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ABSTRACT: The intake of heavy metals into the body, even at
very low concentrations, may cause a decrease in central nervous
system functions; deterioration of blood composition; and liver,
kidney, and lung damage. Therefore, heavy metal ions must be
removed from water. In this study, silver, magnetic iron/copper,
and iron oxide nanoparticles were synthesized using Lathyrus
brachypterus extract and then Fe/Cu-AT, Fe3O4-AT, Fe/Cu-CS,
and Fe3O4−CS magnetic nanocomposite beads were synthesized
using alginate and chitosan. The removal of Cd(II), Pb(II), Ni(II),
and Cu(II) ions from aqueous phases using synthesized nano-
adsorbents was investigated by single and competitive (double and
quaternary) adsorption techniques. The kinetic usability of the
magnetic iron oxide chitosan (Fe3O4−CS) nanocomposite beads
with the highest removal efficiency was evaluated. Based on experimental results, the order of removal was found to be 98.39, 75.52,
51.54, and 45.34%, and it was listed as Pb(II) > Cu(II) > Cd(II) > Ni(II), respectively. The Dubinin−Radushkevich, Freundlich,
Langmuir, and Temkin isotherm models were used, and experimental results revealed that the experimental data fit the Langmuir
model better. The maximum adsorption capacities (qm) obtained from the Langmuir isotherm model of Fe3O4−CS were found to be
8.71, 23.75, 18.57, and 12.38 mg/g for Ni(II), Pb(II), Cu(II), and Cd(II) ions, respectively. When the kinetic data were applied to
the Lagergren, Ho−McKay, and Elovich models, it was observed that the adsorption kinetics mostly conformed to the Ho−McKay
second-order rate equation. The binary and quaternary competitive adsorption data showed that Fe3O4−CS were selective toward
Cu(II) and Pb(II). The reusability of the Fe3O4−CS nanoadsorbent was performed as three cycles with the same concentration. The
adsorption capacities were found to be 95.81, 70.65, 50.50, and 42.75%, in turn for Pb(II), Cu(II), Cd(II), and Ni(II) ions after
three cycles, which revealed that the Fe3O4−CS nanoadsorbent can be used after three cycles without losing its efficiency.

■ INTRODUCTION
Heavy metal ions are among the most important factors
causing environmental pollution. The main cause of heavy
metal pollution in waters is the mining industry. The wastes
released in the process of obtaining metal from the ore become
a source of pollution when undergoing certain processes.1,2

These wastes dissolve into the waters with the help of
atmospheric effects. Metal ions, which are generally included in
the body through the skin or directly through the digestive
system and food, show their effects by binding to certain parts
of proteins in the cell. Heavy metals can cause vital problems
even when taken at low concentrations.3,4 Pb, one of the heavy
metals, is used as a production aid in many sectors from glass
to ammunition and it is especially used in battery and battery
production.5 Pb is taken into the body by contact, respiration,
and feeding ways, and then it mixes with the blood, binds to
the erythrocytes, and has a toxic effect. When exposed to high
doses, it causes damage to neurological functions.6−9

According to the International Agency for Research on Cancer
(IARC), Pb is in the class of second-class carcinogens. Cu is
widely used in water pipes, valves, roof coatings, inorganic

paints, pesticides, nutritional additives, fungicides, and
algaecides. In case of excessive exposure, it can cause liver
and kidney disorders.10 The source of Cu in waters is usually
the power and alloy industries, paper mills, and oil refineries.11

According to the IARC, Cu is not a carcinogenic metal. Cd has
an important area of use in iron, steel, brass, and aluminum
plating, especially due to its high resistance to corrosion and
stable surface formation. The batteries formed with Ni, Hg,
and Ag (Ni−Cd, Hg−Cd, and Ag−Cd batteries) can be
counted as the most important usage area of Cd.12 Because it is
difficult to be eliminated from the body, it can accumulate over
time and cause damage to the kidneys, lungs, and liver, even in
low amounts.13 It can be adsorbed from the intestines and
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stored in the bones instead of calcium, causing osteoporosis.14

Ni is resistant to external influences due to its paramagnetic
feature. For this reason, it is used in the electrolytic coating of
goods, in obtaining alloys with high wear resistance, and in the
production of special steel and coins. It is also used as a catalyst
in hydrogenation reactions in batteries, accumulators, paints,
glazes, and ceramics to give green color to glass. Ni is generally
found in wastewater of industries in which it is used. The most
important effect encountered is nickel allergy. In case of long-
term exposure to Ni, damage occurs on the skin, kidneys,
heart, and lungs as a result of accumulation in the body.15,16

The IARC has defined all nickel compounds in the class of
carcinogens, except metallic nickel. As a result, heavy metals
accumulate in organisms, reach harmful levels, and pose a
threat to life. For this reason, the determination and removal of
heavy metals in natural waters such as drinking water, lake
water, seawater, and wastewater is of great importance in terms
of quality of life.
Many methods have been developed and applied to remove

heavy metals from water. Among these, adsorption is
frequently used to remove heavy metal ions from environments
such as water and air.17−20 Activated carbon, ion exchange
resins, biological materials, various polymeric materials,
nanoparticles, alumina, and silica are mostly used as adsorbent
in adsorption studies.21−28 Due to their unique thermal,
electrical, and optical properties, AgNPs are used as sensors for
detecting contaminants, such as heavy metals and dyes.29 In
addition, AgNPs are of great interest in catalysis processes due
to their high catalytic effect and antibacterial properties.30,31

However, their high cost limits their usage. Magnetic
nanoparticles, due to their properties such as large surface
area, stable composition, chemical inertness, nontoxicity,
structure suitable for modification, resistance to organic
solvents, thermal stability, easy availability, low cost, and easy
recovery, can be used to release metal ions from aqueous
solutions and play an important role in removal efforts.32−34 It
has been found that bimetallic magnetic nanomaterials (Fe−
Ni, Fe−Cu, Fe−Mn, etc.) show higher adsorption capacity for
heavy metal than single metal magnetic nanomaterials.35−37

However, since the nanoparticles used in wastewater treatment
are insoluble, they can cause toxic effects due to their
elimination defects.38 Therefore, in recent years, nano-
composite adsorbents modified with environmentally friendly,

biocompatible polymers, such as chitosan, alginate, and
cellulose, have attracted attention in wastewater treatment
applications to retain nanoparticles. In addition, polymer-based
nanocomposites are ideal for minimizing the agglomeration
problem.37,39,40

In this study, AgNPs and both magnetic Fe/CuNPs and
Fe3O4NPs were synthesized at room temperature by a green
method using the plant extract of Lathyrus brachypterus and
they were modified with natural polymers, such as alginate and
chitosan, to form Fe/Cu-CS, Fe/Cu-AT, Fe3O4−CS, and
Fe3O4-AT magnetic beads. All the synthesized nanoparticles
(metallic, magnetic, and bimetallic) and nanocomposites were
used as adsorbent to compare the adsorption of four different
heavy metals, namely, Pb(II) Cd(II), Cu(II), and Ni(II), from
synthetic waters at different time intervals (30 min, 2 h). The
kinetic, isotherm, and reusability studies were performed with
Fe3O4−CS that provided the highest removal efficiency in a
shorter time. The synthesized Fe3O4−CS can be easily
dispersed in the environment in which it is applied in
adsorption applications and can be collected rapidly with the
help of a magnet. Both selectivity and efficiency are very
important for the adsorbent during the adsorption of
pollutants.41 Compared to the adsorbents given in Table 4,
Fe3O4−CS has a higher removal rate in a shorter time with a
higher efficiency. The novelty of this study is to compare the
efficiency of the seven different synthesized nanoadsorbents in
the removal of four different heavy metals by adsorption.
Furthermore, the selectivity, reusability, and adsorption
mechanisms of the most efficient Fe3O4−CS nanoadsorbent
were investigated in detail.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. Iron(II) sulfate heptahy-

drate (FeSO4·7H2O), iron(III) chloride hexahydrate
(FeCl3.6H2O), chitosan, and sodium hydroxide (NaOH)
were provided by Sigma-Aldrich. 1000 mg/L of Pb(II),
Cd(II), Cu(II), and Ni(II) standard solutions; acetic acid
(CH3COOH); and sodium alginate (C6H7O6Na) were
received from Merck. Copper(II) sulfate pentahydrate
(CuSO4.5H2O) was provided by Indosaw. Silver nitrate
(AgNO3) and calcium chloride (CaCl2) were provided by
Fluka. Since the materials used are of high purity, no

Figure 1. Green synthesis of Fe3O4NPs and Fe3O4−CS.
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purification process was performed. All experimental studies
were done using double-distilled water (18.2 MΩ cm).
2.2. Instrumentation. The morphological and chemical

characterizations of the nanoadsorbents were determined by
PerkinElmer Fronter model FTIR, Shimadzu UV-1800 (UV−
vis), Bruker D8 Advance model X-ray diffraction (XRD) with a
Cu Kα radiation source in the 2θ range from 10 to 90°, Carl
Zeiss EVO LS 10 scanning electron microscope (SEM), and
TEM-120 kV transmission electron microscope (TEM), and
Cd(II), Pb(II), Ni(II), and Cu(II) in the aqueous solution
were realized with an Agilent 240 model flame atomic
absorption spectrometer (FAAS).
2.3. Synthesis of Ag, Fe/Cu, and Fe3O4 NPs. To prepare

the extract, 1 g of Lathyrus brachypterus was weighed and
mixed with 100 mL of distilled water. The mixture was stirred
continuously for 5 h at room temperature and afterward
separated with a filter paper.42 For the synthesis of Fe3O4NPs,
100 mL of solution including 0.81 g of FeCl3·6H2O and 0.561
g of FeSO4·7H2O and 10 mL of plant extract was mixed. To
obtain AgNPs, 0.1 M, 45 mL of AgNO3 was mixed with 5 mL
of extract. To obtain Fe/CuNPs, 100 mL of solution
containing 0.18 g of CuSO4.5H2O and 1.38 g FeSO4.7H2O
was obtained and 10 mL of the plant extract was mixed to this
solution.43,44 Then, they were mixed at 500 rpm and 25 °C for
30 min on a magnetic stirrer and left to settle (Figure 1). All of
the NPs were first separated by a centrifuge and washed three
times with distilled water.
While both magnetic Fe3O4NPs and Fe/CuNPs were

separated from the aqueous media with a magnet, AgNPs
were separated with a filtrate paper and kept in an oven until
usage.42−44

2.4. Synthesis of Nanocomposite Beads. 1.00 g of
chitosan was added in 100 mL of solution containing 2% acetic
acid, and then stirring was performed until a homogeneous
mixture was prepared. Then, 1 g of the magnetic Fe3O4NPs
which we synthesized was added into the mixture and Fe3O4−
CS beads were formed by dropping into 100 mL of 1 M
NaOH solution with a dropper. The formed beads were kept
for 12 h in NaOH, and then washed with distilled water, and
stored at 4 °C in distilled water. The same process was carried
out for the synthesis of Fe/Cu-CS by replacing Fe3O4NPs with
Fe/CuNPs.43,44 1.00 g of sodium alginate was added with 100
mL of distilled water, and then stirring was performed until a
homogeneous solution was prepared. Then, 0.50 g of Fe/

CuNPs was mixed into this solution and sonicated for 30 min.
Fe/Cu-AT beads were obtained by dropping into 2% of CaCl2
solution with a dropper. The formed beads were washed with
distilled water and kept at 4 °C in distilled water. The same
process was carried out for the synthesis of Fe3O4-AT by
replacing Fe/CuNPs with Fe3O4NPs.

43,44

2.5. Adsorption Studies. The removal of heavy metals,
such as Cd(II), Pb (II), Ni (II), and Cu (II), from synthetic
waters by adsorption on AgNPs, magnetic nanoparticles, and
nanocomposites was investigated using the batch adsorption
method. 1000 mg/L standard solutions were used. In
adsorption experiments, 25 mg of adsorbent was contacted
with 25 mL of Pb(II), Cd(II), Cu(II), and Ni(II) solutions
separately and four of them together in 100 mL beakers.
Adsorption isotherm and kinetic studies were performed at 298
K with an initial heavy metal ion concentration of 10 mg/L in
120 min with Fe3O4−CS magnetic nanoadsorbents.
The percentage of adsorption removal of Pb(II), Cd(II),

Cu(II), and Ni(II)) ions of nanoadsorbents at 298 K was
calculated from eq 1:

= ×R
C C

C
%

( )
1000 e

0 (1)

Q e (mg/g), which is the amount of adsorbed ion, was
calculated from eq 2:

=Q
C C V( )

We
0 e

(2)

where W is the weight (g) of nanoadsorbent, V is the volume
of ion solution (L), Ce is the equilibrium concentrations (mg/
L), and C0 is the initial concentration (mg/L).

3. RESULTS AND DISCUSSION
3.1. Characterization. UV−vis spectra of nanoparticles

and plant extract are given in Figure S1. The peaks seen in the
UV−vis spectra are the characteristic peaks of AgNPs,
Fe3O4NPs, and Fe/CuNPs (Figure S1), and these results
showed that all nanoparticles were successfully synthesized.
FTIR results of both NPs and plant extract are shown
comparatively in Figure 2a. From the FTIR results, it is seen
that the plant extract contains carboxyl groups, phenol, amine,
alkene, methylene, and alkaline. The fact that most of the
signals seen in the plant extract are not seen in the AgNPs

Figure 2. FTIR spectra of (a) extract and NPs. (b) Magnetic nanocomposites
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suggests that the plant is a good reducing agent with all its
functional groups for Ag+ to Ag0.42 FTIR results of Fe/Cu-AT,
Fe/Cu-CS, Fe3O4-AT, and Fe3O4−CS are given comparatively
in Figure 2b. It is confirmed from the FTIR signals that both
magnetic nanoparticles were synthesized and coated with
chitosan and alginate.37,43,44

The result of the XRD analysis performed to define the
crystal structure of the synthesized AgNPs is given in Figure
S2.42 The average particle size of AgNPs found in the
calculation using the Scherrer equation with the characteristic
Ag (111) peak was found to be 6.08 nm. In the TEM results
given in Figure S3, it is seen that AgNPs have a regular crystal
structure and do not show great differences in size and form.
Besides, it can be given from the size distribution histogram
seen in Figure S3 that the nanoparticle size varies between 30
and 6 nm; the mean size of the particles was found to be 14.15
± 0.20 nm.42 The XRD spectra of both magnetic nanoparticles
and nanocomposites are shown in Figure S4.43 The particle
sizes of Fe/CuNPs and Fe3O4NPs calculated from the peak
intensity observed at 2θ = 37.4 and 35.47 in the XRD
diffraction model by the Debye−Scherrer equation were
calculated to be 18.05 and 11.02 nm, respectively.43 The
four peaks and six peaks observed in the XRD spectra of Fe/
CuNPs and Fe3O4NPs, respectively, were also observed in the
diffraction pattern of both chitosan and alginate nano-
composites, which showed that the coating of both nano-
composites did not change the nanoparticle crystal structure.43

The size and shape of the Fe3O4NPs were elucidated by
SEM-EDX analysis and TEM images (Figure 3). The SEM

images (Figure 3b) are observed for the porous structure of
Fe3O4NPs as well as a series of aggregates. The EDX spectra
reveal that both Fe and O atoms are present in the structure of
Fe3O4NPs (Figure 3c). TEM images (Figure 3a) clearly show
that the nanoparticles are almost spheric in shape.37,43 The size
and shape of the Fe/CuNPs were also featured by both SEM
and TEM analyses (Figure S5).43 The SEM analysis indicates
the individual Fe/CuNPs as well as a range of aggregates
(Figure S5b). The map data from elemental mapping,
consistent with SEM images, confirmed the presence of Cu
and Fe (Figure S5b,c).43 In the EDX analysis results (Figure
S5d), it is seen that the magnetic bimetallic nanoparticle has
35.76% Cu and 58.06% Fe in its structure.37 Figure S5a
indicates the size distribution histogram of the particles, and

the average size of the particles is found to be 18.05 ± 0.04
nm; TEM images (Figure S5a) also clearly show that the
nanoparticles are almost spheric in shape.37

3.2. Adsorption Performances of Magnetic Adsorb-
ent in the Aqueous Phase. The adsorption of 10 mg/L of
25 mL heavy metal ions (Pb(II), Cd(II), Cu(II), and Ni(II))
on 25 mg AgNPs, magnetic nanoparticles (Fe3O4NPs and Fe/
CuNPs), and nanocomposites (Fe3O4−CS, Fe/Cu-CS, Fe3O4-
AT, and Fe/Cu-AT) at room temperature in 30 and 120 min
was separately investigated, and the removal percentages were
calculated using eq 1, as shown in Figure 4. With respect to the
experimental results, it was observed that the best adequate
adsorbent was found to be Fe3O4−CS, which adsorbed heavy
metals with the highest efficiency at 298 K, as shown in Figure
4. As the particle size decreases, the surface area increases, and
as the surface area increases, the amount of adsorbed material
also increases. As seen from the TEM and XRD results,
Fe3O4NPs have the smallest particle size and, therefore, the
largest surface area. By addition of functional groups with
modification, the interaction between adsorbent and adsorbate
increases and Fe3O4−CS is thought to be the best adsorbent
depending on the functional group content.
Since Pb(II) was precipitated at pH 6, it was studied at pH 5

for Pb(II) and at pH 6 for other ions. The adsorption reached
equilibrium in 120 min. In single adsorption experiments, it
was listed as Pb(II) > Cu(II) > Cd(II) > Ni(II) with removals
of 98.39, 75.52, 51.54, and 45.34%, respectively. The amount
of ions adsorbed on Fe3O4−CS was determined at fixed
wavelengths, such as 217 nm (Pb(II)), 228.8 nm (Cd(II)),
232 nm (Ni(II)), and 324.8 nm (Cu(II)), in the FAAS
spectrometer using eq 2 after the magnetic nanoadsorbent was
removed from the solutions after a certain period of time by
measuring the absorbance of the solution.
Since H3O+ and OH− ions in the solution are also adsorbed

on the adsorbent surface, pH is an important factor affecting
the adsorption. In addition, temperature, amount of adsorbent,
and initial heavy metal concentration parameters also affect the
adsorption; however, in this study, since it was aimed to
remove traces of heavy metals in wastewater in the easiest and
most economical way, only pH optimization was made without
optimizing the specified parameters (Figure 5).
As seen in Figure 5, an increase in adsorption was observed

with an increase in pH for all heavy metals from pH 3 to 6. It is
thought that the low Fe3O4−CS adsorption efficiency in the
acidic environment is due to both the presence of more H+ at
low pH values and the reduction of the regions that will hold
the metal ions in the Fe3O4−CS bead. In acidic medium, Pb2+,
Ni2+, Cu2+, Cd2+, and Ni(OH)+ are more dominant species in
aqueous solution. After pH 6, it started to decrease due to the
interaction of the hydroxide group with heavy metals and the
activation of the electrostatic force (repulsion) between the
hydroxide groups in Fe3O4−CS. It is observed that metal salts
were precipitated as their hydroxyl precipitated at higher pH
values.
In principle, environmental wastewater is quite complex. For

this reason, it is important to determine the adsorption
behavior of more metal ions on Fe3O4−CS in environments.
For this purpose, double and quadruple competitive adsorption
experiments were performed and the change in adsorption
capacity for each metal ion studied was compared with the case
when the metal ion was alone (Figure 6). In competitive
adsorption, the concentration of each metal ion was 10 mg/L,
with 25 mg Fe3O4−CS in a sample volume of 25 mL at room

Figure 3. (a) TEM images, (b) SEM images, and (c) EDX analysis of
Fe3O4 NPs.
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temperature for 60 min. It is observed that equilibrium was
reached in 30 min in competitive adsorption. As seen in Figure
6, in the binary competitive adsorption experiments, it is
observed that Fe3O4−CS adsorbed Cu(II) metal ions at almost
the same rate in the presence of other metal ions; that is, it is
determined that other metal ions had no interference effect

and acted selectively against Cu(II) ions. The same is true for
Pb(II) ions, but only Cu(II) ions have an interference effect on
Pb(II) adsorption. For Cd(II) and Ni(II) ions, the adsorption
performance of Fe3O4−CS is affected by all other metal ions in
the environment and they are the least adsorbed in the
presence of Cu(II) ions. In line with the results obtained by
double and quaternary competitive adsorption studies, it is
revealed that Fe3O4−CS behaved more selectively toward
Cu(II) and Pb(II) ions.
3.3. Adsorption Isotherms. The interactions between

Fe3O4−CS and the target metal ions and the properties of the
adsorption process on the surface of the particles were tried to
be explained by Dubinin−Radushkevich (D−R), Freundlich,
Langmuir, and Temkin isotherms (Figure 7). The basic
equations of these isotherm models are given in Table 1.
where KL (L/mg) is the Langmuir adsorption constant, Ce

(mg/L) is the equilibrium concentration of the adsorbate, Co
(mg/L) is the initial dye concentration, qm (mg/g) is the
theoretical maximum adsorption capacity, and qe (mg/g) is the
amount of adsorbate adsorbed per unit mass of adsorbent. KF
((mg/g) × (mg/L)n) and n are Freundlich constants. Here, n
is an indicator of how favorable the adsorption process is while
KF represents the amount of adsorbate adsorbed on an
adsorbent per unit equilibrium concentration. The 1/n slope,

Figure 4. Pb(II), Cd(II), Cu(II), and Ni(II) adsorption of various nanoadsorbents at (a) 30 min and (b) 2 h intervals (initial ion concentration: 10
mg/L, adsorbent dosage: 25 mg/25 mL, T = 298 K, RSD% = 2%).

Figure 5. Effect of pH on the removal of Pb(II), Cu(II), Cd(II), and
Ni(II) by Fe3O4−CS (RSD% = 2%).

Figure 6. Comparison of Pb(II), Cu(II), Cd(II), and Ni(II) binary and quadruple competitive adsorption capacities (initial ion concentration: 10
mg/L, adsorbent dosage: 25 mg/25 mL, T = 298 K, RSD% = 2%).
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which ranges from 0 and 1, represents a measure of adsorption
intensity or surface heterogeneity and becomes more
heterogeneous as its value approaches zero.45 While KT (L/
mg) is the equilibrium binding constant, B (J/mol) is the
Temkin constant based on the heat of adsorption. A negative
value of B indicates that the process is endothermic, and a
positive B value indicates that the process is exothermic.46 KDR

is the Dubinin−Radushkevizch constant, and ε (kJ/mol) is the
adsorption energy.
Since the R2 value of the line drawn according to the

Langmuir model of metal ion adsorption by Fe3O4−CS at
room temperature is closer to 1.00 than the R2 value drawn
according to the Freundlich model (Table 2), it is seen that the
adsorption equilibrium model is more suitable for the
Langmuir model.
3.4. Adsorption Kinetics. In order to explain the

mechanisms of adsorbed pollutants during the adsorption
process, Lagergren (pseudo-first-order kinetics) (PFO, eq 7),
Ho−McKay (pseudo-second-order kinetics) (PSO, eq 8), and
Elovich kinetic models (eq 9) were applied.
A t versus qt graph is shown in Figure 8 drawn according to

three kinetic models at different time intervals of heavy metal

ions at a concentration of 10 mg/L adsorbed on Fe3O4−CS
magnetic nanoadsorbent at 298 K. The kinetic parameters
calculated with the data obtained from this graph are given in
Table 3.
According to the data in Table 3, as the correlation value is

closest to 1 for pseudo-second-order kinetics, the Fe3O4−CS
nanoadsorbent is more suitable for the pseudo-second-order

Figure 7. Adsorption isotherm models of Pb(II), Cu(II), Ni(II), and
Cd(II) onto Fe3O4−CS (adsorption conditions: 25 mg/25 mL
Fe3O4−CS, initial metal ion concentration 2−100 mg/L, 120 min) .

Table 1. Isotherm and Kinetic Models Used in the
Mathematical Models of Metal Ion Adsorption by Fe3O4−
CS

isotherm/kinetic models equations

Langmuir qe = qmKLCe1+KLCe (3)
Freundlich qe = KFCe1/n (4)
Dubinin−Radushkevich qe = qm(−KDRε2) (5)
Temkin qe = Bln(KTCe) (6)
pseudo-first-order qt = qe(1�e−k1t) (7)
pseudo-second-order qt = qe2k2t1+qek2t (8)
Elovich qt = 1βln(t+αβ) (9)

Table 2. Langmuir, Freundlich, Temkin, and D−R isotherm Modal Constants for the Adsorption of Pb(II), Cu(II), Ni(II), and
Cd(II) on Fe3O4−CS

isotherm parameters Pb(II) Cd(II) Cu(II) Ni(II)

Langmuir isotherm qm (mg/g) 23.75 12.38 18.57 8.71
KL (L/mg) 0.0043 0.0027 0.0031 0.0003

R2 0.9983 0.9969 0.9966 0.9918
Freundlich isotherm KF ((mg/g)×(mg/L)n) 1.134 1.994 1.976 4.787

n 1.038 1.051 1.194 1.009
R2 0.9974 0.9879 0.9903 0.9887

Temkin isotherm B (J/mol) −6.6579 −1.414 −1.531 −0.832
KT (L/mg) 0.398 0.759 0.922 2.013

R2 0.9095 0.8364 0.8719 0.8093
Dubinin−Radushkevizch (D−R) isotherm qm (mg/g) 13.335 4.9998 5.759 1.9919

KDR (mol/kJ)2 0.0846 0.3003 0.3669 0.6915
ε (kJ/mol) 2.4331 1.2903 1.1669 0.8503

R2 0.8571 0.7300 0.7533 0.7221

Figure 8. Kinetic models for adsorption of Pb(II), Cu(II), Ni(II), and
Cd(II) onto Fe3O4−CS.
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kinetic model. In order to investigate the reusability of Fe3O4−
CS adsorbent, adsorption/desorption studies were repeated
three times and the results are given in Figure 9. As seen in
Figure 9, the adsorbent has a stable and active structure and
there is a slight decrease in adsorption capacities.

Adsorption mechanisms include complexation, ion ex-
change, precipitation, π−π interaction, and the extensive effect
of electrostatic species.47,48 In order to elucidate the adsorption

mechanism, the results of FTIR and XRD analyses before and
after adsorption are given in Figure 10.
When the FTIR spectra are compared (Figure 10a), it is

seen that the O−H group absorption bond seen at 3500 cm−1

shifts to a lower wavenumber and narrows after heavy metal
adsorption. It is seen that the asymmetric and symmetrical
peaks of −COO in the range 1550−1640 cm−1 have also
shifted. In this situation, metal ions and functional groups of
adsorbent can cause electrostatic attraction and complexation
between them. The fact that six peaks belonging to Fe3O4−CS
in the XRD spectra are also seen in the XRD results after
adsorption (Figure 10b) indicates that the crystal structure has
not deteriorated, and the decrease in all peak intensity values
indicates that the adsorption process has taken place.
According to the results of the kinetic and isotherm
experiments, chemical adsorption on the monolayer surface
played an effective role in the removal of Pb(II), Cd(II),
Ni(II), and Cu(II); chemical interaction is thought to be the
main factor, and the possible physical/chemical interaction
mechanism is given in Figure 11.
A comparison of this work with some literature studies on

heavy metal removal is given in Table 4.

4. CONCLUSIONS
The AgNPs and both magnetic Fe3O4NPs and Fe/CuNPs
were synthesized using an easy, environmentally friendly, and
economically green method using an endemic plant extract.
Then, the magnetic nanoparticles were modified with alginate

Table 3. Modeling the Experimental Data of Pb(II), Cu(II), Ni(II), and Cd(II) Adsorption on Fe3O4−CS

kinetic model parameters Pb(II) Cd(II) Cu(II) Ni(II)

PFO qe (mg/g) 8.927 4.054 6.894 3.271
k1 × 10−3 (1/min) 4.740 5.273 4.941 5.996

R2 0.9784 0.9669 0.9706 0.9658
PSO qe (mg/g) 9.839 5.154 7.552 4.534

k2 × 10−3 (g/mg·min) 0.0387 0.0051 0.0094 0.0039
R2 0.9915 0.9822 0.9879 0.9829

Elovich β (mg/g) 0.030 0.014 0.031 0.012
α (g/mg·min) 1.938 1.797 1.902 1.513

R2 0.9625 0.9764 0.9819 0.9763

Figure 9. Effect of cycles on the adsorption/desorption capacity for
Pb(II), Ni(II), Cd(II), and Cu(II) (RSD% = 2%).

Figure 10. (a) FTIR spectra and (b) XRD models before and after adsorption of Pb(II), Ni(II), Cd(II), and Cu(II) with Fe3O4−CS.
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and chitosan to be used as adsorbent. The structure of the
synthesized nanoadsorbents was characterized by FTIR, XRD,
SEM-EDX, and TEM methods. The removal efficiencies of 10
mg/L Pb, Ni, Cd, and Cu were investigated by using 25 mg
adsorbents at room temperature in both 30 and 120 min, and it
was seen that Fe3O4−CS gave the highest removal efficiency.
For this reason, kinetic and isotherm studies were performed
with Fe3O4−CS, which was determined to be the most suitable
adsorbent. The removal of Pb(II), Cd(II), Ni(II), and Cu(II)
on Fe3O4−CS adsorbent (single, double, and quadruple
competitive) in synthetic waters was investigated in detail,
and the optimum conditions were determined for the removal
with the highest efficiency in the shortest time. In single
adsorption experiments, it was listed as Pb(II) > Cu(II) >
Cd(II) > Ni(II) with removals of 98.39, 75.52, 51.54, and
45.34%, respectively. In line with the results obtained by
double and quaternary competitive adsorption studies, the
single adsorption capacities (qe) for Pb, Cu, Cd, and Ni are
found to be 9.839, 7.552, 5.154, and 4.534, respectively, while
the double competitive adsorption capacities for Pb are found
to be 7.956, 9.825, and 9.827 in the case of Pb−Cu, Pb−Cd,
and Pb−Ni, respectively. The adsorption capacities for Cu are
found to be 7.389, 7.550, and 7.548 in the case of Cu−Pb,
Cu−Cd, and Cu−Ni, respectively. Furthermore, the adsorp-
tion capacities for Cd and Ni were found to be 2.324, 1.183,
4.539, 2.038, 0.565, and 2.703 in the case of Cd−Pb, Cd−Cu,
Cd−Ni, Ni−Pb, Ni−Cu, and Ni−Cd, respectively. Moreover,
quadruple competitive adsorption capacities were found to be
7.909, 7.448, 0.956, and 0.168 for Pb, Cu, Cd, and Ni,
respectively. These results revealed that Fe3O4−CS behaved
more selectively toward both Cu(II) and Pb(II) ions. The

mechanism was elucidated by kinetic and isotherm studies.
Based on experimental results, while the adsorption kinetics is
more suitable for the pseudo-second-order kinetic model, the
adsorption isotherm is more suitable for the Langmuir model.
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40100, Turkey; orcid.org/0000-0002-5445-6682

Yasin ARSLAN − Faculty of Arts and Science, Nanoscience
and Nanotechnology Department, Burdur Mehmet Akif Ersoy
University, Burdur 15000, Turkey

Dilek YILDIZ − Environmental Problems Research and
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