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This brief review examines hydrogenation reactions
catalyzed by magnetite-based nanocomposite catalysts. It is
shown that these catalysts are environmentally friendly,
recyclable and, due to the presence of magnetite in their
composition, easily separated from the reaction medium.
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Introduction
In recent years, interest in the use of iron-based catalysts and
nanomaterials, especially magnetically separable catalysts,
has not diminished due to their unique properties and the
possibility of reuse.'”*> Magnetic materials are easily
separated from the reaction medium using an external
magnetic field, which eliminates cumbersome filtration
and centrifugation operations. In particular, magnetite
nanoparticles are used as a catalyst carrier.>? In some cases,
magnetite nanoparticles are active centers in catalytic
processes.!+10

The methods of their preparation have a great influence on the
formation of the composite structure. The introduction of
magnetite nanoparticles is usually carried out in two ways:
ex situ (when pre-synthesized magnetite is used) or in situ, i.e.
with the formation of magnetite nanoparticles at the time of
nanocomposite synthesis. A number of studies using various
modern physico-chemical methods (IR-Fourier spectroscopy,
electron microscopy, X-ray diffraction, X-ray fluorescence
analysis, etc.) have shown the formation of nanocomposites with
a core—shell structure, which affects their catalytic properties
and stability. The introduction of a second doping metal is also
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of great importance for improving the catalytic properties of
magnetic nanocomposites.

This review examines examples of reactions in which the use
of magnetite-containing nanocatalysts is promising. The review
also analyzes the applications of chemically modified magnetite
nanoparticles in the catalysis of various reactions. This review will
consider works published in the period from 2019 to 2024. The
structure of the mini-review is built on the analysis of traditional
reactions of reduction/hydrogenation of nitroarenes and
nitrophenols with a further shift to hot reactions, such as furfural
hydrogenation, use for hydrogen storage and CO, utilization.

Let us first define the term ‘magnetic nanocomposites’ as
materials that meet all of the following criteria: (1) they are
magnetic, (2) they are nanometer-sized particles, and (3) they
contain at least two (or more) components, each of which is
nanometer-sized. Thus, all core—shell materials with magnetic
nanoparticles used as cores or as decorating nanoparticles belong
to this class.

There are three main types of magnetic nanocomposite
materials reported in the literature. (A) The first type includes
systems in which the magnetic phase is active in the reaction
under consideration, such as the reduction of nitrophenol with
sodium borohydride, hydrogenation of furfural, hydrogenation
of CO, and reduction of oxygen. (B) The second type consists of
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systems that contain active metal nanoparticles supported on
magnetic nanoparticles. Examples include composites consisting
of Pd or Ni nanoparticles supported on magnetite nanoparticles
and active in benzaldehyde hydrogenation. (C) The third type of
materials contains magnetic nanoparticles as cores coated with
one or two shells (porous or not). In this case, the magnetic
nanoparticles can be active or inactive in the catalyzed reaction.

Such magnetic nanoparticles have certain advantages and
disadvantages compared to supported non-magnetic materials
used in catalytic reduction or hydrogenation reactions. The
advantages include the possibility of multiple (5-10 times)
separation from the reaction medium without loss of activity,
their non-toxicity, low cost and availability, as well as the ease of
preparing these materials. However, they also have some
disadvantages, such as leaching of active components, a decrease
in saturation magnetization compared to the bulk magnetite,
limited accessibility of active sites due to diffusion through the
shells, complex composition and structure of these nanomaterials,
a decrease in activity and specific surface area, and, finally, a
limited number of magnetic compounds with acceptable
characteristics. Nevertheless, the advantages of such magnetic
nanocatalytsts have prompted their wide application in liquid-
phase reactions, which will be discussed below.

Reduction of nitroarenes
The reduction of nitroarenes allows producing a variety of
amines (Scheme 1), which are intermediate products for use in
synthesis and industry in the production of dyes, pigments,
pharmaceuticals, synthetic polymers and agrochemicals,
including pesticides, etc.

Magnetically separable Fe;O,@NC/Pd catalysts based on Pd
nanoparticles embedded in Fe;0, coated with nitrogen-modified

R/ — R/ —
\\<:/>*N02 [H], catalyst QNHZ

Scheme 1 Reduction of nitroarenes to aminoarenes.

carbon were prepared for the hydrogenation of various substituted
nitroarenes.? These materials were obtained from various types of
biomass and biomass-derived products (chitosan and glucosamine)
as carbon and nitrogen sources. To synthesize the catalyst with
the ‘magnetic core—shell’ structure, Fe;O, particles were
preliminarily prepared ex situ in solution, which were then
subjected to hydrothermal treatment together with chitosan or
glucosamine. As a result, glucosamine or chitosan was converted
into a carbon shell around Fe;0,, forming Fe;0,@NC spheres.
Then, Pd?* ions were adsorbed on the Fe;0,@NC surface, where
they were reduced with ascorbic acid, providing a Pd content of
5.1 wt%. It was noted that Fe;0,@NC/Pd disperses well in water,
which facilitates the interaction of the substrate with the active
centers of the catalyst, as well as the subsequent separation of
magnetic particles from the reaction solution. Catalysts based on
Fe;0,@NC/Pdshowedhighcatalyticactivity and chemoselectivity
in the hydrogenation reactions of various substituted nitroarenes,
including those containing reducible functional groups, to the
corresponding aromatic amines in an aqueous medium. The
catalysts can be easily separated and reused in at least eight cycles
without visible loss of catalytic properties.

Reduction of 4-nitrophenol
The reduction of 4-nitrophenol with sodium borohydride or
hydrazine hydrate is another important reaction catalyzed by
magnetite-based catalysts (Scheme 2).
A Fe;O,4/pectin/Au nanocomposite consisting of pectin-
modified magnetite decorated with Au nanoparticles was
NHOH NH,
H

NO, NO
—_— —_— —_—
OH OH OH (@)

Scheme 2 Stages of reduction of 4-nitrophenol to 4-aminophenol with
sodium borohydride or hydrazine hydrate.
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synthesized and characterized.? Its synthesis involved coating
previously obtained magnetite with pectin to yield Fe;O,4/pectin.
When adding a HAuCl, solution to the Fe;O,—pectin system at
pH 11, Au’* is reduced to Au® in situ due to the hydroxyl groups
of pectin. Thus, the pectin shell serves not only as a protective
shell for Fe;O, nanoparticles, but also as an environmentally
friendly reducing agent in the synthesis of Au nanoparticles
in situ. In addition, the polar environment created by the
biopolymer promotes dispersion of surface Au nanoparticles,
thereby suppressing their self-aggregation. The nanocomposite
was used as a catalyst for the reduction of nitroarenes using
N,H,-H,0 as a reducing agent in ethanol-water medium without
the use of promoters or ligands. It was shown that the Fe;0,/
pectin/Au system contributes to achieving a 98% yield of the
reaction product when reducing 4-nitrophenol with hydrazine
hydrate at 90 °C in ethanol-water for 1h. Due to its strong
paramagnetic properties (magnetization value of 55.9 emu g71),
the catalyst was easily isolated and reused in at least 11 cycles
without significant loss of activity or leaching. Also noteworthy
is the biochemical application of the nanocomposite in an
anticancer study of human lung adenocarcinoma cells against
three cancer cell lines. The Fe;O,/pectin/Au nanocomposite
showed good antioxidant and antiradical properties, surpassing
even the properties of the reference molecule, butylated
hydroxytoluene. The nanocomposite also demonstrated
significant cytotoxic activity against common human lung cancer
cell lines, namely moderately differentiated lung adenocarcinoma
(LC-2/ad), low-grade lung adenocarcinoma (PC-14) and well-
differentiated bronchogenic lung adenocarcinoma (HLC-1), but
unfortunately also against the normal HUVEC cell line. The best
result with the lowest LCsy, values was achieved for PC-14 cell
lines.

Hydrophilic catalysts based on Fe;0,@SiO,-T-G@Pd
nanocomposites were developed and prepared by modifying
magnetite first with tetraethyl orthosilicate (TEOS), then with
3-(trimethoxysilyl)-1-propanethiol (Figure 1, stage I), cyanuric
chloride (Figure 1, stage II) and functionalization with glycerol
(Figure 1, stage III), as well as in situ production of palladium
nanoparticles on functionalized magnetite (Figure 1, stage IV).*

The Fe;0,@Si0,-T-G@Pd catalysts showed high activity
in the sodium borohydride-mediated reduction of various
nitroarenes, such as 4-nitrophenol, nitrobenzene, nitrotoluene,
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as well as nitroarenes containing side amide functional groups
and nitrobenzaldehydes. The analysis of vibration
magnetometry data showed that the Fe;0,@SiO, and Fe;0,@
Si0,-T-G@Pd nanocomposites, as well as the reused Fe;0,@
SiO,-T-G@Pd retain superparamagnetic properties. The
saturation  magnetization  values for  Fe;0,@SiO,,
Fe;0,@Si0,-T-G@Pd and recycled Fe;0,@SiO,-T-G@Pd
reached 69, 53 and 52 emu g~!, respectively, at zero residual
magnetization and coercive force without a hysteresis loop,
which proves their superparamagnetic properties and the
possibility of extraction from the reaction medium. It turned
out that the catalyst can be reused in seven cycles, which was
demonstrated by the example of nitrobenzene reduction. It was
also shown that the same catalyst exhibits high activity in the
Suzuki—-Miyaura cross-coupling reaction and in the one-step
synthesis of paracetamol.*

High-purity reduced Fe;O, (Red-Fe;O4) with 0.9% carbon
content in the form of carboxylates and hydrocarbons was
obtained from oil refining sludge and used as a catalyst for
4-nitrophenol reduction.® Comparison of the properties of Red-
Fe;0, with a commercial sample of nano-Fe;O, showed that
Red-Fe;0, exhibits higher efficiency with a complete conversion
of 4-nitrophenol in 270 s, is easily isolated using a magnet, and
is stable in five successive cycles without changing the activity.
The activation energy was lower than that of commercial Fe;0,.
This study opens a new direction for using waste oil-containing
sludge for catalyst preparation.

To catalyze the reduction reaction of 4-nitrophenol, Fe;O,
nanocrystals with three different morphologies (leaf-shaped,
flower-shaped and flower-shaped spherical) were prepared using
different amounts of urea (15, 90 and 270 mmol, respectively)
and a probable growth mechanism was proposed.” By controlling
the addition of various amounts of Au particles, Fe;0,—Au
magnetic nanoparticles with different morphologies of Au
nanoparticles were obtained. The structural and physical
characteristics and catalytic activities of Fe;O,—Au with different
morphologies in the reduction reaction of rhodamine B and
4-nitrophenol were compared. A correlation was observed
between the number of Au particles and the catalytic activity of
Fe;O,~Au magnetic nanoparticles. The reduction of
4-nitrophenol with sodium borohydride in the presence of
flower-shaped Fe;O,~Au nanoparticles resulted in the best
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Figure 1 Preparation stages of Fe;0,@SiO,-T-G@Pd nanocomposites. Reproduced from ref. 4 with permission. Copyright 2023 Elsevier.

-3



Focus Article, Mendeleev Commun., 2025, 35, 1-10

efficiency (96.7% yield) and followed pseudo-first-order
kinetics. It was also found that the catalytic activity remained
almost unchanged in six repeated cycles. The study sheds light
on the effect of the morphology of high-performance and
recyclable catalysts on the reduction of rhodamine B and
4-nitrophenol.

A group of researchers synthesized three-layer hollow hybrid
h-Fe;0,@Au/polydopamine nanospheres by in situ redox
polymerization. It was shown that due to the hollow core of
h-Fe;0,4, homogeneous functional polydopamine (PDA) coating
and highly active Au nanocrystals, the h-Fe;O,@Au/PDA
nanocomposite is capable of absorbing potentially toxic UY! ions
and catalyzing the reduction of 4-nitrophenol.3? In particular, it
was found that due to the PDA coating, h-Fe;0,@Au/PDA
remains stable in seven cycles, contributing to the conversion of
4-nitrophenol above 90%. It was also shown that h-Fe;0,@ Au/
PDA exhibits a good adsorption effect towards UY' in nuclear
waste, and its adsorption capacity reaches 82.9 mg g=! in six
consecutive adsorption cycles. Magnetic h-Fe;O,@Au/PDA
nanospheres were easily separated by applying an external
magnetic field.!!

For the reduction of 4-nitrophenol with sodium borohydride,
a Fe;0,@Alg—AuNPs nanocatalyst was prepared, consisting of
Au nanoparticles decorating magnetite coated with sodium
alginate.!® Sodium alginate, being a natural polysaccharide,
acts as a stabilizing agent for the immobilization of Au
nanoparticles. The reduction reaction was monitored using
UV-VIS spectroscopy. It was found that in an aqueous medium
at room temperature and a very low catalyst load (1-3 mg), the
reaction proceeds in a short time (1.5-4 min) with a high yield
(99%).

The catalyst was separated using a magnet and reused in eight
cycles without loss of efficiency. Also, under mild conditions,
the reaction of 4-nitrophenol reduction with sodium borohydride
proceeded in the presence of a new catalyst based on gold
nanoparticles supported on graphene oxide functionalized with
chelate ligands. Thus, a high 97% conversion of 4-nitrophenol
was achieved in 60 min.

Magnetic nanoparticles immobilized with poly(4-vinyl-
pyridine) brushes were prepared by Cu’-mediated radical
polymerization to coordinate Fe;O0,@P4VP-Au nanoparticles
(Figure 2).12

BH;
; OH [ :r\ “OH
NH, NI

0% 0

BH,
OH OH

Figure 2 Mechanism of catalytic reduction of nitroaromatic compounds
and methylene blue in the presence of Fe;0,@P4VP-Au. Reproduced from
ref. 12 with permission. Copyright 2022 Elsevier.

The hybrid nanocatalyst Fe;O,@P4VP-Au was prepared in
three stages. Initially, the initiator was obtained in the form of
chlorinated Fe;O0,—Cl by modifying the surface of commercial
magnetite with 2-chloropropionyl chloride. In the second stage,
as a result of radical polymerization of 4-vinylpyridine with
reversible deactivation in the presence of Cu’ and tris[2-(di-
methylamino)ethyl]amine, the formed brushes of polyvinyl-
pyridine units were immobilized on the magnetite surface. And
in the third stage, when hydrochloric acid was added to the
Fe;0,@P4VP suspension in ethanol, Au was reduced and fixed
in situ on the surface of polyvinylpyridine units. Thus, in this
case, Fe;O, and ethyl alcohol acted as reducing agents. And
poly(4-vinylipyridine) served not only as a binder for Fe;O, and
Au nanoparticles but also as a stabilizer for 21.7 nm Au
nanoparticles, preventing spontaneous aggregation. Fe;O0,@
P4VP-Au was effective in reducing 4-nitrophenol and methylene
blue with TOF values of 12.3 and 0.7 min~!, respectively. Since
the catalyst was superparamagnetic (the saturation magnetization
value was 40.2 emu g~!, while the initial magnetite had a value
of 56.7 emu g~') and therefore easily extracted from the reaction
medium, the catalytic activity and morphology did not change
significantly even after ten cycles.!”

To immobilize ultrafine Au particles, a Fe;0,@COF core—
shell support was prepared, in which the shell was a covalent
organic framework (COF) with a magnetite core."?
Immobilization of gold nanoparticles in the framework channels
was carried out by in situ reduction with sodium borohydride
from a HAuCl, solution. The resulting Fe;0,@COF-Au sample
exhibited high catalytic activity in the reduction of 4-nitrophenol
and methylene blue with sodium borohydride. The catalyst
demonstrated chemical stability and ease of magnetic separation
from the reaction medium.

For the conversion of toxic impurities 4-nitrophenol and
methylene blue in water, a catalyst Au/Fe;O0,@MIL-100(Fe)
based on metal-organic framework was prepared by the
precipitation—reduction method,'* in which the magnetic core
performs a dual function, both as a core and as a precursor of the
Fe layer on the magnetite surface. It was shown that Au/Fe;0,@
MIL-100(Fe) provides complete reduction of 4-nitrophenol and
methylene blue in 16 min with high reaction rate constants k
of 025 and 02min™!, respectively. In addition,
Au/Fe;0,@MIL-100(Fe) was reused in five cycles without
changing the catalytic activity.

Magnetic platinum catalysts based on the metal-organic
framework Fe;O,@Pt@MIL-100(Fe) were synthesized by
converting Fe;O, into MIL-100(Fe) in a solution of benzene-
1,3,5-tricarboxylic acid with encapsulation of platinum
nanoparticles and subsequent adsorption on the magnetite
surface during continuous growth of MIL-100(Fe) crystals.’
During the synthesis, a nanocomposite with a core—shell
structure is formed. The catalytic activity of the nanocomposite
was evaluated in the reaction of 4-nitrophenol reduction with
sodium borohydride. It was shown that in the presence of
Fe;0,@Pt@MIL-100(Fe) the reaction proceeds faster than in
the presence of Fe;0,, Fe;0,@Pt and Fe;O0,@MIL-100(Fe).

The synthesis of active heterometallic modified hollow Fe;O,
nanospheres (M—Fe;0,4, M = Pd, Cu) is reported using a two-
stage method involving solvothermal synthesis and calcination. '’
Due to the uniformly distributed active heterometallic particles
in the spherical shell of the hollow Fe;O4 nanospheres, the
freshly prepared Pd-Fe;O, catalyst exhibited high catalytic
activity in the reduction of 4-nitrophenol with a TOF value of
145 min~!, and also demonstrated excellent stability and
magnetic regeneration ability. The catalytic efficiency of
Pd-Fe;0, is superior to most of the similar Fe;O,-supported
metal catalysts reported in the literature. Interestingly, Cu-Fe;0,
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exhibited five times higher activity in the oxidation of benzyl
alcohol compared to pure Fe;O, synthesized by the same
method. Along with this, the conversion of 49.66% and the
selectivity of 100% could be achieved. Moreover, the positive
effect of Pd or Cu elements on the adsorption of 4-nitrophenol
molecules was further confirmed by both experimental results
and theoretical studies. The work demonstrates that enhancing
the activity of iron oxides by modification with a heterometallic
compound is a promising strategy for improving the catalyst
performance.

A method for the production of silver nanoparticles embedded
in magnetite functionalized with glutamic acid anion (Glu) was
developed. Initially, magnetite nanoparticles were prepared by
ion co-deposition in aqueous solutions followed by heat
treatment.'® Then, magnetite was dispersed in water—methanol
medium and its surface was coated with Glu ions. Finally, silver
nanoparticles were synthesized by reduction of AgNO; with
hydrazine hydrate and sodium borohydride. Fe;0,4-Glu-AgNPs
nanoparticles were found to be an efficient reusable nanocatalyst
with low catalyst loading in the reduction reaction of nitroarenes
such as nitrophenol and nitroheteroarenes to the corresponding
amines in the presence of NaBH, using water as an
environmentally friendly solvent. The catalyst can be easily
separated at the end of the reaction using an external magnet and
reused for up to five cycles without any significant loss of
catalytic activity. A study of the reduction of 4-nitrophenol on a
larger scale showed that the catalyst can be recommended for
industrial application.

To replace noble metal-based catalysts, an environmentally
friendly Cu,-FCLL catalyst (where x denotes the number of
mmol Cu) based on Cu/Fe;O, deposited on carbonized lotus
leaves (CLL) obtained from agricultural waste was presented.
The magnetic catalyst demonstrated high efficiency in the
reduction of organic dyes (Congo red, methyl orange) and
nitroaromatic compounds (3- and 4-nitrophenols).!” In the
presence of Cul.5-FCLL, the reduction of 4-nitrophenol with
sodium borohydride was achieved in 30 s with a conversion rate
of 98%, which is comparable with the widely used catalysts
based on noble metals. It was shown that carbonized lotus leaves
can be used to obtain an efficient carbon material with a unique
tuberculate structure, which provides a large surface area,
prevents the aggregation of metal nanoparticles and increases the
catalytic activity of Cul.5-FCLL due to the synergistic effect.
The catalyst could be easily used with little loss of activity for at
least 10 cycles.!”

The Fe;O,—cellulose—copper nanocomposite was synthesized
by an environmentally friendly method using an aqueous extract
of Ceratonia siliqua as a reducing and stabilizing agent.'® The
catalytic activity of the synthesized catalyst was evaluated in the
reduction of organic pollutants such as 4-nitrophenol, 2,4-dinitro-
phenylhydrazine, methyl orange and potassium ferricyanide in
the presence of sodium borohydride (as a reducing agent) at
room temperature. It was shown that this catalyst can also be
used for the reduction of organic dyes and the selective oxidation
of benzyl alcohol to benzaldehyde, providing high yields in a
short reaction time.

Magnetic composite Cu-APTES@Fe;0, consisting of Cu
clusters/atoms supported on (3-aminopropyl)triethoxysilane
(APTES) functionalized magnetite was tested in the reduction of
4-nitrophenol.'” Spherical particles of the monodisperse
composite up to 170 nm in size had a core—shell structure in
which the core was Fe;O,, and copper clusters (~8—10 nm)
containing ~30-40 copper atoms were bound to the amino
groups of APTES on the Fe;O, surface. Almost complete
reduction of 4-nitrophenol to 4-aminophenol was achieved
within 10 min under the optimal reaction conditions: 25 °C,

OH
FeCl, [7] l“ Hbtc
() L] -
coot ~. B ; no, =
y { Wash Catalytic
i » # reduction
Heat / AgNO; OH
COOH
=
© FesO4core (. MIL-100(Fe) shell ® Ag NPs NH,

Figure 3 Preparation of Fe;O,@MIL-100(Fe)/Ag-based nanocomposites.
Reproduced from ref. 20 with permission. Copyright 2020 ACS.

0.17 mM 4-nitrophenol, 0.067 M NaBH, and 9.9 mg dm™
Cu-APTES @Fe;0,."

Magnetic nanocomposites Fe;0,@MIL-100(Fe)/Ag
decorated with silver nanoparticles were obtained by a simple
method (Figure 3).2° The nanocomposites had a structure of
spherical particles with a Fe;O, core with an average diameter of
400 nm, covered with a shell of a metal-organic framework
MIL-100(Fe) with a thickness of 50 nm, with Ag nanoparticles
uniformly distributed in their pores with a size of 2.0+0.8 nm.
Thus, due to the magnetic core, the nanocomposites had good
magnetic properties and could be easily separated from the
reaction medium, and the presence of Ag nanoparticles
contributed to achieving high catalytic activity in the catalytic
reduction of 4-nitrophenol.

If there was no Ag in the nanocomposite, the reaction did not
occur within 60 min, i.e., without silver, the Fe;O0,@MIL-100(Fe)
nanocomposite does not exhibit catalytic activity.?? Also in this
work, the activities were compared with other MOF-based
nanocomposites.

Using ultrasonic treatment and hydrothermal synthesis
method, magnetite nanocomposite Ag/Fe;O,/CNC was prepared
from silver nitrate and nanocrystalline cellulose (CNC), specially
obtained from coconut husk, and used for the reduction of
organic dyes.?! In this case, the cellulose matrix served as a
reducing agent for silver ions and a stabilizer for the newly
formed nanoparticles. The composite made it possible to rapidly
reduce and decolorize aqueous solutions with sodium
borohydride in a short time (2 to 5 min) using small amounts of
a catalyst ranging from 2.5 mg for 4-nitrophenol to 15 mg for
methyl orange and methylene blue in water at 25 °C. Hydrolysis
of sodium borohydride in aqueous solution leads to the formation
of hydrogen, electron-rich hydrogen-mediator complexes (silver
hydride) and an electron relay-type system for the reduction of
organic compounds. The magnetic catalyst was removed and
reused three times without reducing the catalytic activity. The
work is essential for reducing the amounts of harmful organic
pollutants in wastewater for environmental protection.?!

Following a simple synthesis strategy, bifunctional
Fe;0,@C-Mo0O,-Ni composites were prepared, which were
found to be effective reusable catalysts for the reduction of
4-nitrophenol to 4-aminophenol.?? Initially, magnetite particles
were obtained by a solvothermal method, which were
subsequently coated with a resorcinol-formaldehyde polymer
shell by polymerizing resorcinol-formaldehyde on their surface.
Then, the resorcinol-formaldehyde shell was impregnated with
nickel chloride, urea and sodium molybdate solutions and
subjected to subsequent carbonization without using an
additional reducing agent to form core—shell Fe;0,@C particles
containing dispersed high-density Ni particles. The carbon
coating layer on the Fe;O, magnetic spheres protected the Fe;O,
particles from oxidation and acid exposure and also acted as a
carrier. The Fe;0,@C-MoO,—Nibased composites demonstrated
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high catalytic efficiency in the reduction of 4-nitrophenol to
4-aminophenol (k= 0.01465 s7!), significantly exceeding the
efficiency of previously known catalysts. In addition, the
Fe;0,@C-Mo00O,-Ni composites had outstanding magnetic
properties (saturation magnetization of 40.34 emu g~!), which
ensured their suitability for reuse by magnetic separation from
solution. The Fe;0,@C-Mo0O,-Ni composites also demonstrated
fast adsorption rate and high adsorption capacity (88.95 mg g~!)
for methylene blue. Due to these adsorption properties, the
Fe;0,@C-Mo0O,-Ni system is an ideal adsorbent for the
removal of methylene blue from water.2?

A Fe;0,4-Si0,—Cu,0/Cu nanomaterial with a magnetic core—
shell structure was synthesized using Fe;O, as a magnetic core
for ease separation of the catalyst from the reaction medium and
SiO, as a binding layer, with Cu particles uniformly distributed
over the surface of the Fe;0,~Si0,—Cu,O/Cu nanostructure.”
The nanomaterial was used as an effective catalyst for the
reduction of 4-nitrophenol with sodium borohydride, where the
conversion of 4-nitrophenol reached 100% within 5 min.
Moreover, the Fe;0,-SiO,—Cu,0/Cu composite is recyclable,
retaining a catalytic activity of more than 90% even after
24 catalysis cycles.

The cited work?* demonstrated the use of agricultural waste
from corn processing in the reaction of catalytic reduction of
4-nitrophenol with sodium borohydride. For this purpose,
magnetite-modified corn straw was prepared by amidation
reaction of succinylated corn straw (S-MS) with amino-
functionalized magnetite nanoparticles (NH,—Fe;O,4) and used
as a support for the catalyst based on Cu and Cu,O nanoparticles.
After mixing magnetic succinylated corn straw (Mag-S-MS)
with an aqueous solution of copper ion salts, Cu®* is captured by
amino and carboxylate groups and reduced by sodium
borohydride (NaBH,). It was shown that binary Cu/Cu,O
nanocomposites were successfully formed on Mag-S-MS
without self-aggregation and oxidation. SEM-EMF images
showed that Cu/Cu,O particles having a flower-like structure
were uniformly distributed on the surface of Mag-S-MS and had
a diameter of 220-800 nm. Cu and Cu,O nanoparticles play a
synergistic role in the conversion of hydrogen and electrons,
thereby increasing the catalytic efficiency compared with other
known catalysts. Mag-S-MS containing Cu/Cu,O had high
catalytic efficiency in the reduction of 4-nitrophenol to

1. TEOS
2. APTES

1. Chitosan
2. Glutaraldehyde

%2
Q

Fe,0, NP

Fe;0,/Si0,-NH,

: “B(OH),

Q EtOH-| H20
K,CO;
\_

/ Fe,0,/Si0,-NH,@CS/Pd NPs
NaBH4

QQ

Figure 4 Preparation of Fe;0,/SiO,—NH,@CS/Pd nanocomposite and its
application in the Suzuki coupling and 4-nitrophenol reduction reactions.
Reproduced from ref. 26 with permission. Copyright 2020 Elsevier.

Fe;0,/Si0,-NH,@CS

Na,PdCl,

4-aminophenol. The kinetics of the reduction process
corresponded to a pseudo-first-order reaction. Increasing the
amount of catalyst and NaBH, accelerated the reduction reaction,
while increasing the concentration of 4-nitrophenol had the
opposite effect. Due to its superparamagnetism, the catalyst was
easily separated from the solution under the influence of an
external magnetic field. Repeated cycle testing of the catalyst
showed that the catalytic activity did not decrease significantly
after five cycles.

An efficient catalyst for the reduction of 4-nitrophenol to
4-aminophenol as well as for the Suzuki coupling reaction was
prepared starting from magnetite nanoparticles supported on

Table 1 Comparison of TOF of various magnetite supported catalysts in the hydrogenation reaction of 4-nitrophenol with sodium borohydride in water.

Entry Source Catalyst Time/min Active metal content (wt%) TOF/min~" Number of cycles
1 Ref. 16 Red-Fe;0, 4.5 - - 5
2 Ref. 7 Fe;04—Au FA20 9 9.58 6
3 Ref. 13 Fe;0,@COF-Au 24 591 5
4 Ref. 8 h-Fe;0,@Au/PDA 45 12.8 1.0¢ 7
5 Ref. 18 Fe;0,~C—Cu? 32 13.37 - 4
6 Ref. 10 Fe;0,@Alg-AuNPs¢ 1.5 3.6 - 8
7 Ref. 28 Fe;0,4/Si0,—~NH, @CS/Pd NPs 4 1.62 1.2x10724 8
8 Ref. 15 Pd-Fe;0, 145
9 Ref. 15 Cu—Fe;0, 0.7-0.8 7.3

10 Ref. 19 Cu-APTES @Fe;0, 10 100¢

11 Ref. 25 Co-Fe;0,@C-A/ 0.833 3.88 343 5

12 Ref. 24 Ni-Fe;0,@C-A 1.33 12.75 1.66

13 Ref. 24 Ag@Fe;0, 8 - 5

14 Ref. 21 Ag/Fe;04/CNC# 10 13.89 - 3

15 Ref. 20 Fe;04,@MIL-100(Fe)/Ag 19.93

16 Ref. 20 Fe;0,@MIL-100(Fe)/Ag 1 42.75 5

17 Ref. 26 Fe;04@Si0,-T-G@Pd 15 0.1" 66

18 Ref. 22 Fe;0,@Pt@MIL-100(Fe) 7 2.15 19.93

19 Ref. 17 Fe;0,@P4VP-Au 60 12.33

“Rate constant k. *Fe;0,-cellulose-Cu. Found (%): Cu, 13.37; Fe, 34.49. ¢ Au NPs decorating alginate-coated magnetite. “Rate constant k (s~!). ¢ Conversion
(%)./Magnetite inside a porous carbon shell decorated with Co. ¢ Nanocellulose with magnetite and Ag NPs. "Mol% Pd.
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mesoporous silica microparticles, which in turn were
functionalized by TEOS and APTES to introduce terminal amino
groups and embedded in a chitosan matrix.?® The catalyst was
further modified with palladium to create active sites for the
Suzuki cross-coupling reaction and the reduction of 4-nitrophenol
to the corresponding amine in high yields of the target products
(Figure 4).

Fe;0, prepared ex situ by the solvothermal method was
modified with the silane coupling agent KH570. A copolymer
of divinylbenzene (DVB) and glycidyl methacrylate (GMA)
was synthesized by the distillation precipitation polymerization
to coat the magnetite core, which was then functionalized with

OH

amino groups in the presence of 1,6-hexanediamine. Using
Michael addition and amidation reactions, poly(amidoamine)
dendrimers were grafted onto the Fe;O0,/P(GMA-DVB)
surface, whereby the active groups of the poly(amidoamine)
tree became the binding sites and carriers for gold nanoparticles
formed after the addition of hydrochloric acid to the resulting
microspheres by the reduction of Au’* to Au® with sodium
borohydride.?” It was shown that in the obtained
Fe;0,/P(GMA-DVB)/PAMAM/Au  nanocomposites,  the
magnetite core reaches 170 nm. The translucent polymer shell
has a thickness of more than 80 nm, and the Au nanoparticles
are 7-10 nm in size (Figure 5). High conversion was achieved

(¢}

o 0
~ i
KH570 O0—SiCH,CH,CH,0CC=CH, -°MA
o [ DVB
Me
Hollow Fe;0, Fe;0,/P(GMA-DVB)
NH,
NH,(CH,),NH, Michael addition N/CH2CH2CONHCH2CH2NH2
% %
Amidation “CH,CH,CONHCH,CH,NH,
Gy G,
NH,  HN
H,N NH NH,

HN

Michael addition
Amidation

OH
Figure 5 Preparation of Fe;O0,/P(GMA-DVB)/PAMAM/Au (FPP/Au) nanospheres. Reproduced from ref. 27 with permission. Copyright 2019 Elsevier.

FPP/Au
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in 7min at 45 °C in the presence of Fe;O,/P(GMA-DVB)/
PAMAM/Au suspension with a concentration of 1 g dm=3. The
nanoparticles were stable in 10 cycles, easily separated from
the reaction medium and reused.

Table 1 summarizes the data for various magnetite supported
catalysts to compare the TOF in the hydrogenation reaction of
4-nitrophenol with sodium borohydride in water.

Reduction of furfural

The furfural reduction reaction is currently attracting attention as
an approach to convert platform chemicals into value-added

products (Scheme 3).
L on

O
(A
Scheme 3 Hydrogenation of furfural to furfuryl alcohol.

Magnetic nanoparticles Fe;O,-12 with a particle size of
12 nm, used as an easily separable heterogeneous catalysts,
exhibited high activity in the reaction of catalytic hydrogenation
of furfural to furfuryl alcohol with hydrogen transfer from
isopropanol as a hydrogen source, while the yield of furfuryl
alcohol was 90.1% at 160 °C for 5 h.?8

Comparison of Fe;O, nanoparticles of different sizes showed
that the smaller the nanoparticles, the smaller the pore diameter
and the larger the surface area of the material. This leads to the
appearance of acid—base active centers and relatively low activation
energy. In addition, the reduction experiment involving the
dehydration of xylose to furfural and then the reduction of furfural
to furfuryl alcohol confirmed that the catalytic system has great
potential for industrial application. A possible flowchart of the
chemical process from xylose to furfuryl alcohol was developed,
which can realize the transformation of biomass resources (e.g.,
xylose obtained from corn cobs) into various valuable organic
compounds with the reuse of catalysts and solvents, and minimize
the amount of solvents and pollutant emissions.

In order to efficiently hydrogenate furfural into furfuryl
alcohol with molecular hydrogen, magnetically separable
catalysts containing Pd° or Pt” particles with a diameter of ~3 nm
and magneticnanoparticles stabilized with polyphenylquinoxaline
(PFX) or hyperbranched pyridylphenylene polymer (SRPFP)
were prepared.” The maximum selectivity was achieved at
120 °C and a hydrogen pressure of 6 MPa using isopropanol as a
solvent. It was shown that isopropanol is exactly the solvent of
medium polarity in which a balance is achieved between the
solubility of furfuryl alcohol and its acceptable access to catalytic
centers, which ensures the highest catalyst activity and process
selectivity. A comparison of the catalytic activity of Pd-
containing magnetite nanoparticles stabilized by PFX (Pd-PFX)
and SRPFP (Pd-SRPFP) was performed, which showed the
advantages of the hyperbranched structure of SRPFP compared
to the linear structure of PFX. Thus, in the presence of Pd-SRPFP,
high selectivity of furfuryl alcohol formation (99.3%) was
achieved at a conversion of 99.8%, high activity (871 min~') and
stability. This effect of Pd-SRPFP was explained by the following
reasons: (1) the structure of the catalyst, in which Pd nanoparticles
are separated from magnetite nanoparticles due to the branched
structure of SRPFP; (2) shielding of magnetite particles with
SRPFP, which minimizes the effect of magnetite on the
conversion of furfural to isopropyl furfuryl ether, thereby
contributing to higher selectivity for furfuryl alcohol.

Hydrogenation of benzaldehyde

Hydrogenation of benzaldehyde (Scheme 4) can be considered
as a model reaction for the hydrogenation of oxo compounds
(aldehydes and ketones).

CHO CH,OH

Scheme 4 Hydrogenation of benzaldehyde to benzyl alcohol.

A number of stable noble metal-free Ni/Fe;O,-based magnetic
catalysts were prepared from double layered NiFe hydroxides by
a simple calcination—reduction method.3* The catalysts with a
Ni%*/Fe3* ratio of 1 were effective in the selective hydrogenation
of benzaldehyde to chemically pure benzyl alcohol and in the
hydrogenation of furfural to the biofuel 2-methylfuran with high
yields (99.0 and 78.4%, respectively) under mild conditions.
Systematic studies have shown that the Ni**/Fe3* ratio affects the
dispersion and surface acidity of the catalysts, which play a
crucial role in achieving the efficiency of the catalytic reaction.
As an example, the effects of solvent and reaction parameters, as
well as the possibility of reusing the catalysts in the benzaldehyde
hydrogenation process, were studied. It was shown that the
strong interaction between Ni and Fe;O, particles increases the
stability of the catalyst. The mechanism of the catalytic reaction
of selective hydrogenation of furfural to 2-methylfuran was
discussed. Thus, the work demonstrated the possibility of using
a catalyst that does not contain a noble metal for the selective
hydrogenation of chemicals obtained from biomass.?*

Hydrogenation of naphthalene

Recently, the hydrogenation of naphthalene has gained
importance in the field of hydrogen storage, with the naphthalene—
decalin pair (Scheme 5) being considered as a benign alternative

to light hydrocarbons.

Scheme 5 Reversible hydrogenation—dehydrogenation processes in the
naphthalene—decalin pair.

A magnetically separable silica-supported palladium catalyst
was developed and prepared for the selective hydrogenation of
naphthalene to tetralin.* In the catalyst, Pd nanoparticles were
evenly distributed and protected by mesoporous silica shells
deposited on the Fe;O, cores, thus significantly improving the
stability of the catalyst. Repeated use of this catalyst in
naphthalene hydrogenation resulted in complete conversion and
production of 77 to 90% of tetralin.

Hydrogenation of carbon dioxide

Hydrogenation of carbon dioxide is a hot topic nowadays, since
it allows partial utilization of this greenhouse gas by converting
itinto CO, hydrocarbons, methanol and other valuable products.
A number of catalysts based on rubidium-promoted Fe;O,
microspheres have been developed for the catalytic reaction of
carbon dioxide hydrogenation to light olefins.>> Although
magnetic separation was not used in the catalytic process, it
could be effectively used at the stage of separating the finished
catalyst from the mixture used for its preparation. The
3 wt% Rb/Fe;0, catalyst showed high selectivity of 47.4% for
the formation of light C,—C, olefins with a high olefin to
paraffin ratio of 10.7. Table 2 shows the activity and selectivity
of magnetite-based catalysts depending on the rubidium
content.

Studies using temperature-programmed hydrogen reduction,
temperature-programmed desorption and X-ray photoelectron
spectroscopy showed that a certain Rb content could control the
carbonaceous particles content and iron oxide content on the
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Table 2 Activity and selectivity of magnetite-based catalysts with different Rb content in carbon dioxide hydrogenation.3

Selectivity (%)

Selectivity to hydrocarbons (mol%)

Entry Catalyst CO, conversion? (%) Olefin/paraffin (C,—C,)”
(€0) ROH C, Chy Cyy Cs,

1 Fe;04 37.2 7.3 0 449 27.1 16.0 12.0 1.7

2 1% Rb/Fe;04 40.8 6.0 5.4 30.8 37.1 59 26.2 6.3

3 3% Rb/Fe;04 39.7 8.1 14.7 19.5 474 4.4 28.7 10.7

4 5% Rb/Fe;04 38.3 6.9 13.7 18.2 41.8 3.8 36.2 11.0

5 8% Rb/Fe;0, 38.2 7.3 13.6 17.9 39.8 3.4 38.9 1.7

@Reaction conditions: 300 °C, 0.5 MPa, Hy/CO, = 1:3, GHSV = 2500 cm’ gz} h~!. ? Olefin/paraffin molar ratio in C,—C, mixture.

catalyst surface, which contributed to the synergistic effect in the
production of light olefins.

The Fe;0,/BN and Fe;0,4(Pt)/BN nanoheterostructures were
obtained by the polyol method, in which hexagonal boron nitride
was used as a carrier of Fe;0, nanoparticles.®® The resulting
materials were used in the process of CO, hydrogenation. It was
shown that Fe;O0,/BN and Fe;O4(Pt)/BN are selective with
respect to hydrocarbons.

The catalyst based on Ru—Fe;0,/Ce0,—SiO, (Ce**/Ce**,
x=1.64) synthesized by impregnation of Ru and Fe;O,
nanoparticles on cerium-promoted mesoporous silica support
SBA-15 turned out to be effective in selective reduction of CO,
to methane.?” Thus, the conversion of CO, reached 82% with a
ruthenium content of 0.25 wt% and a Fe;0, content of 2.5 wt%
at a temperature of 575 K, a pressure of 20 bar, a gas hourly
space velocity (GHSV) of 3000 cm? g=! h=! and an Hy/CO molar
ratio of 5:1 in a fixed-bed reactor. Close contact between
ruthenium and magnetite nanoparticles contributed to the
reduction of CO, through the effect of hydrogen spillover, and
cerium oxide nanoparticles were the promoters of this reduction
reaction. Density functional theory studies showed that the large
surface area and large mesopores of the silica support promote
fine dispersion of active catalytic centers and oxygen vacancies.

Oxygen reduction reaction

Fe;0, nanoparticles embedded in atomically dispersed Fe-N-C
catalyst, in which iron atoms are coordinated to nitrogen-doped
carbon support, were used in an efficient oxygen reduction
reaction (ORR) to establish the effect of micro- and macropores.3®
Atomically dispersed Fe-N-C catalysts encapsulated with
magnetite nanoparticles demonstrate great potential for catalysis
of ORR.% Fe;O, nanoparticles encapsulated in atomically
dispersed Fe—-N—C electrochemical catalyst were synthesized by
high-temperature pyrolysis of polyacrylonitrile and FeCl;. The
effect of micro- and macropores in the catalysts prepared and
controlled by the addition of SiO, and ZnCl, templates on the
structure and electrochemical properties was studied. It was shown
that the presence of micropores favors the nucleation and retention
of Fe;0, nanoparticles. On the other hand, the macropores
contribute to a lower Fe;O, content, a higher nitrogen content and
current density limitation. The optimized Fe;O,@FeNC catalyst
with micro- and macropores showed ORR activity comparable to
that of the known catalysts and superior to that of commercial
Pt/C, suggesting its potential application in real devices. More
importantly, the porous architecture not only affects the mass
transport and active centers, but also has a huge impact on the
nucleation of Fe;O, nanoparticles, the graphitization degree of the
carbon support, the chemical environment of the elements and the
catalytic pathways of ORR. Density functional theory calculations
show stronger adsorption of O, on Fe-N-C when it is deposited
on Fe;0, fragments, which can increase the reactant concentration
for ORR and enhance the overall activity. These results provide
important guidance for the future understanding and development
of single-atom catalysts with improved electrochemical properties.

Conclusion

Thus, the research was particularly focused on the development
of separable magnetic nanocatalysts due to the possibility of
their easy separation and isolation from the reaction medium. In
order to increase the stability of magnetite nanoparticles, they
are embedded in various matrices. Therefore, much attention is
paid to nanostructured and composite materials with a core—shell
structure, in which the core is magnetite, and the shell can be of
both organic (polymer, biopolymer) and inorganic (silicon
dioxide, graphene oxide) nature. In reduction reactions, most of
the considered magnetic catalysts are characterized by high
activity, stability and the possibility of reuse in several cycles
without a significant decrease in activity.

This work was financially supported by the Ministry of
Science and Higher Education of the Russian Federation (grant
no. 075-15-2023-585). This work was conducted within the
framework of the ISMAN State Assignment.
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