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Abstract: The great interest in nanostructured magnetic composites is due to their great prospects
for use as a basis for the development of catalysts for the adsorption of manganese in wastewater.
Interest in magnetic nanocomposites in this direction is primarily due to the possibility of extracting
them from water media using ordinary magnets, which allows them to be used again. Additionally, it
is worthwhile to note interest in research related to increasing the efficiency of adsorption, as well as
an increase in the number of repeated cycles of operation. In this regard, the main goal of this study
is to study the prospects for applying the method of mechanochemical synthesis for the creation of
iron-containing nanocomposites doped by rare-earth elements Gd, Ce, Y, and Nd in order to obtain
optimal catalysts for cleaning water media. During the studies, structural properties and phase
composition of synthesized nanocomposites were established, as well as ultra-thin parameters of
the magnetic field. It has been established that the kinetic curves of the adsorption process can be
described by a pseudo-first-order model, and the process of manganese adsorption itself is associated
with the cationic interaction of manganese ions with the surface of nanocomposites. The kinetic
curves of degradation were determined, as well as the influence of the number of cyclic tests on
the adsorption of manganese for synthesized nanocomposites, depending on the type of dopant
and phase composition, respectively. Iron-containing nanocomposites doped with gadolinium and
neodymium have been found to have the highest adsorption efficiency and corrosion resistance.
Particular attention is paid to the study of the stability of storage of nanocomposites for a long time,
as well as the preservation of their adsorbent properties in the purification of aqueous media. It
has been determined that the modification of nanostructures with the help of rare earth compounds
leads to an increase in resistance to degradation, as well as to the preservation of the efficiency
of adsorption for 5-7 cycles in comparison with Fe;O3 nanoparticles, for which low resistance to
degradation was observed.

Keywords: nanocomposites; heavy metal adsorption; purification of aqueous media; magnetic
nanoparticles; iron oxide

1. Introduction

In the modern world, the problems of wastewater pollution products in production
in the form of heavy metals and various organic dyes are the most acute and require
immediate solutions [1,2]. Moreover, in most cases, traditional purification methods are
not effective since the degree of pollution in some cases is very large [3], and the use of
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modern developments in the field of textile industry production leads to the creation of
dyes resistant to degradation that can withstand most traditional methods of their disposal
and decomposition [4,5]. In this regard, in the past few years, much attention has been paid
to the search for alternative methods of wastewater cleaning of pollution, including the
possibility of using various adsorbents. Interest in this direction is primarily focused on
the possibilities of effective cleansing by adsorption of charge or heavy metals, as well as
their decomposition in the case of organic dyes [6,7]. Moreover, an important role is played
by the possibility of reuse of such catalysts, as well as the search for obtaining them with
a fairly low cost and ease of receipt. Additionally, with the prolonged operation of such
catalysts, it is necessary to take into account the possibility of extracting them from water
media without losing the weight of the adsorbent. In this regard, much attention in this
direction, taking into account all requirements, is paid to magnetic nanostructural materials
that are very promising for such purposes [8-10]. Firstly, nano-sized grains increase the
adsorbing ability of the material due to the increased area of the specific surface, as well
as the developed hierarchical structure of grains. Secondly, the magnetic properties of
nanoparticles make it possible to extract their water using magnets, with minimal losses
during extraction [11,12]. Additionally, the most important advantage of nanomaterials is
the simplicity of their production. The synthesis of magnetic nanoparticles based on iron
oxide is one of the most common methods for obtaining nanostructures using a chemical
deposition. Furthermore, this method makes it possible to obtain isotropic nanoparticles in
any amount [13-15]. Moreover, the simplicity of the preparation method makes it possible
to obtain iron-containing oxide nanoparticles, which can subsequently be used as a basis for
creating composite nanostructures by mixing them with other particles; applying various
polymer, organosilicon, or metal coatings on them to create “core-shell” particles; or using
thermal annealing to vary the size and phase composition of particles [16-19]. In this regard,
the variety of different modification methods opens up even more opportunities for research
in this direction and also increases the number of potential compositions for practical
use. The combination of factors such as ease of manufacture; high purification efficiency;
degradation resistance during long-term operation; the possibility of repeated use; and,
most importantly, the possibility of scaling up and production in any required quantities
make iron-containing nanoparticles one of the promising catalysts for the purification of
aqueous media.

Based on the foregoing, the key aim of this study is to comprehensively study the
prospects for the use of iron-containing nanoparticles modified with rare earth elements as
adsorbents for the purification of aqueous media, as well as to determine the most effective
nanocomposite for these purposes. Additionally, the main distinguishing feature of the
work is the use of the simplest methods for obtaining modified iron-containing nanocom-
posites, including chemical precipitation of iron oxide, known as the cheapest way to
obtain nanopowder on an industrial scale, and mechanochemical grinding and subsequent
thermal annealing of iron oxide with rare earth elements, which makes it possible to obtain
composite nanostructures with a high degree of structural and magnetic ordering.

2. Experimental Part

For the synthesis of iron-containing nanoparticles, the chemical elements FeCl3-6H,O
and Na;SO3 were used. Chemical compounds Gd(NO3)3, Nd,O3, CeO,, Y503, and chemi-
cal purity of 99.95% were chosen as doping elements. All chemicals were purchased from
Sigma Aldrich (Sigma, St. Louis, MO, USA).

Nanocomposites based on magnetic iron oxide nanoparticles, hematite (Fe,O3) doped
with gadolinium, neodymium, cerium, and yttrium, were chosen as objects for research.
The preparation of nanoparticles was carried out using a combination of various synthesis
methods. The composites were based on iron-containing oxide nanoparticles obtained by
chemical decomposition. Doping with rare earth elements was carried out in a stoichio-
metric ratio of 1:1. Doping was carried out by mechanochemical grinding followed by
thermal annealing in a muffle furnace at a temperature of 800 °C for 5 h. Mechanochemical
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grinding was carried out in a PULVERISETTE 6 classic line planetary mill (Fritsch, Berlin,
Germany). Grinding of the original components was carried out at a grinding speed of
250 rpm for 30 min.

The morphological features of the obtained nanocomposites before and after the
experiments on the adsorption of pollutants were studied using the method of scanning
electron microscopy. A Jeol JSM-7500F scanning electron microscope (Jeol, Tokyo, Japan)
was used to obtain images of the nanocomposites. To detail the corrosion processes and their
effect on the amorphization of nanocomposites when they are kept in model solutions for a
long time, we used the technique of obtaining high-resolution images using transmission
electron microscopy, implemented on a Jeol JEM 1400Plus transmission electron microscope
(Jeol, Tokyo, Japan).

Characterization of the phase composition of the studied samples of nanocomposites
chosen as the basis for catalysts for the adsorption of heavy metals was carried out using
the method of X-ray phase analysis. The phase composition was determined using the
X-ray diffraction method implemented on a D8 Advance ECO powder diffractometer
(Bruker, Berlin, Germany). Diffractograms were taken in the Bragg—Brentano geometry in
the angular range 20 = 20-80°, with a step of 0.03°.

The structural ordering degree was estimated by approximating the obtained diffrac-
tograms with a set of pseudo-Voigt functions, followed by determining the contributions of
diffraction reflections and background radiation.

The study of hyperfine parameters of the magnetic field depending on the compo-
sition of the obtained nanocomposites was carried out using the method of Mossbauer
spectroscopy, which was implemented using an MS1104Em spectrometer (Rostov, Russia)
in the constant acceleration mode with a triangular shape of the Doppler velocity of the
source relative to the adsorber. Co® in an Rh matrix was used as the radiation source. The
Mossbauer spectra were processed using SpectrRelax software (Moscow State University,
Moscow, Russia). The Mossbauer spectra were measured at room temperature 25 £ 2 °C.

The applicability of the selected nanocomposites as catalysts for the purification of
aqueous media was assessed by the adsorption of manganese from aqueous solutions.
Model solutions containing manganese were prepared for the experiments. The manganese
concentration in the model solution was 50 mg/L, and the pH of the model solution was
5.5. To determine the efficiency of adsorption, we used the method of determining the
optical density of manganese ions in a model solution before and after adsorption using
the photometric method. The adsorption efficiency (g.) of metal ions in equilibrium was
estimated using expression (1) [20]:

(Co—Co)V
Qo= ——"— )
where Cy and C, are the concentrations of manganese in the initial state and after adsorption,
V is the solution volume, and m is the mass of nanoparticles.

This method of measuring the mass concentration of manganese in samples of natural,
drinking, and wastewater allows for determining the concentration of pollutants in the
environment, as well as evaluating the efficiency of adsorption. To determine the optical
density, a photometric device, «Fluorat—02», was used.

Tests for the stability of maintaining the efficiency of adsorption were carried out by
sequentially placing nanoparticles in an aqueous solution with subsequent adsorption of
manganese. After adsorption, the magnetic nanoparticles were removed from the aqueous
solution and placed in a new solution for the next adsorption experiment.

3. Results and Discussions
3.1. Morphological Features of the Synthesized Nanocomposites

To characterize the morphological features and determine the isotropy of the geometric
shapes and sizes of the synthesized nanocomposites by mechanochemical grinding and
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subsequent thermal annealing, we used the method of analyzing images obtained using
the scanning electron microscopy method, the images of which are shown in Figure 1.

1pum

Figure 1. Data on the morphological features of the synthesized iron-containing nanocompos-
ites: (a) Fe;O3 nanoparticles; (b) Fe,O3@GdFeO3; nanoparticles; (c) Fe;O3@NdFeO3 nanoparticles;
(d) CeFeO3 nanoparticles; (e) YFeO3 nanoparticles.

An analysis of the morphological features of nanoparticles subjected to thermal an-
nealing after mechanochemical grinding made it possible to establish the following. Firstly,
thermal annealing of unmodified Fe;O3; nanoparticles leads to the formation of spherical
structures, the size of which varies in the range of 90-100 nm, the size isotropy being more
than 90%, and the deviation from the average size not exceeding 5-7 nm. In the case of
doping with gadolinium, the shape of the grains undergoes significant changes, including
the formation of rthomboid or cubic grains, the size of which reaches 300-400 nm, while the
structure contains a small number of spherical grains, the size of which is from 50 to 200 nm.
Such a change in the particle shape can be explained primarily by sintering processes, which
are activated by the addition of low-melting gadolinium nitrate (Tieiting = 91 °C). In this
case, gadolinium contributes to the acceleration of the processes of fusion of iron-containing
particles into larger agglomerates with their subsequent transformation from spherical to
diamond-shaped or cubic shape.

A similar situation is observed in the case of thermal annealing of a milled sample
of iron-containing nanoparticles with Nd, O3, for which a change in the particle shape is
also observed; however, unlike nanocomposites with gadolinium nitrate, the sizes of the
obtained nanoparticles do not exceed 120-140 nm.

In the case of adding cerium and yttrium oxide, the shape of the resulting nanocom-
posites is dendritic, consisting of spherical or cubic particles, the average size of which
varies from 50 to 100 nm.
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3.2. X-ray Phase Analysis of the Studied Samples

Figure 2 shows diffractograms of the studied nanocomposites, presented in order to
reflect their phase composition and characterization of structural parameters. Hematite
(FepO3) nanoparticles synthesized by the chemical co-precipitation method used to obtain
the initial iron-containing components of nanocomposites, annealed at a temperature of
800 °C, were also selected as samples for comparison in order to determine the effectiveness
of doping with rare earth elements on adsorption and degradation resistance.
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Figure 2. Characterization results of the phase composition of synthesized objects of study: S0—Fe;O3
nanoparticles; S1—Fe, O3@GdFeO3 nanoparticles; S2—Fe, O3@NdFeO; nanoparticles; S3—CeFeO3

nanoparticles; S4—YFeO3 nanoparticles.

According to the presented data of X-ray phase analysis, it was found that the initial
nanoparticles annealed at a temperature of 800 °C can be characterized by a hematite
(FepO3) phase with a rhombohedral type of crystal lattice, spatial syngony R-3c(167).
The crystal lattice parameters of the sample in the initial state were a = 5.0335 A and
c =13.7434 A, which differs somewhat from the reference values for the Fe,0O3 hematite
phase (PDF-00-033-0664) (a = 5.0356 A, ¢ =13.4589 A). Such a small difference is associated
primarily with the processes of obtaining nanoparticles, as well as subsequent thermal
annealing of the samples, which is accompanied by the structural ordering of nanoparticles
and their sintering into larger agglomerates.

When using mechanochemical grinding of chemically synthesized iron-containing
nanoparticles with the addition of Gd(NO3)3, and subsequent thermal annealing at a
temperature of 800 °C, the phase composition of the resulting nanocomposite is a mixture
of two phases: hematite Fe,O3; with a thombohedral type of crystal lattice and with an
orthorhombic GdFeO3; phase. Additionally, the assessment of the weight contributions
of these phases in the composition of nanocomposites, based on the assessment of the
areas of reflections characteristic of these phases, showed that the dominant phase in the
composition is the hematite phase (more than 94%), while the content of the GdFeO3
phase is slightly more than 5%. Additionally, analyzing the changes in the crystal lattice
parameters for the Fe;O3 phase (a = 5.0423 A, ¢ =13.7379 A), it can be concluded that the

upward deviation is associated with the partial replacement of iron ions by gadolinium
ions, which leads to an increase in the parameters due to the difference in ionic radii.
In turn, the formation of the GdFeOj; phase at a low content can be due to the effect of
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high substitution followed by the Fe,O3 — GdFeOj3 transformation and a change in the
spatial syngony.

For samples of iron-containing nanocomposites, the addition of the Nd,O3 compound
also leads to the formation of two-phase structures containing the dominant Fe;O3 hematite
phase with parameters a = 4.9892 A, ¢ = 13.6653 A, as well as the NdFeO3 orthorhombic
phase, characteristic of partial replacement of iron by neodymium. However, unlike
samples containing gadolinium, in the case of samples with neodymium, the content of the
impurity phase is at least 19%, which indicates that the processes of replacing iron with
neodymium are more intense than for gadolinium.

In the case of using CeO; and Y,0O3 during mechanochemical mixing with iron oxide
and subsequent thermal annealing at 800 °C, according to X-ray diffraction data, the
structure of the resulting nanocomposites can be characterized by the orthorhombic CeFeOs
and YFeOj; phases characteristic of substitutional phases. Additionally, the presence of a
hematite phase was not found in the composition of both nanocomposites. This behavior
for these structures can be due to the fact that the addition of CeO, and Y,0O3 oxides during
mechanochemical grinding and subsequent thermal annealing leads to the formation of
substitution phases due to the higher mobility of cerium and yttrium ions, whose oxides
are in most cases used to stabilize ceramics during thermal sintering.

One of the important criteria in assessing the effect of doping nanostructures with
various elements is the assessment of structural ordering (the degree of crystallinity), which
reflects how much the formation of additional phases in the composition of nanocomposites
affects ordering. The structural ordering degree was estimated by a comparative analysis
of the obtained diffractograms and structural parameters of the crystal lattice, and Figure 3
shows the dependence of the change in this value on the composition of nanoparticles in
comparison with unmodified annealed Fe,O3; nanoparticles.

100

o, _I_,,,I,,, ===
80
R
)
o
o 60
@
©
2
£
5 40
[
2
O
204
0 T T 00’5 T o> T T
Fe,O, & eé(z CeFeO; YFeO,
QMO* ((09"4 Sample

Figure 3. Assessment results of the structural ordering degree of the synthesized nanocomposites.

As can be seen from the data presented, thermal annealing of the studied nanocom-
posites subjected to mechanochemical grinding leads to the formation of well-structurally
ordered nanoparticles, the structural ordering degree of which is more than 80%. In this
case, variation in the components for doping does not lead to significant changes in the
structural ordering degree, which can be explained by the formation of impurity phases
in the structure of nanoparticles in the form of substitution solutions or the complete
transformation of the Fe,O3 phase into the substitutional solid solution phase.

3.3. Mossbauer Spectrometry of the Studied Nanocomposites

Figure 4 shows the results of Mossbauer spectrometry of the studied samples of
nanocomposites, presented in the form of Mossbauer spectra, and the results of the depen-
dence of the distribution of magnetic fields. The general view of the presented Mossbauer
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spectra for all nanocomposites under study is characterized by a set of Zeeman sextets, as
well as small quadrupole doublets, which are characteristic of paramagnetic inclusions
and regions of structural disorder. The presented values of hyperfine magnetic fields are
also typical for the Fe;O3 structure with various degrees of its modification caused by the
effects of the formation of substitution phases in the case of doped structures.
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Magnetochemistry 2023, 9, 87

8 of 24

Isoraer shift (rareds)
0 01 02 03

| | I L. 1 i 008

=

3

=

y:

A

0

-12 -8 4 0 4 8 12 300 400 500
Velocity (raws) Hyperfine field (kOe)

(e)

Figure 4. Mossbauer spectra of the studied nanocomposites: (a) Fe,Os; nanoparticles;
(b) Fe;0O3@GdFeO3 nanoparticles; (c) Fe,O3@NdFeO3 nanoparticles; (d) CeFeO3; nanoparticles;
(e) YFeO3 nanoparticles.

According to the analysis of the obtained Mossbauer spectrum for Fe,O3 nanoparticles
annealed at a temperature of 800 °C, the following was established. The resulting spectrum
can be characterized by a Zeeman sextet, the line ratio of which is characteristic of highly
ordered iron oxide Fe,O3, which is also confirmed by the hyperfine magnetic field, which is
515.64 £ 0.08 kOe, and the isomeric shift of 0.3782 £ 0.0015. Additionally, when processing
the obtained spectrum, the presence of characteristic partial spectra for quadrupole doublets
was not found, which indicates the absence of magnetically disordered regions in the
structure of nanoparticles.

For the modified nanoparticles, when deciphering the Mdssbauer spectra, two char-
acteristic Zeeman sextets were used, the choice of which is determined by the data on
the phase composition, as well as a quadrupole doublet characterizing the magnetically
disordered contributions. The general form of the spectra of modified particles has small
differences in the intensity of the spectral lines compared to unmodified Fe,O3; nanoparti-
cles, which is due to the effect of the substitution of iron ions by ions of rare earth elements
in octo- and tetrahedral positions. For Fe;O3@GdFeO3 nanoparticles, the presence of two
partial spectra can be explained by the presence of Fe;O3 and GdFeOs; phases. More-
over, the values of hyperfine magnetic fields for two spectra are 513.11 & 1.00 kOe and
509.82 £ 2.90 kOe, which are typical for the ordered structure of hematite, as well as the
modified iron oxide GdFeOs. The evaluation of the contributions of the partial spectra
showed that the dominant contribution of more than 90% is the spectrum with characteris-
tic field parameters of 513.11 % 1.00 kOe, and the contribution of the second spectrum is no
more than 8%, which is in good agreement with the data on the evaluation of the contribu-
tions of the FepO3 and GdFeOs; phases from X-ray phase analysis. The contribution of the
quadrupole doublet, according to estimates, was slightly more than 1.5%, which indicates
only a small fraction of magnetically disordered or structurally disordered inclusions in the
composition of nanoparticles.

A similar situation was also observed for Fe,O3@NdFeO3 nanoparticles, whose spectra
were also interpreted using two partial sextets describing the contributions of the Fe,O3
and NdFeOs; phases. The characteristic values of hyperfine magnetic fields for two partial
spectra were 512.72 £ 1.60 kOe and 511.46 £ 0.90 kOe, while the ratio of the intensities
of the contributions of the two spectra was 78% and 19%, respectively, which is also in
good agreement with the X-ray phase analysis data. Less than 3% was the contribution of
the quadrupole doublet, which is characteristic of disordered inclusions. A slight increase
in this contribution is also consistent with the data on the structural ordering degree,
the value of which for Fe;O3@NdFeO; nanoparticles is somewhat less than for all other
synthesized nanoparticles.

In the case of CeFeO3; and YFeO3 nanoparticles, a combination of a partial sextet
and a quadrupole doublet was used for deciphering. According to the obtained data, the
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values of hyperfine magnetic fields for two types of nanoparticles were 516.23 & 0.70 kOe
and 508.53 £ 0.40 kOe for CeFeO3 and YFeOs nanoparticles, respectively. Additionally,
the contribution of the quadrupole doublet was less than 0.7% and 1.1% for CeFeO3 and
YFeOj3 nanoparticles.

Thus, by analyzing the general data of processing the Mossbauer spectra of the syn-
thesized nanoparticles, we can conclude that the main contribution to the formation of the
parameters of the hyperfine magnetic field is made by the hematite structure with slightly
distorted magnetic fields for the modified nanoparticles. This is primarily due to the effect
of the replacement of iron ions by rare earth elements. Additionally, the comparison of the
contributions of the partial spectra for Fe;O3@GdFeO; and Fe, O3@NdFeO3 nanoparticles
is in good agreement with the data on the evaluation of phase contributions from X-ray
phase analysis.

3.4. Manganese Adsorption Experiments

The evaluation of the adsorbent properties of the synthesized nanocomposites was
carried out during the following serial experiments. To determine the optimal concentration
of nanocomposites in order to establish the efficiency of pollutant adsorption with the
possibility of subsequent capture of nanoparticles and their extraction for reuse, concentra-
tions from 0.01 g to 1 g of particles per a given volume of a model solution of 100 mL were
chosen. Determination of the pollutant concentration in the model solution was determined
within 5 h with a measurement interval of 30 min. The measurements were carried out at
room temperature of the model solution, which was maintained using a shaker-incubator
maintaining a temperature of 25 &= 1 °C. The results of the adsorption efficiency evaluation
are shown in Figure 5.

The general view of the presented graphs has a pronounced dependence on the
concentration of nanoparticles in the model solution, which is expressed both in an increase
in the adsorption efficiency and in the time dependence of achieving the maximum decrease
in the concentration of manganese. As can be seen from the analysis of the obtained data
on the assessment of changes in the concentration of manganese as a result of adsorption,
an increase in the mass of nanoparticles from 0.01 g to 0.25 g used as an adsorbent leads
to an increase in the efficiency of manganese adsorption, expressed in a decrease in its
concentration. Additionally, Fe;O3@GdFeO; and Fe,O3@NdFeOs nanoparticles exhibit the
highest adsorption efficiency when using them; after 300 min, the manganese content in
the composition of the model solution is no more than 10-15% for masses of 0.10-0.25 g.
In this case, at the same masses of CeFeO3 and YFeOj3 nanoparticles, the concentration of
manganese in the model solution after 300 min of adsorption was no more than 20%.

In the case of an increase in the mass of nanoparticles above 0.25 g, no significant
changes in the efficiency of manganese adsorption were observed; however, the time for
which the maximum decrease in the concentration of manganese for Fe;O3@GdFeO; and
Fe,O3@NdFeO3 nanoparticles is reached was significantly less than when using small
masses. This behavior of the change in efficiency may be due to the fact that with an
increase in the mass of nanoparticles, the number of interacting particles in the adsorption
reactions increases, as a result of which the overall process of reducing the concentration of
manganese occurs more intensively, while when a certain threshold is reached, the reactions
stop. The achievement of the adsorption threshold is evidenced by the data presented
in Figure 5e,f, which show the results of estimating the change in the concentration of
manganese at nanoparticle masses of 0.5 and 1.0 g. In this case, the achievement of the
maximum decrease in the concentration of manganese in the model solution during its
adsorption by Fe,O3@GdFeO3; and Fe,O3;@NdFeO3; nanocomposites occurs in 210 and
180 min in the case of nanoparticle concentrations of 0.5 and 1.0 g, respectively.

An increase in the mass of nanoparticles affects the efficiency of unmodified Fe,O3
nanoparticles, for which an increase in mass leads to an increase in the purification efficiency
from 15-20% to 60-70%. In this case, in contrast to modified nanoparticles for Fe,O3
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Figure 5. Evaluation results of the manganese concentration change in model solutions depending

on time with different contents of the weight fraction of nanoparticles in the model solution: (a) 0.01
g; (b) 0.05 g; (c) 0.10 g; (d) 0.25 g; (e) 0.50 g; (f) 1.00 g.
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The efficiency degree was calculated by comparing the values of the measured optical
density of the solution depending on the adsorption time with the initial value. Figure 6
shows the assessment results of the adsorption efficiency with a variation in the mass of
nanoparticles in a model solution. To calculate the adsorption efficiency, Formula (2) [20]
was used:

_ GG
==&

where Cy and Cy are concentrations of manganese in the initial and final state.

R x 100% @)

100
o o — —© o
80 —
EN v v v
= 4 I
O
[
.0 60
g ¢
©
& /
= 404 ¢ / “= Fe,0,
?) # —— Fezo3@GdFeO3
g / —h— Fe203@NdFeO3
7 ‘/ —v— CeFeO,
YFeO,
0 T T T . | i : . : . | .
0.0 0.2 0.4 0.6 0.8 1.0

Mass of nanoparticles in solution, g

Figure 6. Results of changes in the manganese adsorption efficiency with variation in the mass of
nanoparticles in a model solution.

As can be seen from the presented data, an increase in the mass of nanoparticles in
aqueous solutions leads to an increase in the adsorption efficiency; however, these changes
have a saturation limit, which is reached at a mass of 0.25 g. With a further increase in
the mass of nanoparticles, an increase in efficiency is practically not observed; however, it
should be noted that, in this case, a decrease in the required time is observed to achieve
the maximum purification of aqueous media. Moreover, this effect is most pronounced for
Fe;,0O3@GdFeO3 and Fe,0O3@NdFeO3; nanoparticles (see data in Figure 5Se—g).

In order to study the adsorption kinetics, two models of pseudo-first and pseudo-
second order were used, the use of which makes it possible to evaluate the rate of man-
ganese sorption in comparison with the sorption capacity and efficiency. The calculation
formulas for these models were taken from [20]. The presented dependences of the kinetic
curves of manganese adsorption reactions can be described using the Akaike information
criterion (AIC) [20], which makes it possible to calculate the optimal time to reach the
highest efficiency, as well as the rate constants of adsorption reactions.

Figure 7 shows the results of the assessment of the construction of kinetic curves of the
adsorption reaction in order to determine the reaction rate constant as a function of time.
The data are given for all studied nanoparticles depending on their concentration in model
solutions. Figure 8 shows the results of evaluating pseudo-second-order kinetic curves.
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Figure 7. Results of the construction of adsorption reaction kinetic curves in order to determine
the reaction rate constant for the studied nanoparticles with a variation in their mass in solution:
(a) 0.01 g; (b) 0.05 g; (c) 0.10 g; (d) 0.25 g; (e) 0.50 g; (f) 1.00 g.



Magnetochemistry 2023, 9, 87

13 of 24

k = 0.0005 min”"
R?=0.95
0144 | ® Fe,04
® Fe,0,@GdFeO, =0.0005 min~"
0124 | A Fe,0,@NdFeO, R?=0.93
v CeFeO,
01091 & YFeO,
k = 0.00002 min~"
& 0.08 1 R?=0.95
=
0.06 =0.0002 min™"
R%2=0.94
0.04
0.02 Y
. =0.00005 min™"
2 —
0.00 +—4 , . . . T R =084
0/ 50 100 150 200 250 300
Time, min
(a)
= Fe,0, k = 0.0005 min™"*
sl | ¢ Fe:0:@GdFeO, R?=0,

: 4 Fe,0,@NdFeO, 0.0005 min™'
016 | v CeFeO, R%2=0.85
oad | * YFeO,

A k = 0.0004 min~"
0.12 4 A ’ 9R?2=0.79
50101 =0.0004 min~"
2 = R?=0.82
0.08
0.06
k = 0.0003 min™"'
0.04 R%=0.91
0.02
0.00 % T T T T T T
0 50 100 150 200 250 300
Time, min
(c)
= Fe,0, k = 0.0004 min™"*
® Fe,0,@GdFeO, R?=0.72 "
020l | & Fe,0,@NdFeO, k >0.0005 min
v CeFeO, L R =069
+ YFeO, =0.0004 min~"
015 2R?=0.71
$
g k = 0.0004 min™"
0.10
R?=0.79
k = 0.0004 min~"
R?=0.87
0.05
w
0.00

o 4

T T T T T
50 100 150 200 250 300
Time, min

(e)

k = 0.0005 min™"*
0.16 R?=0.95
= Fe,O4
0144| e Fe,0,@GdFe0, A .
4 Fe,0,@NdFeO, k= 0.20005 min
o124 | e R2=0.97
3 k = 0.0003 min™"!
0104 | ¢ YFeOs ?=0.96
& 0.08 k = 0.0003 min™"*
=
R%2=0.92
0.06
| |
0.04
k = 0.0002 min™"
0.024 R2=0.81
0.00 = T T T T T T
0 50 100 150 200 250 300
Time, min
(b)
" Fe0, k = 0.0005 min~"
=0. min
® Fe,0,@GdFeO, R2=073 k=0.0005 min”'
0204 | * Fe0;@NdFeO, o 2=0.68
v CeFeO, L0 k = 0.0004 min'
+ YFeOq R2=077
0.15 4
e n $
s 010 k =%.0004 min™*
) R2=0.81
k = 0.0004 min™’
R2=0.88
0.05 4
w
0.00 - T T T T T T
0 50 100 150 200 250 300
Time, min
(d)
0.5
= Fe,04
® Fe,0,@GdFe0,
04| &4 Fe,0,@NdFe0,
v CeFeO, k =0.0015 min™’
+ YFeO, R2=0.89
0.3+ k = 0.0010 min™'
g R®=0.79 K =0.0003 min~"
024 R2=0.75
: k = 0.0003 min™’
R2=0.82
A b1
0.1
k = 0.0004 min"*
R2=0.81
0.0

o 4

T T T T T
50 100 150 200 250 300
Time, min

()

Figure 8. Results of constructing pseudo-second-order kinetic curves of the adsorption reaction to
determine the rate constant of the reaction of the studied nanoparticles with a change in their mass in
solution: (a) 0.01 g; (b) 0.05 g; (c) 0.10 g; (d) 0.25 g; (e) 0.50 g; (f) 1.00 g.
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The very mechanism of manganese extraction from aqueous solutions can be explained
by the cation exchange of manganese ions (Mn?") with the surface of nanocomposites.
Additionally, the formation of binary phases of the Fe,O;@GdFeOj3, Fe,O3@NdFeOj3 type
or phases characteristic of complex oxides of the CeFeOj3, YFeOj type in the structure of
nanocomposites leads to a change in the electronic structure, and, as a consequence, a
change in the Van der Waals forces on the surface of the nanocomposites. Moreover, a
change in the phase composition, as can be seen from these morphological features, leads to
a change in the shape and size of nanoparticles, which affects the adsorbing surface and is
quite developed in the case of modified nanocomposites (see data in Figure 1). In the case of
using Fe; O3@GdFeO3 and Fe,O3@NdFeO3; nanocomposites, an increase in the adsorption
efficiency can be due to the mechanisms of the transfer of Mn?* ions from an aqueous
solution to the surface of the nanocomposite as a result of the action of force fields, which
are determined both by the fields of hematite and by substitution phases of the GdFeO3; and
NdFeOs types and are formed during synthesis. Additionally, in comparison with pure
hematite (FepO3), for which the adsorption efficiency is rather low even at high adsorbent
concentrations in an aqueous solution, the presence of GdFeO3; and NdFeOj3 phases in
the composition of nanocomposites has a significant effect on the adsorption efficiency.
Therefore, it can be concluded that the modification of iron-containing nanoparticles plays
a very important role in the efficiency of adsorption. Additionally, the obtained results of
the influence of modification on the adsorption mechanisms are in good agreement with
the work [21], according to which the functionalization of the surface of iron-containing
nanoparticles significantly increases the efficiency of heavy metal sorption. Moreover, an
increase in the efficiency of manganese adsorption by composites with rare earth elements
is due to a more developed surface, as well as the presence of a cation exchange interaction,
which was reported in [22,23].

As can be seen from the data presented, almost all observed changes in the kinetic
curves can be described by a straight line. This indicates that the adsorption processes
themselves can be described by reactions of the first order, on the basis of which the reaction
rate constant was determined, the change of which is most pronounced with an increase in
concentration from 0.1 to 0.25 g for modified nanoparticles, and for Fe,O3 nanoparticles
from0.25t0 1.0 g.

Table 1 presents the results of the estimated parameters of the kinetic models used to
evaluate the obtained results of manganese adsorption using various nanocomposites.

By analyzing the obtained data of pseudo-first- and pseudo-second-order kinetic
curves for the studied nanocomposites, we can draw the following conclusions. Firstly, the
concentrations of nanoparticles of 0.1-0.25 g, for which the reaction rate varies from 1 x 10*
to 5 x 10* min~!, depending on the type of nanocomposites, are the most effective for
the adsorption of manganese from aqueous solutions. Additionally, of the two proposed
models, according to the AIC values, the most suitable for describing the obtained kinetic
curves is the use of the pseudo-first-order model, for which the AIC values at various
adsorbent concentrations are the smallest in comparison with similar data for the pseudo-
second-order model. Moreover, the use of the pseudo-second-order model showed a
significant deterioration in the description of the curves since the adsorption process itself
at high concentrations proceeds much faster for modified nanocomposites and reaches the
saturation effect after 180-210 min of adsorption.
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Table 1. Estimated parameters of pseudo-first- and pseudo-second-order kinetic models for man-
ganese adsorption using various nanocomposites.

. Pseudo-First-Order Parameters Pseudo-Second-Order Parameters
Sample Concentration of K AIC K ALC
Adsorbent, g qe R? e R?
(min—1) (mg/g) Values (g mg—1 min—1) (mg/g) Values
0.01 2 x 10° 0.652 0.89 4532 5% 10° 0.648 0.84 66.43
0.05 4 x 10° 0.331 0.87 48.53 2 x 10* 0.325 0.81 77.35
0.10 9 x 10° 0.265 0.95 32.35 3 x 10* 0.297 0.91 57.54
F8203 4 4
0.25 1x 10 0.136 0.97 28.43 4 %10 0.147 0.88 67.85
0.5 1 x 104 0.069 0.94 33.64 4 x 10* 0.073 0.87 65.64
1.0 2 x 10% 0.035 0.95 32.43 4 x 10* 0.039 0.81 69.32
0.01 2 x 10* 3.952 0.83 49.34 5 x 10* 3.959 0.95 54.65
0.05 2 x 10% 0.871 0.86 48.53 5 x 10% 0.885 0.95 52.54
0.10 3 x 10* 0.461 0.93 43.23 5 x 10* 0.463 0.78 79.56
Fe203@GdFeO3
0.25 3 % 10* 0.186 0.94 39.64 5 x 10% 0.185 0.73 89,63
0.5 3 x 10* 0.094 0.93 34.56 4 % 10* 0.091 0.72 91.26
1.0 5 x 10% 0.047 0.98 27.54 1.5 x 10° 0.102 0.89 38.43
0.01 2 x 10* 3.851 0.81 59.43 5 x 10* 3.845 0.93 64.35
0.05 2 x 10% 0.832 0.86 47.85 5 x 10* 0.846 0.97 62.23
0.10 2 x 10% 0.445 0.92 39.54 5 x 10* 0.441 0.85 74.64
Fe203@NdFeO3
0.25 3 x 10* 0.181 0.95 32.24 5 x 10* 0.193 0.68 89.35
0.5 3 x 10* 0.092 0.95 31.36 5 x 10% 0.095 0.69 91.23
1.0 4 % 10* 0.045 0.97 25.65 1 x 10% 0.093 0.79 59.74
0.01 5 x 10° 1.952 0.89 44.95 2 x 10* 1.945 0.95 63.42
0.05 6 x 10° 0.552 0.85 4753 3 x 10% 0.547 0.96 62.34
0.10 1 x 10* 0.353 0.96 32.23 4 x 10* 0.357 0.79 72.42
CeFeO3
0.25 2 x 10% 0.152 0.95 33.24 4 x 10* 0.157 0.77 79.45
0.5 2 x 10% 0.077 0.95 34.22 4 % 10* 0.074 0.71 82.44
1.0 3 x 10* 0.039 0.96 29.45 3 x 10% 0.034 0.75 73.46
0.01 5% 10° 1.902 0.84 53.56 2 x 10* 1.896 0.94 62.53
0.05 6 x 10° 0.573 0.85 51.23 3 x 10* 0.569 0.92 62.24
0.10 1 x 10* 0.355 0.95 36.54 4 % 10* 0.363 0.82 69.53
YFeO3
0.25 2 x 10% 0.158 0.94 35.43 4 x 10* 0.149 0.81 78.45
0.5 2 x 10* 0.082 0.96 31.45 4 x 10* 0.089 0.79 79.62
1.0 2 x 10* 0.041 0.95 32.34 3 x 10% 0.039 0.82 73.22

3.5. Results of Evaluation of Adsorption Efficiency in Cyclic Tests

An important factor in the applicability of nanocomposites as adsorbents or catalysts is
their resistance to prolonged exposure to aqueous media, which characterizes the stability
of their crystal structure to degradation, as well as the possibility of reuse as adsorbents.
Therefore, to test the applicability of the synthesized nanocomposites for the possibility of
reuse and maintain stable indicators of the efficiency of pollutant adsorption, a series of
experiments were carried out, the results of which are presented in Figure 9. Cycling was
performed for all the studied samples of nanoparticles in model solutions at a concentration
of 0.25 g, which showed the highest efficiency since it was shown above that an increase
in the mass of nanoparticles above 0.25 g does not lead to a significant increase in the
adsorption efficiency.
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Figure 9. Evaluation results of changes in adsorption efficiency as a result of cyclic tests with repeated
use of nanoparticles.

As can be seen from the presented data, Fe;O3 nanoparticles undergo the greatest de-
crease in adsorption efficiency during cyclic tests, for which a drop in efficiency is observed
already after three cycles, and the maximum deterioration after 10 test cycles is more than
70%. Such a deterioration in the adsorbing capacity of Fe;O3 nanoparticles during cyclic
tests can be explained by amorphization or destruction of nanoparticles during a long stay
in the model solution, as well as during the interaction of the nanoparticle surface with
both the model solution and heavy metal ions extracted from it. For modified nanoparticles,
the highest resistance to long-term cyclic tests, despite the lower adsorption efficiency,
was shown by CeFeO; and YFeOs3; nanoparticles, for which a decrease in efficiency is
observed only after 6-7 cycles, and the decrease was 7.6% and 3.9%, respectively. This is
somewhat lower than for Fe;O3@GdFeO; and Fe,O3@NdFeOj3 nanoparticles, for which
a decrease in efficiency is observed after 5 cycles, and the decrease after 10 cycles was
more than 10%. However, by analyzing the obtained data, we can conclude that nanopar-
ticles modified with Fe,O3;@GdFeO3 and Fe,O3@NdFeO; are highly promising for the
treatment of aqueous media due to high efficiency rates (more than 90%), as well as the
stability of maintaining the cleaning efficiency during cyclic tests (at least five cycles). It
should be noted that at lower adsorption efficiency (no more than 80%) of CeFeO3 and
YFeOs3, nanoparticles are more resistant to long-term tests, which can be used for frequent
purification of aqueous media at low concentrations of heavy metals.

3.6. Results of Evaluation of Resistance to Degradation during Cyclic Tests

The assessment of resistance to degradation during long-term exposure to aqueous
solutions was carried out by placing nanoparticles in a model medium for a period of
10 days, after which the morphological features of the obtained composites were visualized,
and changes in their structural parameters were evaluated using the X-ray diffraction
method. The results of these changes in morphological features are shown in Figure 10.
Figure 11 shows the diffractograms of the test samples after 10 days of corrosion testing.
During analysis of the data obtained, it was found that there was no new diffraction
reflections characteristic of impurity inclusions formed as a result of degradation. The main
changes are associated with a change in the shape of reflections and their intensity, which
indicates a change in the degree of structural ordering.
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(d)

(e)

Figure 10. TEM images of the dynamics of changes in the morphological features of the stud-
ied nanocomposites before and after corrosion in a model solution: (a) Fe,Os nanoparticles;
(b) Fe;0O3@GdFeO3 nanoparticles; (c) Fe,O3@NdFeO3 nanoparticles; (d) CeFeO3; nanoparticles;
(e) YFeO3 nanoparticles CeFeOs.

As can be seen from the presented data on the morphological features of the studied
nanocomposites before and after corrosion tests in a model solution, the main changes are
associated with the partial destruction of the surface of nanoparticles and the formation of
various growths in the form of spherical or feather-like inclusions, as well as the formation
of films, which were observed in the case of Fe;O3@NdFeO3 nanoparticles.

In the case of annealed unmodified hematite nanoparticles, being in a model solution,
degradation processes proceed through partial destruction and loss of shape, followed
by transformation into amorphous particles. In the case of modified nanocomposites,
the processes of corrosion and subsequent degradation are less pronounced than in the
case of the original Fe;O3 nanoparticles, which indicates an increased resistance of the
modified nanocomposites to degradation during prolonged exposure to aqueous media.
This fact allows for concluding that the addition of rare-earth elements to iron-containing
nanocomposites leads to an increase in their stability, as well as the preservation of the
particle shape, which makes it possible to use them for a longer time than in the case of
conventional unmodified Fe,O3 nanoparticles, which have a low resistance to destruction.



Magnetochemistry 2023, 9, 87

19 of 24

Intensity

3
3

Fe;03

Fe,03

YFeO3
FeO3

It should also be noted that the main morphological changes for modified nanoparticles
during corrosion tests occur according to the classical mechanisms of surface layer oxida-
tion, followed by the formation of oxide films or inclusions in the form of hemispherical or
spherical outgrowths. However, in the case of YFeO3 nanoparticles, as well as in the case of
initial Fe,O3 nanoparticles, degradation is accompanied by a partial loss of particle shape
due to its amorphization, although less pronounced than in the case of Fe,O3 nanoparticles.
Moreover, by analyzing the obtained data, we can conclude that Fe,O3@GdFeO3 nanopar-
ticles have the highest resistance to degradation as a result of corrosion tests, for which
changes in morphological features were practically not observed, which is also confirmed
by the results of changes in the structural ordering degree, the comparative data of which

are presented in Figure 12.
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Figure 11. Diffractograms of samples after 10 days of corrosion testing.
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Figure 12. Results of the change in the structural ordering degree of the studied samples after
corrosion tests (the data are given in comparison with the values in the initial state).
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As can be seen from the presented data, the greatest changes in the structural or-
dering degree are observed for unmodified nanocomposites, the decrease for which is
approximately 35% of the initial value. Moreover, a change of more than 10% is observed
for samples of YFeO3; nanoparticles, which, as can be seen from the data of morpholog-
ical studies of transmission electron microscopy, are most susceptible to destruction in
a model solution than other modified nanocomposites. In the case of Fe,O3;@GdFeOs,
Fe;O3@NdFeOs, and CeFeO; nanoparticles, the decrease in the degree of structural or-
dering is no more than 2—4% after 10 days of testing, which indicates a high resistance
to degradation and corrosion during long-term exposure to the model solution. It is also
worth noting that the modification of iron-containing nanoparticles leads to a 3- to 10-fold
increase in resistance to degradation during corrosion in comparison with unmodified
Fe,O3 nanoparticles.

3.7. Comparative Analysis of the Efficiency of Nanocomposites for Purification of Aqueous Media

The use of iron-containing nanocomposites obtained by mechanochemical mixing of
iron oxide with compounds of rare earth elements and subsequent thermal annealing at a
temperature of 800 °C as adsorbents for aqueous media purification has shown the high
efficiency and promise of using these nanocomposites. Table 2 presents comparative data
on the adsorption efficiency of the obtained nanocomposites.

Table 2. Comparative analysis results.

Type of Nanocomposite
Fe203@NdFeO3

Parameter
CeFeO3 YFeO3

Fe203 Fe203@GdFeO3

Adsorbent mass at
which the
maximum
efficiency of 1.0
manganese
removal is
achieved, g

0.25 0.5

Maximum
manganese
removal
efficiency,%

69-71 93-94 89-90 77-80 79-81

Equilibrium time,
min

270-300 min

270 min (at a
concentration of
0.25g)

180 min (ata
concentration of
1.0g)

270 min (at a
concentration of
0.25g)

210 min (at a
concentration of
1.0g)

270 min 270 min

Reaction rate

constant, min~1

0.00002-0.0002

0.0002-0.0005

0.0002-0.0004

0.00005-0.0002 0.00005-0.0002

An oxide
Resistance to Degrade by partial Resistant to protective film is Covered with Partially
degradation destruction after 10  degradation after formed on the small erowths amorphized after
during operation days 10 days of testing surface of & 10 days of testing
nanocomposites
Number of . . .
. After three cycles, After five consecutive cycles, there is a . -
recycles while ) . 7 After 6-7 cycles decrease in efficiency.
S adsorption decrease in efficiency. ) .
maintaining . o . The decrease in efficiency after 10 cycles
. efficiency drops After 10 cycles, a 10% decrease in ) o
maximum - is no more than 7-8%.
sharply efficiency.

efficiency
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As can be seen from the presented comparative table, the most effective are Fe,O3@GdFeOs
and Fe;O3@NdFeO3 nanocomposites, which have both high adsorption efficiency in shorter
times and the possibility of stable use during successive cyclic or repeated tests. Addition-
ally, in contrast to conventional hematite (Fe;O3), high adsorption efficiency is achieved
with significantly lower masses of adsorbent from nanoparticles, which makes it possible
to reduce its consumption in industrial use. It is also worth noting that the proposed tech-
nology for producing nanocomposites by mechanochemical mixing and heat treatment of
Fe;O3 nanoparticles with rare earth compounds can significantly simplify the technological
process for manufacturing such highly efficient adsorbents.

As is known, the key requirements for catalysts and adsorbents for the purification of
aqueous media are a number of special requirements, including their physical properties,
non-toxicity, and biocompatibility, as well as the efficiency of adsorption or photochemical
decomposition. These requirements, as well as an assessment of the applicability of various
types of nanoparticles in the purification of aqueous media, were formulated in detail in
a number of reviews [24-26]. Therefore, one of the key requirements for nanoparticles in
the case of their use as adsorbents or catalysts, in addition to their stability and adsorption
efficiency, is their non-toxicity and decomposition into harmless components in case of
degradation. In the case of the studied objects, it was previously shown in [27,28] that the
resulting nanocomposites modified with rare earth elements gadolinium and neodymium
are well biocompatible and do not have toxicity. Thus, the use of these modified nanopar-
ticles as adsorbents will make it possible to eliminate the negative impact on aquatic
environments and living organisms during use, and high stability indicators will allow
these nanocomposites to be used for a sufficiently long time.

For comparison, the diagram (see Figure 13) presents comparative data on the effi-
ciency of manganese adsorption using similar catalysts known from a number of literature
data [29-33].
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Figure 13. Comparative diagram of the adsorption efficiency of various types of nanocomposites:
(1) Fe; O3 [this work]; (2) Fe,O3@GdFeO3 [this work]; (3) Fe,O3@NdFeOs [this work]; (4) CeFeOs3
[this work]; (5) YFeOj [this work]; (6) Fe304@LDH@MnO, composite [29]; (7) Magnetite nanoparti-
cles [30]; (8) CoxMn;_,Fe,O4 nanocomposite [31]; (9) MgFe,O4 nanoparticles [32]; (10) FeNis /TiO,
nanocomposite [33].

As can be seen from the presented data of the comparative diagram, the obtained
Fe,O3@GdFeO3 and Fe,O3@NdFeO3 nanocomposites have a higher efficiency in compar-
ison with other types of magnetic nanoparticles. Additionally, in the case of comparing
the stability of the purification efficiency with the results of [29], Fe;O;@GdFeO3 and
Fe,O3@NdFeO3 nanocomposites have a higher resistance to degradation during cyclic
tests and the preservation of purification stability for five cycles. Moreover, when us-
ing Fe304@LDH@MnO, composite in cyclic tests, a decrease in adsorption efficiency
was observed.
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It should also be noted that, in most cases, the use of iron-containing nanoparticles or
composites based on them as catalysts or adsorbents is due to their magnetic properties,
which make it possible to extract particles after adsorption without mass loss and with
the possibility of their reuse. All this plays an important role in assessing the prospects
and economic feasibility of the application, as well as in calculating the cost of catalysts.
In turn, the proposed technology for creating iron-containing composites modified with
rare earth elements using simple technological operations, including mechanochemical
grinding and thermal annealing, has a lower cost of manufacturing catalysts than using
various types of chemical modification of nanoparticles using many different operations
and expensive reagents.

3.8. Estimation of the Cost of Synthesized Nanocomposites

The cost estimate for the production of nanocomposites consists of the cost of purchas-
ing chemical reagents, the time spent on manufacturing, taking into account grinding and
subsequent thermal annealing, as well as the depreciation of equipment for synthesis and
subsequent characterization of the obtained samples in order to establish the repeatability
of the results. The pricing of the chemicals used for the synthesis was based on data
provided by the official manufacturer and distributor Sigma Aldrich. Additionally, in the
case of remote areas from the supplier, as a rule, it is also necessary to take into account the
costs associated with transportation, which in most cases amount to 10-15% of the cost of
goods from the manufacturer. Table 3 presents the cost of chemical reagents used for the
manufacture of nanocomposites.

Table 3. Data on the cost of chemical reagents used for the production of nanocomposites.

Reagent Name CAS No. Pack Size, kg Price, EUR
FeCl3-6H,O 10025-77-1 1 195.00
Na,SO3 7757-83-7 0.25 31.30
Gd(NO3)3 19598-90-4 0.01 139.00
Nd,03 1313-97-9 0.025 24.90
CeO, 1306-38-3 0.10 75.90
Y,03 1314-36-9 0.25 386.00

Thus, the cost of manufacturing 0.1 kg of the main component of iron oxide (Fe,O3),
taking into account the cost of purchasing chemical reagents, as well as the depreciation
of equipment and energy costs, is approximately EUR 30-40. The cost analysis took into
account the cost of production, which was estimated at 30% of the total cost of the received
product and included the cost of energy consumption and the use of equipment. For
modified nanocomposites, the cost of 0.1 kg varies from EUR 50 to 150, where the main
increase in the cost is associated with the price of the dopant, which, in the case of using
the GA(NO3); and Y03 components, is quite high, EUR 139 and EUR 386, respectively.
However, even taking into account the high cost of rare earth components and the possibility
of reusing these nanocomposites for purification (more than five consecutive cycles), the
proposed nanocomposites are much cheaper than traditional catalysts based on noble
metals such as palladium, gold, or silver. Additionally, it is important to note that the
magnetic properties of the proposed nanocomposites allow them to be extracted from
aqueous media without any significant losses, and the low toxicity and decomposability
in water into harmless components makes it possible not to be afraid of contamination of
water sources by nanocomposites during their use.

4. Conclusions

This paper presents the results of studies on the prospects of using mechanochemical
synthesis to obtain iron-containing nanocomposites doped with rare earth elements in
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order to increase the efficiency of heavy metal adsorption from aqueous media. According
to the obtained data on morphological features, it was found that the addition of rare
earth elements leads to a change in the shape of particles, as well as their enlargement,
followed by the formation of agglomerate dendrite-like structures. According to the
obtained test data for corrosion resistance, it was found that the modification of Fe,O3
nanoparticles with rare earth elements leads to an increase in the resistance to degradation
and amorphization as a result of corrosion during prolonged exposure to an aqueous
medium. Such increased stability can be explained by a change in the phase composition
of iron-containing nanocomposites due to the formation of substitution phases in the form
of impurity inclusions or a complete phase transformation of the Fe,O3 — AFeO3 (A = Ce,
Y) type. During analysis of manganese adsorption data, it was found that nanoparticles
modified with Fe,O3@GdFeO3 and Fe; O3@NdFeOs are highly promising for the treatment
of aqueous media due to high efficiency rates (more than 90%), as well as the stability of
maintaining the cleaning efficiency during cyclic tests (at least five cycles). Additionally, it
should be noted that with lower adsorption efficiency (no more than 80%) of CeFeO3 and
YFeOs3, nanoparticles are more resistant to long-term tests, which can be used for frequent
purification of aqueous media at low concentrations of heavy metals. Comparative analysis
of the obtained results with the data of other works showed the high promise of the
proposed nanostructures as adsorbents for the purification of aqueous media, which have
a fairly low cost and ease of reproduction in any quantities.
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