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rogen-rich dendrimer grafted on
magnetic nanoparticles for efficient removal of
Pb(II) and Cd(II) ions

Maziar Mirza,a Mohammad Ali Bodaghifard *bc and Fatemeh Darvish*a

Rapid industrialization, urbanization, and human activities in catchments have presented a significant global

challenge in removing heavy metal contaminants from wastewater. Here, a study was conducted to

synthesize a nano-magnetic dendrimer based on a trimesoyl core that can be easily separated from the

environment using an external magnet (Fe3O4@NR-TMD-G1, Fe3O4@NR-TMD-G2). The synthesized

structure was characterized using various conventional techniques such as Fourier transform infrared

spectroscopy (FT-IR), scanning electron microscopy (SEM), powder X-ray diffraction (XRD), energy

dispersive X-ray analysis (EDX), thermogravimetric analysis (TGA), vibrating sample magnetometry (VSM),

and Brunauer–Emmett–Teller surface area analysis (BET). The prepared adsorbent showed good binding

ability and excellent adsorption efficiency toward Pb(II) and Cd(II) metal ions from aqueous media (98.5%,

93.6%). The effect of different conditions including pH, adsorbate concentration, adsorbent dosage,

isotherm, kinetics, and adsorption mechanism was considered. The highest adsorption efficiency was

achieved at 25 °C and pH 4 using 0.08 g of Fe3O4@NR-TMD-G1, within 25 minutes for Pb(II) and 120

minutes for Cd(II), respectively. Batch adsorption experiments revealed that Fe3O4@NR-TMD-G1 was

more effective in removing Pb(II) and Cd(II) compared to Fe3O4@NR-TMD-G2, with maximum capacities

of 130.2 mg g−1 and 57 mg g−1, respectively. The adsorption process followed the Langmuir isotherm

with a high correlation coefficient (R2 = 0.9952, 0.9817) and non-linear pseudo-second-order kinetic

model. Density functional theory (DFT) analysis indicated that the adsorbent transferred electrons to

Pb(II) and Cd(II), forming stable chelates on the nanostructure surface. The heavy metal ions could be

adsorbed by coordination to the heteroatoms of the nanostructure and also by electrostatic interactions.

The recycled hybrid nanomaterial was dried and applied to different adsorption–desorption tests and the

desorption efficiency was found to be 98%. So, the newly synthesized dendritic magnetic nanostructure

demonstrated significant potential in efficient removal of metal ions from water and wastewater,

highlighting its importance in addressing the global challenge of heavy metal contamination.
1. Introduction

The continuous contamination of the water environment is
a pressing issue, exacerbated by the rapid growth of the global
population and the increasing intensity of human activities
such as urbanization and industrialization.1 In recent decades,
heavy metals such as chromium (Cr), cadmium (Cd), lead (Pb),
nickel (Ni), mercury (Hg), and arsenic (As) have emerged as
signicant contributors to environmental degradation on
a global scale due to their non-biodegradable nature.2 These
toxic elements possess chemical stability and resistance to
decomposition, allowing them to persistently accumulate in the
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environment and in living organisms. These ions have high
solubility in aqueous media and could be easily absorbed and
accumulated in the body, resulting in severe impacts to the
health of humans and animals. Lead (Pb) in water sources has
been linked to a range of health issues, particularly in children.
Pb ions cause irreversible damage to the kidneys, bones, liver,
and brain functions.3 Cadmium is a known nephrotoxic
element that can cause damage to the kidneys and compromise
the immune system, leading to a range of health issues
including psychological disorders, nervous system dysfunction,
skeletal deformities, and renal failure.4 Lead (Pb) is commonly
used in the production of batteries, alloys, and pigments, which
makes it a frequent contaminant in areas polluted by heavy
metals. Lead (Pb) and cadmium (Cd) are especially abundant in
these locations, presenting a substantial threat to both human
health and the environment.5

The commonly used techniques for removing the toxic metal
ions from water and wastewater include coagulation,
RSC Adv., 2024, 14, 32559–32572 | 32559
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membrane exchange, ion exchange,6 electrochemical separa-
tion,7 catalytic reduction,8–11 and adsorption.12–16 These
methods are widely used in various industries to effectively
eliminate heavy metals from wastewater and other sources.

The adsorption technique remains an attractive, robust, and
low-cost procedure for eliminating heavy metal ions. This
method is preferred over other techniques due to its numerous
advantages, including low cost, high efficiency, and ease of
separation. A variety of adsorbents have been utilized for
wastewater remediation, such as activated carbon,12 chitosan,13

biochar,14 zeolites,15 polymers,16 carbon nanotubes,17 metal–
organic frameworks (MOF),18 natural minerals,19 and industrial
by-products.19 Adsorbents made from natural sources such as
tree bark, coconut husks, rice husks, potato peels, and sawdust
have gained interest from scientists for environmental reme-
diation due to their economic advantages.20 Alkaline earth
metal oxides including surfactant-capped silver-doped calcium
oxide facilitate the adsorption of lithium,21 magnesium–

aluminium layered double hydroxides (Mg–Al-LDH) was
utilized in adsorption of the dye reactive green 5 (RG5).22

Vachellia Nilotic sawdust was used for the effective adsorption
of phosphorus from the aqueous solution.23 The use of nano-
adsorbents in the treatment of heavy metal contaminants has
yielded promising results due to their distinctive characteris-
tics. These include a larger surface area, greater thermal
stability, good reusability, smaller size, higher efficiency in
regeneration, and magnetic properties.24 Magnetic Fe3O4-based
adsorbents have gained global interest for their convenient
separation feature.25 However, pure Fe3O4 particles exhibit poor
stability, low surface viscosity, and high agglomeration,
restricting their effectiveness in heavy metal pollution remedi-
ation.26 To address these limitations, Fe3O4 particles are
commonly coated with a shell such as silica, carbon, graphene
oxide, and polymers to improve their stability.27 This coating
process enhances the overall performance and durability of the
adsorbents, making them more efficient in removing heavy
metals from contaminated environments. SiO2-coated Fe3O4 is
widely used due to its high chemical stability and impressive
surface modication capabilities.28

Dendrimers possess reactive terminal functional groups,
a branched and regular three-dimensional framework, and
interior cavities that can be accessed by targeted molecules. As
a result, dendrimers have found applications in a wide range of
elds including biomedicine, environmental science, nano-
technology, supramolecular chemistry, contaminant removal,
chemical sensors, catalysis, and drug delivery.29 In comparison
to polymers, dendrimers as highly branched and nano-sized
macromolecules exhibit unique physical and chemical proper-
ties due to their uniform shape, consistent size distribution,
high exibility, and multifunctional nature. Also, dendrimers
possess numerous potential binding sites for active species,
making them highly effective for the adsorption process.30

Developing strategies to control the arrangement of functional
groups and active sites on the surface of nanoparticles is crucial
for effectively adsorbing metal contaminants. One method to
enhance this process is by introducing a shell of polymers or
dendritic structures to the surface of the nanoparticles. This not
32560 | RSC Adv., 2024, 14, 32559–32572
only improves the placement of functional groups but also
enhances the dispersion of the nanoparticles in organic
solvents.

Considering the unique properties of both magnetic nano-
particles (MNPs) and dendrimers, this study aimed to present
the modication of silica-coated magnetite nanoparticles with
nitrogen-rich dendritic branches (Fe3O4@NR-TMD-G1,
Fe3O4@NR-TMD-G2) to construct a high-capacity adsorbent.
The characterization of the dendrimer-decorated magnetic
nanoparticles has been considered by various techniques. The
adsorption efficiency of prepared dendritic nanomaterial has
been studied for the removal of Pb(II) and Cd(II) ions from
aqueous media.
2. Material and methods
2.1. Materials and analyses

All necessary chemicals including: iron(II) chloride tetrahydrate
(FeCl2$4H2O) (Sigma Aldrich), iron(III) chloride hexahydrate
(FeCl3$6H2O) (Sigma Aldrich), ammonium hydroxide solution
(Merck), tetraethylorthosilicate (Si(OC2H5)4) (Sigma Aldrich), 3-
aminopropyltriethoxysilane (C9H23NO3Si) (Sigma Aldrich), tri-
mesoyl chloride (C6H3(COCl)3) (Sigma Aldrich), and ethylene
diamine (C2H8N2) (Sigma Aldrich) were purchased and used
without any further purication. A magnetic stirrer (Heidolph,
Germany), a sonication apparatus (Grand, USA), an oven
(Memmert, Germany), and a pH meter (Mettler Toledo, Swit-
zerland) were used to prepare the MNP adsorbent. The char-
acterization process of adsorbents was implemented through
FT-IR (Shimadzu 8900, Japan), XRD (Philips pw 1730, Nether-
lands), FE-SEM (TESCAN MIRA II, Czech Republic), TGA (Per-
kinElmer SII, USA), and VSM (cryogenic limited PPMS, Japan)
techniques. All aqueous solutions prepared using deionized
water. The solutions were prepared and homogenized with an
orbital shaker (17 054 BIBBY sterilin, Germany). The concen-
trations of Pb(II) and Cd(II) were thenmeasured with an ICP-OES
spectrophotometer (Agilent 725ICP-OES, USA).
2.2. Preparation of Fe3O4@SiO2@PrNH2

Fe3O4@SiO2@PrNH2 was prepared in three steps: in the rst
step, Fe3O4 MNPs were synthesized through the co-precipitation
method. FeCl2$4H2O (5 mmol, 0.99 g) and FeCl3$6H2O
(10 mmol, 2.7 g) were dissolved in 100 mL of deionized water
and then stirred at 80 °C for 1 h. NH4OH (10 mL, 25%) was
added to the mixture and stirred for another 1 h under the same
condition. Finally, the precipitate was separated with a magnet
and washed with deionized water and ethanol. The resultant
solid was dried at 70 °C in a vacuum oven. For the second step,
Fe3O4@SiO2 was manufactured through the Stöber method.31

Fe3O4 MNPs (1 g) were dispersed in 40 mL of ethanol and 6 mL
of water under ultrasound irradiation for 30 min. NH3 (1.5 mL,
25%) was added to the mixture. Aer that, tetraethylorthosili-
cate (TEOS) (1.5 mL) was added and stirred at room temperature
for 12 h. The nal precipitate was recovered and washed with
deionized water and ethanol, and dried at 70 °C in a vacuum
oven. At the nal step, Fe3O4@SiO2 (1 g) and 20 mL of toluene
© 2024 The Author(s). Published by the Royal Society of Chemistry
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were poured into a round-bottom ask (100 mL) and dispersed
under ultrasound radiation for 30 min. Then 1.5 mL of 3-ami-
nopropyltriethoxysilane (ATPES) was added to the mixture and
sonicated for 10 min. The mixture was reuxed for 24 h at 110 °
C. The black precipitate was separated with an external magnet,
washed with toluene, and dried at 70 °C in a vacuum oven.
2.3. Preparations of Fe3O4@NR-TMD-G1

This adsorbent was prepared in two steps by using Fe3O4@-
SiO2@PrNH2 as the starting material. In the rst step, 1 g of
Fe3O4@SiO2@PrNH2 was placed in a round-bottom ask and
dispersed in 50 mL of tetrahydrofuran for 30 minutes. Trie-
thylamine (1 mL) and trimesoylchloride (TMC, 1 g) were then
added and stirred at room temperature for 24 hours. The solid
was isolated using a magnet, washed with dichloromethane,
and dried at 70 °C in a vacuum oven to obtain Fe3O4@TMC
nanostructure. For the second step, 1 g of Fe3O4@TMC was
dispersed in 50 mL of THF for 30 minutes. Triethylamine (1 mL)
and ethylenediamine (1 g) were added and stirred at room
temperature for 24 hours. The solid was isolated using
a magnet, washed with dichloromethane, and dried at 70 °C in
a vacuum oven.
2.4. Preparations of Fe3O4@NR-TMD-G2

Fe3O4@NR-TMD-G2 was prepared in two steps by using
Fe3O4@NR-TMD-G1 as a starting material. At the rst step, the
Fe3O4@NR-TMD-G1 (1 g) was poured into a round-bottom ask
and dispersed in tetrahydrofuran (50 mL) for 30 min. Triethyl-
amine (1 mL) and trimesoyl chloride (1 g) were then added and
stirred at room temperature for 24 h. The solid was isolated with
a magnet and washed with dichloromethane. The mixture was
then dried at 70 °C in a vacuum oven. At the second step, the
prepared solid (1 g) was dispersed in 50 mL THF for 30 min.
Triethylamine (1 g) and ethylenediamine (1 g) were then added
and stirred at room temperature for 24 h. The solid was isolated
with a magnet and washed with dichloromethane. The mixture
was then dried at 70 °C in a vacuum oven.
2.5. Adsorption experiments

The adsorption behaviours of Fe3O4@NR-TMD-G1 and
Fe3O4@NR-TMD-G2 for Pb(II) and Cd(II) were assessed in batch
experiments under different conditions. The effects of
Fe3O4@NR-TMD-G1 dosages were analysed on 200 mg L−1 of
Pb(II) and Cd(II). Moreover, the effect of pH (2–6) on the
adsorption of Pb(II) and Cd(II) was evaluated by using the 3.2 g
L−1 adsorbent. HCl (0.1 M) and NaOH (0.1 M) solutions were
used to adjust pH of solution. Amounts of Pb(II) and Cd(II) in the
solution were evaluated through Inductively Coupling Plasma
Optical Emission Spectroscopy (ICP-OES). Removal efficiency
(Re%) and adsorption capacity (mg g−1) can be determined
through eqn (1) and (2).

Re ¼ ðC0 � CÞ
C0

� 100 (1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
q ¼ C0 � C

W
� V (2)

where C0 (mg L−1) is initial concentration and C (mg L−1) refer
to the concentrations of Pb(II) and Cd(II) at time t. Moreover, V
(L) denotes the solution volume, and W (g) indicates the
adsorbent dosage.

DFT calculation was performed to demonstrate the adsorp-
tion mechanism. Gaussian 09 was employed to conduct DFT
calculation with the B3LYP function.32–34 Dendritic Organic
moiety of adsorbent was used as the computational model to
improve the computing efficiency. The geometry optimization
of the complex was then performed under the basis set of 6-
311G (d, p) for all atoms except the metal ion (using
LANL2DZ). The natural bond analysis was then conducted to
evaluate the interaction mechanism. It is calculated using an
integral equation formalism polarization continuum model
(IEPCM) with water being the solvent to account for solvation
effect.35 The adsorption energy (Eads) is determined through eqn
(3).36

Eads = Etotal − (Eligand + Emetal) (3)

3. Result and discussion

This study utilized a divergent approach to introduce dendritic
branches onto solid supports by connecting a linker to the
surface of magnetic nanoparticles. Trimesoyl core-based poly
(ethylendiamine) dendrimer were grown on the surface of silica-
coated magnetite nanoparticles (Scheme 1). Initially, magnetic
Fe3O4 nanoparticles were prepared using the co-precipitation
method, and a silica layer was created using the Stöber
method. The (3-aminopropyl) triethoxysilane (APTMS) linker
was then attached to the particle surface. The nucleophilic
substitution of amino groups on trimesoyl chloride results in
the formation of the Fe3O4@SiO2@TMC structure. Subse-
quently, polyamino dendrons up to generation two (G2) were
created through a series of stepwise consecutive nucleophilic
substitutions of diaminoethane on the trimesoyl chloride.
3.1. Characterization of adsorbents

Fig. 1 displays the FT-IR spectra ofmodied nanoparticles. The FT-
IR spectrum of MNPs Fe3O4 (Fig. 1a) indicates the characteristic of
the Fe–O absorption band around 590 cm−1. Fig. 1b depicts the
band at 1073, 900–800, and 450 cm−1 relating to the asymmetric
stretching, symmetric stretching, in-plane bending, and rocking
modes of Si–O–Si and Si–O bonds. The presence of an alkyl group
was corroborated by weak symmetric and asymmetric vibrations at
2980 and 2895 cm−1 (Fig. 1c). For Fe3O4@TMC-G0.5, the absorp-
tion band of Fe–O appears at 580 cm−1, whereas those of
1100 cm−1 belong to Si–O–Si splitting of the peak in the C]O
stench vibration zone due to amide and acyl chloride (Fig. 1d).
Aer reaction with EDA to generate Fe3O4@NR-TMD-G1, two
peaks at 1800 and 1670 cm−1 disappeared, and the peak of the
amide group appeared at 1640 cm−1 suggesting the successful
RSC Adv., 2024, 14, 32559–32572 | 32561

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06049k


Scheme 1 The synthetic pathway to construct dendrimer-decorated magnetic nanostructures (Fe3O4@NR-TMD-G1, Fe3O4@NR-TMD-G2).

Fig. 1 FT-IR spectra of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2-PrNH2

(c), TMC (d), and Fe3O4@NR-TMD-G1 (e).

Fig. 2 XRD patterns of Fe3O4 (a), Fe3O4@NR-TMD-G1 (b), and
Fe3O4@NR TMD-G2 (c).

32562 | RSC Adv., 2024, 14, 32559–32572
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synthesis of Fe3O4@NR-TMD-G1. The FT-IR spectrum of
Fe3O4@NR-TMD-G1 and that of Fe3O4@NR-TMD-G2 are similar.

Fig. 2 demonstrates the XRD patterns of nanostructures. The
characteristic (220), (311), (400), (422), (511) and (440) crystals of
Fe3O4 were present at 30.2°, 35.6°, 43.3°, 53.4°, 57.1°, and 62.5°,
respectively (Fig. 2a–c).37 These crystal planes still existed in the
XRD spectra of Fe3O4@NR-TMD-G1 and Fe3O4@NR-TMD-G2
(Fig. 2b and c) at the same position, implying that the crystal
structure of Fe3O4 was not destroyed during functionalization.
Furthermore, a weak diffraction peak attributed to amorphous
silica was observed at 18°, suggesting the successful coating of
Fe3O4 by SiO2.38

Fig. 3 shows the thermal stability of the adsorbent. The rst
stage of weight loss for the physically adsorbed water was
observed within the range of 25–110 °C. The surface silanol
group condensation of silica was then found for a slight loss
from 110 to 220 °C. Aer that, a decrease was observed within
the range of 220–700 °C due to the decomposition of the
Fig. 3 TGA analysis of Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@NR-TMD-G0
(c), Fe3O4@NR-TMD-G0.5 (d), Fe3O4@NR-TMD-G1 (e), and
Fe3O4@NR-TMD-G2 (f).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 VSM analyses of Fe3O4 (a), Fe3O4@NR-TMD-G1 (b), and
Fe3O4@NR-TMD-G2 (c).

Table 1 The N2 adsorption–desorption parameter of Fe3O4@NR-
TMD-G1, and Fe3O4@NR-TMD-G2 adsorbents

Adsorbents
Surface area
(m2 g−1)

Average pore
diameter (nm) C

Fe3O4@NR-TMD-G1 9.88 34.43 116.4
Fe3O4@NR-TMD-G2 24.03 21.14 76.094
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residual silanol group and trimesoyl chloride dendrimers. The
nal weight losses were 21% and 11% for Fe3O4@NR-TMD-G1
and Fe3O4@NR-TMD-G2, respectively. The higher thermal
stability of Fe3O4@NR-TMD-G2 than that of Fe3O4@NR-TMD-
G1 was due to the growing number of aromatic amide bonds
as the MNP adsorbents were generated.

The VSM analysis was performed to determine the magne-
tization properties of MNPs and various organic compounds
doped at room temperature. Fig. 4 depicts the S-like magneti-
zation curve, the coincidence of the hysteresis loop, and the low
remanence, coercively conrming the superparamagnetic
properties of MNP adsorbents. The maximum saturated
magnetization of Fe3O4 nanoparticle was measured at 50 emu
g−1, which dropped by 30 emu g−1 for Fe3O4@NR-TMD-G1 and
10 emu g−1 for Fe3O4@NR-TMD-G2 (Fig. 4c). The saturated
magnetization reduction with the growing dendrimer genera-
tion was due to the shielding of silica shell and trimesoyl
chloride-based dendrimer decorated on the surface of magnetic
Fe3O4. Although there was a decrease in the saturated magne-
tization aer decoration, it could be easily taken out from the
reaction medium with an external magnetic separator.25
Fig. 5 Adsorption–desorption and pore size distribution plots of Fe3O4@

© 2024 The Author(s). Published by the Royal Society of Chemistry
Adsorption has more complicated levels in some cases which
involve many factors affecting this process, e.g., pore size
distribution, pore volume, and surface area. The surface
chemistry and textural structure of an adsorbent play a key role
in evaluating the interaction. The BET equation (eqn (4)) can be
used to estimate the surface area of the adsorbent.39 Where P
refers to the partial vapor pressure of the adsorbate gas in
equilibrium with the surface at 77.4 K (Pa), and P0 denotes the
saturated pressure of the adsorbate gas (Pa). Moreover, Va
indicates the volume of gas adsorbed at standard temperature
and pressure (STP) (mL), whereas Vm represents the volume of
gas adsorbed at STP to produce an apparent monolayer on the
sample surface (mL). Moreover, C refers to the dimensionless
constant associated with the enthalpy of adsorption for the
adsorbate gas on the adsorbent.

1�
Va

�
P0

P
� 1

�� ¼ C � 1

Vm � C
� P

P0

þ 1

VmC
(4)

Fig. 5 depicts the N2 adsorption–desorption plot and pore
size distribution plot. In addition, Table 1 summarizes the
corresponding N2 adsorption–desorption results. Notably, both
adsorbents exhibit mesopores and micropores within the range
of 2 to 50 nanometers. Both adsorbents exhibit a clear H3-type
hysteresis loop, signifying the existence of pores with varying
sizes. According to Table 1, while the Fe3O4@NR-TMD-G2
adsorbent boasts a greater surface area, its pore diameter is
smaller than that of Fe3O4@NR-TMD-G1. Interestingly,
Fe3O4@NR-TMD-G1 has a higher number of mesopores,
leading to improved adsorption efficiency. The constant C in
NR-TMD-G1, and Fe3O4@NR-TMD-G2 adsorbents.

RSC Adv., 2024, 14, 32559–32572 | 32563
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BET equation plays a crucial role in assessing the level of
interaction between the adsorbent and the adsorbate. Its value
is higher in the Fe3O4@NR-TMD-G1 adsorbent than in the
Fe3O4@NR-TMD-G2 adsorbent, a fact which suggests greater
surface adsorption enthalpy in the initial adsorbed layer and
stronger interaction energy between the adsorbent and the
adsorbate.40

The SEM technique is employed to analyse the microstruc-
tural texture and surface morphology. One of the key parame-
ters affecting the adsorption process is the pore structure, e.g.,
micro, meso, and macro in the adsorbent. Fig. 6 presents the
SEM images and the histogram diagrams regarding the gener-
ation of both adsorbents. Accordingly, the particle size distri-
bution is uniform in a spherical shape with a 3D porous
structure; however, the Fe3O4@NR-TMD-G1 sample displays
a more regular dispersity of particle size than Fe3O4@NR-TMD-
G2. Therefore, it enhances the effective interface contact with
metals. Moreover, the Fe3O4@NR-TMD-G1 has a larger average
pore diameter that is more favourable for trapping lead ions,
possessing a larger ion size than cadmium. In other words, the
agglomeration of the particles observed in Fe3O4@NR-TMD-G2
can reduce micro and mesopores causing some potentially
negative effects on the adsorption processes.41 The energy-
dispersive X-ray spectroscopy (EDS) obtained from SEM anal-
ysis of Fe3O4@NR-TMD-G1 and Fe3O4@NR-TMD G2 display
presence of Fe/Si/O/N/C in NMPs adsorbent (Fig. 7).
Fig. 6 SEM image and particle size distribution of Fe3O4@NR-TMD-G1,

32564 | RSC Adv., 2024, 14, 32559–32572
4. The adsorption results
4.1. Effect of adsorption parameters

The rate of adsorption increased rapidly at rst but then grad-
ually slowed down until reaching an equilibrium presented in
Fig. 8. Pb(II) reached the adsorption equilibrium on Fe3O4@NR-
TMD-G1 and Fe3O4@NR-TMD-G2 within 25 and 120 minutes,
respectively, whereas Cd(II) took 120 minutes on both nano-
adsorbents. Fe3O4@NR-TMD-G1 demonstrated superior
performance in adsorbing both ions when compared to
Fe3O4@NR-TMD-G2 in a shorter period and with more efficacy
of removal. These ndings are consistent with the results ob-
tained from the BET analysis. Because of this, we proceed to
analyse the effective parameters in the adsorption process of
Fe3O4@NR-TMD-G1. The rapid increase in the percentage
removal at the beginning of the adsorption process is due to
a large number of vacant binding sites on the adsorbent and
faster diffusion of metal ions in the pores of dendritic
nanomaterial.

Increasing the amount of the adsorbent within a certain
range can result in the desired removal effect and reduce costs.
Fig. 9a indicates the optimum dosage of Fe3O4@NR-TMD-G1.
As the dosage of Fe3O4@NR-TMD-G1 increased, the removal
of each heavy metal was accelerated. However, it did not change
anymore when the amount of the adsorbent exceeded 1.6 g L−1.
Under these conditions, the residual ion concentration in the
solution and at the adsorption interface reached an
and Fe3O4@NR-TMD-G2 nanostructures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EDX analysis of Fe3O4@NR-TMD-G1 (a), and Fe3O4@NR-TMD-G2 (b) nanostructures.

Fig. 8 Effect of contact time on the adsorption of Pb(II) and Cd(II) by Fe3O4@NR-TMD-G1, and Fe3O4@NR-TMD-G2 adsorbents. (T= 298 K, pH=
4.3, initial concentration = 200 mg L−1, adsorbent = 0.08 g, contact time = 360 min).
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equilibrium. Aer that, increasing the adsorbent dosage had no
tangible effects on improving the removal rate of heavy metals.
Meanwhile, the number of capacities increased under the same
conditions. However, the removal rate did not change greatly,
something which reduced the adsorption capacity of
Fe3O4@NR-TMD-G1 per unit of mass and created a substantial
amount of material wastage.42

The pH value of the solution is one of the key parameters in
adsorption processes, as the pH value of the adsorption media
can change due to the dissociation of functional groups in the
active adsorption area of an adsorbent. The surface charge of an
adsorbent and the ionization degrees of materials are related to
© 2024 The Author(s). Published by the Royal Society of Chemistry
the effects of variations in the pH value (Fig. 9b). As the solution
pH increased from 1 to 4, the adsorption of Pb(II) and Cd(II) ions
increased sharply and achieved the best adsorption at pH 4.3 for
both MNP adsorbents. The –NH and –C]N– groups of tri-
mesoyl chloride dendrimers existed in proportion from –OH2

+,
–NH2

+, and –C]NH+ at low pH values. The removal of ions
would be blocked by the electrostatic repulsion between the
protonate adsorbents and ions. Moreover, repulsion occurs
between the protonate adsorbents and ions. The protonation
degree would decrease, and the binding sites would be abun-
dant with increases in pH. The inuence of pH on adsorption
can be investigated by considering the concept of zero-point
RSC Adv., 2024, 14, 32559–32572 | 32565

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06049k


Fig. 9 (a) Effect of adsorbent dosage of Fe3O4@NR-TMD-G1 (T = 298 K, pH = 4.3, initial concentration = 200 mg L−1, contact time = 30 min)
and (b) effect of pH on the adsorption of Pb(II) and Cd(II) ions (T = 298 K, initial concentration = 200 mg L−1, adsorbent = 0.08 g, contact time =

30 min).

Fig. 10 Plot for the determination of pHzpc of Fe3O4@NR-TMD-G1
nanostructure.

Fig. 11 The fitting curves: non-linear pseudo-first-order and pseudo-sec
G1.

32566 | RSC Adv., 2024, 14, 32559–32572
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charge (pHzpc), which refers to the pH at which the adsorbent
has a zero charge.43 Below the pHzpc, the surface of the adsor-
bent is positively charged, while above it is negatively charged.44

The pHzpc value for the adsorbent was found to be 4.3 (Fig. 10).
It was observed that the efficiency of heavy metals removal by
adsorption increased as the pH levels increased from 2 to 4.3
(Fig. 10). At pH levels below 4.3, the adsorption capacity
decreases. This is because H+ ions and metal ions compete for
binding to the active sites on the surface of the adsorbent at
lower pH levels. Furthermore, the adsorbent surface becomes
positively charged at low pH levels, facilitating the desorption of
cations. Basic pH (pH > 7) was not used to avoid removal of
metal ions by precipitation.45
4.2. Kinetic adsorption

The non-linear pseudo-rst-order (NPFO) model, non-linear
pseudo-second-order (NPSO) model were adopted to interpret
ond-order models for Pb(II) and Cd(II) adsorption by Fe3O4@NR-TMD-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the kinetic adsorption mechanism. The non-linear forms of
pseudo-rst-order and pseudo-second-order models can be
expressed by eqn (5) and (6).46,47

qt = qe(1 − e−k1t) (5)

qt ¼ k2qe
2t

1þ k2qet
(6)

where q denotes the capacity of adsorbate uptake at time t, and
qe indicates the equilibrium adsorption amount. Moreover, k1
Fig. 12 Isotherm fitting curves for adsorption of Pb(II) and Cd(II) on Fe3O

Table 2 Kinetic parameters for the adsorption of Pb(II) and Cd(II) on
Fe3O4@NR-TMD-G1

Kinetic model

Pb(II) Cd(II)

Fe3O4@NR-TMD-G1 Fe3O4@NR-TMD-G1

Pseudo-rst-
order

k1 (h
−1) 0.16499 0.16257

c2 5.99472 6.8361
qe,cal (mg g−1) 54.21 40.69
qe,exp (mg g−1) 74.22 46.12
R2 0.98351 0.97582

Pseudo-
second-order

k2 (g mg−1 h−1) 0.0047 0.00602
c2 0.80506 1.09416
qe (mg g−1) 74.62 46.74
qe,exp (mg g−1) 74.22 46.12
R2 0.99806 0.99559

© 2024 The Author(s). Published by the Royal Society of Chemistry
(h−1) and k2 (g mg−1 h−1) represent the rate constants of non-
linear pseudo-rst-order and non-linear pseudo-second-order
models, respectively. Fig. 11 depicts the tting curves of non-
linear pseudo-rst-order and non-linear pseudo-second-order
models. As viewed in Table 2, the kinetic parameters of the
non-linear pseudo-second-order model is more precise than
that of the non-linear pseudo-rst-order model due to its higher
correlation coefficient (R2). Accordingly, the tting curve of the
non-linear pseudo-second-order model presented good line-
arity. The agreement between the experimental qe values and
the calculated qe values indicates that the non-linear pseudo-
second-order model is the most suitable. Additionally, the
high R2 values and low c2 error function values suggest that
chemisorption predominantly occurs in the adsorption process
of Pb(II) and Cd(II).

4.3. Adsorption isotherm

Isotherm plays a key role in elucidating the adsorption mech-
anism, as it describes the interactive behaviour between
adsorbents and adsorbates. The equilibrium data were
modelled on the Langmuir, Freundlich, and Dubinin–Radush-
kevich (D–R) models. The Langmuir model suggests that the
adsorption proceeds on a homogeneous surface with the linear
form of the Langmuir model that can be expressed by eqn (7).48

Ce

qe
¼ Ce

qm
þ 1

qmkL
(7)
4@NR-TMD-G1 nanostructure (T = 298 K).

RSC Adv., 2024, 14, 32559–32572 | 32567

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06049k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 3
:3

0:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
This equation indicates the uniform energy by monolayer
coverage, where all sites are equal and have no interaction.

Where qe denotes the adsorption capacity in equilibrium,
and qm indicates the maximum adsorption capacity (mg g−1).
Moreover, Ce represents the metal ion concentration in equi-
librium (mg L−1), and KL refers to the Langmuir constant (L
mg−1).

The Langmuir isotherm parameters were employed to
calculate the affinity between the adsorbent and the adsorbate
through the dimensionless separation factor of RL determined
through the following equation:

RL ¼ 1

ð1þ KLC0Þ

The values of RL promulgated whether the adsorption was
irreversible (RL = 0), favourable (RL < 1), linear (RL = 1), or
unfavourable (RL > 1).

Freundlich describes the capture of metal ions on a non-
uniform surface by multilayer adsorption with different forms
of adsorption energy. The linear form of Freundlich can be
expressed by eqn (8).49 Where KF denotes the Freundlich
constant (L mg−1), and n refers to the adsorption intensity
exponent (dimensionless).

ln qe ¼ ln KF þ ln Ce

n
(8)
Fig. 13 Optimized geometry for the complex of Fe3O4@NR-TMD-G1 w

Table 3 Fitting parameters for the adsorption isotherms of Pb(II) and
Cd(II) on Fe3O4@NR-TMD-G1 nanostructure

Isotherm model Parameter

Metal ion

Cd(II) Pb(II)

Langmuir KL (L mg−1) 0.0033 0.0077
qmax (mg g−1) 57.14 130.2
RL 0.85 0.722
R2 0.9952 0.9817

Freundlich KF (L mg−1) 0.43 1.26
n 1.56 1.65
R2 0.9769 0.9730

Dubinin–Radushkevich b (mol2 kJ−2) 7.844 × 10−9 6.0772 × 10−9

E (kJ mol−1) 8 9.10
R2 0.9926 0.9890

32568 | RSC Adv., 2024, 14, 32559–32572
The Dubinin–Radushkevich (D–R) isotherm model was
adopted to conrm whether adsorption was physical or chem-
ical. The linear equation of the D–R isotherm model can be
expressed by eqn (9).43,50

ln qe = ln qm − b32 (9)

where b represent the activity coefficient (mol2 J−2), 3 is Polanyi
potential and can be calculated from

3 ¼ RT ln

�
1þ 1

Ce

�

The mean energy (kJ mol−1) can be obtained from

E ¼ 1ffiffiffiffiffiffi
2b

p

The value of E can be employed to evaluate whether the
adsorption process was physical or chemical. The adsorption is
considered to proceed chemically when E falls within the range
of 8–16 kJ mol−1. It is also expected to proceed physically when
E is below 8 kJ mol−1. Fig. 12 depicts the tting curves for the
adsorption isotherm models, and the corresponding parame-
ters can be found in Table 3. Compared to the Freundlich
model, the Langmuir model provides a better correlation coef-
cient that can better characterize the adsorption of Pb(II) and
Cd(II) on the surface of nano-adsorbents. The maximum
adsorption capacities (qm) obtained from the Langmuir model
were 57.14 mg g−1 and 130.2 mg g−1 for Cd(II) and Pb(II),
respectively. Furthermore, the calculated separation factor RL

exists within the range of 0 to 1, indicating that the nano-
adsorbents were favourable for the adsorption process of both
Cd(II) and Pb(II).

Furthermore, the Freundlich model also correlated well (R2

= 0.9769–0.9730) with KF Pb(II) > KF Cd(II), implying that the
nano-adsorbent had greater adsorption potential for Pb(II) than
for Cd(II). This nding was consistent with the results of
adsorption experiments. Additionally, ions on nano-adsorbents
had a preferential adsorption process due to the Freundlich
constant 1/n, which was greater than 0 and smaller than 1. For
further details on the adsorption process, the value of E
ith Pb(II) and Cd(II) ions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The calculated parameters of complex for Fe3O4@NR-TMD-G1 with Pb(II) and Cd(II) ions

Complex Eads (kcal mol−1)

NBO partial charge

Electronic conguration of metalLigand Metal

Fe3O4@NR-TMD-G1-Pb −73.433 0.5 1.49 6s1.94 6p0.55 7p0.01

Fe3O4@NR-TMD-G1-Cd 2.80 0.57 1.42 5s0.38 4d9.99 5p0.2 6p0.01
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calculated from the Dubinin–Radushkevich model was also
considered. The range of E value at 8–16 kJ mol−1 was preferred
to the chemisorption behaviour, and the E values of Pb(II) and
Cd(II) adsorption fell within the range of 8–16 kJ mol−1.
Therefore, adsorption proceeded through the chemisorption
process.
4.4. Computational aspects and adsorption mechanism

The adsorption mechanism was further elucidated by theatrical
calculation through the DFT method. Fig. 13 indicates the
optimized geometry of Fe3O4@NR-TMD-G1 with Pb(II) and
Cd(II), and Table 4 lists the calculated parameters. The calcu-
lated adsorption energy revealed that Eads for Pb(II) was lower
than Eads for Cd(II), indicating that Pb(II) was more robust on
Fe3O4@NR-TMD-G1 than Cd(II). These ndings were consistent
with the experimental results. The adsorption mechanisms of
Fe3O4@NR-TMD-G1 interactions with Pb(II) and Cd(II) were
further revealed by the NBO analysis.51

The NBO partial charges of Pb(II) and Cd(II) in the complex
were 1.49 and 1.42, respectively, which were smaller than 2,
indicating the existence of charge transfer from the ligand to
metal during the adsorption process. Compared to the bared
Pb(II), the electron conguration of Pb(II) in the complex was
6s1.94 6p0.55, suggesting that the electron transferred mainly
from the ligand to 6s and 6p empty orbital of Pb(II). However,
the electron conguration of Cd(II) in the complex was 5s0.38
Fig. 14 HOMO and LUMO plots of (a) Fe3O4@NR-TMD-G1, (b) Fe3O4@N

© 2024 The Author(s). Published by the Royal Society of Chemistry
4d9.99 6p0.01, demonstrating the electron transfer from the
ligand to 5 s empty orbital of Cd(II) dominating the
coordination.52

Electron-donating and electron-gaining abilities are
expressed in terms of HOMO and LUMO, respectively. Egap =

ELUMO − EHOMO is considered a measurement of how easily
a molecule can be excited.35 Fig. 14 shows variations in HOMO–
LUMO and Egap of Fe3O4@NR-TMD-G1, Fe3O4@NR-TMD-G1-Pb,
and Fe3O4@NR-TMD-G1-Cd. However, a change was noticed in
both HOMO and LUMO aer the adsorption of Pb(II) and Cd(II)
onto Fe3O4@NR-TMD-G1 structure. There was also a decrease
in the Egap of Fe3O4@NR-TMD-G1-Pb and Fe3O4@NR-TMD-G1-
Cd, suggesting that the adsorption of Pb(II) and Cd(II) destabi-
lized the former steady structure.44

Differences in the adsorption capabilities of Fe3O4@NR-
TMD-G1 for Pb(II) and Cd(II) can be explicated by the
following implications. (1) The system formed by incorporating
the sample with Pb(II) is more stable because the adsorption
energy of the sample for Pb(II) calculated through DFT is
signicantly greater than that of Cd(II). (2) The Pb ion has
a shorter hydration radius (0.401 nm) than the Cd ion (0.426
nm). Pb ions have lower levels of hydration energy (1481 kJ)
than Cd ions (1755 kJ) (Table 5).53,54 Therefore, they can escape
more easily from the hydration shell and enter the Fe3O4@NR-
TMD-G1 network structure due to their low levels of hydration
energy and short radii. As a result, they increase the adsorption
R-TMD-G1-Pb and (c) Fe3O4@NR-TMD-G1-Cd structures.

RSC Adv., 2024, 14, 32559–32572 | 32569
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Table 5 Physicochemical properties of Pb(II), Cd(II) ions

Parameters Pb(II) Cd(II)

Ionic radius (Å) 1.32 0.97
Electronegativity 2.33 0.69
Hydrated radius (Å) 4.01 4.26
Hydration energy (kJ mol−1) −1481 −1755

Fig. 15 Reusability of Fe3O4@NR-TMD-G1 nanostructure for
adsorption of Pb(II) and Cd(II) ions from aqueous solutions.
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affinity. (3) According to the theory of so and hard acid bases,
Pb(II) belongs to hard Lewis acids, and Cd(II) belongs to so
Lewis acids. Moreover, amino and carboxyl groups belong to
hard bases; therefore, Fe3O4@NR-TMD-G1 has a higher affinity
for Pb(II).35 It seems that electrostatic interaction and coordi-
nation of heteroatoms with metal ions play key roles in the
adsorption of nanostructures.
5. Comparison of Fe3O4@NR-TMD-
G1 with other adsorbents

The maximum adsorption capacity of Pb(II) and Cd(II) on
Fe3O4@NR-TMD-G1 were evaluated in comparison to other
previously reported adsorbents. According to the Table 6, the
maximum adsorption capacities (qm) of Fe3O4@NR-TMD-G1 for
Pb(II) and Cd(II) are 130.2 and 57mg g−1, respectively. Therefore,
these results indicate that Fe3O4@NR-TMD-G1 is a favourable
option for environmental clean-up of Pb(II) and Cd(II) ions when
compared to other adsorbents.
6. Reusability

Regenerating the adsorbent aer it has been used in the
adsorption–desorption cycle is crucial for economic reasons.
Regeneration can help reduce the overall purication costs. Due
to the low adsorption capacity of the synthesized adsorbent at
lower pH levels, it is recommended to use an acidic pH condi-
tion for desorption of ions. As a result, the desorption of, Pb(II)
and Cd(II) was carried out using 30mL of 0.1 MHNO3 and HCl.62

As the pH decreases, the amount of desorption increases. The
competition between H+ ions and metal ions, for binding to the
active sites on the surface of the adsorbent at lower pH levels,
increased. Additionally, the adsorbent surface becomes
Table 6 Comparison of Pb(II) and Cd(II) adsorption capacity by various a

Adsorbent

NH2 functionalized magnetic graphene composite
NH2-MCM-41 nanoparticle
Magnetic nanoparticles/nanocomposites
Silica anchored salicylaldehyde modied polyamidoamine dendrimers
Fe3O4@SiO2@KCC-1
P(AA-AN)-talc nanocomposite
MNP-PAMAM
Sulfur-ferromagnetic nanoparticles (SFMNs)
Fe3O4@NR-TMD-G1

32570 | RSC Adv., 2024, 14, 32559–32572
positively charged at low pH levels, which allows for the
desorption of cations to take place.63 The effectiveness of
adsorption was determined aer 5 cycles for Pb(II) and Cd(II), as
shown in Fig. 15, indicating promising potential for use in
treating wastewater. Additionally, the magnetic power of the
adsorbent remained constant throughout all cycles, showing
consistency in performance.

To further investigation, the XRD and FT-IR spectra of
Fe3O4@NR-TMD-G1 both before and aer adsorption was
compared. As is evident from the XRD pattens in Fig. 16, there
are no signicant structural changes in XRD pattern of
Fe3O4@NR-TMD-G1, before and aer adsorption process,
which reveals structural stability of the prepared nanostructure.
In Fig. 17, the FT-IR spectra of Fe3O4@NR-TMD-G1 before and
aer metal ions adsorption are shown. The shis in charac-
teristic stretching and bonding vibrations of Fe3O4@NR-TMD-
G1 to lower frequencies aer metal adsorption suggest that
ions may have interacted with N–H and C]O bonds, causing
changes in vibration frequencies.64 Some peaks that were
previously observed in the FT-IR spectrum of the adsorbents are
weakened. It was observed that Pb(II) had more signicant
impact compared to Cd(II) on the FT-IR spectrum, suggesting
a strong interaction between Pb(II) and the absorbent. There-
fore, these spectra also indicate that the chelation between the
oxygen and nitrogen atoms in the structure and metal ions is
the main phenomenon of the adsorption process.
dsorbents

qm (mg g−1)

ReferencePb(II) Cd(II)

27.83 27.83 55
18.25 18.25 56
23.75 12.38 57
89.09 65.19 58
30.06 21.71 59
43.80 37.9 60
37 24.94 61
55.94 24.73 28
130.2 57 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 The FT-IR spectra of Fe3O4@NR-TMD-G1 nanostructure
before and after the adsorption of Pb(II) and Cd(II) ions.

Fig. 16 The XRD patterns of Fe3O4@NR-TMD-G1 nanostructure
before and after the adsorption of Pb(II) and Cd(II) ions.
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7. Conclusion

In this study, a novel nano-magnetic core was encapsulated with
trimesoyl chloride-based dendrimer for the adsorption of Pb(II)
and Cd(II). It was synthesized and characterized fully in two
generations. Compared to the second generation, the rst
generation (Fe3O4@NR-TMD-G1) exhibited superior efficiency
in heavy metal ions adsorption. The crucial adsorption prop-
erties and effective parameters (contact time, pH, and adsor-
bent dosage) were also examined for this adsorbent through the
batch method. The adsorption efficiency of Cd(II) and Pb(II) ions
on Fe3O4@NR-TMD-G1 nanostructure increased as the pH
levels increased from 2 to 4.3. The adsorption process was based
on the Langmuir and non-linear pseudo-second-order kinetic
model, indicating that adsorption was conducted by the
monolayer behaviour. The maximum adsorption capacities
obtained from the Langmuir model were 57.14 mg g−1 and
130.2 mg g−1 for Cd(II) and Pb(II), respectively. Fe3O4@NR-TMD-
G1 exerted high reusability for Cd(II) and Pb(II) ions. The mean
© 2024 The Author(s). Published by the Royal Society of Chemistry
free energy calculated through the D–R model implied that
adsorption was proceeded by the chemical adsorption mecha-
nism. The optimized structure was obtained from the DFT
calculation, which indicated the electron transfer from ligand to
metal. However, due to complex formation, the energy gap
between HOMO and LUMO decreased, implying that the
adsorption managed to stabilize the structure. For its high and
fast metal ions adsorption capacity, reusability, easily func-
tionalization and high stability, it could be considered a prom-
ising adsorbent for the metal ions removal from large amounts
of wastewaters.
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38 J. Hukkamäki and T. T. Pakkanen, Microporous Mesoporous
Mater., 2003, 65, 189–196.

39 S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc.,
1938, 60, 309–319.

40 M. A. Al-Ghouti, J. Li, Y. Salamh, N. Al-Laqtah, G. Walker and
M. N. Ahmad, J. Hazard Mater., 2010, 176, 510–520.

41 M. Yuan, D. Liu, S. Shang, Z. Song, Q. You, L. Huang and
S. Cui, Int. J. Biol. Macromol., 2023, 253, 126634.

42 K. Padmavathy, G. Madhu and P. Haseena, Proc. Technol.,
2016, 24, 585–594.

43 R. Shahrokhi-Shahraki, C. Benally, M. G. El-Din and J. Park,
Chemosphere, 2021, 264, 128455.

44 A. Çelekli, S. S. Birecikligil, F. Geyik and H. Bozkurt,
Bioresour. Technol., 2012, 103, 64–70.

45 Q. Liu, Y. Li, H. Chen, J. Lu, G. Yu, M. Möslang and Y. Zhou,
J. Hazard. Mater., 2020, 382, 121040.

46 U. Kamran and S.-J. Park, Desalination, 2022, 522, 115387.
47 Y.-S. Ho and G. McKay, Process Biochem., 1999, 34, 451–465.
48 I. Langmuir, J. Am. Chem. Soc., 1918, 40, 1361–1403.
49 H. Freundlich, Z. Phys. Chem., 1907, 57, 385–470.
50 O. Redlich and D. L. Peterson, J. Phys. Chem., 1959, 63, 1024.
51 X. Song, Y. Niu, P. Zhang, C. Zhang, Z. Zhang, Y. Zhu and

R. Qu, Fuel, 2017, 199, 91–101.
52 J. Zhao, Y. Niu, B. Ren, H. Chen, S. Zhang, J. Jin and

Y. Zhang, Chem. Eng. J., 2018, 347, 574–584.
53 F. Lu, C. Xu, F. Meng, T. Xia, R. Wang and J. Wang, Adv.

Mater. Interfaces, 2017, 4, 1700639.
54 M. Alizadeh, S. J. Peighambardoust, R. Foroutan, H. Azimi

and B. Ramavandi, Environ. Res., 2022, 212, 113242.
55 X. Guo, B. Du, Q. Wei, J. Yang, L. Hu, L. Yan and W. Xu, J.

Hazard Mater., 2014, 278, 211–220.
56 A. Heidari, H. Younesi and Z. Mehraban, Chem. Eng. J., 2009,

153, 70–79.
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