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Abstract: The removal of pollutants, such as heavy metals, aromatic compounds, dyes, pesticides
and pharmaceuticals, from water is still an open challenge. Many methods have been developed
and exploited for the purification of water from contaminants, including photocatalytic degradation,
biological treatment, adsorption and chemical precipitation. Absorption-based techniques are still
considered among the most efficient and commonly used approaches thanks to their operational
simplicity. In recent years, polydopamine-coated magnetic nanoparticles have emerged for the
uptake of heavy metals in water treatment, since they combine specific affinity towards pollutants
and magnetic separation capacity. In this context, this work focuses on the synthesis of polydopamine
(PDA)-coated Super Paramagnetic Iron Oxide Nanoparticles (PDA@SPIONs) as adsorbents for Cu2+

ions, designed to serve as functional nanostructures for the removal of Cu2+ from water by applying a
magnetic field. The synthetic parameters, including the amount of SPIONs and PDA, were thoroughly
investigated to define their effects on the nanostructure features and properties. Subsequently, the
ability of the magnetic nanostructures to bind metal ions was assessed on Cu2+-containing solutions.
A systematic investigation of the prepared functional nanostructures was carried out by means of
complementary spectroscopic, morphological and magnetic techniques. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) measurements were performed in order to estimate the
Cu2+ binding ability. The overall results indicate that these nanostructures hold great promise for
future bioremediation applications.

Keywords: magnetic iron oxide nanoparticles; polydopamine; copper; remediation

1. Introduction

Nowadays, research on contaminants in groundwater and drinking water, including
heavy metals, aromatic compounds, dyes, pesticides and pharmaceuticals, is receiving
significantly increasing attention due to their effects on human health. Many pollutants are
not biodegradable and extremely toxic and can accumulate in living organisms, meaning,
ultimately, that they are dangerous, not only for the environment but also for human health,
as they may be responsible for several diseases, including cancer, neurological disorders,
respiratory diseases and anemia [1–4]. Many physical-chemical methods have been de-
veloped and applied for removing water pollutants, including adsorption, photocatalytic
degradation, ion exchange, biological treatment, membrane separation, solvent extraction
and chemical precipitation [3–9]. Among the different approaches, adsorption is one of the
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most used methods due to its cost effectiveness, easy operation and high efficiency for the
treatment of water contaminated by heavy metals and other emergent pollutants, including
phenolic compounds, drugs and dyes [10–13]. In particular, several adsorbents have been
developed and applied for the removal of heavy metals, such as carbon nanotubes [14],
synthetic porous materials [15] and functionalized polymers [16]; however, all of them are
characterized by limited adsorption capacity and lack efficiency in fast separation.

In recent years, magnetic iron oxide nanoparticles (NPs) have received great attention
as adsorbents in the field of environmental remediation, thanks to their high surface-
area-to-volume ratio that makes them extremely efficient in removing a large amount of
pollutants from water in a short time. Furthermore, their superparamagnetic properties
allow one to collect these pollutants by applying an external magnetic field, and once
the applied magnetic field is removed, the NPs can be easily re-dispersed as they retain
no residual magnetism [17,18]. Although many hybrid magnetic nanomaterials have
been developed for the removal of water pollutants, the preparation of effective magnetic
materials by simple preparation methods is still a challenge, since they need to be properly
surface functionalized with different groups to improve their selectivity towards specific
analytes [19].

Most recently, polydopamine-coated magnetic NPs [20] have been used for chem-
ical analysis [21] and bio separation [22,23]. Dopamine, a mimic of 3, 4-dihydroxy-L-
phenylalanine (L-DOPA), the adhesive foot protein secreted from mussels has, thus, been
increasingly studied for the surface functionalization of many inorganic and organic mate-
rials, since it can spontaneously polymerize under basic conditions to form polydopamine
(PDA), a compund with great adhesive capacity and featuring a relevant functional group
suited for further interaction with the species to be absorbed [24]. Recently, such an ability
has been extensively applied in forming a hydrophilic firmly adhering coating on NPs with
different shapes and surface characteristics, thus accomplishing a versatile and general
surface modification strategy due to its mild polymerization property, its hydrophilic char-
acteristics and the abundance of surface functional groups, such as amino, carbonyl and
hydroxyl groups, that are able to specifically interact with the relevant substrates [25–27].

Polydopamine-derived structures, indeed, may incorporate many functional groups,
such as amine, catechol and imine, and, thus, establish various interactions, such as
hydrogen bonds, chelation, π-π stack and Van der Waals forces, with almost all types of
substrates [28]. This singular feature has been exploited in environmental remediation to
interact with and remove organic pollutants and metal ions, such as Mn2+, Cu2+ and Zn2+

from water [28,29]. The catechol moieties in PDA possess redox activity that can be used
for transition metal binding, leading to the fabrication of diverse hybrid materials with a
significant reducing capability towards metal ions [30]. Moreover, PDA can also be used
in extreme environments, due to its high chemical stability. Therefore, the combination
of chemical properties of PDA with magnetic properties of magnetic NPs resulted in a
great interest for adsorption applications, especially as an adsorbent for pollutants [31–34].
Several works report the preparation and use of Fe3O4@PDA micro spheres and their
application for the removal of heavy metals [31–34]. Here, we report the synthesis and
characterization of PDA-coated Super Paramagnetic Iron Oxide Nanoparticle clusters
(SPIONs@PDA NPs), as a function of experimental preparative parameters, and applied as
an adsorbent for Cu2+ ions, to exploit them as possible functional nanostructures for the
uptake of Cu2+ from water via the application of an external magnetic field (Figure 1). The
work took into account copper as a model contaminant, as its contamination represents a
critical environmental issue owing to its extensive use in industrial and agricultural fields,
thus urging the development of environmentally friendly solutions characterized by high
adsorption capacity and selectivity for an effective sequestration of the Cu from industrial
and agricultural wastewater [35].
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Figure 1. Sketch depicting the adsorption mechanism and the polyvalent coordination of copper due
to PDA interaction.

Here, SPIONs@PDA core–shell NPs were obtained via self-polymerization of dopamine
on SPIONs previously synthetized by a thermal decomposition route by using coordinating
agents The characterization of the starting SPIONs and of the prepared SPIONs@PDA NPs
was carried out by means of complementary spectroscopic, morphological and magnetic
techniques, pointing out the role played by the preparative conditions, such as PDA concen-
tration and SPION content, on the final characteristics of the NPs that were finally tested
for the copper ion removal from aqueous matrices. For evaluation, effective Cu2+ ion bind-
ing ability of PDA inductively coupled plasma atomic emission spectrometry (ICP-AES)
measurements were performed. The obtained SPIONs@PDA NPs were characterized by a
regular and homogenous morphology, superparamagnetic behavior and a good adsorption
capacity for Cu(II), as calculated from the fitting of the Langmuir isotherm model. Further
optimization of the absorbent properties of the system needs to be addressed to improve its
removal efficiency in order to meet the technological requirements for their real application.

2. Materials and Methods
2.1. Materials and Chemicals

Iron(0)pentacarbonyl (Fe(CO)5, liquid 99.99%), 1-octadecene (ODE, technical grade
90%), oleic acid (OLEA, technical grade 90%), oleylamine (technical grade 70%), 1,2-
dodecanediol (DDIOL, technical grade 90%), dopamine hydrochloride ((HO)2C6H3CH2CH2
NH2HCl, powder), copper(II) sulfate pentahydrate (CuSO4•5H2O, powder), low metal
trace 70% nitric acid and phosphotungstic acid solution (10% w/v) were purchased from
Sigma-Aldrich and used as received. All solvents, namely chloroform, hexane, isopropanol
and acetone, were also purchased from Sigma-Aldrich and were of the highest purity
available. Phosphate-buffered saline (PBS), tris(hydroxymethyl) aminomethane hydrochlo-
ride (Tris-HCl) and borate buffers were prepared by using reagent-grade salts purchased
from Sigma. All aqueous solutions were prepared by using water obtained from a Milli-Q
Gradient A-10 system (18.2 MΩ cm, organic carbon content ≤ 4 µg L−1, Merck Millipore,
Darmstadt, Germany).

2.2. Synthesis of PDA-Functionalized SPIONs

Organic-capped superparamagnetic nanoparticles (SPIONs) were synthesized by
exploiting the thermal decomposition of iron pentacarbonyl precursor in the presence
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of stabilizer agents according to an experimental procedure previously reported in the
literature [32]. The as-synthesized SPIONs, recovered as a black powder, were dispersed in
chloroform at final concentration of 12 mg/mL.

Core–shell SPION@PDA NPs were prepared by mixing defined amounts of the as-
synthesized SPIONs dispersed in water and dopamine hydrochloride in TRIS-HCl buffer
(10 mM, pH 8.5) at a final volume of 1.2 mL, without using any additive. The resulting
mixture was kept overnight under vigorous stirring at room temperature. Finally, the
SPION@PDA NPs were centrifugated at 3000 RPM for 10 min, rinsed with water and
dispersed into MilliQ water.

2.3. Copper Ion Adsorption Experiments

For the adsorption studies, a Cu2+ solution (10 mL at concentration of 4 ppm and
pH = 6) was prepared. Then, different amounts of the SPION@PDA NPs were introduced
in the Cu2+-containing solution and stirred at room temperature. At specific time points
(0, 7, 15, 30, 60, 180, 240 and 480 min, respectively), 500 µL of the as-prepared dispersion
was collected and digested at room temperature overnight in low metal trace 70% nitric
acid for elemental analysis using a Varian 720-ES ICP-AES. The calibration curve of Cu was
prepared in a 0.5–10 ppm range.

For each sample, the time-dependent removal efficiency and the equilibrium adsorp-
tion capacity were calculated by Equations (1) and (2), respectively:

removal e f f iciency (%) = [(C0 − Ct)/C0]× 100 (1)

adsorption capacity, qe (mg/g) = [(C0 − Ce)/W]× V (2)

where C0 and Ct are the initial concentration of Cu2+ ions and the concentration at a given
time t (minutes), expressed in ppm (mg/Kg), respectively, qe is the adsorption capacity
(mg/g) at the equilibrium, Ce is the Cu2+ concentration expressed in ppm at equilibrium
conditions, V is the volume of the solution in liters and W is the weight of SPION@PDA
NPs expressed in grams.

2.4. Transmission Electron Microscopy Analysis

Transmission Electron Microscopy (TEM, Jeol-Jem-1011 microscope), working at an
accelerating voltage of 100 kV and equipped with a Quemesa Olympus CCD 11 Mp
Camera, was utilized for the morphological characterization of as-synthesized SPIONs and
SPION@PDA NPs. Organic-capped SPIONs, dispersed in chloroform, were deposited on
300-mesh carbon-coated Cu grid by dipping, while 5 µL of SPION@PDA NPs dispersed
in ultrapure water was deposited by casting. Statistical analysis using freeware Image J
analysis program was performed to evaluate average size of the “as synthesized” SPIONs.
Staining of SPION@PDA NP samples was achieved by using an aqueous phosphotungstic
acid solution 2% (w/v).

2.5. Dynamic Light Scattering and ζ-Potential Analysis

A Zetasizer-Nano S from Malvern operating with a 4 mW He-Ne Laser (633 nm
wavelength) was used for the characterization of the SPION@PDA NP samples by Dynamic
Light Scattering (DLS) and ζ-Potential measurements. Size distribution is described in
terms of polydispersity index (PDI). All samples were diluted by using ultrapure water
and filtered (Cameo™ Syringe Filter cellulose acetate membrane, pore size 0.45 µm, diam.
17 mm, Sigma-Aldrich, Darmstadt, Germany) to remove any interfering dust particles.
Three measurements were acquired for each sample.

2.6. Magnetic Characterization

The magnetic properties of the SPION@PDA NP samples were investigated by using
a vibrating sample magnetometer (VSM, Cryogenic Ltd, London, UK). The magnetization
curves (M-H) were acquired at 300 K over the magnetic field range (−10 kOe and 10 kOe).
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The measurements were performed on dry samples and the recorded magnetization curves
were normalized to the amount of iron detected via the ICP-AES technique. To this end, a
calibration curve of Fe in the 0.5–5 ppm range was set.

2.7. ATR-FTIR Absorption Characterization

Mid-infrared spectra were acquired with a PerkinElmer Spectrum One Fourier-transform
infrared (FTIR) spectrometer equipped with a DTGS (deuterated triglycine sulfate) detector.
For attenuated total reflection (ATR) measurements, the internal reflection element (IRE) was
a three-bounce, 4 mm-diameter diamond microprism. NP films were cast directly onto the
internal reflection element by depositing the solution of interest (3–5 µL) on the upper face
of the diamond crystal and allowing the solvent to evaporate completely. The spectroscopic
measurements on NP solutions were carried out at room temperature.

3. Results
3.1. PDA-Functionalized SPIONs: Preparation and Characterization

As a preliminary step in the preparation of the SPION@PDA NPs, the synthesis of
organic-capped SPIONs was carried out at 250 ◦C to promote the hot decomposition of
iron pentacarbonyl an as iron precursor in the presence of coordinating solvents, such
as OLEA and OLEAM, which coordinate the surface of the NPs, also directing their
growth [36]. This synthetic procedure best allows one to have a good control of the
size, crystallinity and, accordingly, the resulting physicochemical properties of SPIONs.
After purification, the as-synthesized SPIONs, having OLEA and OLEAM molecules as
capping agents, were characterized in terms of morphological and magnetic properties.
The TEM micrograph reported in Figure 2A reveals the formation of SPIONs characterized
by mostly spherical shape and size homogeneity, with an average diameter of (7.5 ± 0.5)
nm, thus indicating the formation of NPs with very narrow size distribution. Interestingly,
a very uniform ordered distribution of SPIONs on the TEM grid, characterized by a
regular interparticle distance, can be observed, due to the presence at the SPION surface
of the OLEA and OLEAM molecules that, interdigitating, leave the NPs well isolated and
arranged [37] (Figure 2A). A magnetic moment of about 60 emu g−1 at 10 kOe was recorded,
in agreement with the literature findings [38,39]. In addition, the symmetrical sigmoidal
shape of the magnetization curves and the absence of remanence and coercitivity (see the
inset in Figure 2B) confirm the superparamagnetic behaviour of the synthesized SPIONs,
as expected for their small dimension.
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The preparation of SPION@PDA NPs was performed according to a procedure previ-
ously reported by H. Hu et al. [40] (see the Scheme of Figure 3). In detail, the formation
of SPION@PDA NPs was achieved by exploiting an ex situ procedure that promotes the
adsorption of PDA on the surface of SPIONs. The formation of electrostatic and hydropho-
bic interactions as well as hydrogen bonds allows for a fine control of the nanocomposite
morphology [41]. In particular, a PDA layer was formed onto the SPION surface through
self-polymerization of dopamine in the Tris-HCl buffer solution [28]. Indeed, the catechol
groups, responsible for the adhesion to substrates, are oxidized to o-quinone, ensuring the
formation of a cross-linked shell [42]. In addition, the hydroxyl groups on the SPION surface
may also interact with the catechol functionality of dopamine through dehydration [43].
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Figure 3. Representative sketch of the preparation of the SPION@PDA NPs.

FTIR spectroscopic characterization was performed on the prepared SPION@PDA
NPs and compared to those of the as-prepared SPIONs and the bare PDA (Figure 4). The
spectral line shape, though similar for the SPIONs before and after PDA functionalization,
exhibits distinctive differences. Indeed, both spectra are characterized by the presence of
the peaks at 2927 cm−1, ascribable to the asymmetric stretching vibration of (-CH2) and
of the peak at 2850 cm−1 due to the symmetric stretching of -CH3 metric. Well-defined
peaks at 1536 cm−1 and at 1460 cm−1, respectively, can be attributed to the symmetric and
asymmetric stretching frequency of C=O of the bidentate bond of the carboxylate anion
coordinating the SPION surface [44]. Such characteristic bands can be due to the capping
agents (OLEA) used for the synthesis procedure and expected to coordinate the surface of
the SPIONs. A broad band observed in a region from 3500 to 3000 cm−1, both in the PDA
and SPION@PDA NP spectra, can be ascribed to the stretching vibration of the hydroxyl
and N-H groups of the PDA, while the absorption peak at 1050 cm−1 could be due to
the C-N stretching vibration in the PDA. Finally, the peak at 1638 cm−1, present both in
the PDA and SPION@PDA NP spectra, can be assigned to N-H vibrations. The overall
data indicate that, while the original coordinating molecules are still present, the PDA
functionalization of the prepared NPs has successfully taken place.
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(blue line), cast from aqueous solution.

The preparation of the superparamagnetic nanostructures was performed by opti-
mizing the synthetic parameters and investigating the effect of the PDA/SPION weight
ratio on the final morphology of the nanostructures. The effect in the synthesis of the two
parameters, namely the amount of PDA and SPIONs, on the final morphology of the PDA-
coated SPIONs was then considered. Firstly, the effect of the concentration of PDA was
investigated by varying its concentration in a range from 0.01 to 0.1 mg/mL and keeping
the concentration of SPIONs constant at 0.24 g/mL. TEM micrographs obtained by staining
the sample (Figure 4) show that the PDA functionalization of SPIONs turns in the formation
of well-isolated PDA/SPION NPs, with a multicore structure formed of clustered SPIONs,
characterized by spherical morphology and size, depending on the starting PDA concentra-
tion. In particular, for a PDA concentration value of 0.01 mg/mL (Figure 5A), the formation
of spherical magnetic clusters with an average diameter of (270 ± 3) nm was observed.
Increasing the PDA concentration up to 0.025 mg/mL (Figure 5B), nanostructures with an
average diameter of (408 ± 4) nm are observed, while a 0.05 mg/mL PDA concentration
(Figure 5C) results in an increment in the average diameter up to (546 ± 3) nm. Finally, for
the higher tested PDA concentration (0.1 mg/mL), the nanostructures present an average
diameter of (698 ± 4) nm and are characterized mostly by spherical shape.
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line) and B (red line) (G).

The obtained results allow one to define the best experimental conditions, that is, a
PDA concentration of 0.01 mg/mL, suitable for the preparation of quite homogeneous
magnetic PDA NPs, with highly spherical morphology and an average diameter lower
than 300 nm, ensuring a high surface-to-volume ratio useful for the efficient removal of
heavy metal ions from an aqueous environment.

SPION@PDA NPs were also obtained at higher SPION content, increasing the con-
centration from 0.24 g/mL to 0.48 g/mL and keeping the PDA concentration constant
(0.01 mg/mL) to investigate the effect of the SPION cargo on the final magnetic properties
of the nanocomposites. After their preparation, ICP AES analysis resulted in an Fe con-
centration value of about 2 × 10−4 M for the two PDA NP samples obtained at the two
different starting SPION concentrations. Such a result suggests that the starting SPION
concentration of 0.24 g/mL ensures a convenient amount of SPIONs that can be successfully
embedded in the SPION@PDA NPs at a PDA concentration of 0.01 mg/mL, while a starting
SPION concentration of 0.48 g/mL turns into an excess of SPIONs that cannot be PDA
functionalized and that are then removed in the purification steps. Indeed, DLS analysis of
the obtained samples confirmed that increasing the SPION concentration from 0.24 g/mL
to 0.48 g/mL, no relevant modification in size occurs, with average diameter of the nan-
oclusters of (270 ±3) nm and (276 ± 2) nm, respectively (Figure 5F). The size measured
from TEM micrographs is in a good agreement with that obtained by DLS data (Figure 5).
Interestingly, the SPION@PDA NPs, when investigated by TEM without applying any
staining procedure (Figure 6), appear to be formed of clustered SPIONs that retain their
individuality and maintain a rather constant interparticle distance, thus accounting for the
presence of the original coordinating molecules at the SPION surface, which interdigitate
their alkyl chains.



Materials 2023, 16, 1697 9 of 14Materials 2023, 16, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. TEM micrograph of SPION@PDA NPs, dispersed in aqueous solution (scale bar 50 nm) 
(A). Representative sketch of SPION@PDA NPs (B). Intensity–size distribution by DLS analysis (C) 
and ζ-Potential curve (D) of SPION@PDA NPs. 

The corresponding room-temperature magnetization measurements performed on 
the two tested SPION/PDA samples revealed a similar magnetic response (Figure 5G), 
with a magnetic moment reduction with respect to the as-synthesized SPIONs (from ca. 
60 emu g−1 to 49 emu g−1 at 10 kOe) that can be ascribed to the presence of the PDA layer, 
encapsulating the SPIONs. However, the SPION@PDA clusters still present a 
superparamagnetic behaviour. These findings are in agreement with magnetization 
studies on SPION nanoparticles and their nanocomposites [45,46] and confirm that the 
polymer encapsulation does not affect the magnetic behaviour but causes a reduction in 
magnetization by reducing the contribution of SPION surface spins to the overall 
magnetization. 

On the basis of the obtained results, the best conditions for the formation of 
nanostructures, in terms of morphology, size and homogeneity, were found for a PDA 
concentration of 0.01 mg/mL and a SPION concentration of 0.24 g/mL. Intensity–size 
distribution by DLS analysis performed on this sample highlights the formation of 
SPION@PDA NPs characterized by a monomodal and quite homogeneous particle 
population. The TEM micrograph of the bare, not-stained, samples shows (Figure 5A) a 
single SPION@PDA NP, clearly indicating that the surface functionalization of SPIONS 
with PDA induces the formation of spherical PDA NPs embedding multicores of SPIONs 
(Figure 5C). The ζ-potential value of (−24.1 ± 3.4) mV recorded for SPION@PDA NPs 
indicates a negative charge of their surface that can be reasonably ascribed to the 
deprotonation of catechol groups [47] and accounts for their good colloidal stability in 
aqueous media (Figure 5D). 

3.2. Adsorption of Cu2+ Ions to SPION@PDA Nanoparticles 
The effective capability of the prepared nanocomposites in adsorbing the metal ions 

was evaluated considering different concentrations of SPION@PDA NPs that were 
dispersed in a Cu aqueous solution containing Cu2+ ions at a concentration of 5 ppm for 8 
h. The removal efficiency was then calculated as previously described (Figure 7). At a 
fixed Cu2+ ion concentration in the aqueous solution, the removal efficiency was different 

Figure 6. TEM micrograph of SPION@PDA NPs, dispersed in aqueous solution (scale bar 50 nm) (A).
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The corresponding room-temperature magnetization measurements performed on
the two tested SPION/PDA samples revealed a similar magnetic response (Figure 5G),
with a magnetic moment reduction with respect to the as-synthesized SPIONs (from ca.
60 emu g−1 to 49 emu g−1 at 10 kOe) that can be ascribed to the presence of the PDA layer,
encapsulating the SPIONs. However, the SPION@PDA clusters still present a superparam-
agnetic behaviour. These findings are in agreement with magnetization studies on SPION
nanoparticles and their nanocomposites [45,46] and confirm that the polymer encapsulation
does not affect the magnetic behaviour but causes a reduction in magnetization by reducing
the contribution of SPION surface spins to the overall magnetization.

On the basis of the obtained results, the best conditions for the formation of nanostruc-
tures, in terms of morphology, size and homogeneity, were found for a PDA concentration
of 0.01 mg/mL and a SPION concentration of 0.24 g/mL. Intensity–size distribution by
DLS analysis performed on this sample highlights the formation of SPION@PDA NPs
characterized by a monomodal and quite homogeneous particle population. The TEM
micrograph of the bare, not-stained, samples shows (Figure 5A) a single SPION@PDA
NP, clearly indicating that the surface functionalization of SPIONS with PDA induces
the formation of spherical PDA NPs embedding multicores of SPIONs (Figure 5C). The
ζ-potential value of (−24.1 ± 3.4) mV recorded for SPION@PDA NPs indicates a negative
charge of their surface that can be reasonably ascribed to the deprotonation of catechol
groups [47] and accounts for their good colloidal stability in aqueous media (Figure 5D).

3.2. Adsorption of Cu2+ Ions to SPION@PDA Nanoparticles

The effective capability of the prepared nanocomposites in adsorbing the metal ions
was evaluated considering different concentrations of SPION@PDA NPs that were dis-
persed in a Cu aqueous solution containing Cu2+ ions at a concentration of 5 ppm for
8 h. The removal efficiency was then calculated as previously described (Figure 7). At a
fixed Cu2+ ion concentration in the aqueous solution, the removal efficiency was different
for the diverse investigated sample concentration, suggesting that the affinity of the NPs
towards Cu2+ ions depends on the SPION@PDA NP concentration and, in particular, on the
amount of PDA on the SPION surface. When the SPION@PDA NP concentration increased
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from 0.2 mg/mL to 0.4 mg/mL and finally to 0.8 mg/mL, the removal efficiency increased
accordingly, reaching values equal to 6.25%, 11.25% and 21%, respectively. These data
suggest that the concentration of chemical groups, namely the catechol groups, available
on the surface of SPIONs determines the amounts of the adsorbed Cu2+ ions.
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tions: 0.2 mg/mL (blue line), 0.4 mg/mL (green line), 0.8 mg/mL (red line) (A). SPION@PDA NP
solution at beginning of the experiment (t = 0) (B) and 30 s after (C) the application of an external
magnetic field.

For all the investigated SPION@PDA NP concentrations, the removal efficiency of
Cu2+ remains steady for contact time higher than about 4 h, as complete saturation of the
active sites on the adsorbent surface occurs.

3.3. Adsorption Isotherms

In the adsorption, a surface process leads to the transfer of a compound, sorbate,
from the fluid bulk to the solid surface of the sorbent. Adsorption isotherms describe the
equilibrium relationship occurring between sorbent and sorbate and represent the ratio
between the adsorbed quantity of the investigated substance and its portion remaining in
solution at a fixed temperature at equilibrium.

Among the different isotherm equations available in the literature, Langmuir isotherms
were selected for this study.

The Langmuir isotherm is represented by Equation (3):

qe = KLqmaxCe/(1 + KLCe) (3)
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where qe (mg/g) and Ce (g/L) are the amount of adsorbed Cu2+ ions per unit weight
of adsorbent and the unadsorbed Cu2+ ion concentration in solution at equilibrium. KL
(L/mg) is the Langmuir constant and expresses the affinity of the sorbate for binding sites,
while qmax (mg/g) represents the maximum adsorption capacity when the surface is fully
covered with Cu2+ ions. The linearized form is represented by Equation (4):

Ce/qe = 1/KLqmax + Ce/qmax (4)

The plot of Ce/qe against Ce provides a straight line with slope 1/qmax and intercept
1/KLqmax. Langmuir isotherm is based on the assumption that the absorption process has
a monolayer nature. As evident in Figure 8, by using the Langmuir isotherm model, the
fitting of experimental data deriving from the Cu2+ ion adsorption onto the surface of the
SPION@PDA NPs, as described in Section 3.1, provides a qmax value of 16.7 mg/g for Cu2+

ions (at 298.15 K) and a KL value of 0.096 g/L calculated from the fitting parameters. This
model fits the experimental data remarkably well for the tested Cu2+ (R2 = 0.99).
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ions (Equations (3) and (5)).

A dimensionless parameter RL, called equilibrium parameter and related to the ab-
sorption system, was calculated for different concentrations of Cu2+ ions. This parameter is
given by:

RL = 1/(1 + KLC0) (5)

As reported in the literature, RL value indicates the type of isotherm (RL = 0 irreversible,
RL = 1 linear, RL > 1 unfavorable, 0 < RL < 1 favorable) [48]. The results reported in the table
of Figure 8 reveal favorable absorption for the studied case.

The obtained results prove that the Langmuir model fits the experimental data, sug-
gesting that the absorption process can be considered as monolayer adsorption with all the
reaction sites displaying the same affinity to copper ions.

Sun et al. synthetized Fe3O4@polydopamine@polyamidoamine (Fe3O4@PDA@PAMAM)
core–shell nanocomposites as adsorbents for Cu(II), finding a qmax value of 97.18 mg/g [49].
In another study, Li et al. applied Fe3O4@Au@polydopamine NPs in the separation and
analysis of Cu(II), with a maximum absorption capacity of 37.86 mg/g [50]. Core–shell hollow
magnetic NPs (Fe3O4@PDA) synthetized by Wang et al. [51] exhibited a qmax of 86.35 mg/g,
while Culita et al. demonstrated that the adsorption capacity of polyamine-functionalized
magnetic NPs decreased as the length of polyamine chain increased, with values ranging from
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39.2 to 52.3 mg/g [52]. The here-presented SPION@PDA NPs show a maximum adsorption
capacity of 16.7 mg/g, as calculated by fitting our experimental data, which represents a
satisfactory value, though lower than those reported for the similar nanoadsorbents (iron
oxide/polydopamine). Therefore, in order to apply these NPs as promising and efficient
adsorbents for Cu(II) uptake, an optimization of the absorbent properties of the system needs
to be further addressed in future work, to improve its removal efficiency.

4. Conclusions

In the present work, novel SPION@PDA clusters in the sub-micrometer range were
designed, prepared and comprehensively characterized by means of complementary optical,
structural and magnetic techniques, to be exploited as adsorbents for Cu2+ ions from water.
The resulting magnetic NPs, characterized by a very regular morphology, with SPIONs
arranged in an ordered assembly and at a regular interparticle distance, featured amino
groups at their surface and were tested for copper ion removal from an aqueous matrix.

The uptake efficiency was calculated for different concentrations of SPION@PDA
NPs and the Langmuir isotherm study provided a maximum absorption capacity at room
temperature of 16.7 mg/g for Cu2+ ions, pointing out the potential application of the
SPION@PDA NPs as efficient nano-adsorbents for the removal of copper ions from aqueous
matrices. The optimization of the adsorption properties of the system needs to be further
addressed in future work, extending the study to real water samples and to the effect
of other variables, such as the ionic strength, pH and the Cu2+ concentration, on the
adsorption capacity, thus fully assessing the potential of these functional nanostructures as
cost-effective and environmentally friendly solutions.

Author Contributions: Conceptualization, G.S. and A.T.; methodology, G.S., A.T. and N.D.; valida-
tion, G.S., A.T., N.D. and E.P.; investigation, G.S., A.Q., A.G.M. and N.D.; writing—original draft
preparation, G.S.; writing—review and editing, G.S., N.D., M.L.C., E.F., R.C. and G.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Italian National FISR-CIPE Project “Inno-Sense”: Devel-
opment of an innovative sensing platform for on-field analysis and monitoring (delibera CIPE n.78
del 07/08/2017) and by the Apulia region program “RESEARCH FOR INNOVATION” (REFIN n◦

6277F79D-UNISAL036).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request of the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Visa, M. Synthesis and characterization of new zeolite materials obtained from fly ash for heavy metals removal in advanced

wastewater treatment. Powder Technol. 2016, 294, 338–347. [CrossRef]
2. Al-Saydeh, S.A.; El-Naas, M.; Zaidi, S. Copper removal from industrial wastewater: A comprehensive review. J. Industr. Eng.

Chem. 2017, 56, 35–44. [CrossRef]
3. Petronella, F.; Truppi, A.; Ingrosso, C.; Placido, T.; Striccoli, M.; Curri, M.L.; Agostiano, A.; Comparelli, R. Nanocomposite

materials for photocatalytic degradation of pollutants. Catal. Today 2017, 281, 85–100. [CrossRef]
4. Soares, S.F.; Fernandes, T.; Trindade, T.; Daniel-da-Silva, A.L. Recent advances on magnetic biosorbents and their applications for

water treatment. Environ. Chem. Lett. 2020, 18, 151–164. [CrossRef]
5. Shin, S.; Jang, J. Thiol containing polymer encapsulated magnetic nanoparticles as reusable and efficiently separable adsorbent

for heavy metal ions. Chem. Commun. 2007, 41, 4230–4232. [CrossRef] [PubMed]
6. Dabrowski, A.; Hubicki, Z.; Podkoscielny, P.; Robens, E. Selective removal of the heavy metal ions from waters and industrial

wastewaters by ion-exchange method. Chemosphere 2004, 56, 91–106. [CrossRef]
7. Spoială, A.; Ilie, C.I.; Dolete, G.; Croitoru, A.M.; Surdu, V.A.; Trus, că, R.D.; Motelica, L.; Oprea, O.C.; Ficai, D.; Ficai, A.; et al.

Preparation and Characterization of Chitosan/TiO2 Composite Membranes as Adsorbent Materials for Water Purification.
Membranes 2022, 12, 804. [CrossRef]

http://doi.org/10.1016/j.powtec.2016.02.019
http://doi.org/10.1016/j.jiec.2017.07.026
http://doi.org/10.1016/j.cattod.2016.05.048
http://doi.org/10.1007/s10311-019-00931-8
http://doi.org/10.1039/b707706h
http://www.ncbi.nlm.nih.gov/pubmed/18217589
http://doi.org/10.1016/j.chemosphere.2004.03.006
http://doi.org/10.3390/membranes12080804


Materials 2023, 16, 1697 13 of 14

8. Folawewo, A.D.; Bala, M.D. Nanocomposite Zinc Oxide-Based Photocatalysts: Recent Developments in Their Use for the
Treatment of Dye-Polluted Wastewater. Water 2022, 14, 3899. [CrossRef]

9. Brazdis, R.I.; Fierascu, I.; Avramescu, S.M.; Fierascu, R.C. Recent Progress in the Application of Hydroxyapatite for the Adsorption
of Heavy Metals from Water Matrices. Materials 2021, 14, 6898. [CrossRef]

10. Almomani, F.; Bhosale, R.; Khraisheh, M.; Kumar, A.; Almomani, T. Heavy metal ions removal from industrial wastewater using
magnetic nanoparticles (MNP). Appl. Surf. Sci. 2020, 506, 144924. [CrossRef]

11. Turco, A.; Monteduro, A.G.; Mazzotta, E.; Maruccio, G.; Malitesta, C. An Innovative Porous Nanocomposite Material for the
Removal of Phenolic Compounds from Aqueous Solutions. Nanomaterials 2018, 8, 334. [CrossRef]

12. Turco, A.; Pennetta, A.; Caroli, A.; Mazzotta, E.; Monteduro, A.G.; Primiceri, E.; de Benedetto, G.; Malitesta, C. Easy fabrication of
mussel inspired coated foam and its optimization for the facile removal of copper from aqueous solutions. J. Colloid Interface Sci.
2019, 552, 401–411. [CrossRef] [PubMed]

13. Buccolieri, A.; Serra, A.; Maruccio, G.; Monteduro, A.G.; Padmanabhan, S.K.; Licciulli, A.; Bonfrate, V.; Salvatore, L.; Manno,
D.; Calcagnile, L.; et al. Synthesis and characterization of Mixed Iron–Manganese Oxide nanoparticles and their application for
efficient nickel ion removal from aqueous samples. J. Anal. Methods Chem. 2017, 2017, 9476065. [CrossRef] [PubMed]

14. Peng, Q.; Liu, Y.; Zeng, G.; Xu, W.; Yang, C.; Zhang, J. Biosorption of copper (II) by immobilizing Saccharomyces cerevisiae on
the surface of chitosan-coated magnetic nanoparticles from aqueous solution. J. Hazard. Mater. 2010, 177, 676–682. [CrossRef]
[PubMed]

15. Afkhami, A.; Saber-Tehrani, M.; Bagheri, H. Simultaneous removal of heavy-metal ions in wastewater samples using nano-
alumina modified with 2, 4-dinitrophenylhydrazine. J. Hazard. Mater. 2010, 181, 836–844. [CrossRef] [PubMed]

16. Hao, Y.M.; Man, C.; Hu, Z.B. Effective removal of Cu (II) ions from aqueous solution by amino-functionalized magnetic
nanoparticles. J. Hazard. Mater. 2010, 184, 392–399. [CrossRef]

17. Tang, S.C.N.; Lo, I.M.C. Magnetic nanoparticles: Essential factors for sustainable environmental applications. Water Res. 2013, 47,
2613–2632. [CrossRef]

18. Xie, L.; Jiang, R.; Zhu, F.; Liu, H.; Ouyang, G. Application of functionalized magnetic nanoparticles in sample preparation. Anal.
Bioanal. Chem. 2014, 406, 377–399. [CrossRef]

19. Chai, W.; Wang, H.; Zhang, Y.; Ding, G. Preparation of polydopamine-coated magnetic nanoparticles for dispersive solid-phase
extraction of water-soluble synthetic colorants in beverage samples with HPLC analysis. Talanta 2016, 149, 13–20. [CrossRef]

20. Siciliano, G.; Monteduro, A.G.; Turco, A.; Primiceri, E.; Rizzato, S.; Depalo, N.; Curri, M.L.; Maruccio, G. Polydopamine-Coated
Magnetic Iron Oxide Nanoparticles: From Design to Applications. Nanomaterials 2022, 12, 1145. [CrossRef]

21. Song, Q.; Li, M.; Huang, L.; Wu, Q.; Zhou, Y.; Wang, Y. Bifunctional polydopamine@Fe3O4 core-shell nanoparticles for electro-
chemical determination of lead(II) and cadmium(II). Anal. Chim. Acta. 2013, 787, 64–70. [CrossRef] [PubMed]

22. Sahin, F.; Turan, E.; Tumturk, H.; Demirel, G. Core-shell magnetic nanoparticles: A comparative study based on silica and
polydopamine coating for magnetic bio-separation platforms. Analyst 2012, 137, 5654–5658. [CrossRef] [PubMed]

23. Zhang, M.; Zhang, X.; He, X.; Chen, L.; Zhang, Y. A self-assembled polydopamine film on the surface of magnetic nanoparticles
for specific capture of protein. Nanoscale 2012, 4, 3141–3147. [CrossRef] [PubMed]

24. D’Ischia, M.; Messersmith, P.B. From sequence to color. Science 2017, 356, 1011–1012. [CrossRef] [PubMed]
25. Lynge, M.E.; van der Westen, R.; Postma, A.; Städler, B. Polydopamine—A nature-inspired polymer coating for biomedical

science. Nanoscale 2011, 3, 4916–4928. [CrossRef] [PubMed]
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