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Novel ferromagnetic CuFe2O4/Cu as a
highly active catalyst for microwave-
Fenton-like reaction
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To overcome the short retention time in small-scale wastewater treatment plants, it is necessary to
develop processes with fast reaction rates. The microwave-Fenton-like reaction (MW-Fenton-like
reaction), which combines external energy and catalysts, provides a solution with rapid reaction rate
and high degradation efficiency. In this reaction, catalysts significantly influence decomposition
efficiency. Developing magnetic catalysts can simplify the separation process. In this study, the
superiority of copper-based metal oxides for the MW-Fenton-like reaction was confirmed through
comparative experiments of variousmetal oxides. Based on these findings, highly active CuFe2O4/Cu
particles were developed. The synthesized particles, with rough-surfaced solid-sphere morphology,
exhibited ferromagnetic properties and were completely separated using a laboratory-scale magnet.
CuFe2O4/Cu also showed high degradation over a wide pH range and achieved the highest
degradation rate at pH7. Furthermore, comparison of 4-nitrophenol (4-NP) degradation usingMWand
conventional heating demonstrated MW was superior in reaction rate, efficiency, and reusability.

According to the effluent discharge regulations enforced globally, it is
essential for wastewater generated by various industries such as pharma-
ceuticals, cosmetics, and textiles to be treated at wastewater treatment
facilities, which are predominantly small in scale1–5. However, these small-
scale facilities often face issues with treatment efficiency due to short
hydraulic retention times6. Tomeet the increasingly strict effluent standards,
there is a direct need to address the constraints of limitedhydraulic retention
time and improve treatment efficiency.

In industrial wastewater treatment, one of the most widely used
reactions is the Fenton reaction, which is particularly effective in degrada-
tion of refractory organic pollutants7. This reaction is classified as an
advanced oxidation process (AOP), a group of chemical treatmentmethods
that generate highly reactive radicals—such as hydroxyl (∙OH) or sulfate
(∙SO4⁻) radicals—to non-selectively oxidize andmineralize a broad range of
organic contaminants8. In the Fenton reaction, contaminants are degraded
by radicals generated by the reaction between Fe2+/Fe3+ and H2O2

9. How-
ever, since a strongly acidic environment (pH<3) is needed for the efficient
degradation of pollutants, pH adjustment processes and a large quantity of
chemicals are required to match both the optimal process pH and the
effluent discharge regulations pH10,11. Moreover, the Fenton reaction pro-
duces iron sludge, necessitating additional processes and treatment costs for
removal12. To address the issues of pHdependence and sludge generation in

the Fenton reaction, the Fenton-like reaction has been studied by replacing
Fe2+/Fe3+with an insoluble solid catalyst13. Furthermore, recent researchhas
been conductedon the introducing external energy sources into the Fenton-
like reaction, not only to overcome the limitations of the Fenton reactionbut
also to enhance the reaction kinetics14,15. External energies, such as micro-
waves (MW), light, and vibrations, play a role in increasing the number of
reactant particles able to overcome the activation energy barrier16,17. MW,
which refers to electromagnetic fields with frequencies ranging from
300MHz to 300GHz, is gaining attention for its rapid heating, non-contact
heating, and the formation of hotspots with temperatures higher than their
surroundings18,19. Moreover, MW reduces the amount of energy required
per unitmass (W/g) for processing as the total mass being treated increases,
regardless of the process type, equipment used, or operating conditions20.
This indicates that the efficiency ofMWincreaseswith scale, highlighting its
practical feasibility for large-scale processing operations. The combination
of MWwith an appropriate catalyst enables rapid heating rates and lowers
the activation energy, leading to accelerated treatment speeds and high
degradation efficiency21,22.

To achieve high activity in MW-Fenton-like reactions, the catalyst
must have a highMW absorption capacity and strong intrinsic reactivity of
Fenton-like reaction. Various studies over the past decade have confirmed
the high reactivity of Cu-based catalysts in MW-Fenton-like reactions23–54.
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A table summarizing these studies is attached in Supplementary informa-
tion (Supplementary Table 1). Wang et al. and Iboukhoulef et al. used Cu2+

ions as catalysts for the MW-Fenton-like reaction23,24. Additionally, solid-
phase Cu-based oxides such as CuO, Cu2O, CuFeO2, CuCo2O4, and Cu-Ni
bimetallic oxide have also been studied as catalysts for theMW-Fenton-like
reactions25–32,34,36. Cu-based catalysts integratedwith carbon-basedmaterials
like graphene oxide, activated carbon, and biochar to enhance MW
absorption capacity have also gained attention for MW-assisted
processes41–43,45–55. While these Cu-based catalysts exhibit excellent degra-
dation efficiency and fast reaction rates, they present challenges in separ-
ating the catalysts after the degradation process56. Developing magnetic
particles such as MFe2O4 (where M = Fe, Cu, or Co) addresses these chal-
lenges by allowing for easy separation under a magnetic field27,33,37,40,45,52.
Magnetic separation can simplify the process, reduce separation time, and
promote the reuse of catalysts57,58.

CuFe2O4 is gaining attention as a catalyst for MW-Fenton-like reac-
tions due to its intrinsicmagnetic properties and the presence of catalytically
active copper species.CuFe2O4, a spinel ferrite nanoparticle (SFNP)with the
general formula AB₂O₄, exhibits excellent magnetic and structural stability,
and its properties can be tailored by adjusting synthesis and calcination
conditions59,60. Bose et al. synthesized a nanoflower-shaped catalyst by
loading CuFe2O4 onto MoS2 to enhance MW absorption capacity33. Xiao
et al. loaded CuFe2O4 onto powdered activated carbon (PAC) to improve
the catalyst’s stability40. Yao et al. developed CuFe2O4/reduced graphene
oxide (CuFe2O4/rGO), taking advantage of the high electronic conductivity
of rGO to enhance the redox cycle in MW-Fenton-like reactions44. These
CuFe2O4-based catalysts can be used under various pH conditions, but they
exhibit optimal efficiency in strongly acidic environments and tend to show
decreased efficiency after several repeated reactions.

In this study, to enhance the efficiency of CuFe2O4, a spherical
CuFe2O4/Cu composite incorporating a zero-valent copper (Cu0) phase,
recognized for its strong reactivity toward organic pollutant removal, was
synthesized61. 4-NP, a phenolic compound commonly found in pesticides,
dyes, and pharmaceuticals, was used as a model pollutant to assess the
degradation performance of the synthesized catalyst62. Control experiments
were conducted to evaluate the degradation performance under various
experimental conditions and to determine the 4-NP degradation pathway.
The synthesized CuFe2O4/Cu showed optimal efficiency at neutral pH,
eliminating the need for pH adjustment. Additionally, when comparing the
activation of the catalyst using MW and conventional heating, only the
MW-activated catalyst demonstrated complete reusability.

Results
Reactivity of metal oxides as catalysts for MW-Fenton-like
reaction
MW energy absorbed by the catalyst can be converted into other forms of
energy and used in the Fenton-like reaction. Therefore, MW absorption
capacity of the catalyst is a key factor in selecting an appropriate catalyst for
the MW-Fenton-like reaction. MW absorption is achieved through
mechanisms such asmagnetic loss anddielectric loss, among others63.Metal
oxides, which primarily rely onmagnetic loss, are notablematerials forMW
absorption64. Previous research has shown that MW absorption capacity
improves as the number ofmetal components and the structural complexity
of metal oxides65. While many studies has focused on the influence of metal
component number and morphology, more investigation is required to
understand the impact of different metal types55,66. To investigate the
degradation rates based onmetal types, an experimentwas conducted using
21 different commercial metal oxides to degrade 4-NP (Fig. 1). A variety of
metals were used, including an alkaline earth metal (Mg), transition metals
(Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Y, Zr, Nb, and Hf), lanthanides (La, Ce, and
Gd), and post-transitionmetals (Al, Sn, and Bi). To account for surface area
differences due to size, the hydrodynamic diameter was measured at pH 7
(Supplementary Fig. 1). The particle sizes ranged from 406 nm to 4.947 μm,
contributing to variability in surface area among the samples. Among the 21
different metal oxides, copper oxide was the only material to exhibit

significant efficiency by degrading the majority of 4-NP within 10min,
despite variations in surface area. Despite not having the largest surface area
or the highest MW absorption capacity, copper oxide exhibited high effi-
ciency, likelydue to its strong reactivity in theFenton-like reaction55,65. These
results indicate that the reactivity of the catalyst in theFenton-like reaction is
as equally important asMWabsorption capability.Whilemagnesiumoxide
demonstrated a relatively high degradation rate, it failed to achieve complete
degradation of 4-NP.Additionally, a significant loss of catalystwas observed
in the reactor following the reaction. This observation indicates that catalyst
dissolution occurs during the reaction, confirming the extremely low sta-
bility and reusability of magnesium oxide. Considering the stability and
degradation efficiency of the catalysts, copper oxide appears to be the most
suitable choice for MW-Fenton-like reactions.

A dual-phase CuFe2O4 was synthesized by modifying the magnetic
compoundCuFe2O4.ByaddingCTABandadjusting theheating temperature
(300 °C or 350 °C) and gas conditions (Ar or O2), CuFe2O4, CuFe2O4/Fe2O3,
and CuFe2O4/Cu were synthesized. In contrast, CuFe2O4/CuO was synthe-
sized under similar condition without using CTAB. All four synthesized
CuFe2O4 samples exhibited a spherical shape.The surfactantCTABacted as a
template, resulting in CuFe2O4, CuFe2O4/Fe2O3, and CuFe2O4/Cu being
approximately 40% smaller in size compared to CuFe2O4/CuO (Supple-
mentary Fig. 2). XRD measurements revealed that all samples displayed
peaks corresponding to CuFe2O4 (Fig. 2). In addition, CuFe2O4/Fe2O3,
CuFe2O4/Cu, and CuFe2O4/CuO showed additional peaks corresponding to
Fe2O3, Cu, and CuO, respectively. When O2 or air was used as the synthesis
atmosphere, additional metal oxide phases such as Fe2O3 or CuO were pre-
sent. However, when Ar was used, only single-phase CuFe2O4 or additional
metallic Cu phases were observed. This phenomenon is likely due to the lack
of oxygen in the gas atmosphere.

Since catalysis occurs on the surface of the catalyst, the hydrodynamic
diameter serves as a critical parameter influencing the accessible surface
area. CuFe2O4, CuFe2O4/Fe2O3, and CuFe2O4/CuO have comparable
hydrodynamic diameters, while CuFe2O4/Cu has a larger hydrodynamic
diameter, leading to a relatively smaller surface area (Supplementary Fig.
3a). Despite the smaller surface area, CuFe2O4/Cu exhibited a faster
degradation rate of 4-NP compared to CuFe2O4, CuFe2O4/Fe2O3, and
CuFe2O4/CuO (Supplementary Fig. 3b). The elevated degradation rate of
CuFe2O4/Cu is attributed to efficient electron transfer driven by the pre-
sence of copper in multiple oxidation states67. Based on these experimental
results, subsequent experiments focused on CuFe2O4/Cu as the primary
catalyst. TEM images revealed that CuFe2O4/Cu has a solid spherical

Fig. 1 | Degradation of 4-NP by MW-Fenton-like reaction with various mono-
metallic oxide (Initial experimental condition: Cat. 200 ppm, H2O2 300 ppm, 4-NP
10 ppm, 20 °C, pH 7, and 200W).
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structurewith a rough surface (Fig. 3a, b). The rough surface could be one of
the factors increasing the surface area, thus enhancing the reactivity with
H2O2

68. The crystallinity of CuFe2O4 in CuFe2O4/Cuwas also confirmed by
high-magnification TEM images showing a 0.252 nm interplanar spacing,
corresponding to the (311) plane of CuFe2O4 (Fig. 3c). Additionally, the
uniformdistribution of all elements confirmed that theCu peak observed in
the XRD pattern did not originate from copper clusters (Fig. 3d–g).

An experiment was conducted to compare the efficiency of the syn-
thesized CuFe2O4/Cu with commercial products (Fig. 4a). As commercial
CuFe2O4/Cuwasnot available, an indirect comparisonwas conductedusing
commercial CuO, Fe3O4, and CuFe2O4. The commercial Fe3O4 showed a
degradation rate of less than 50% even after 10min of reaction, whereas the
copper-containing commercial CuO and CuFe2O4 degraded most of the
4-NP. Additionally, the synthesized CuFe2O4/Cu demonstrated the highest
efficiency, despite having a particle size more than four times greater than
the commercial CuFe2O4. This suggests that the synthesized CuFe2O4/Cu
exhibits high efficiency due to the synergistic effect between Cu0 and
CuFe2O4, despite its simple structure and large size. Furthermore, the
synthesized CuFe2O4/Cu based on magnetic CuFe2O4 was expected to
possess magnetism, which was confirmed through experimentation
(Fig. 4b). The magnetic property was easily observed by separating the
catalyst in DI water using a magnet, and also confirmed by the SQUID
measurement at 295K. The saturation magnetization value of the synthe-
sized particles was found to be 37.018 emu/g, and the irreversible narrow
hysteresis loop indicated that the CuFe2O4/Cu is a soft magnetic material.

Effect of reaction factor on MW-Fenton-like reaction
The removal of 4-NP can occur through various pathways, including the
self-decomposition of H2O2, adsorption by CuFe2O4/Cu, and Fenton-like
reaction. Experiments were performed to evaluate the impact of MW
irradiation on 4-NP removal in each reaction pathway (Fig. 5). The self-

decomposition of H2O2, adsorption by CuFe2O4/Cu, and the Fenton-like
reaction achieved degradation rates of 0, 10, and 26%, respectively. While
MW alone was unable to degrade the contaminant, its incorporation
enhanced the degradation rates in all cases. In particular, the addition of
MW to the Fenton-like reaction resulted in the greatest enhancement in
both degradation efficiency and reaction rate. The majority of 4-NP was
degraded within 5min under MW irradiation. These results indicate that
the majority of 4-NP degradation during the MW-Fenton-like reaction is
driven by the Fenton-like reaction itself, rather than by the self-
decomposition of H2O2 or adsorption by CuFe2O4/Cu.

The concentration of 4-NP, MW power, CuFe2O4/Cu concentration,
H2O2 concentration, initial solution temperature, and pH are factors that
influence the efficiency of the MW-Fenton-like reaction. To determine the
optimal reaction conditions, experiments were conducted to assess the
effects of these variables. The impact of pollutant concentration was
investigated by measuring degradation rates across a range of 5–80 ppm
(Fig. 6a). Complete degradation was observed within 5min for 5 ppm and
10 ppm, while concentrations of 20 ppm or higher required 6min. The
degradation rate decreased as the pollutant concentration increased, likely
because the amount of generated ∙OH was limited. The amount of energy
applied influences the number of reactant particles that can overcome the
activation barrier, as shown in Fig. 6b. Degradation of 4-NP took 5, 3, 3, 2,
and 2min at 200, 400, 600, 800, and 1000W, respectively. Although the
reaction time decreased with increasing MW power, 200W provided the
best efficiency considering the total energy input required for complete
degradation. The concentration of CuFe2O4/Cu affects the number of active
sites available, so degradation performance was evaluated over the range of
20–400 ppm (Fig. 6c). To account for potential catalyst aggregation at high
concentrations, hydrodynamic diameter measurements were also taken
(Supplementary Fig. 4). The hydrodynamic diameter significantly increased
from 20 ppm to 200 ppm and remained relatively constant above 200 ppm.
The time required for 4-NP degradation at different catalyst concentrations
was 9min for 20 ppm and 40 ppm, 7min for 100 ppm, and 5min for 200
ppm and higher. The increase in reaction rate with catalyst concentration
was likely due to the increase in active sites outweighing the decrease in
surface area caused by aggregations.

A controlled experiment was carried out to investigate the impact of
H2O2 concentration on the decomposition rate (Fig. 6d). Before the main
experiment, an experiment was conducted to account for the impact of
H2O2 self-decomposition, as shown in Supplementary Fig. 5. The highest
degradation rate due to self-decomposition was observed at 100 ppm,
reaching 47%, indicating thatH2O2 alone cannot completely degrade 4-NP.
However, the combination of CuFe2O4/Cu with H2O2 resulted in sub-
stantial degradation. The reaction rate increased when the H2O2 con-
centration was raised from 100 ppm to 200 ppm. However, concentrations
of 300 ppm or higher resulted in longer degradation times and a slight
decrease in 4-NP removal efficiency. The decreased degradation rate,
despite higher H2O2 concentrations, is likely due to the occurrence of side
reactions whereH2O2 acts as a scavenger of ∙OH(Eqs. 1 and 2)69. These side
reactions not only consume two ∙OHperH2O2molecule but also reduce the
amount of H2O2 available for generating ∙OH, effectively consuming four
∙OH per side reaction.

H2O2 þ �OH ! �HO2 þH2O ð1Þ

�OHþ �HO2 ! H2Oþ O2 ð2Þ

As theMW-Fenton-like reactionproceeds, theheating effect causes the
solution temperature to reach the boiling point of water (100 °C) (Supple-
mentary Fig. 6). Since the solution temperature can affect the degradation
rate by modifying the activation energy, experiments were carried out to
examine its influence. It was impossible tomaintain a constant temperature
throughout the reaction time due to the structure of the batch experimental
system. Therefore, experiments were conducted by varying the initial
solution temperature from 20 °C to 100 °C (Fig. 6e). The increase in the

Fig. 2 | XRD of synthesized copper iron oxide: CuFe2O4, CuFe2O4/Fe2O3,
CuFe2O4/Cu, and CuFe2O4/CuO. The peaks of Fe2O3, Cu, and CuO were repre-
sented by yellow stars, brown circles, and pink diamond symbols, respectively.
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initial solution temperature from 20 °C to 100 °C resulted in a reduction in
activation energy, thereby enhanced the degradation rate of 4-NP. Fur-
thermore, kinetic analysis based on the initial solution temperatures
revealed that the reaction follows pseudo first-order kinetics, and the rate
constant increases with rising initial solution temperature (Supplementary
Table 2). To isolate the effect of increased temperature and examine the
impact of MW-specific characteristics, such as hotspot generation, 4-NP
degradation experiments were conducted using conventional heating
(Supplementary Fig. 7).When the energy source was changed fromMW to
conventional heating, the trend of increased decomposition rate and speed
with increasing initial solution temperature remained consistent. At an
initial solution temperature of 100 °C,where the effect of increasing solution
temperature is negligible, the time required for complete degradation of
4-NP was 3min for MW and 6min for conventional heating, respectively.
These results suggest that hotspot generation positively impacts the
degradation process and thatMW serves as amore efficient external energy
source for catalyst activation compared to conventional heating.

The solution pH is a factor that affects the interaction between 4-NP
and CuFe2O4/Cu. The pKa value of 4-NP is 7.15, indicating that the 4-NP
form is predominant below this value, while the 4-nitrophenolate form
becomes dominant above it70. The point of zero charge (PZC) for CuFe2O4/
Cu is at pH9,whichmeans the surface is positively charged below this value,
neutral at pH 9, and negatively charged above it (Supplementary Fig. 8).
Additionally, the zeta potential decreases with increasing pH, leading to a
sharp increase in the hydrodynamic diameter of CuFe2O4/Cu above pH 8.
The interaction between 4-NP and CuFe2O4/Cu was quantitatively con-
firmed through adsorption experiments of 4-NP at different pH values
(Supplementary Fig. 9). At pH4–7, the attractive forces between the positive
charge on CuFe2O4/Cu and the electron-donating groups of 4-NP result in

high adsorption. However, from pH 8 onwards, the decreasing surface area
leads to a reduction in adsorption. At pH 10, adsorption is negligible due to
electrostatic repulsion between CuFe2O4/Cu and 4-NP, as well as a further
reduction in surface area. When the decomposition rate was examined at
different pH values, rapid decomposition was observed at pH 4, but 4-NP
could not be completely decomposed (Fig. 6f). The decomposition rate
increased at pH levels between 5 and 7, with the most efficient performance
observed at pH 7. Above pH 8, the decomposition rate decreased due to a
reduction in surface area caused by catalyst aggregation. The MW-Fenton-
like reaction cycle,which regenerates inactive forms into active forms, is a key
factor in the generation of reactive oxygen species (ROS) and is influenced by
both H+ and OH− (Eqs. 3–6)71. Under neutral and near-neutral conditions
(pH 7 and 8), the high degradation rates are likely due to the similar con-
centrations of H+ and OH−, which promote efficient operation of the cycle.

Recycle of CuFe2O4/Cu
Under optimal conditions (CuFe2O4/Cu 200 ppm,H2O2 200 ppm, 4-NP10
ppm, 90 °C, pH 7, and 200W) identified from previous experiments, the
reusability of CuFe2O4/Cu was examined. It was observed that the
decomposition rate remained consistent even after five cycles of the MW-
Fenton-like reaction (Fig. 7a).Additionally, TEM images confirmed that the
structure of the catalyst wasmaintained after five reactions (Supplementary
Fig. 10). However, when conventional heating was used as an external
energy source, the decomposition rate significantly decreased over the five
cycles (Fig. 7b). TEM images revealed a reduction in catalyst density after
repeated heat-Fenton-like reactions. This density reduction is believed to be
due tometal leaching,which likely caused thedecrease in the decomposition
rate. ICP-OESmeasurements confirmed that the Cu leaching in the 1st cycle
of the MW-Fenton-like reaction was 1.27mg/L, which meets the US EPA

Fig. 3 | Characterization of CuFe2O4/Cu by TEM.
a–c TEM images of CuFe2O4/Cu and EDS mapping
images of d C, e O, f Fe, and g Cu in CuFe2O4/Cu.
EDS mapping images share the same scale bar.
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effluent standard (1.3mg/L) (Supplementary Table 3)72. In contrast, the Cu
leaching in the 1st cycle of the heat-Fenton-like reaction was 4.13mg/L,
exceeding the standard. Both MW and heat conditions resulted in the
highest Cu leaching in the 1st cycle, with decreasing amounts in subsequent
cycles. Notably, in MW system, Cu leaching from the 2nd cycle onward was
approximately 10% of the 1st cycle value and was considered negligible. For
Fe, the leaching was 0mg/L under all conditions, likely because the leached
Fe formed precipitates that were filtered out during the solid separation
process73.

The catalyst’s surface composition before and after the MW-Fenton-
like reaction was analyzed using XPS. It was confirmed that there were no
significant changes in the peaks of the XPS spectra despite the repeated
reactions, as shown in Fig. 8a. In theCu 2p spectra, peaks forCu+, Cu2+, and
the satellite were observed at 933.3, 934.9, and 943.0 eV, respectively. As the
reaction progressed, Cu+ increased from 25.0% to 59.7%, while Cu2+

decreased from 48.8% to 23.1% (Fig. 8b). In addition, the Raman spectra
showed the intensity changes of Cu2O andCuO, which corresponded to the
XPS results (Supplementary Fig. 11)74. Despite the change in the Cu+/Cu2+

ratio, the degradation efficiency was not significantly affected. These results

indicate that the reduction of Cu2+ to Cu+ (Eq. 4) ismore prevalent than the
oxidation of Cu+ to Cu2+ (Eq. 3) and confirm that Cu+ acts as the active
species in the reaction.TheFe 2p spectra exhibitedpeaks at 710.8, 712.6, and
716.9 eV for Fe2+, Fe3+, and the satellite, respectively (Fig. 8c). During the
reaction, Fe2+ increased from 32.2% to 35.2%, and Fe3+ decreased from
53.9% to 50.5%, with the peak shifting towards the lower binding energy.
Basedon thepatternof changesobserved in theCu spectra, this suggests that
the reduction reaction of Fe ions (Eq. 6) is more dominant than the oxi-
dation reaction (Eq. 5). In contrast to Cu, which exhibited a change of over
20%, Fe showed only about a 5% change, demonstrating that Cu has amore
significant impact on 4-NP degradation than Fe. Peaks for lattice oxygen,
surface oxygen, and absorbed water oxygen were identified in the O 1s
spectra at 530.0, 531.3, and 532.2 eV, respectively (Fig. 8d). During the
repetition of reactions, the oxygen in the lattice decreased from 50.7% to
43.8%, while the oxygen on the surface increased from 28.6% to 33.8%. In
response to the peak shifts to lower binding energies observed in the Cu 2p
and Fe 2p spectra, it appears that oxygen in the lattice is released tomaintain
the neutrality of the catalyst. The detailed XPS parameters for the MW-
Fenton-like reaction samples can be found in Supplementary Table 4.
Unlike theMW-Fenton-like reaction, samples subjected to theheat-Fenton-
like reaction showed the disappearance of theCu peak after five cycles in the
Cu 2p spectra (Supplementary Fig. 12). The Raman spectra also showed a
huge intensity decrease of Cu2O and CuO compared to the MW-Fenton-
like reaction sample (Supplementary Fig. 11). The results fromXPS, Raman,
and ICP-OES consistently reveal significant Cu leaching during the heat-
Fenton-like reaction. The results indicate that the synthesized CuFe2O4/Cu
catalyst demonstrates high stability and efficiency even after repeated
reactions. Additionally, MW is demonstrated to be a more suitable external
energy source than conventional heating for maintaining the catalyst’s
stability.

Degradation of 4-nitrophenol by MW-Fenton-like reaction
In the process of removing 4-NP through the MW-Fenton-like reaction,
ROS generated by CuFe2O4/Cu include ∙OH, ∙O2

−, and h+. To investigate
the impact of each ROS on 4-NP degradation, trapping experiments were
conducted using DMSO, EDTA, and BQ (Fig. 9a). DMSO, EDTA, and BQ
were used as scavengers for ∙OH, h+, and ∙O2

−, respectively. Experimental
results indicated that the contributions to 4-NP degradation were in the
following order: ∙OH > h+ > ∙O2

−. In particular, trapping ∙OH resulted in a
decrease of approximately 80% in the degradation rate, suggesting that ∙OH
is primarily responsible for most of the degradation.

Fig. 4 | Degradation performance of commercial metal oxides and CuFe2O4/Cu
and magnetic property of CuFe2O4/Cu. a Degradation of 4-NP by MW-Fenton-
like reaction with commercial metal oxides and synthesized CuFe2O4/Cu (Initial
experimental condition: Cat. 200 ppm, H2O2 200 ppm, 4-NP 10 ppm, 20 °C, pH 7,
and 200W) and b Hysteresis loop of CuFe2O4/Cu at 295 K. The inserted picture
shows the separation of CuFe2O4/Cu dispersed in distilled water using a magnet.

Fig. 5 |Degradation of 4-NPwith respect to the combination ofMWandFenton-like
reaction (Initial experimental condition: Cat. 200 ppm, H2O2 200 ppm, 4-NP 10
ppm, 20 °C, pH 7, and 200W).
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The mechanism by which CuFe2O4/Cu generates ROS through the
MW-Fenton-like reaction is illustrated in Fig. 9b. CuFe2O4/Cu generates
∙OH and ∙O2

− through a Fenton-like reaction, where H2O2 acts as either an
oxidizing or reducing agent (Eqs. 3–6). In the control experiment investi-
gating the effects of pH, the pHvalues after the reaction showedadecreasing
trend at all pH levels except pH 4 (Supplementary Table 5). And, higher
degradation rates were observed under neutral and mildly basic conditions
(pH 7 and 8) (Fig. 6f). This suggests that the reactions in Eqs. 4 and 6, which
generate H+, play a more dominant role than those in Eqs. 3 and 5. Fur-
thermore, the decrease in the ratio of high-valentCu andFe (Cu2+/Fe3+) and
the increase in the ratio of low-valent Cu and Fe (Cu+/Fe2+) after the MW-
Fenton-like reaction also support this prediction (Fig. 8b, c). The ∙O2H
generated in Eqs. 4 and 6 is converted intoH2O2,O2, andOH

− throughEqs.
7 and8,with ∙O2

− acting as an intermediate29,75.MWhas lowenergy,making

it insufficient to break chemical bonds or excite electrons from the valence
band (VB) to the conduction band (CB)76. However, with the increase in
temperature and the formation of hotspots due to MW irradiation, the
possibility of electron excitation also increases (Eq. 9)77. The generated h⁺
and e− react with OH− and O2 to produce ∙OHand ∙O2

− (Eqs. 10 and 11)78.

Cuþ þH2O2 ! Cu2þ þ �OHþ OH� ð3Þ

Cu2þ þH2O2 ! Cuþ þ �O2HþHþ ð4Þ

Fe2þ þH2O2 ! Fe3þ þ �OHþOH� ð5Þ

Fe3þ þH2O2 ! Fe2þ þ �O2HþHþ ð6Þ

Fig. 6 | Degradation performance of 4-NP by MW-Fenton-like reaction
according to experimental factor. a Effect of 4-NP concentration, b Effect of MW
power, c Effect of CuFe2O4/Cu concentration, d Effect of H2O2 concentration,

e Effect of initial solution temperature, and f Effect of pH. Except for the control
factor, others were maintained under the following conditions: Cat. 200 ppm, H2O2

200 ppm, 4-NP 10 ppm, 20 °C, pH 7, and 200W.
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�O2H ! �O2
� þHþ ð7Þ

2 �O2
� þ 2H2O ! O2 þH2O2 þ 2OH� ð8Þ

Heated CuFe2O4=CuþMW ! hþin VBþ e�in CB ð9Þ

OH� þ hþin VB ! �OH ð10Þ

e� in CBþ O2 ! �O2
� ð11Þ

The ROS generated through the MW-Fenton-like reaction degraded
themajority of 4-NPwithin 5min and removed43%of TOCwithin 10min
(Supplementary Fig. 13). The reduction in TOC indicates that 4-NP was
degraded and ultimately mineralized to CO2(g). To investigate the degra-
dation pathway of 4-NP, LC-qTOF-MS analysis was performed at different
reaction times (Fig. 10). Significant peaks were observed at m/z = 87, 108,
and 138. The peak at m/z = 138 corresponds to the pollutant 4-NP, with its
intensity decreasing over time and disappearing after 5min. The peak at
m/z = 108 is likelydue tobenzoquinone (BQ) (m/z = 107) andhydroquinone

(HQ) (m/z = 109). When ∙OH attacks the C-4 position of 4-NP, NO₂ is
removed, producing HQ. HQ can be converted to BQ through a reversible
redox reaction79, and thepeakatm/z = 108mayarise fromhydrogenbonding
betweenHQandBQ80. ∙OHpreferentially attack the electrophilic sites ofHQ
and BQ, leading to aromatic ring cleavage. This process generates pyruvic
acid, a three-carbon compound, which is subsequently detected as a peak at
m/z = 87 in themass spectrum. Furthermore, pyruvic acid undergoes further
degradation by ∙OH, ultimately being mineralized into CO2. After 10min of
reaction, although 57% of the TOC remained in the solution, no peaks were
observed in the mass spectra. The small molecules formed from the degra-
dation of 4-NP, which are expected to contain 2 to 6 carbon atoms, were not
observed via LC-MS due to their rapid degradation and low concentration.
However, the mineralization process, in which these small molecules are
ultimately converted to CO2(g), is expected to occur at a slower rate in
comparison.

Discussion
In this study, magnetic CuFe2O4 was developed and synthesized into a
spherical formofCuFe2O4/Cu,whichwasused as a catalyst inMW-Fenton-
like reactions.Unlike Fe2+/Fe3+ typically used in highly acidic environments,
the synthesized CuFe2O4/Cu functioned effectively across a wide pH range
(4–10) and demonstrated the highest efficiency at neutral pH. Under the
optimal conditions as determined from control experiments (CuFe2O4/Cu
200ppm,H2O2 200ppm, 4-NP10ppm, 90 °C, pH7, and 200W), 4-NPwas
completely degraded. In repeated MW-Fenton-like reaction experiments
with magnetic separation, CuFe2O4/Cu maintained its degradation effi-
ciency. This contrasts with the significant decline observed in heat-Fenton-
like reaction experiments, demonstrating the superior catalyst stability
under MW conditions. These results suggest that CuFe2O4/Cu is a suitable
catalyst for MW-Fenton-like reactions and holds promise for effective
removal of various organic pollutants.

Methods
Materials
The cobalt(II, III) oxide nanopowder (<50 nm, 99.5%), copper(II) oxide
(<10 μm, 98%), iron(II, III) oxide (50–100 nm, 97%), copper iron oxide
(<100 nm, 98.5%), zirconium(IV) oxide, iron(III) oxide (<5 μm, ≥96%),
hafnium oxide (98%), niobium(V) oxide (99.9%), vanadium(V) oxide,
4-nitrophenol (ReagentPlus®, ≥99%), sodium hydroxide (ACS reagent,
≥97.0%), sodium bicarbonate (ACS reagent, ≥99.7%), hexadecyl-
trimethylammonium bromide (CTAB), ethylenediaminetetraacetic acid
(EDTA, ACS reagent), p-benzoquinone (BQ, reagent grade), and dimethyl
sulfoxide (DMSO, analytical standard) were purchased from Sigma-
Aldrich. Bismuth(III) oxide (99.0%), magnesium oxide, glycerol, H2O2

(34.5%), copper(II) nitrate trihydrate, iron(III) nitrate nonahydrate, and
HNO3 (68.0–70.0%) were obtained from Samchun. From Kojundo Che-
mical Laboratory, yttrium(III) oxide (7 μm, 99.9%), cerium(IV) oxide
(0.2μm,99.99%), chromium(III) oxide (3μm,99.9%), lanthanum(III) oxide
(99.99%), gallium(III) oxide (99.99%), and manganese(III) oxide (99.9%)
were purchased. Manganese(IV) oxide and nickel(II) oxide (99.0%) were
gained from Junsei Chemical. Aluminum oxide (135 nm, 99.9%) was pur-
chased from Any One Co., Ltd. TiO2 (99.9%) and Sn2O3 (99.9%) were
obtained fromGrandChemical &Material Co., Ltd. 2-Propanol was gained
from JT Baker. The deionized (DI) water used in the experiment was
ultrapure,with a resistanceof 18.2MΩ, sourced fromMilli-Qwater (C9209,
Millipore Sigma, USA).

Synthesis of CuFe2O4 sphere
CuFe2O4 spheres are synthesized using a solvothermalmethod81. 1mmol of
CTAB, 0.25mmol of Cu(NO3)2·3H2O, and 0.5 mmol of Fe(NO3)3·9H2O
are dissolved in a solution containing 80mL of isopropanol and 16mL of
glycerol. After stirring for 1 h, the solution was transferred to a 180mL
Teflon-lined stainless-steel autoclave and subjected to solvothermal treat-
ment at 180 °C for 6 h. The synthesized CuFe glycerate was washed three
timeswith ethanol and dried at 40 °C for 24 h. The driedCuFe glyceratewas

Fig. 7 | Recycling performance of CuFe2O4/Cu according to external energy type.
a Consecutive degradation runs of MW-Fenton-like reaction (Initial experimental
condition: Cat. 200 ppm,H2O2 200 ppm, 4-NP 10 ppm, 90 °C, pH 7, and 200W) and
b Consecutive degradation runs of heat-Fenton-like reaction (Initial experimental
condition: Cat. 200 ppm, H2O2 200 ppm, 4-NP 10 ppm, 90 °C, and pH 7).
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heat-treated in an Ar atmosphere, with a ramp-up rate of 12 °C/min to
350 °Candheld for 2 h toobtainCuFe2O4/Cu.By adjustingparameters such
as the volume ratio of isopropanol to glycerol (110:14), the presence of
CTAB, the solvothermal synthesis time (12 h), gas conditions (O2 or Air),
and the heating temperature (300 °C), different forms including spherical
CuFe2O4, CuFe2O4/Fe2O3, and CuFe2O4/CuO were obtained.

Characterization
Themorphology and size of the synthesizedCuFe2O4were analyzed using a
Field Emission Scanning Electron Microscope (FESEM, SU5000, HITA-
CHI, Japan) and aTransmissionElectronMicroscope (TEM,TecnaiG2F30
S-Twin, FEI, USA). X-ray Diffraction (XRD, MiniFlex600, Rigaku, Japan)
wasused to confirm the crystallinity ofCuFe2O4.Themagnetic propertiesof
the particles were verified through measurements with a Superconducting
Quantum Interference Device (SQUID, MPMS XL, Quantum Design Inc.,
USA) at 295 K. X-ray Photoelectron Spectroscopy (XPS, Sigmaprobe,
Thermo Fisher Scientific, UK) with a photon energy of 1486.6 eV (Al Kα)
was employed for both quantitative and qualitative surface analysis before
and after the experiment. Raman Spectroscopy (inVia Raman Microscope,
Renishaw, UK) with a 633 nm laser was used to identify the chemical bonds
features. A Dynamic Light Scattering instrument (DLS, Zetasizer Ultra Red
Label, Malvern Panalytical Ltd., UK) with a 10mWHe-Ne laser measured
the particle diameter and zeta potential in water. The amount of metal
leached after the reaction was determined using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES, ICPE-9000, Shimadzu,
Japan).The concentrationof 4-NPweremonitored at 400 nmusingUV-Vis
Spectrophotometry (Cary 60 UV-Vis Spectrophotometer, Agilent, USA)70.
The residual carbon content in the solution after the reaction was deter-
mined using Total Organic Carbon analysis (TOC, TNM-L, Shimadzu,
Japan). The intermediates formed during the decomposition of 4-NP were
analyzed using a LiquidChromatographyQuadrupole Time-of-FlightMass

Spectrometer (LC-QTOF-MS, impact II, Bruker, USA) with a C18 column
(100mm × 2.1mm, Intensity Sole2, Bruker, USA). The system operated in
negative electrospray ionizationmode,with a 30:70methanol:watermixture
flowing at 0.2mL/min.

Degradation of 4-nitrophenol
To investigate the effects of pH, CuFe2O4/Cu concentration, H2O2

concentration, pollutant concentration, initial solution temperature, and
MW power, a series of experiments were designed. All variables were
kept at baseline conditions (CuFe2O4/Cu 200 ppm, H2O2 200 ppm, 4-NP
10 ppm, 20 °C, pH 7, and 200W) except for the one being tested. A total
solution volume of 50mL was prepared in an Erlenmeyer flask, con-
taining CuFe2O4/Cu (20–400 ppm), H2O2 (100–1000 ppm), and 4-NP
(5–80 ppm) in DI water. The initial solution temperature (20–100 °C)
was set using an electric kettle (FLE-03C, Fellow, USA). An ultrasonic
bath (CPX2800H-E, EMERSON, USA) was used to disperse the
CuFe2O4/Cu particles in the solution. The pH of the solution (pH 4–10)
was adjusted using NaOH and HNO3 solutions prepared in three con-
centrations (0.01, 0.1, and 1M), with pHmaintained at an accuracy of ± 0.1.
The flask was placed in a microwave (MW23GD, LG Electronics Tianjin
Applications Co., Ltd., Korea) connected to a condenser. To prevent loss of
DI water due to temperature rise during the reaction, cooling water was
circulated through the condenser using a pump (75211-15, Cole-Parmer
Instrument Company, USA). TheMWpower (200–1000W) was adjusted,
and samples of 1.2mL were taken at 1-min intervals for a total reaction
time of 10min. The collected samples were centrifuged at 13,500 rpm for
2min using a centrifuge (MaXpin C-12mt, DAIHAN Scientific Co., Ltd.,
Korea) to separate the CuFe2O4/Cu particles. A clean supernatant of
0.6mL was mixed with 0.6mL of NaOH to prepare samples for UV-Vis
analysis. The concentration of 4-NP was determined by measuring the
absorbance at 400 nm70.

Fig. 8 | XPS spectra ofCuFe2O4/Cubefore, after 1 time, and 5 times ofMW-Fenton-like reaction. a Survey spectra andfine-scanned spectra ofbCu2p, cFe 2p, anddO1s.
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Effect of external energy type
To compare the efficiency of MW and conventional heating as
external energy sources, the MW reactor was replaced with a heating
mantle (100A-0406, Glas-Col, USA). All other experimental condi-
tions were kept constant, including CuFe2O4/Cu at 200 ppm, H2O2 at
200 ppm, 4-NP at 10 ppm, and pH 7. The initial solution tempera-
ture (20–100 °C) was set using an electric kettle. During the 10 min of
reaction time, the heating mantle and a temperature controller

(TXN-700, AS ONE, Japan) maintained the solution temperature
within ± 3 °C. The experimental procedures and measurements fol-
lowed the same protocols as the 4-NP degradation experiments
using MW.

Recycle of CuFe2O4/Cu
Under the optimal conditions determined from the 4-NP degradation
experiment (CuFe2O4/Cu 200 ppm, H2O2 200 ppm, 4-NP 10 ppm, 90 °C,
pH 7, and 200W), a catalyst recycling experiment was conducted. The
experimental procedure followed the same steps as the degradation
experiment, with an additional washing process between each of the five
reaction cycles to remove residual H2O2 and 4-NP. The washing process
was designed to minimize catalyst loss using a magnet. The catalyst
remaining in the microtubes was collected in an Erlenmeyer flask. The
catalyst was allowed to settle by gravity andmagnetic attraction, and then
immobilized using a magnet. Subsequently, 35mL of the supernatant was
removed and replaced with an equal volume of DI water. This washing
cycle was repeated 4 times. After the washing process, the sample was
prepared with a solution matching the optimal conditions for the next
cycle of the experiment.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Fig. 9 | ROS identification andproposedmechanism inMW-Fenton-like reaction
with CuFe2O4/Cu. a ROS trapping experiment of MW-Fenton-like reaction with
CuFe2O4/Cu (Initial experimental condition: Cat. 200 ppm,H2O2 200 ppm, 4-NP 10
ppm, 20 °C, pH 7, and 200W). DMSO, EDTA, and BQ are used as ∙OH, h+, and ∙O2

−

trapping reagents. b Scheme of mechanism that can generate ∙OH, h+, and ∙O2
−

during MW-Fenton-like reaction with CuFe2O4/Cu.

Fig. 10 | Mass spectrum of 4-NP with respect to the reaction time (Initial experi-
mental condition: Cat. 200 ppm, H2O2 200 ppm, 4-NP 10 ppm, 20 °C, pH 7,
and 200W).
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