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A B S T R A C T

Electrification of the chemical and energy sector is a crucial step in the transition towards a carbon neutral
society. Electrocatalysis is one way to selectively steer a reaction towards the desired products which relies on
the electric field effects instead of temperature, but there is another way to solely heat the reaction site. Magnetic
or induction heating of magnetic nanoparticles embedded within the catalyst can selectively heat the catalyst at
the reaction site. Furthermore, such rapid and selective heating enables a construction of decentralised,
intermediate-scale, adaptable, containerised and responsive units, capable of flexible operation as per the
Europen Union’s new industrial paradigm. The possibly to utilize intermittent renewable energy and to operate
reactors in highly dynamically responsive manner leads to energy efficiency, safer operation, reduced energy
costs in downstream processing, keeping bulk fluid cold(er) compared to the catalyst grain to mention a few
advantages. Recently, this concept has been successfully applied and reported but only in a relatively limited
number of studies, which are reported and thoroughly reviewed in this work. This review aims to highlight and
critically evaluate recent developments of magnetic materials used in magnetically heated catalysis and repre-
sent their magnetic and chemical properties in combination with an overview of reported chemical conversions.
It can serve as guide to select optimal magnetic material for a targeted chemical conversion, highlighting (also
schematically) their potential and restriction of use.

1. Introduction

Induction heating is the technology that enables contactless heating
of the conductive materials. It is commonly used in domestic as well as in
industrial and medical applications [1]. Closely related magnetic heat-
ing (MH) applies radiofrequency alternating magnetic field (AMF) to
magnetic nanoparticles to generate heat within them. Magnetic nano-
particles are small enough (approx. up to 100 nm in diameter) that the
predominate heating mechanism is relaxation (Brownian or Néel) or
hysteresis loss [2]. Gao et al. [3] show the magnetometry measurements
on various nanocrystallite sizes of Ni-Zn ferrite. The magnetization in-
creases with the increase of nanocrystallite size from 12 to 27 nm. A
sample with nanocrystallite size of 21 nm showed maximum coercivity.
Therefore, it can be stated that mixedmetal oxides show the highest heat
recovery in the nanocrystallite size range of about 20 – 30 nm[3].
Typically, magnetic nanoparticles or nanocomposites composed of
magnetic nanoparticles are contained within a non-magnetic and non-
conductive vessel inserted within a coil connected to an alternating

current generator [4] Small magnetic nanoparticles that are smaller
than their superparamagnetic limit heat due to Neel’s relaxation if the
nanoparticles are fixed i.e., immobilized and therefore not being able to
rotate. Suspended magnetic nanoparticles can heat under AMF due to
Brownian relaxation [5]. Fixed magnetic nanoparticles that are larger
than their superparamagnetic limit (larger than approx. 16 nm for the
magnetic iron oxide maghemite) and exhibit ferrimagnetic or ferro-
magnetic properties heat under AMF due to hysteresis losses [6–8]. At
this point it should be noted that the mentioned separation of the
mechanisms responsible for heating is artificial, but the distinction is
very persistent in experimental-based articles. For the purposes of clarity
of this review, the term induction heating will be used when heating is
clearly consequence of eddy currents induced by AMF and magnetic
heating when hysteresis losses are cause of heating and not differenti-
ating relaxation mechanism. A simple representation of static and dy-
namic hysteresis of single domain magnetic nanoparticles is presented in
Fig. 1. It should be noted that the magnetic field strength is often pre-
sented using different measurement units, such as oersted (Oe), (mili)
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tesla (mT), or amperes per meter (A m− 1). The SI unit for magnetic field
strengthH is A m− 1, while in cgs unit system the unit is Oe. A convenient
SI representation is µ0H, usually in mT. Strictly speaking, this is the B
field, which in air and vacuum has the same direction asH field, while its
strength is µ0H. Such representation is only valid for external fields while
inside the material B and H fields differ in direction and magnitude due
to magnetization. These units, when considering external fields, are
easily converted from one to another using simple conversion factors.
For instance, 1 Oe equals to 103/(4п) A m− 1, and 0.1 mT. Curious reader
is encouraged to read literature dealing with the subject in a more
comprehensive manner such as for example the work by Deatsch and
Evans from 2014 [9].
Since many catalytic reactions are endothermic, the problem that is

created by heating the system is a great rise of pressure inside of the
reactor. One of the possible ways to minimize this problem is by mag-
netic heating of the catalyst bed within the reactor where the reaction
mixture is heated from the inside of a reactor.
The heat is delivered from magnetic particles in direct contact with

the catalyst. Then, the catalyst heats up only a small volume of the

reaction mixture which is in close contact with the catalyst while the rest
of the medium is at significantly lower temperature, which causes less
evaporation and a smaller pressure increase as shown in Fig. 2 [11,12].
Inductively or magnetically heated systems applied to chemical con-
versions are lately the hot topic in catalysis and energetics. Since the
observations have been made that various particles can be inductively
heated, the idea was born to try to utilize this property and use it in
catalysis, which is widely present in the vast majority of chemical
processes.
Implementation of the inductively or magnetically heated technol-

ogy to chemical reactors could potentially replace the need to heat up
the whole reactor and focus directly on heating of the catalytic particles.
This way, the mass of the reactant mixture would remain near the room
temperature, and the layer of the reactants adjacent to the catalyst
would be heated up via convention through the surface of the heated
particles (Fig. 3). It is necessary to note that the temperature profile
shown in Fig. 3 does not contain absolute temperature, but serves
merely as a graphical scheme to show that the liquid temperature in
magnetically heated systems is significantly lower than the temperature
on the catalyst’s surface, which is where the reaction takes place. On the
other hand, each of the elements in a cross-section of a reactor in a
conventionally heated system exhibits significantly different tempera-
ture than that of the element in its near vicinity. It was also observed that
magnetic induction can be a trigger to enhance the catalytic activity of
the given material and, in turn, increase the reaction rate [13–17]. It is
worth noting that inductively heated reactor systems are more robust
considering the reaction parameters in comparison to the conventionally
heated systems [18]. The choice of the reactor material for magnetic
heating is crucial, since it needs to be made of a radio-frequency
transparent material which does not heat due to induction. Most pop-
ular choices include glass, quartz and polymers such as poly(ether ether)
ketone (PEEK). It is also possible, at least in principle, to employ ceramic
reactors for high temperature reactions. However, for all of the mate-
rials, the highest pressure that can be applied is limited to significantly
lower value than for conventional reactors made, for example, of
stainless steel [2]. In short, the main advantage of inductively heated
systems is their adaptability to the needs of various chemical processes,
which implies the reversibility, rapidity and robustness of the system,
which is also known as the R3 rule [17].
In order to have a working system, which can be efficiently heated

via magnetic heating, catalytic activity and the heating capacities of the
chosen materials has to be studied. An important value that helps
quantify the heating efficiency of the material is the specific absorption
rate (SAR). SAR is the rate of thermal energy generated by magnetic
material under AMF absorbed by the medium and is usually determined
calorimetrically. SAR is usually referred to as a figure-of-merit for

Fig. 1. (a) A scheme of the hysteresis loop and its correlation to the magnetic moment (own work) and (b) dynamic hysteresis loops of iron oxide magnetic
nanoparticles as a function of AMF amplitudes at constant frequency. Reprinted with permission from reference [10], copyright AIP publishing.

Fig. 2. Schematic presentation of IH and conventional heating effects on the
pressure inside of the reactor system. Reprinted with permission from reference
[11], Copyright John Wiley and sons).
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thermal power generated by unit mass of magnetic material under AMF.
It is important to note that some authors refer to SAR as SLP (specific loss
power) [19–21]. Another important value is the Curie temperature,

which represents the temperature point above which a material loses its
permanent magnetic properties and consequently seizes magnetic
heating [22].

Fig. 3. Temperature gradient comparison between the magnetically and conventionally heated reactor system (own work).

Fig. 4. SAR vs H dependency of iron nanoparticles, described with hysteresis heating (left) and magentic moment direction change in a particle contribution of
induction, eddy force heating to the total SAR values, described with the oscillation of eddy currents (right) (own work).
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Fig. 5. (a) comparison of the eddy current contribution to the overall magnetic heating effect for 20 nm Fe, Co and Ni nanoparticles using AMF frequency of 54 kHz
and (b) 300 kHz (c) contribution of eddy current to the magnetic heating of 20 nm Fe nanoparticles at different AMF frequencies and (d) the nanoparticle size
dependency on the eddy current contribution for iron, nickel and cobalt (own work).

Fig. 6. Schematic view of the magnetic nanocomposite types, where blue-colored shapes represent magnetic nanoparticles. Reprinted with permission from
reference [30], Copyright 2015 National Insitute for Materials Science.
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The effect of induction heating contribution to the overall SAR value,
and its dependency on nanoparticle sizes can be observed in Fig. 4 and
Fig. 5. Iron, cobalt and nickel were taken into account as mostly used
metallic materials in magnetic catalysis. For the model of their induction
heating effect comparison, we presumed spherical nanoparticles of 20
nm in diameter. Fig. 4 shows the difference between the total heat
exhibited by the 10 nm iron nanoparticles observed by Meffre et al. [23]
at different frequencies. Higher frequencies also affect the increase in
induction heating contribution to the overall heat exhibited by the
nanoparticles. However, this contribution is insignificant when
compared to the magnetic heating effect for nanoparticles in the
observed size range.
A significant difficulty that occurs in magnetically heated systems is

the temperature measurement. Although, currently, there is no way to
measure the exact surface temperature of the system, the existance of
hot spots on the catalyst surface is known. If the reaction is performed in
a fixed bed reactor, the temperature of the catalyst surface can be
measured accurately. However, if the reaction is performed in a stirred
slurry batch reactor system, the temperature sensors measure the tem-
perature of the fluid, and not the catalyst itself. In order to solve this
issue, certain measures have been taken, such as synchrotron techniques
based on lattice parameters, but these methods are complex and
imprecise in case of nanoparticle temperature determination in solution.
Díaz-Puerto et al. have therefore estimated the nanoparticle surface
temperature using the Arrhenius equation [24]. Particle size and

structure are important factors when determining the magnetic heating
properties of the material. Larger nanoparticles with higher anisotropy
will require higher amplitudes of AMF in order to emmit heat [25]. Mille
et al. report the design and utilization of a setup in order to measure the
nanoparticle heating ability using a pyrometer and a double-wall calo-
rimeter. This way, the authors were able to determine temperatures as
high as 900 ◦C [26].
Taking all of the previously mentioned factors into account, we have

gathered an overview of the materials used for inductively and
magnetically heated catalysts and chemical reaction types enhanced by
magnetic heating technologies to shed a light onto this novel method.
This is a critical review, where we aim to analyse the advantages of
magnetic heating over conventional heating for different catalytic pro-
cesses, as well as the advantages of different materials used as catalysts
and/or heating agents. The gathered literature helps the reader to
comprehend different methods of magnetic heating utilization in in-
dustrial processes, which shows great green transition potential of this
technique. This is exactly why novel research couple it with biomass
processing, which would potentially lead to the greater production of
alternative fuels, therefore minimizing the large-picture fossil fuel
dependency.
In the next chapters, an overview of the magnetic catalysts will be

given, as well as the tables with description of their properties and uti-
lization. It is important to note that only the literature with sufficient
data on structural and magnetic properties has been gathered into

Fig. 7. STEM images and EDXS mapping of (left) Ru-Al2 O3 -Fe3 O4 and (right) Ru-C-Fe3 O4 catalysts [32,33].
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tables.

2. Typical catalysts used in magnetic catalysis

Most of the materials used for this purpose contain magnetic iron
oxides, ferrites or other iron compounds. Usually, the used materials are
composites consisting of the magnetic part, the support and the cata-
lytically active component as shown in Fig. 6. Since the magnetic
nanoparticles may not exhibit suitable surface properties or are highly
reactive in an unfavorable way, a recommended solution to that prob-
lem is coating the nanoparticles with an inert material [27–29].

2.1. Iron-based materials

In order to synthesize different iron materials used in magnetic
catalysis, inorganic iron salts are usually used. Aside from the most
thoroughly studied iron oxide, other iron compounds are also popular
when it comes to magnetic heating, such as ferrites, carbides, iron alloys
or even elemental iron. Mehdaoui et al.[16] considered various iron-
containing samples for hyperthermia measurements in their paper.
The authors report that magnetic interactions between the magnetic
nanoparticles have a high impact on the SAR value. It has been empir-
ically concluded that larger nanoparticles are better suited for magnetic
heating tests. However, since their interactions and behavior are more
difficult to foresee, the samples with constant particle size and
controlled anisotropy were prepared. This step was crucial since the
hysteresis loop shape depends on the anisotropy of the material. Ulti-
mately, it was found that the particles with larger hysteresis loops will
have higher SAR values [16].

2.1.1. Iron oxides
Concerning the magnetic materials, iron oxides (specifically

magnetite, Fe3O4 and maghemite, γ-Fe2O3) are the most commonly
applied ones due to their non-toxicity and the obtained material is
usually the mixture of the two. The most simple synthesis route is the co-
precipitation of Fe(II) and Fe(III) salts by adding a base to the reaction
mixture. This method can be combined with hydrothermal technique to
further increase particles size.the particle size. Gyergyek et al.[31] have
synthesized the iron oxide nanoparticles using Fe2+ and Fe3+ sulphate
salts, ammonia and ricinoleic acid which acted as a surfactant. The co-
precipitated nanoparticles were of approx. 9 nm in size. Hydrothermal
treatment of the precipitate resulted in pronounced growth that could be
moderately controlled by addition of ricinolein acid. Authors success-
fully synthesized magnetic iron oxide nanoparticles having average di-
ameters in the range of 10–80 nm. Nanoparticles smaller than approx.
14 nm demonstrated superparamagnetic behavior while, larger were
ferrimagnetic. The study of magnetic heating showed that nanoparticles
of average diameter of approx. 20 nm showed highest SAR value 123
kHz. The same authors used magnetic iron oxide nanoparticles to pre-
pare alumina and C nanocomposites which served as a support material
to prepare Ru-bearing magnetic catalysts (Fig. 7) [31–33].
Solvothermal method requires careful precursor and surfactant se-

lection. For instance, a paper by Huang et al. shows that the synthesis of
magnetic materials via solvothermal method resulted in Fe3O4 micro-
spheres of uniform sizes of about 200 nm composed of fine magnetic
core nanocrystals with sizes of about 10 nm [34]. Katugampalage et al.
[35] coated the Fe3O4 nanoparticles synthesized by the microwave-
assisted solvothermal method in metal–organic framework. The
average size of the magnetic nanoparticles was 60 nm and showed
cubical/hexagonal shape [35]. Wong et al. also report the synthesis of
maghemite via co-precipitation method using FeCl2 and FeCl3. The
maghemite nanoparticles were coated with mesocellular foam, and the
synthesized particles exhibited narrow size distribution with average
sizes of 8–10 nm [36]. Average maghemite nanoparticle size obtained by
Morales et al.[21] was 10–12 nm and the maximum SAR value reached
was around 32 W g− 1. Hubbard et al. synthesized iron oxide

nanoparticles with average size of around 9 nm with the highest SAR
value measured was 159 W g− 1 [37]. Wydra et al. obtained the iron
oxide nanoparticles by FeCl2 and FeCl3 co-precipitation without the
hydrothermal reaction step. The hydrodynamic particle size was 107
nm, while the measured average SAR value was 535 W g− 1 [38]. Fe3O4
nanoparticles obtained by Lin et al. exhibited average sizes of cca. 50 nm
and maximum SAR value of 72.55 W g− 1 [39]. Muñoz et al. showed the
synthesis of maghemite nanoparticles with the average particle size of
about 12 nm, while the SAR values were not reported since the heat
capacity of the zeolite support was missing [40]. Whajah et al. [41] used
trisodium citrate as surfactant for the formation of Fe3O4 microspheres
using the method earlier reported by Jiang et al. who report the Fe3O4
nanoparticle formation with the average size of 21 nm, agglomerated
into microspheres of around 220 nm [42]. Rivera et al. electrochemically
synthesized Fe3O4 nanoparticles with the average size of 21 nm.[43]
Gallo Cordova et al. performed the synthesis of Fe3O4 nanoparticles
solvothermally in polyol media, producing multicore nanoparticles with
average size of 40 nm consisted of small cores of cca. 10 nm in size. The
maximum SAR value of the multicore particles was 850 W g− 1 [44]. The
preparation of single- and multi-core iron oxide nanoparticles using the
microwave assisted polyol technique was also reported by the authors,
where the effect of different solvents and heating ramps on the nano-
particle size were shown. The single core nanoparticles exhibited sizes of
up to 15 nm, while the size of multicore particles was 60 nm. Single core
and multicore particles showed maximum SAR values of about 328 and
145W g− 1 respectively [45]. Tatarchuk et al. [46] reported the synthesis
of magnetite via co-precipitation using ferric chloride and ferric sulphate
salts with magnetite crystallite sizes of around 14 nm andmaximum SAR
value of 14.57W g− 1. An interesting approach was executed by Danyliuk
et al.[47] in order to obtain iron oxide particles using fruit extract which
act as metal bioreducers from the solutions of metallic salts and stabi-
lizers. Iron oxide nanoparticles have been synthesized using the extracts
from two varieties of grapes using grape pulp and grape peel, where
formed nanoparticles exhibited crystallite sizes of 14 and 7 nm and
maximum SAR values of 1.330 and 0.488 W g− 1 respectively. Fe3O4
nanoparticles with average sizes of around 17 nm and maximum SAR
value of cca. 270 W g− 1 were synthesized using thermal decomposition
method with oleic acid acting as ligand by Moura et al.[48] De Cattelle
et al. reported the synthesis of iron oxide nanoparticles using either poly
(ethylene glycol) or oleic acid as stabilizer. Both sets of nanoparticles
exhibited average size of about 20 nm [49]. Marten et al. synthesized
Fe3O4 nanoparticles via alkaline precipitation, achieving nanoparticles
of around 14 nm in size. The nanoparticles were then functionalized
with carboxy groups, which lead to agglomeration and the significant
increase in hydrodynamic diameter of up to 171 nm [50]. Munoz et al.
reduced the natural magnetite powder in hydrogen atmosphere and
obtained the Fe3O4 samples with the surface Fe(II)/Fe(III) ratio equal to
0,63. The product nanoparticles were spherical in shape and highly
agglomerated with the average diameter of 200 nm. The magnetic
properties of the particles were satisfactory, but the specific surface area
was quite low, which is a result of its non-porous structure [51]. As an
interesting example of magnetic material utilization diversity, a paper
from Gómez-Polo et al. [52] should be mentioned. They synthesized the
Fe3O4-TiO2 composite particles using the magnetic heating of the
commercial Fe3O4 with the average size of 15 nm in order to calcine the
TiO2 precursor gel [52]. Marques et al. describe the synthesis and
characterization of magnetite and PU composite. Magnetite nano-
particles were synthesized using the co-precipitation method and
showed orthorhombic structure [53]. Yassine et al.[54] report the co-
precipitation method in iron oxide nanoparticles synthesis whose
average diameter was 33 nm. Using the positively charged poly-
electrolyte (poly(diallyl dimethyl ammonium chloride)), iron oxide/Au
nanoparticles have been synthesized. Since this procedure requires the
use of gold nanoparticles, it arises doubt in the scale-up possibilities of
the preparation due to the high price of gold. Lee et al.[55] prepared the
Fe3O4 nanoparticles by dissolving iron(II) acetylacetonate in oleic acid,
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4-biphenyl carboxylic acid and benzyl ether, forming nanoparticles of
average size of 21 nm. Magnetic nanoparticles were coated with a hol-
low silica layer and Pd was added as catalytic material for application in
biorthogonal organic synthesis reactions in living cells. However, the
feasibility of this process is disputable considering the toxicity of

palladium ions. In order to obtain multicomponent nanomotors, Dhar et
al. synthesized and tested Fe2O3 and Pd particles on cellulose nano-
crystal. The nanomotors were tested and it was observed that the mol-
ecules of the composite nanomotor move in the direction of the
alternating magnetic field and the maximum SAR value observed for the

Table 1
Properties and utilization of iron oxide materials.

Magnetic
material

Synthesis method Average
MNPa size

SAR /
W g− 1

fb /
kHz

µ0H /
mT

Matrix
material

Catalytic
material

Reaction Conversion /
%

Selectivity /
%

Ref.

Fe3O4 Co-precipitation +

hydrothermal growth
15 2.36 280 21 − − − − − [31]

Fe3O4 Co-precipitation +

hydrothermal growth
24 12.25 123 21 − − − − − [31]

Fe3O4 Co-precipitation +

hydrothermal growth
20 120 273 60 γ-Al2O3 Ru Hydrogenation 95 92 [32]

Fe3O4 Co-precipitation +

hydrothermal growth
17.2 n/a 273 46 C Ru Hydrogenation 100 100 [33]

Fe3O4 Solvothermal 200 n/a n/a n/a C Pd Suzuki-Miyaura
cross-coupling

100 80.8 [34]

Fe3O4 MW-assisted
solvothermal

60 n/a n/a n/a MIL-53
(Al)c

MIL-53(Al) OTCf adsorption 87 − [35]

Fe3O4 Co-precipitation 9 159 233 64.8 Oleic acid Oleic acid Polymerization 65 − [37]
Fe3O4 Co-precipitation 10 535.5 292 75.4 − − MBg degradation − − [38]
Fe3O4 Co-precipitation +

oxidation
11.2 32 331 12 H-USY

zeolite
H-USY
zeolite

− − − [21]

γ-Fe2O3 Co-precipitation 50 72.55 I = 15 A NPCd NPC CO2 adsorption 79.2 Energy efficiency [39]
Fe3O4 Co-precipitation 40 850 200 21.4 − − Pollutant

degradation
90.21g 74.7h [44]

Fe3O4 MW-assisted
solvothermal

15 328 200 30.2 − − Pollutant
degradation

100g [45]

Fe3O4 MW-assisted
solvothermal

60 145 200 30.2 − − Pollutant
degradation

100g [45]

Fe3O4 Dissolution of
hematite powder

20 n/a n/a n/a Oleic acid Pd Sonogashira
reaction

0 0 [49]

Fe3O4 Dissolution of
hematite powder

20 n/a n/a n/a PEGe Pd Suzuki cross-
coupling

87 0 [49]

a Magnetic nanoparticles, b Frequency used for magnetic properties determination, c A type of metal-orhanic framework, d Nitrogen-doped mesoporous carbon, e

Polyethylene glycol,
f oxytetracycline, g Decolorization yield, h Mineralization yield.

Fig. 8. Schematic comparison of the properties of materials commonly used in magnetic catalysis considering their oxidation/reduction stability, average SAR
values, synthesis simplicity, and the temperature range stability taking the Curie temperature of the material as the upper temperatrue limit of application
(own work).
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iron oxide/cellulose nanocrystal composite was about 12 W g− 1 [56].
However, iron oxide in core–shell nanoparticles exhibits a certain

drawback when it comes to catalyst regeneration conditions. For
example, regeneration of coke deposit on the catalyst surface often re-
quires temperatures above 700 ◦C, which presents a problem, since the
Curie temperature of iron oxide is 622 ◦C. This means that iron oxide
nanoparticles inside of the catalyst material would lose their magnetic
properties and could not be magnetically heated to the temperature
needed for regeneration [2,57]. In addition, transformation to non-
magnetic iron oxide might occur at such conditions yielding magneti-
cally inactive material [58]. Properties and performance of iron oxide
materials are collected in Table 1.

2.1.2. Iron
Considering magnetic heating applications, elemental iron is not an

ideal choice. Despite its soft magnetic properties and exhibiting high
saturation magnetization, iron in the form of nanoparticles easily un-
dergoes oxidation in air atmosphere, therefore observed nano-
composites mostly contain iron particles in their oxidized forms such as
magnetite, maghemite etc. However, zero-valent iron was found to be a
good reducing agent for toxic metal ions. In order to reinforce the
reducing abilities of iron, as well as reduce its oxygenation tendency,
zero-valent iron particles are combined with strong adsorbents such as
graphite, activated carbon etc. Hence, some metal materials, such as
iron, which cannot withstand even a small amount of oxidation agents in
the reaction atmosphere, such as water vapor, and are limited for use in
reactions that require reductive conditions (i.e. hydrogenation re-
actions). This limitation is also shown in Fig. 8. Iron nanoparticles used
in this work are shown in Table 2. Cervera et al. [59] synthesized the Fe-
C magnetic nanocomposite using sugars as the carbon source. The
nanoparticles synthesized using fructose and glucose exhibited average
sizes of about 25 and 70 nm and maximum SAR values of 10 and 8W g− 1

respectively [59]. Gyergyek et al [60] synthesized carbon coated iron
magnetic nanoparticles from formerly synthesized iron oxide nano-
particles [31]. Glucose was used as the carbon source. The obtained
material contains elemental iron, iron carbide and iron oxide. The
samples differed in annealing temperature and time. Formed iron
nanoparticle sizes were between 16 and 54 nm, depending on the
annealing conditions and the maximum observed SAR value was 760 W
g− 1 [60]. Fernández-Velayos et al.[61] 3D printed the commercially
obtained zero-valent iron particles with the sizes of about 0,25 mm on
polylactic acid support composite It was observed that, using magnetic
induction, the polymer surface remained active for 10 cycles and the
polymer material remained almost unchanged. The catalyst reached the
maximum temperature of about 41 ◦C under the magnetic field of 61,8
mT [61].
Zadražil and Štĕpánek prepared the Fe microparticles/alumina

catalyst using the silica colloidal suspension as binder and used it for the
remotely controlled reactions by turning the AMF on and off. The
temperature-sensitive reaction of ethanol dehydrogenation was
remotely controlled by controlling the power of the alternating magnetic
field applied to the system [62]. Furthermore, Mehdaoui et al.[63] have
reported the multiple step organometallic synthesis route and

characterization of Fe nanocubes of 11 and 16 nm in size. Synthesis was
published beforehand by Dumestre et al. [64] Both particle samples’ SAR
values were tested. The smaller nanoparticles exhibited maximum SAR
values of about 1300 W g− 1, and the larger ones of about 1650 W g− 1

[63]. Meffre et al. [23] report the synthesis of nanocomposite Fe@FeCo
and Fe@Ru using the adapted organometallic route for iron carbide
nanoparticles synthesis [65]. The average nanoparticle sizes of the Fe0

nanoparticles were between 8 and 12 nm, while the average sizes of the
Fe@FeCo and Fe@Ru nanoparticles were 12 and 12.4 nm and the
maximum SAR values of 284 and 190 W g− 1 respectively. The nano-
composite particle synthesis method is derived from Fischer-Tropsch
mechanism and proceeds through carbonyl substrates on elementary
iron seeds [23,65]. Chen et al. used iron sponge as the heating core and
coated it with carbon using a starch solution. Suchmaterial exhibits high
porosity, although the particle agglomerates are quite large (microscale
agglomerates). This composite was then impregnated by Ni, La and Mn
to enable application in catalytic wet peroxide oxidation [66]. Ghosh
et al. functionalized iron wool with silica coating via sol–gel method and
nickel particles and observed that the silica coating acts as a barrier
during the CO2 hydrogenation reaction and prevents the formation of
iron carbide layer on the surface of the iron wool. The maximum SAR
value of the iron wool was 68 W g− 1 [67].

2.1.3. Iron carbides
The advantages of iron carbide materials in magnetic catalysis are

their stability in air and good magnetization properties. Meffre et al.
proposed the synthesis of iron carbide nanoparticles from zero valent
iron nanoparticles with the addition of iron pentacarbonyl (Fe(CO)5).
This way the nanocomposite iron/iron carbide particles with the
average size of around 13.6 nm were obtained. By controlling the dis-
tribution of carbon in the nanocomposite particles, it was possible to
finely tune the magnetic anisotropy of the product. The maximum spe-
cific absorption rate of the synthesized nanocomposites reached up to
350W g− 1 [65]. In the work of Asensio et al.[11] Fe2.2C was prepared via
carbidization of zero valent iron and used in combination with Ru,
therefore combining exemplary induction heating properties of iron
carbide with high catalytic properties of ruthenium which is a popular
catalytic hydrogenation/hydrodeoxygenation material. The obtained
Fe2.2C nanoparticles had an average size of around 14–15 nm and SAR
values as high as 2100 W g− 1, which decreased to 380 W g− 1 after the
addition of Ru nanoparticles, which presumably occurred due to
ruthenium nanoparticle agglomeration [11]. Niether et al. report the
utilization of Fe2.2C-Ni core–shell particles for water electrolysis via
induction heating. Iron carbide particles were produced by the method
derived from the Fischer-Tropsch mechanism which includes the pres-
ence of mesitylene, CO and H2 at 150 ◦C formerly published by Bordet
et al.[69]. The supplementary data shows that the maximum SAR value
of the iron carbide particles equals to about 3200 W g− 1, while the one
for Fe2.2C-Ni particles equals to about 2000 W g− 1, while the average
size of the Fe2.2C-Ni nanoparticles was 15.2 nm [68]. Kale et al.
demonstrated a system containing Ni nanoparticles immobilized on
SiRAlOx (a commercial name for silica-alumina oxides) with iron car-
bide nanoparticles of 14–15 nm in average size as the induction heating

Table 2
Properties of Fe magnetic nanoparticles.

Magnetic
material

Synthesis method Average MNP size
(d) / nm

SAR /
W/g

f /
kHz

µ0H /
mT

Matrix
material

Catalytic
material

Ref.

Fe from Fe3+ solution + thermal decomposition of sugars 25 70.5 477 32,7 C Fe-C [60]
Fe from Fe3+ solution + thermal decomposition of sugars 70 32.4 477 3,7 C Fe-C [60]
Fe from Fe3+ solution + thermal decomposition of sugars +

hydrothermal synthesis
54 760 273 97 C Fe-C [61]

Fe Organometallic 16 1650 300 66 − Fe [63]
Fe Organometallic 11 1300 300 66 − Fe [63]
Fe Organometallic 11 284 54 50 Fe@Co Fe@Co [23]
Fe Organometallic 11 284 54 50 Ru Fe@Ru [23]
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agent. It can be seen that here as well the SAR values of certain samples
reached as high as 2100 W g− 1 [19]. It can be deducted that using Fe0

carbidization synthesis approach of iron carbide nanoparticles, mate-
rials with extraordinarily high SAR values can be obtained. Kreissl et al.
[70] decorated the commercial Cu2Cr2O5 with iron carbide nano-
particles which exhibited maximum SAR values of around 2500 W g− 1,
while Lin et al.[71] used the two-step organometallic approach in order
to produce copper-decorated iron carbide nanoparticles. Although the
magnetization after the decoration of the iron carbide sample was
somewhat lower than that of pure iron carbide, which exhibited
maximum SAR values of about 3200W g− 1, SAR of the copper decorated
sample still reached values as high as 2500 W g− 1. The average size of
the synthesized iron carbide particles reached around 14 nm [70,71].
Bordet et al. synthesized via carbidization of Fe0 nanoparticles, which
increases their size from 12,5 to 15,1 nm. After 140 h carbidization
process, the iron carbide nanoparticles showed SAR values of 3200 W
g− 1 [72]. Bordet et al. [73] have reported the attempt to shorten the
synthesis time using molecular sieves. Zero-valent iron nanoparticles
with average sizes of 9.0 and 12.5 nmwere synthesized using previously
published methods of organometallic synthesis in hydrogen atmosphere
[64,74]. After the carbidization process with and without molecular
sieves, the obtained iron carbide nanoparticles exhibited average sizes of
14.0 and 15.1 nm respectively andmaximum SAR values of around 3000
and 2700 W g− 1 for iron carbide nanoparticles synthesized from larger
Fe0 particles and around 1700 W g− 1 for the ones synthesized using
smaller Fe0 particles. Therefore, it can be seen that the utilization of
molecular sieves somewhat decreases the SAR values of the samples in
case of larger zero valent iron nanoparticles carbidization. Molecular

sieves were used in order to extract water from the process to enhance
the carbidization reaction according to the Le Chatelier principle. The
authors tried to perform carbidization using the mixture of CO2 and H2
since CO, which is normally used, is toxic. Without molecular sieves, Fe
nanoparticles showed oxidation and coagulation, but the carbidization
can be done using CO2 and H2 with the extraction of water from the
reaction mixture during the process [73]. Table 3 provides information
about above-mentioned iron carbide materials and their properties as
magnetic heating catalysts.

2.1.4. Ferrites
Cubic spinel ferrites are another popular material which can be used

in the manufacture of magnetic catalysts. Properties, composition and
feasibility of ferrite are shown in Table 4.
Nickel ferrites have demonstrated the highest activity over other

spinel materials due to their high atomic mobility [75]. In that manner,
Liu and Rebrov [76] synthesized a composite magnetic catalyst using
NiFe2O4 and sulfated titania via high energy ball-milling and compared
the products with the NiFe2O4-titania mechanical mixture. The
maximum SAR value of the composite material was measured to be 1.7
W g− 1, while the SAR value of the corresponding mechanical mixture
equals 3.1 W g− 1, which are both lower than the SAR value of the pure
nickel ferrite since it is the only compound exhibiting magnetic prop-
erties in the mixture. The average grain size of the synthesized samples
was between 40 and 50 nm and the catalysts were formed into a pellet
[76]. The same group published two papers beforehand where they
synthesized the catalyst core–shell NiFe2O4-TiO2 nanoparticles via sol-
–gel method, with different contents and ratios of the shell structure.

Table 3
Properties and utilization of iron carbide magnetic nanoparticles.

Magnetic
material

Synthesis
method

Average
MNPa size

SAR /
W g− 1

fb /
kHz

µ0H /
mT

Matrix
material

Catalytic
material

Reaction Conversion /
%

Selectivity /
%

Ref.

Fe2.2C Organometallic 13.6 350 54 60 − − − − − [65]
Fe2.2C Fe carbidization 14 2100 96 47 − Ru Hydrodeoxygenation 100 100 [11]
Fe2.2C Organometallic 14 2500 100 66 CuCr2O5 CuCr2O5 Hydrogenation > 99 > 99 [70]
Fe2.2C Fe carbidization 14.2 2500 100 47 − Cu Hydrogenation > 99 > 99 [71]
Fe2.2C Fe carbidization 14 2100 93 47 Ni/

SiRAlOxa
Ni Methanation 96 100 [19]

Fe2.2C Fe carbidization 15 3200 100 47.4 Ru/
SiRAlOx

Ru Methanation 86 100 [72]

a Silica-alumina hydrates.

Table 4
Properties and utilization of ferrite-based magnetic nanoparticles.

Magnetic
material

Synthesis method Average
MNPa size

SAR / W
g− 1

fb /
kHz

µ0H /
mT

Matrix
material

Catalytic
material

Reaction Conversion /
%

Selectivity /
%

Ref.

NiFe2O4 Sol-gel ≈ 40 4.7 300 1.5 Sulphated
TiO2

Sulphated
TiO2

Amide
synthesis

≈ 30 [77]

CoZn ferrite Sol-gel 5–9 3.95 100 n/a − CoZn ferrite H2O2
degradation

≈ 90d [80]

CoZn ferrite Sol-gel 12–14 2.56 100 10 − CoZn ferrite Pb2+

adsorption
23.10 – 289 mg g–1e [79]

NiFe2O4 Co-precipitation 43a 7.4 280 n/a Sulphated
TiO2

Sulphated
TiO2

Amide
synthesis-

47f [83]

NiZn ferrite Template-assisted
sol–gel

20–120 4.36 295 50 − NiZn ferrite − − − [85]

CoFe2O4 Co-precipitation 24 92.27b 337 11.3 Fe3O4 CoFe2O4 +
Fe3O4

− − − [86]

CoFe2O4 Solvothermal
reflux

10 185.32 316 44.3 − CoFe2O4 − − − [88]

NiFe2O4 Solvothermal
reflux

11 410 316 44.3 − NiFe2O4 − − − [87]

MnFe2O4 Sonochemical 40 139.6 317.8 35.6 PANc PAN Pollutant
degradation

≈ 85g [89]

CoCu ferrite Sol-gel 5.4 – 7.8 83.3 746 20 − CoCu ferrite − − − [90]

a Crystallite size, b SAR value of the composite consisting of Fe3O4 shell which enhances the magnetic properties, c Polyacrylonitrile, d H2O2 decomposition yield, e

Adsorption capacity, f Amide yield, g Degradation yield.
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The particle samples exhibited average sizes of about 50 nm and SAR
values between 0.73 and 1.08 W g− 1 [77]. Their paper from 2017. re-
ports the synthesis of a TiO2@SiO2@NiFe2O4 composite magnetic
catalyst particles, where the NiFe2O4 nanoparticles with sizes of 50–70
nm were the core compound, while TiO2 and SiO2 were double shell
compounds. Sol-gel was used as the synthesis method for the core par-
ticles. Properties of the composite samples with and without silica were
examined and it was shown that the addition of silica increases the
specific surface area of the sample and the SAR value, hence the SAR
value of the sample containing silica was 1.5 W g− 1, while the ones’
without silica was 1.1W g− 1 [78]. Tatarchuk et al.[79] published several
articles on synthesis, characterization and catalytic testing of ferrite
spinels (MFe2O4) specifically describing cobalt and cobalt-zinc ferrites.
In the paper from 2021., they reported a green approach to cobalt-zinc
ferrite synthesis, using honey in a combined combustion and sol–gel
synthesis method. Fructose and glucose from honey helped the forma-
tion of a gel which was then ignited in order to form a nanoscale ferrite
powder. The synthesized ferrite nanoparticles exhibited average nano-
crystallite sizes of 14 nm and the maximum SLP value of 2.56 W g− 1

[79]. Following the eco-friendly example of honey-supported synthesis,
they furtherly synthesized cobalt-zinc ferrite using quince extract via
sol–gel synthesis. The obtained nanoparticles exhibited crystallite sizes
of 4–9 nm and the sample showing maximum measured SAR of 3.95 W
g− 1 was Co0.4Zn0.6Fe2O4 [80]. In the paper from 2023., the same group
report the synthesis of cobalt ferrite particles, this time via co-
precipitation method using Co2+ and Fe3+ salts as precursors. The as-
synthesized samples show crystallite sizes of about 12 nm, and the
annealed samples exhibit crystallite sized of 16 and 18 nm for annealing
temperatures of 400 and 600 ◦C respectively [81]. CoFe2O4 nano-
particles with the average size of 56 nm were synthesized by Ribeiro et
al. via co-precipitation method and coated by ferromagnetic graphite
shell by hierarchical co-assembly with the carbon precursors [82].
Houlding et al. prepared TiO2-NiFe2O4 composite particles via mecha-
nochemical synthesis. The NiFe2O4 was obtained via sol–gel method and
it acted as the magnetic heating material and TiO2 was used as a support
as well as the catalytically active component. The samples showed
average crystallite sizes between 35 and 44 nm and the maximum SAR
value of 7.4 W g− 1 [83]. Another paper presents ferrite compounds
synthesized via sol–gel method. The formed Ni-Zn-Pr ferrites and Ni-Zn
ferrites have been compared. The average crystallite sizes of the sample
were between 24.1 and 91.1 nm and the highest observed magnetic
heating rate was 1.65 K s− 1 [84]. Lv et al. synthesized Ni0,5Zn0,5Fe2O4 via
template assisted sol–gel method as the Ni-Zn ferrite was obtained in the
form of microtubes. Crystalline nickel zinc ferrite samples in the range
between 25.3 and 112 nm showed maximum SAR value of 4.36 W g− 1

[85]. Borgohain et al., on the other hand, report the synthesis of CoFe2O4
– Fe3O4 composite using the sonic irradiation technique in combination
with the reverse co-precipitationmethod. The prepared composites were
also core–shell composites, where CoFe2O4 was the core and the Fe3O4
was the shell component. The nanocomposite samples exhibited nano-
particle sizes of 24 – 50 nm and the maximum observed SAR value was
92.27 W g− 1 [86]. This specific absorption rate value is significantly
larger than any other observed in the above-mentioned ferrite materials,

which would probably mean that the Fe3O4 shell had a significant
impact on the heating rate of the material. Manohar et al. reported the
solvothermal reflux synthesis method of cobalt and zinc-nickel ferrites.
Both cobalt and zinc-nickel ferrite samples exhibited average particle
sizes of about 10 nm and the maximum specific heating rates of the
cobalt and zinc-nickel ferrites were 185.32 and 410 W g− 1 respectively,
which are higher than those of ferrite nanoparticles synthesized using
different methods [87,88]. Since the authors used their approach in
order to narrow down the particle size distribution and evidently gotten
higher heating rate values, we might assume that the solvothermal
method is better for the synthesis of nanostructured magnetic ferrite
nanoparticles. Fuentes-García et al. reported the synthesis of MnFe2O4
via co-precipitation method using ultrasonic laboratory equipment
which were then imbedded into the electrospun PAN. The magnetic
particles exhibited around 40 nm of average diameter, whereas the size
of the final product (fibers) was 760 ± 150 nm. The maximum SLP
values of the magnetic nanoparticles and the fibers were 159.4 and 83.7
W g− 1 respectively [89]. Akurati et al. described the sol–gel synthesis
and characterization of Co-Cu ferrite nanoparticles. The product was
synthesized from corresponding nitrate salts in the presence of PEG
which acted as a chelating agent. The average particle sizes were in the
range between 5.4 – 7.1 nm and increased with the decrease of the
ferrite/PEG ratio. The particle sizes increased and the distribution
broadened to 9.5 – 98 nm when annealing the samples at higher tem-
peratures. The maximum SAR value observed was 83.3 W g− 1 [90].

2.1.5. Iron alloys
Synthesis of FeNi alloy nanoparticles can be done via co-

decomposition of iron organometallic compounds with the use of pal-
mitic acid as a stabilizer, which is how De Masi et al. synthesized FeNi
nanoparticles with average sizes of 14.4 – 22.3 nm and SAR values of
200 – 820 W g− 1, which proves the size dependence of heating abilities
in these materials [91]. Raya-Barón et al. synthesized FeNi and FeNi@Ni
nanoparticles with sizes of 12.5 and 11.9 nm and SAR values of 160 and
93 W g− 1 respectively [92]. Mustieles Marin et al.[93] used the
described synthesis method to form FeNi particles with the diameter of
approximately 16 nm and the maximum SAR value of 350 W g− 1.
Marbaix et al.[94] report the synthesis and testing of FeCo alloy nano-
particles. The nanoparticles were also formed via decomposition of
organometallic Fe and Co compounds. TEM images suggest that the
particles are cubic in shape, with average sizes between 10.2 and 22.9
nm and the maximum observed SAR values of 1000–1650 W g− 1. The
nanoparticle sizes decrease with the increase of iron content, while the
SAR values are highest for the samples with the greater cobalt content.
Martínez-Prieto et al. reported the synthesis of FeCo and Co nano-
particles supported on carbon. The carbon layer has a function of pre-
venting the oxidation of FeCo particles in air as well as the protection of
the core particles form sintering. Average sizes of the FeCo@C and
Co@C nanoparticles were 10.8 and 10.7 nm, with maximum measured
SAR values of about 163 and 69 W g− 1 respectively [95]. The same
research group report the fabrication FeCo@Ni nanoparticles, where
FeCo alloy was the core and Ni the shell of the particle. The average size
of the core–shell particles was 12.6 nm, and the maximum SAR value

Table 5
Properties and applications of iron alloy nanoparticles.

Magnetic
material

Synthesis
method

Average
MNPa size

SAR /
W g− 1

fb /
kHz

µ0H /
mT

Matrix
material

Catalytic
material

Reaction Conversion /
%

Selectivity /
%

Ref.

FeNi Co-deposition 22.3 820 93 47 − FeNi Sabatier reaction 100 100 [91]
FeNi Co-deposition 12.4 160 93 47 − FeNi Hydrogenation 96 100 [92]
FeNi Organometallic 16 350 93 47 − FeNi Hydrodeoxygenation 100 100 [93]
FeCo Organometallic 25 1650 100 47 − FeCo Sabatier reaction 92.5 90 [94]
FeCo Organometallic 10–11 165b 93 25 C FeCo Sabatier reaction 96 97.5 [95]
FeCo Organometallic 12.6a 700 100 28 − FeCo Hydrogenation > 92.5 100 [96]

a Value corresponding to the FeCo@Ni composite.
b Value corresponding to the FeCo@C composite.
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was around 700 W g− 1. The core–shell particles were then coated by
carbon which ensured the stabilization of the particles, which affected
the increase of the average size to 13.8 nm and the drop in maximum
SAR value to around 80 W g− 1 [96]. Peng et al. demonstrated the elec-
trochemical synthesis route of NiFe/NiFeOOH core–shell particles.
Firstly, NiFe was embedded onto the amorphous carbon support via
pulsed laser deposition which was then combined with rapid thermal
annealing. The superparamagnetic core–shell particles were obtained by
electrochemical reconstruction [97]. Structure, magnetic properties and
feasibility of iron alloys as magnetic catalysts can be seen in Table 5.

2.2. Nickel, cobalt and their alloys

Nickel is the most widely used material and many authors use it to
substitute iron compounds thanks to its significant magnetic heating
abilities. Wang et al. [98] employed a mesoporous nickel catalyst which
had been supported on activated carbon. The activated carbon had been
doped with Ni nanoparticles via incipient wetness impregnation, and the
average size of the Ni nanoparticles was 4 nm [98,99]. Alumina can also
be used as the support for Ni particles. The composite material can be
prepared via impregnation method. Wang et al. report the synthesis of
γ-Al2O3-supported Ni particles [100]. Truong-Phuoc et al. described the
impregnation of a Ni-catalyst on SiC and estimated the average Ni par-
ticle sizes of 13, 21 and 26 nm, for the samples containing 10, 15 and 20
wt% Ni respectively [101]. The same group supported Ni nanoparticles
with average size of 12 nm on depleted uranium oxide which was
formed form U3O8 powder viawater spheronization and immersed into a
Ni salt solution. The uranium oxide phase also plays the role of a heat
sinker [102]. Nickel can be used to stabilize reactive metals such as
cobalt. Vinum et al. used the co-precipitation method to synthesize the
CoNi decorated alumina catalyst. The CoNi sample was compared to the
sample additionally doped with copper. For both samples, the energy
transfer to the process gas was 3 – 20 W g− 1, while the average particle
sizes of CoNi and copper-doped CoNi were 36 and 43 nm [103]. The
same group supported CoNi particles with average size of 24 nm on
Sm2O3-Al2O3, and used the catalyst for steam methane reforming [104].
It was also shown that the co-precipitation method is repeatable and
gives similar results considering crystallite and particle sizes, as well as
the Curie temperature. Mass-specific magnetization vs. temperature
measurement shows that the increase in Co content affects the increase
in Curie temperature [105]. Poletto Dotsenko et al. report the synthesis
of the alloy nanoparticles supported on γ-Al2O3 while changing the Ni/
Co ratio and the loading percentage on the alumina support. Ni50Co50
exhibited the highest SAR value of around 280 W g− 1 and the average
particle size of 42 nm [106]. Mortensen et al. have researched the
impregnation of CoNi alloy catalyst on a MgAl2O4. The samples exhibit
average nanoparticle sizes of about 10–12 nm and Curie temperatures of
above 800 ◦C, which is an important property for many endothermic
reactions. Magnetic hysteresis loses were found to correspond to the
heat generated by the system [107]. Mohanty et al. supported Ni parti-
cles with carbon nanofiber/few layer graphene via wetness impregna-
tion. The average Ni nanoparticle sizes are 8 – 12 nm, depending on the

Ni loading, and the highest measured SAR value for the 10 % Ni loading
sample was 8.16 W g− 1 [108]. Nguyen et al. researched the Ni-Cu and
Cu-Ni-Co catalysts prepared via co-precipitation method. The formed
catalysts are similar to the grain of rice in shape and show size distri-
bution in the range between 30 and 80 nm. SEM images show that the
particles are agglomerated and form chain-like structures [109]. Ni-Co
catalysts supported on alumina can also be prepared via equilibrium
adsorption from the precursors. Scarfiello et al. preformed the adsorp-
tion of Ni-Co nanoparticles on alumina pellets. The particles synthesized
under different conditions (Ni/Co ratio, loading, calcination tempera-
ture, aging time) exhibit average sizes in the range of about 10 – 40 nm
[110]. Varsano et al. prepared the Ni-Co alloy using Co chunks and Ni
wire inside an arc-melting furnace. Although the calculated crystallite
sizes were calculated to be around 15 nm, SEM images have shown that
the particles themselves are on the microscale. The highest observed
SAR value was around 200 W g− 1 [111,112]. Huang et al.[113] used the
NiSe2 alloy as a heating agent with the carbon support. NiSe2 particles
have shown diameter sizes of approximately 3–4 nm and heated rapidly,
which boosts the hydrogen evolution reaction time and performance,
since the particles were used as an electrocatalyst [113]. Lach et al.
report the synthesis of various nickel bimetallic catalyst, where Ni mesh
or wool was the supporting material combined with nanoscale Au, Pd,
Re or Ru. The authors used a multi-step synthesis which includes an
intermediate nanoparticle carrier (SiO2), which can be easily washed
away with NaOH solution after adding a target carrier to the reaction
mixture. Average metallic nanoparticle sizes range from 6-12 nm
[114,115]. Table 6 shows the properties, utilization and performance of
Ni materials as magnetic catalysts.
Similar to nickel, cobalt also finds its use in elementary state in the

combination with an appropriate support as well as in alloys [117,118].
For example, cobalt can be used in the form of a thin film as a heating
material for catalytic vapor deposition in the combination with the
adequate substrate [119]. In their research of single atom catalysts,
Gong et al. observed atomic cobalt deposited onto a MoS2 substrate.
Laser molecular beam epitaxy was used as the synthesis method for both
the substrate and the catalytic material. They report that the magnetic
heating in Co/MoS2 composite, induced via alternating magnetic field, is
a result of a spin change in the material [120]. On the other hand, Zhou
et al. reported the utilization of Co-Mn metal–organic framework as
catalyst using 2,6-naphtalenedicarboxylate acid as ligand. Their idea
was also to use the alternating magnetic field in order to induce the spin
flip in the material’s active sites so that they could investigate the use of
the Co-Mn MOF as an electrocatalyst [118]. Cerezo-Naverette et al.
synthesized the Co@Ni magnetic nanoparticles encapsulated in C via
two-step synthesis process which is composed of decomposition and
organometallic synthesis procedures. The Co@Ni@C nanoparticles
exhibited average sizes of 12.4 nm and a maximum SAR value of about
76 W g− 1, while the NiCo alloy coated by carbon showed average size of
9.3 nm and the maximum SAR value of about 57 W g− 1 [116]. Both the
nanoparticle sizes and their structure differ, so it is difficult to assume
which property will affect the SAR value the most.

Table 6
Properties and applications of Ni- and Co– based magnetic nanoparticles.

Magnetic
material

Synthesis
method

Average
MNPa size

SAR / W
g− 1

fb /
kHz

µ0H /
mT

Matrix
material

Catalytic
material

Reaction Conversion /
%

Selectivity /
%

Ref.

NiCo Impregnationa 43 280 242 28.4 γ-Al2O3 NiCo Methane
reforming

92 71 [106]

Ni Impregnationa 9 8.16 796 20 FLG/CFc Ni Sabatier
reaction

83 100 [108]

Co@Ni Organometallic 11.1 76b 93 47 C Co@Ni@C Sabatier
reaction

74.2 > 99 [116]

a Synthesis of nanocomposite, NiCo NPs were impregnated from the precursor solution
b Value of the Co@Ni@C composite.
c Few layer graphene/carbon nanofiber.
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2.3. Other materials

Among the formerly described, most commonly used materials in the
field of magnetic heating-assisted catalysis, materials such as copper,
aluminum or different metallic oxides can also find their use. Zeng et al.
[121] showed the synthesis of Gd-doped MoS2 catalyst via laser mo-
lecular beam epitaxy (LMBE) method, where the Gd atoms have
anchored into the sulfur vacancies on the MoS2. It was noted that high-
frequency AMF would induce local heating of the catalyst sample, thus
increasing its catalytic activity. Since Gd shows low saturation magne-
tization, there is only a slight temperature rise induced by AMF [121].
Fig. 8 shows a graphic comparison of the different magnetic materials
which can be used in magnetic catalysis. This data is meant to facilitate
the material choice, considering the most important properties and the
application for which they will be used.

3. Processes with demonstrated magnetic heating of catalsts

Various reactions have been researched utilizing magnetic heating of
the catalyst. In the following subchapters, the results on the most pop-
ular magnetically catalyzed reactions will be given.

3.1. Hydrogenation

Considering the current need for green transition and lowering the
greenhouse gas emission, it can be claimed that the most popular hy-
drogenation process today is the CO2 methanation, i.e. Sabatier reaction.
Wang et al.[98] showed that magnetic heating of Ni/activated C shows
the highest CO2 conversion (ca. 74 %) and CH4 selectivity (ca. 96 %) at
about 370 ◦C in a flow reactor, while the same values under Joule
heating were around 36 and 87 % respectively under the same reaction
conditions using a Ni/C catalyst [98], whereas Ni/SiC catalyst shows
even larger difference in CO2 conversion between magnetic heating and
Joule heating at 300 ◦C, although the CH4 selectivity is 100 % for both
mechanisms [101]. The same thing was reported for Ni/SiC catalyst at
about 350 ◦C for 10 % Ni loading. However, when Ni content was
increased to 15%, CO2 conversion increases at temperatures higher than
360 ◦C and increases up to about 82 %, which is higher than the
maximum conversion under magnetic heating (ca. 80 % for 10 % Ni/
SiC)[101]. Similar results have been obtained with Ni on carbon felt
catalyst, but at lower temperatures of 320 ◦C [99]. The same group
researched the activity of Ni/γ-Al2O3 for CO2 hydrogenation and showed
over 80 % CO2 conversion and > 99 % selectivity for CH4 under tem-
peratures as low as 240 ◦C [100]. Truong-Phuoc et al. achieved 86% CH4
yield at just 240 ◦C using a Ni/uranium oxide catalyst [102]. Mohanty et
al. obtained similar results for Ni on few layer graphene support at

Fig. 9. An example of the continuous fixed-bed reactor (up) and a batch slurry-type reactor (down) used for magnetic catalysis (own work).
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360 ◦C. Higher temperatures lead to the decrease of conversion and
selectivity, which is most likely a result of parallel reactions occuring
[108]. It was shown by Bordet et al. that the FeC/Ru-SirAlOx catalyst can
achieve 100 % selectivity to methane and 93 % yield at magnetic field
amplitudes as low as 28 mT. Such low AMF amplitudes are usually a
sweet spot for magnetic catalysts considering the catalyst stability and
energy efficiency of the process [72]. FeCo nanoparticles on Ni/SirAlOx
showed similar activity, even at lower AMF frequencies and amplitudes,
which means that they exhibit better energy efficiency for Sabatier re-
action [94]. Martínez-Prieto et al. show the Sabatier reaction over FeCo
nanoparticles on carbon/Ni. The results show around 95 % CO2 con-
version and about 94 % CH4 yield at temperatures of about 300 ◦C [95].
Lach et al. report the conversion of CO2 to methane reaching 99,9 % at
194 ◦C using a Ru/Ni-wool catalyst in an inductively heated reactor
[114]. Bordet et al. hydrogenated CO2 by induction heating of iron
carbide nanoparticles. During the reaction, the authors have performed
the in situ water removal strategy and they found that it enhances the
CO2 conversion and moves increases the selectivity towards the yield of
longer-chain hydrocarbons (C3H8) [73]. De Masi et al. achieved total
selectivity for CH4 using FeNi nanoparticle catalyst at lower AMF am-
plitudes, but struggled with the CO2 conversion due to the Fe rich
catalyst surface. By furtherly depositing Ni nanoparticles on the catalyst
surface, they have achieved 100 % CO2 conversion to CH4 [91]. Since
the green transition implies the transition to alternative energy sources,
the attention directed towards biomass has rapidly increased. Gyergyek
et al.[32] reported successful furfural hydrogenation process using a
ruthenium catalyst on γ-Al2O3-Fe3O4 in a magnetically heated slurry-
type reactor. Both continuous flow and batch reactors are shown in
Fig. 9. In the first run of the experiment, the conversion of furfural to
furfuryl alcohol reached 95 % and the selectivity towards furfuryl

alcohol was close to 100 % at the reaction temperature of about 85 ◦C,
while only 63 % conversion was observed using conventional heating
(Fig. 10a) [32].
Raya-Barón et al. obtained 98 % conversion of hydrox-

ymethylfurfural to 2,5-bis(hydroxymethyl)furan (BHMF) (Fig. 10b)
using magnetic heating during the 15 h of reaction using FeNi nano-
particles with a palmitic acid ligand under magnetic field amplitude of
65 mT and water as solvent, while the FeNi@Ni catalyst with palmitic
acid as ligand achieves 96 % selectivity for BHMF in just 6 h under the
same reaction conditions [92].
Cerezo-Navarette et al. proposed the hydrogenation of benzaldehyde

using a FeCo@Ni magnetic catalyst composite, they achieved above 99
% of conversion. The selectivity for toluene, which is a product of total
reduction of benzaldehyde, increases with the bulk temperature in-
crease. However, no experiment has shown a 100 % selectivity for one
specific product. The product mixture included both benzylalcohol and
toluene in different ratios. In case of HMF hydrogenation, the product
selectivity is highly dependent on the magnetic field amplitude. At lower
magnetic field amplitude (50 mT), the main product was BHMF, while at
83 mT, the main product was dimethylfuran (DMF) since AMF ampli-
tude strongly affects the reaction temperature (Fig. 10c) [96]. Kreissl et
al.[70] used induction heating of Cu2Cr2O5 catalyst decorated with iron
carbide nanoparticles to reduce aromatic ketones into aromatic alcohols
(Fig. 10d) with conversions of over 99 % under magnetic field ampli-
tudes of both 64 and 80 mT. The reaction could have been performed
under mild conditions, with reaction temperature around 80 ◦C for 17 h
[70]. An interesting approach ultimately based on hydrodeoxygenation
was proposed by Castellanos-Beltran et al.[75], who investigated the use
of Ni-ferrite catalyst for the valorization of CO2 via reverse water–gas
shift (RWGS), which implies the conversion of CO2 into CO in the

Fig. 10. Hydrogenation cycle experiments results for (a) hydrogenation of furfural to furfuryl alcohol[32], (b) [92] (copyright John Wiley and Sons) and (c)[96]
(copyright 2022 Americal Chemical Society) HMF hydrogenation to BHMF, and (d)[70], (copyright The authors, Angewandte Chemie International Edition published
by Wiley-VCH GmbH) aromatic ketones to aromatic alcohols.
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presence of hydrogen. It was found that the yield of CO is higher in the
case of conventional heating for this particular technique. The highest
CO yield using conventional heating was 88.1 % at the reaction tem-
perature of 450 ◦C, while the highest magnetic heating yield was almost
100 % % while simultaneously feeding the reactants to the system [75].́

Gyergek et al. [33] also reported the hydrogenation of levulinic acid to
γ-valerolactone, with a 100 % conversion of levulinic acid and a 100 %
selectivity towards γ-valerolactone in the first experimental run, both
decreasing only by 2 % and 1 % respectively towards the fifth run.

Microkinetic model proposes that, for the liquid temperature of around
80 ◦C, the corresponding temperature on the catalyst surface is about
137 ± 10 ◦C (see Fig. 11).

3.2. Hydrodeoxygenation (HDO)

Asensio et al. describe the attempt of hydrodeoxygenation of aro-
matic and aliphatic ketones and aldehydes using induction heating. The
authors have proven that the induction heating enables the 100 % yield

Fig. 11. Kinetic modeling of the levulinic acid (LA) hydrogenation in isopropanol using magnetic heating under the hydrogen pressure of 10 bar. (iPL – isopropyl
levulinate, GVL – γ-valerolactone)[33].

Fig. 12. The difference in cell voltage with and without the presence of AMF. Reprinted with permission from reference [68], copyright Springer Nature.
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of 2-methylfuran (2-MF) from furfural and 2,5-dimethylfuran (DMF)
from hydroxymethylfurfural (HMF) using a FeC@Ru catalyst. The AMF
amplitude was 58 mT and frequency of 300 kHz in mesitylene, while the
reaction lasted 15 h [11]. Mustieles Marin et al.[93] describe the
inductively heated hydrodeoxygenation process of biomass compounds,
including acetophenone, furfural and HMF, using a FeNi@Ni catalyst.
Inductively-heated HDO of acetophenone showed a 100 % conversion
and selectivity for the expected product, ethylbenzene after the first run
and both decrease to 82 % and 66 % respectively after the third run. The
authors also managed to execute HDO of furfural and HMF with con-
version at 100 % and a 100 % selectivity for methylfuran and 2,5-dime-
thylfuran respectively after 16 h of reaction in mesitylene. The AMF
amplitude was 49 mT and the frequency of 300 kHz [93]. Lin et al. also
studied the inductively heated HDO of various aromatic aldehydes
derived from biomass using a copper decorated iron carbine catalyst.
They managed to achieve conversion of over 99 % for all the tested
aromatic aldehydes using Cu/iron carbide nanoparticle catalyst. The
yield of most of the aromatic alkanes was 99 % and it was lower only in a
few examples [71].

3.3. Hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER)

Induction heating of catalysts can also find its use in electrocatalytic
processes, although it is important to note that the accent here is mainly
on the energy efficiency expressed in overpotential, and not in conver-
sion or yield percentage. Niether et al.[68] claim that heating of elec-
trode material improves the performance of the cell, but, at the same
time, increases the risk of severe corrosion. Therefore, using the local-
ized heating of electrodes via AMF heating evades the necessity of the
whole system to be heated and enhances the HER and OER reactions by
supplying enough heat to reduce their overpotential by about 100 and
200 mV respectively. The cell potential with and without AMF can be
seen in Fig. 12 [68]. Gong et al. have synthesized single atom catalysts by
doping cobalt on MoS2 and utilized AMF for oxygen evolution reaction.
The authors claim that the heat produced from the spin polarization flip
of the inspected material is responsible for the enhancement of the OER

[120]. The same group of scientists have conducted a similar research
employing single atom catalysts for the enhancement of the hydrogen
evolution reaction. The material they used was MoS2 with Gd anchored
atoms. Once again, with the effect of local heating of the material
induced via AMF, the hydrogen evolution reaction was enhanced, thus
opening a pathway to increasing the single atom catalyst possibilities
with the employment of AMF [121].

3.4. Catalytic wet peroxide oxidation

Catalytic wet peroxide oxidation reaction (CWPO) is mainly
observed as the model reaction for magnetically heated catalyst testing.
Muñoz et al. [51], who confirm that the rate constant of the reaction
increases with the increase of the magnetic field amplitude. The CWPO
of sulfamethoxazole (SMX) was observed as the target compound and
was oxidized with H2O2 using magnetite as catalyst. At the same me-
dium temperature, which was roughly 49 ◦C at the magnetic field
amplitude of 235 G, which equals to 23,5 mT. Magnetic induction
heating experiment showed almost complete SMX conversion, while the
conventional heating method exhibited only 60 % SMX conversion. SMX
concentration decrease without and in the presence of AMF can be
observed in Fig. 13. The reaction temperature was kept constant
throughout the entire experiment [51]. Alcohol oxidation attracts a
considerable amount of attention since the products of oxidation of
various alcohols can be easily used in further processing. Moura et al.
observed the effect of surface ligand choice for the catalytic particles on
the inductively heated oxidation of 1-octanol to octanal and have
compared thermal and inductive heating of the system. It was observed
that inductive heating increases the yield of octanal both with and
without the Fe3O4 ligand. A 250 % rise in octanal conversion under
magnetic heating was observed when the catalyst was treated with
pyridine in order to remove the surface ligands. The SLP of the pyridine-
treated catalyst also increases by ca. 2.5 times in comparison with the
non-treated one. The ligands cause agglomeration of the catalyst, which
hinders its activity [48].

3.5. Organic synthesis reactions

Organic synthesis reactions are abundant, but there are specific ones
on which the magnetic catalysis is tested most frequently. For instance,
on the example of Claisen rearrangement reaction, it was concluded that
induction heating is more efficient than both oil bath heating and mi-
crowave heating [2]. A paper by Ceylan et al. depicts a comparison
between conventional and induction heating of Suzuki-Miyaura and
Heck coupling reactions. Each described reaction shows a larger product
yield in the case of induction heating. The used catalyst was silica-coated
Fe2O3/Fe3O4 magnetic nanoparticles, which were heated in a middle-
frequency field of 25 kHz [27]. Huang et al.[34], on the other hand,
report a number of Suzuki-Miyaura cross-coupling reactions and
comparing the results while using both induction and Joule heating. It
was observed that, in all cases, induction heating results in increased
conversion and yield compared to Joule heating. The changing param-
eters were the catalyst loading, temperature and reactant ratio. The
highest observed conversion and yield for the magnetically heated sys-
tem were equal to 100 and 80.8 % respectively at the reaction temper-
ature of 72 ◦C and 100 mg of catalyst loading, while, for the same
experiment under Joule heating, conversion and yield exhibited values
of 83.8 and 74.3 % respectively [34] Suzuki and Sonogashira induction
heated reactions were tested by De Cattelle et al. [49]. The highest yield
obtained on a Suzuki cross-coupling reaction was 87 %, while the same
reaction under conventional heating showed only 8 % conversion.
Sonogashira reaction showed 0 % yield, which is supposedly due to low
temperatures obtained using their system. Suzuki cross-coupling re-
actions were performed using Fe3O4-PEG-Pd catalyst at magnetic field
amplitude of 21 mT and frequency of 160 kHz, which resulted in reac-
tion temperature of abou 60 ◦C [49]. Houlding et al. observed the

Fig. 13. Comparison of sulfametoxazole concentration drop with and without
the application of AMF (235 G = 23.5 mT). Reprinted with permission from
reference [51], copyright Elsevier.
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Table 7
Reactions performed using different magnetic catalysts cited in this work.

Catalyst Reaction type Reactant(s) Product(s) Solvent T measurement Temperature /
◦C

Pressure /
bar

Reactor
system

AMF /
mT

f /
kHz

Conversion /
%

Selectivity /
%

Ref.

Ni/ACa Sabatier reaction CO2,H2 CH4 − Laser pyrometer,
catalyst bed

370 n/a Flow n/a 270 74 96 [98]

Ni/SiC Sabatier reaction CO2,H2 CH4 − Laser pyrometer,
catalyst bed

300 atm Flow n/a 265 79 100 [101]

Ni/CFb Sabatier reaction CO2,H2 CH4 − Laser pyrometer,
catalyst bed

320 n/a Flow n/a n/a 74 97 [99]

Ni/γ-Al2O3 Sabatier reaction CO2,H2 CH4 − Laser pyrometer,
catalyst bed

240 n/a Flow n/a 260 85 100 [100]

N/UOx Sabatier reaction CO2,H2 CH4 − Laser pyrometer,
catalyst bed

240 atm Flow n/a 263 86 [102]

Ni/C Sabatier reaction CO2,H2 CH4 − Laser pyrometer,
catalyst bed

360 atm Flow n/a n/a 85 94 [108]

FeC/Ru-
SiRAlOx

Sabatier reaction CO2,H2 CH4 − IR camera (reactor
walls)

n/a atm Flow 28 300 93 100 [72]

FeCo Sabatier reaction CO2,H2 CH4 − Pyrometer, catalyst bed n/a n/a Flow 47 100 92.5 90 [94]
FeCo PDRc C3H8 CO − Pyrometer, catalyst bed 550+ n/a Flow 60 300 100 42.8 [94]
FeCo MDRd CH4 CO − Pyrometer, catalyst bed 411 n/a Flow 44 300 11 100 [94]
FeCo@C Sabatier reaction CO2,H2 CH4 − Thermocouple in the

catalyst bed
315 n/a Flow 32 300 96 97.5 [95]

FeCo@C PDR C3H8 CO − Thermocouple in the
catalyst bed

620 n/a Flow 60 300 53.6 97.2 [95]

FeCo@C PDHe C3H8 C3H6 − Thermocouple in the
catalyst bed

620 n/a Flow 65 300 10.4 79.4 [95]

Fe2.2C Sabatier reaction CO2,H2 CH4 − Optical probes in the
reaction fluid

230 3 Batch 35 300 79 56 [73]

FeNi@Ni/
SiRAlOx

Sabatier reaction CO2,H2 CH4 − Pt thermocouple in the
catalyst bed

360 atm Flow 22 300 100 100 [91]

Fe3O4/
γ-Al2O3-Ru

Hydrogenation Furfural Furfuryl alcohol Isopropanol IR camera (reactor
walls)

85 10 Batch 30 273 95 92 [32]

Fe3O4 /C-Ru Hydrogenation Levulinic acid GVL Isopropanol Optic probe (reaction
fluid)

137 10 Batch 46 273 100 100 [33]

FeNi3 − PA Hydrogenation HMF BHMF H2O IR camera (reactor
walls)

n/a (below
100)

3 Batch 65 300 98 100 [92]

FeNi3-Lys Hydrogenation Levulinic acid GVL H2O IR camera (reactor
walls)

n/a (below
100)

3 Batch 65 300 73 89 [92]

FeNi3 @Ni-Lys Hydrodeoxygenation 4-hydroxyacetophenone 4-ethylphenol H2O IR camera (reactor
walls)

n/a (below
100)

3 Batch 65 300 94 85 [92]

FeCo@Ni Hydrogenation HMFg BHMFh Dioxane Optic fiber (reaction
fluid)

75 3 Batch 50 300 95 92.8 [96]

FeCo@Ni Hydrogenation HMF DMFi Dioxane Optic fiber (reaction
fluid)

106 3 Batch 83 300 >99 100 [96]

FeCo@Ni@C Hydrogenation HMF BHMF H2O Optic fiber (reaction
fluid)

95 3 Batch 100 300 93.4 100 [96]

CuCr2O5/
Fe2.2C

Hydrogenation Furfuralacetone alpha-methyl-2-
furanpropanol

Heptane IR camera (reactor
walls)

100 3 Batch 71 350 >99 >99 [71]

FeC@Ru Hydrodeoxygenation Furfural 2-methylfuran Mesitylene IR camera (reactor
walls)

>165 3 Batch 58 300 100 100 [11]

FeC@Ru Hydrogenation HMF BHMF Mesitylene IR camera (reactor
walls)

>166 3 Batch 58 300 100 100 [11]

FeNi3@Ni Hydrodeoxygenation Acetophenone Ethylbenzene Mesitylene IR camera (reactor
walls)

160–180 3 Batch 49 300 100 100 [93]

FeNi3@Ni Hydrodeoxygenation HMF DMF Mesitylene IR camera (reactor
walls)

160–180 3 Batch 49 300 100 100 [93]

(continued on next page)
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catalytic activity of mechanochemically synthesized NiFe2O4-TiO2
catalyst for amide yield from 4-phenilbutyric acid and aniline. Sulph-
ated TiO2 sample exhibited the highest amide yield of up to 50 % con-
version at 170 ◦C [83].

3.6. Degradation of pollutants and (plastic) waste

Due to their recyclability, magnetic particles attract increasing
amounts of attention when it comes to pollutant removal and degrada-
tion [45,89]. Mass and heat phenomena are crucial for the degradation
of organic pollutants in wastewater. Mass transport implies the trans-
portation of organic substance and their products through the medium,
while the heat transfer regulates the energy balance in order to stabilize
the reaction temperature [66]. Rivera et al. observed the degradation of
methylene blue dye using magnetic induction. They achieved complete
discoloration of the sample, although the total organic carbon efficiency
turned out to be 52,3 %.at around 90 ◦C, while it showed the value of
around 47.5 % for the same temperature experiment performed using a
heating bath. It was also concluded that the methylene blue degradation
increases with temperature [43]. Fernández-Velayos et al. to conducted
a research where they compared the effect of thermal bath (conventional
heating) and magnetic induction heating in order to oxidize tetracycline
at 40 ◦C using a zero valent iron/PLA composite catalyst. During the first
45 min of the reaction, the highest amount of TC was degraded using
magnetic heating, whereas in the next 15 min, conventional heating
proved to be more efficient. Zero valent iron/PLA catalyst retains its
activity for 10 recycling runs [61]. Gallo-Cordova et al. [44] researched
the effect of magnetic nanoparticles in wastewater decolorization and
mineralization of methyl orange, textile industry wastewater and land-
fill leachate using iron oxide multicore nanoparticles at magnetic field
amplitude of about 21.3 mT and the frequency of 200 kHz. In conven-
tional heating experiments it was shown that the decolorization and
mineralization both increase with temperature increase. Magnetic
heating experiments exhibited temperatures of 90 ◦C. Magnetic heating
exhibited the highest decolorization and mineralization yields for all of
the wastewater samples, especially landfill leachate where decoloriza-
tion and mineralization yields were 90.21 % and 74.73 % respectively
[44]. Table 7 shows reactions performed using various catalytic mate-
rials cited in this work.
A promising technique to recycle plastic is the chemical recycling via

catalytic cracking. In order to deliver the required energy to the process,
Morales et al. employed magnetic heating. Although the high enough
temperatures for the hydrocracking process have not been reached, the
authors claim their work a promising pathway towards the catalytic
cracking of plastic material [21]. The same research group have pub-
lished a proof of concept article on the same topic of HDPE degradation
via hydrocracking. The authors claim that for now, induction heating, in
combination with traditional resistive heating, shows promise in plastic
recyclability and lowering its impact on the environment [40].

4. Potential and timelines of magnetic heating technology

Electrification of processes, especially in biorefining and energy
sector can be considered one of the most important leap in green tran-
sition. Valorization of various biobased molecules obtained from sugars
found in biomass, as stated earlier, leads to the formation of other bio-
based compounds used in pharmaceutical industry, oil industry etc.
Although conventionally heated reactors for biomass conversion
demonstrate high yields, scientists are strongly considering other means
of heat delivery to the system in order to furtherly lower carbon emis-
sion. It was shown that electrochemical approach of biomass valoriza-
tion results in a poor selectivity-activity correlation. Microwave heating
is a popular method in biomass conversion, but there are certain
drawbacks when it comes to the penetration depth of microwaves into
the catalytic material and the difficulties considering the process scale-
up due to the complexity of the microwave cavity design. As alreadyTa
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mentioned before, the magnetic heating is a way to bring the heat locally
to the system, where the temperature on the catalyst hot spots can
exceed the solvent boiling point. A thin volume of highly reactive fluid
surrounds the magnetically heated catalyst nanoparticles and this is the
place where the reaction itself takes place [33]. According to Mustieles
Marin et al. [93], one of the most promising processes in biomass con-
version is the hydrodeoxygenation of furfural and 5-hydroxymethylfur-
fural (5-HMF), which yield 2-methylfuran (2-MF) and 2,5-
dimethylfuran (DMF) respectively. Besides these, lignin was found to
be a highly promising source of low-carbon aromatic compounds.
Biomass processing encounters difficulties in mass and heat transfer, so
there is a significant need for the research and implementation of new
catalytic systems which would help to overcome these issues. This is the
reason why magnetic catalysis shows an exponential growth in popu-
larity and interest, as can be seen in Fig. 14 and even more papers
concerning this topic have been published during the writing of this
review paper [93]. The main advantages of magnetic heating are the
rapid system responsiveness, the local heat delivery to the catalyst
surface, keeping the reaction fluid cooler, since the temperature
gradient does not penetrate deep into the mass of the fluid, but instead,
there is a thin film of the reaction fluid with the significant temperature
gradient. Magnetically heated systems are also safer to use, since the
cooldown time of the reaction fluid is short [4]. and the ability to quickly
Conventionally heated reactors require great amounts of heat brought to
the reaction mixture in order to heat up properly, while, in case of
magnetic heating, the heat reaches the reaction site directly, which
would theoretically affect the drastic decrease in energy consumption
[32].
On the other hand, an occurring problem with continuous magneti-

cally heated reactor systems is the axial temperature gradient resulting
from the constant heat release from the reactor volume. Chatterjee et al.
presented a potential solution to this problem and obtained a near-
isotherm multi-zone micro-trickle bed reactor. The authors suggest
that a multi-zone packed catalyst beds can reduce the axial heat trans-
port throughout the reactor [122]. The same authors claim that a more

accurate approach to determine the temperature gradient is a three-
point measuring technique at different positions of the fixed catalyst
bed [123].
Additionally, it is important to aknowledge the potential role of

artificial intelligence (AI) in magnetically heated chemical processes.
Taking into account that this technique is still in its infancy, it is difficult
to speak of certain artificial intelligence-supported processes. Never-
theless, some authors propose the potential use of AI in magnetic hy-
perthermia medical treatments. For example, Osial and Pregowska
[124] propose the possible assistance of AI in finding the optimal type
and synthesis of magnetic nanoparticles in magnetic hyperthermia,
[124] which is probably the most realisctic scenario of the AI-assisted
magnetic heating process in the near future.
It is certain that valorization of biobased compounds shows great

potential and seems as a promising path towards the low-carbon society,
but one has to approach the matter at hand critically. As every method
and process, magnetic heating also has its drawbacks, the most signifi-
cant of which is the already mentioned difficult temperature measure-
ment and control, since there is no way to accurately measure the
temperature on the catalyst surface yet. This also presents a problem in
efforts to model the reaction path and anticipate the development of the
process itself. The temperature of the magnetic catalyst suspension can
indeed be measured, which can help to a certain extent, but, as written
above, the reaction does not happen in the fluid mass, but on the surface
of the catalyst. Magnetic heating of nanoparticles also leads to their
agglomeration, which can present a problem in long-term activity. Since
the prediction of inductively heated reactions is as difficult, the scien-
tists are obligated to learn empirically, while performing an abundance
of induction heating experiments under different conditions to get
familiar with the effect of parameter change.

5. Conclusion

The rate at which a certain chemical process is controlled is of great
importance in achieving a carbon neutral society. Time reduction

Fig. 14. The publishing rate of the articles concerning magnetic heating materials and their utilization in chemical engineering throughout the last couple of decades
cited in this paper (N – number of published papers).
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required to control a process holds a great technical as well as a safety
parameter for operators. Among emerging technologies such as electro-
catalytic process and plasma assisted process magnetic heating of the
catalyst shows rather important advantage. It is a process based on
magnetic heating of the catalyst bed meaning that the process is in
principle thermo-catalytic. The fast heating of magnetic nanoparticles
induces large temperature gradient in vicinity of the catalyst particles,
where its surface is at significantly higher temperature than bulk liquid
media. This means that the catalytic reaction can proceed at signifi-
cantly higher rate at comparatively lower bulk fluid temperature when
compared to conventional heating. Such heat delivery is especially
beneficial to achieve high yields of thermally labile product at signifi-
cantly shorter time. In comparison to electrocatalytic and plasma
assisted process the surface area of the catalyst in contact with substrate
is much larger therefore significantly higher yields of desired compound
at comparable size of the equipment can be achieved. The relatively
broad range of magnetic nanoparticles exhibiting markedly different
magnetic and physicochemical properties enables selection of appro-
priate materials to be realized. When considering reaction conditions to
which magnetic nanoparticles will be exposed, ease of their synthesis,
use of critical materials and the temperature range to which they need to
heat most of the restrictions can be met by existing materials. However,
some gaps such as high efficiency of magnetic energy to heat conversion
still exist and will have to be addressed in order for the technology to
progress to the industrial level. The slower progress on reactor and
process design in comparison to the hereby reported development on
catalysts material can be for sure ascribed to complexity of the phe-
nomena acompaining magnetic catalysis. Additionally, modern mag-
netic field generators do not meet the power requirements for the
application of magnetic heating in large-scale industrial processes which
limits magnetic heating for use in lower-scale processes and
“numbering-up” of the processes used in chemical industry. Another
interesting not-yet demonstrated application of the magnetic heating is
within the electro-thermal fludized-bed reactor (ETFBR) systems. The
ever-advancing fields of multiscale modeling and machine learning are
also forseen as pivotal for understanding the underlying phenomena and
for further advancing the magnetically heated catalysis, reactors and the
corresponding processes.
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