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Abstract: The existence of various pollutants in the environ-
ment threatens the health of nature and mankind.
Microwave (MW) catalysis, an emerging technology featuring
rapid reaction rates, uniform heating, energy-saving effi-
ciency, and environmental friendliness, is expected to fill
the gaps in existing catalytic treatment technologies. Iron-
based catalysts, which are abundantly distributed, economic-
ally sustainable, and possess excellent composite magnetic
permeability and electromagnetic wave-absorbing properties,
show great potential in MW catalysis. This review classifies
iron-based catalysts for MW catalysis and investigates their
interactions withMWs. Additionally, various characterization
techniques are used to analyze the structural and composi-
tional features of these catalysts. The correlation between the
performance, structural morphology, and chemical composi-
tion of Fe-based is systematically discussed. The reaction
devices, treatment objects, and parameters that influence
the use of iron-based catalysts to treat environmental pollu-
tants under MW irradiation are introduced. The application
of density functional theory in treating environmental con-
taminants with iron-based catalysts under MW irradiation
and the technological means to enhance the coupling of

MW catalysis are described. Finally, future research prospects
are proposed.

Keywords: microwave, iron-based catalysts, environ-
mental pollutants, DFT

1 Introduction

With the diversification of natural succession and human
activities, various pollutants enter the atmosphere, water,
soil, and other environments through different pathways,
threatening the health of humans and other living things.
For example, heavy metals, dyes, pesticides, antibiotics,
medical waste, phenols, and many other pollutants all
exhibit persistent toxicity and mutagenicity [1–7]. To solve
the above environmental pollution problems, treatment
methods such as adsorption, photocatalysis, membrane
separation, electrocatalysis, biological process, Fenton
reaction, etc., have appeared, but all of them have different
degrees of limitations, such as being prone to secondary
pollution, inefficiency, low stability, high treatment cost,
high energy consumption, long time-consuming, and
narrow pH range [1,8–18]. Therefore, there is a need to
find more promising ways to treat pollutants. Microwave
(MW) catalysis, as an emerging technology, has the poten-
tial to fill a gap in current catalytic technology, gradually
attracting the attention of researchers.

MW is electromagnetic radiation in the free-space
wavelength λ range from 1m (frequency f = 300 MHz) to
1 mm (frequency f = 300 GHz) [19]. MW heating is an elec-
tromagnetic radiation technology with several advantages,
such as rapid and uniform heating, low energy consump-
tion, and selective heating [20,21]. To prevent interference
with the specified wide range of frequencies in the tele-
communications industry, only frequencies around
2.45 GHz are allowed for MW heating reactions. Before
the use of MW heating, high-frequency induction heating
methods were generally used. It was not until 1946, when
Percy Spencer was passing an open radar and a bar of
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chocolate in his pocket melted, that he thought there might
be some connection between MW radiation and food, and
Raytheon invented the first patented commercial MW fur-
nace [22]. In addition to being closely related to food, MW
radiation is commonly used in the preparation of materials
in the laboratory and various catalytic reaction processes,
in which MW-assisted catalysis mainly interacts with cat-
alysts. Under MW irradiation, the catalyst surface produces
a “hot spot” effect, and then a series of reactions occur to
decompose the contaminated matter [23]. MW catalysis
technology is significantly more efficient at treating con-
taminants in the environment than using catalysts alone or
MW irradiation. Ideal MW catalysts should have a large
specific surface area, a crystalline nature, room-tempera-
ture ferromagnetism, good dielectric characteristics, and
structural stability even at high temperatures [24].
Common MW catalysts include carbon-based catalysts,
iron-based catalysts, and others, among which iron-based
catalysts have some advantages, such as economic sustain-
ability, and are widely used in MW catalysis.

Iron is a transition metal with lower toxicity than
copper and manganese, and Fe-based catalysts are low-
cost, environmentally friendly, sustainable, and widely dis-
tributed in large quantities [25–27]. In the field of MW-
induced catalysis technology, the kinetics and pathways
of catalytic reactions are altered by introducing MW
energy, which is more efficient and energy-saving. MW
can produce heat in the medium, improving the catalytic
ability of iron-based catalysts through “hot spots” [21]. In
2005, Oh et al. were the first to complete kinetic experi-
ments on the reduction of perchlorate by iron using MW
heating and conventional heating. The results confirmed
that iron under MW irradiation can have a good effect on
the transformation of contaminants [28]. In recent years,
the types of iron-based catalysts used in combination with
MW are more diverse, with hematite, ferrite, and zero-
valent iron being involved [29–31].

At present, MW catalysts have been classified in some
reviews, such as carbon-based catalysts, iron-based cata-
lysts, and other types mentioned above. However, specific
catalysts have not been explored in further detail, and
iron-based catalysts for MW catalytic processes are poorly
categorized and mechanistically unclear. Based on pre-
vious studies, this article summarizes the basic principles
of MW heating, introduces Fe-based materials for MW cat-
alysis and their common characterization methods,
describes the application of Fe-based catalysts in the treat-
ment of environmental pollutants under MW irradiation,
and gives an outlook on future research work.

2 MW heating principle

The MW heating mechanism is mainly divided into thermal
effect and non-thermal effect. The thermal effect is when the
MW energy is absorbed by the medium material and con-
verted into heat, resulting in an overall or local temperature
rise phenomenon [32,33]. When a liquid medium (e.g., water)
with a permanent dipole moment is subjected to an alter-
nating electric field (MW radiation), the dipoles rotate at
high frequency in the direction of the electric field, and the
rapid translational motion of the particles induces “internal
friction” and is converted into thermal energy. Unlike con-
ventional heat dissipation from the surface to the center of a
material by conduction, convection, and radiation, MW
heating generates heat throughout the entire volume of the
material, and rapid “volume heating” occurs, resulting
in the internal temperature of the material being higher
than the external temperature [34]. For solid materials, their
interactions with MWs can be categorized into four groups
(Figure 1): (1) perfect conductors such as a metal or graphite,
which reflect MWs from their surfaces; (2) insulators such
as polypropylene or quartz glass, which transmit MWs;
(3) dielectric loss materials such as silicon carbide, which
absorbs MWs and converts them into heat; and (4) magnetic
loss materials such as ferrite, which incur magnetic losses in
the MW field [22].

Non-thermal effects refer to chemical, physical, or bio-
chemical changes in a material induced by MWs when the
system temperature is kept constant [35,36]. They are pro-
duced when the polarized portion of the material is aligned
with the electric poles of the electric field, which can lead
to the excitation of reactant molecules to high rotational
and vibrational energies, resulting in the weakening of
polar bonds, the promotion of high-frequency oscillations
of polar molecules weakening the strength of the chemical
bonding, and the lowering of the activation energy of the
reaction, intensifying the transfer of electrons, and enhan-
cing the exposure of the active sites, resulting in the degra-
dation of the pollutant molecules [37–41]. Ren et al. found
that MWs not only acted as a heat source in the Fe/Cu
bimetallic system but also enhanced the pollutant removal
efficiency by strengthening the electron transfer, exposing
the active sites, accelerating the mass transfer, and other
non-thermal effects through the heated-Fe/Cu and MW-Fe/
Cu systems in controlled experiments [42]. Yuan et al.’s
study found that the non-thermal effects generated by
MW radiation could enhance the efficiency of pollutant
removal by increasing the internal energy of NO mole-
cules, weakening the N–O bond, and exciting polar NO
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into excited state NO*, which is conducive to the deep
oxidation of NO*, making the catalytic oxidation of NO
more rapid and thorough than conventional heating [43].

MW heating relies on the ability of certain materials
(e.g., iron-based catalysts) to convert electromagnetic
energy into thermal energy, can be expressed in terms of
the material’s dissipation factor (or tanδ), and is calculated
by Eq. 1:

=
″
′

δ
ε

ε
tan (1)

where ″ε is the dielectric loss factor (the imaginary part of
the dielectric properties) and ′ε is the relative dielectric
constant (the real part of the dielectric properties).

When the MW enters the medium, the medium
absorbs the MW and converts it into heat, while the field
strength and power of the MW gradually attenuate, and
there are differences in the absorption and attenuation
ability of different media to MW energy. Penetration depth
(D) refers to the MW field strength from the surface of the
material, attenuation to the surface value of 1/e (36.8%) of
the distance, which is determined by the complex dielectric
constant of the medium, used to represent the medium on
the attenuation of MW energy, as shown in Eq. 2:

=
′

D
λ

π δ εtan

0 (2)

where λ0 is the free-space wavelength, ′ε is the relative
permittivity, and δtan is the dielectric loss angle tangent.
The penetration depth increases with the wavelength, and
since the MW frequency is inversely proportional to the
wavelength (the higher the frequency, the shorter the
wavelength), the higher the MW frequency, the weaker

the penetration ability. For typical media, ′π δ εtan ≈ 1,
MW penetration depth, and wavelength in the same order
of magnitude, while the wavelength of infrared heating is
usually only a few tens of nanometers, which is much
smaller than the MW wavelength. Therefore, MWs have
a stronger penetration ability to dielectrics, and they can
heat deeply inside the material, which in turn produces
various types of heating effects [44].

3 Iron-based materials for MW
catalysis

Iron-based catalysts have low coercivity and high magnetic
saturation, good composite permeability, and excellent
electromagnetic wave absorption ability, and show high
removal efficiency for pollutants in MW catalytic systems
[45]. This section provides an overview of the basic proper-
ties of iron-based catalysts, a brief description of the appro-
priate synthesis methods (Table 1 and Figure 2), as well as
the research progress of these materials in MW catalysis.

3.1 Ferrite and ferrite-based composite
catalysts

The properties of materials usually depend on the synthesis
method; in the past some time, researchers have explored
several ferrite preparation methods, including precipitation,
sonochemistry, sol–gel method, electrochemical method,

Figure 1: Interaction between MWs and solid samples.
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template method, microemulsion method, solid-state method,
hydrothermal method, and MW radiation. Others, such as
ultrasonication, chemical vapor deposition, electrodeposition,
pulsed layer deposition, and continuous ion layer adsorption
reaction methods, are also popular. The impact of synthesis
methods on the characteristics of ferrite materials is dis-
cussed, using the usual sol–gel and hydrothermal procedures
as illustrations. Other methods are listed in table form.

The sol–gel method forms gels by hydrolysis of metal
alcohol salts, and ferritic materials with certain sizes and
shapes are mixed by varying a given sol–gel temperature
in the range of 25–200℃. With the advantages of solid-state
stoichiometric control and the lack of the need to use com-
plex modern instrumentation, it is one of the most widely
adopted techniques for controlling microstructure and can
be used to synthesize simple ferrite materials [46]. Janus-
kevicius et al. prepared single-phase highly crystalline
three-dimensional powders of yttrium-iron chalcocite
(YIP), yttrium-iron garnet (YIG), and terbium-iron chalco-
cite (TIP) using the aqueous sol–gel method using inorganic
salts as starting materials, demonstrating the applicability
of the method [47]. Furthermore, when researchers com-
pared the magnetic behavior and structure of bismuth fer-
rate samples made by gel and hydrothermal methods, they
discovered that the samples made by the hydrothermal
method had clearly defined grains, whereas the samples
made by the sol–gel method displayed a non-uniform dis-
tribution of grains. Meanwhile, the surface of bismuth fer-
rite particles can be observed in the hydrothermal method,Ta
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Figure 2: Iron-based catalysts for MW catalysis.
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which seems to aggregate in a specific direction, and the
bismuth ferrite produced by this method has single-phase
and crystalline properties, and can also improve the mag-
netic properties of bismuth ferrite [48]. As we all know,
MW absorption performance is closely related to the mate-
rial’s phase composition, which is determined by the che-
mical composition and technological conditions. Xing et al.
synthesized strontium ferrite using the sol–gel process and
studied its wave-absorbing characteristics, phase struc-
ture, and morphology. The sintering temperature and
holding time were found to be closely related to the phase
structure, shape, and wave-absorbing properties of the fer-
rites made by the sol–gel process [49].

However, the sol–gel method presents certain chal-
lenges when applied on a large scale, due to the high cost
of metal-alcohol salts as raw materials and the time-con-
suming gelation process, which limits the productivity. In
addition, when scaling up from small laboratory trials to
industrial scale, it is more difficult to accurately control
conditions such as temperature and humidity, and unifor-
mity is difficult to ensure, which limits its scalability to
some extent [50]. With the improvement of the process, it
is expected to enhance the potential of large-scale applica-
tion if the cost can be effectively reduced and the process
control can be optimized. The hydrothermal method also
has similar problems. Although the iron-based catalysts
prepared by this method have excellent performance, the
reaction needs to be carried out at high temperature and
high pressure, which imposes very high requirements on
the reaction equipment and a large investment in equip-
ment in the early stage. Moreover, as the volume of the
reactor increases, it is difficult to control the uniformity of
the internal temperature and pressure distribution, which
can easily lead to unstable catalyst quality. However,
because it is environmentally friendly (the solvent is
mostly water), if breakthroughs can be made in equipment
and processes, it still has a large application prospect in
future large-scale production.

Shi et al. produced a highly active nano-catalyst of
CdFe2O4 using the hydrothermal method and studied the
effect of the catalyst on removing Congo red (CR) under
different conditions under MW irradiation. When only
MW was irradiated, CR was almost not degraded. When
the catalyst was introduced without MW irradiation, the
degradation rate of CR was 26.5% after 10 min. Under the
condition of 100℃ and 700W output power, the degrada-
tion rate of CdFe2O4 on CR can reach 94.4% after 10 min
irradiation with MW, which indicates that CdFe2O4 was a
kind of MW catalyst with excellent performance [51].

In addition, it has been found that modification of ferrite
material can improve the material’s catalytic activity when

exposed to MW irradiation. Zia and his team prepared mag-
netic ZnFe2O4 nanoparticles and prepared their nanohybrids
using different polycarbazole (PCz) loading amounts. The
treatment effect of amoxicillin was evaluated by ZnFe2O4

and ZnFe2O4/PCz nanohybrids under MW irradiation, respec-
tively. Among them, the PCz-modified nano-hybrid showed
higher degradation efficiency, reaching nearly 99% in
24min [52].

3.2 Zero-valent iron catalysts

Zero-valent iron (ZVI or Fe0) is highly reductive and easy to
obtain. In particular, nano-zero-valent iron (nZVI), a par-
ticle with a particle size of 10–80 nm, is highly active and
has a relatively large specific surface area, which makes it
an extremely effective catalyst that promotes the release of
active substances, thus removing a wide range of pollu-
tants [53]. Nanomaterials can have different catalytic,
optical, electronic, chemical, mechanical, and magnetic
properties, and their surface area increases significantly
with mass, so varying the size of nanomaterials can effec-
tively improve the overall behavior of the particles [54–56].
nZVI particles are prone to agglomeration under the nano
effects and their magnetism, and their dispersibility and
recyclability are often optimized to improve their applic-
ability. Specific approaches: (I) composite different
skeleton matrices, which can solve the dispersion and recy-
cling problems of nZVI to a certain extent, and (II) improve
the particle stability and dispersion by surface vulcaniza-
tion, metal doping, and surface coating [57]. Many methods
have been found to produce nZVI catalysts, commonly
including mechanical milling, sol–gel, liquid-phase reduc-
tion, spray drying, and sonochemistry methods. Among
them, the liquid-phase reduction method can prepare
nZVI catalysts with small particle size, large specific sur-
face area, and high electron transfer efficiency by
adjusting the amount of reductant, reaction temperature,
and pH, such as the NaBH4 reduction method, which can
produce nZVI with a particle size of <50 nm and a specific
surface area of more than 50 m2·g−1. However, the nZVI
prepared by this method is prone to agglomeration,
leading to a decrease in activity, and the activity of the
nZVI catalysts needs to be improved by surface modifica-
tion (e.g., CMC, PVC) to improve the dispersion. Mechanical
milling method grinds micron-sized iron powder by plane-
tary ball mill to prepare nanoparticles with a wide particle
size distribution (50–200 nm), specific surface area of 10–30
m2·g−1, and high mechanical strength, which is suitable for
industrial applications. The sonochemical method uses the
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ultrasonic cavitation effect to reduce iron salts, which can
promote free radical generation to some extent. Spray-
drying method reduces the iron salt solution at high tem-
perature after spray-drying, which is easy to form porous
nZVI and can increase the adsorption-catalytic synergy of
the catalyst. The sol–gel method forms iron oxide precur-
sors through the sol–gel process and then reduces them to
nZVI, which is often combined with a carrier and can reg-
ulate the crystal shape. Among them, the mechanical
milling method has good potential for industrial applica-
tion due to its low cost and simple process [58,59].

Combining MW radiation with ZVI or nZVI can effec-
tively remove contaminants. ZVI can induce electron vibra-
tion by absorbing MW, and the intermolecular friction can
generate heat energy by MW, thereby increasing the tem-
perature of iron molecules and assisting the degradation of
pollutants [60,61]. In previous experiments, researchers
mostly used nZVI as an absorbing medium to treat con-
taminated substances. Lee et al. used nZVI combined
with 250 MW energy to reduce the activation energy and
improve the removal of chlorobenzene in aqueous solu-
tion. In the nZVI-aqueous system, when nZVI was used as
an electron donor, it oxidized itself at room temperature to
form Fe2+, after which Fe2+ to Fe3+ provided an electron.
When nZVI absorbed MW energy, it generated more elec-
trons, which accelerated its oxidation and generated more
frictional heat, hence speeding up the reaction [62].

3.3 Iron single-atom catalysts

The catalytically active sites of iron-based single-atom cat-
alysts (Fe-SACs) exist in the form of isolated single atoms,
showing excellent selectivity and catalytic activity [63,64].
Single-atom bonding in SACs is elementally unique, and the
electronic structure of the single atoms can be controlled
using a variety of ways [65]. In the actual preparation pro-
cedure, it has been difficult to prevent individual atoms
from agglomerating and keep them dispersed. The high
cost of preparing SACs using physical deposition methods
such as mass soft-landing techniques and atomic layer
loading is not favorable for practical applications. Wet
chemical synthesis methods (including hydrothermal, co-
precipitation, impregnation, deposition–precipitation, and
sol–gel methods), high-temperature pyrolysis, and other
methods that can be easily utilized in practice are com-
monly used. Wet chemistry and high-temperature pyro-
lysis are gentler, the Fe monatomic precursors are more
equally disseminated over the carrier, and the pyrolysis
process’s high temperature causes the Fe atoms to interact

with the heteroatoms to form a stable structure [66]. In
addition, factors such as the choice of carriers during the
preparation process can affect the efficiency of the iron
monoatomic catalysts. Yao et al. prepared a porous carbon
(PC) (Fe@COF) that confines single-atom Fe in a covalent
organic framework (COF) and tested the effectiveness of
Fe@COF for the degradation of organic pollutants when it
is used as a catalyst. Iron doping preferentially generated
effective single-atom Fe–Nx active sites in the carbon ske-
leton with electronic structure modulation, conferring out-
standing catalytic properties [67].

Metal single atoms, when successfully introduced, can act
as polarization centers, thus inducing polarization loss for elec-
tromagnetic wave absorption. Furthermore, interactions
between metal single atoms and nearby N/C atoms generate
charge redistribution, which disrupts the symmetry of the local
microstructure and leads to the production of extra electric
dipoles, improving electromagnetic wave absorption perfor-
mance. This also efficiently enhances the heating rate and
strength of the electric field surrounding the metal’s single
atoms, hence improving the effectiveness of single-atom cata-
lysis. In addition, by the coordination of surrounding ligands,
single metal centers such as Fe are projected to endure high
temperatures after absorbing electromagnetic waves, resulting
in high catalytic activity [68–73]. Zhou et al. prepared Fe single
atoms anchored on 3D N-doped nanocarbon (3D Fe–NC) using
the NaCl template method, and used them under MW irradia-
tion for the removal of chloramphenicol (CAP) contamination
from soil. Experiments showed that 3D Fe–NC could enhance
electromagnetic wave absorption and had good catalytic per-
formance, and the removal of CAP could reach 99.9% in
5min [74].

3.4 Other iron-based catalysts

To alter the electromagnetic characteristics of iron-based cat-
alysts, some research has mixed iron-based catalysts with
othermaterials (such asmetal powders or conductive polymer
composites), and such composite iron-based catalysts are
usually synthesized in more than one step, requiring a com-
bination of several preparation methods, such as impregna-
tion and hydrothermal methods. Ai et al. synthesized a FeSx/
talc composite material. When exposed to MW radiation, the
system quickly liberated its hydroxyl group and sulfate. This
resulted in the elimination of a specific concentration of 2,4,6-
trichlorophenol in under 4min, with a maximum COD
removal of over 90.1%. Similar novel composites have poten-
tial in MW catalysis with their low cost, great physicochemical
stability, and high reusability [75]. It is also possible to combine
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iron-based materials with common MW absorbers (e.g.,
carbon-based materials) to improve the MW absorption per-
formance and enhance the catalytic effect. Carbon nanotubes
(CNTs) are used as promising MW-absorbing materials to sup-
port the nucleation and growth of metal nanoparticles, but
carbon nanomaterials alone exhibit slower kinetics and
poorer selectivity, and can therefore be combined with poorly
dispersed materials with narrower adsorption bandwidths.
Liu et al. explored the degradation of methyl orange (MO) in
aqueous solution by CNTs loaded with CuFe2O4 at different
additions (1:2, 1:4, 1:8) under MW radiation. Under MW irra-
diation, the surface of the composites formed h+, ˙OH, ·−

O
2 , and

all the active substances together degraded 83% of MO in
5min, with a TOC removal rate of 91%. The removal effective-
ness rose as the quantity of CNTs increased [76].

4 Characterization of iron-based
catalysts

The characterization of iron-based catalysts can qualitatively
and quantitatively describe the composition-structure-func-
tion relationship of the catalysts, which is of significant
importance in comprehending the role of their properties
and catalytic activity [90]. Most Fe-based catalysts are solid
and can be evaluated with suitable characterization methods.
This section briefly describes some of the common character-
ization methods for iron-based catalysts.

4.1 Morphological and microstructural
analysis

The size, shape, and distribution of iron-based catalysts can
be understood by analyzing the morphology and micro-
structure. Scanning electron microscopy (SEM) can not
only observe the material’s three-dimensional structure,
but also measure its size, dispersion state, and curvature
in some situations, and clear images can be obtained for
the surface of complex and rough samples. Transmission
electron microscopy (TEM) has a greater resolution than
SEM and can get more information about the material’s
internal microstructure, including a more detailed investi-
gation of the core–shell structure and nanoparticles depos-
ited on the carrier’s inner and outer surfaces [91]. To
further resolve the atomic-level structure, high-resolution
TEM (HRTEM) can accurately measure lattice fringes (e.g.,
facet spacing, crystal orientation, and length distributions),
observe the structure of phase interfaces, and detect the

degree of orderliness of atomic arrangement or defects
(e.g., dislocations, vacancies) on the surface of the crystals
[92]. In MW catalysis, the porous structure or nanoscale
particles of the catalyst can increase the exposure of active
sites. Zhang et al. used the prepared Co-, Ni-, and Cu-doped
iron-based catalysts for MW-assisted catalytic cracking of
polyethylene, which showed good catalytic performance.
The excellent performance may stem from the special mor-
phology of the catalysts: SEMwas employed to characterize
the morphology of the catalysts (Figure 3a and b), and it
was found that the prepared catalysts showed a sponge-
like morphology with many cavities, which was conducive
to MW absorption. Furthermore, TEM was employed to
characterize the carbon products (Figure 3c and d), and
it was found that the obtained solid products consisted of
CNTs with inner and outer diameters ranging from 18 to
24 nm, which was consistent with the SEM results [98].

4.2 Crystal structure and phase composition
analysis

X-ray powder diffraction (XRD) is commonly used to
characterize the phase composition, grain size, lattice para-
meter, and crystallinity information in solid MW-iron-
based catalysts, which affect the catalytic activity and
selectivity. In addition, XRD analysis of recycled catalysts
and comparison with fresh catalysts can yield data on the
changes in the microstructure and crystalline phase of the
catalyst, which can be used to speculate on the stability and
reusability of catalysts in MW-iron-based systems [96].
Elías et al. conducted research to characterize the crystal-
line phases of Fe-modified mesoporous nanostructures.
They hypothesized that specific iron oxide phases would
exhibit better catalytic performance in the microwave-
assisted selective oxidation of sulfides. By determining the
crystalline phase compositions using XRD (Figure 3e), they
provided a basis for understanding the source of the cata-
lysts' activity. This study also indirectly proved the stability
of the catalysts by comparing the XRD patterns of the iron-
based catalysts before and after MW irradiation and obser-
ving the changes in crystalline phase and structure [94].

4.3 Specific surface area and pore size
distribution analysis

Specific surface area and pore size are important para-
meters affecting the storage capacity of materials. For
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iron-based catalysts, their specific surface area and pore
structure influence MW absorption efficiency via reflec-
tion, refraction, or transmission of MWs, which in turn
directly affects the availability of reaction sites [97]. Para-
meters such as catalyst surface area and porosity are
usually analyzed on a specific surface area analyzer and
calculated using the Brunauer–Emmett–Teller (BET)
method. In general, iron-based catalysts featuring high spe-
cific surface area and small pore size are conducive to MW
absorption, thereby accelerating pollutant degradation or
removal. Lounnas and his team newly developed a non-
homogeneous iron-based catalyst for the photo-Fenton
degradation of methylene blue under MW irradiation,
and analyzed the nitrogen adsorption-desorption iso-
therms using the BET technique to evaluate the specific
surface area and pore structure of the iron-based catalyst.
Figure 3f shows a type IV adsorption isotherm, proving the
mesoporous nature of the catalyst. Meanwhile, the total
pore volume was quantified as 0.215 cm3·g−1, the specific
surface area was 23.696 m2·g−1, and the average pore size
was calculated to be 5.409 nm, which confirmed the pre-
valence of mesopores and facilitated MW absorption. The
catalyst achieved 95.5% MB color removal within 8 min of
MW irradiation [95].

4.4 Functional group analysis

Functional groups on iron-based catalysts were identified
using Fourier transform infrared spectroscopy (FTIR), and
the chemical structures were characterized to investigate
the correlation between surface properties and perfor-
mance of iron-based catalysts [98]. Tantuvoy et al. explored
the effect of MW-assisted technique for the removal of
malachite green (MG) in the presence of spinel-type
CoFe2O4 catalysts. The FTIR spectra of CoFe2O4 exhibited
a characteristic vibrational peak of Fe-O octahedral coor-
dination bonds at 596 cm−1 (Figure 4a), indicating the pre-
sence of highly active octahedral Fe3+ sites in the catalyst.
These sites can accelerate electron transfer via the MW-
induced thermal effect, thereby promoting the generation
of superoxide anions ( −

O
2) and hydroxyl radicals (˙OH).

Meanwhile, the vibrational peak of surface hydroxyl
groups (−OH) at 3,386 cm−1 suggested the adsorption of
water molecules on the catalyst surface, which facilitates
the decomposition and generation of −OH through MW
polarization to participate in MG degradation. Addition-
ally, the density of surface hydroxyl groups detected by
FTIR was positively correlated with the ˙OH generation
observed in free radical trapping experiments, further

Figure 3: (a and b) SEM images of the catalyst before and after use and (c and d) TEM images of the catalyst. Reproduced from Zhang et al. [93] with
permission from Wiley-VCH Verlag. (e) XRD pattern of the synthesized material. Reproduced from Elías et al. [94] with permission from Elsevier. (f) N2

adsorption–desorption isotherms and pore size distribution curves of Fe–CY catalyst. Reproduced from Lounnas et al. [95] with permission from
Elsevier.
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confirming that hydroxyl groups serve as key surface moi-
eties for MW-induced free radical production [99].

4.5 Surface elemental composition and
valence analysis

The electronic, elemental, and chemical properties of the
catalyst surface can be probed using X-ray photoelectron
spectroscopy (XPS) [100]. Yuan et al. prepared molecular
sieve-loaded oxygen-rich vacancy Fe2O3-MnO2 catalysts
(Ov-Fe-Mn@MOS) and proposed a new MW-catalyzed oxi-
dative denitrification method, which was able to deeply
oxidize NO to nitrates/nitrites with very small NO2 genera-
tion. In this study, XPS analysis was performed to

determine the elemental valence states in the prepared
complexes. In Figure 4b, four pairs of Fe 2p1/2 and Fe 2p3/2
peaks appear, of which the Fe 2p1/2 peak at 724.9 eV and the Fe
2p3/2 peak at 711.3 eV are attributed to Fe(II), the Fe 2p1/2
peak at 728.3 eV and the Fe 2p3/2 peak at 713.9 eV are attrib-
uted to Fe(III), and the peaks at 719.5 and 734.2 eV are satel-
lite peaks. Combined with the splitting characteristics of Fe
2p1/2 and Fe 2p3/2 peaks, the results indicate the presence of
Fe(II)/Fe(III) redox pairs in the iron-based catalysts, which
facilitate electron transfer under MW irradiation. Mean-
while, the O 1s XPS spectrum revealed lattice oxygen
(O2−), surface adsorbed oxygen (O−/ −

O
2

2 ), and oxygen vacan-
cies (Ov) on the catalyst surface. Through peak-fitting
analysis, the authors quantified the relative content of
Ov, which was found to correlate positively with NO oxi-
dizing activity in subsequent experiments. Additionally,

Figure 4: (a) FTIR spectra of synthesized CoFe2O4 nanoparticles. Reproduced from Tantuvoy et al. [99] with permission from Elsevier. (b) Fe 2p, Mn 2p,
and O 1s XPS spectra of fresh Ov-Fe-Mn@MOS. Reproduced from Yuan et al. [43] with permission from ACS. (c) RL for PANi/Fe/Fe3O4/Fe2O3/PMMA.
Reproduced from Peymanfar et al. [105] with permission from Elsevier BV. (d) M-H hysteresis loop of C-ZnFe2O4 composite and (the inset) magnetic
separation test for the catalysts. Reproduced from Gao et al. [106] with permission from Elsevier.
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Mn doping significantly increased the relative content of
Fe2+, presumably due to Mn4+-mediated reduction of Fe3+

to Fe2+ via electron transfer (Mn4+ + Fe2+ → Mn3+ + Fe3+),
thereby maintaining the Fe2+/Fe3+ cycle and enhancing
system activity [43].

4.6 Analysis of wave-absorbing properties

The wave-absorbing properties of iron-based catalysts are
primarily governed by their electromagnetic parameters,
predominantly including the complex dielectric constant
and complex permeability. Various influencing factors of
wave absorption performance – such as sample reflec-
tivity, dielectric loss, magnetic loss, and impedance
matching – are calculated based on these electromagnetic
parameters. A vector network analyzer can be employed to
test the absorption properties of iron-based catalysts [101].
The wave-absorbing properties of the materials are ana-
lyzed using the relative complex permittivity (εr) and rela-
tive complex permeability (µr) calculated by Eqs. 3 and 4.
The real part (ε′ and µ′) and the imaginary part ( ″ε and ″μ )
represent the ability of the wave-absorbing material to
store electromagnetic energy and to consume electromag-
netic energy, respectively. Two important parameters, the
tangent of dielectric loss (tanδε) and the tangent of mag-
netic loss (tan δµ), calculated by Eqs. 5 and 6, can be used to
measure the reflection loss (RL) of wave-absorbing mate-
rials [102,103]. The RL at different thicknesses is proposed
and calculated according to the transmission line theore-
tical equations as follows (7) and (8):

= ′ − ″ε ε jεr (3)

= ′ − ″μ μ jμ
r (4)

= ″ ′δ μ μtan /ε (5)

= ″ ′δ ε εtan /μ (6)

( ) [ ( )( ) ]=Z μ ε j πfd C μ ε/ tanh 2 /
r r r rin

1/2 1/2 (7)

( ) =
−
+

Z

Z
RL dB 20 log

1

1

in

in

(8)

where ′ε , ″ε , ′μ , and ″μ represent the real and imaginary
parts of the permittivity and permeability, respectively, εr

is the complex permittivity, μ
r
is the relative complex per-

meability, δtan ε is the tangent to the material’s dielectric
loss, δtan µ is the tangent to the magnetic loss, Zin is the
surface normalized input impedance of the absorber, f is
the frequency, j is the imaginary part of the complex
number, d is the thickness of the absorber, and C is the
velocity of light in free space.

The high complex dielectric constant and complex per-
meability during the MW chemical reaction promote the
target pollutants’ quick reaction and degradation during
the degradation process [104]. In addition, the lower the
RL value, the better the MW absorption performance,
which may be used in conjunction with Eq. 8 to investigate
the materials’ MW absorption performance and create
iron-based catalysts with good wave-absorbing ability. Pey-
manfar et al. designed polyaniline (PANi)/Fe/Fe3O4/Fe2O3

nanocomposites using a complementary radical polymer-
ization and reduction method, as shown in Figure 4c. The
PANi/Fe/Fe3O4/Fe2O3/PMMA nanocomposites exhibited a
maximum RL of 72.61 dB at 10.9 GHz and an absorption
bandwidth exceeding 1.71 GHz with values over 30 dB at
a thickness of 3 mm, demonstrating excellent MW absorp-
tion capability [105]. When screening materials for use as
MW iron-based catalysts, priority should be given to iron-
based materials with superior wave-absorbing properties,
as these properties directly influence MW energy conver-
sion efficiency, which in turn affects pollutant treatment
efficacy [73,74].

4.7 Magnetic analysis

The magnetic properties of iron-based catalysts are crucial
for MW-assisted contaminant treatment, as they are asso-
ciated with the ease of catalyst recovery from the system.
Iron-based catalysts that enable efficient recovery are both
economical and environmentally benign. The recovery
performance of such catalysts can be evaluated by mea-
suring magnetic parameters – including magnetization
intensity and hysteresis loops – using a vibrating sample
magnetometer (VSM). Gao et al. prepared C-ZnFe2O4

(C-ZFO) magnetic composites using a hydrothermal
method and used them for the degradation of norfloxacin
(NOR) in water under MW irradiation. Typical hysteresis
loops of the C-ZFO were measured using the VSM, as shown
in Figure 4d. The results of the hysteresis loop show
that the saturation magnetization strength of C-ZFO is
92.5 emu·g−1, which has excellent magnetic properties for
magnetic separation and excellent magnetic properties for
easy recycling and utilization as compared with the pre-
vious studies [106]. In general, saturation magnetization
strength is an important parameter of magnetic materials,
which determines the maximum magnetization strength
and performance of magnetic materials. Magnetic data
cannot be considered in isolation when selecting magnetic
materials, but need to be further analyzed in conjunction
with other characterization methods, and the appropriate
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value of magnetization strength needs to be considered in
conjunction with the needs of the specific application in
order to achieve optimal performance and cost-
effectiveness.

5 Application of Fe-based catalysts
for the treatment of
environmental pollutants under
MW irradiation

The introduction of MW irradiation of iron-based catalysts,
together with the reactor under different conditions, will
produce different effects on the treatment of organic pol-
lutants, heavy metals, pathogenic microorganisms, medical
waste, and other contaminants.

5.1 Reaction devices

The heating unit generally consists of three elements: the
MW oscillator, the chamber, and the reactor. Where the
oscillator is a magnetron or solid-state device, the magne-
tron cannot adjust the frequency and its output power is
the sum of the power at a fixed frequency. The MW oscil-
lator in the early common household MW furnaces was the
magnetron, but the lack of temperature and pressure con-
trol in the household MW furnaces was not conducive to
the repetition of the chemical reaction [107,108]. The
heating performance of MW is susceptible to the shape
and size of the reactor and the nature of the material
[109]. Therefore, the design and development of suitable
MW experimental setups contribute to the efficient treat-
ment of pollutants. Depending on the specific reaction
needs, MW reactors can be categorized into continuous
MW reactors (Figure 5a) and intermittent MW reactors
(Figure 5b) [110]. In a continuous MW reactor, MW energy

Figure 5: (a) Diagram of a continuous MW reactor. Reproduced fromWang et al. [114] with permission from Elsevier. (b) Schematic diagram of a batch
MW reactor. Reproduced from Xue et al. [112] with permission from IOS Press.
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is continuously introduced into the reaction system while
the reaction material flows through the MW radiation zone
in a continuous manner [111]. These reactors typically fea-
ture specially designed waveguide structures or MW cav-
ities to ensure uniform distribution of the MW field along
the material flow path, enabling the material to absorb MW
energy uniformly. They are characterized by large processing
capacity, high recovery rate, and no secondary pollution [112].
For an intermittent reactor, materials are added to the
reactor in a single batch prior to the reaction, followed by
activating the MW to heat the system. During the reaction,
MW power can be adjusted according to a preset program,
and different intermittent MW reactors vary in their control
modes of energy input [113]. Most batch-typeMW reactors are
adapted from traditional MW furnaces with specialized struc-
tures, including temperature control via a water circulation
system and an external condensing unit for recovering eva-
porated liquids.

In a typical MW catalytic treatment of pollutants
experiment, a certain amount of catalyst and pollutants
were added to containers, which were then sealed and
heated in an MW reactor at a set power. While the tem-
perature of the reaction was controlled, the reaction was
finished with the use of the appropriate quencher agent to
quench the mixture, after which the reactants and catalyst
were separated and further analyzed [115,116]. At the end
of the experiment, the removal rate was calculated.

However, the application of MW technology in iron-
based catalysis, especially for large-scale upscaling,
presents numerous challenges in reactor design and opera-
tion: (1) heat dissipation and safety concerns. Safety issues
during MW reactions primarily involve explosion risks and
container damage. MW heating of volatile reactants or
reactions under high-pressure conditions may lead to
uncontrolled reactions and explosions. Additionally, polar
acid-based reactions (e.g., systems containing concentrated
sulfuric acid) can cause rapid temperature increases,
melting containers, and posing hazards. MW leakage can
damage body tissues and cells – studies have shown that
MW radiation induces distinct DNA strand damage com-
pared to conventional heating under the same thermal
conditions, causing habitual DNA strand damage [117]. (2)
Electromagnetic field distribution and energy transfer
issues. In traditional fixed-bed reactors, MW fields are
unevenly distributed, with sharp particle contacts prone
to triggering localized overheating (hot spots). This issue
becomes more pronounced with increased catalyst filling
volume (as noted in Chen et al.’s research). Furthermore,
MW-absorbing coke formed during reactions exacerbates
arc discharge, further interfering with reaction control
[118]. (3) Skillful design of MW energy ports. As reported

by Yan et al., improperly positioned MW energy input/
output ports can significantly reduce energy efficiency. In
large-scale reactors, MW transmission characteristics are
more complex (e.g., rectangular traveling-wave MW reac-
tors exhibit a mix of standing and traveling wave beha-
viors, hindering uniform energy distribution and efficient
transmission) [119].

The quantification of energy efficiency is a critical
component in evaluating reaction performance. In MW-
iron-based systems, diverse factors – such as reactant
properties, iron-based catalyst characteristics, and reactor
structure – have led to inconsistent energy efficiency quan-
tification methods across studies, with no unified and
widely accepted standard yet established. For example,
some research uses the ratio of energy consumed for che-
mical bond breaking and product formation to the total
MW energy input during the target reaction as an effi-
ciency metric [119]. Others adopt energy consumption per
mole (kJ·mol−1) as an indicator, defining it as the energy (in
kilojoules) required to produce each mole of product. This
metric decouples productivity from the time factor,
enabling purer comparisons of energy consumption per-
formance across different reactors. Notably, this indicator has
been used to conclude that MW reactors are more energy-
efficient than pilot-scale conventional reactors in laboratory-
scale comparisons [120]. In addition, a study has quantified
the energy efficiency of theMWheating process and explored
the factors affecting the efficiency, providing a direction for
optimizing the MW heating process. The MW heating process
is divided into two stages, the conversion from input electrical
energy to MW energy, and the conversion from MW energy
to effective heat energy, and the energy conversion efficien-
cies of the two stages are defined: the first stage efficiency η1 =
QMW/Qnet, the second stage efficiency η2 = Qeff-heat/QMW, and
the total efficiency η = η1 × η2. Measuring the input electrical
energy Qnet, the MW energy QMW is obtained by monitoring
the anode voltage and current, and then the effective thermal
energy Qeff-heat is calculated by considering the heat absorp-
tion and heat loss of the medium and vessel. Meanwhile, it is
also proposed that the energy efficiency can be optimized by
changing the position of the heating body, selecting the appro-
priate heating medium, reasonably designing the medium
volume, and increasing the MW output power [121].

5.2 Treatment objects

Sorting out the substances handled by iron-based MW cat-
alysts will help to carry out targeted research and maxi-
mize the benefits of the catalytic system. This section
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describes the treatment objectives for each aspect of MW
catalysis (Table 2).

5.2.1 Organic pollutants

Organic pollutants are by far the most widely utilized type
of pollutants treated by iron-based MW catalysts. In gen-
eral, when organic molecules on the catalyst surface are
irradiated by MW, high temperatures are generated at the
hot spots, which excite the system to generate h+, ˙OH, −

O
2

˙ ,
and other active substances to attack the organic pollutant
molecules and degrade the pollutants [122], as shown in
Eqs. 3–10:

+ → ++ −
MW catalyst h e (9)

+ → ++ +
H H O HO˙ H2 (10)

+ →+ −
h OH HO˙ (11)

+ → +− −
e H O HO˙ OH2 2 (12)

+ → +− − +
e O O H2 2

˙ (13)

+ → + +− −
O H O O OH HO˙

2

˙

2 2
1

2
(14)

+ → +− −
O HO˙ O OH

2

˙ 1
2

(15)

+ → +HO˙ contaminants H O CO2 2 (16)

5.2.1.1 Pharmaceuticals and personal care products
(PPCPs)

PPCPs are emerging contaminants I, including a wide
range of substances such as antibiotics, analgesics and
non-steroidal anti-inflammatory drugs, antiepileptic drugs,
β-blockers, antineoplastic agents, disinfectants, synthetic
musks, some preservatives, and some sunscreens, and
the conventional treatment processes are often ineffective
in removing these compounds, which can pose a significant
risk to human health and other organisms posing signifi-
cant risks [123,124]. In the face of such difficult to treat
pollutants, MW irradiation combined with iron-based cat-
alyst system shows good prospects for application. It has
been shown that this system is capable of efficiently
degrading a wide range of PPCPs. For example, in the
experiments of Vieira et al., excellent combined degrada-
tion was observed when ibuprofen, ketoprofen, and diclo-
fenac were treated under MW irradiation using activated
carbon loaded with CuFeS2 nanoparticles (ACFS) as a cata-
lyst: all three target pollutants achieved complete miner-
alization within 20–30min, the degradation process
conformed to the pseudo-primary kinetic model, and the
catalyst maintained good activity after 10 consecutiveTa
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cycles [125]. This efficient degradation process is attributed
to a key mechanism triggered by the synergistic interaction
of MWs with iron-based catalysts, i.e., MWs promote effi-
cient electron-charge transfer at the catalyst surface and
induce the formation of “hot spots,” which significantly
enhances the generation of strongly oxidizing hydroxyl
radicals. Similarly, the study of Zia et al. synthesized
PNA/CaFe2O4 nanohybrids using MW-assisted technique.
They found that metronidazole (MTZ-90) at a concentration
of 90 mg·L−1 could be degraded up to about 94% within
21 min of MW irradiation when the PNA loading was
40%. As a comparison, the degradation rate of MTZ-90 by
MW irradiation alone without a catalyst was only 41%. The
free radical scavenging experiments further verified that
the active species, such as ˙H, ˙OH, and −

O
2

˙ , produced in the
system played a key role in attacking the drug molecules
and achieving efficient degradation [126].

5.2.1.2 Phenolic substances
Phenols are one of the main priority pollutants, non-biode-
gradable and stubbornly accumulative, acting at very low
concentrations and existing in a wide range, which are
prone to adversely affect the environment and organisms’
health [127,128]. Ren et al. investigated a new MW-Fe/Cu
system and selected p-nitrophenol (PNP) as a model pollu-
tant to evaluate the treatment efficiency of the system.
Different doses of Fe/Cu bimetallic particles were added
to 100mL of PNP solution with different initial concentra-
tions, while different initial pH and initial MW power were
adjusted, and control experiments were performed. The
results showed that the MW-Fe/Cu system could remove
95% of PNP in 2.25 min, and the removal efficiency was
much higher than that of the other systems, and it could
be used to treat wastewaters containing ultra-high concen-
trations of toxic and difficult-to-degrade pollutants in a
very short period [42].

5.2.1.3 Azo dyes
Dyes are widely used in many industries, such as paper,
textiles, food, leather, and printing. In particular, azo dyes
account for about 70% of the annual production and 60%
of the total use of dyes globally and are highly carcinogenic
and mutagenic [129–131]. There is a need to explore eco-
nomically and operationally simple methods of dye treat-
ment [132]. It has been found that MW radiation enhances
the active sites on the catalyst surface, which in turn
improves the catalytic performance and has practical
applicability for dye wastewater. Mao et al. used nZVI to
remove MG under MW irradiation and found that MG was

effectively degraded within a short hydraulic residence
time [133]. Liu et al. prepared a CuFe2O4/CNT catalyst
with strong MW absorption capacity, and found that the
system removed 83% of MO within 5 min, which has poten-
tial in the treatment of azo dye wastewater [76].

5.2.2 Heavy metals

Heavy metals have highly toxic elements that are persis-
tent and can have a magnifying effect throughout the food
chain [134]. The iron-based catalyst undergoes both
“thermal” and “non-thermal” effects under MW irradia-
tion, accelerating the treatment rate of heavy metal con-
taminants. Li et al. developed a zero-valent iron/pyrite
(FeS2/ZVI) catalyst and combined it with MW irradiation
for the treatment of strongly alkaline high Cr(VI) contami-
nated (SAHCR) soil. This method resulted in 99.9% removal
of Cr(VI) within 10 min; the activation energy was reduced
by 28.5% with MW irradiation than without MW irradia-
tion. The remediated soil has good long-term stability and
provides a reference for treating SAHCR soil with iron-
based catalysts under MW irradiation [135].

5.2.3 Pathogenic microorganisms

Pathogenic microorganisms are a type of microorganism
that can invade human or animal bodies, causing infections
and even infectious diseases. Under certain conditions, the
combined system of MW and iron-based catalysts can inac-
tivate bacteria. Li et al. investigated the co-activation of dis-
ulfates (PDS) by cobalt-doped Bi25FeO40 catalyst and MW,
which can play a role in the purification and disinfection of
organic pollutants. The energy transfer and cross-coupling
reaction induced by MW contributed to the generation of
abundant reaction sites on the Co-Bi25FeO40/MW/PDS compo-
site.MWenergy, catalyst and oxidant could act onEscherichia
coli at the same time, forming physical pressure and oxidative
pressure to make the cell damage, the reaction of 1min after
the cell density decreased dramatically, 5 min after the bac-
terial death [136].

5.2.4 Medical waste

The status of medical waste is an important public health
issue worldwide, and the COVID-19 pandemic has
increased global awareness of medical waste disposal
over the past few years [137]. Traditional methods of
treating medical waste are not enough to fully meet the
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needs of medical waste treatment [138]. Yuwen et al. inves-
tigated the mechanism of MW-assisted iron-based catalyst
pyrolysis of waste COVID-19 masks. The plastic itself was
weakly responsive to MW, and the addition of a catalyst
not only promoted the deconstruction of the plastic but
also increased the uptake of MW. The enrichment state
of Fe in the hydrogen-reduced FeAlOx catalysts was
changed, and Fe3O4 and FeO, which were highly absorbent
to MW, appeared, with good decomposition ability for
polyolefin-based disposable medical masks. It provided a
reference for chemical recycling of polyolefin plastics [139].

5.3 Factors affecting the treatment effect of
environmental pollutants

MW catalysis is a complex process; the specific reaction
mechanism is not clear, and a variety of factors will have
an impact on the treatment effect of the sample (Figure 6).
A reasonable summary of these parameters can help opti-
mize the subsequent experimental design and improve the
catalytic efficiency.

5.3.1 pH

The pH has a significant effect on the catalytic performance
of MW-Fe-based catalyst systems, which is mainly achieved
by modulating the catalyst surface properties, the genera-
tion of reactive oxygen species, and the ionization and
dissociation states of the adsorbed molecules [90,145],

which in turn determines the pollutant removal efficiency.
Several studies have shown that the effect of pH on pollu-
tant degradation efficiency varies in different MW catalytic
systems. For example, alkaline conditions are favorable in
some systems to promote the loss of electrons from OH− to
generate ˙OH, which enhances the oxidative attack on pol-
lutants and leads to an increase in the removal rate with
increasing pH [146]. However, a comprehensive analysis
showed that the degradation efficiency was not a single
trend in response to pH. Xu et al. successfully prepared a
six-linear hydrotrope by the precipitation method for the
MW-assisted degradation of MO in artificial dye waste-
water. The degradation rate of MO showed a trend of
increasing and then decreasing with the change of pH in
the initial pH range of 3–11 and reached the highest value
under neutral conditions (pH = 7) (97.3%). This phenom-
enon may be attributed to the interaction between the
electrical properties of MO molecules (negatively charged
at pH > 3.4) and the catalyst surface charge, especially
under alkaline conditions, where enhanced electrostatic
repulsion significantly inhibited the adsorption process
of MO on the catalyst surface [29].

5.3.2 Inorganic anions

Concentrations of inorganic anions such as −
NO

2 , −
HCO

3
,

−
HCO , −

NO
3
, and −

SO
4

2 range from 10−5 to 10−3 M, depending
on geography and human activity [147]. To understand
how these environmental elements affect the effect and
mechanism of MW catalysis, the researchers reported their
different findings. Gogoi et al. synthesized a Cu-CFPC

Figure 6: Objects and influencing factors of environmental pollutants treated by Fe-based catalysts under MW irradiation.
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catalyst by immobilizing Cu and CoFe2O4 nanoparticles
(CF) on hierarchical PC of coconut fibers. The effect of
the presence of inorganic anions on antibiotics was inves-
tigated by using this catalyst for the degradation of sulfa-
methoxazole in the presence of common anions such as −

Cl ,
−

NO
3
, −

HCO
3
, and −

SO
4

2 (0.1 M) under MW assistance.
According to the results of the study, the degradation
rate decreased from the previous complete degradation
to 89%, 87%, 81%, and 72% when −

SO
4

2 , −
NO

3
, −

HCO
3
, and −

Cl

were present, respectively. The possible reason for this was
that these anions act as scavengers of ˙OH, h+. These pro-
ducts were less active compared to ˙OH and therefore
degradation rates were reduced [148].

5.3.3 Intensity of MW irradiation

In general, an increase in the intensity of MW irradiation
resulted in higher pollutant removal efficiencies, which
may be because the steadily increasing power of the MW
catalytic system promoted rapid molecular migration. In
addition, MW energy produced molecular polarization,
which led to electronic vibrations and heat generation
[149]. The removal efficiency remained unchanged when
the MW irradiation reached a certain intensity, which was
since too high an output power cannot sustainably
enhance the catalytic activity of the process. Reasonable
MW output power not only removes pollutants quickly but
also saves energy consumption. Moradi et al. used the sul-
fonated metal-organic skeleton Fe3O4@MIL-100(Fe)-OSO3H
loaded on iron oxide nanoparticles as a catalyst to deco-
lorize aqueous solutions containing MO dyes. The effect of
varying the MW power in the range of 100–500W on the
degradation efficiency was investigated, and it was found
that the MO degradation rate increased with increasing
MW power, which was attributed to the enhancement of
“hot spots” on the surface of the catalyst and the formation
of hydroxyl radicals in the aqueous solution at higher MW
power, resulting in higher degradation efficiency [150].

5.3.4 Temperature

The dielectric properties of catalysts are closely related to
temperature. In most cases, as the reaction temperature
increases, the contaminant removal enhances accordingly.
On the one hand, the high temperature itself is close to the
reaction temperature, which tends to accelerate the reac-
tion. On the other hand, at higher temperatures, the “hot
spot” effect and selective heating of substances become
more pronounced, and the system absorbs MW energy to

stimulate molecular rotation and reduce the activation
energy of the reaction, which promotes the breaking of
chemical bonds and the adsorption of substances. Remya
and Lin studied the removal of carbofuran in the MW-
assisted granular activated carbon (GAC)/ZVI/H2O2 system
at different reaction temperatures (30, 50, and 80°C). The
degradation rate of carbofuran was accelerated at 80°C,
indicating that this temperature was favorable for MW-
assisted degradation of the substance [140].

5.3.5 Reusability and stability of catalysts

The stability and reusability of iron-based catalysts is one
of the core parameters to consider for their economic uti-
lity. However, the reuse process faces physical loss and
deactivation due to chemical changes. Physical loss is
mainly reflected in the small amount of catalyst loss caused
by recycling, washing, drying, etc. For example, Shen et al.
found that NiFe2O4/natural mineral catalysts showed a
small decrease in degradation efficiency after reuse, which
was mainly attributed to nanoparticle loss during the
above-mentioned operations, and the conventional mag-
netic separation recycling also suffers from the risk of
such physical loss [30]. A more serious challenge comes
from chemical changes, especially the reduction of activity
(passivation) due to Fe leaching. To control such deactiva-
tion in the MW-Fe system, three key mechanisms have
been revealed: (1) bimetallic synergy, e.g., the introduction
of Co to form Fe-Co bimetallic sites, which reduces the
overconsumption of a single metal site through a syner-
gistic effect, thereby reducing the risk of leaching; (2) the
protective effect of carbon-based carriers, e.g., the anchoring
of Fe in the form of a monoatom on a three-dimensional
nitrogen-doped carbon-carrier to form a stable Fe–N coordi-
nation structure, which effectively inhibits iron agglomera-
tion and leaching; and (3) MW-specific effects, the above
structure can simultaneously enhance MW absorption, which
helps to maintain the stability of the active sites. In addition,
for unavoidable deactivation, an effective regeneration
strategy is crucial. Among them, thermal regeneration (calci-
nation) has been proven effective, e.g., He et al. showed that
the catalytic performance of the inactivated iron-based cata-
lysts after use could be significantly restored by calcining
them at 400°C for 30min [151]. In contrast, Chang Zhou’s
study significantly improved the intrinsic stability of the
material by the optimized carrier design itself, thus reducing
the need for regeneration [74].

Based on the principle of the action of iron-based cat-
alysts under MW irradiation, combined with the above
influencing factors reported in previous studies, a
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theoretical framework for parameter screening can be
initially established. After that, single-factor variable
experiments were carried out to examine the degree of
influence of each parameter on the reaction one by one.
After the initial screening of single-factor experiments,
response surface methodology can be used to systemati-
cally analyze the effects of multi-parameter interactions
on performance. For example, Wang et al. used response
surface methodology to establish a mathematical model to
optimize the experimental design using the degradation
rate of BPA as an indicator to obtain better experimental
process parameters. The effects of reaction time, solution
pH, MW power, and other factors on the experiment were
investigated. Experiments on the degradation of BPA by
iron-based catalysts were carried out using the BBD model.
A quadratic model equation was used to predict the rela-
tionship between the response (BPA removal rate) and the
three variables, and the parameter values that could lead
to complete degradation of BPA were finally deter-
mined [141].

5.4 Toxicological evaluation

When using iron-based catalysts to treat pollutants under
MW irradiation, the toxicity evaluation of by-products is an
important part of assessing the environmental safety of the
technology. Current studies have focused on the toxicity of
degradation products of organic pollutants, and the pat-
terns and mechanisms of toxicity changes have been
revealed by various analytical methods. Existing studies
have shown that MW irradiation combined with an iron-
based catalyst system can usually reduce the toxicity of
pollutants. For example, Gao et al. evaluated the acute
toxicity of NOR degradation products using the Vibrio
fischeri luminescence inhibition assay (ISO 11348-3-2007
standard) and found that the toxicity of the solution treated
with the MW/Iron-based catalyst/PS system was significantly
lower than that of the original pollutant, although the toxicity
showed irregular fluctuations with reaction time. He et al.
used the toxicity evaluation software (ECOSAR) to analyze
the toxicity of the degradation products of pantethine gluco-
samine (DTZ) to fish, daphnia, and algae, and the results
showed that most of the intermediates were not significantly
or chronically toxic, and only a few intermediates showed a
chronic and highly toxic effect on daphnia. These studies
suggest that MW-induced iron-based catalytic reactions can
promote deep mineralization of pollutants through the “hot
spot” effect, thus reducing the accumulation of toxic inter-
mediates [106,151].

However, there are some limitations in the current
research. On the one hand, most of the work is focused
on a single pollutant, and there is a lack of by-product
toxicity assessment of multiple and complex real-world
environmental systems (e.g., heavy metal-containing or
plastic-containing). On the other hand, the toxicity assess-
ment methods are relatively homogenous, relying mainly
on bacterial toxicity tests or software predictions, but
lacking more comprehensive assessments of chronic toxi-
city and genotoxicity in higher organisms (e.g., fish, mam-
malian cells). Future studies could combine more
advanced analytical tools, such as high-resolution mass
spectrometry (LC-HRMS), with non-targeted screening
techniques to accurately characterize the structure of
degradation intermediates and establish their quantitative
relationship with toxicity. Meanwhile, it is recommended
to use the combination of multi-species bioassay (e.g.,
algae-fish three-level system) and computational toxi-
cology modeling (e.g., QSAR) to build a more complete
toxicity risk assessment system. In addition, for the com-
posite pollutants in real wastewater, the effect of the MW-
iron-based catalytic system on the toxicity transformation
needs to be further explored to promote the application of
this technology in real environmental treatment [152,153].

5.5 Utilization of density functional theory
(DFT) in the treatment of environmental
pollutants with Fe-based catalysts under
MW irradiation

DFT can accurately calculate energy, charge, molecular
orbitals, and other parameters, explore the atomic struc-
ture of catalysts and directly identify active sites, and use
the intrinsic properties of atoms to predict the physical/
chemical properties of materials, gradually becoming an
irreplaceable aid in experiments [154,155]. He et al. used
MW-assisted dielectric activation of a dual-responsive Co/
Fe carbon-based catalyst (CoFe/NC-3) to activate peroxyni-
trite to achieve an efficient degradation of DTZ, with a
degradation rate of up to 100% within 6min. The Fukui
exponential isosurface and Fukui function of DTZ were
calculated by the density flooding method to verify the
degradation pathway of DTZ [151]. Wang et al.’s team pre-
pared an iron-based magnetic nanomaterial and applied it
to the MW-catalyzed degradation of NOR, and the degrada-
tion pathway of NOR in this system was hypothesized by
DFT calculations [156].

For iron-based catalysts, the main parameters to be
considered in the calculations include exchange-
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correlation functional, basis set, pseudopotential, spin
polarization, and dispersion correction [157–161]. At pre-
sent, in the study of MW-iron-based catalyst systems,
some works have been carried out with the help of DFT
calculations to analyze the reaction mechanism and pre-
dict the catalytic performance, etc., but the exploration of
the specific parameters of the DFT used (generalized func-
tion, basis group, etc.) has not been involved. Key para-
meters such as the electronic structure, adsorption energy,
and reaction energy barriers of the iron-based catalysts
were predicted by DFT calculations, which provided a the-
oretical basis for the experimental design in terms of the
optimization of Fe–O bonding, O2 activation mechanism,
and the enhancement of MW absorption performance,
according to Pan et al. For example, the adsorption energy
and reaction energy barriers of O2 for Fe3C materials with
different oxygen doping amounts (FeCO-1, FeCO-2, FeCO-3)
were calculated by DFT. The results showed that the O2

adsorption energy of FeCO-2 was higher than that of Fe3C
and reduced the Gibbs free energy for the conversion of O2

into superoxide radical ( −
O

2), so FeCO-2 was preferred as the
catalyst in the subsequent experiments. The subsequent degra-
dation performance experiments verified that FeCO-2 could be
generated −

O
2 efficiently in the MW field and realized the rapid

degradation of pollutants. In addition, DFT calculations
revealed that the introduction of Fe–O bonding changes the
electronic structure of Fe3C, reduces the material band gap,
and lowers the conduction band potential to −0.58 V (vs
NHE), which is lower than the standard potential of O2/ −

O
2

(−0.33 V), theoretically allowing photogenerated electrons to
reduce O2 to −

O
2 . Combined with the experimental cyclic vol-

tammetry and electrochemical impedance spectroscopy
results, FeCO-2 is more electrochemically active and has a
lower resistance to electron transfer, confirming the
mechanism of electronic structure optimization predicted by
DFT [162]. Yuan et al. [163] speculated the possible reactions in

the intermediates by DFT calculations, calculated the Gibbs
free energies of the reduction of *Cr2 −

O
7

2 to CrO3H3 on the
catalyst surface, and made a DFTmodel structure of the reduc-
tion kinetics of Cr(VI): the free energy level diagrams (Figure 7),
which revealed, from the atomic scale, the relationship
between Cr(VI) groups and the ZnFe2O4 under positive and
negative electric fields, and combined with the experimental
results, the rational mechanism of MW-catalyzed Cr(VI) reduc-
tion was finally revealed [163].

Combining the existing research, the application of density
generalization to mechanisms can be enhanced in two ways.
First, the microscopic mechanism modeling of the hot spot
region is carried out. The active sites on the catalyst surface
are analyzed, the typical crystal surface model of iron-based
catalysts is constructed, defects such as oxygen vacancies are
introduced, and the electronic density of states under the
equivalent conditions of MW fields is calculated to analyze
the effect of the d-band center shift of iron atoms on the activa-
tion of active sites. And the reaction paths and energy barriers
are calculated. Second, the temperature-reaction rate constant
correlation model is established through variable temperature
DFT calculations, which is combined with equivalent electric
field simulations to reveal the synergistic mechanism of MW
nonthermal and thermal effects [164–166]. DFT has not yet been
fully applied to MW iron-based catalyst systems to explain the
mechanisms and pathways, so it is still a long-term process to
further carry out and improve the theoretical calculations, and
ultimately to realize the theory-guided practice.

5.6 Feasibility assessment of MW iron-based
catalytic systems

The MW iron-based catalytic system can efficiently degrade a
variety of environmental pollutants through the synergistic
effect of MWs and iron-based catalysts, and it shows certain

Figure 7: DFT model structure of Cr(VI) reduction kinetics: free energy level diagram. Reproduced from Yuan et al. [163] with permission from Elsevier.
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advantages in energy consumption and chemical costs, for
example, in the treatment of nitrobenzene wastewater, the
MW-assisted iron-based catalyst system can achieve high
degradation efficiency in a short period of time, and the
power consumption is significantly reduced compared with
the traditional heating method, which indicates that the MW
iron-based system has certain technical advantages [167]. In
addition, rational optimization of MW parameters (e.g.,
power, radiation time) and catalyst dosage can reduce che-
mical costs. In the MW iron-based catalyst system for treating
environmental pollutants, the cost estimation is mainly car-
ried out in terms of chemical cost and power demand. Taking
the removal of pollutants from water as an example, the
following equations can be used to determine the power
consumption and operating costs [110]:

( ) =
×

×
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(17)
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− ×
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where C0 and Ce represent the initial and final concentra-
tions of pollutants, respectively, Pr represents the amount
of pollutants removed, Eχ represents the energy, Cτ repre-
sents the cost of chemicals, and V represents the volume of
contaminated water samples (in liters).

In practical applications, factors such as catalyst stabi-
lity and regeneration, complexity of regulating reaction
conditions, equipment design and scale-up challenges,
initial investment and operating costs, and applicability
to actual working conditions may limit the effectiveness
of MW iron-based catalyst systems in treating pollutants.
The choice of this technology needs to be made in the
context of the cost of the system and practical factors.

5.7 Combined techniques for enhanced MW
catalysis

As mentioned earlier, MW-iron-based catalyst processes
have been coupled with persulfate-based advanced oxida-
tion processes, Fenton/Fenton-like processes for the

treatment of specific types of pollutants, and the addition
of catalysts can further activate the MW coupling of the
above systems [21].

Different technical means complementing each other
can achieve better results. photocatalytic technology is con-
sidered a mature technology, but the process of water
treatment can only deal with high transparency of the
low concentration of organic wastewater, for high concen-
tration of organic wastewater or turbid wastewater needs
to carry out effective pre-treatment. Whereas MW catalytic
technology can treat turbid, colored, highly concentrated
organic wastewater without any pretreatment and can
shorten the treatment time, the combination of the two
technologies may be an effective way to treat different
concentrations of organic pollutants in water quickly and
thoroughly. Wang et al. constructed a novel Z-type SrTiO3/
MnFe2O4 catalytic system with MW-ultraviolet (MW-UV)
dual-responsive activity for the degradation of tetracycline
pollutants in water. The results showed that the catalyst
exhibited high catalytic activity under the MW-UV system,
and the MW plasma generated in the system accelerated
the electron transfer and the separation of −

e – +
h pairs,

which promoted the redox capacity and the degradation
of the organic pollutants, the SrTiO3/MnFe2O4/MW-UV
showed promising results, with ˙OH playing a significant
role, and the overall indicated that the SrTiO3/MnFe2O4/
MW-UV has good potential in treating different concentra-
tions of antibiotics in wastewater is promising [168].

6 Summary and outlook

This article reviews the research progress of Fe-based cat-
alysts used for MW catalysis to remove relevant pollutants,
briefly introduces the preparation methods and character-
ization techniques of Fe-based catalysts, summarizes the
reaction devices and treatment objects of Fe-based cata-
lysts for the treatment of environmental pollutants assisted
by MW, and evaluates the effects of pH, inorganic anions,
MW irradiation intensity and time, temperature, reusa-
bility and stability of catalysts on the pollutant treatment
effect. The use of DFT in the treatment of environmental
pollutants with iron-based catalysts under MW irradiation
is described, as well as the enhanced effects of MV in com-
bination with other technologies. However, the study of
iron-based catalysts in MW catalysis is not yet in-depth,
and many challenges deserve further work. The following
recommendations are made for future work:
(1) Prioritize the development of efficient and economical

iron-based catalysts. The type and morphological
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structure of catalysts are the key factors affecting their
performance. At present, there is still room for
improvement of iron-based catalysts in terms of
activity and cost. In the future, we should focus on
exploring new synthesizing methods and precisely con-
trolling the structure of catalysts to make them have a
larger specific surface area and more active sites. At
the same time, doping modification of the catalysts is
carried out to regulate the electronic structure of the
catalysts by introducing transition metal elements (e.g.,
cobalt, nickel) or non-metallic elements (e.g., nitrogen
and phosphorus), so as to develop MW iron-based cat-
alysts with higher catalytic activity and selectivity.

(2) In-depth investigation of the interaction mechanism
between MW irradiation and iron-based catalysts. At
present, the interaction mechanism between MW and
iron-based catalysts is still unclear, and many mechan-
isms and treatment pathways are mostly speculative;
there are controversies about the thermal and non-
thermal effects of MW, which limit the further optimi-
zation and application of this technology. Therefore,
advanced characterization techniques, such as in situ
Raman spectroscopy, should be used to monitor the
structural changes and reaction processes of catalysts
under MW irradiation in real time. At the same time,
the application of DFT should be further deepened to
gain a deeper understanding of the interaction
mechanism between MW and catalysts at the atomic
and molecular levels.

(3) Optimization of the reaction device. In practical appli-
cations, the reactor has a large impact on the perfor-
mance of the catalyst and the final treatment effect;
however, the research on MW reactors is relatively
lagging behind compared with the progress made in
MW technology. In the future, more investment should
be made to develop new types of MW reactors that can
be used under different conditions, such as designing
reactor lining materials with efficient MW absorption
and energy conversion capabilities, optimizing the MW
field distribution in the reactor, and improving the
utilization of MW energy. At the same time, the scal-
ability and ease of operation of the reactor should be
considered so that it can be adapted to different appli-
cation scenarios from small trials to industrial scale,
thus improving the efficiency of pollutant treatment
and promoting the industrialization process.

(4) To study the coupling of auxiliary technologies such as
photo-radiation, electrochemistry, and plasma with
iron-based MW catalytic technology. Although MW
radiation itself can significantly improve the proces-
sing efficiency of the catalytic system, there is still

room for further enhancing the system performance.
In future studies, the coupling of iron-based MW cata-
lytic technology with other means can be considered.
For example, combining with light irradiation tech-
nology to utilize the synergistic effect of photogener-
ated carriers and MW to enhance the catalyst activity;
introducing electrochemical assistance to improve the
mass transfer efficiency and reaction rate of pollutants
through the modulation effect of electric field; or cou-
pling with plasma technology to utilize the higher elec-
trons and free radicals generated by plasma to further
enhance the degradation process of pollutants.
Through the combination of multiple technologies,
the benefits can be maximized, and the application
range and treatment capacity of the technology can
be expanded.

(5) Expanding the scope of treatment objects. At present,
the research of MW iron-based catalysts is mostly
focused on the experimental treatment of organic was-
tewater, while it is less applied in other important
environmental fields such as air purification and
solid-waste resource utilization. In the future, the
research field should be further expanded to gradually
realize practical applications. For example, in the field
of air purification, the removal effect of volatile
organic compounds and fine particulate matter
(PM2.5) should be investigated; and in the field of solid
waste recycling, efficient treatment processes should
be developed for the recovery of valuable components
from solid waste, so as to give full play to the compre-
hensive environmental benefits of this technology.

(6) Focus on the toxicity evaluation of by-products in the
system. Although MW-Fe-based catalysts can achieve
high pollutant removal rates under specific condi-
tions, some by-products may have higher toxicity
than the original pollutants themselves, which is
potentially harmful to the environment. Therefore,
the toxicity of the by-products in the system needs
to be closely monitored in future studies. Advanced
analytical methods, such as LC-HRMS and gas chro-
matography–mass spectrometry, are used to qualita-
tively and quantitatively analyze the by-products. At
the same time, a comprehensive toxicity evaluation
system, including biological toxicity testing and eco-
logical risk assessment, is established to ensure the
safety and reliability of the treated environmental
media.
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