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Abstract: The aim of this work is to evaluate the application of NiFe,O4 nanoparticles with spinel
structures as the basis of catalysts for the purification of aqueous media from pollutants such as
manganese and arsenic. The interest in these catalysts is due to their ease of production and high ab-
sorption efficiency, which, together with their magnetic properties, allow the use of nanoparticles for
a long time. The sol-gel method, followed by thermal annealing of the samples at different tempera-
tures, was proposed as a method for the synthesis of spinel nanoparticles. The choice of the annealing
temperature range of 200-1000 °C is caused by the possibility of estimating changes in the structural
properties and the degree of nanoparticles crystallinity. During the study of structural changes in
nanoparticles depending on the annealing temperature, it was found that in the temperature range
of 200-800 °C, there is an ordering of structural parameters, while for samples obtained at annealing
temperatures above 800 °C, there is a partial disorder caused by the agglomeration of nanoparticles
with a subsequent increase in their size. According to the results of the studies on the purification
of aqueous media from pollutants, it was found that the greatest absorption efficiency belongs to
nanoparticles annealed at 500-700 °C, with the purification efficiency of 70-85%, depending on the
type of pollutant. The results obtained from the use of nanoparticles as catalysts for the purification
of aqueous media show great prospects for their further application on an industrial scale.

Keywords: nanoparticles; catalysts; aqueous purification; spinel; thermal annealing

1. Introduction

In recent years, much attention has been paid to environmentally friendly methods
of producing nanostructured materials and nanoparticles, which have great prospects
for use in various fields of technology, including microelectronics, biomedicine, catalytic
decomposition of pollutants and dyes [1-3]. An important role in such studies is played by
spinel structures with a number of unique properties that allow them to be used in a large
number of different applications [4-10].

The interest in this research is due to the possibility of developing inexpensive methods
for the synthesis of nanostructures both in the laboratory and on an industrial scale. Special
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interest in this field is increasingly focused on the application of magnetic nanoparticles
or composites based on them as catalysts and absorbents used for water purification,
decomposition of organic dyes, etc. [11,12]. The interest in this area of research is due to
the need to replace expensive catalysts with cheaper ones obtained using simple synthesis
methods, as well as to increase the decomposition and purification efficiency due to the
transition to nanoscale objects [13,14]. Moreover, the use of magnetic nanostructures as a
basis for catalysts enables cheaper decomposition processes, as well as free extraction of
catalysts from aqueous media by magnetizing them to a magnetic surface without losing
mass due to their magnetic properties [13,14].

Among the variety of magnetic nanoparticles, nanoparticles based on iron and nickel
compounds with spinel structures are among the most promising [15-17]. NiFe,O4-type
nanoparticles with spinel structures and unique magnetic, conductive properties, and
a high degree of degradation resistance, compared with iron oxide nanoparticles, are
increasingly used in practical applications due to their properties. Nowadays, there are
quite a number of different methods for obtaining NiFe,O4 nanoparticles, which allow
obtaining nanoparticles of different geometry and degree of crystallinity [18-24]. Among
all methods, the sol-gel method can be singled out, which allows obtaining nanoparticles
of monodisperse size but with a low degree of crystallinity and a large number of vacancy
defects in the structure. To increase the degree of crystallinity, which plays an important
role in preserving the stability of nanoparticles for long-term operation, as a rule, the
thermal annealing method is used to restore the structure and annihilate the point defects.
However, the use of this method to restore the structural properties, as well as to increase
the degree of crystallinity, may be accompanied by phase transformations or agglomeration
of nanoparticles as a result of sintering. In this connection, to understand the modes of
obtaining highly ordered nanoparticles with a well-formed crystal structure, it is necessary
to conduct research aimed at revealing the regularities of the effect of annealing temperature
on the change in the structural and morphological properties of nanoparticles [25,26]. In
turn, the developed technique of obtaining ferrite nanoparticles with controlled phase
composition, morphology, and crystal structure can be further applied to the industrial
production of absorbents for water purification. It is known that in recent years, the
problem of wastewater pollution by various chemical reagents, organic dyes, or heavy
metals is becoming more and more critical. The accumulation of pollutants in water can
cause catastrophic consequences associated with poisoning of the environment and living
organisms, mutations, etc. In most cases, pollutants cannot be neutralized by traditional
methods, due to their high chemical inertness and resistance to decomposition, which
requires finding new ways of their utilization without being energy- and resource intensive.
One of such methods is the method of pollutant absorption on the surface of nanoparticles
with their subsequent neutralization and utilization [27-30]. This method is very effective
and energy saving, and the magnetic properties of nanoparticles allow their use for several
cycles without mass loss.

Based on the above, the purpose of this work is to evaluate the application of NiFe,O4
nanoparticles with spinel structures as the basis of catalysts for the purification of aqueous
media from pollutants such as manganese and arsenic.

2. Results and Discussion
2.1. Influence of Annealing Temperature on Structural Properties and Degree of Ordering of
NiFe;O4 Nanoparticles

Figure 1a shows the results of changes in the morphological features of the synthesized
nanoparticles depending on the annealing temperature. For comparison, an image of the
initial powder obtained after synthesis and not subjected to thermal treatment is shown.
As can be seen from the presented data, a change in the annealing temperature leads to a
change in the morphological features of nanoparticles related primarily to their enlargement
and formation of large agglomerates at high temperatures (above 700 °C) resulting from the
sintering of nanoparticles. It should be noted that the main morphological changes occur at
temperatures above 400 °C, when a slight change in the shape of particles close to spherical
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is observed. At temperatures above 500 °C, partial enlargement of particles is observed,
with the formation of an insignificant number of large particles, the size of which is more
than 40-50 nm. Meanwhile, an increase in annealing temperature leads to an increase in the
number of large particles, and at temperatures of 900-1000 °C, dendrite-like formations of
large size consisting of grains larger than 50 nm are observed. Such morphological changes
at temperatures above 700 °C are due to the sintering processes of grains, followed by
the formation of large agglomerates. An increase in the grain size, in this case, is due to
the sintering of nanoparticles, followed by the formation of large agglomerates. In turn,
a change in the shape of nanoparticles with the formation of a dendritic structure is also
due to agglomeration processes at high temperatures, caused by thermal effects leading to
sticking and sintering of small grains into larger ones.
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Figure 1. (a) SEM images of synthesized NiFe,O4 nanoparticles; (b) results of changes in grain size and specific surface area

of NiFe;O4 nanoparticles.
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An increase in grain size, followed by the formation of agglomerates, leads to a
decrease in the specific surface area (see Figure 1b), which may negatively affect the
absorption characteristics of nanoparticles.

Table 1 presents the results of the effect of heat treatment on the change in the atomic
ratio of the components in NiFe,O, nanoparticles obtained by the analysis of the element
distribution maps. The analysis of the obtained distribution maps revealed the presence of
three components—oxygen, iron, and nickel—without the presence of any impurity ele-
ments.

Table 1. Results of energy-dispersive analysis.

Temperature, °C 0, at.% Fe, at.% Ni, at.%
200 56.2 + 3.9 26.7 £ 3.2 172 £0.6
300 58.2 £5.2 254 + 4.5 164 +£27
400 61.7 £ 1.8 23.0+04 153 +£21
500 623+14 220+1.0 157 £ 21
600 60.0+15 233+1.0 16.8 + 0.8
700 58.8 £2.5 272+ 1.3 140+1.3
800 493 +5.1 322437 203 +49
900 48.6 £2.1 305+24 209 +45
1000 455+ 47 334 +25 212425

From the data presented, it is clear that in the case of nanoparticles obtained at
200-600 °C, there is a deviation from the stoichiometric formula NiFe;Oy4, with a large
excess of iron and lack of oxygen. Increasing the annealing temperature leads to filling
the vacancy positions with oxygen, followed by an increase in the oxygen content in the
structure. According to the presented data of elemental analysis, for samples annealed at
700 °C, the atomic ratio is close to 1:2:4, which corresponds to the stoichiometric formula
for nickel ferrite and proves the creation of nanoparticles with a composition of oxygen.
However, a further increase in annealing temperature leads to oxygen displacement from
the structure, which leads to a decrease in its concentration within nanoparticles. The
displacement of oxygen may also be due to the agglomeration of grains into larger particles.

Figure 2 shows the X-ray diffractograms of the studied samples depending on the
annealing temperature. An X-ray diffractogram of the samples after obtaining without heat
treatment is shown as a sample comparison. This spectrum is presented for comparison
in order to reflect the absence of an ordered structure of nanoparticles in the initial state
without the effect of thermal annealing. In most studies [17-24] devoted to the synthesis of
analogous systems in the initial state, nanoparticles are either highly disordered structures
or close to amorphous structures.

According to the presented data, we can infer that in the case of samples not subjected
to thermal annealing, there are no diffraction reflexes on the diffractogram, which indicates
the absence of ordered crystal structure of the samples. In the case of thermal annealing
at 200 °C, the formation of low-intensity reflexes whose position corresponds to cubic
NFe,Oy4 phase of Fd-3m (227) space syngony with spinel structure (PDF-00-066-0245) is
observed. The NiFe,O4 compound is known to represent an inverse spinel structure in
which the divalent and half of the trivalent ions are arranged in the octahedral positions
and the remaining trivalent ions fill the tetrahedral positions. An increase in temperature
above the annealing temperature of 400 °C leads to an increase in the intensity of these
reflexes, which indicates an ordering of the crystal structure. It should be noted that unlike
iron oxide nanoparticles, for which phase transformations of the magnetite-hematite type
are observed at temperatures above 600 °C. In the case of iron-nickel oxide nanoparticles,
no new reflexes are observed in the whole investigated temperature range of annealing,
which indicates the absence of phase transformation processes. All basic changes observed
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on the X-ray diffractograms depending on temperature are connected with changes in the
form of reflexes and their intensity, which indicates the ordering of structure due to change
in dislocation density and reduction in deformations and distortions of the crystal lattice.
In this case, for the annealing temperatures above 800 °C, a slight decrease in the reflection
intensity and their shift to the region of small angles is observed, which is characteristic of
the deformation of the interplanar distances and the broadening of the crystal lattice.

(311)

(220)
(222)
(400)
(422)
(333)
(620)
(533)

/\@(\\Q y’ J
500
800 I .ﬂ L_Jl | " Arame A rtira e A

s T s 1 e ve——
‘ ) | Au)

A J\Mk i " A o,

A, " . ~ ~

[
o

Sample after synthesis without annealing
L L e e L A L e e s B e B |

40 50 60 70 80 90
2 Theta, degree

Figure 2. X-ray diffractograms of synthesized NiFe,O4 nanoparticles as a function of annealing temperature.

The dynamics of changes in the crystal lattice parameters and lattice volume presented
in Figure 3a show the two-stage character of changes in the structural parameters. The
first stage is characterized by a decrease in the values of the crystal lattice parameter,
and, as a consequence, the volume of the crystal lattice, which indicates an ordering
of the structure and a decrease in deformations. This behavior is due to the relaxation
processes of metastable point defects that arose during synthesis, which annihilate as a
result of external influences. Such behavior of point defects leads to a decrease in distorting
stresses in the crystal lattice, which leads to its ordering. The rate of change in the crystal
lattice parameters for different temperature intervals is different, indicating that at low
annealing temperatures, most of the metastable defects annihilate, while increasing the
temperature leads to the ordering of structure by filling the vacancy positions in the
lattice with the subsequent formation of a highly ordered spinel structure. However,
at annealing temperatures above 800 °C, an increase in the crystal lattice parameters
and its volume is observed, which indicates the occurrence of additional distortions and
structural deformations. Such behavior of the parameters may be due to the processes of
agglomeration of nanoparticles into larger structures, as well as partial displacement of
oxygen from the positions in the sublattices.

Changes in the crystal lattice parameters, as well as the crystal’s volume, directly
affect the density of nanoparticles and the presence of porous inclusions in the structure.
Figure 3b shows the results of changes in the values of density and integral porosity, which
were calculated on the basis of these changes in the crystal lattice volume. As can be
seen from the presented data, the ordering of the crystal structure leads to an increase in
the density of nanoparticles and a decrease in the value of integral porosity, which was
estimated by the change in the density ratio of nanoparticles in the initial and annealed
state. The nanoparticles agglomeration at high temperatures leads to the density decrease
due to the structure deformation and the integral porosity increase.
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Figure 3. (a) Diagram of lattice structural parameters of NiFe,O4 nanoparticles as a function of annealing temperature;

(b) diagram of nanoparticle density and integral porosity.

Optical density

2.2. Study of the Absorption Efficiency and Catalytic Properties of NiFe,Oy4 Nanoparticles

Figure 4 shows the results of changes in the value of the optical density of manganese
and arsenic solutions with catalysts based on NiFe,O4 nanoparticles placed in them. As
can be seen from the presented data on the changes in optical density, the graph can be
divided into three different sections corresponding to different values of the optical density
reduction efficiency. The first plot is characteristic of the samples obtained at temperatures
of 200400 °C. In this case, the decrease in optical density is less than 2 times for the samples
obtained at 300-400 °C, and practically, there is no change of optical density for the samples
obtained at 200 °C.
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Figure 4. Diagram of the change in the optical density of the solution depending on the type of catalyst (the black dotted

line indicates the optical density of the solution without a catalyst: (a) in the case of manganese absorption; (b) in the case of

arsenic absorption.

The second region is characterized by annealing temperatures of 500-800 °C nanopar-
ticles and is characterized by an optical density value of 1.4-1.6, which is 4 times lower
than the initial value in the case of manganese absorption. For the absorption of arsenic,
the decrease in optical density is more evident and is 0.7-1.1, which is more than 5 times
lower than the initial value.

The third region is characteristic of temperatures above 800 °C and is characterized
by a slight deterioration in the change in optical density, indicating a decrease in the
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efficiency of manganese absorption. This behavior may be due to the agglomeration of
nanoparticles and an increase in their size, which leads to a decrease in the active surface
area involved in absorption. Reduction in the specific surface area, as well as the formation
of agglomerates, leads to the complication of metal ions absorption processes on the surface
of the nanoparticles, which leads to the deterioration of purification efficiency.

Figure 5 shows the absorption efficiency diagram, which characterizes the degree of
purification of aqueous solutions from pollutants. As can be seen from the data presented,
the maximum purification efficiency for manganese is more than 70% for nanoparticles
obtained at annealing temperature 500-800 °C, while increasing the annealing temperature
above 800 °C leads to a deterioration in efficiency by 3-10%. Simultaneously, the absorption
efficiency and the degree of purification from arsenic are much higher, and the maximum
degree of purification is more than 85%.

100 -
1 Manganese absorption efficiency

1 I Arsenic absorption efficiency

80

(2]
o
|

Absorption efficiency, %
S =
1 1

200 400 600 800 1000

Temperature, °C

Figure 5. Absorption efficiency diagram of manganese and arsenic from aqueous solutions.

It should be noted that the decrease in the absorption efficiency of nanoparticles
obtained at an annealing temperature above 800 °C is associated primarily with a change
in the specific surface area involved in the absorption process, as well as a change in the
structural and morphological properties of nanoparticles.

Figure 6 shows the results of changes in the morphological characteristics of nanopar-
ticles obtained at a temperature of 700 °C after the absorption cycle, according to which
growths are formed on the surface of nanoparticles, with a size of 3-5 nm. Analysis of the
elemental composition of these growths showed that they contain manganese and arsenic,
depending on the type of absorption reaction in which the nanoparticles were involved.
However, the concentrations of these elements do not exceed 2-3 at.%. Hence, from the
obtained data, we can conclude that the main cleaning mechanism is associated with the
absorption of manganese ions or arsenic on the surface of the nanoparticles, through the
formation of complex compounds and the formation of small inclusions.
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Figure 6. SEM images with maps of distribution of absorbed contaminants: (a) after manganese absorption; (b) after

arsenic absorption.
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One of the important parameters of nanoparticles’ efficiency as catalysts is the preser-
vation of the absorption efficiency during several consecutive cycles. According to the
data obtained, NiFe,O4 nanoparticles obtained at annealing temperature 700 °C have the
highest purification efficiency, for which the degree of purification was more than 77%
and 85% of manganese and arsenic, respectively. Figure 7a shows the results of cyclic
tests of these nanoparticles, conducted through five consecutive cycles of absorption and
evaluation of the purification efficiency after each cycle. As can be seen from the data pre-
sented, after five cycles, the purification efficiency for the selected nanoparticles decreases
insignificantly, and the difference between cycles 1 and 5 is not more than 2-4%, which
confirms the stability and resistance of nanoparticles during long-term operation, while
in the case of arsenic absorption, the purification efficiency is practically unchanged over
4 cycles. This preservation of purification efficiency during long-term operation is due to a
high degree of ordering of structural properties of nanoparticles, as well as a high specific
surface area, which contributes to the absorption processes with the subsequent formation
of complexes.

[ Manganese absorption efficiency [ Manganese absorption efficiency
I Arsenic absorption efficiency Il Arsenic absorption efficiency

Absorption efficiency, %

3 4 NiFe,O, NPs CaTiO, ceramic CuO NPs
The number of cycles Sample
(a (b)

Figure 7. (a) Absorption efficiency diagram during five cycles; (b) comparative absorption efficiency diagram of synthesized
nanoparticles with commercial analogs.
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To evaluate the effectiveness of the synthesized nanoparticles as a basis for catalysts
in comparison with commercial analogs, a comparative experiment on the purification of
aqueous media from manganese and arsenic using nanostructured ceramics CaTiO3 [31,32]
and CuO nanoparticles (CuO NPs) [33,34] was performed. The choice of these types
of structures for comparison is due to the fact that they are used as the basis of most
catalysts for the purification of aqueous media from various types of pollutants, including
heavy metals. For comparative analysis, NiFe;O4 nanoparticles obtained at an annealing
temperature of 700 °C were chosen, which showed the best absorption results. The results
of the comparative analysis are shown in Figure 7b. As can be seen from the data presented,
the NiFe,O4 nanoparticles obtained in the work have high efficiency, compared with the
selected commercial analogs. In this case, NiFe,O4 nanoparticles have the highest efficiency
in the absorption of arsenic, for which the absorption efficiency exceeds the commercial
analogs by 25-40%.

3. Materials and Research Methods

Nickel ferrite nanoparticles were prepared by sol-gel method with ethylenediaminete-
traacetic acid (EDTA), as a complexing agent, to produce nanoparticles and subsequent
annealing in a muffle furnace. Solutions A, B, and C were prepared for this purpose. To
prepare solution A, an analytical suspension of 0.1 moles of Ni(NOs),-6H,O and 0.2 moles
of Fe(NO3)3-9H,O was dissolved in deionized water. Solution B consisted of 3.0 moles
of citric acid dissolved in deionized water. Dissolving 0.3 moles of EDTA produced solu-
tion C. The solutions were combined by adjusting pH with ammonia and raising it to 7.
The resulting mixture was stirred continuously at t = 60 °C for several hours, gradually
increasing the temperature to 100 °C. As soon as the color and viscosity of the solution
changed, stirring was stopped and the temperature was increased to 180 °C, until complete
dehydration. As a result of the reaction, the resulting gel was self-igniting and combusted
to form a loose black powder.

To remove impurities, increase phase purity and crystallinity, and study the effect of
temperature on the structural properties of the samples, thermal annealing was carried out
in a muffle furnace 4/11/SKM Nabertherm (Germany) in an oxygen-containing medium
in the temperature range of 200-1000 °C. The furnace heating rate was 20 °C/min, and
after the furnace temperature was stabilized to the selected temperature, the samples
were annealed for 5 h, followed by cooling of the samples together with the furnace for
24 h. After annealing, the samples were placed in sealed containers to avoid airborne
degradation and aging processes associated with oxidation. These conditions of annealing
and subsequent cooling of the samples, together with the furnace, make it possible to avoid
stress conditions caused by a sharp temperature drop and subsequent oxidation processes.

The morphological features of the synthesized nanoparticles depending on the an-
nealing temperature conditions were analyzed by analyzing the images obtained on a Jeol
JSM-7500F scanning electron microscope (Jeol, Japan).

The elemental composition was investigated using the energy-dispersive analysis
method implemented using a Hitachi TM3030 scanning electron microscope (Hitachi,
Japan). Determination of the elemental ratio was performed by analyzing the obtained
element distribution maps and collecting statistical data with subsequent averaging and
determining the error of measurements.

The structural parameters were determined using the X-ray diffraction method. A
powder X-ray diffractometer D8 Advance ECO (Bruker, Germany) was used to obtain
diffractograms. Diffractograms were taken in Bragg—Brentano geometry in the range of
angles 20 = 20-90°, with a step of 0.02° and a spectrum acquisition time of 1 sec per point.
The structural parameters were determined using the DiffracEVA v.4.2. software code,
which is based on the full-profile analysis method based on the Rietveld method. The
lattice parameters were refined by comparing the positions of the diffraction maxima of the
main reflexes with the positions of the reference lines from the PDF-2(2016) database. The
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change in lattice volume, reflecting the degree of its ordering and affecting nanoparticle
density, was evaluated by determining lattice parameters, followed by recalculation.

The density of nanoparticles was determined by the X-ray diffraction method by
analyzing the obtained data on changes in structural parameters, including the crystal
lattice volume.

The integral porosity value was determined by evaluating the ratio of changes in the
density of nanoparticles in the initial and annealed state, depending on the annealing tem-
perature.

The specific surface area of Spgr was estimated by the Brunauer—-Emmett-Telleras
adsorption method using a Gemini VII 2390 analyzer (Micromeritics, GA, USA). The
calculations were performed using Equation (1) as follows:

SgeT = 6/ (0xDBET) 1)

where Dggr is the grains’ size; px is the material density determined by the X-ray method.

To assess the effectiveness of purification of aqueous media from pollutants, we
chose a method for determining the optical density of manganese and arsenic ions in
a model solution before and after adsorption, according to the method for measuring
the mass concentration of manganese and arsenic, in natural, drinking and wastewater
samples by the photometric method. The choice of model media is due to the possibility
of conducting experiments to determine the absorption efficiency of these elements from
aqueous solutions. As is known, these elements belong to the class of environmental
pollutants that can cause negative effects on living organisms. In this connection, in recent
years, a large number of different methods have been developed for their utilization and
protection from negative impacts on the environment.

The measuring method was based on obtaining in an alkaline environment complex
compound of manganese with formaldoxime with subsequent measurement of optical
density on a liquid analyzer “Fluorat—02”. A small weight of nickel ferrite nanoparticles
was placed in the model solutions. They were kept in the model solution for 5 h, after which
they were analyzed according to the standard method of optical density determination.
The absorption value was determined by evaluating the change in the intensity of the
absorption band characteristic of the selected compounds during the experiment and
determining the measurement error by conducting experiments in five parallels.

4. Conclusions

The paper presents the results of the evaluation of thermal annealing application for
ordering of structural characteristics and formation of stable spinel phase of NiFe;O4 in
ferritic nanoparticles obtained by the sol-gel method. In the course of this research, it was
found that highly ordered NiFe,O4 nanoparticles with an average size of 30-35 nm are
formed at 500-700 °C. During the evaluation of the absorption efficiency of synthesized
nanoparticles for purification of aqueous media from manganese and arsenic, it was found
that the nanoparticles obtained at an annealing temperature of 700 °C have the highest
efficiency. A comparative analysis of the purification efficiency with commercial analogs
showed that these structures are significantly better than commercial nanoparticles and
nanostructured ceramics. In this regard, we can conclude that the proposed method of
obtaining NiFe,O4 nanoparticles with their subsequent thermal treatment at 700 °C allows
obtaining monodisperse nanoparticles with high efficiency of water purification, and
the proposed technology can be scaled in semi-industrial and industrial production of
these absorbents.
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