DISSERTATION ABSTRACT

The increasing concentration of heavy metals in the environment poses a threat due
to the possibility of their migration along the levels of the food chain and, consequently,
accumulation in the human body. Therefore, their recycling from aquatic environments
has become a very important area a lot of scientific research.

An alternative to conventional purification technologies is the adsorption process,
especially using magnetic nanoparticles Fes3Oa4, due to easy and quick isolation using an
external magnetic field. Many functionalized FezO4s@SiO- structures are known, but the
search for new and selective composites for the heavy metal ions removal is still
developed.

The main goal of the doctoral thesis research was to investigate the binding capacity
towards selected heavy metal ions (Cd?*, Pb?*, Cu?*) of a functionalized nanoparticles
series based on the magnetic core, symbolised FesO0s@SiO2-R: Fe30s@SiO2-EDTA,
Fe304@Si02-N1, FesOs@ SiO2-N2, FesOs@SiO2-N3 and FesOs@SiO2-cyclen.

During the doctoral thesis research tasks implementation, the synthesis of the
indicated nanocomposites was carried out. Then, the obtained structures were
characterized using techniques such as: SEM, TEM, XPS, XRD, FT-IR and zeta potential
and WCA measurements. The results of the tests confirmed the effectiveness of the
synthesis process and proved the presence of characteristic functional groups on the
surface of the obtained nanomaterials. Moreover, the results of zeta potential
measurements indicate that all analysed nanostructures are characterized by moderate
stability of their colloid in water. Furthermore, the WCA measurement indicates that the
tested nanoparticles form a hydrophilic film on the surface of the glass plate
(WCA < 90°).

The binding capacity of nanoparticles was determined using the DPASV technique
and HDME by stripping method. Electrochemical research has clearly shown that the
external functional groups present on the nanocomposites surface are responsible for the
ions binding, the nanoparticles lose their activity during storing in the electrolyte solution,
and the time necessary to establish equilibrium in the solution after adding a portion of
nanoparticles is approximately 20 minutes.

Determining the heavy metal ions binding capacity in the solution by
Fes04s@SiO2-R nanoparticles showed that all the tested nanostructures can be used to

bind selected ions. Nevertheless, Fe304@SiO2-cyclen nanoparticles can be considered a
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universal adsorbent because they showed a similar binding degree to all tested ions. While
Fes04@Si02-N3 nanoparticles showed selectivity towards Cu?* ions. Additionally, the
possibility of practical use of the tested nanomaterials for the isolation of metal ions from
an aqueous solution was proven.

The implementation of the aim of the work and the doctoral thesis research tasks
expanded the scope of useful knowledge necessary to design and obtain an effective

nanoadsorbent based on magnetic iron oxide Fe3Oa.
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MATERIALY DODATKOWE

W materiatach dodatkowych, po kazdym z zalgcznikéw dotgczono rysunki zawarte
w publikacjach w oryginalnym rozmiarze, w celu lepszego uwidocznienia wynikow

pomiarowych.
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Abstract: This study describes the synthesis and character-
ization of ethylenediaminetetraacetic acid (EDTA) func-
tionalized magnetic nanoparticles of 20nm in size —
Fe,0,@Si0,-EDTA - which were used as a novel
magnetic adsorbent for Cd(II) and Pb(Il) binding in
aqueous medium. These nanoparticles were obtained in
two-stage synthesis: covering by tetracthyl orthosilicate
and functionalization with EDTA derivatives. Nanopar-
ticles were characterized using TEM, FT-IR, and XPS
methods. Metal ions were detected under optimized
experimental conditions using Differential Pulse Anodic
Stripping Voltammetry (DPASV) and Hanging Mercury
Drop Electrode (HDME) techniques. We compared the
ability of Fe;0,@Si0,-EDTA to bind cadmium and lead
in concentration of 553.9 pgL ' and 647.5 pgL !, respec-
tively. Obtained results show that the adsorption rate of
cadmium binding was very high. The equilibrium for
Fe,0,@Si0,-EDTA-CdA(II) was reached within 19 min
while for the Fe;0,@Si0O,-EDTA-Pb(II) was reached

within 25 minutes. About 2mg of nanoparticles was
enough to bind 87.5 % Cd(II) and 54.1 % Pb(II) content.
In the next step the binding capacity of Fe;0,@SiO,-
EDTA nanoparticles was determined. Only 1.265 mg of
Fe;0,@SiO,-EDTA was enough to bind 96.14 % cadmium
ions while 5.080 mg of nanoparticles bound 40.83 % lead
ions. This phenomenon proves that the studied nano-
particles bind Cd(II) much better than Pb(II). The
cadmium ions binding capacity of Fe;0,@SiO,-EDTA
nanoparticles decreased during storage in 0.5M KCl
solution. Two days of Fe;0,@SiO,-EDTA storage in KCI
solution caused the 32% increase in the amount of
nanoparticles required to bind 60% of cadmium while
eight-days storage caused further increase to 328 %. The
performed experiment confirmed that the storage of
nanoparticles in solution without any surfactants reduced
their binding capacity. The best binding capacity was
observed for the nanoparticles prepared directly before
the electrochemical measurements.

Keywords: Fe;0, nanoparticles - EDTA - surface modification of Fe,O, - silanization - cadmium determination

1 Introduction

Nowadays, environmental contamination by heavy metals
has become one of the most important problems. Heavy
metals are known as naturally occurring compounds, but
the anthropogenic activities enhance their distribution in
the environment. Undesirable human activity leads to
their bioaccumulation in the food chains [1].

The most common heavy metal pollutants are lead,
mercury, nickel, chromium, and zinc, but cadmium is
regarded as the most widespread in the environment [2].
Cadmium and lead ions have negative influence on bones,
liver, kidneys, lungs, brain, immunological and cardiovas-
cular systems.

In human body, cadmium is accumulated in the
kidneys and liver. Additionally, cadmium can also be
found in the testes [3]. High level of cadmium concen-
tration leads to the destruction of glomeruli and renal
tubules, anaemia, bone diseases such as osteoporosis,
disturbances of smell, and proteinuria [4]. Moreover,
presence of cadmium ions reduces insulin secretion,
affects the circulatory system, and increases lipid oxida-
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tion in the human body [5]. Cadmium induces cell death
by apoptosis in the cerebral cortex [6].

In the body, lead is accumulated in soft tissues such as
the liver, kidneys, lungs, brain, spleen, muscles, and heart
by the blood transport. Lead is second in the list of toxic
substances in the environment due to its wide distribution.
Its accumulation in organism leads to saturnism [7] which
causes the damage of liver and kidney [8] and reduces
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activities of glucose metabolism key enzymes in the brain
[9].

Discovery of new, cheap, and waste-free analytical
methods of determination and detection of cadmium ions
in environmental samples is a great challenge. Many
detection techniques have been developed for the heavy
metal ion detection including: Atomic Absorption Spec-
troscopy (AAS) [10], Inductive Couple Plasma-Mass
Spectroscopy (ICP-MS) [11], ion chromatography [12],
neutron activation analysis [13], X-ray fluorescence spec-
troscopy (XRF) [14], and High Resolution Differential
Surface Plasmon Resonance (SPR) [15].

Furthermore, electrochemical methods are often uti-
lized for the measurement of heavy metal ions in the
environment. The main advantages of these methods are
simultaneous detection of multiple heavy metal ions and
low detection limit capabilities [16].

The most common method used for the determination
of cadmium is Differential Pulse Anodic Stripping
Voltammetry (DPASV) using various electrodes such as:
modified Glassy Carbon electrode (GC) [17], Hanging
Mercury Drop Electrode (HMDE), a mercury film-coated
electrode [18], or Boron Doped Diamond (BDD) elec-
trode [19].

Recently, magnetic nanomaterials based on Fe;0,
have found many important applications in the industrial
areas such as lithium-ion batteries [20,21], catalytic
sorption [22] microwave absorption [23], or photocatalytic
degradation [24,25]. Multifunctional magnetic nanomate-
rials are also extensively used in the biomedicine [23].
The most promising applications for these nanomaterials
are photothermal killing of breast cancer cells [28], cell
targeting and sorting [29,30], and drug delivery vehicles
[31,32]. Additionally, these molecules are used in mag-
netic resonance [33,34] and fluorescence imaging [35,36].

Magnetic Fe;O, nanoparticles can be obtained using
different types of synthesis methods including: coprecipi-
tation [37], sonochemical reaction [38], hydrothermal
reaction [39], microemulsion and sol-gel synthesis [40,41],
or cathodic electrochemical deposition [42]. An important
characteristics of the magnetite nanoparticles is the
capability of the surface modification with variety of
functional groups, what enhances their applicability [43—
45]. Modified surface magnetic iron oxide nanoparticles
exhibit large surface area ratio toward volume and possess
the ability to adsorb heavy metals in an aqueous medium
throughout physical and chemical interactions [46].

Ethylenediaminetetraacetic acid (EDTA) in analytical
chemistry is successfully used for the determination of
many metal ions. EDTA can be also used to modify
Fe;0, nanoparticles to obtain superparamagnetic materi-
als applicable for the studies on the adsorption of heavy
metals [47]. Fe;0,@Si0,-EDTA nanoparticles were pre-
viously obtained and they possess many advantages in
comparison to EDTA. These superparamagnetic iron
oxide nanoparticles have been applied as an efficient
adsorbent for: methylene blue and brilliant green dyes
removal from aqueous media [48], separation of rare
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carths [49], Cu(II}), Ca(II) [50-52], Cd(II), Pb(1l) [53,54].
Ag(I), Mn(II), and Zn(II) [55] removal from an aqueous
solution, and Hg(IT) removal from an aqueous solution
and crude petroleum samples [56].

In presented studies, we present a novel application
approach of Fe;0,@S8i0,-EDTA for the cadmium detec-
tion in aqueous solution. We also compared the ability of
Fe;0,@S8i0,-EDTA to bind cadmium and lead in mini-
mum concentration.

The separation heavy metals with usage of magnetic
nanomaterials predominant over non-magnetic materials
due to the quickness and effectiveness of separation
process from the medium. This work provide information
about the ability of Fe;0,@SiO,-EDTA to bind cadmium
and lead in order to removal them from aqueous solution
by application of external magnetic field.

According to our knowledge, our study reports the
electroanalytical measurements including DPV method
on Hanging Drop Mercury Electrode (HDME) for the
first time in the literature. Regardless of the toxicity of
mercury, HDME electrode is commonly accepted in the
laboratory conditions due to the repeatable and reprodu-
cible measuring results. The main reason to use this
electrode was its self-renewing surface which is not
available in the case of solid electrodes. Moreover, there
was no risk of the electrode surface modification during
each measurement.

2 Experimental
2.1 Materials

The organic solvents, potassium chloride KCI (99.9%),
cadmium nitrate tetrahydrate Cd(NO);-4H,O (99.9%),
and lead nitrate Pb(NO;), were purchased from POCh
(Poland). All chemicals applied in electrochemical meas-
urements were used as received without further purifica-
tion. Tetraethyl orthosilicate (98 %) (TEOS) and N-[(3-
Trimethoxysilyl)propyl] ethylenediamine triacetic acid
trisodium salt (45%) in water were purchased from
Sigma-Aldrich. Aqueous solutions were prepared using
ultra-pure deionized water.

2.2 Synthesis
2.2.1 Synthesis of Fe;0,@8i0,

Fe;0,@Si0, nanoparticles were obtained in three steps of
synthesis. In first stage, Fe;O, nanoparticles were ob-
tained using co-precipitation method without any surfac-
tants [57]. Then, Fe,O, surface was modified by tetraethyl
orthosilicate and N-[(3-trimethoxysilyl)propyl]ethylenedi-
amine according to the procedure described below.

The 15 mL mixture of 0.02 M FeCl, and 0.04 M FeCl,
([Fe** |:[Fe**] = 1:2) was stirred in a flask under nitrogen.
This was followed by the addition of 0.6 mL of 28 %
ammonia solution. Upon sonication for 10 min, the
reaction mixture was heated to 80°C for 60 min. Under a
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neodymium magnet, the product was separated from the
solution and washed until the solution reached neutral
pH. In this method, Fe;O, nanoparticles with a diameter
of about 20 nm were obtained.

In the next process, the nanoparticles were silanized.
Fe;0,@8i0, was prepared according to the Stdber
method [58]. Tetraethyl orthosilicate (TEOS) was dis-
solved in ethanol (0.1 mL TEOS per 1 mL of ethanol).
TEOS solution was slowly added to a stable suspension of
Fe;0; (15mL per 1g of Fe;0,), adjusted by ammonia
solution to pH 11, and then the mixture was stirred
overnight. The product Fe;O,@SiO, was magnetically
collected, washed several times with water, and finally
dried at 60°C.

2.2.2 Synthesis of Fe;0,@8i0,-EDTA Nanoparticles

1 g of Fe;0,@S5i0, was added to 50 mL of water and the
suspension was sonicated for 30min. 0.4 g of N-[(3-
Trimethoxysilyl)propyl] ethylenediamine triacetic acid
trisodium salt (45 %) in water was added to the suspen-
sion and 0.5mL of ammonia was slowly added. The
suspension was then stirred for 24h. The product
Fe;0,@Si0,-EDTA was magnetically collected, washed
several times with water, 0.05 M HCI, water, ethanol, and
finally dried at 40°C. Modified Fe;0,@Si0,-EDTA mag-
netite nanoparticles were obtained. The loading of
carboxyl groups present in Fe;0,@810,-EDTA nano-
particles were determined using acid-base titration meth-
od from 0.098 mmol/g to 0.110 mmol/g [59].

2.3 Fe;0,@Si0,-EDTA Characterisation

Transmission electron microscopy (TEM) images of the
Fe;0,@S8i0,-EDTA nanoparticles were obtained by Tec-
nai G2 Spirit BioTWIN FEI operating at 120 kV. All
samples for TEM analysis were prepared by 30 min
sonication of Fe,0,@Si0,-EDTA nanoparticles in the
absolute ethanol solution.

Fourier Transform Infrared Spectroscopy (FT-IR)
spectra were obtained using Bruker FRA 106 spectrom-
eter with the KBr pellet method.

X-ray Photoelectron Spectroscopy (XPS) was con-
ducted using Escalab 250Xi multispectroscope (Thermo-
Fisher Scientific, UK) utilizing monochromatic source
with AlKa line at 1486.6 eV. The X-ray spot size was
250 um. High-resolution measurements were carried out
at 20 eV pass energy and 0.1 eV energy step size. Charge
compensation was provided by means of a flood gun.
Peak deconvolution was conducted using Avantage soft-
ware provided by the spectroscope manufacturer.

2.4 Electrochemical Measurements

All electrochemical measurements were carried out using
mercury electrode Metrohm 663 VA Stand connected
with Autolab potentiostat/galvanostat PGSTAT-128 N
controlled with NOVA 2.1.4 software. The three elec-
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trode cell system consisted of Static Drop Mercury
Electrode (SDME) as a working electrode, Hg/Hg,Cl,/
saturated KCl used as a reference electrode, and glassy
carbon used as a counter electrode.

Differential pulse voltammetry (DPV) was utilized for
the detection of Cd(I1) and Pb(II) ions under optimized
experimental conditions: deposition potential —0.9V,
deposition time 90 s, modulation amplitude 0.05 V, modu-
lation time 0.07 s, interval time 1.85s, and step potential
0.005 V.

The detection of Cd(1I) ions was carried in a potential
range of —0.8 V to —0.4 V, while for Pb(Il) ions in a range
of —0.65V to —0.25V. Metals ions solutions were
prepared using cadmium and lead nitrate, pH 6.5 with
potassium chloride as the supporting electrolyte.
Fe;0,@8i0,-EDTA nanoparticles before each measure-
ment were prepared based on dispersion in electrolyte by
sonication in ultrasonic bath for 30 min.

3 Results and Discussion
3.1 Synthesis of Fe;0,@S5i0,-EDTA

The magnetite derivatives called “core-shell” structures —
Fe;0,@5i0,-EDTA — were obtained by three-step reac-
tion [50]. In the first step, the 20 nm magnetite nano-
particles Fe;O, were obtained. In the second stage, the
nanoparticles were covered with silica shell SiO, by
reaction with tetraethyl orthosilicate (TEOS) [60]. Sub-
sequently, their surface was modified in the reaction with
N-[(3-Trimethoxysilyl)propyl|ethylenediamine  tri-acetic
and Fe,0,@Si0,-EDTA nanoparticles were obtained
(Figure 1).

3.2 TEM Analysis

The Fe,0,@8i0,-EDTA nanoparticles were characterized
using Transmission Electron Microscopy. TEM images of
modified magnetite nanoparticles (Figure 2) showed that
the nanostructures obtained by co-precipitation method
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Fig. 1. Scheme of Fe304@SiO2-EDTA synthesis.
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Fig. 2. TEM images of a), b) Fe,0,@8i0,-EDTA nanoparticles.

are highly homogeneous in shape and size [50]. Figure 2 a
and b shows the presence of small and spherical
Fe;0,@S8i0,-EDTA nanoparticles. The structures indicate
core-shell structures. The average size of Fe;0,@SiO,-
EDTA nanoparticles was found to be approximately
20 nm, what is comparable to core-shell nanostructures
[61]. Examined nanoparticles were found to be in the
agglomerated state. This is a very common observation
for magnetic nanoparticles due to their natural tendency
to form agglomerates based on their magnetic nature [47].

3.3 FT-IR Analysis

The FT-IR analysis was performed for uncoated Fe;O,
and coated Fe;0,@Si0,, and functionalized Fe;0,@8i0,-
EDTA nanoparticles to compare their spectroscopic
differences.

All spectra were obtained in KBr pellet. The spectra
obtained for Fe;0, and Fe;0,@Si0, are comparable with
the IR spectra described previously [62-65]. Fe;0,@SiO,
EDTA nanoparticles were brown, the spectrum is of high
quality, is not ragged, and the characteristic signals are
present in the spectrum (Figure 3. brown line).

Figure 3. presents the comparison of unmodified
Fe;0, and Fe,0,@Si0, and modified Fe,0,@Si0,-EDTA
nanoparticles. For all analysed nanoparticles, two charac-
teristic absorption bands appear in the wavenumber range
of 420 cm™ to 780 cm ™' for metal-oxygen bond. Stretching
vibration of tetrahedral site (Fe,.,,—O) and octahedral site
(Fe,.,-O) bonds are observed at 448 cm™ and 592 cm™,
respectively [57,62,66]. We also observed the reduction in
the intensity of Fe—O band for nanoparticles coated with
silica and EDTA groups. The decrease in the band
intensity confirms that the nanoparticles surface was
successfully modified. [50]. The presence of band at
1090 cm™' confirms that the silica shell was successfully
coated on Fe;0, surface forming Fe;0,@SiO,. This band
relates to Si—-O—C and symmetric Si—O-Si stretching
vibrations [46]. The signals observed for 1399 cm ™' and
1633 cm™' correspond to the symmetrical and asymmet-
rical axial deformation group —COOH, which due to
vibrational motions of C-O and C=0 groups [44]. The
two characteristics weak bands observed in the region of
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Fig. 3. The FT-IR spectra of Fe,O, Fe;0,@S8i0, and studied
Fe;0,@Si0,-EDTA nanoparticles.

2840 cm™' 2950 and strong band at 3150 cm ™' are found in
the IR spectra for Fe;0,@Si0, and Fe,0,@Si0,-EDTA
(Figure 3. blue and brown lines) and correspond to the
C-H bond [55]. The broad strong band at 3433 cm™'
corresponds to the overlapping of —OH stretching bond.
This band proves the formation of hydroxyl groups on the
surface of magnetite [46]. The presence of all these bonds
indicate the formation of silica shell on Fe;O, nano-
particles. We can concluded that the synthesis procedure
was conducted successfully. Additionally, FT-IR and XPS
measurements independently confirmed the presence of
the EDTA groups on the nanoparticles surface.

3.4 XPS Analysis

Survey XPS studies were conducted (see Figure 4a)
followed by a detailed high-resolution spectral analysis in
Cls, Ols, Nis, Fe2p, and Si2p binding energy (BE) range.
The analysis to the large extent confirmed previously
performed FT-IR studies. The detailed qualitative and
quantitative analysis, based on high-resolution XPS spec-
tra deconvolution, is shown in Table 1.

Peak deconvolution carried out in Fe2p binding
energy range revealed presence of two oxidation states of
iron, namely: Fe’* (Fe2p;, peak at 709.5eV) and Fe’*
(Fe2py, at 711.8 eV), see Figure 4b [67,68]. The Fe’ " :Fe’ "
ratio suggests the dominant presence of the lower
oxidation state of iron, reaching approx. 81 %.

Furthermore, successful encapsulation of the nano-
particles with SiO, was confirmed by presence of the peak
component in the energy range characteristic to silica at
103.5 eV [69].

The EDTA functionalization of the nanoparticles may
be evaluated based on Cls, Ols, and Nls spectra. The
nitrogen contribution is clearly visible both in survey as
well as Nls spectra. A single form of nitrogen was
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Table 1. Chemical analysis (in at.%) of Fe;0,@SiO,-EDTA sample based on the high-resolution XPS spectra deconvolution.

Chemical Cls Ols Fe2ps, Nis Si2psp
state c-C CO/CN COOH Fe-O Si0,/CO =0 Fe** Fe** C-N SiO,
BE/eV 284.4 285.3 288.2 528.8 530.7 5323 709.5 711.8 400.3 103.5
Fe;0, 9.9 14.1 49 15.6 251 7.3 6.3 1.5 2.7 12.6
(a) Fe, Fe2p:  O1s interaction, here Fe—-O. The peak at 530.7 eV primarily
‘1\ l Fe3s originates from SiO, but may also come from an organic
p - cis Fezp | carbon. Last but not least, the highest positive shift
O, l Si2s \ corresponds to C=0 bonds, such as in carboxylic.
¥
——r—r—r—T T 3.5 Electrochemical Behaviour of Fe;0,@Si0,-EDTA
1200 800 400 0 Nanoparticles
(b) (c)

COOH

Photoelectron intensity / arb. units

. e B e
730 720 710 700 292 288 284 280
Binding Energy / eV

Fig. 4. XPS analysis of Fe;0,@SiO,-EDTA sample: a) survey
spectra; and high-resolution spectra in b) Fe2p and c¢) C1s binding
energy range, subjected to peak deconvolution analysis.

observed peaking at 400.3 eV — a value characteristic for
C—N bonds in EDTA [70].

The CIs spectrum was composed of three components,
as presented in Figure 4c. The primary component located
at 285.3 eV should be ascribed to either C-O or C-N
bonds [70-72]. While the possible C—O interaction is
testified by OlIs peak at 530.7 eV, the BE mentioned
above is also characteristic for SiO, species which are the
primary source of signal taking into consideration the
stoichiometry. Hence, it should be noted that the peak
located at 285.3 eV for the nanoparticles is dominated by
C-N interaction (8.1 at.% is estimated based on the
nitrogen content: 2.7 at.%). Next, component located at
288.2 eV should be interpreted as carbon in carboxyl
species [72-74].

One should also note that the C1s C-N:COOH rate
of 0.6:1 corroborates the estimated 0.5:1 stoichiometry
based on schematic functionalization process presented
on Figure 1. The third CIs component ascribed as C—-C
originates from the C-C chain in Figurel but also
adventitious carbon contaminating the nanoparticles in
atmospheric air conditions [75].

The three components revealed in OlIs spectra origi-
nate from various forms of oxygen: peaks at binding
energies below 530eV are typical for metal-oxygen
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The electrochemical properties of Fe;O, nanoparticles
were described previously. The modified Fe;O, nano-
particles were used as modifiers of poly(vinyl)pyrrolidone
(PVP) to obtain electrode meterial [76], platinum elec-
trode for Hg(II) ions detection [56,77], carbon paste
electrode detection of chlorite ions[78,79], Glassy Carbon
(GC) electrode for Sudan I determination in food samples
[80] or metal ions such as Cd(II), Pb(II), Cu(II) [81], and
Boron Doped Diamond (BDD) electrode for the detec-
tion of a cancer biomarker [82].

The detailed binding mechanism of Fe;O, modified by
EDTA was described by Kataria et al. [54], while the
binding mechanism of investigated ions was examined by
Liu et al. and Xu et al. [50,51]. Based on this literature, all
electrochemical experiments were performed in pH 6.5
due to the formation of Cd(OH), and Pb(OH),/Pb
(OH)/* hydroxides in pH higher than 7 from Cd(II) and
Pb(II) ions, respectively. Furthermore, the adsorption of
metal ions depends on the charge located on the nano-
particle surface [54] and the presence of EDTA groups
(Figure 5). The interaction between Fe;0,@SiO,-EDTA
nanoparticles and metal ions involved both adsorption
onto nanoparticles surface and complexation by EDTA
ligand [50,53].

3.5.1 Stripping Voltammetry — Kinetics Examination

According to our knowledge, we present here the first
study of Fe;0,@SiO,- EDTA using Differential Pulse
Voltammetry (DPV) in combination with Hanging Drop

Fe,0,@S10,-EDTA M?* = Cd?* or Pb?* Fe,0,@S10,-EDTA-M(Il)

Fig. 5. Scheme of proposed mechanism of Cd(IT) and Pb(II) ions
binding by Fe;0,@SiO,- EDTA nanoparticles.
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Mercury Electrode (HDME) for binding of Cd(II) and Pb
(I1).

The main advantage usage of HDME is obtaining in
each measurement the same repeatable results. Hanging
Drop Mercury Electrode guarantee the possibility of
receiving self-renewing surface of working electrode and
in the same time prevents the electrode contamination by
Fe;0, derivatives and other ions present in solution.

Electrochemical measurements confirmed that
Fe;0,@S10,-EDTA nanoparticles possess the ability to
bind trace amounts of Cd(II)- and Pb(Il) in an aqueous
solution.

The utilisation of magnet and examined nanoparticles
enable the 96.13 % removal of Cd(II) from the solution in
and 54.1 % removal of Pb(II), what is confirmed with the
results presented below.

Detection of Cd(II) and Pb(II) ions was carried out
under optimized experimental conditions using DPASV
and HDME due to reproducibility of the surface and
speed of the measurement [83]. All measurements were
performed in a scientific laboratory minimising the risk of
the mercury environmental contamination. DPASV in-
volves two steps including pre-concentration and metal
ions stripping. The Cd(II) and Pb(II) ions are electro-
deposited onto the working electrode firstly applying a
negative potential (—0.9 V) and subsequently the faradic
current obtained by oxidation is recorded when the
potential sweeps toward the anodic direction (from
—0.8V to —0.4 V for Cd(IT) and from —0.65V to —02V
for Pb(II)).

To examine the binding abilities of Fe;0,@Si0,-
EDTA-Cd(II) and Fe;0,@Si0,-EDTA-Pb(II) in time, a
series of measurements were performed in the solution of
0.5M KCI containing 553.9 pgL.™' of Cd(IT) ions and
647.5 ugL™" of Pb(II) ions, respectively. One well-defined
peak at —0.62V in anodic stripping voltammograms
confirms the presence of Cd(IT) ions in the solution
without the nanoparticles (Figure 6 a). The peak in the
potential of —0.4 V indicates the presence of lead ions in
the solution (Figure 6 b). The longest of the binding
stability experiment for the nanoparticles lasted 57
minutes. The cadmium and lead ions were bound by
1.87 mg and 1.86 mg of nanoparticles, respectively. The
comparison of binding abilities for Fe,0,@SiO,-EDTA
nanoparticles with cadmium and lead ions are presented
in Figure 6 a and b, respectively. After nanoparticles
addition, the cadmium peak current intensity significantly
decreased after first 7 minutes. Subsequently, its intensity
slightly decreased in time (Figure 6 a). The changes
recorded for lead binding measurements were not so
prominent. Additionally, the intensity of peak current
also decreased but then slightly increased and finally
reached the equilibrium. (Figure 6 b). This phenomenon
confirms that the addition of Fe;0,@Si0,-EDTA nano-
particles led to the increased binding of cadmium and
lead ions.

The degree of ions binding calculated for Fe;0,@Si0,-
EDTA confirms that the binding ability slightly increased
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Fig. 6. Anodic stripping voltammograms for the peak intensity
changes over time a) for Cd(II) ions (553.9 pgL™") bound by
1.87mg of Fe;0,@Si0.-EDTA and b) for Pb(II) ions
(647.5 uyg L ") bound by 1.86 mg of Fe;0,@Si0,-EDTA

and depends on time (Figure 7). The adsorption rate was
high and the equilibrium was reached within 19 minutes
and 25 minutes for cadmium ion and lead ion binding,
respectively. The comparable amount of nanoparticles
was used in these experiments. 1.87 mg of Fe;0,@8Si0;-
EDTA was able to bind 87.5% of Cd(II), while 1.86 mg
of the nanoparticles bound 54.1 % of Pb(Il). We found
out that the larger amount of nanoparticles was needed to
bind the lead ions. Therefore, the nanoparticles were
subjected to further experiments to determine their
capacity and stability in an aqueous solution.
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Fig. 7. Comparison of binding percentage of a) Cd(II) ions
(553.9 ug'L™") by 1.87 mg of Fe,0,@Si0,-EDTA and b) Pb(II)
ions (647.5ugL™") by 1.86 mg of Fe;0,@Si0,-EDTA nanopar-
ticles.
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3.5.2 Determination of Cd (1) and Pb(1l) Binding
Capacity

To determine the metal ions binding capacity of
Fe;0,@Si0,-EDTA nanoparticles, we performed the
anodic stripping voltammetry in 0.5M KCI solution
containing 553.9 pgL™' Cd(1) and 647.5 ugL™" Pb(II)
ions. The first measurement without nanoparticles gave
one peak at —0.62 V in anodic stripping voltammograms
for Cd(II) (Figure 8 a) and at —0.41 V for Pb(II) (Figure 8
b).

The cadmium peak intensity decreased during titration
by Fe;0,@SiO,-EDTA in eight steps in amount from
0.253 mg to 2.024 mg. The obtained results show the initial
linear current peak decrease for each portion of nano-
particles. After addition of 1.265 mg of nanoparticles, the
equilibrium was established and another portion of nano-
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Fig. 8. Anodic stripping voltammogram for binding of a) Cd(II)
ions (553.9pugL™") and b) Pbh(I) ions (647.5pglL™") by
Fe;0,@Si0,-EDTA nanoparticles.
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Fig. 9. Percentage of Cd(I1) ions (553.9 pgL.™") and Pb(Il) ions
647.5 pgL™") binding by Fe;0,@Si0,-EDTA nanoparticles.
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particles caused no changes in current peak intensity
(Figure 8 a).

A similar effect was achieved during addition of
Fe;0,@Si0,-EDTA nanoparticles to the Pb(II) solution.
Nanoparticles were added in five steps in amount range of
1.016 mg to 5.080 mg. The Pb(II) peak intensity gently
decreased after addition of each portion and after fifth
step the equilibrium was not established. Due to the small
changes of peak intensity and the addition of large
amount of Fe;0,@810,-EDTA nanoparticles, the meas-
urements was stopped after the fifth step.

The gradual decrease in the peak intensity indicates
the binding of the cadmium and lead ions by Fe;0,@SiO,-
EDTA nanoparticles. The established equilibrium proves
a limited capacity of the given nanoparticles.

Figure 9 shows the binding percentage for Cd(II) ions
(553.9ugL™") and Pb(II) ions (969.0 ugL™!) by
Fe;0,@8i0,-EDTA  nanoparticles. Cd(Il) binding in-
creases the linearity observed during addition of the
subsequent Fe;0,@Si0,-EDTA  portions. Addition of
1.265 mg of nanoparticles caused the capturing of 96.13 %
Cd(II) ions and establishing of the equilibrium. Further
addition of the increased amounts of nanoparticles does
not cause any changes in the bounding level.

In the case of lead ions, the Fe;0,@8i0,-EDTA
nanoparticles binding intensity was much lower. Addition
of 5.08 mg of nanoparticles results in binding of 40.83 %
of lead ions. After this step, the degree of ions binding
remains at the same level. This phenomenon proves that
the studied nanoparticles bind Cd(IT) much better than
Pb(II).

3.5.3 Determination of Fe;0,@5i0,-EDTA Activity

To test the activity of Fe;0,@Si0,-EDTA nanoparticles,
their binding capacity was determined in various time
intervals: immediately after preparation, after two, and
eight days. To obtain this goal, the nanoparticles were
stored in a dark, cool place in the electrolyte solution
(KCl 0.5M). The experiment consisted of the anodic
stripping voltammetry by addition of Fe;0,@SiO,-EDTA
nanoparticles portions to the cadmium solution
(553.9 pgL ") measured previously. The obtained results
of Cd(II) binding activity of directly prepared solution of
nanoparticles is presented at Figure § A. The anodic
stripping voltammograms of titrated solution containing
Cd(IT) ions by both nanoparticles stored 2 and 8 days is
shown at (Figure 10). The addition of the next portions of
titrant causes a decrease in the peak intensity. A decrease
of peak intensity in this case was not so profound in
comparison with the freshly prepared solution.

Figure 11. shows the percentage of cadmium binding
for the freshly prepared solution of Fe;0,@810,-EDTA,
after 2 and 8 days of storage in the electrolyte. 2.024 mg
of freshly prepared nanoparticles bound 96.13 % of Cd(II)
ions from aqueous solution while after 2 days of storage
2.53 mg Fe,0,@Si0,-EDTA nanoparticles is necessary to
bind 95.53% of Cd(II) ions. These results confirm that
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Fig. 11. Binding percentage plot of Cd(1l) ions (553.9 uygL™") by
Fe,0,@Si0,-EDTA for the freshly prepared solution and after 2
and 8 days of its storage in the electrolyte solution.

after 2 days there is a need to use 25% more nano-
particles to bound a similar amount of Cd(1I) ions, while
after 8 days the binding ability of nanoparticles is much
lower. To bind 60 % of Cd(II) ions present in the solution,
one should use 0.623mg of the freshly prepared
Fe;0,@Si0,-EDTA.

After 2 days of storage the amount of nanoparticles
increased to 31.6 %, with further increase to 328 % after
8 days of storage.

This experiment shows that the magnetite nanopar-
ticles covered with EDTA groups lose their ion binding
ability. This phenomenon can be associated with the
strong agglomeration of Fe;0,@Si0,-EDTA nanopar-
ticles in the solution,
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4 Conclusions

This study describes the preparation of Fe;O, by co-
precipitation method without any surfactants, by two-step
modification by tetraethyl orthosilicate (TEOS), by N-[(3-
Trimethoxysilyl)propyl] ethylenediamine and functionali-
zation. Nanoparticles surface modification was confirmed
by FT-IR spectra and XPS method. Additionally, the
TEM characterization was performed for the obtained
nanoparticles — we observed Fe;0,@S810,-EDTA nano-
particles of about 20 nm size.

Obtained nanoparticles were utilized as a Cd(1I) and
Pb(II) binding argent in aqueous solution. Binding ability
of Fe;0,@SiO,-EDTA-M(II) was conducted using
DPASV method in combination with HDME in 0.5 M
KCI solution. In the first stage, we compared the cadmium
and lead ions binding properties of Fe;0,@Si0,-EDTA.
Nanoparticles showed the ability to bind both the Cd(II)
and Pb(Il) ions but not at the same level. For
Fe;0,@Si0,-EDTA-CA(IT) the adsorption rate was higher
and the equilibrium was reached after 19 minutes, while
in case of Fe;0,@Si0,-EDTA-Pb(II) the equilibrium was
not established even after 43 minutes. Binding of both
cadmium and lead ions slightly depends on time. To
compare these binding capacities, similar amounts of the
nanoparticles were added to the Cd(II) (553.9 ugL ') and
Pb(II) (647.5 ugL.™") solutions. Electrochemical measure-
ments results show that 87.5 % of Cd(II) ions and 54.12 %
of Pb(Il) ions was bound by 1.87 mg and 1.86 mg of
Fe;0,@Si0,-EDTA nanoparticles, respectively. We deter-
mined the binding capacity for Fe;0,@Si0,-EDTA-Cd
(1I) and Fe;0,@S8i0,-EDTA-Pb(IL). The experimental
results indicate that only 1.265mg and 5.080 mg of
Fe;0,@SiO,EDTA is needed to bind 96.14 % of cadmi-
um and 40.83 % of lead ions, respectively. This phenom-
enon proves that the studied nanoparticles bind Cd(II)
much better than Pb(II).

The results of the Fe;0,@S10,-EDTA nanoparticles
stability tests show that the storage in 0.5 M KCI solution
in dark, cool place decreases their ion binding properties.
The amount of Fe,0,@SiO,-EDTA to bind 60% of Cd
(IT) ions after 2 and 8 days of storage increases three
times in comparison with the freshly prepared nano-
particles. We observed the best capacity for the nano-
particles prepared directly before the measurement.
Furthermore, the storage of nanoparticles in potassium
chloride solution significantly reduces their cadmium ions
binding ability.
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ABSTRACT

In the present study, we examined a novel functionalised magnetic nanoparticles Fe;0,@Si0,-N;, as a nano ad-
sorbent for binding of cd?*, pb?t, Cu®t jons in an aqueous solution. First, we obtained the nanoparticles
functionalised with various carbon chains containing different number of amino groups: (3-amino)
propyltriethoxysilane (Fe30,@Si0,-N, ), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (Fe;0,@5i0,-N;)
and N'-(3-trimethoxysilylpropyl)diethylenetriamine (Fe;04@Si0,-N3). In the next step, we conducted their
characterisation using SEM, TEM, FT-IR, and XPS methods.
The detection of Cd**, Pb®*, Cu®* metal ions was performed under optimised experimental conditions using
DPASV and HDME techniques. Using these methods we conducted the Cd?*, Pb?*, Cu?* binding comparison
in 4.5 pM concentration with 4 mg of Fe;0,@Si0,-N,,. Obtained results show that the adsorption rate of each
ion differs due to the nanoparticles modification.
The highest Pb®>* binding capacity was achieved using Fe;0,@Si0,-N; and Fe;0,@5i0,-N,. The smallest binding
capacity was observed for Cd*" ions by Fe304@Si0,-N, and Fe;0,@5i0,-N;.
The Cd** biding was not observed for both Fe;0,@Si0,-N; and Fe;0,@5i0,-N5 nanoparticles. Additionally, Pb**
was not bound by Fe30,@Si0,-Ns. The research results show that the Fe;0,@Si0,-Ns nanoparticles bind copper
ions with high selectivity.
For the first time we performed the adsorption-desorption experiments using DPASV to prove the Cu®* binding
activity of Fe30,@5i0,-N3 nanoparticles. Obtained results indicate that examined nanoparticles show strong
binding capability. Additionally, we obtained 99.9% recovery of Cu®* ions.

2020 Elsevier B.V. All rights reserved.

1. Introduction

humans [4], while cadmium is classified as a human carcinogen [5].
Lead does not cause cancer, but it can contribute to its development

In the last few decades we observed increasing heavy metal
pollution generated by human activity - manufacturing processes such
as refining and use of fertiliser and pesticides. Heavy metals have caused
serious environmental concerns due to their low biodegradability,
bioaccumulation tendency and mutagenicity [1,2]. Many heavy metals
are regarded as carcinogens [3]. Due to the dissemination of lead in
the environment and its increasing usage in industry, its carcinogenicity
has been an object of interest of many research projects. Based on the
experimental carcinogenicity results, the International Agency for
Research on Cancer (IARC) commission classified lead and inorganic
lead derivatives in 2B group, considered as possible carcinogenic to

+ Corresponding author.
E-mail address: pawel.niedzialkowski@ug.edu.pl (P. Niedziatkowski).

https://doi.org/10.1016/j.molliq.2020.113677
0167-7322/© 2020 Elsevier B.V. All rights reserved.

[6,7]. Cadmium causes cancer by multiple mechanism based on,
among others, inhibition of DNA damage repair and oxidative stress
[5]. Recycling of heavy metals from wastewater has become essential
field of scientific research and industry.

In recent years scientists utilised many metal ion separation and
removal methods, including chemical co-precipitation [8], chemical
coagulation process [9], flotation [10,11] and microflotation [12]
techniques, ion removal by membrane filtration [13], osmosis [14],
extraction with ionic liquids [15]. Adsorption methods predominate
over traditional separation techniques due to their simplicity, easy
handling and sludge-free operation, regeneration capacity, and
cost-effectiveness [16]. Many metal ion adsorbents are known,
including pumice [17], composite mineral adsorbents [18], pectin-
based adsorbents [19], organic frameworks [20], and carbonaceous
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materials, such as activated carbon [21], biochar [22], carbon
nanotubes [23], and graphene oxide [24].

Nowadays, the most popular agents for wastewater ion removal are
the superparamagnetic modified nanoparticle adsorbents based on iron
oxide Fe;0, — imprinted magnetic biosorbent [25], copolymerized poly-
acrylamide cellulose modified nanomagnetite [26], sultone-modified
magnetic activated carbon for Cd**, Pb?>*, and As** removal [27], and
many magnetic materials used for dye remediation [28-30]. The
superparamagnetic Fe;0,4 nanoparticles with functionalised surface ad-
sorbent have been successfully applied to remove variety of wastewater
heavy metal ions, such as copper, zinc, mercury, chromium, lead, cad-
mium, manganese, uranium, or silver [31-35]. Among adsorbents utilised
to remove both organic and inorganic wastewater compounds, magnetic
nanoparticles with large surface area, facile maintenance, and high effi-
ciency took a special place due to the simple, convenient, and fast separa-
tion using external magnetic field [36-40]. In comparison with the
traditional solvent extraction, these superparamagnetic modified nano-
particle adsorption methods are more economic, more cost-effective,
and environmentally friendly [41]. Many research groups focused on
the amino-functionalised Fe;0,@Si0, core-shell magnetic nanocompos-
ites as a novel adsorbent for the removal of aqueous pollutants [42,43].

Metals like, among others, gadolinum, technetium, iron, manganese,
cobalt, gallium, play a crucial role in medicine. These elements are
widely used in diagnostic procedures as, for example, radioisotope or
contrast agents. Additionally, platinum, gold, silver, lithium, zinc, iron,
or bismuth may also be used in a treatment of various diseases [44].

Metals can also be extremely toxic and cause life-threatening ill-
nesses [45]. One of the most frequently occurring diseases is Wilson's
disease.

Wilson's disease is a rare, autosomal recessive, and lethal-without-
treatment genetic disorder caused by the excessive copper storage in
various body tissues. In the case of healthy individuals, we can observe
a balance between intestinal absorption of dietary copper and its he-
patic excretion in bile. In Wilson's disease, hepatic copper is neither ex-
creted in bile, nor incorporated into ceruloplasmin. This abnormality
causes the accumulation of copper to toxic levels and its storage mainly
in liver, brain, and cornea. The signs of Wilson's disease are associated
with liver diseases and neurological symptoms. The diagnosis is based
on the elevated urinary and hepatic copper and low ceruloplasmin
levels. Management of Wilson's disease involves decreasing the excess
levels of copper, chelation therapy, and oral zinc therapy. In some
cases, liver transplantation may be necessary [46].

In this work, a series of silica-coated superparamagnetic Fe;0,@SiO,
core-shell nanoparticles with modified surfaces differing in the number
of amino groups in outer chains — Fe304@Si0,-N;, Fe;0,@5i0,-N,,
Fe304@Si0,-N5 — (see, Fig. 1) was synthesised. The characterisation of
the obtained structures was performed using SEM, TEM, FT-IR, and
XPS method. Subsequently, the capability of functionalised nanoparti-
cles concerning simultaneous Cd**, Pb>*, and Cu®* ion binding was
studied using electrochemical techniques, such as DPV in combination
with HMDE and preconcentration method. Finally, the adsorption-
desorption experiments using DPASV method were performed for the
first time to examine the Cu?* binding by Fe;04@5i0,-N; nanoparticles
in an aqueous solution.

2. Experimental
2.1. Reagents

All reagents, analytical grade, were purchased from the indicated
suppliers and used without further purification. Aqueous solutions
were prepared using ultra-pure deionised water. Ferric chloride hexa-
hydrate (FeCls-6H,0) and ferrous chloride tetrahydrate (FeCl,-4H,0),
ammonia  (25%), tetraethyl orthosilicate (98%) (TEOS),
3-(aminopropyl)triethoxysilane (APTES) (99%), N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane and  N'-(3-trimethoxysilylpropyl)

diethylenetriamine were purchased from Sigma-Aldrich (Poland). The
organic solvents, potassium chloride KCl (99.9%), cadmium nitrate
tetrahydrate Cd(NOj3),-4H,0 (99.9%), lead nitrate Pb(NOs3 ), and cop-
per nitrate trihydrate Cu(NOs),-3H,0 (99.9%) were purchased from
POCh (Poland).

2.2, Synthesis of Fe30,4

Fe;0,4 nanoparticles were obtained by the coprecipitation method in
an aqueous solution according to the procedure described by Panta et al.
|47]. The reaction was performed in non-oxidising conditions maintain-
ing the precise 1 to 2 molar ratio of Fe?"/Fe*™ in an alkaline solution.
The advantages and disadvantages of the synthesis reducing conditions
were previously described by Kim [48]. The Fe304 nanoparticles were
obtained by dissolving 10.81 g (0.04 mol) of FeCl;-6H,0 and 3.98 g
(0.02 mol) of FeCl,-4H,0 in 50 mL of deionised water. Next, argon
was passed through the vigorously stirred solution to eliminate oxygen
and then the reaction mixture was heated to 70 °C. When the set tem-
perature was reached, 500 mL of ammonium hydroxide solution was
added dropwise up to pH 11, what resulted in the formation of Fe304.
Obtained nanoparticles were washed with water to neutralise pH,
washed with methanol, and dried.

2.3. Synthesis of core-shell Fe;0,@Si0, nanoparticles

Synthesis of Fe;0,@Si0, was conducted according to Strober proce-
dure, which mechanism and optimisation were widely described in the
literature [47,49-52]. 0.1 g of Fe;0,4 nanoparticles was dispersed in the
mixture of ethanol and water (60:10, v/v) using an ultrasonic bath for
15 min. Subsequently, 1 mL of ammonium hydroxide and 2 mL of
tetraethyl orthosilicate (TEOS) were added dropwise to the stirring so-
lution at room temperature. After 24 h, the obtained nanoparticles were
washed with water and ethanol and dried in vacuum at 60 °C.

2.4. Modification of core-shell Fes0,@Si0, nanoparticles by amine
derivatives

The functionalisation of Fe;04@5i0, nanoparticles by amine deriva-
tives was performed in anhydrous toluene [53-55] to achieve optimal
surface coverage. 4 mL of 3-amino propyl-triethoxysilane (APTES), N-
(2-aminoethyl)-3-aminopropyl  trimethoxysilane, or  N'-(3-
trimethoxysilylpropyl)diethylenetriamine was added to 0.5 g of
Fe;0,@Si0, nanoparticles dispersed in 100 mL of anhydrous toluene
using ultrasonic bath. Then, the mixture was mechanically stirred for
12 h at 90 °C. After cooling to room temperature, the obtained Fe;0,@
Si0>-N, amino derivatives (Fe304,@Si0,-N;, Fes0,4@Si0,-N,, or Fe;0,@
Si0,-N3) were magnetically collected, washed several times using abso-
lute ethanol, and dried under vacuum at 50 °C (Fig. 1).

2.5. Methods

The images of all Fe304@Si0,-N,, nanoparticles were obtained using
the scanning electron microscope (SEM) — JEOL JSM7001F, operating at
9.5 kV — and transmission electron microscopy (TEM) — Tecnai G2
Spirit BioTWIN FEI, operating at 120 kV. All nanoparticles samples for
TEM imagining were sonicated for 30 min in the absolute ethanol
solution.

Fourier Transform Infrared Spectroscopy (FT-IR) spectra were ob-
tained with the KBr pellet method using Bruker FRA 106 spectrometer.

X-Ray Photoelectron Spectroscopy (XPS) was utilised to evaluate the
chemical composition of the investigated nanoparticles. For this pur-
pose, the high-resolution scans were performed in Fe2p, C1s, O1s, N1s,
and Si2p binding energy range. The measurements were carried out
on Escalab 250Xi spectroscope, ThermoFisher Scientific. The monochro-
matic AlKo excitation source was used with a spot diameter of 250 pm.
10 eV pass energy and 0.05 eV energy step size were utilised. The charge
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Fig. 1. Scheme of Fe;0,@Si05-N,, nanoparticles synthesis.

compensation was achieved through the low-energy electron and low-
energy Ar' ions flow, with the final calibration of the XPS spectra for
peak characteristics adventitious carbon C1s at 284.7 eV. The peak
deconvolution was carried out using Avantage software provided by
the spectroscope manufacturer.

All electrochemical measurements were carried out using Mercury
Electrode Metrohm 663 VA Stand integrated with Autolab
potentiostat/galvanostat PGSTAT-128 N controlled with NOVA 2.1.4
software. The three-electrode cell contained Static Drop Mercury Elec-
trode (SDME) as a working electrode. Calomel Hg|Hg:Cly|KClisarurated)
and glassy carbon (GC) were used as the reference and counter elec-
trode, respectively.

Differential pulse voltammetry (DPV) was utilised for the detection
of Cd?*, Pb?*, and Cd?* ions under optimised experimental conditions:
deposition potential —0.9 V, deposition time 90 s, modulation ampli-
tude 0.05V, modulation time 0.07 s, interval time 1.85 s, and step poten-
tial 0.005 V. All measurements were conducted in Teflon cell to avoid a
sorption of metal ions on the glass surface.

The ion detection was performed in a potential range of —0.8 V to
0.0 V. The solutions of metal ions were prepared using potassium chlo-
ride KCl, pH 6.5 as the supporting electrolyte. Fe;04@Si0,-N;, nanopar-
ticles were prepared by dispersion using the ultrasonic bath for
30 min before each measurement.

2.6, Determination of removal efficiency

The adsorption-desorption experiment was conducted to examine
the efficiency of Cu?* removal from an aqueous solution, The ion de-
sorption process was investigated in 0.1 M HCI solution which was
used as a desorbing agent. 5.08 mg of Fe;0,@SiO»-N; was used to cap-
ture copper ions present in 10 mL of 4.3 uM Cu®™ solution. The solution
was then left for 40 min at room temperature with shaking.
Subsequently, all nanoparticles were collected magnetically and the su-
pernatant was removed. Then, 10 mL of 0.1 M HCl was added to Fe;0,@
Si0,-N5 nanoparticles with adsorbed Cu?* and mixed with a stream

of argon. The measurement of desorbed Cu?* concertation was per-
formed immediately using DPASV technique. The removal efficiency
was calculated by the determination of the obtained voltammograms
peak area for the standard solution and after desorption in 0.1 M HClL

3. Results and discussion
3.1. SEM and TEM — morphology analysis

In the first step, the obtained Fe;04@Si0,-N,, nanoparticles were
characterised using Scanning Electron Microscopy and Transmission
Electron Microscopy (Fig. 2). SEM and TEM images of magnetite nano-
particles modified with different length of amino chains showed that
the nanostructures received by co-precipitation method are highly ho-
mogeneous in shape and size. Fig. 3 confirms the presence of small
and quasi-spherical core-shell structures. The average size of all
Fe;0,4@Si0,-N;, nanoparticles was approximately 30-50 nm. All of the
examined nanoparticles were in the agglomerated state due to their
natural tendency to form agglomerates based on their magnetic nature.

3.2. FT-IR spectroscopy analysis

The FT-IR spectra were obtained to compare the spectroscopic dif-
ferences and to validate the presence of functional groups on the
nanomagnetite surface, Fig. 4a) shows the FT-IR spectra for pure Fe;04
nanoparticles and silica-coated Fe30,@Si0- as a reference and for nano-
particles functionalised by amino groups Fe;04@Si0;-N;, Fe304@Si0,-
N, and Fe;0,4@Si0,-Ns. For all samples, two characteristic bands were
shown at wavenumbers 453 cm ™' and 597 cm ™' from metal-oxygen
stretching at Fe> " site [56-58]. In all IR spectra, the decrease in the in-
tensity of the Fe—O band for nanoparticles coated with silica and
amino groups was observed. The decrease in the band intensity con-
firms that the nanoparticles surface was successfully functionalised
[59]. Spectra for silica-coated nanoparticles showed a broad, strong
band near 1096 cm ™' region assigned to symmetric and asymmetric
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Si-0-Si stretching vibrations caused by the coating of silica shells on the
magnetite surface [60].

On the spectra of all amino-modified nanoparticles (Fig. 4b) a new
band appeared in the region of 1563 cm ™' and 3402 cm™" attributed
to N—H stretching vibrations of amino groups. These bands confirm
the successful amino-functionalisation of the silica layer on Fe;0,@
Si0, nanoparticles and the presence of terminal -NH; [61,62].

Additionally, a weak band at 1458 cm™" attributed to the C—N
stretch vibration was noticed [63]. The absorption bands at about
2930 cm ! and 2850 cm ™! are the result of C—H stretching vibrations
in the carbon chain [64].

These FT-IR spectra confirmed the formation of a silica shell on the
surface of Fe;0,4 and the amino-functionalisation of the Fe;04@Si0,
core-shell nanostructures.

3.3. XPS analysis

Moreover, we performed the XPS analyses for all obtained samples
to confirm the structure of formed core-shell nanoparticles. The results
of the high-resolution XPS analysis are collectively presented in Fig. 5
and Table 1 for each of the analysed samples.

The deconvolution in Fe2p binding energy (BE) range can be carried
out with two spin-orbit doublets, characteristic for both Fe? " and Fe® .
Furthermore, Fe2p signal for Fe;04@Si0O,-N; was barely detected
[65-67]. The peak position remains unaltered for each studied com-
pound, proving that modification of the organic chain does not influ-
ence the inner shell structure. Similar to the case of Fe30,4, the amount
of silica is at its peak for Fe;0,@Si0,-N; functionalisation. Moreover,
the significant differences were not observed between Fe;0,@Si0,-N,
and Fe;0,@Si0,-N3 samples in this case, what may imply that the thick-
ness of the organic amino shell is similar for both of these nanoparticles.

The shape of recorded N1s spectra reveal major differences between
the analysed samples. Each of the nanoparticles contains nitrogen in
two different chemical states, while their quantity differs significantly.
Two deconvolution spectra used in the proposed model peak at 399.2
and 401.2 eV. The peak at higher BE's, dominant in the case of Fe;0,@
Si0,-N; sample, should represent the terminal amino-NH; functional
groups in the compound. The presence of >N-H tertiary amino groups
in Fe;04@Si0»-N, and Fe304@Si0,-N3 nanoparticles is reflected in N1s
spectra with the increasing contribution of the component, located at
lower binding energy range. Here, the share of terminal amino groups

is reduced to 45% for Fe30,@5i0,-N; and to 18% for Fe;0,4@5i0,-N3 sam-
ples. The aforementioned model finds a good correlation with the liter-
ature findings. The presence of N—H groups in Fe;04@Si0,-N; can be
associated with the adsorption of CO, from the ambient atmosphere
(68-70].

The presence of Si—O bonds with the organic chain was con-
firmed by a strong peak doublet at 101.7 eV. Similar values were pre-
viously reported for silicone groups in silanes and other organic,
silicon-containing compounds [58,71]. Finally, the CIs peak region
was analysed and deconvoluted in three different chemical states.
The most significant component, detected at 284.7 eV, should be as-
cribed to C—C and C—H bonds in the functionalisation molecules
forming the shell of the nanoparticles. Its total share in the analysed
signal ranges between 33.3 and 36.8 at.%. Importantly, the presence
of the component mentioned above may be caused by adventitious
carbon from the air exposure [72]. The second notable component
lies at 286.2 eV, an energy range typical for C—N bonds in amines
and C—O bonds [73,74]. The share of the organic chain (measured
as a sum of C—C and C—N components) is naturally the most prom-
inent for the shortest amino chains with Fe;0,@5i05-N; molecule
functionalisation. However, the significant differences were not ob-
served between Fe;0,@Si0;,-N; and Fe;04@Si0,-N35 samples, what
is similar to the earlier conclusion regarding Si2p component. Finally,
the last Cis peak emerges for both Fe;0,@5i0,-N; and Fe;0,@Si0,-
N3 samples, at energies exceeding 288 eV. This component is most
often ascribed to carbon dioxide, which is probably adsorbed onto
the nanoparticles surface [75]. Surface defects as well as structure
modifications of the examined compounds influence the CO, adsorp-
tion [76,77]. Since its contribution is the highest for the Fe;0,@Si0,-
N3 sample, it is suggested that its presence is connected with
changes within =NH groups.

These analyses are confirmed in the distribution of various compo-
nents in O1s spectra, which were deconvoluted in three peaks, con-
nected with iron oxides (529.9 eV), silica, and possible C—0
interaction (531.7 eV) and (=0 bonds (533.5 eV). The Fe;0,4 signal is
the strongest for Fe;0,4@Si0,-N, sample and is up to four times weaker
for Fe;04@5i0,-N3, where, on the other hand, the signal from (=0
bonds is more prominent. The two times higher contribution from silica
in the O1s of Fe30 4@Si0,-N; sample was also confirmed, strongly
supporting the hypothesis regarding the smaller functionalisation
thickness of these nanoparticles.
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Table 1
Surface chemical composition of Fe;04@5i0,-Ny, Fe;05@5i0,-N;, and Fe;04@5i0;-N; samples based on the deconvoluted high-resolution XPS spectra.
FeZp Si2p Nis Cis Ols
Fe?! Fe?! Si-0 >NH -NH; c-C CN c=0 Fe-0 Si-0 c=0
BE/eV 709.8 7114 101.7 399.2 401.2 2847 286.1 2885 529.9 5317 5335
Ny 11 1.0 130 13 57 333 128 13 4.0 253 12
No 0.7 0.7 79 2.8 34 342 220 4.4 2.6 169 4.3
N3 0.1 0.1 7.9 82 17 36.8 16.1 8.0 09 17.0 31
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Fig. 6. a) Anodic stripping voltammograms and b) percentage of Cd®* (4,5 uM), Pb>* (4.5 M) and Cu®* (4.5 uM) binding by Fe;0,@Si0,-N, nanoparticles,
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Fig. 7. a) Anodic stripping voltammograms and b) percentage of Cd?* (4.5 uM), Pb?* (4.5 pM), and Cu®* (4.5 pM) binding by Fe;0,@Si0,-N, nanoparticles.

34. Simultaneous electrochemical determination of Cd**, Pb**, and Ci®™*

The individual and simultaneous determination of Cd**, Cu®>*, and
Pb?* applying amino-functionalised Fe;0,@Carbon microspheres
were previously measured by Bai et al. [78] using modified glassy car-
bon electrode.

In this work, the simultaneous detection of Cd**, Pb**, and Cu®*
was carried out under optimised experimental conditions using
DPASV technique and HDM electrode. The main advantage of these
electrodes, besides its surface reproducibility and fast measurement,

[79] is the analysis of Fe;0,@Si0,-N,, nanoparticles to assess their capa-
bility for binding the metal ions without electrode modification. We in-
vestigated three types of nanoparticles differing in the number of amino
groups in the outer carbon chain — Fe;0,@Si0,-N; with one amino
group, Fe;0,@Si0,-N, with two amino groups, and Fe;0,@Si0,-N3
with three amino groups.

To achieve this goal, all measurements were conducted under labo-
ratory conditions to reduce the risk of environmental mercury contam-
ination. Mercury from HDME can be reused after proper treatment.
Two-stage DPASV analysis involved pre-concentration and metal ions
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stripping. First, the Cd>*, Pb>*, and Cu?* ions were electrodeposited
onto the working electrode by application of the negative potential
(—0.9 V). Subsequently, the faradic current obtained by oxidation was
recorded during the potential sweep toward the anodic direction
(—0.8Vto0.0V).

To examine the selected ion binding abilities of Fe30,@Si0,-Nj,
Fe30,4@Si0,-N,, and Fe;0,@Si0,-Ns, series of measurements were per-
formed in the solution containing Cd®>*, Pb>*, and Cu®*, 4.5 uM concen-
tration. All electrochemical experiments were performed in 0.5 M KCl
pH = 6.5 due to the formation of hydroxides of utilised metals at pH
higher than 7 [58]. Furthermore, the adsorption of metal ions depends
on the charge located on the nanocomposite surface and the number
of functional groups [80].

Three well-defined peaks at —0.63 V, —0.42 V, and —0.17 V in an-
odic stripping voltammograms confirm the presence of Cd?*, Pb?™,
and Cu?" in the solution, respectively (see, Fig. 6). During the next por-
tions of nanoparticles addition, a decrease in the intensity of the ions
peaks was observed. The rate of peaks intensity change depended on
the determined ion and used nanoparticles type. In all presented volt-
ammograms, the dilution factor was expressed by the formula:
DF = Y31%, where Vj is the initial volume and V; is the step volume
applied.

Fig. 6a) presents the voltammograms obtained during the titration
of Cd®*, Pb?*, and Cu?* by Fe30,@Si0,-N;. The metal ion peaks inten-
sity decreased during the addition of the next portions of nanoparticles
in an amount of 1.18 mg to 9.41 mg, conducted in eight steps. The ob-
tained results directly indicate that the initial linear current peak (blue
intermittent line) decreases for Pb>* and Cu®* ions of each nanoparti-
cles portion.

The intensity of Cd?* peak decreased by a half and remained at this
stable level. After the addition of 7.06 mg of nanoparticles, the equilib-
rium was established and the next portion of nanoparticles caused no
changes in the current peak intensity. The Fe30,@SiO,-N, binding per-
centage was calculated (Fig. 6b) for Pb®>* and Cu?* and reached 99.7%
and 92.8%, respectively. However, the binding percentage for Cd**
remained stable at the level of 40%. These results indicate that Fe;0,@
Si0,-N; nanoparticles express high sensitivity toward Pb?* and Cu?™,
what is observed by binding of these ions in nearly 100%.

In the next step, we conducted the simultaneous experiments using
Cd?*, Pb?* and Cu®* to evaluate the Fe;0,@Si0,-N, nanoparticles
binding capacity. The titration of Cd?*, Pb?*, and Cu®>* was carried

out in five steps using various amounts of Fe;0,@SiO,-N, nanoparti-
cles — 0.83 mg to 8.27 mg (Fig. 7a).

Surprisingly, besides a decrease in the peak intensity observed dur-
ing Cd**, Pb®™ titration, we also detected a slight shift in the peaks to-
ward lower potentials. Fig. 7a shows the voltammograms where a
complete disappearance of Pb>™ peak and decrease in the Cd** peak in-
tensity were observed.

In the case of Cu™ titration (Fig. 7a), the effect of the signal decreas-
ing is observed only in the first two steps, following a comparable signal
level afterwards, shifted toward negative potentials. This phenomenon
is probably associated with the adsorption of nanoparticles and their
complexes to the mercury drop [81]. The irregular changes in the peak
intensity clearly indicate that the equilibrium is not establishing.

After addition of 3.31 mg Fe;0,@Si0,-N; no significant changes in
the voltammogram were observed. Fig. 7b shows the binding percent-
age for Fe;04@Si0,-N, nanoparticles. The percentage of Pb?* and
Cd** ion binding by Fe30,@Si0,-N, was established at 98.5% and
66.6%, respectively. It is worth to notice that there was no ion binding
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Fig. 9. Cd®*, Pb?>*, Cu®* ions binding percentage for Fe;04@Si0,-N;, Fe30,@Si0,-N, and
Fe;0,@Si0,-N3 nanoparticles.
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Fig. 10. Proposed structure of the two-type complexes a) 1:1 and b) 1:2 Fe30.@Si0»-N,, nanoparticles and ion metal interactions.

observed for Cu®". The percentage of Cu>* binding by Fe;0,@Si0,-N,
remains at 0% even if nanoparticles were added in an excess. An average
of obtained results and slight differences in Cu?™ peak intensity were
regarded as measurement errors.

The voltammograms presented in Fig. 8a reveal the Cd**, Pb®>*, and
Cu®™ titration by Fe30,@Si0,-Ns in twelve steps in the nanoparticles
amount range of 0.05 mg to 3.97 mg. The addition of the next nanopar-
ticles portions led only to the disappearance of the Cu®>* peak. The Cd?*
and Pb?* slight peak intensity changes were considered to be in the
range of measurement error. For Fe30,@Si0;-N; nanoparticles, the
Cu?* binding percentage reached 92.5%, while 0% binding percentage
was observed for Cd®>™ and Pb?* ions (Fig. 8b).

Fig. 9 presents the comparison of ion binding percentage for each
Fe;0,@Si0,-N,, nanoparticle. The binding percentage was recounted
for 4 mg of nanoparticles added to the ion solution. The highest ob-
served binding percentage for Pb?* was over 96%, both for Fe;0,@
Si0,-N; and Fe;04@Si0,-N,. The slightly smaller binding percentage
was observed for Cu®* binding by Fe;0,@Si05-N; and Fe;0,@Si05-N;
resulting in 93.4% and 85.5%, respectively.

Furthermore, there was no Cd**, Pb**, and Cu?* binding observed
for Fe304@Si0,-Ns, Fe;04@Si0,-N3, and Fe;04@Si05-N, respectively.
These results directly indicate that the Fe304@SiO»-N3 nanoparticles
bind Cu?* with high selectivity.

On the basis of the structural characteristics of Cu (II) diamine com-
plexes supported on silica gel and the distribution of these forms as a
function of the pH solution described by Nowicki [82], the proposed
structure of copper complex formation by Fe;04@Si0,-N,, is presented
in Fig. 10. It seems that formation of complexes with metal ions with
1:1 and 1:2 stoichiometry is the key factor in the complexation of ions
by amines in the hybrid material (Fig. 10).

The number of donor nitrogen atoms in the structure of the com-
plexes, the size of the ions, the density of the charge of metal ions, and
the number of water molecules that hydrate both the complexes and li-
gands significantly determine the stoichiometry and the process of
complex formation by the hybrid material [83].

The differences in the binding selectivity for the examined metal
ions by Fe304@Si0,-N,, is probably related to the presence of intramo-
lecular hydrogen bonds occurring both in the external and internal
parts of the functional layer. The observation that Fe30,@Si0,-N;
binds Cd**, Pb?*, Cu?™, Fe30,@Si0,-N, binds Cd**, Pb*T, and Fe;0,@
Si0,-N5 binds only Cu?* results from these interactions. The aqua and
amino complexes form between metal ions and amines with the depo-
sition directly on a hybrid material. Subsequently, free electron pairs in
this material, which come to varying degrees from nitrogen atoms of
amines, determine the manner and selectivity of the ion binding with
the studied material.

3.5. Cu?’ adsorption-desorption experiment using Fe;0,@5i05-N;
nanoparticles

Based on the high selectivity of Fe;0,@Si0,-N; for Cu®* which was
observed using electrochemical method, we decided to evaluate the
adsorption-desorption properties only of this studied nanoparticle, It
is worth to notice that, according to the authors' knowledge, this exper-
iment using DPASV was performed for the first time. The procedure of
Cu?* adsorption was described in the experimental section. 5.08 mg
of Fe;0,4@Si0,-N5 was used to bind 43 nmol of Cu®™ in 0.5 M KCl solu-
tion. The adsorption process for nanoparticles containing an amino
group is usually performed from a couple of minutes to hours
[43,84-86]. In this work, the adsorption process was performed within
40 min incubation time at room temperature, with shaking. The desorp-
tion process was performed in 0.1 M HCl to obtain acidic pH and proton-
ation of amino groups leading to the Cu®" ions desorption. The
desorption process was conducted using DPASV method directly after
the addition of HCL. According to the previous research, the hydrochloric
acid was selected as an optimal desorption agent [61,84]. In other study
the desorption time ranged from 5 min to 40 min [43,85]. We, however,
established the desorption time which was shorter than 5 min. Fig. 11
shows the voltammograms obtained for standard Cu®* solution and
after the nanoparticles regeneration. The peak shift is the consequence

00T 0.5 M KCI (blank)
cu?t C=4.3uM in 0.5 M KCI (standard solution)
0.08 - cu?* after Fe304@8i0,-N3 desorbed in 0.1 M HCI
0.06 -
= 0.04 -
0.02 4
0.00
T T

-0.3 -0'.2 -0.1 0.
E/V vs. Hg / Hg,Cl,

Fig_. 11. Comparison of anodic slrippin_g voltammaograms of 0.5 M KCl electrolyte (blank),
Cu?* standard solution C = 4.3 uM, Cu®* after Fe;0,@Si0,-N3 nanoparticles regeneration.
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. - metal ion

Fig. 12. Scheme of the proposed adsorption and desorption mechanism for the Fe;0.@Si0,-N,, nanoparticles — metal ions interaction.

of different pH of the solution. The calculated Cu®* removal efficiency
was 99.9%.

Proper selection of pH range, which effects the behaviour of the
nanoparticles, the form of determined metal ion, and its solubility, is
the most important factor for the examination of the adsorption and de-
sorption process efficiency [86]. The form of Cu®* depends on the pH
value of the solution. Cu®* species occur at pH < 7 [84,87]. At pH > 7 dif-
ferent derivative products of Cu?* hydrolysis — Cuy(OH)3 T, Cu(OH)™,
Cu(OH),, Cu(OH)3, Cu(OH); — exist in the solution [88]. The Cu**
quantity drops with the increasing pH value, what leads to the precipi-
tation of various hydrolysis forms of Cu?*t. Due to this phenomenon, the
adsorption process was performed at pH 6.5.

The adsorption and desorption process occurring for the studied
nanoparticles is the consequence of the acid-base interactions. In an
aqueous solution both H;0™ and metal ions undergo the adsorption
processes onto amino groups present in Fe;0,@Si0,-N, nanoparticles
(Fig. 12). Low pH value causes the increase of H;0 " species in a solution
and the protonation of amino groups present on the nanoparticles sur-
face. This, in consequence, leads to the decrease in the metal ion concen-
tration due to the nanoparticle adsorption (Fig. 12). On the other hand,
high pH value is associated with the elevated number of hydroxyl
groups in the solution, what causes the amino groups deprotonation
(Fig. 12). In consequence, the deprotonated amino groups increased
the capability of the nanoparticles to bind metal ions [86].

4. Conclusions

In present work we examined a series of functionalised magnetite
nanoparticles Fe;0,@Si0,-N,, as a novel Cd**, Pb?*, Cu®* nano-
adsorbent in KCl aqueous solution.

First, we synthetised the nanoparticles coated preliminary with SiO,
using TEOS and then with various carbon chains containing a different
number of amino groups — Fe;04@Si0,-N;, Fe;0,@Si0,-N5, and
Fe304@Si0,-Ns. FT-IR and XPS spectra confirmed the presence of char-
acteristic functional groups on the nanoparticles surface. Additionally,
SEM and TEM analysis were utilised to confirm the homogenous spher-
ical 30 to 50 nm nanostructures.

These three types of obtained nanoparticles were used as Cd®™,
Pb?*, Cu?" metal ion adsorbents. Metal ion binding ability of Fe;0,@
Si0,-N, was measured using DPASV method in combination with
HDME in 0.5 M KCl solution.

To compare binding capacity in 4.5 uM Cd®*, Pb**, and Cu®* solu-
tions, the binding percentage was recalculated for 4 mg of used nano-
particles. Obtained results show that the adsorption rate is different
for each ion depending on the nanoparticles type. The ion binding

capacity and selectivity depends on the interactions occurring between
the outer carbon amino chains and the metal ion.

The highest binding percentage — 96% — was observed for Pb?*
binding for both Fe;0,4@Si0,-N; and Fe;0,@Si0;-N». Furthermore,
slightly lower binding level of nearly 93% was observed for Fe;04@
$i0,-N3 Cu®*. The middle value of the binding percentage — 85% —
was observed for Cu®* binding by Fe;0,@Si0,-N;. The lowest binding
percentage was found in the case of Fe304@Si0,-N; and Fe30,@Si0,-
N; for Cd*>* at the level of 60% and 31%, respectively. Moreover, the
binding was not observed for Cd®>* and Pb®>* by Fe;04@Si0,-N5 and
for Pb?* by Fe30,4@Si0,-Ns. The obtained results show that the nano-
particles with three amino groups in the outer chain — Fe;04@Si0,-
N3 — bind Cu?* with high selectivity.

Furthermore, we used the adsorption and desorption experiment to
analyse the Cu®™ binding selectivity of Fe304@Si0,-N3, The obtained re-
sults directly indicate that the recovery of Cu®>* from the aqueous solu-
tion is very high and reached 99.9%.

Examined series of amino functionalised Fe;0,@Si0;-N, nanoparti-
cles are promising metal ion nano-adsorbents due to their high ion ca-
pacity, easy separation using magnetic field, and renewability based
on the pH value control.
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Magnetic Fe;0,@5i0;-cyclen nanoparticles were prepared and used as adsorbent for Cd*, Pb®* and Cu®*

from aqueous solution removal process controlled with differential pulse anodic stripping voltammetry
(DPASV) and hanging mercury drop electrode (HDME). Nanomaterial was synthesised in three-step pro-
cess co-precipitation of Fe;0, core, coating with silane and N-(3-(triethoxysilyl)propyl)-1,4,7,10-tetraaza
cyclododecane-1-carboxamide silane functionalisation. The effectiveness of each step of the synthesis
was confirmed using scanning electron microscopy (SEM), high-resolution X-ray photoelectron spec-
troscopy (XPS), powder X-ray diffraction (pXRD) and fourier-transform infrared spectroscopy (FT-IR)
techniques, The Fe;0,@Si0,-cyclen nanoparticles were employed for Cd?*, Pb?* and Cu?* ions elimination
from individual and mixed solutions by carrying out titration with a suspension of nanocomposites. The
binding level for all ions both in the individual solutions and in the mixture was very similar at high
levels. For Cd** and Cu®" ions sorption efficiency level was from 83% to 89%, while for Pb?* ions it was
slightly lower at the level over 73%. In all cases, the equilibrium adsorption capacity parameter was over
1 mg/g and reached definitely higher values for individual ions solutions. The research results revealed
that Fe;0,@Si05- cyclen nanoparticles can be a promising adsorbent for magnetic heavy metal ions water
treatment agents.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

tinuously increasing heavy metal ions concentrations lowers the
action of biological barriers, which has a negative impact on human

Over the last few decades, a significant increase has been
observed in environmental pollution with heavy metal ions, which
is a problem all over the world [1]. The increasing heavy metal ions
concentration is generated mainly by technological and operational
activities, production processes such as refining, power plants and
combined heat and power plants, steel mills, coal and waste com-
bustion, the chemical industry, the use of fertilisers and pesticides,
and transport [2]. The presence of heavy metal ions in the environ-
ment constitutes a threat due to the possibility of their migration
along the rungs of the trophic chain from soil, air, surface waters
to plants, animals and in consequence to humans. Exposure to con-

* Corresponding author.
E-mail address: pawel.niedzialkowski@ug.edu.pl (P. Niedziatkowski).

https://doi.org/10.1016/j.molliq.2022.120710
0167-7322/© 2022 Elsevier B.V. All rights reserved.

health due to their low biodegradability, bioaccumulation tendency,
potential carcinogenic effect and mutagenicity [3]. Due to the dan-
ger posed by heavy metal ions environment contamination, the
recycling of them from aquatic environments has become a very
important area of scientific research and industry.

Until now, many methods of metal ions remediation from the
environment have been used [4,5], particularly methods such as
membrane filtration [6], osmosis [7], ion exchange [8], extraction
with ionic liquids [9], photocatalysts [10], clays/layered double
hydroxides [11], bioremediation [12], biomass and biosorption
[13] phytoremediation [14], precipitation and coagulation [15,16]
or electrocoagulation [ 17]. The conventional wastewater treatment
technologies involving physical, chemical, and biological methods
have their advantages but also disadvantages such as high costs,
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complex working operation, secondary pollutants production, low
selectivity and many others [18]. To overcome these challenges,
researchers used adsorption process as an alternative due to its wide
working potentials, low price, simplicity in use, process efficiency,
selectivity, capacity for material regeneration and pollutants trace
concentration removal [ 19,20]. A wide range of materials have found
application as heavy metal ions adsorbents e.g., chitosan and its
functionalised forms [21], aerogels and their derivatives [22], based
on cellulose [23], metal organic frameworks [24], carbon-based
materials [25], polymers [26], dendrimers [27] and many others
[28-31]. However, among many research groups, various nanoscale
adsorbents became very popular due to their high surface area, high
mobility in solution, reactivity, good adsorption capacity and in con-
sequence efficiency [32]. A series of nanoparticles and their modifi-
cation were investigated as heavy metal adsorbents but, in recent
years, a particular interest was attached to nanoparticles with mag-
netic properties, especially magnetite Fe304 [33,34]. Magnetite
nanoparticles occupy a special importance due to the possibility of
easy and quick isolation with the use of an external magnetic field
[35]. Furthermore, creating core-shell type structures with silica
Fe3;0,4@Si0; provides a good basis for further functionalisation thus
for obtaining a material with wide applicability and selectivity [36-
38]. There are known plenty of Fe;0,@Si0, modified structures for
heavy metal ions adsorption, however, the search for new and selec-
tive composites is still topical [39-41]. So far, there is lack of knowl-
edge about crown ethers usage as surface nanocomposites
modifiers. Qin et al. designed and synthesised silica gel bound di
(aminobenzo)-18-crown-6(SGN18) for zirconium and hafnium
adsorption [42]. Aza-crown ethers and derivatives in their heyday
were widely used as complexation agents of metal ions in wide
range of applications [43,44]. One of the well-known and widely
used agent as a metal ions complexation was 1.4,7,10-
tetraazacyclododecane [45-49].

In view of the fact that previously the authors used Fe;0,@5i0,
nanoparticles containing nitrogen atoms in the outer chain as
heavy metal ion adsorbent [50,51], they now decided to combine
the excellent ~ complexing properties of  14,7,10-
tetraazacyclododecane and the possibility of pollutants magnetic
isolation. In this work, magnetic core-shell nanoparticles function-
alised with 1,4,7,10-tetraazacyclododecane Fe304@Si0O,-cyclen
were designed, synthesised and used as heavy metal Cd**, Pb?",
and Cd?* ions adsorbent for the first time. The newly obtained
nanomaterial was characterised at every stage of synthesis using
SEM, FT-IR, pXRD and (XPS) methods. Furthermore, the ions bind-
ing kinetics studies was performed and the binding capacity of
nanoparticles was investigated using the differential pulse anodic
stripping voltammetry (DPASV) method coupled with hanging
mercury drop electrode (HDM) electrode. It is worth mentioning
that the application of electrochemical detection skips conven-
tional techniques’ limitations in heavy metal detection and offers
the same sensitivity with a lower cost, less complex operational
procedures and fast on-site detection [52].

2. Experimental
2.1. Reagents

All analytical grade reagents were purchased from the indicated
suppliers and used without further purification. All inorganic salts
— ferric chloride hexahydrate (FeCl3.6H;0), ferrous chloride
tetrahydrate (FeCl,-4H,0), potassium chloride KCl (99.9%), cad-
mium nitrate tetrahydrate Cd(NO3),-4H,0 (99.9%), lead nitrate Pb
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(NO3)2, and copper nitrate trihydrate Cu(NO3)2-3H20 (99.9%) -
were purchased from POCh (Poland). The organic solvents, ammo-
nia (25%), tetraethylorthosilicate (98%) (TEOS), triethoxy(3-isocya
natopropyl)silane were purchased from Sigma-Aldrich (Poland).
1,4,7,10-tetraazacyclododecane was bought from Strem Chemicals.
Aqueous solutions were prepared using ultra-pure deionised
water.

2.2. Synthesis of core-shell Fe30,@Si05-cyclen nanostructures

New functionalised nanocomposites were obtained in the
three-steps synthesis process (see Fig.1). In the first stage, a mag-
netic Fe;04 core was received by the co-precipitation method.
The mixture of Fe?*(FeCl,-4H,0) and Fe** (FeCls-6H,0) in aqueous
solution using a three-neck flask was stirred under nitrogen condi-
tions. Then the 25% ammonia solution was dripped into the reac-
tion until the pH reached 11. Then the reaction mixture was
heated to 60 °C for 3 h to complete precipitation of the magnetite.
The obtained nanoparticles were separated by a magnet and
washed with distilled water several times.

The second stage of the synthesis involved the nanomagnetite
coating with silica forming Fe30,@Si0,, which was used for further
modification. 16 g of Fe;04 nanoparticles obtained in the previous
stage was dispersed in a mixture of 240 mL EtOH and 60 mL H,0.
Then 3 mL of TEOS was added into reaction and the reaction was
heated overnight to 50 °C. After this time, the obtained nanoparti-
cles were magnetically collected and washed with distilled water
several times.

In next stage of synthesis it was necessary to synthesise a mod-
ifier of the obtained nanoparticles Fe;04@Si0, due to the fact that
the silane derivatives containing 1,4,7,10-tetraazacyclododecane
are not a commercially available.

The reaction of 1,4,7,10-tetraazacyclododecane with triethoxy(
3-isocyanatopropyl)silane was performed according to the modi-
fied procedure described previously [53] to obtain N-(3-(triethoxy
silyl)propyl)-1,4,7,10-tetraazacyclododecane-1-carboxamide.

To the solution of 1,4,7,10-tetraazacyclododecane (4.179 g,
24,256 mmol) dissolved in 200 mL dichloromethane 6 mL of
triethoxy(3-isocyanatopropyl)silane (24,256 mmol) was dropwise
added and the reaction was carried out overnight at 40 °C under
a reflux condenser. Then the solvent was evaporated under
reduced pressure. The obtained colourless oil was dried in a vac-
uum desiccator over P,Os to obtain 2.159 g of colourless solid with
a yield of 21.33%.

MALDI-TOF MS: mjz 419,29 [M + H]', (MW = 420.31).

IR (KBr) (ecm™'): 3291, 2972, 2926, 2886, 2735, 1627, 1536,
1478, 1444, 1391, 1365, 1254, 1189, 1165, 1103, 1078, 955, 784.

"H NMR (CDCls): 0.538-0.572 (t, 2H, (CH3-CH;)3Si0-CH-CH,-
CH,-HN-, |, = 7 Hz; J; = 100Hz; J, = 8,5 Hz); 1.135-1.165 (dt,
9H, (CH5-CH;);Si0-CH,-CH,-CH-HN-, J; = 1 Hz; J; = 1,5Hz;
Iy = J» = 7.0 Hz); 1.479-1.623 (m, 2H, (CHs-CH,);Si0-CH,-CHa-
CH,-HN-); 2.564-3.652 (m, 18H, (CH3-CH;)3Si0-CH,-CH,-CHy-
HN- -H-CH,-CH5-N-,); 3.734-3.754 (q, 6H, (CH3-CHa);SiO-CHa-
CHy-CHp-HN-, J; = 3 Hz; J; = 4 Hz; J5 = J4 = 3.0 Hz);

The third stage consisted of Fe304@Si0, modification to obtain
Fe30,@Si0,-cyclen. 1.593 g of Fe;04@Si0, was added to a solution
of (3.324 g, 7,928 mmol) N-(3-(triethoxysilyl)propyl)-1.,4,7,10-tet
raazacyclododecane-1-carboxamide dissolved in 150 mL toluene,
Then the reaction mixture was stirred for 12 h at 120 °C. After cool-
ing to room temperature the obtained product was magnetically
collected and washed several times with toluene and then with
methanol. The resulting product was air-dried.
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Fig. 1. Scheme of a) nanoparticles modifier N-(3-(triethoxysilyl)propyl)-1,4,7,10-tetraazacyclododecane-1-carboxamide and b) functionalised Fe;0,@SiO>-cyclen nanocom-

posite synthesis.

2.3. The Cd?*, Pb’* and Cu?* ions removal experiments from aqueous
solutions by Fe;0,@Si0»-cyclen binding

The removal experiments of Cd**, Pb?* and Cu?" ions from aque-
ous solutions were performed by titration with Fe304@Si0O,-cyclen
nanoparticles. The ions-binding abilities of Fe;04@Si0O,-cyclen
were studied in the solutions containing both individual ion or
the mixture of Cd®*, Pb?>* and Cu?* ions in concentration level
4.5-107% M. Before starting (DPASY) measurement a 0.25 mg of
Fe30,@Si0,- cyclen nanoparticles was added into ion solution at
each titration step and then mixed for 20 min All measurements
were performed in 0.5 M KCI pH 6.00.

2.4. Methods

Fourier Transform Infrared Spectroscopy (FT-IR) spectra were
obtained were recorded on a Perkin Elmer Spectrum™ 3 FT-IR spec-
trometer with the KBr pellet technique.

Maldi-Tof mass spectra was performed on autoflex maX
Brucker using o-cyano-4-hydroxycinnamic acid (CCA) as a matrix.

'H NMR spectra were recorded in CDCl; on a Bruker Advance Il
500 MHz, where tetramethylsilane (TMS) was used as the internal
standard. The chemical shifts are reported in ppm, while the signal
patterns are given as follows: triplet (t), doublet of triplets (dt),
quartet (q) and multiplet (m).

The scanning electron microscopy (SEM) images were captured
with an FEI Quanta 250 FEG (ThermoFisher Scientific) microscope,
equipped with a Schottky field emission gun. The microscope was
operating at 20 kV accelerating voltage in high vacuum mode.

High-resolution X-ray Photoelectron Spectroscopy (XPS) analy-
sis was carried out using Escalab 250Xi multispectroscope (Ther-
moFisher Scientific). The spectroscope is equipped with an AlKo
x-ray source; the pass energy through the hemispherical analyser
was 20 eV, The measurement was assisted with low-energy elec-
tron and low-energy Ar* ion bombardment for charge compensa-
tion. The measurements were carried out in C 1 s, Fe 2p, Si 2p
and N 1 s core-level binding energy range, where the adventitious
C 1 s spectra (284.6 eV) was used for final peak calibration. Peak
deconvolution was performed using Avantage v5.9921 (Thermo-
Fisher Scientific).

The crystalline phases and crystallite size were determined by
room-temperature powder x-ray diffraction (pXRD). The pXRD
patterns were collected on D2 Phaser (Brucker) diffractometer,
using CuKx radiation (. = 1.54056 A) with a scanning angle 20 =
5-90° and a step size 0.01°. LeBail refinement of the pXRD pattern

was performed to determine the lattice parameters, using the DIF-
FRAC.SUITE TOPAS.

All differential pulse anodic stripping voltammetry (DPASV)
measurements were performed using an Autolab potentiostat/gal-
vanostat (PGSTAT-128N, Methrom), equipped with NOVA 2.1.4
software. Three electrode Teflon electrochemical cell was used in
all experiments to avoid metal ions sorption on the glass surface.
A Static Drop Mercury Electrode (SDME) 663 VA Stand Metrohm
was used as a working electrode. The reference electrode was
calomel electrode Hg|Hg>Clo|KClisarurareay and platinum wire (Pt)
were used as the counter electrode.

The detection of Cd®*, Pb?*, and Cd** by DPASV method was per-
formed using the following conditions: deposition time 90 s, depo-
sition potential -0.9 V, modulation amplitude 0.05 V, modulation
time 0.07 s, interval time 1.85 s, and step potential 0.003 V. The
simultaneous Cd®*, Pb?*, and Cd®* ions was performed in a poten-
tial range of —0.8 V to —0.04 V, while the individual detection of
ions was performed in potential range of —~0.8 V to —0.5 V, 0.6
Vto 0.3 Vand 0.4 V to —0.04 V for Cd?*, Pb**, Cu®" detection,
respectively.

The metal ions solutions were prepared in the supporting elec-
trolyte, which was potassium chloride KCl 0.5 M, pH 6.0. The Fes-
04@Si0,-cyclen nanoparticles suspension in supporting electrolyte
solution before each measurement was freshly prepared by using
ultrasonic bath for 30 min.

3. Results and discussion
3.1. XPS and SEM analysis

The high-resolution XPS analysis was performed to evaluate the
efficiency of consecutive Fe;0, nanoparticles functionalisation
steps. The XPS spectra of each studied sample are presented in
Fig. 2.

Fig. 2A shows iron chemistry. The spectra obtained for the Fe30,4
sample may be deconvoluted into two Fe 2p;); features, peaking at
708.6 and 710.8 eV, which is characteristic of Fe?* and Fe®* in
Fes04, respectively [54]. The calculated Fe?*:Fe** ratio is 2:1.
Importantly, upon the formation of Fe;0,@Si0O, core-shell struc-
ture, the peak position as well as the Fe®":Fe** ratio remains
unchanged, testifying to unchanged iron chemistry and structure
within the nanoparticles. Nevertheless, the Fe 2p spectra intensity
weakens upon the NP coverage with an Si0; shell, and eventually
becomes indistinguishable for Fes04@Si0,-cyclen, due to the lim-
ited depth of the XPS signal origin (approx. 3-5 nm).
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Fig. 2. High-resolution XPS analysis of the studied Fe;04, Fe304@Si0, and Fe;04@Si0,- cyclen samples in the binding energy range of: A) Fe 2p, B) Si 2p and C) N 1 s peak with
spectral deconvolution. D) SEM micrographs of studied materials. The scale bar marks 100 nm.

The Si 2p spectra shows more complex character, with not less
than three deconvolution peak doublets to be distinguished in
Fig. 2B. The characteristic component at 103.2 eV is attributed to
SiO, while the second, smaller component negatively shifted at
0.9 eV may correspond to Si-OH bonds [55]. The third, notable
component with Si 2ps;; at 99.8 eV may have multiple origins,
including Si-Fe bonds [56] or even Si-C bonds [57]. Adventitious
carbon contribution in Fe;0,@SiO, NP powder is a relevant source

pyl)-1,4,7,10-tetraazacyclododecane-1-carboxamide the share of
99.8 eV feature rises by 35%. This modification is assisted with
two time decreases of the SiO, share, again due to the restricted
depth of the XPS analysis. The detailed information are presented
in Table 1.

While the N-(3-(triethoxysilyl)propyl)-1,4,7,10-tetraazacyclodo
decane-1-carboxamide compounds do not introduce C 1 s features
that can be easily differentiated from the surface-adsorbed

for Si-C. After further modification with N-(3-(triethoxysilyl)pro adventitious carbon under air exposure, the successful
Table 1
The chemical composition (in at.%) using XPS analysis by peak deconvolution.
Sample Fe 2p Si 2p Nils
Fe?* Fe?* Si0, Si-OH Si-(Fe/C) NH-C NC=0
BE [ eV 708.6 7108 103.2 1023 99.8 399.3 400.6
Fe304 67.1 329 - - - - -
Fe304@Si0, 13 0.6 40.2 6.9 50.0 - -
Fe,04@Si0,-cyclen - - 16.4 9.7 67.4 4.8 1.7
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Fe30,@Si0,-cyclen synthesis may be confirmed tracking N 1 s
spectral shape. As seen in Fig. 2C this peak was deconvoluted using
two separate components. The first, and more notable, at 399.3 eV
is characteristic of NH-C bonds [58], while the latter, at 400.6 eV,
was assigned to NC = O [59].

The morphology of each studied nanomaterial was revealed by
SEM micrographs as seen in Fig. 2D. The size of the Fe;04 nanopar-
ticles is below 20 nm, thus making it impossible for accurate esti-
mation. Such small particle size is reported as sufficient to achieve
superparamagnetism in Fe304 NPs [60]. Further encapsulation in
SiO; by TEQS allows for full NP contours to be recognised and
increasing the average size to approx. 34 + 5 nm. This result sug-
gests the SiO, thickness to exceed 5 nm, testifying for nearly the
entire removal of the high resolution Fe 2p signal. The final func-
tionalisation notably enlarges the Fe;0,@Si0,-cyclen dimensions,
which now reach 50 to as much as 100 nm. The less regular size
introduced by Sil- Prop- cyclen is the probable explanation behind
a significant share of Si still to be recognised by XPS.

3.2. pXRD analysis

The pXRD analysis was used to investigate the crystallinity nat-
ure, and size of crystallites of bare Fe;04 nanoparticles and after
each functionalisation steps. The XRD patterns of a) bare Fe30a,
b) silica-coated Fe304@SiO5,and ¢) functionalised Fe3;0,@Si05-
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Fig. 3. Powder x-ray diffraction pattern (pXRD) (red points) together with the
LeBail refinement profile (solid black line) for a) bare Fes0y, b) silica coated Fes-
0,@5i0; and c) functionalized Fe;0,@Si0,-cyclen. The green vertical bars indicate
the expected Bragg peak positions for Fe;0, (JCPDS card PDF 00-065-0731).
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cyclen nanoparticles together with the LeBail refinement (solid
red line) are presented in Fig. 3. A difference plot (between exper-
imental and fitted data) and the Bragg positions are also shown in
Fig. 3.

Our pXRD analysis confirms that for each studied sample all the
diffraction peaks correspond to the cubic crystal structure (space
group Fd-3 m, no. 227). Estimated lattice parameters for the
Fe;04 phase do not differ much and are a = 8.329(1) A for bare
Fes04, a = 8.3521(6) A for Fe;04@Si0,, and a = 8.3462(6) A for Fes-
04@5i0,-cyclen nanoparticles. The average crystallite size of the
Fe;04 phase was estimated from the Scherrer formula based on
the line broadening at half the maximum intensity of the reflection
(220). The estimated crystallite sizes are 14, 19 and 18 nm for
Fe304, Fe304@Si0,, and Fe304@Si0,-cyclen samples, respectively.
The obtained results are in agreement with SEM micrographs.

3.3. FT-IR spectroscopy analysis

FT-IR analysis was performed to identify the appropriate func-
tional groups present in the Fe;0, nanoparticles at each function-
alisation steps.

The Fe;04 spectrum (Fig. 4 a) shows strong stretching vibration
Fe-0 band at 576 cm~"! typical for iron oxide [61]. Also observed
was the reduction in the Fe-Q band intensity for coated nanopar-
ticles with silica and functional group. The band intensity decrease
confirms the success in the surface functionalisation process [50].
After silica coating of nanomagnetite the intense Si-O band
appeared at 1077 cm ™. It is associated with stretching vibrations
of Si-0-Si and O-Si-O on the surface of the magnetic core at
968 cm ' and 1077 cm ', respectively [62,63]. The broad strong
band at 3433 cm~! is related to the overlapping of O-H stretching
bond, which proves hydroxyl groups formation on the magnetite
surface [64]. Fig. 4 b blue line shows spectra for nanoparticles
modifier N-(3-(triethoxysilyl)propyl)-1,4,7,10-tetraazacyclodode
cane-1-carboxamide for comparison. A 780 cm ' weak band and
a two headed band about 1536 cm ' and 1624 cm ™! characteristic
for N-H vibrations are observed. Furthermore, there are bands that
appeared at 1359 cm ' and about 2900 cm ! corresponding to C-N
and N-H stretching vibrations, respectively. The same characteris-
tic bands for the spectrum for the functionalised nanoparticles Fes-
0,4@Si0,-cyclen (Fig. 4 b orange line) are observed, which proves
the success of the nanomaterials synthesis process. In addition,
there is a bandwidth extension at 3283 ¢cm~' which probably cor-
responds to overlapping O-H and N-H bands. On the basis of SEM,
XPS and FT-IR analysis it can be concluded that the functionalised
core-shell nanoparticles formation was conducted successfully.

3.4. Electrochemical analysis

In this work, the independent and simultaneous determination
of Cd?*, Pb?* and Cu?* ions was performed under optimised exper-
imental conditions using the DPASV method and HDM electrode.
1,4,7,10-tetraazacyclododecane functionalised magnetite nanopar-
ticles Fe;04@SiO,-cyclen were investigated as a new heavy metal
ions adsorbent. To examine the ions-binding abilities of Fe;0,@-
Si0;-cyclen, a series of measurements were performed in the solu-
tions containing Cd**, Pb®** and Cu®' ions in concentration level
4.5:107% M. All electrochemical experiments were performed in
0.5 M KCI pH 6.00. The pH was adjusted to avoid the formation
of other metal ion species, mainly hydroxides, in the solution aside
from the free ion [65-67]. The selection of pH and an influence od
electrolyte was previously described by the authors in review
paper [68]. There was three well-defined peaks observed at anodic
stripping voltammograms at -0.65 V, -0.44 V and -0.20 V confirm-
ing the presence of Cd®*, Pb%** and Cu?®* ion, respectively. Current
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Fig. 4. FT-IR spectra for a) bare Fe;0,, silica coated Fe30,@Si0; and b) functionalised Fe40,@Si0,-cyclen nanoparticles, modifier silane N-(3-(triethoxysilyl)propyl}-1,4,7,10-

tetraazacyclododecane-1-carboxamide (Sil-Prop-cyclen).

intensities were multiplied by the dilution factor expressed by the
equation (1):

7V0+V5 R
v, (1)

where Vj is initial volume and V; is the volume of added
nanoparticles suspension in a particular portion.

DF

3.4.1. Cd**, Pb**, Cu®* ions binding by Fe;0.4@Si0-cyclen - kinetics
examination

First, kinetic studies were performed to determine the effectual
time to establish the equilibrium in the solution after adding the
nanoparticles portion. All voltammograms were recorded immedi-
ately after adding 1 mg of Fe;0,@Si0,-cyclen nanoparticles to the
ion solution and after every 5 min of having mixed the solution. In
the graph is shown the actual time that the nanoparticles stayed in
the solution due to the length of the DPASV measurement (Fig. 5).

After adding one portion of nanoparticles to the ion solution, a
decrease in the peak intensity in the case of only the Cu®* ion was
observed. It can be stated that the addition 1 mg of nanoparticles

does not affect Cd**and Pb?* ions binding. It can be assumed that
the slight peaks intensity changes are within the limit of the mea-
surement error. On the basis of the experiment it can be concluded
that the equilibrium in the solution is established no more than
15 min after adding the portion of nanoparticles. A different phe-
nomenon is observed in the case of an experiment in independent
Cd?*, Pb>* and Cu?" ion solutions (Figure S1. in the Supporting Infor-
mation file). In such a case, one observes a decrease in the peaks
intensity over time for both the Cd?* and Cu®* ion after adding
0.5 mg Fes04@Si0,-cyclen mnanoparticles. Functionalised
nanomagnetite show no tendency to Pb** ions binding and it is cer-
tainly not influenced by the time of their presence in the solution. It
can be assumed that in the case of Cd** and Cu?" ions the equilibrium
in the solution is established after about 50 min after adding the
nanoparticles. After analysing the kinetics of ion binding by Fe;0,4@-
Si0;- cyclen nanoparticles, both in individual ion solutions and
simultaneous analysis, it was found that the optimal time for adding
the nanoparticles portion to the solution to the measurement is
20 min after mixing. Also, the conducted kinetics experiment sug-
gests that the ion binding level may be influenced by the amount

0.7 {- = - KCI0.5M pH = 6.00 0z
—— Cd*, Pb?, Cu* 4.5x1G°M o
0.6 4 Fe;0,@si0,-cyclen 1 mg 0.6 \ 9
15 min " 5 —
0.5 4 0.5
0.4 4 0.4
< ’ o o
< % S PSR
- 0.34 = 0.3
0.24
021 9 -@- Cd?** peak intensity
0.1 -@- Pb* peak intensity
0.1 ~-@- Cu® peak intensity
0.0 futmae - - - - - GEEEER —Qo————0 CJ
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Fig. 5. Simultaneous differential pulse anodic stripping voltammograms for examination of kinetics Cd**, Pb** and Cu®* (4.5-10~°M) ions binding - changes of peak intensities

over time after addition of 1 mg Fe;04@Si0,-cyclen nanoparticles.
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of added nanoparticles. Consequently, the observed dependencies
lead to the study of the Fe;0,@SiO,- cyclen nanoparticles binding
capacity by titration of the Cd?*, Pb?* and Cu?* ions solution.

3.4.2. Determination of Fe;0,@Si0,-cyclen binding ability in Cd**, Pb**
and Cu?* ions solutions

In order to determine the ion Cd?*, Pb>* and Cu?®* binding capac-
ity of Fe30,@SiO,- cyclen nanoparticles, both in individual solu-
tions and in the mixture, titration with nanoparticles was
performed. Used as the measurement analytical method was a

Journal of Molecular Liquids 368 (2022) 120710

two-stage DPASV analysis involving pre-concentration and metal
ions stripping. In the first stage, the negative potential of -0.9 V
was applied to Cd?*, Pb?>* and Cu®* ions electrodeposition on the
working electrode. Subsequently, the faradic current obtained by
oxidation was recorded during the potential sweep toward the
positive potential direction from —0.8 V to —0.5 V, from —0.6 V
to —0.3 V, from —0.4 V to —0.04 V and from —0.8 V to 0.0 V, for
Cd**, Pb?*, Cu®* and simultaneous ions detection, respectively. A
0.25 mg portion of Fe;04@SiO,- cyclen nanoparticles was added
into ion solution at each titration step and mixed for 20 min before
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Fig. 6. Individual differential pulse anodic stripping voltammograms and calculated sorption efficiency for a) Cd?*, b) Pb** and c¢) Cu* ions binding by Fe;0,@Si0,-cyclen

nanoparticles.
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starting the DPASV measurement. The mixing time was deter-
mined by the equilibrium establishment experiment in time. Peaks
intensity changes during the addition of further nanoparticles por-
tions were recalculated into sorption efficiency Ry (%) at every
measuring step based on the formula (2) [69]:

Ry = S5 100y, @)
Co

where Cy (mg/L) is initial ion Me®* concentration in the solution,
Cr (Ce) (mg/L) is the final ion concentration remaining in the solu-
tion [69].

Fig. 6 shows an individual €d®*, Pb** and Cu®" ions titration
using Fe304@Si0,- cyclen nanoparticles in portion of 0.25 mg
added in every titration step. Fig. 6a) shows Cd®* ions binding
capacity. While adding successive nanoparticles portions, the peak
intensity decreases, thus the sorption efficiency increases. After
adding about 2-2.5 mg of nanoparticles, the equilibrium is estab-
lished and the next portions do not affect the peak intensity reduc-
tion. The sorption effectiveness reaches about 90% and remains at
this level despite nanoparticles excess. A very similar phenomenon
was observed during the titration of the Pb?* jon (Fig. 6b). Initially,
the peak intensity decreases with each subsequent Fe304@SiO,-
cyclen portion so that after the addition of about 2-2.5 mg of
nanoparticles, it reaches equilibrium. The titration ending deter-
mines the Pb** ion sorption efficiency at a level of 73%. The Fes-
04@Si0»- cyclen nanoparticles behaviour was very different in
the Cu?* solution. Similar as in the case of Cd®* and Pb?"* ions titra-
tions, a decrease in peak intensity during titration was observed.
However, a much smaller amount of nanoparticles was needed
to establish equilibrium in the solution. An equilibrium establish-
ing was observed after the addition of about 1 mg of nanoparticles.
The addition of excess nanoparticles did not increase the sorption
efficiency, and its level reached about 89%.

Afterwards, to compare, all three ions were titrated simultane-
ously by Fe;0,@Si0,- cyclen nanoparticles starting with 0.25 mg
for the first portion and 0.5 mg in the final steps (Fig. 7).

In the initial titration steps, only a decrease in the intensity of the
Cu?* peak was observed. After adding about 1-1.5 mg of nanoparti-
cles, the percentage of Cu?* binding remained unchanged at a level of
83%. Then, after the Cu®* binding equilibrium establishing, changes
in the intensity of the Cd?* and Pb?* peaks were observed, As more
Fe;04@5i0- cyclen portions are added, the intensity of the Cd**
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Table 2
Sorption efficiency parameters for individual and simultaneous Cd?*, Pb®*and Cu®*
ions binding by Fe;0,@Si0,- cyclen nanoparticles.

Individual Simultaneous
R‘l R’S

cd* 89.55% 88.37%

Ph** 73.20% 78.85%

Cu? 88.75% 83.08%

and Pb?* peaks was reduced and the binding efficiency increased.
The Pb** binding equilibrium was established after adding about
3-3.5 mg of nanoparticles to the ions solution and the sorption effi-
ciency reached 79%. As the last equilibrium was Cd?* binding estab-
lished after the addition stage of ion binding remains at a
comparable level, however, it requires different amount of
nanoparticles.

The exact calculated sorption efficiency parameters for individ-
ual (from Fig. 6) and simultaneous (from Fig. 7) is presented in
Table 2. The sorption efficiency Ry calculated on the basis of the
conducted DPASV experiments show that for Cd®* this ion was
detected at similar levels of 89-88% regardless as an individual
ion in solution or in a mixture of studied ions. In the case of
Pb?*, the sorption level was higher for the simultaneous solution,
while for Cu®" sorption value was higher in the single-
component. Nevertheless, the sorption efficiency are at very high
levels for all analysed solutions, which confirms high efficiency
of ions binding by Fe;0,@Si0;-cyclen nanoparticles.

3.4.3. Magnetic separation of adsorbed Cd**, Pb** and Cu®*

Finally, the separation effectiveness of nanoparticles with
adsorbed heavy metal ions by external magnetic field was investi-
gated. First, the necessary amount of nanoparticles to bind Cd?",
Pb?*, Cu* ions solution was added to them. After that, the reduc-
tion in the metal ions peaks intensity at the DPAS voltammograms
was observed (from blue line to yellow line). Then the nanoparti-
cles contained in the solution were isolated with the use of a mag-
net and the solution was separated and subjected to DPASV
measurement. The obtained voltammogram, apart from slightly
negatively shifted potentials, shows no deviation from that
obtained directly after the adsorption process. This phenomenon
indicates the separation of all bound ions along with the nanopar-
ticles from the solution (Fig. 8).
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Fig. 7. Simultaneous differential pulse anodic stripping voltammograms and calculated sorption efficiency for Cd**, Pb®*, Cu®* ions binding by Fe;0,@Si0;-cyclen

nanoparticles.
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Fig. 8. a) Scheme of magnetic Me?* ions binding and magnetic separation experiment. lon binding model by aza-crown based on Subat et al. [46]. b) Simultaneous differential
pulse anodic stripping voltammograms: of Cd®", Pb?*, Cu?* ions (blue line), after adsorption by 7 mg Fe;04@SiO,-cyclen nanoparticles (yellow line) and after magnetic

isolation nanoparticles with adsorbed ions (green line).

4. Conclusions

In this work, new core-shell nanostructures were synthesised
containing a magnetic Fe;0,4 core and silane shell functionalised
with 1,4,7,10-tetraazacyclododecane were synthesised and charac-
terised and their binding capacity was investigated. The results of
nanomaterial characteristics using SEM, XPS, pXRD and FT-IR con-
firmed the success of the three-stage synthesis process.

Moreover, Fe;04@SiO,- cyclen nanoparticles binding kinetics
and the sorption efficiency of Cd?*, Pb** and Cu®* was investigated
both in individual ions solutions and in an ions mixture. Electro-
chemical studies proved that nanoparticles can be effectively used
as adsorbents in environment heavy metal ions pollution
management, which can be easily collected using an external mag-
netic field.

The research showed that nanoparticles have a binding ten-
dency to all selected ions Cd?*, Pb>* and Cu?* in their individual
solutions and their sorption efficiency remains at 90%, 73% and
89%, respectively. It is worth mentioning that the smallest amount
of nanoparticles was needed to bind the Cu?*. Simultaneous Cd?*,
Pb?* and Cu?* determination also indicates the ability of Fe;0,@-
Si0,-cyclen to bind of all ions. However, a clear order of ion bind-
ing was observed in the mixture during the addition of further
nanoparticles portions. First, Cu?>* ions were bound, then Pb%*
and Cd?* the sorption efficiency remains at 83%, 79% and 88% level,
respectively. This phenomenon can be explained by the complexa-
tion constants value of these ions by 1,4,7,10-tetraazacyclodode
cane. The fastest Cu?>* binding can be explained by the highest
value of the complexation constant 23.9, 24.8 according to Antunes
et al. [48], whereas the complexation constants of Pb** and Cd**
are 15.9 and 14.3, respectively [48]. Additionally, the level of ion
binding depends on the amount of added nanoparticles. On this
basis, it can be concluded that the presence of cyclen functional
groups on the surface of nanoparticles gives them the ability to
bind ions. Furthermore, the Cd®*, Pb**, Cu?* ions adsorption and
magnetic separation experiment confirms the effectiveness of ion
binding and purification of water environments. On the basis of
this work, it can be assumed that the new nanomaterials based
on Fe;0,4 and functionalised with N-(3-(triethoxysilyl)propyl)-1,4,
7,10-tetraazacyclododecane-1-carboxamide can be successfully
used as a universal Cd**, Pb%*, Cu®* ions magnetic adsorbent.
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Figure S1. Individual differential pulse anodic stripping voltammograms for examination of
kinetics a) Cd*", b) Pb*" and ¢) Cu®* (4.5-10M) ions binding — changes of peak intensities over
time after addition of 0.5 mg Fe;O4@Si02-cyclen nanoparticles.
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Fig. 7. Simultaneous differential pulse anodic stripping voltammograms and calculated sorption efficiency
for Cd?*, Pb?*, Cu?* ions binding by Fes0,@SiO,-cyclen nanoparticles.
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Fig. 8. b) Simultaneous differential pulse anodic stripping voltammograms: of Cd?*, Pb?*, Cu?* ions (blue
line), after adsorption by 7 mg Fes0.@SiO2-cyclen nanoparticles (yellow line) and after magnetic isolation
nanoparticles with adsorbed ions (green line).
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Fig. 6. Individual differential pulse anodic stripping voltammograms and calculated sorption efficiency for
a) Cd?*, b) Pb?* and ¢) Cu?* ions binding by Fes04@SiO,-cyclen nanoparticles.
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Streszczenie: W ostatnich latach nanostruktury zyskaly duze znaczenie jako ad-
sorbenty jonéw metali. W prezentowanej pracy przedstawiono badania zdolnosci
wiazania nanoczastek typu rdzen - otoczka zawierajacych réing liczbg grup ami-
nowych w ltancuchu zewngtrznym Fe,0,@SiO,-N, wobec jonéw Cd*, Pb** oraz
Cu?*. Badania elektrochemiczne przeprowadzono z wykorzystaniem roznicowej
woltamperometrii pulsowej i kroplowej elektrody rteciowej metoda zat¢zania ana-
litu w kropli (DPASV - Differential Pulse Anodic Stripping Voltammetry). Przepro-
wadzone eksperymenty wskazuja na wysoka pojemnos¢ sorpcyjng nanostruktur.
Bardzo silne wigzania na poziomie > 94% wystgpuja pomigdzy Fe,0,@SiO,-N, -
Pb** (98%), Fe,0,@Si0,-N, - Cu®* (94%), Fe,0,@SiO,-N, - Pb** (98%) oraz
Fe,0,@Si0,-N, - Cu’* (95%). Wszystkie ze wskazanych rodzajow nanoczastek
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wykazujg stabe powinowactwo wobec jonéw Cd?**. Procent zwiazania jonéw kad-
mu waha si¢ w granicach od 10 do 39%. Natomiast zadnych oddziatywan nie za-
obserwowano pomigdzy strukturami Fe,O,@SiO,-N, a jonami Pb*". Na podstawie
otrzymanych wynikéw badan mozna dokltadnie okresli¢ selektywnos¢ nanoczastek
wobec badanych jonéw. Nanostruktury Fe,O,@SiO,-N, najsilniej wigzg jony Pb*,
natomiast Fe,O,@SiO,-N, - jony Cu’". Dobra pojemnos¢ jonowa uzytych nano-
struktur oraz mozliwos¢ ich separacji za pomoca zewnegtrznego pola magnetycz-
nego sprawia, ze moga by¢ one z powodzeniem wykorzystywane jako nowa klasa
nanoadsorbentéw do remediacji jonéw metali ciezkich ze srodowiska.

Stowa kluczowe: nanoczastki Fe,O,, amino funkcjonalizacja, usuwanie jonéw
Cd*, Pb*, Cu?*, DPASV

1. Wstep

Wraz z szybkim rozwojem gospodarki znacznie wzrosto zanieczyszczenie
srodowiska, co stalo si¢ globalnym problemem catego $wiata. Szczegdlnie
obserwowany jest wzrost obecnosci metali cigzkich w §rodowisku, genero-
wany przez procesy produkcyjne, takie jak: rafinacja, stosowanie nawozdéw
i pestycydow, produkeja baterii, garbarstwo, produkcja chemiczna czy tez
gérnictwo [1]. Skazenie Srodowiska metalami ci¢zkimi generuje powazne
obawy ze wzgledu na ich niska biodegradowalnos¢, tendencje do bioaku-
mulacji, mutagennos¢ i rakotworczos¢ [2, 3]. Ponadto jony kadmu, otowiu
i miedzi znajduja si¢ na liscie 129 priorytetowych zanieczyszczen (Priority
Pollutant List) Amerykanskiej Agencji Ochrony Srodowiska (United States
Environmental Protection Agency).

Wiele grup badawczych chemikéw i ekologéw na catym $wiecie poszu-
kuje metod analizy oraz usuwania zanieczyszczen jonami metali ciezkich ze
srodowiska. Najczesciej wykorzystywanymi metodami s3: wspotstracanie,
proces koagulacji, flotacji, filtracja membranowa, ekstrakeja cieczami jono-
wymi, wymiana jonowa, elektroliza czy procesy odwréconej osmozy [4-11].
Wszystkie one wykazuja pewne wady, takie jak: niska wydajno$¢ procesu,
zlozonos¢ analizy, wysoki koszt, a takze mozliwos¢ powstawania odpadéw
wtérnych. Dlatego tez coraz wiekszym zainteresowaniem cieszy sie za-
stosowanie nanoadsorbcji, gléwnie ze wzgledu na doskonate wiasciwosci
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nanoczastek, tj. duza powierzchnia wtasciwa oraz dobre wlasciwosci sorp-
cyjne. Maly rozmiar czastek powoduje rowniez trudnos¢ w oddzieleniu ich
od roztworéw, co ogranicza ich zastosowanie, np. w uzdatnianiu wody [12].
W zwiazku z tym przewage w tej dziedzinie zyskuja nanomaterialy o wta-
$ciwoéciach magnetycznych, ktére daja sie tatwo wyodrebnic za pomocg ze-
wnetrznego pola magnetycznego [13, 14].

W prezentowanej pracy przebadano seri¢ nanoczgstek magnetycznych
Fe,0,@SiO, funkcjonalizowanych fancuchami alkiloaminowymi réznig-
cymi sie liczba grup aminowych: Fe O,@SiO,-N,, Fe,O,@SiO-N, oraz
Fe O,@SiO,-N,. Powyzsze nanomaterialy wykorzystano do wiazania i usu-
wania jonéw metali cigzkich w postaci Cd*", Pb*" oraz Cu** z roztworéw
wodnych. Na podstawie wykonanych badan elektrochemicznych z wyko-
rzystaniem techniki réznicowej woltamperometrii pulsowej i kroplowej
elektrody rteciowej obliczono procent zwigzania jonéw w roztworze wod-
nym. Otrzymane wyniki pozwolity na poréwnanie powinowactwa analizo-
wanych nanoczastek do okreslonych jonow.

2. Materiaty i metody

2.1 Reagenty

Synteze oraz funkcjonalizacje nanoczastek przeprowadzono z wykorzy-
staniem nastepujacych odczynnikéw: szesciowodnego chlorku zelaza(III)
(FeCl,-6H,0) i tetrahydratu chlorku zelaza(II) (FeCl,-4H,0), amoniaku
(25%) (NH,), ortokrzemianu tetraetylu (98%) (TEOS), 3-(aminopropylo)
trietoksysilanu (APTES) (99%), N-(2-aminoetylo)-3-amino-propylotrime-
toksysilanu oraz N'-(3-trimetoksysililopropylo) dietylenotriaminy, firmy
Sigma-Aldrich (Polska). Natomiast uzyte rozpuszczalniki organiczne i sole
nieorganiczne: chlorek potasu KCl (99,9%), tetrahydrat azotanu(V) kadmu
Cd(NO,),-4H,0 (99,9%), azotan(V) otowiu Pb(NO,), oraz trzywodny azo-
tan(V) miedzi Cu(NO,),-3H,0 (99,9%) zakupiono w POCh (Polska).
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2.2. Synteza i charakterystyka nanomateriatow

Nanoczgstki magnetytu otrzymano metoda wspétstracania w warunkach
beztlenowych poprzez zmieszanie dwoch roztwordw zawierajacych jony
Fe’* i Fe' w stosunku molowym 1:2. Nastepnie przeprowadzono pro-
ces stragcania poprzez wkraplanie roztworu amoniaku, uzyskujac pH 11.
Na kolejnym etapie otrzymane nanoczastki powleczono krzemionka, wy-
korzystujgc metode Strobera, w etanolowym roztworze tetraetylokrzemia-
nu (TEOS). Ostatnim etapem syntezy byta funkcjonalizacja powierzchni
otrzymanych nanoczastek Fe O,@SiO, z wykorzystaniem nastepujacych
reagentow: 3-amino propylotrietoksysilanu (APTES), N-(2-aminoetylo)-
-3-aminopropylotrimetoksysilanu i N'-(3-trimetoksysililopropylo) die-
tylenotriaminy. Reakcje przeprowadzono w toluenie, otrzymujac serie
nanokompozytow z rézng liczba grup aminowych w taiicuchu zewnetrz-
nym, znajdujacych si¢ na powierzchni nanoczgstki: Fe,O,@SiO,-N,,
Fe,0,@Si0,- N, oraz Fe,0,@SiO,-N, (ryc. 1).

- NH, . T ~_ R NH,
¥ A B ' NH, - . N
S10; Si0;

Sio;

--¥4

Fe,0,@SiO0,-N, Fe,;0,@Si0,-N, Fe,0,@Si0,-N,

Ryc. 1. Schemat budowy otrzymanych nanostruktur typu Fe,0,@SiO,-N_

Nastepnie wykonano charakterystyke otrzymanego materiatu z wyko-
rzystaniem skaningowego mikroskopu elektronowego (SEM - Scanning
Electron Microscopy), transmisyjnego mikroskopu elektronowego (TEM -
Transmission Electron Microscopy), mikroskopu konfokalnego, spektrosko-
pii w podczerwieni (FT-IR - Fourier-Transform Infrared Spectroscopy) oraz
spektroskopii fotoelektronéw w zakresie promieniowania X (XPS - X-ray
Photoelectron Spectroscopy) [15].
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2.3. Pomiary elektrochemiczne

Pomiary elektrochemiczne przeprowadzono z zastosowaniem kroplowe;
elektrody rteciowej Metrohm 663 VA Stand zintegrowanej z potencjosta-
tem/galwanostatem Autolab PGSTAT-128 N, ktory kontrolowany byl przez
program NOVA 2.1.4. Trzyelektrodowy system pomiarowy zawieral sta-
tyczng elektrode rteciowa (SDME - Static Drop Mercury Electrode) uzyta
jako elektroda robocza, elektrode kalomelowa Hg|Hg,CL|KCl - jako
elektrode odniesienia oraz przeciwelektrode w postaci pretu z wegla szkli-
stego (GC - Glassy Carbon).

Pomiary elektrochemiczne wykonano z zastosowaniem réznicowej wol-
tamperometrii pulsowej (DPV - Differential Pulse Voltammetry). Detekcje
jonow przeprowadzono z wykorzystaniem metody zatgzania analitu w kro-
pli (ASV - Anodic Stripping Voltammetry) w zoptymalizowanych warun-
kach eksperymentalnych. Wszystkie pomiary przeprowadzono w naczynku
teflonowym w celu unikniecia adsorpcji jonow metali na powierzchni szkla.

Roztwory jonéw metali przygotowano w 0,5 M KCl o pH 6,5, uzytym
jako elektrolit podstawowy. W celu zbadania zdolnosci wigzania jonow
przez nanoczastki Fe.O,@SiO,-N , Fe O,@SiO-N, i Fe,0,@5i0,-N, wy-
konano serie pomiaréw w roztworze zawierajacym jony Cd**, Pb*" oraz
Cu?* o stezeniu 4,5 uM. Wszystkie eksperymenty elektrochemiczne prze-
prowadzono w roztworze elektrolitu podstawowego 0,5 M KCl o pH 6,5.
Nawazke nanoczastek przygotowano przez dyspersje w kapieli ultradzwig-
kowej w elektrolicie podstawowym przez 30 minut przed kazdym pomia-
rem. Po kazdej porcji nanoczastek dodanej do celki pomiarowej po uplywie
5 minut rejestrowano pomiar elektrochemiczny. Na uzyskanych wolta-
mogramach uwidocznily sie dobrze zdefiniowane piki przy potencjatach
0,63V, -0,42 V i 0,17 V, ktére przypisano odpowiednio jonom Cd*, Pb*
i Cu®. Nastepnie wysoko$¢ pikow zostata przeliczona na procent zwigzania
danego jonu.
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3. Wyniki i dyskusja

3.1. Charakterystyka nanomateriatow

* Fe 0,@SiO,-Ny

Ryc. 2. Fotografie z mikroskopu konfokalnego dla nanoczastek Fe,0,@SiO.-N,,
Fe,0,@Si0,-N, oraz Fe,0,@SiO-N,

W celu charakterystyki morfologicznej otrzymanych materialow wykona-
no fotografie za pomoca mikroskopu konfokalnego (ryc. 2), natomiast zdjecia
SEM oraz TEM zamieszczono w pracy [15]. Otrzymane wyniki pozwalaja na
stwierdzenie, ze badane nanostruktury sa materialem wysoce jednorodnym
w swoim ksztalcie oraz rozmiarze. Wszystkie nanostruktury obserwowano
w zaglomeryzowanym stanie, ze wzgledu na ich naturalng sklonnos$¢ wyni-
kajaca z magnetycznego charakteru. Na podstawie otrzymanych zdje¢ okres-
lono sferyczny ksztalt nanoczastek oraz rozmiar zawierajacy sie w zakresie
od 30 do 50 nm. Dodatkowo na podstawie fotografii TEM mozna rozréznic
obecnos¢ magnetycznego rdzenia oraz krzemionkowej otoczki w strukturze
nanoczastek. Na tej podstawie otrzymane materialy mozna zakwalifikowa¢
do grupy nanoczastek typu rdzen-otoczka (z ang. core-shell).

Obecnos¢ charakterystycznych pasm na widmach FT-IR pozwolita na
potwierdzenie obecnosci grup funkcyjnych na powierzchni otrzymanych
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struktur, co dowodzi ich poprawnej funkcjonalizacji w procesie synte-
zy [15].

Dokladny opis wykorzystywanych narzedzi, metod i wynikoéw doty-
czacych syntezy oraz charakterystyki nanomaterialéw magnetycznych
Fe 0 @SiO,-N , Fe,0,@SiO,-N,, Fe,0,@Si0O,-N, umieszczono w innej pra-
cy autoréw pt. ,,Simultaneous voltammetric determination of Cd*, Pb*,
and Cu®" ions captured by Fe,O,@SiO, core-shell nanostructures of various
outer amino chain length” [15].

3.2. Badanie zdolnosci wigzania jonow metali przez
sfunkcjonalizowane nanoczastki magnetyczne

Jednoczesne woltamperometryczne oznaczanie jonéw Cd*', Pb** oraz Cu®*
zwiazane przez nanostruktury typu rdzen-otoczka Fe,O,@SiO,-N o rozne;
liczbie grup aminowych w fancuchu zewnetrznym zostalo opisane wczes-
niej [15]. W prezentowanej pracy przedstawiono wyniki oznaczenia wyzej
wymienionych jonéw w indywidualnych roztworach z wykorzystaniem tej
samej serii nanoczastek.

W celu weryfikacji wptywu grup funkcyjnych obecnych na powierzch-
ni nanoczastek Fe O, na wigzanie jonow przeprowadzono miareczkowanie
mieszaniny jonow za pomocg niezmodyfikowanych nanoczastek magnetytu
(ryc. 3). Na przedstawionych woltamogramach intensywnosci pikéw pozo-
stajg o stalej intensywnos$ci mimo dodawania kolejnych porcji nanoczgstek,
co wskazuje na brak powinowactwa Fe,O, do badanych jonow.

Na ryc. 4 przedstawiono woltamogramy otrzymane dla miareczko-
wania roztworéw zawierajacych odpowiednio jony Cd**, Pb** i Cu* za
pomoca nanoczastek z jedna grupg aminowg w faricuchu zewnetrznym
Fe,0,@SiO,-N,. Warto zauwazyc, ze po dodaniu kolejnych porcji nano-
czastek obserwowano spadek intensywnosci pikéw jonéw metali az do
ustalenia stanu réwnowagi. Najsilniejsze oddzialywanie zaobserwowano
w przypadku wiazania jonow Pb**. Okoto 4 mg nanoczgstek Fe,0,@SiO -N,
wystarczyto na niemal 100% zwigzanie jonow Pb** w badanej prébce (ryc. 4B).
Nieco stabsze wigzanie obserwowano w parze Fe,0,@SiO,-N - Cu*. W tym
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przypadku okoto 6 mg nanoczastek jest w stanie zwigza¢ do 95% jonéw Cu**
zroztworu (ryc. 4C). Najnizsze powinowactwo nanoczastek Fe O ,@SiO -N,
zanotowano wobec jonéw Cd*". Powyzszy wniosek sformutowano na pod-
stawie wyniku eksperymentu, dodajac do prébki az 25 mg nanoczastek, po
czym nadal nie uzyskano wygaszenia badanego piku jonu metalu (ryc. 4A).

—— KC10.5M pH=6.5 0.24] ) °
0.25 —— Cd¥, Pb¥, Cu™* 2x10*M PO g
 Feo, 022] @ goce
a | ——033mg ]
0.20 0.66mg 0.20
—0.99mg 0.18 4
g.0415_ ——— 1.32mg !015
1.65mg i s ceccehar ccsoe
3 1 90 2 g iguge =iy
0.10 —2.3Img ’
——2.64mg 0.124
-@-1Cd¥|
0.05 0.10 - &Pt
0.08 -@-1Cu®
0.00 sioi ] 0’_‘“0__0_-@.,-0—-'--0-—-0
07 06 05 04 03 02 01 0 1 2 3
E/V vs. Hg / Hg,Cl, m Fe,0,/ mg

Ryc. 3. Woltamogram oraz wykres zaleznosci intensywnosci piku jonu Cd?**, Pb?*
oraz Cu’* od masy dodanych nanoczastek Fe,O,

Nastepnie przeprowadzono eksperymenty w celu oceny zdolnosci
wigzania nanoczastek zawierajacych dwie grupy aminowe w tancuchu ze-
wnetrznym Fe O,@SiO,-N, (ryc. 5). Uzyskane wyniki pomiarowe pozwa-
lajg na stwierdzenie, ze w przypadku badania jonéw Pb** obserwowano
catkowity zanik piku, co wskazuje na silne ich wiazanie. Okolo 9 mg nano-
czastek wiaze niemal calg zawartos¢ jonow w roztworze (ryc. 5B). W przy-
padku badan z zastosowaniem jonéw Cd** zmiany intensywnosci piku
byly nieznaczne, co wskazuje na bardzo niskie powinowactwo nanoczastek
Fe,0,@Si0,-N, do tego jonu. W tym przypadku 13 mg nanoczastek jest
w stanie zwigza¢ zaledwie 10% zawartosci jonow Cd** (ryc. 5A). W przy-
padku miareczkowania jonéw Cu?* efekt spadku intensywnos$ci sygnatu
obserwuje sie tylko w pierwszych krokach z jednoczesnym przesunieciem
maksimum piku w kierunku ujemnych potencjaléw. Zjawisko to wynika
prawdopodobnie z adsorpcji nanoczastek i ich komplekséw z jonami miedzi
do kropli rteci [16]. Nieregularne zmiany intensywnosci piku Cu?* wskazujg
na brak ustalajacej sie rownowagi po dodaniu facznie 15 mg nanoczastek
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Fe,0,@SiO,-N,. Niemniej na podstawie obliczen procentu zwigzania jo-
néw z roztworu mozna przyjaé, ze utrzymuje sie on na poziomie okoto 17%
(ryc. 5C).
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Ryc. 4. Zestawienie otrzymanych woltamogramoéw oraz wykreséw zaleznosci procentu
zwiazania jonéw A) Cd?, B) Pb?", C) Cu?* od masy dodanych nanoczastek Fe,0,@SiO,-N,
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Ryc. 5. Zestawienie woltamograméw oraz wykreséw zaleznosci procentu zwigzania
jonéw A) Cd*, B) Pb**, C) Cu** od masy dodanych nanoczastek Fe,0,@SiO,-N,
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Na podstawie woltamograméw pokazanych na ryc. 6, ktére przedstawia-
ja miareczkowanie jonéw Cd*’, Pb** i Cu’* za pomocg nanoczastek z trze-
ma grupami aminowymi w taicuchu zewngtrznym Fe O ,@SiO,-N,, mozna
stwierdzi¢, ze spadek intensywnosci pikow, po dodaniu nanoczgstek, obser-
wowany jest w przypadku jonéw Cd** i Cu". Jednak najsilniejsze oddzia-
lywania rejestrowane s3 w przypadku wigzania Cu** przez Fe,O,@SiO,-N,,
gdzie widoczne jest catkowite wygaszenie piku juz po dodaniu okofo 0,5 mg
nanoczastek (ryc. 6C), a procent zwigzania jonéw Cu®* utrzymuje si¢ na
poziomie okoto 95%. Nieznaczny spadek intensywnosci piku obserwuje si¢
po dodaniu okoto 0,8 mg nanoczastek do roztworu jonéw Cd** (ryc. 6A), co
odpowiada 17% zwiazania jonéw. Natomiast zadne oddziatywania nie wy-
stepuja pomiedzy wiazaniem jonéw Pb** z zastosowaniem Fe,O,@SiO-N..
Nieznaczne zmiany intensywnosci piku Pb’* wystepuja w granicach bfedu
pomiarowego (ryc. 6B).
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Ryc. 6. Zestawienie woltamogramow oraz wykresoéw zaleznosci procentu zwigzania
jonéw A) Cd*, B) Pb?", C) Cu®* od masy dodanych nanoczastek Fe,0,@Si0,-N,
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Ryc. 6 cd. Zestawienie woltamogramow oraz wykreséw zaleznosci procentu zwigzania
jonéw B) Pb?*, C) Cu** od masy dodanych nanoczastek Fe,0,@SiO,-N,

4. Podsumowanie

W niniejszej pracy zbadano szereg funkcjonalizowanych nanoczastek
magnetytu typu rdzen-otoczka Fe,O,@SiO,-N_ uzytych jako nowy nano-
adsorbent wybranych jonéw metali ciezkich Cd**, Pb**, Cu** w wodnym
roztworze 0,5 M KCI. Grupe analizowanych nanoczastek stanowity czastki
o magnetycznym rdzeniu F,O, pokryte krzemionka i w nastepnej kolejno-
$ci modyfikowane grupami funkcyjnymi o réznej liczbie grup amionowych
w lancuchu zewnetrznym. W celu poréwnania zdolno$ci wigzania serii
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nanoczastek w 4,5 pM roztworach jonéw Cd*", Pb*, Cu** przeliczono pro-
cent wiazania dla okreslonej masy uzytych nanoczastek (ryc. 7).

Miedzy niesfunkcjonalizowanymi nanoczgstkami magnetytu Fe O,
a wskazanymi jonami nie obserwowano zadnych oddzialywan. Wskazuje
to na konieczno$¢ obecnosci grup funkcyjnych na powierzchni wybranych
magnetycznych nanoadsorbentow.

Najstabsze oddziatywania wystepuja pomiedzy kazdym rodzajem nano-
czastek Fe,0,@SiO,-N, a jonami Cd*". Po dodaniu znacznych ilosci nano-
czastek, dochodzacych az do 25 mg, stopien zwigzania jonow osigga zaled-
wie niecale 40%. Jony kadmu najsilniej byly wiazane przez nanoczastki typu
Fe O0,@SiO,-N,, poniewaz 0,8 mg nanoczastek wystarczylo na zwigzanie
399% zawartosci jonéw. Jony Pb** natomiast s3 silnie wigzane przez nano-
czastki Fe,O,@SiO,-N, oraz Fe,0,@Si0O-N,, gdzie stopien zwigzania jonoéw
dochodzi do 98%. Jednak potrzeba duzych ilosci, od 8 do 13 mg nanoczg-
stek, do osiagniecia tak wysokiego poziomu wigzania.

W przypadku jonéw Cu®* najsilniejsze powinowactwo zaobserwowano
wobec nanoczastek Fe,O,@SiO,-N, i Fe,O,@8i0O,-N,. Nalezy jednak zauwa-
zy¢, ze do zwigzania okoto 95% jonow miedzi potrzeba 14-krotnie mniejsze;
masy nanoczastek Fe.O,@SiO,-N, niz Fe,0,@SiO,-N .

Nanoczastki typu Fe,0,@SiO,-N, o masie 7-mg wykazujg zblizony
stopien zwigzania jonow Pb** i Cu*" odpowiednio na poziomie 98 i 94%.
Podczas gdy struktury Fe O @SiO,-N, silnie wiaza jeden rodzaj jonow,
okolo 14 mg nanoczastek wigze 98% procent jonéw Pb*, nanoadsorbenty
Fe,0,@SiO,-N, najsilniej oddziatuja z jonami miedzi, poniewaz zaled-
wie 0,8 mg nanoczastek wystarcza do niemalze catkowitego zwigzania
jonéw. Na podstawie procentu zwigzania danych jondw mozna domnie-
mywaé selektywnos¢ nanoczastek Fe,0,@SiO -N, wobec jonow Pb*" oraz
Fe.0,@SiO,-N, wobec jonoéw Cu’.
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Ryc. 7. Diagram obrazujacy zdolnosc¢ wigzania jonéw Cd?*, Pb?* oraz Cu?
przez okreslong ilos¢ nanoczastek Fe,0,@SiO,-N_

Na podstawie przeprowadzonych badan mozna stwierdzi¢, ze bada-
ne nanoczgstki typu Fe O,@SiO,-N_ s3 obiecujacymi nanoadsorbentami
jonow metali cigzkich ze wzgledu na ich wysoka pojemno$¢ jonowa oraz
tatwos¢ separacji za pomoca zewnetrznego pola magnetycznego. Ponadto
wykazana selektywnos¢ nanoczastek moze stanowi¢ podstawe tworzenia

sensorow na wybrane jony.
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Rys. 3. Zestawienie woltamograméw oraz wykresoéw zalezno$ci procentu zwigzania jonéw A) Cd?*, B)
Pb?*, C) Cu?* od masy dodanych nanoczastek Fes04@SiO2-Ns.
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nanoczgstek Fes04@SiO2-Nn.
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4. Kulpa A., Koterwa A., Ossowski T., Niedziatkowski P.: Nanomaterialy magnetyczne FezOa
jako adsorbenty jonow metali ciezkich, XVI Wroctawskie Studenckie Sympozjum Chemiczne,
2020
5. Kulpa A., Zarzeczanska D., Ossowski T., Niedziatkowski P.: Badanie wtasciwosci wigzacych
magnetycznych nanoczastek tlenku Zelaza modyfikowanych grupami aminowymi,
XII Kopernikaniskie Seminarium Doktoranckie, 2019
6. Kulpa A., Zarzeczanska D., Szczepanska E., Ramotowska S., Ossowski T., Niedziatkowski
P.: Nanoczastki magnetyczne tlenku zelaza jako kompleksony jonow kadmu(Il), VII Lodzkie
Sympozjum Doktorantow Chemii, 2019
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7. Kulpa A., Niedziatkowski P., Szczepanska E., Ossowski T.. Nowe nanomaterialy
magnetyczne o potencjalnych zastosowaniach sensorycznych, XXII Zjazd Zimowy Sekcji
Studenckiej Polskiego Towarzystwa Chemicznego, 2019

8. Kulpa A., Cirocka A., Zarzeczanska D., Ossowski T., Niedziatkowski P.: Zastosowanie
magnetycznych nanoczgstek (FesOs) W celu jednoczesnego oznaczenia jondéw Cd** i Pb?
metodami elektrochemicznym, IV Interdyscyplinarna Akademicka Konferencja Ochrony
Srodowiska, 2019

9. Kulpa A., Zarzeczanska D., Ramotowska S., Ossowski T.: Nanoczgstki w kosmetyce,
I Konferencja Naukowa "Chemia-Biznes-Srodowisko", 2018

10. Kulpa A., Zarzeczanska D., Koterwa A., Ossowski T.: Stabilno$¢ w roztworze
tetrafluoropochodnych kwasu fenyloboronowego, II Konferencja Doktorantéw Pomorza

"BioMed Session", 2018

5. Uczestnictwo w projektach i grantach

1. Stypendystka grantu NCN SonataBis 10 pt. ,, Technologia addytywnego wytwarzania
elektroaktywnych przestrzennych struktur z kompozytéw polilaktydu wzmacnianego
diamentem”, UMO-2020/38/E/ST8/00409, marzec 2022-czerwiec 2022

2. Kierowanie projektami badawczymi w ramach badan mtodych naukowcow oraz doktorantow
na Wydziale Chemii Uniwersytetu Gdanskiego BMN:

e pt.,,Nanoczastki magnetyczne typu rdzen-otoczka Fe;O.@SiO.-A12C4 jako adsorbenty
jondéw metali ciezkich Cd?*, Pb?", Cu?* — otrzymywanie, modyfikacja oraz badania
elektrochemiczne”, nr 539-T050-B019-22, 2022

e pt. ,Detekcja wybranych jonéw metali cigzkich oraz antybiotykow na elektrodzie GC
modyfikowanej magnetycznymi nanostrukturami typu rdzen-otoczka Fes0s@SiO2- Ny”,
nr 539-T050-B890-21, 2021

e pt. ,,Modyfikacja i charakterystyka materialow elektrodowych za pomoca nanostruktur
typu rdzen-otoczka opartych na magnetycznym tlenku zelaza w celu detekcji wybranych
analitow”, nr 539-T050-B460-20, 2020

e pt. ,,Otrzymywanie, modyfikacja 1 charakterystyka wtasciwosci magnetycznych
nanoczastek tlenku zelaza (Fes04)”, nr 538-8210-B281-18, 2019

3. Opiekunka warsztatow chemicznych w ramach projektu ,,Z CHEMIA NA PRZOD — rozwdj
kompetencji podopiecznych placowek wsparcia dziennego poprzez udzial w dziataniach

dydaktycznych realizowanych na Wydziale Chemii Uniwersytetu Gdanskiego” w roku
akademickim 2018/19
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6. Nagrody i osiggniecia

1. Il miejsce w konkursie na najlepszy komunikat ustny z badan wlasnych wygloszony podczas
konferencji naukowej "Chemia-Biznes-Srodowisko" w dniach 24-25 czerwca 2022 r.
w Gdansku.

2. | miejsce w Kkategorii plakat naukowy podczas VI Interdyscyplinarnej Akademickiej
Konferencji Ochrony Srodowiska W dniach 22—24 wrzesnia 2021 r. w Gdansku.

3. Nagroda Gdanskiego Polskiego Towarzystwa Chemicznego za najlepsza prace magisterska
obroniong na Wydziale Chemii Uniwersytetu Gdanskiego w roku akademickim 2017/18.

4. Zajecie 3 lokaty ze wzgledu na osiagniete w toku studiow wyniki w nauce absolwentow

Kierunku Chemia, Wydziatu Chemii Uniwersytetu Gdanskiego w roku akademickim 2017/18.

7. Dzialalno$¢ pozanaukowa

1. Przewodniczgca Rady Doktorantéw Wydziatu Chemii Uniwersytetu Gdanskiego w latach
2021-2024.

2. Wspotautorka artykutu w Gazecie Uniwersyteckiej (wydanie nr 3 (176) marzec 2022, ISSN
1689-4723) przedstawiajacego dziatalnos¢ Katedry Chemii Analitycznej Wydziatu Chemii
Uniwersytetu Gdanskiego.

3. Cztonek Rady Wydzialu w grupie doktorantéw w latach 3.11.2021 r. — 31.08.2024 r.

4. Cztonek Uczelnianej Komisji Stypendialnej ds. Doktorantow na Wydziale Chemii w latach
2021-2024.

5. Udzial w organizacji cze$ci laboratoryjnej II etapu Ogolnopolskiej Olimpiady Chemicznej
w Okregu Gdanskim w latach 2019-2022.

6. Udzial w organizacji Dnia Otwartego Wydziatu Chemii Uniwersytetu Gdanskiego w latach
2019-2021.

7. Prowadzaca warsztaty chemiczne z chemii ogolnej i nieorganicznej pt. ,,Reakcje chemiczne

w laboratorium” oraz ,,Pierwiastki chemiczne i ich rodzaje” dla uczniow licedéw w roku 2019.
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Kulpa A., Ryl J.,, Skowierzak G., Koterwa A., Schroeder G., Ossowski T.,
Niedziatkowski P.: Comparison of cadmium Cd** and lead Pb*>" binding by
Fe;04@Si02— EDTA nanoparticles — binding stability and kinetic studies, Electroanalysis,
vol. 32, nr 3, 2020, s. 588-597, DOI:10.1002/elan.201900616

polegat na konceptualizacji, pomocy w planowaniu badan oraz redakcji manuskryptu.
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1. Kulpa A., Ryl J., Skowierzak G., Koterwa A., Schroeder G., Ossowski T.,
Niedziatkowski P.: Comparison of cadmium Cd** and lead Pb®* binding by
Fe30,@SiO,— EDTA nanoparticles — binding stability and Kinetic studies,
Electroanalysis, vol. 32, nr 3, 2020, s. 588-597, DOI:10.1002/elan.201900616

polegal na syntezie badanych nanoczastek oraz napisaniu czg¢$ci manuskryptu w tym zakresie.

2. Kulpa A., Ryl J., Schroeder G., Koterwa A., Sein Anand J., Ossowski T.,
Niedziatkowski P.: Simultaneous voltammetric determination of Cd**, Pb%*, and
Cu®* ions captured by Fe3O,@SiO; core-shell nanostructures of various outer amino
chain length, Journal of Molecular Liquids, vol. 314, 2020, s. 1-11,
DOI:10.1016/j.molliq.2020.113677

polegat na syntezie badanych nanoczastek oraz napisaniu czgsci manuskryptu w tym zakresie.

3. Kulpa-Koterwa A., Schroeder G., Ossowski T., Koterwa A., Niedziatkowski P.:
Nanostruktury magnetyczne typu core-shell Fe;0,@SiO,-N, jako nowe adsorbenty
jondéw metali ciezkich Cd**, Pb?* oraz Cu?* — badania elektrochemiczne, Na
pograniczu chemii, biologii 1 fizyki /Sztyk Edward [i in.] (red.), vol. 3, 2022,
Wydawnictwo Naukowe Uniwersytetu Mikotaja Kopernika, ISBN 978-83-231-4836-
4,s.121-136

polegat na syntezie badanych nanoczastek.
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P.: Simultaneous voltammetric determination of Cd?*, Pb**, and Cu?" ions captured by

Fe;04@Si0; core-shell nanostructures of various outer amino chain length, Journal of

Molecular Liguids, vol. 314, 2020, s. 1-11, DOI:10.1016/j.molliq.2020.113677

polegat na konceptualizacji, pomocy w planowaniu badan oraz redakcji manuskryptu.
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