne-
tization of 23 emu per g and Mr below 2 nm.46 Another study of
a similar material with particle size (50–300 nm) observed
a coercivity value of 27 Oe and a Mr of 2.2.47
3.6 Inuence of different single parameters on nitrate
removal from water

The inuence of the following parameters was investigated to
understand the nitrate adsorption on IECBs: contact time,
change in pH, mass of IECBs, and initial nitrate concentration.

3.6.1 Effect of time. Fig. 4a shows that nitrate adsorption
increases signicantly with time. First, the adsorption rate
increases up to 120 min and then decreases until the saturation
point is achieved. In the beginning, the adsorption rate
increases due to the availability of many adsorption sites until
most of the available sites are occupied by negatively charged
nitrate (NO3

−) ions. At this point, the remaining sites become
difficult to ll due to the electrostatic repulsion between
adsorbed and approaching ions. Then, saturation is achieved,
Fig. 4 Trends showing the effect of (a) time, (b) pH, (c) the bead dosage

578 | Environ. Sci.: Adv., 2024, 3, 572–584
and nearly all the sites are occupied, resulting in no further
nitrate adsorption.20

3.6.2 Impact of pH. pH is a key factor in the adsorption
mechanism because it regulates the ionization behavior of the
nitrate ions, surface potential and charge on the adsorbent's
surface. Fig. 4b shows that the most suitable pH for nitrate
removal is <5.5. This result agrees with a report by Tong et al.
that the optimal pH range for nitrate removal is between 4 and
6.38 They also reported that the point of zero charge of Fe3O4-
chitosan IECBs was 6.94, indicating that under acidic condi-
tions, the surface charge of the IECBs will be positive. In
alignment with this reported behavior, our investigation also
emphasizes that at pH levels below 6, the substantial removal of
nitrate ions is attributed to the positively charged surface of the
adsorbent, i.e., IECBs. It is suggested that in an acidic envi-
ronment, the heightened activity of H+ ions could facilitate the
adsorption of nitrate ions. Within this pH range, the positively
charged IECB surface electrostatically attracts the negatively
charged nitrate ions, optimizing the adsorption process. On the
other hand, at pH > 7, the surface of the adsorbent becomes
negatively charged, leading to electrostatic repulsion that
, and (d) initial nitrate concentration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hinders the adsorption of nitrate ions onto the surface of
IECBs.48

3.6.3 The effect of IECB mass loading. Fig. 4c shows that
the nitrate removal rate increased signicantly with an increase
in IECBs. This is because increasing the dosage of IECBs
provides an increased number of active sites for nitrate
adsorption. For further adsorption studies, the IECB dose was
arbitrarily xed to 70 mg.

3.6.4 Impact of initial concentration. The inuence of the
initial nitrate concentration of the aqueous solution on the
adsorption capacity of the IECBs is shown in Fig. 4. The
adsorption onto the chitosan beads increased linearly with
initial nitrate ion concentrations (Fig. 4d). This is because the
initial concentration of nitrate ions affects the driving force for
their adsorption on IECBs. A higher initial nitrate ion concen-
tration facilitates their transport toward the adsorbent's surface
Fig. 6 Graphical representations of (a) Langmuir isotherm and (b) Freun

Fig. 5 Schematic representation of the nitrate ion adsorption on the IEC

© 2024 The Author(s). Published by the Royal Society of Chemistry
until saturation is achieved. Due to the reduction in the number
of active adsorption sites, an equilibrium level of adsorption
was seen at a concentration above 50 mg L−1.38
3.7 Adsorption validation experiment

The adsorption capacities and nitrate removal efficiencies of the
IECBs were also determined using eqn (1) and (2), respectively.
All the data were used to plot the adsorption isotherms and
adsorption kinetic models. The results show that for an
optimum adsorption condition, when equilibrium is achieved
aer 2 h of stirring, the nal concentration of nitrate in the
solution was 0.414 mg L−1, meaning that 93% of the solution's
nitrate was adsorbed on the IECBs.

3.7.1 Adsorption mechanism of nitrate removal. In brief,
magnetic beads are introduced into nitrate ion-containing
dlich isotherm model.

Bs.

Environ. Sci.: Adv., 2024, 3, 572–584 | 579
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wastewater, attracting these ions to the bead surface through
a combination of electrostatic interaction and chemical
bonding. The mechanism of nitrate adsorption onto the beads
is primarily based on electrostatic interactions between the
positively charged IECBs and the negatively charged nitrate ions
as shown schematically in Fig. 5. The surface of the IECBs
containing hydroxyl (–OH) and amino (–NH2) functional groups
could interact with the nitrate ions through chemical bonding,
such as coordination bonds or hydrogen bonding.49,50 The
nitrate ion adsorption is facilitated by the higher activity of H+

ions under acidic conditions pH < 5.5 due to the protonation of
the amino functional groups. This positive charge holds the
nitrate ions on the surface of the IECBs electrostatically.
Previous work has shown that the efficiency of nitrate removal
Fig. 7 Comparison of (a) pseudo-first-order, (b) pseudo-second-order
removal efficiency of IECBs.

Table 1 The regression values of Langmuir and Freundlich isotherm
models

Langmuir isotherm model
Freundlich isotherm
model

Q
max (mg g−1) 5.29 KF 0.91

KL (L mg−1) 3.27 n 1.57
R2 0.99 R2 0.98

580 | Environ. Sci.: Adv., 2024, 3, 572–584
using magnetic IECBs depends on several factors, i.e. size and
surface area of the beads, type of the adsorbent material, pH of
the wastewater, and nitrate ions concentration in wastewater.51

Due to the magnetic nature of the Fe3O4 nanoparticles in the
IECBs, the recovery of the loaded beads for stripping and reuse
can be guaranteed through the application of a magnetic eld.

3.7.2 Adsorption isotherms. The experimental data (con-
ducted at room temperature) was assessed against Langmuir
and Freundlich isotherms to discern whether the IECBs adsorb
a monolayer of nitrate ions at homogeneous sites or multilayers
at heterogeneous sites (Fig. 6). The regression values of these
two models are given in Table 1. Comparing the R2 values from
the two models suggests that the adsorption behavior of this
system likely aligns with the Langmuir isotherm. This is
kinetic model, and (c) the effect of regeneration cycles on the nitrate

Table 2 Regression values of pseudo-first-order and second-order
kinetic models

Pseudo-second rst kinetic
model

Pseudo second order kinetic
model

Qe (mg g−1) 3.21 Qe (mg g−1) 20.85
K1 −2.4 × 10−4 K2 (h g mg−1) 15.9 × 10−4

R2 0.89 R2 0.99

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison table of different sorbents with the present study for nitrate removal

Adsorbent materials pH
Initial concentration
(mg L−1)

Adsorption capacity
(mg g−1) Reference

Amine-modied cocoa shell adsorbent 5.5 50 12 52
Modied carbon aerogels 7 10–60 17.92 53
Modied CaCs 7 40–200 21.15 54
Modied chitosan microspheres 3 100 32.15 25
Magnetic iron oxide embedded chitosan
beads

5 10–50 47.07 Present study
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attributed to the negative charge of the monolayer at the outer
surface of the beads, resulting in electrostatic repulsion to
further approaching nitrate ions. Moreover, the R2 value of the
Freundlich isotherm model is also relatively close to unity,
suggesting the localized multilayer adsorption of nitrates at
active sites of the IECBs. On the other hand, the value of n > 1
indicates the homogeneous surface of the IECBs.

3.7.3 Adsorption kinetics. To conrm whether the nitrate
adsorption on IECBs is governed by physisorption or chemi-
sorption, the experimental data were compared and tted to two
adsorption kinetic models. Fig. 7a and b compare pseudo-rst-
order and second-order kinetic models, respectively. The
adsorption rate is obtained based on two factors: the concen-
tration of nitrate solution and the number of available sites for
adsorption depending on the amount of IECB dosage. The rate
constant K2 is higher than K1. The regression coefficient (R2)
values for these two models are listed in Table 2. The R2 value
for the pseudo-second-order (0.996) is very close to unity, unlike
its value for the pseudo-rst-order (0.895). Thus, it is evident
from both Fig. 7 and Table 2 that the adsorption process is
dominated by the pseudo-second-order kinetics model, which
assumes that the nitrate ion adsorption on IECBs is based on
chemisorption rather than physisorption.
3.8 Regeneration experiment

Adsorption/desorption cycles were repeated ve times, and
their effect on nitrate removal efficiency was studied. The
results in Fig. 7c clearly indicate that the highest removal
exceeds 91%. Subsequently, there is a gradual decline in the
performance of the IECBs in each successive cycle, with their
removal efficiency declining to 79% aer the h regeneration
cycle. Consequently, it can be inferred that IECBs are reusable
for at least ve cycles, with a marginal decline in efficiency
during subsequent uses for nitrate removal. The plausible
reason behind this observation could be the reduction in
available active sites aer successive cycles, leading to
a decrease in adsorption. Table 3 provides a comparison
between the reported IECBs and other adsorbent particles
documented in the literature for effective nitrate removal.

The IECBs exhibit a notable adsorption capacity of 47.07 mg
g−1, surpassing other adsorbents. This is attributed to their
elevated surface area and porous structure (as demonstrated in
SEM) in comparison to similar adsorbents documented in the
literature. The exceptional adsorption capacity of IECBs under
optimal conditions is credited to electrostatic interactions and
© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrogen bonding facilitated by hydroxyl and amino functional
groups, resulting in enhanced nitrate adsorption. This obser-
vation strongly aligns with pseudo-second-order kinetics.

4 Conclusions

Magnetic Fe3O4 nanoparticles were successfully synthesized via
the co-precipitation route and subsequently embedded in chi-
tosan to create beads for efficient adsorption of water pollut-
ants, specically targeting nitrate ions in wastewater. The beads
(IECBs) were characterized using SEM, EDX, FTIR, BET, and
XRD. SEM analysis revealed the formation of nearly spherical
beads, and XRD conrmed the crystalline nature of Fe3O4

within the chitosan. In support of the SEM analysis, the pres-
ence of surface pores and high total pore volume of the
embedded Fe3O4 particles within chitosan is conrmed from
BET analysis. Adsorption studies were conducted utilizing
adsorption isotherm and kinetic models. Comparative analysis
of the experimental results revealed that the Langmuir model
yielded the best t with a higher regression coefficient value.
This suggests that monolayer adsorption of nitrate ions at
homogeneous surfaces predominates. Nevertheless, the possi-
bility of multilayer adsorption at heterogeneous surfaces, like
within the pores, cannot be disregarded, as indicated by
Freundlich isotherm analysis. The adsorption kinetic model's
experimental results exhibited the best t with pseudo-second-
order (R2 = 0.99), suggesting a chemisorption adsorption
process as a rate-determining step. The regeneration of the
IECBs conrms their useability for 5 cycles, with a gradual
decrease in nitrate removal efficiency from 93% to 79%. It is
inferred that the developed IECBs can be regenerated for
multiple cycles without a signicant loss of removal efficiency.
In conclusion, this study underscores the potential of IECBs as
an effective adsorbent for the efficient and rapid removal of
nitrate pollutants from wastewater.
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J. G. Crespo, Membranes, 2022, 12, 133172.

11 D. Li, X. Ning, Y. Yuan, Y. Hong and J. Zhang, Ion-exchange
polymers modied bacterial cellulose electrodes for the
selective removal of nitrite ions from tail water of dyeing
wastewater, J. Environ. Sci., 2020, 91, 62–72.

12 X. Ma, M. Li, C. Feng and Z. He, Electrochemical nitrate
removal with simultaneous magnesium recovery from
a mimicked RO brine assisted by in situ chloride ions, J.
Hazard. Mater., 2020, 388, 122085.

13 M. Yang, J. Wang, C. Shuang and A. Li, The improvement on
total nitrogen removal in nitrate reduction by using
a prepared CuO–Co3O4/Ti cathode, Chemosphere, 2020,
255, 126970.
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