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Abstract: In this work, the synthesis of magnetite nanoparticles and catalysts based on it stabilized
with silicon and aluminum oxides was carried out. It is revealed that the stabilization of the magnetite
surface by using aluminum and silicon oxides leads to a decrease in the size of magnetite nanocrystals
in nanocomposites (particle diameter less than ~10 nm). The catalytic activity of the obtained catalysts
was evaluated during the oxidation reaction of phenol, pyrocatechin and cresol with oxygen. It is
well known that phenolic compounds are among the most dangerous water pollutants. The effect of
phenol concentration and the effect of temperature (303-333 K) on the rate of oxidation of phenol to
Fe304/5i0; has been studied. It has been determined that the dependence of the oxidation rate of
phenol on the initial concentration of phenol in solution is described by a first-order equation. At
temperatures of 303-313 K, incomplete absorption of the calculated amount of oxygen is observed,
and the analysis data indicate the non-selective oxidation of phenol. Intermediate products, such
as catechin, hydroquinone, formic acid, oxidation products, were found. The results of UV and IR
spectroscopy showed that catalysts based on magnetite Fe3Oy are effective in the oxidation of phenol
with oxygen. In the UV spectrum of the product in the wavelength range 190-1100 nm, there is an
absorption band at a wavelength of 240-245 nm and a weak band at 430 nm, which is characteristic
of benzoquinone. In the IR spectrum of the product, absorption bands were detected in the region
of 1644 cm ™!, which is characteristic of the oscillations of the C=0 bonds of the carbonyl group of
benzoquinone. The peaks also found at 1353 cm~! and 1229 cm~! may be due to vibrations of the
C-H and C-C bonds of the quinone ring. It was found that among the synthesized catalysts, the
Fe30,/SiO; catalyst demonstrated the greatest activity in the reaction of liquid-phase oxidation
of phenol.

Keywords: catalysts; magnetite; aluminium oxide; silicon oxide; oxygen; oxidation; phenol; composite
catalysts

1. Introduction

The main share of pollution of water bodies comes from emissions of industrial
untreated wastewater from industrial, agricultural, storm water and municipal enter-
prises [1-12]. One of the urgent problems of environmental protection is the neutralization
of wastewater from dissolved organic pollutants. This problem is particularly pressing
in the case of phenol-containing wastewater. Phenolic compounds are among the most
dangerous water pollutants. Waters with impurities of phenols are called “phenolic”.
Phenol is a highly toxic compound that has an extremely adverse effect on living organisms
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not only by its toxicity but also by a significant change in the regime of biogenic elements
and dissolved gases (oxygen and carbon dioxide). A large amount of phenol is discharged
into reservoirs from oil and coke chemical, pulp and paper, shale processing, coal enter-
prises, and processes for obtaining and processing phenols. According to the World Health
Organization, phenol is a highly toxic substance, and in terms of the level of pollution of
the hydrosphere, it is in third place after petroleum products and heavy metals. Phenol
is an industrial pollutant, quite toxic to animals and humans, and destructive to many
microorganisms; therefore, industrial wastewater with a high content of phenol is poorly
amenable to biological treatment. Getting into running waters and being absorbed into
soils, phenol-containing compounds have a negative impact on natural biocenosis and can
be the initiator of many environmental problems [13-19].

Available data in the literature indicate that almost all organic components of wastew-
ater can be oxidized. To reduce the concentration of harmful substances in industrial
wastewater, many methods are applicable, among which catalytic purification is one of the
most effective methods [20-31]. To accelerate oxidation, scientists have proposed a vari-
ety of catalysts, and reactions of catalytic oxidation of organic compounds are practically
irreversible and, in the presence of suitable catalysts, can completely transform toxic sub-
stances into harmless products, such as carbon dioxide and water. In recent years, oxidative
degradation in the presence of solid catalysts has been used to clean wastewater contam-
inated with organic compounds, among which materials containing iron ions fixed on
various carriers (zeolite, coals, aluminosilicates, and clays) are promising. Heterogeneous
catalytic oxidation of organic compounds in aqueous solutions makes it possible to avoid
secondary contamination of wastewater with iron ions and to carry out destruction with
the formation of non-toxic products [29-44]. Despite the large number of developments
for the purification of industrial waste from phenols, this problem cannot be considered
solved. This is due to the different chemical composition and conditions for the formation
of contaminants, the difficulty of following the cleaning process, the high economic costs
associated with the use of scarce reagents, their subsequent regeneration and the need to
dispose of the resulting toxic waste. Therefore, it is quite difficult to ensure highly effective
purification from phenol compounds in most enterprises. The search for catalysts for the
oxidation of organic substances in aqueous solutions is an urgent task [40-55].

Over the past decades, nanotechnology has become a very popular area of research.
This increased interest is due to the fact that the synthesized nanoparticles have unique
physicochemical properties (optical, electrical, magnetic) and mechanical properties. The
reason lies in the effect of the transition from micro-dimensions to nano-dimensions,
wherein the ratio of surface to volume, that is, the proportion of surface atoms in re-
lation to volumetric units, increases [32,33,38-43,56]. The most noticeable in such cases are
changes in the magnetic properties of nanoparticles compared to micro-sized materials.
In general, the magnetic behavior of nanoparticles is determined by important physical
characteristics, such as particle size, crystal lattice type, and particle morphology. The
synthesis of magnetic nanoparticles is a promising area of research. To date, magnetic
nanoparticles of various compositions and shapes have been synthesized, containing iron
oxides (magnetite (Fe304) and maghemite (—Fe;O3)), as well as pure metals or alloys.
Magnetite-based nanomaterials are widely used as part of composite systems in medicine,
biotechnology and engineering. In particular, catalysts based on nanosized magnetite have
fast adsorption—desorption kinetics and high chemical activity [32-35,37,38,47-52,56-61].
Due to its excellent physicochemical properties, iron oxide (Fe3Oy4) has attracted much
attention in recent years. So, the most widely used nanoparticles are those based on iron
oxides since, despite their weaker magnetic properties compared to metal nanoparticles,
they are more resistant to oxidation, less toxic, and have a wide range of functionalization
possibilities. Common modifications of iron oxides are hematite, maghemite and magnetite.
Analyzing the magnetic and toxicological properties of nanoparticles based on iron oxides,
one can notice fairly effective magnetic characteristics and lower toxicity compared to
similar nanoparticles based on nickel, cobalt and other metals.
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The aim of this work is to prepare catalysts based on magnetite Fe;Oy, study them by
using physicochemical research methods, and determine their effectiveness in the catalytic
oxidation of phenol, and pyrocatechol and cresol with oxygen.

2. Materials and Methods

The objects of study in this work are nanocrystalline magnetite and magnetite-based
composites stabilized by oxides of silicon and aluminum. The synthesis of magnetite with
a nanocrystalline structure was described by us in our previous articles [51,52]. To obtain
magnetite, we used the reaction of rapid precipitation in an excess of an aqueous solution
of ammonia of a mixture of ferrous and ferric salts in an alkaline medium. The resulting
magnetic fluids were used to fabricate Fe304/5iO; and Fe304/Al,O3 composites.

Mossbauer spectroscopy was used for magnetic structure studies and phase analysis
in this study. Mossbauer spectroscopy was performed on an MS-1104 spectrometer. All
samples were calibrated for a-Fe. The source of y-quanta was Co”’. The Mossbauer spectra
were set at room temperature.

Powder diffraction patterns were recorded on a Bruker D§ Advance ECO X-ray diffrac-
tometer (Bruker GmbH, Mannheim, Germany). The diffraction patterns were measured
in the Bragg—Brentano geometry in the angle range 20 = 15-100°. All measurements were
carried out under normal conditions. Profex 5.0.2 software was used for qualitative and
quantitative analysis of diffractograms. Quantitative analysis was carried out in the pro-
gram according to the Rietveld method with the criterion of the minimum value of the
root-mean-square deviation x?. Qualitative analysis was performed based on the results of
energy-dispersive analysis of the scanning electron microscopy (SEM). The average size of
magnetite crystallites was determined using X-ray diffraction analysis.

SEM micrographs were registered on a Phenom Pro X microscope (Thermo Fisher
Scientific, Waltham, MA, USA). The accelerating voltage during shooting was 15 kV. Before
measurements, the powder samples were attached to graphite adhesive tape, followed
by the deposition of a nanometer layer of gold via the vacuum deposition method. For
elemental analysis and mapping of elements, the X-ray energy-dispersive analysis method
was used, which was also performed using a Phenom Pro X microscope.

The IR spectra were recorded and processed on a VERTEX 70 IR Fourier spectrometer
in the frequency range from 4000 to 500 cm~! and using a PIKE MIRacle ATR single
frustrated internal total reflection (ATR) attachment with a germanium crystal. The results
were processed using the OPUS 7.2.139.1294 software.

In this work, studies were carried out on the oxidation of phenol, pyrocatechol and
cresol with oxygen as the most typical environmental pollutants.

The oxidation reactions of phenol, pyrocatechol and cresol with oxygen were carried
out in a non-flowing glass gradient-free thermostated duck-type reactor equipped with a
potentiometric device [51,52]. The kinetic regime was ensured by intense shaking of the
reactor (300-400 vibrations per minute); the volume of the liquid phase was no more than
40 cm3, with a total reactor volume of 180 cm3. The oxidation reaction was examined at
T =343 K, Patm = 93.7 kPa, pH = 5-6. The components of the system were added in the
following order: the catalyst was loaded into the reactor, then the phenol (or pyrocatechol
or cresol) solution was poured. After that, a specified oxygen atmosphere was created in the
reactor. The reactor was shaken until a constant volume of the gas phase was established
(within the experimental error). The temperature was maintained with an accuracy of 0.5 °C
using a thermostat. When the rate of oxygen absorption became below 0.1 mL/min, the
reaction was considered complete; the solution was drained from the reactor and analyzed.
The reaction rate was determined by the amount of oxygen absorbed in a thermostated
burette connected to the reactor.

A direct method for measuring the absorption spectrum of phenol can be used to
determine phenol in water. The sensitivity of the method for the least sensitive absorption
band during measurement allows the determination of phenols in water. In this regard,
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the UV absorption spectra of an aqueous solution of the starting phenol and the reaction
product were recorded.

The absorption spectra were measured using a SHIMADZU UV-1240 spectrophotome-
ter, which is a single-beam instrument. The wavelength can vary in the range from 190 to
1100 nm.

3. Results
3.1. Catalysts Characterization

Figure 1 shows the X-ray diffraction pattern of magnetite and composite catalysts
Fe304/5i0,, Fe304/AlyO3. The X-ray diffraction pattern of the synthesized magnetite
nanoparticles is in good agreement with the literature data for magnetite. Thus, the
diffraction patterns of magnetite and nanocomposites (Figure 1) show peaks at 20 = 35.6;
43.3; 53.7; 57.2; 62.9°, which correspond to the crystalline phase of magnetite Fe;0, and to
the lattice planes (311), (400), (422), (511), and (440), respectively, characteristic of magnetite,
indicating its crystal structure. The results of X-ray diffraction analysis of the obtained
composites demonstrated the presence of a spinel phase with space group Fd®m and lattice
parameter a = 0.8386 nm. The average size of magnetite crystallites, calculated by using the
Debye-Scherrer formula, is 16-20 nm. Magnetite is the only crystalline phase present in
the sample.

For samples of magnetite stabilized by SiO; and Al;O3, in addition to the crystalline
phase of magnetite, there are SiO,, quartz and x-Al,O3 phases, respectively. At 20 values,
peaks of 26.6° were found, characteristic of the crystal lattice of SiO, corresponding to (111)
and diffraction reflections characteristic of reflections of Fe3O4 nanoparticles (Figure 1c).
The form of the diffraction pattern indicates the presence of silica in the nanocomposite in
the crystalline and amorphous state. The Fe;04/Al;O5 diffraction patterns at 20 values
(Figure 1b) show peaks characteristic of the o-Al,O3 crystal lattice. The average size of
crystallites for Fe;0,/SiO; and Fe304/ Al O3, calculated by using the Debye-Scherrer
formula, is 9-10 nm and 8-10 nm, respectively.
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Figure 1. Cont.
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Figure 1. X-ray diffraction patterns of magnetite Fe3Oy (a), Fe30; stabilized Al;O3 (b) and FezO4
stabilized SiO; (c).

The size distribution histogram of magnetite particles is shown in Figure 2.
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Figure 2. Size distribution of magnetite nanoparticles. The black line with an arrow represents the
cumulative percentage curve. The red line with a red arrow is the distribution of particles along the
largest chord.

Using Mossbauer spectroscopy, we studied the structure and phase composition of
composite catalysts. The results of Mossbauer spectroscopy confirmed the structure of
Fe304. Figure 3 shows the Mdssbauer spectrum of Fe3Oy, Fe304/5i0;, and Fe;04/ Al Os3.
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Figure 3. Mossbauer spectrum of magnetite Fe3O4 (a), Fe30y4 stabilized by Al,O3 (b) and SiO; (c).

As can be seen from Figure 3a, the Mdssbauer spectrum of magnetite nanoparticles
at room temperature can be considered as consisting of a doublet and three sextets with
similar parameters, corresponding to trivalent iron ions in the A and B sublattices; in the
B sublattice, iron cations are in two powers oxidation of Fe?*, Fe3*. The parameters of
magnetite sextets and doublets are given in Table 1.



ChemEngineering 2024, 8, 8 8 of 19

Table 1. Parameters of magnetite sextets and doublets.

No Name Is, MM/c Qs, mm/s H, keV Stelatives 70 G, mm/s

1-C Fe3*_tetrahedron 0.2898 —0.0545 480.95 51.29 0.6221

2-C Fe3*_octahedron 0.3966 —0.0200 423.85 25.99 0.9699

3-C Fe?*_Fe®*_octahedron 0.5192 0.2737 477.61 16.57 0.9699

4D Doublet_1 0.4062 2.0478 - 6.15 0.9700
Note: Is is isomer shift, mm/s; Qs is quadrupole splitting, mm/s; H is the magnetic field on Fe nuclei, mm/s; S is
the area of the component; G is the line width, mm/s.

These sextets are characterized by the following parameters: Is/ x-Fe = 0.2898 mm /s
and Negrective = 480.95 keV are typical for Fe3* ions in a tetrahedral environment, while sex-
tets with higher values of the isomer shift Is/ «-Fe = 0.5192 mm/s and Nefective = 477.61 keV
refer to > Fe nuclei in octahedral positions.

The intermediate value between the isomeric shifts for Fe>* and Fe®* is explained by
the presence of Fe?* and Fe®" ions in the octahedral positions and the 3-valent iron ion in
the tetrahedral positions, which corresponds to the structural formula of pure magnetite
Fe30,, which is spinel. Quadrupole doublet D; —can correspond to Fe®* atoms in the
structure of small magnetite particles.

The parameters of sextets and doublets of the obtained composite catalysts Fe3O4/SiO»,
Fe304/AlyOs are given in Tables 2 and 3.

Table 2. Parameters of sextets and doublets of Fe3Q4/SiO;.
No Name Is, MM/c Qs, mm/s H, keV Selativer 70 G, mm/s
1-C Fe3*- tetrahedron 0.2870 0.2215 400.32 17.20 0.9699
2-C Fe3*_Fe?"_ octahedron 0.6700 —0.2000 44431 12.14 0.9700
3-C Fe3*_ octahedron 0.3127 0.3193 351.52 15.64 0.9698
4-C Fe3*_ tetrahedron 0.1500 0.0481 245.82 18.08 0.6017
5-C Fe?*_Fe3*_ octahedron 0.6053 —0.1704 303.71 12.79 0.7540
6-C Fe?*-Fe%*_ octahedron 0.8727 0.0017 228.28 19.40 0.5934
7-D Doublet_1 0.3690 1.0407 476 0.9699

Table 3. Parameters of sextets and doublets of Fe304/Al,O3
No Name Is, MM/c Qs, mm/s H, keV Sielatives 70 G, mm/s
1-C Fe3* _ tetrahedron 0.2966 0.3630 383.50 12.17 0.8444
2-C Fe3*_FeZ*_ octahedron 0.5962 —0.2000 43143 14.16 0.9700
3-C Fe3*_ octahedron 0.2926 0.3958 337.47 14.52 0.9698
4-C Fe3*_ tetrahedron 0.1500 —0.0295 237.17 20.37 0.6390
5-C Fe?*_Fe®"_ octahedron 0.6405 —0.2000 291.97 9.26 0.6401
6-C FeZ* Fe3* octahedron 0.8502 —0.0190 219.76 22.56 0.6205
7-D Doublet_1 0.3690 1.0407 - 6.95 0.9699

The Mossbauer spectra of the obtained composite catalysts Fe;O4/SiO,, Fe304/ Al O3

showed the presence of ferric ions in the tetrahedral environment and the presence of
Fe?* and Fe®* in the octahedral environment, and there is also a doublet spectrum. The
parameters of this doublet included isomeric shift Is and quadrupole splitting. These
characteristics are associated with the appearance of a phase: quartz SiO; or x-Al,Os.
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According to the results of X-ray diffraction analysis, in addition to the crystalline
phase of magnetite, there are phases of SiO,, quartz and «-Al,O3, which are associated
with a shift of isomers and an average magnetic hyperfine field. Additionally, the decrease
in effective fields can be explained by a decrease in the size of magnetite particles stabilized
by silicon and aluminum oxides (the particle diameter is less than ~10 nm). Surface
stabilization leads to a decrease in the size of magnetite nanocrystals in nanocomposites.

The results of SEM and the energy-dispersive analysis spectra are demonstrated in
Figure 4 (Fe304/Al;O3) and Figure 5 (Fe304/5i05).

CnexTp 1

Figure 4. Fe304/Al;O3: (a) and (d) X-ray fluorescence spectrum; (b) and (c) SEM images (the image
magnification is 20,000).

The content of elements for a Fe304/Al,O3 (atomic concentration/weight concentra-
tion, %) in the synthesized Fe304/Al,O3 based on the elemental analysis (Figure 4d) is as
follows: oxygen, 66.616/37.463; aluminum, 2.951/2.797; iron, 30.433 /59.740.

The content of elements (%) for a Fe3O4/S5iO; in the synthesized catalyst based the
elemental analysis (Figure 5a) is as follows: O (45.70); Al (0.12); Si (38.25); S (0.05); Cl (0.04);
Ca (0.04); Cr (0.15); Fe (15.65).

To evaluate the surface of magnetite, the IR-Fourier spectroscopy method was used
(Figure 6). Magnetite has absorption bands 620650 cm !, which characterize the vibrations
of the Fe-O bonds of magnetite, the absorption bands in the region of 892, 976, and
1108 cm ™! belong to the deformation vibrations of the Fe-OH groups [62]. Absorption
bands in the range of 2900-3200 cm~! correspond to vibrations of hydroxyl groups on
the surface of magnetite and water and indicate the presence of hydrogen bonds [63,64].
The absorption bands in the region of 1636 cm ! are caused by deformation vibrations of
water molecules adsorbed on the surface of magnetite. After stabilization of the surface of
magnetite with SiO, and Al,O3, changes occur in the spectra of magnetic nanocomposites.
Thus, upon stabilization of magnetite SiO5, a decrease in the intensity of absorption bands
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Mag. w
30000 x 17.0pm
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in the region of 1108 cm™", corresponding to deformation vibrations of Fe-OH, is observed.

The absorption bands at 892 cm~! and 976 cm~! associated with the disappearance of
Fe—-OH vibrations. According to literature data [65,66], absorption bands in the range of
800-960 cm~! and 1052-1108 cm ™! are typical for Si-O and Si—O-Si bonds. Absorption
bands appear in the Fe3O4/SiO; IR spectrum at 864, 808, 1056, and 1086 cm ! are associated
with silicon oxide oscillations. It is possible to assume the probability of the formation of
bonds on the surface of magnetite and the presence of the SiO, phase. This is confirmed by
the results of the X-ray diffraction analysis.

HY Int, Det.
10kV  Image  BSD Fu

(b)

Figure 5. Fe304/SiO;: (a) X-ray fluorescence spectrum; (b) and (c) -SEM images (the image magnifi-
cation is 30,000).

It is known that the IR spectra of Al,O3 are characterized by the presence of absorption
bands in the region of stretching vibrations of OH groups (vOH) at 3170 cm~'-3600 cm ™!,
and the presence of an absorption band at 1637 cm~! indicates a bending vibration of OH
groups [67,68]. Examination of the IR spectra of Al,O3-stabilized magnetic composites
shows that the absorption bands at 892 cm~! and 976 cm ™! associated with Fe-OH vi-
brations disappear, the presence of an absorption band from 1036 cm~! and 1201 cm ™!
is observed, as well as an absorption band at 1321 cm ! and 1654 cm~! on the surface of
nanocomposites, which are characteristic of Al—O—bonds.
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Figure 6. IR spectra: (a) pure magnetite; (b) magnetite stabilized with SiO,; (c) magnetite stabilized
with A1203.

3.2. Catalysts Testing in the Oxidation Reaction

In the presence of the obtained composite catalysts (Fe3Oy, Fe304/SiO,, Fe304/Al,03),
the oxidation of phenol was investigated under the optimal conditions studied in the course
of the research. Figure 7 shows typical conversion curves for the oxidation of phenol with
oxygen. The most efficient oxidation of phenol occurs on Fe304/SiO;.

60
_N l ! I l I Fea(lh —Iln -
50w Fei04/ALO3; =) = —
= - Fei04/Si02 =~ -
; 40 \. e’ 12 A
=B .
% 30 - .. 7
e 4 -
3 20 i “ -~ -
R L “
+* —
10 - “ ‘— —K_ -
»-'_ \:" — -
1 1 | | | ?" b - - _* +

20 40 60 80 100 120 140 160 180 200
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Figure 7. Oxidation of phenol with oxygen on the catalysts: Fe304, Fe30,4/Al,O3, and Fe304/5i0;:
dependence of oxygen absorption rate from the amount of oxygen absorbed, at T = 343 K,
Patm = 93.7 kPa, pH = 5-6.

The initial rate of phenol oxidation on Fe3Oy4 stabilized on SiO; is more than two times
higher than on Fe3Oj.
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The UV spectra of the solutions during the oxidation of phenol with a given concen-
tration were studied. Results were noted for a decrease in optical density D at the phenol
absorption wavelength of 270 nm over time. On the UV spectrum of the initial solution in
the wavelength range of 190-320 nm, there is an absorption band of phenol at 271.5 nm
(Figure 8). A decrease in optical density D at a given wavelength, the appearance of an
absorption band at a wavelength of 240245 nm and a weak band at 430 nm, characteristic
of benzoquinone, were revealed. It can be assumed that the phenol content in the solution
decreases as its oxidation to benzoquinone increases. This circumstance confirms the data
of the IR spectrum of the product.

3.99

leenol —
Benzoquinone w—e-

oy
0
O

Absorption
o
w

0.99

190 290 390 490 590
A, nm
Figure 8. Absorption spectra of the initial aqueous solution of phenol and the reaction product.

In the IR spectrum of the product, absorption bands in the region of 1644 cm ! are
characteristic of the vibrations of the C=0 bonds of the carbonyl group of benzoquinone,
and the detected peaks at 1353 cm ! and 1229 cm ™! can be related to the vibrations of the
C-H and C—C bonds of the quinone ring [65-70]. As can be seen from Figure 8, the optical
density of the reaction product is reduced compared to the initial solution.

Thus, based on the data of UV and IR spectroscopy, magnetic composites based on
iron oxide show their efficiency in the oxidation of phenol with oxygen.

Additionally, in the presence of Fe304/5i0,, the oxidation of pyrocatechol and cresol
with oxygen was studied under optimal conditions. It is known from the literature that
polyhydric phenols (hydroquinone and pyrocatechol), like phenol, are weak acids with
several dissociation constants. They are characterized by a reaction with FeCl;, leading to
the formation of colored products: pyrocatechol gives a green color, hydroquinone gives a
black-violet color. Like phenol, polyhydric phenols easily undergo electrophilic substitution
reactions. They are easily oxidized in air; the oxidation of pyrocatechol and hydroquinone
occurs especially easily with the formation of 1,2-benzoquinone and 1,4-benzoquinone,
respectively.

Figure 9 shows the conversion curves of the oxidation of phenol derivatives with
oxygen. From the experimental results presented in Figure 8, it is clear that catechol
oxidizes at the highest rate.

To determine the reaction order with respect to the substrate, the effect of phenol
concentration on the rate of its oxidation of Fe3O,4/SiO, was studied. Figure 10 presents
experimental results demonstrating the effect of the initial concentration of phenol on the
rate of its oxidation by oxygen in the presence of Fe304/SiO, at 333 K. With an increase in
the concentration of phenol in the range from 0.5 x 107! t0 3.0 x 10! mol/L the oxidation
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rate increases, and the amount of absorbed oxygen increases proportionally in accordance
with the stoichiometry of reaction (1):

C6H5OH + 02 —- 0= C6H4 =0+ HzO (1)
90 ,
o 80 | Pheno| w——s = |
'g 70 |- Cresol =—x - |
g €0 n Pyrocatechin =—a -
E 50 | P . B _
"n:n 40 = l— L. k k =
T30 | o B . -
= =~ \
20N o * 1
10 |- S — ;‘x 7]
0 l | ‘.‘g M 4
0 50 100 150 200
Q-10°%, mol/L

Figure 9. Oxidation of phenol, pyrocatechol and cresol with oxygen in the presence of Fe30/SiO,:
dependence of the rate of oxygen absorption on the amount of absorbed oxygen at T = 343 K, Patm =
93.7 kPa, pH = 5-6.
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Figure 10. Oxidation of phenol with oxygen in the presence of Fe30,4/SiO; at T = 333 K,
Ceamson-10, mol/L: 1-0.5; 2-1.0; 3-2.0; 4-3.0.

There is a linear relationship between the amount of absorbed oxygen and the initial
concentration of phenol in the solution; the Qo /Ccgrson ratio is equal to unity. From the
nature of the conversion curves of phenol oxidation on Fe304/SiO; at constant pressure
and temperature, it is clear that the process of phenol oxidation occurs at the maximum
rate during the first 10 min, and then the reaction rate gradually decreases. The order of the
reaction by substance, which is determined by the tangent of the angle from the logarithmic
dependence of the initial reaction rate on the concentration of the substance, on the studied
Fe304/SiO; catalyst is close to 1. The calculated reaction rate constant, according to the
first-order equation, is constant until the absorption of 30-50% of the calculated amount
of oxygen.
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In the IR spectra of the product (Figure 11, red lines), spectral bands appear in the
region of 1630-1644 cm !, which is characteristic of p-benzoquine. The dependence of the
rate of phenol oxidation on the initial concentration of phenol in solution is described by a

first-order equation: Wop = k1 X Ccgnson, at 313 K, kg = 0.68 min~ !,

j——iniital benz cquino ne
reaction product

0.2 J 3403 [OH)
n
c
2 1644(C=0)
3
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i
g | 1 353(C-H)

0.0 -J \”w\_/l YA
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm?

Figure 11. The IR spectra of the product of oxidation of phenol with oxygen in the presence of
Fe30,4/Si0, at T =333 K.

The effect of temperature (303-333 K) on the rate of phenol oxidation was studied at a
constant oxygen pressure of 1.0 MPa. At temperatures of 303-313 K, incomplete absorption
of the calculated amount of oxygen is observed; analysis data indicate non-selective oxida-
tion of phenol. Intermediate products were discovered—catechin, hydroquinone, formic
acid) oxidation products. In the temperature range of 303-333 K on the catalyst under study,
the obtained dependences are described by second-order reaction equations. The apparent
activation energy, calculated from the Arrhenius equation and from the dependence of
log k on 1/T, in the temperature range under study is 51.2 k] /mol. The chemical inertness
of the oxygen molecule is due to the high binding energy and spin prohibition in chemical
reactions of molecular oxygen. The oxidizing agent can only be activated oxygen in the
form of the superoxide anion Oe~2 or the HO® radical formed from it with the sequential
reduction of the O, molecule with one, two or three electrons, respectively.

Thus, nanocomposite catalysts (Fe3Oy, Fe304/SiO,, Fe304/ Al,O3) have been synthe-
sized. It can be concluded that the introduction of SiO, and Al,O3 in optimal concentrations
leads to the creation of a protective adsorption layer that ensures aggregative and sedimen-
tation stability of the dispersion of magnetic particles. The resulting composite catalysts
Fe304/5i0; and Fe3O4/ Al,O5 are significantly more effective than particles of unmodified
magnetite. The catalytic properties of composite catalysts correlate with their specific
surface area introduced during synthesis. The developed composite catalysts were tested
in the process of the oxidation of phenol and phenol-containing compounds in aqueous so-
lutions. UV and IR spectroscopy data confirm that stabilized composite catalysts are active
and effective in the oxidation of phenol and phenol-containing compounds with oxygen.
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4. Conclusions

Magnetite-based nanomaterials are widely used as part of composite systems in
medicine, biotechnology and engineering, and catalysts based on nanosized magnetite
have high chemical activity. This work discusses the synthesis of magnetite nanoparticles
and composite catalysts based on magnetite stabilized by silicon and aluminum oxides.
The properties of composite catalysts (Fe3O4, Fe30,4/5i0,, and Fe3O4/Al,O3) for the
catalytic oxidation of phenol and its derivatives have been synthesized and studied. The
results of X-ray diffraction analysis of the resulting magnetite demonstrated the presence
of a spinel phase with space group Fd®m and lattice parameter a = 0.8386 nm. The only
crystalline phase present in the sample is magnetite, which is responsible for the higher
magnetic properties. The results of Mossbauer spectroscopy confirmed the structure of
Fe3;04. The average size of magnetite crystallites, calculated using the Debye—Scherrer
formula, is 16-20 nm. Using the methods of IR-Fourier spectroscopy and X-ray diffraction
analysis, SiO; and Al,O3 phases were identified on the surface of magnetite in magnetic
composites. When magnetite is stabilized with aluminum and silicon oxides, the average
size of nanoparticles decreases to 9-10 nm. Based on a study of the formation of Fe3Oy
nanoparticles and composite particles Fe3O4/SiO, and Fe304/Al,O3 and their structural
characteristics, it was established that the modification of the magnetite surface with
aluminum and silicon oxides leads to a significant increase in their surface and a decrease
in the size of magnetite nanocrystallites in nanocomposites compared to unmodified
magnetite. UV and IR spectroscopy data confirm that the stabilized magnetic composites
are active and efficient in the oxidation of phenol with oxygen. Based on UV and IR
spectroscopy data, it was concluded that composite catalysts based on magnetite are
effective in the oxidation of phenol, pyrocatechol and cresol with oxygen.
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