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GRAPHICAL ABSTRACT

e Magnetic Fe304@SiO,-3-aminopropyl-
trimethoxysilane-1,8-bis(3-chloropro-
poxy) anthracene-9,10-dione was
synthesized as a new, sustainable, and
environmentally friendly adsorbent for
magnetic solid-phase extraction of Cu(II)
from aqueous solutions.

e The results showed that the presence of
competitor ions did not have a signifi-
cant effect on the sorption of Cu(Il) ion
and the sorbent had good selectivity.

e Using real water samples and CRM, the
method was found to be accurate and
effective.
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Fe304@SiO2-3-aminopropyltrimethoxysilane-1,8-bis (3-chloropropoxy) anthracene-9,10-dione was synthesized
as a new, sustainable, and environmentally friendly adsorbent for magnetic solid-phase extraction of Cu(Il) from
aqueous solutions. The structure of the adsorbent was characterized by FTIR, XRD, SEM, EDX, and TEM analysis.
Optimum conditions for Cu(Il) adsorption were determined as adsorbent dose 0.04 g, pH 5.0, contact time 120
min, and beginning concentration of 30 mg/L in the adsorption process. The adsorption capacity for Cu(II) ions

was 43.67 mg/g and the removal efficiency was 84.72 percent. The Langmuir isotherm and the pseudo-second-
order model fit the experimental data better. Adsorption was a spontaneous and endothermic process based on the
obtained thermodynamic properties such as AG°, AH°, and AS°. The results showed that the sorbent has good
selectivity in the presence of competing ions. The method was determined to be accurate and effective using real

water samples and CRM.

1. Introduction

In recent years, with the rapid development of industry and produc-
tion, heavy metals are thrown into water bodies and causing environ-
mental water pollution to increase. Thus, the removal of heavy metal ions
from aqueous solutions has become an important field of study [1].
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Heavy metals are non-biodegradable and stable [2]. Most heavy metal
ions are carcinogenic or mutagenic. With heavy metals increasing con-
centration in the environment, they can accumulate in the human body
through the food chain and threaten human health if they exceed the
normal range [3]. Copper (Cu) is a necessary element in the human body
and many biological systems. About 40 pg/L of copper is required for the
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normal metabolism of many living organisms, but higher amounts of
copper cause serious deterioration in human health [4, 5]. Cu(I) can
produce chronic anemia, cirrhosis, hemolysis as well as nephrotoxic and
hepatotoxic side effects such as cramps, gastrointestinal diseases, vom-
iting, convulsions, and even death [6, 7]. Additionally, copper is a
common heavy metal that is classified as a priority pollutant by the US
Environmental Protection Agency [8, 9]. It is important to develop a
sensitive and reliable analytical method to efficiently separate and enrich
Cu(Il) ions from environmental waters.

Until today, many methods such as adsorption, membrane filtration,
ion exchange, chemical precipitation, and electrochemical treatment
technologies have been used in this regard [10, 11, 12]. Adsorption is one
of the most widely used and efficient techniques because of cheap pro-
cessing costs, simplistic properties, and processes for removing lower
heavy metal ion concentrations [13, 14, 15]. Solid-phase extraction (SPE)
is also a method of interest for the removal of heavy metals, and magnetic
solid-phase extraction (MSPE) has been frequently used in many appli-
cations for the enrichment of heavy metal ions [16, 17, 18].

Nanocomposite materials are known as more efficient and attractive
sorbents due to their multifunctionality in sample preparation tech-
niques. Nanomaterials such as carbon-based sorbents [19, 20, 21],
low-cost lignocellulosic substrates [22, 23], metal oxide composites [24,
25], and mesoporous silica [26, 27] have attracted attention to removing
heavy metal ions. Magnetic nanoparticles (MNPs), especially with
superparamagnetic properties, are frequently used in MSPE techniques
for the concentration, departure, and removal of diverse analytes [28].
Magnetic nanoparticles are utilized as the extraction medium in the
MSPE method, which is a modified model of the SPE method. The
magnetic sorbent can be disseminated directly into the sample solution
without any extra treatment, reducing sample handling processes. The
contact surface between the analytes and the magnetic sorbent is
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particularly large because the magnetic sorbent is rapidly disseminated
in solution, resulting in rapid extraction and a fast balance of mass
transfer. The analyte-loaded magnetic sorbent is readily allocated from
the sample solution by utilizing a magnet except for the sample solution.
Because of its high, efficient, and quick extraction efficiency, MSPE is
frequently regarded as an excellent sample preparation procedure. MNPs,
have gotten a lot of interest in the last years because of their unique
magnetic features, as well as their biocompatibility, high activity, low
toxicity, high surface, simple, and cost-effective production procedure
[29, 30]. Because of its chemical stability superior, ease of surface
modification, and biocompatibility, silica has been recognized as an
appropriate coating layer for Fe304 magnetic nanoparticles. For example,
earlier research on U(VI) adsorption on SiO»@Fe304 magnetic composite
demonstrated that the composite particles' adsorption capability is quick
and strong [31]. Surface modification can be performed to increase the
chemical-thermal stability, reaction activities, adsorption efficiency,
selectivity and binding capacity of the analyte on the surface of nano-
particles [32, 33, 34, 35]. The PVA/Fe304/SiO2/APTES magnetic nano-
hybrid was found to be an excellent adsorbent for Th(IV) adsorption in
another study [36]. In another study, Fe304-GO@SiO, nanocomposite
was successfully applied for the simultaneous and sensitive determina-
tion of chrome(III), cobalt(Il), and copper(Il) ions in environmental water
samples [1].

As far as we know, a new and selective adsorbent Fe304@SiO,-
APTMS-BCAD (FSAB) was used for the first time for the adsorption of
Cu(Il) from aqueous solutions (Figure 1). The commonly utilized co-
precipitation technique was employed to prepare superparamagnetic
magnetite nanoparticles (Fe3O4) in this work, and then the surface was
coated with tetraethyl orthosilicate (SiO3). Modification of magnetic
Fe304@SiO5 nanoparticles on the surface was performed by APTMS and
BCAD. The modification is aimed to increase the chemical stability,
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Figure 1. Schematic illustration of Fe304, Fe30,@SiO,, Fe30,4@SiO»-APTMS nanoparticle, and the magnetic FSAB nanoparticle adsorbent.
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selectivity, reproducibility, extraction efficiency, and active binding sites
of Cu(Il) ions. The chemical and physical features of the prepared FSAB
nanoparticle were determined by SEM, FT-IR, EDX, TEM, and XRD
analysis. Optimum conditions were determined by examining the effects
of adsorption parameters on the adsorption process. Adsorption kinetics,
thermodynamics, and mechanism were analyzed. In addition, the reus-
ability and selectivity of magnetic FSAB were also researched.

2. Materials and methods
2.1. Materials and apparatus

Toluene (99.8%), iron(II) chloride tetra hydrate (FeCl,.4H50, >99%)
(3-Aminopropyl) trimethoxysilane (APTMS, 97%), ammonia (25%),
methanol (>99.9%), tetraethyl orthosilicate (TEOS, >99.0%), hydro-
chloric acid (37%), nitric acid (>65%) (ethanol (99%), sodium hydrox-
ide (>98%), iron(Ill) chloride hexahydrate (FeCl3.6H20, 99%), and
acetone (99.5%) were purchased from Merck (Darmstadt, Germany).
Molecularsieve (4 A beads 8-12 mesh), isopropyl alcohol ((2-propanol)
>99.7%), triethylamine (TEA), and 1,8-bis(3-chloropropoxy)
anthracene-9,10-dione (BCAD) were supplied from Sigma-Aldrich. 1000
mg/L metal standard solutions in 0.5% HNOs were purchased from
Merck.

Transmission Electron Microscopy (TEM, JEM-2100F (JEOL), X-ray
diffraction (XRD, Bruker-D8 Advance with Davinci), Scanning Electron
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Microscope (SEM, HITACHI (SU5000), and Fourier-Transform Infrared
Spectroscopy (FTIR, Bruker Vertex 70 ATR-FTIR) were used to charac-
terize the nanoparticle samples generated in each stage. The pH of the
studies was adjusted using a Jenway 3010 digital pH meter. Using an
Inductively Coupled Plasma Optical Emission Spectrometry, the residue
copper(II) concentrations in the solutions after adsorption were deter-
mined (ICP-OES, Agilent-720).

2.2. Preparation of FSAB nanoparticle

As in our earlier work, we synthesized superparamagnetic magnetite
(Fe30y4), silica-coated Fe304@SiO,, and modified Fe304@SiO2-APTMS
nanoparticles [37, 38]. Figure 1 depicts the possible configurations of
superparamagnetic magnetite (Fe3O,4), silica-coated Fe3O4@SiO,, and
modified Fe304@SiO2-APTMS. 2.0 g of modified Fe304@SiO2-APTMS
nanoparticles were introduced to a 100 mL reaction container with 60
mL of thirsty toluene and sonicated for 15 min to make the magnetic
FSAB nanoparticle adsorbent. After, this suspension solution was added
to 1.2 g of BCAD compound and 0.6 mL of triethylamine and refluxed for
76 h with continuous stirring under N gas. After the reflux period, the
solid nanoparticle adsorbent in the suspension mixture was separated
using an externally applied magnet, washed with copious amounts of
methanol-toluene, and dried at 80 °C overnight, like in our previous
study [39]. The magnetic FSAB nanoparticle adsorbent likely structure is
depicted in Figure 1.
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Figure 2. FT-IR spectra of (a) Fe30y4, (b) Fe304@SiOs, (c) Fe304@SiO,-APTMS nanoparticles, (d) FSAB nanoparticle adsorbent and (e) BCAD compound.
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2.3. Experiments on adsorption

Batch adsorption works were realized to define the efficacy of the
FSAB nanoparticle adsorbent in removing Cu(Il) ions from aqueous so-
lutions. Adsorption experiments were applied in a shaking incubator
(JSR JSSI-300xx Series) at 250 rpm. For batch adsorption works, a stock
solution including 100 mg/L Cu(II) was prepared and diluted into various
concentrations with deionized water. 0.1 M NaOH and HCl were used to
set the pH of the Cu(Il) solution at the start. In all studies, the samples
were separated using a magnet to separate the FSAB absorbent and the
amount of Cu(II) remaining in the solution was measured by ICP-OES
technique. The percent removal of Cu(Il) ions by FSAB adsorbent (%
Removal) and adsorption capacity (q, (mg/g)) were computed by Egs. (1)
and (2), respectively [40, 41, 42].

Ce

Co —
% Removal = OT
e

x 100 (@]

- "% v @
m

Here, C, (mg/L) is the beginning concentration of solution; m (g) is
the weight of FSAB; C. (mg/L) is the concentration of remaining Cu(II)
ions after adsorption or at equilibrium, and V (L) is the volume of the
solution.

From the adsorption experiments, the effect of the adsorbent dose was
carried out by shaking various dosages of FSAB adsorbent ranging from
0.01 to 0.06 g with a 30 mg/L concentration of Cu(II) solution (50 mL) at
25 °C. The initial pH effect on adsorption was carried out by shaking
Cu(II) solution of 30 mg/L concentration (50 mL) at distinct (1-7) pH
values with 0.04 g FSAB at 25 °C.

Shaking at different time intervals (5-180 min), 0.04 g FSAB, 30 mg/
L concentrated Cu(II) solution (50 mL) pH = 6, and at 25 °C were used to
investigate the impact of contact time on adsorption. The results of this
investigation were utilized to test extensively usage pseudo-first-order
and pseudo-second-order adsorption kinetic models. Table S1 in sup-
plementary material lists the equations and parameter constants for
various kinetic models.

With varying beginning copper concentrations (10-50 mg/L) and
shaking at 0.04 g of FSAB, pH = 6, and 25 °C, studies of the impact of
beginning Cu(II) concentration on adsorption were carried out. The data
obtained from the study were applied to the widely used Freundlich,
Dubinin-Radushkevich (D-R), Langmuir and Temkin isotherm models.
The equations and parameter constants of these adsorption isotherm
models are shown Table S1 in supplementary material.

The studies of the impact of temperature on adsorption were realized
at different temperatures (298-328 K) with 0.04 g of FSAB adsorbent and
30 mg/L concentration of Cu(Il) solution (50 mL) by shaking at pH = 6.
Thermodynamic parameters were calculated using the data obtained
from this study. Equations and constants of thermodynamic parameters
are given Table S1 in supplementary material.

Calibration curves were developed at 5 distinct concentrations for the
sample analysis, and an external calibration method was applied. The
instrumental parameters are given Table S2 in supplementary material.
The analytical characterization of the technique used was carried out
under optimized conditions for Cu(Il) (Table S3 in supplementary ma-
terial). 10 independent analyses (n = 3) of an empty metal-added solu-
tion were done for the minimum concentration grade of the analytical
graph, linear ranges were utilized for calibration, and coefficients of
specification (R?) were used to evaluate linearity (R? > 0.99). The
standard deviation (c) and slope (m) of these results were used to
compute the limit of detection (LOD) and limit of quantification (LOQ)
(LOD = 3.6/m and LOQ = 10.6/m).

In the selectivity studies, the distribution of Cu(Il) relative to the
competitor ions and the selectivity coefficients were calculated from the
equilibrium binding data according to Egs. (3) and (4) [43]. A higher
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selectivity coefficient indicates a better separation effect, such as
increased selectivity [44]. 10.0 mL of 2.0 mg/L Cu(II) solution and each
competitor ion solution were added onto the sorbent and shaken (pH
5.0). After sorption equilibrium was established, competitor ion (As, Al,
B, Be, Ba, Cd, Ca, Cr, Hg, Fe, Li, K, Mn, Mg, Ni, Na, Pb, P, Se, Sc, Sr, Zn, Ti)
and copper amounts in the remaining solutions were analyzed by
ICP-OES.

Kq=(C,— C,) /C.x V/m 3

k=Ky(M™) /Kq (X™) “

Here, K is the distribution coefficient, k is the selectivity coefficient,
X" represents competitor ions and M™" is the target ion.

The performance of the proposed method has been studied using tap
water, ultrapure water, and bottled drinking water samples under opti-
mum conditions. Tap water from Karaman, Turkey, and bottled drinking
water in Bursa was acidified to pH 2.0 with HNO3 immediately after
sampling. It was stored in polyethylene bottles until analysis (n = 3). In
addition, for the accuracy of the method, certified reference material
(CRM) G3RM-1201, UME (spring water) and Cu(II) ion were analyzed (n
= 3) and verified.

2.4. Desorption and reusability experiments

To evaluate the reusability potential of FSAB, consecutive adsorption-
desorption cycles were performed. Cu(Il) adsorption experiments on
FSAB were repeated at optimum equilibrium conditions. 0.04 g of Cu(II)-
loaded FSAB was shaken in the desorbing agent HNO3 (50 mL of 0.1 M)
in a 100 mL erlenmeyer at 250 rpm in a shaker for 2 h at 298 K. Magnetic
separation was employed to extract the FSAB adsorbent from the acidic
solution, which was then completely cleaned with deionized water and
reused in the next reuse-regeneration cycle. Cu(Il) concentration in an
acidic solution was defined using ICP-OES.

3. Results and discussion
3.1. Characterization

3.1.1. FT-IR analysis

Figure 2 shows the results of FT-IR spectra to verify the structural
composition of the BCAD compound and the nanoparticle samples ob-
tained. In the FT-IR spectrum of pure Fe3O4 obtained (Figure 2a), the
peak at wavenumber 540 cm ™! indicates typical Fe-O stretching vibra-
tions [45]. The peak at 1636 em™! represents water adsorbed on the
surface of Fe3O4 nanoparticle, and the wide-stretching vibration peak
seen at 3405 cm ™! represents the stretching vibrations of —OH on the
surface of Fe3O4 nanoparticle [46, 47]. In the FT-IR spectrum of
SiO,@Fe304 particles formed after the surface of the Fe304 nanoparticle
is coated with the SiO5 shell (Figure 2b), new peaks appeared at 442,
797, 952, and 1084 em L. The bending vibration of O-Si-O, symmetric
stretching vibration of Si-O-Si, the telescoping vibration of Si—-OH [48],
and asymmetric stretching vibration of Si-O-Si, respectively, are repre-
sented by these peaks [46, 49]. These findings reveal that silica (SiO3)
was successfully coated onto the surface of Fe304 nanoparticles.

The absorption peak detected at 2926 cm™" in the FT-IR spectra of
Fe30,4@SiO2-APTMS (Figure 2c) expresses the C-H stretching vibrations
of the propyl group, indicating the existence of the APTMS linker [50].
Also, the absorption peaks appearing at 1481 em ! and 1572 cm ™! show
twist and tensile vibrations of amino groups, respectively [51]. The ab-
sorption peak appearing at 1328 em™! represents a Si-C group in the
magnetic Fe304@SiO,-APTMS nanoparticle structure. These findings
show that the Fe304@SiO2 nanoparticle surface has been changed by the
APTMS chemical. In the FT-IR spectrum of the magnetic FSAB nano-
particle adsorbent (Figure 2d), the peak appearing at 1291 cm™!
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represents the tensile vibration of the C-N bond (amide) after BCAD
bonding to the Fe304@SiO2-APTMS surface, and the peak at 1649 em™!
shows the C=0 groups in BCAD. The absorption peaks at 1467 cm ™" and
1601 cm ™! are observed to be associated with aromatic C=C bending and
aromatic C=C stretching mode, respectively. These findings, as well as
the novel peaks and changes in the spectrum in Figure 2d, show that the
magnetic FSAB nanoparticle adsorbent was successfully synthesized.

3.1.2. TEM analysis

Figure 3 indicates the TEM images of produced Fe304, Fe304@SiOo,
Fe304@SiO2-APTMS, and FSAB nanoparticles, as well as the diameter
distribution analysis of nanoparticles. As seen in Figure 3a, Fe3O4 par-
ticles are approximately the same size, spherically formed, and homo-
geneously dispersed. Fe3O4 nanoparticles had sizes ranging from 6 to 18
nm, with an average diameter of 9 nm, in accordance with the particle
size distribution analysis result in Figure 3a (inner picture). As seen in the
Fe30,4@SiO2 TEM image (Figure 3b), which is formed after the surface of
Fe304 nanoparticles is coated with silica (SiO»), it is seen that the surface
of Fe3O4 nanoparticles is covered with a thin flat layer (amorphous
structure of SiO,) [52]. The main goal of forming the outer silica shell is
to prevent Fe3Oy4 particles from corroding. As shown in Figure 3b, basi-
cally a core-shell structure (dark core for Fe304/SiO5 nanoparticles) was
obtained. Fe304@SiO; particles had sizes ranging from 8 to 20 nm, with
a mean diameter of 11 nm, according to the results in Figure 3b (interior
view). According to the results of the TEM image and particle size dis-
tribution analysis of Fe304@SiO-APTMS in Figure 3c, it was determined
that its particles were between 8 and 20 nm and its average diameter was
11.5 nm. According to the TEM image (Figure 3d) and particle size dis-
tribution analysis result (Figure 3d inner image) of the FSAB nano-
particle adsorbent formed after the BCAD compound immobilization on
the surface of Fe304@SiO2-APTMS nanoparticles, its particles were
determined to be between 8 and 21 nm and the average diameter was 13
nm. The monodispersed magnetic nanoparticles have a consistent shape
and a nearly spherical structure without any agglomeration, according to
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TEM measurements. These results, confirm that the designed FSAB
nanoparticle adsorbents were successfully synthesized.

3.1.3. XRD analysis

XRD analysis was made to specify the crystallographic properties of
the synthesized FSAB nanoparticles, Fe304@SiO2-APTMS, Fe304@SiO-,
Fe304, and the XRD patterns are shown in Figure 4a-d.

In the XRD model of Fe304 nanoparticles in Figure 4a, the peaks at
29.98 (220), 35.43 (311), 43.44 (400), 53.33 (422), 57.12 (511), and
62.69 (440) degrees correspond to the standard data of the Fe3O4
diffraction peak (JCPDS No. 75-0449) [53, 54, 55, 56, 57]. In the XRD
model of Fe304@SiO, nanoparticles (Fig. 4b), a wide peak in the range of
20 = 15°-30° was formed, confirming the formation of an amorphous

Intensity (a.u)

Fe,O,
Fe,0,@Si0,
Fe,0,@Si0,-APTMS
——FSAB

T T T T
20 30 40 50 60 70 80
2 theta (degree)

Figure 4. XRD patterns of (a) Fe304, (b) Fe304@SiO,, (c) Fe304,@SiO5-APTMS
and (d) FSAB nanoparticle adsorbent.

Particle size (nm)

Figure 3. TEM images of (a) Fe304, (b) Fe304@SiOs, (c) Fe304@SiO,-APTMS and (d) FSAB nanoparticle adsorbent.
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silica shell (SiOs) surrounding Fe3O4 nanoparticles [58]. After coating
Fe304 nanoparticles with silica (Figure 4b), modification of Fe304@SiO2
with APTMS functional group (Figure 4c), and immobilization of
Fe304@SiOy- APTMS with BCAD compound (Figure 4d), the crystal
structure of Fe3O4 nanoparticle appears to be preserved. It is seen that
there is only an increase-decrease or expansion-contraction in the in-
tensity of these diffraction peaks. The XRD data show that the intended
FSAB nanoparticle adsorbent was successfully manufactured. According
to the Debye-Scherrer equation [59, 60, 61], the average particle size of
the prepared nanoparticle materials was 13.41, 12.86, 12.23 and 9.12
nm for FSAB, F6304@Si02-APTMS, Fe304@Si02, and Fe304
respectively.

3.1.4. SEM and EDX analysis

SEM and EDX results of Fe3Qy, silica-coated Fe304@SiO,, modified
Fe304@SiO2-APTMS nanoparticle, and FSAB nanoparticle adsorbent are
shown in Fig. 5a-d. As illustrated in Figure 5a, the differences between
the SEM and EDX results of the nanoparticles prepared in each step are
visible. The morphology of the produced nanoparticle was evaluated and
its chemical compound was determined using SEM and EDX analyses.
The nanostructure has iron (Fe), carbon (C), oxygen (O), silicon (Si), and
nitrogen (N) according to EDX analysis. Figure 5a shows that the FesO4
particles were all monodispersive and spherical. A clear gray silica sheet
on the Fe304 surface is obviously evident for Fe304@SiO2 (Figure 5b).
After coating with the APTMS complex, the microspheres bond together,
and its surface becomes rougher than the Fe304@SiOy surface
(Figure 5c). After immobilization of BCAD complex on modified
Fe304@Si02-APTMS, particle size changed (Figure 5d). These findings
show that the planned FSAB adsorbent nanoparticles were successfully
manufactured.
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3.2. Adsorption studies

3.2.1. The effect of adsorbent dosage

Before deciding on the amount of adsorbent to utilize, we examined
the impact of adsorbent quantity on the adsorption removal rate and
capacity. The results are given in Figure 6. As shown in Figure 6, as the
adsorbent dose increases, the adsorption capacity falls. On the other
hand, increasing the dose of the FSAB nanoparticle adsorbent results in
an increase in adsorption effectiveness up to a certain point. Therefore,
active sites develop as the number increases [62]. It was determined that
low adsorbent dosage and high adsorption capacity for the removal of
toxic copper ions from aqueous samples are appropriate in order to usage
in the adsorption operation of FSAB. When the amount of adsorbent is
0.04 g, more than 82.67% of Cu(Il) is removed, together with the impact
of Cu(Il) concentration on adsorption capacity. Therefore, other
adsorption studies were realized by taking 0.04 g as a dose and it is lower
than many studies in the literature [63, 64, 65].

3.2.2. The effect of pH on Cu(Il) adsorption

The pH of the solution can change the chemical state of the active
groups in the adsorbent, the charge distribution on the adsorbent surface,
and the presence of metal ions in the solution, all of which can affect the
adsorbent affinity [66]. Figure 7 shows the impact of solution pH on
Cu(II) adsorption on FSAB. The adsorption efficiency and capacity were
observed to have an increasing trend from pH 1 to 5 and reduced from 5
to 7 as indicated in Figure 7. The chemical environment has a significant
impact on the existence of amine groups and O-including functional
groups on the adsorbent surface, as well as the acidity and alkalinity of
these groups [67]. When Cu(Il) is adsorbed on FSAB, it can form com-
plexes with oxygen-containing functional groups and surface structural

Figure 5. (a) Fe304, (b) Fe304@SiO,, (¢) Fe30,@SiO»-APTMS, and (d) FSAB nanoparticle adsorbent SEM images and EDX data.
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Figure 7. Effect of pH on Cu(ll) adsorption by the FSAB nano-
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amine groups. The existence of free amine groups in the solution im-
proves the adsorption between metal ions and protons as the pH rises,
lowering electrostatic repulsion. The ability of FSAB to adsorb Cu(II) ions
has been substantially increased [68]. As a result, for the other adsorp-
tion experiments, the optimal pH value (5.0) was chosen. This result is in
agreement with previous studies [11, 64, 69].

3.2.3. The effect of contact time

The impact of contact duration on Cu(II) adsorption by the FSAB
nanoparticle adsorbent is shown in Figure 8. The adsorption capacity and
removal efficiency increase over the first 120 min, as shown in Figure 8.
After this (120 min) time, it is seen that the adsorption curve reaches
equilibrium. Because the active sites are bigger and more scattered in the
early phases of adsorption, this result shows that toxic metal ion
adsorption is faster. This is in line with our previous work and literature
[25, 70, 71]. As a result, the contact time of 120 min was chosen for other
adsorption experiments.

3.2.4. Influence of initial Cu(II) concentration

Figure 9 shows the influence of different beginning Cu(II) concen-
trations on Cu(Il) adsorption by the FSAB nanoparticle adsorbent. As
shown in Figure 9, Cu(Il) removal effectiveness declined as the original
concentration increased. However, the adsorption capability when the
starting concentration of the heavy metal utilized was increased. As
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Figure 8. Effect of contact time on Cu(Il) adsorption by the FSAB nano-
particle adsorbent.

shown in Figure 9, we may conclude that 30 mg/L is the optimal con-
centration for maximal removal efficiency and the best adsorption ca-
pacity and it is lower than many studies in the literature [11, 63, 69].

3.3. Adsorption kinetics

The kinetic study is critical for determining the adsorbate absorption
rate in the adsorption operation and controlling the total process time
[72]. The pseudo-second-order (PSO) and pseudo-first-order (PFO)
equations Table S1 in supplementary material were applied to investigate
the behavior of Cu(II) adsorption kinetics for FSAB. The kinetic models'
graphs are shown in Fig. 10a-b, and the computed kinetic parameters are
included in Table 1. As shown in Table 1, it is clearly observed that the
correlation coefficient (R? = 0.998) of the PSO kinetic model is higher
than that of the PFO kinetic model (R2 = 0.9618). Also, the equilibrium
adsorption capacity calculated from the PSO equation (qe (cal) = 38.760
mg/g) is more approximate to the experimental data (qe (exp) = 34.620
mg/g), indicating that the PSO model is more apt to predict the kinetic
properties of Cu(Il) adsorption by the FSAB nanoparticle adsorbent. The
applicability of the pseudo-second-order kinetic model reveals that Cu(II)
ion adsorption on the FSAB is dependent on chemical interactions such
as ionic and chemical bonds involving electron exchange among the
adsorbent and the adsorbate. Metal ions chemically bond to the adsor-
bent surface and seek out places with the highest number of coordination
[73].
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Figure 9. The influence of initial Cu(II) concentration on copper adsorption by
the FSAB nanoparticle adsorbent.
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Figure 10. Plots of Cu(II) adsorption by the FSAB nanoparticle adsorbent using (a) pseudo-first-order (PFO) and (b) pseudo-second-order (PSO) kinetic models.

Table 1. Parameter results of kinetic adsorption models.

Qe(exp) (ME/) Pseudo-first-order (PFO) Pseudo-second-order (PSO)

ki Qe(cal) R? ks Qe(cal) R?
min ! (mg/g) g/(mg min) (mg/g)
34.620 0.021 26.194 0.9618 0.0011 38.760 0.998

3.4. Adsorption isotherm

Experimental isotherm data were applied to the isotherm model
equations Table S1 in supplementary material and the acquired adsorp-
tion isotherm curves and isotherm parameter constant values are shown
Fig. S1 in supplementary material and Table 2, respectively. When the R?
values of the Langmuir isotherm model and the other isotherm models
are compared in Table 2, the R? value of the Langmuir isotherm model is
greater than the other isotherm models, showing that the Langmuir
isotherm model is more compatible with the other models. A dimen-
sionless separation factor (Ry) is a vital feature of the Langmuir adsorp-
tion isotherm model. RL, defines the isotherm type to be either
unfavorable (R, > 1), irreversible (R;0), linear (R, = 1) or favorable (0 <
Ry< 1) [74,75]. In the calculations, Ry, values (0.073-0.016) were found
in the range of 0-1, and this result shows that it fits the Langmuir
isotherm model. When the results were examined, it was understood that
the adsorption process of Cu(Il) ions by FSAB was monolayer adsorption
[76]. According to the Langmuir isotherm model, the maximum
adsorption capacity (qm) is 43.67 mg/g. E (the adsorption energy)
calculated from the Dubinin-Radushkevich model is 3.163 kJ/mol. The
kinetic research was utilized to evaluate the adsorbate absorption rate in
the adsorption operation, control the overall process time, and determine
if chemisorption is the rate-limiting phase in the adsorption process. As a

Table 2. Parameter results of the four adsorption isotherms.

Temkin isotherm model Freundlich isotherm model

br (J/mol) 364.0 n 3.610

Ar (L/g) 34.232 Ky (mg/g) 3.795

R? 0.9855 R? 0.9519

Langmuir isotherm model Dubinin-Radushkevich isotherm model
R? 0.9984 Qm (mg/g) 35.538

Qm (mg/g) 43.67 R? 0.8873

Ry 0.073-0.016 E (kJ/mol) 3.163

Ky, (L/mg) 1.251 p (mol?/kJ?) -5E-08

result, it was plausible to conclude that chemisorption, which contained
valency strengths through the exchange or sharing of electrons among
the metal ions and the adsorbent, was the rate-limiting phase during the
adsorption of Cu(II) ions onto FSAB. Moreover, the mean free energy (E)
for Cu(II) ions was less than 8 kJ/mol (based on the D-R isotherm) [77,
781, showing that physical adsorption was also engaged in the adsorption
operation.

3.5. Investigation of adsorption capacities of different adsorbents

The FSAB adsorbent's highest adsorption capacity for Cu(II) removal
was compared to that of other adsorbents in the literature (Table 3). As
shown in Table 3, When compared to other adsorbents, the FSAB
nanoparticle adsorbent has a high adsorption capacity, meaning that it
has a significant adsorption ability against Cu(Il) ions.

Table 3. Comparison of the Langmuir adsorption capacity of magnetic or

different adsorbents for Cu(II) removal.

Adsorbent Qm Ref.
(mg/g)
Fe3;04 nanomaterial 11.5 [79]
Magnetic nanoparticles with diethylenetriamine 12.4 [80]
functionalization
Sulfhydryl functionalized hydrogel by magnetism 15.6 [81]
Fe304/kaolin clay 16.5 [82]
Bent-2.0/Fe304 19.6 [83]
Diatomite from Algeria 20.3 [84]
Fe30,4 magnetic nanoparticles linked to chitosan 21.5 [85]
Amino-functionalized magnetic nano sorbent 25.8 [86]
Immobilized microorganisms on polyurethane (IPU) foam 28.7 [87]1
Chitosan/SiO5/Fe304 31.7 [88]
Xanthate-modified magnetic chitosan 34.5 [89]1
Magnetic chitosan nanoparticles 35.5 [90]
Poly (methyl methacrylate)-grafted alginate/Fe3O4 35.7 [91]
nanocomposite
LDH-Cl 36.0 [92]
Treating Fe;04 nanoparticles with gum arabic 38.5 [93]
Modified activated carbon 38.1 [94]
Baker's yeast biomass/Fe304 41.0 [95]
A-LDH 42.0 [96]
Nano chitosan/sodium alginate/microcrystalline cellulose 43.3 [971
beads
FSAB nanoparticle adsorbent 43.67 This
work
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Figure 11. (a) Impact of temperature on Cu(II) adsorption by the FSAB,(b) The
Van't Hoff plot for Cu(Il) adsorption by the FSAB nanoparticle adsorbent.

Table 4. Thermodynamic parameter values for Cu(Il) adsorption by the FSAB
nanoparticle adsorbent.

Temperature (K) AG® (kJ mol™H) AS° (JK ' mol™) AH® (kJ mol™1)

298 —6.11 64.77 13.20
308 —6.76
318 —7.41
328 —8.05

3.6. Effect of temperature and thermodynamic studies

The influence of temperature (298-328 K) on Cu(II) adsorption by
FSAB nanoparticle adsorbent was researched with the findings seen in
Figure 11a. As indicated in Figure 11a, the adsorption efficiency and
capacity of Cu(II) ions on FSAB increased slightly as the temperature
increased from 298 to 328 K. The stronger interplay among the Cu(Il) ion
and the active sites of the FSAB nanoparticle adsorbent is responsible for
the increase in Cu(Il) adsorption. As a result, it shows that the adsorption
operation of Cu(Il) ions on FSAB nanoparticle adsorbent is endothermic
in nature. Thermodynamic parameters like a change in enthalpy (AH®),

FSAB
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entropy (AS°) and free energy (AG®) were defined using the thermody-
namic equations presented in Table S1 in supplementary material to
describe the thermodynamic behavior of Cu(II) adsorption onto the FSAB
nanoparticle adsorbent. The Van't Hoff graph obtained from this equation
is given in Figure 11b and the obtained thermodynamic parameter values
are dedicated in Table 4. As shown in Table 4, the values (—6.11, —6.76,
—7.41, and —8.05 kJ mol 1) of the calculated AG® are negative, showing
the spontaneous nature of Cu(II) adsorption on FSAB [98]. In addition,
since the AG® values obtained in this study are between —20 and 0 kJ
mol ™! [99], we can say that Cu(Il) adsorption on FSAB occurs by a
physisorption mechanism. On the other hand, as shown in Table 4, the
values of AS° and AH° are positive, showing that the adsorption reaction
is endothermic and randomness improves at the solid-solution interface
in the course of the Cu(II) adsorption by FSAB nanoparticle adsorbent,
respectively.

3.7. Adsorption mechanism

Magnetic nanoparticles of Fe3O4 provide excellent magnetic separa-
tion carriers and are frequently employed to improve separation effi-
ciency [100]. Especially in acidic solutions, Fe3sO4 nanoparticles have
easy oxidation/dissolution [101]. To solve this problem, SiO provided a
suitable shell structure [102]. SiO5 is known as an ideal coating layer for
MNPs with its chemical stability, easy surface modification, and good
biocompatibility [11]. 1,8-bis (3-chloropropoxy) anthracene-9,10-dione
(BCAD) and 3-aminopropyltrimethoxysilane (APTMS) was used to
functionalize the Fe304@SiO2 MNPs. The modification of the magnetic
Fe304@SiO, nanoparticles with APTMS and BCAD on the surface
increased the density of the functional groups. Thus, it is thought that
Cu(Il) ions greatly increase the active binding sites [39]. Cu(Il) or other
metal ions are well known to be adsorbed onto adsorbent via coordina-
tion and electrostatic attraction [103]. The potential of the FSAB nano-
particle adsorbent used in this study plays an important role in Cu(II)
adsorption. As seen in Figure 12, Cu(Il) adsorption by FSAB is due to the
coordination between -NH- (amine) groups and divalent Cu(II) ions on
the FSAB surface. The donor functional groups on FSAB (N-atoms), are
generally connected to the Cu(Il) ions, resulting in a donor-acceptor
interaction between Cu(II) and the FSAB [104, 105]. The other way of
binding can be said that its adsorption takes place because of the elec-
trostatic attraction among positive Cu(II) ions and negative FSAB.

FSAB+ Cu(Il)

Figure 12. The probable reaction mechanism underlying the adsorption process.
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pacity for Cu(Il) after four successive adsorption-regeneration cycles.

Table 5. Percent sorption, K4 and k values of Cu(II) with respect to competitor
ions. (0.04 g sorbent, pH of 5.0, 10.0 mL solution volume, 120.0 min contact
time, n = 3).

Ion* Sorption (%) Kqg (mL/g) k

Cu 99 24.75

Al 87 21.75 31.11
As 77 19.25 35.15
B 85 21.25 31.84
Ba 1.0 0.25 8855
Be 51 12.75 94.80
Ca 1.0 0.25 8855
Ccd 1.0 0.25 8855
Cr 65 16.25 45.66
Fe 72 18.0 37.60
Hg 69 17.25 43.01
Li 1.0 0.25 8855
Mg 39 9.75 154.0
Mn 14 3.50 653.7
Na 19 4.75 481.6
Ni 35 8.75 167.0
P 1.0 0.25 8855
Pb 68 17.0 43.64
Sc 1.0 0.25 8855
Se 45 11.25 112.1
Sr 17 4.25 538.0
Ti 11 2.75 832.0
Zn 16 4.0 572.0

" Co = 125.0 pg/L for Cu(ll), B, Ba, Cr, Cd, Fe, Li, Ti, Zn, 1.25 mg/L for Al, As,
Ca, Na, P, Pb, Se, 31.25 pg/L for Be, Mg, Mn, Sc, Sr, and 62.5 pg/L for Hg, Ni ions.

3.8. Regeneration and reusability of the FSAB nanoparticle adsorbent

The ability of an effective adsorbent to regenerate is a key aspect in
determining its economic viability. Figure 13 depicts the regeneration
and recycling characteristics of FSAB as measured across four regener-
ation cycles. The adsorption capacity of FSAB decreased only a little after
each adsorption-regeneration loop, and after four cycles, it was >82
percent of its original adsorption capacity. It shows that the FSAB
nanoparticle adsorbent is highly durable during the repeated regenera-
tion process and is promising for Cu(Il) adsorption from aqueous
solutions.
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Table 6. Removal of Cu(Il) by FSAB using real water samples (50 mL solution
volume, pH of 5.0, 120 min contact time, 0.04 g sorbent) and analytical results of
CRM (n = 3).

Sample Cu(Il) Spike (pg/L) Removal %
Tap water 1 98.3+3
50 97.1 1
100 97.2 +2
Ultrapure water 1 99.3 +£2
50 99.2 + 4
100 99.5 + 2
Bottled drinking water 1 97.5+1
50 97.1 +3
100 97.7 £ 2
Elements UME G3RM-1201 Found (pg/L) Certified(pg/L)
Cu(ID) 83.25 £ 0.97 83.1 +2.6

3.9. Selectivity study

The presence of different metal ions in actual contaminated water
might poison the adsorbent. Therefore, selective pollutant removal will
be very important for practical applications [106]. The effect of the
presence of different metal ions on Cu(Il) removal with FSAB was
investigated.

The sorption selectivity for Cu(Il) was investigated against various
ions (As, Al, B, Be, Ba, Cd, Ca, Cr, Hg, Fe, Li, K, Mn, Mg, Ni, Na, Pb, P, Se,
Sc, Sr, Zn, and Ti). 10.0 mL of 2.0 mg/L Cu(Il) solution and each
competitor ion solution were added onto the sorbent and shaken (pH
5.0). Competitor ion and copper concentrations in solutions were
analyzed by ICP-OES after sorption equilibrium was established. Then,
Cu(Il) and the sorption percentage of these ions, selectivity coefficients
(k), and distribution coefficients (K;) were calculated according to Egs.
(3) and (4). These coefficients are frequently used to assess a sorbent's
ability to bind sorbates [43].

The decreasing order of selectivity for Cu(Il) ions is Al > B > As >
Fe> Hg> Pb> Cr> Be> Se> Mg> Ni> Na> Sr> Zn>
Mn > Ti > Ba, Ca, Cd, Li, P, Sc (Table 5). In the presence of competitor
ions, FSAB preferentially removed Cu(Il) ions with >99% removal rate.
Overall, in agreement with previous literature reports, the FSAB nano-
material showed good selectivity towards Cu(II) adsorption [106, 107].
The results show that the presence of the corresponding competing ions
under the reported circumstances had no important impact on the
sorption of Cu(Il) ions. The good selectivity of the Cu ion is due to the
good affinity of the amine groups for Cu(Il) ions and the ability to form
stable metal chelates [106]. As a result, it was determined that FSAB has
good selectivity for the adsorption of Cu(Il) ions.

3.10. Real sample analysis

Because of the variability of the adsorbent, the complexity of the
actual samples, and cleaning effectiveness, heavy metals in laboratory-
created standards may be distinct from environmental water samples.
For this reason, it is important to research the effectiveness of the
adsorbent below real environmental examples [108]. Tap water, ultra-
pure water, and bottled drinking water were used to test the feasibility of
the proposed sorbent. The chemical and physical properties of these
samples are given Table S4 in supplementary material. Analysis of real
samples was evaluated by adding 5.0, 10.0, and 50.0 pg/L Cu(II) at op-
timum conditions (120 min contact time, pH of 5, 0.04 g adsorbent dose,
50 mL sample volume). Blind samples were equipped in a similar way
and analyzed by ICP-OES and it was determined that the results were
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below the detection limit. As can be seen from Table 6, FSAB was
determined to have a good affinity for Cu(Il) removal with absorption
efficiencies greater than 97.1%. It is clear from the results that the
developed method is appropriate for the removal of Cu(Il) ions from
aqueous solutions. In addition, CRM-UME G3RM-1201 (spring water)
was used and the accuracy of the proposed technique was confirmed by
identifying target metal ions. The measured values were found to be in
good agreement with the certified values and the analytical results are
seen in Table 6.

4. Conclusion

As a result of the experimental studies, FSAB nanoparticle adsorbents
used in the batch adsorption of Cu(Il) ions from aqueous solutions were
successfully prepared. Under optimum conditions, the removal efficiency
(R) was determined as 84.72% and the adsorption capacity (qe) was
43.67 mg/g. The pseudo-second-order model may successfully define the
adsorption kinetics. The Langmuir model best explained the equilibrium
data. Thermodynamic studies indicate that the adsorption is endo-
thermic, spontaneous and the adsorbent has a high affinity for Cu(II)
ions. The sorption selectivity for Cu(Il) has been studied against ions such
as As, Al, B, Ba, Be, Cd, Ca, Cr, Hg, Fe, Li, Mn, K, Mg, Ni, Na, Pb, P, Se, Sc,
Sr, Zn, and Ti. FSAB has a high sorption percentage for Cu(Il)) ions
selectively and effectively removed. Also, after five continuous cycles,
the FSAB magnetic nanoparticle showed an acceptable decrease in
removal efficiency. FSAB showed that the method for Cu(II) ions per-
formed under optimum conditions in ultrapure, tap, and bottled drinking
water samples has high accuracy, selectivity, and easy applicability with
its high adsorption capacity. In addition, since the synthesized magnetic
nanoparticle is a recyclable, environmentally friendly, and non-toxic
adsorbent, it is recommended to be used to remove various pollutants
such as heavy metals and pesticides from the environment.
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