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efficiency. In this work, magnetically recoverable Fe3 O4 -modified ternary CoFeCu-layered
double hydroxides (Fe3 O4 /CoFeCu-LDHs) was prepared by a simple co-precipitation method
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and initially applied to activate PMS for the degradation of Rhodamine B (RhB). X-ray diffrac-
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tion (XRD), fourier transform infrared spectrometer (FT-IR), scanning electron microscope

Fe3 O4 /CoFeCu-LDHs

(SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller method (BET), and

Peroxymonosulfate

vibrating sample magnetometer (VSM) were applied to characterize morphology, structure,

Rhodamine B (RhB)

specific surface area and magnetism. In addition, the effects of several key parameters were

High degradation efficiency

evaluated. The Fe3 O4 /CoFeCu-LDHs exhibited high catalytic activity, and RhB degradation

Heterogeneous catalyst

efficiency could reach 100% within 20 min by adding 0.2 g/L of catalyst and 1 mmol/L of PMS
into 50 mg/L of RhB solution under a wide pH condition (3.0-7.0). Notably, the Fe3 O4 /CoFeCuLDHs showed good super-paramagnetism and excellent stability, which could be effectively
and quickly recovered under magnetic condition, and the degradation efficiency after ten cycles could still maintain 98.95%. Both radicals quenching tests and electron spin resonance
(ESR) identified both HO• and SO4 •− were involved and SO4 •− played a dominant role on the
RhB degradation. Finally, the chemical states of the sample’s surface elements were measured by X-ray photoelectron spectroscopy (XPS), and the possible activation mechanism in
Fe3 O4 /CoFeCu-LDHs/PMS system was proposed according to comprehensive analysis.
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Introduction
Synthetic organic dyes such as Rhodamine B (RhB), mainly
aromatic and heterocyclic compounds, which are widely
used in textile, printing, cosmetics, food and other industries
(GilPavas et al., 2019; Wei et al., 2019; Zeng et al., 2018). Due
to their stable and complex chemical structure, high chroma,
strong toxicity and difficulty in biodegradation, the shortcomings of traditional treatment processes have become increasingly prominent. Therefore, the development of convenient, efficient, environmental and economic treatment technologies has become one of the most urgent environmental
problems. Several methods have emerged, such as adsorption
(Yao et al., 2020), membrane filtration (Li et al., 2021), biological treatment (Zhu et al., 2020) and advanced oxidation processes (AOPs) (Gao and Wang, 2021; Jiang et al., 2018; RamirezPereda et al., 2018), among which, AOPs have received increasing attention for their environmental friendliness, wide applicability and high efficiency in removing persistent pollutants.
The degradation of organic pollutants is mainly attributed
to oxidizing radicals such as SO4 •− and HO•. Recently, SO4 •−
has received more and more attention due to its higher redox potential (E0 = 2.5-3.1 eV), a wider range of optimum pH
and longer radical lifetime compared to HO• with E0 = 1.82.7 eV (Amanollahi et al., 2021). Peroxymonosulfate (PMS) is
widely used oxidizing agent through the activation of transition metals (Li et al., 2018; Ye et al., 2020b), heat (Luo et al.,
2020), alkali (Huang et al., 2019), chemical reagents (Zhou et al.,
2015), ultrasound (Lei et al., 2020) and UV (Wang et al., 2019b)
to produce SO4 •− and HO•. And transition metals have been
widely used due to their advantages of simplicity, low operating costs and high efficiency (Hou et al., 2019; Oh et al., 2016).
Among various transition metals for the activation of PMS,
cobalt ions (Co(II)) are considered to be one of the most effective components (Hu and Long, 2016). Iron ions (Fe(II), Fe(III)),
as well as their oxides with the advantages of being environmentally friendly and cost-effective, have been widely studied
(Wang et al., 2019a; Zhou et al., 2021). Compared with homogeneous catalysts, heterogeneous catalysts being more favorable
for recovery are more promising for practical applications.
Layered double hydroxides (LDHs), known as water talclike compounds or anionic clays, can be represented by the
general formula [M(II)1-x M(III)x (OH)2 ]x+ [Ax/n n− ]x− •mH2 O,
where M(II) and M(III) are the divalent and trivalent metal
cations, and An− represents an interlayer anion (Hou et al.,
2019). Due to the simplicity to synthesize, high surface
area and good structural stability, LDHs have been widely
applied in AOPs. In recent years, some researchers have
also investigated the catalytic performance of LDHs to PMS.
Guo et al. (2020) synthesized CoCu-LDHs that exhibited an efficient effect in activating PMS to degrade lomefloxacin (LOM)
in a wide pH range (3.0-10.0). Li et al. (2020) reported that the
degradation efficiency of tetracycline (TC) with CoFeLa-LDH2
as heterogeneous catalysts in PMS system could reach 90.1%.
Based on the above knowledge of excellent activation ability of Co and Fe active sites in the PMS system, we selected
Co and Fe as the first-choice active sites. It was reported that
a possible bi-metallic effect existed between Fe-Cu and CoCu active sites (Guo et al., 2020; Nie et al., 2019; Yan et al.,
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2017), and Cu(Ⅰ) could act as an electron donor to reduce
Fe(III) or Co(III) to Fe(II) or Co(II), forming the Fe(III)/Fe(II)
and Co(III)/Co(II) double cycle, which continuously regenerated Fe(II) and Co(II) during the reaction process, and thereby
greatly improving the activation effect of PMS. Therefore, we
anticipated that CoFeCu-LDHs was an efficient catalyst for the
PMS activation.
However, heterogeneous catalysts (e.g. LDHs) faced challenges such as difficulty in recovery. One possible solution is
to magnetically modify the catalysts. Nowadays, the predominant means are to load magnetic compounds (e.g., spineltype ferrite oxides (Dieu Cam et al., 2021; Karimipourfard et al.,
2019; Zhu et al., 2021), Fe3 O4 (Chen et al., 2020; Li et al., 2019),
magnetic metal organic frameworks (MMOFs) (Ladole et al.,
2020), Fe2 O3 (Huang et al., 2020), FeNi3 (Khodadadi et al., 2019))
or magnetic species (e.g., Ni nanoparticles (Ali et al., 2020)),
among which super-paramagnetic Fe3 O4 is the most widely
applied due to its low cost, simplicity of preparation and environmental friendliness. Fe3 O4 @CuMgAl-LDH have been successfully synthesized using two different methods and applied as a catalyst for phenol hydroxylation (Zhang et al.,
2013). Lu et al. (2017) have synthesized novel hierarchically
porous Fe3 O4 @MgAl-LDH magnetic microspheres to remove
anionic dye from water. Chen et al. (2012) have successfully fabricated novel magnetic Fe3 O4 /ZnCr-LDH composite
via two-step microwave hydrothermal method and the degradation efficiency for Methylene Blue (MB) under UV irradiation
could reach ∼95%.
Herein, in this work, Fe3 O4 /CoFeCu-LDHs heterogeneous
catalysts were prepared using a simple co-precipitation
method and initially used to activate PMS for the degradation of RhB. The physical and chemical properties of
Fe3 O4 /CoFeCu-LDHs were investigated using X-ray diffraction
(XRD), Fourier transform infrared spectrometer (FT-IR), scanning electron microscope (SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller method (BET), and
vibrating sample magnetometer (VSM). The effects of several
major factors on the degradation of RhB were simultaneously
discussed to determine the optimal reaction conditions. The
recoverability and reusability of the catalysts were investigated through repeated experiments. The scavenging experiments and electron spin resonance (ESR) analysis were carried
out to identify the reactive free radicals in the system. Lastly,
the chemical states of the sample’s surface elements were detected by X-ray photoelectron spectroscopy (XPS), and the possible activation mechanism in the Fe3 O4 /CoFeCu-LDHs/PMS
system was suggested based on comprehensive analysis.

1.

Materials and methods

1.1.

Chemicals

The details of chemicals are listed in Appendix A Text S1.

1.2.

Synthesis of catalysts

Synthesis of catalysts are described in Appendix A Text S2.
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1.3.
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Measurements and characterizations

The RhB concentrations were determined using ultravioletvisible (UV-Vis) spectrophotometer (N5000SPLUS, Pubiao,
China) at 554.0 nm. The morphologies of catalysts were investigated by SEM (ZEISS MERLIN Compact, Carl Zeiss AG, Germany) and TEM (JEM 2100F, JEOL, Japan). The crystalline structures of catalysts were carried out by XRD (Y-2000, Bruker,
Germany) with Cu Kα (λ = 1.542 Å) radiation, operating at an
accelerating voltage of 40 kV and current of 40 mA, respectively. The infrared spectra were recorded on FT-IR (VERTEX
70, Bruker, Germany). The magnetization strength of catalysts
was tested with a VSM (PPMS-9, Quantum, USA) at 298 K.
The pore size distribution and surface area of samples were
probed with the help of BET (AUTOSORB IQ, Quantachrome,
USA) analysis. Total organic carbon (TOC) values were measured by a TOC analyzer (TOC-VCPH, Shimadzu, Japan). The
generation of radical HO• and SO4 •− was detected by the ESR
(EMXPLUS, Bruker, Japan) using 5,5-dimethyl-1-pyrroline-Noxide (DMPO) as the spin-trapping agent. The leaching concentrations of metal ions were measured by AAS (PinAAcle
900T, Perkin Elmer Co., USA). The chemical states of the sample’s surface elements were measured using XPS (ESCALAB
250 XI, Thermo, USA) with a monochromatic Al Kα radiation.

1.4.

Catalytic performance experiments

The experiments were performed in a thermostatic water
bath oscillator at 25°C. The Fe3 O4 /CoFeCu-LDHs (0.2 g/L) and
PMS (1.0 mmol/L) were added into 100 mL of RhB solution (50
mg/L) at the same time, and the pH value was adjusted to
7.0 (±0.1) with HNO3 and NaOH solution. Within a predetermined time interval, 1.0 mL of sample was extracted from the
mixed solution with a syringe, and quickly filtered through a
0.22 μm membrane, then, 0.5 mL of methanol (MeOH) was immediately added to terminate the catalytic reaction. The RhB
concentration was measured with a UV-Vis spectrophotometer at λ = 554.0 nm, and the corresponding degradation efficiency and kinetic constant were obtained according to the
equations (Appendix A Text S3 Eqs. (1) and (2)). Unless otherwise specified, the entire experiment was kept in dark conditions. For cyclic experiments, the used catalysts were adsorbed and gathered by clinging a magnet to the outside of
the container, and directly reapplied just by pouring out the
residual solution and changing with fresh PMS and RhB reaction solution, which was closer to the actual intermittent
operation.

2.

Results and discussion

2.1.

Characterization results of catalysts

The XRD patterns of Fe3 O4 , CoFeCu-LDHs and Fe3 O4 /CoFeCuLDHs were depicted in Fig. 1a. The diffraction pattern peaks
of CoFeCu-LDHs at 2θ = 11.26°, 23.16°, 33.82°, 38.17°, 46.02°,
58.91° and 60.34° could be assigned to (003), (006), (012), (015),
(018), (110) and (113) planes, matching with standard diffraction data of LDHs (JCPDS No. 50-0235) (Oladipo et al., 2019;
Zeng et al., 2018). A series of peaks at 2θ = 29.96°, 35.47°,

43.31°, 57.36°, 63.12° were associated with (220), (311), (400),
(511) and (440) planes of Fe3 O4 , being similar to the reported
data for Fe3 O4 (Yang et al., 2020; Zhang et al., 2013). For
Fe3 O4 /CoFeCu-LDHs, both the characteristic peaks of pure
Fe3 O4 and CoFeCu-LDHs could be obviously observed, indicating that Fe3 O4 /CoFeCu-LDHs composites had been successfully synthesized. Furthermore, the diffraction intensities of CoFeCu-LDHs and ferrite phases in Fe3 O4 /CoFeCuLDHs were not significantly changed, compared with those
of pure CoFeCu-LDHs and Fe3 O4 , respectively, suggesting that
the combination of Fe3 O4 to CoFeCu-LDHs was an accepted
physical process (Chen et al., 2012).
From the FTIR spectra in Fig. 1b, the characteristic functional groups of Fe3 O4 /CoFeCu-LDHs were similar to those of
CoFeCu-LDHs, both with strong and wide absorption peaks
near 3430 cm−1 , which might be due to the superposition
of two stretching vibration absorption peaks of O-H bond
in CoFeCu-LDHs laminate and the hydrogen bond of water
molecules between layers (Fernández et al., 1998; Lu et al.,
2019). The absorption peak at 1630 cm−1 could be attributed to
the bending vibration of interlayer or adsorbed water (Lu et al.,
2015). The strong spike near 1383 cm−1 was a characteristic
absorption peak of CO3 2− intercalated LDHs (Trujillano et al.,
2005). The movement of this zone might be related to the
disorder of interlayer space and the symmetry of carbonate
(Hernandez-Moreno et al., 1985). The band at 1357 cm−1 was
due to the in-plane stretching of N-H or -NH2 from the preparation of Fe3 O4 (Biata et al., 2020). The peak at 577 cm−1 was
ascribed to the Fe-O stretching mode from Fe3 O4 (Lu et al.,
2017), while the peak intensity weakened for Fe3 O4 /CoFeCuLDHs due to the external LDHs. The absorption peaks at 5001000 cm−1 were owing to M-O, M-O-M, O-M-O (M = Co, Fe, Cu)
or metal-hydroxyl (M-OH) group vibrations from metal oxygen
bonds (Gong et al., 2017). These observations were consistent
with the above results observed by XRD.
The magnetization curves of Fe3 O4 /CoFeCu-LDHs at room
temperature were shown in Fig. 1c, and a typical S-shaped
magnetic hysteresis loop could be seen, indicating that
Fe3 O4 /CoFeCu-LDHs possessed super-paramagnetism. The
magnetic saturation (Ms) values of Fe3 O4 /CoFeCu-LDHs was
9.47 emu/g. Where an external magnetic field was present,
the magnetic catalyst nanoparticles could be rapidly magnetized and achieved effective magnetic separation within 10 sec
(Fig. 1c, inset). While when the applied magnetic field was removed, the catalysts could be well re-dispersed in water. This
provides a simple and effective method for separating and
reusing catalysts.
The surface area and porosity characteristics of
Fe3 O4 /CoFeCu-LDHs were characterized by BET measurements (Fig. 1d), showing a typical type IV feature and H3
hysteresis loop with a highly mesoporous structure according
to the International Union of Pure and Applied Chemistry
(IUPAC) classification (Ramachandran et al., 2020). The specific
surface area was calculated to be about 101.5 m2 /g. The pore
size distribution of samples (Fig. 1d, inset) was calculated
from the adsorption data using Barrett-Joyner-Halenda (BJH)
model, revealing the presence of a large number of mesopores
corresponding to interlayer voids (Guo et al., 2020). The peak
centered at about 3.819 nm demonstrated the existence of
high porosity in Fe3 O4 /CoFeCu-LDHs. The high surface area
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Fig. 1 – (a) X-ray diffraction (XRD) patterns; (b) Fourier transform infrared spectrometer (FT-IR) spectra of (1) Fe3 O4 , (2)
CoFeCu-layered double hydroxides (CoFeCu-LDHs), (3) Fe3 O4 /CoFeCu-LDHs; (c) magnetic hysteresis loops of
Fe3 O4 /CoFeCu-LDHs and (c, inset) the photograph of magnetic separation with a permanent magnet; (d) N2
adsorption-desorption isotherms and (d, inset) the pore size distribution curves for Fe3 O4 /CoFeCu-LDHs. Ms: the magnetic
saturation; dV/dlog(D): pore volume per unit diameter; STP: standard conditions for temperature and pressure.

and porous nature of Fe3 O4 /CoFeCu-LDHs suggested the presence of a large number of active sites, which could further
lead to excellent catalytic performance for PMS activation
due to the low mass transfer resistance.
The SEM and TEM images of the prepared catalysts were
depicted in Fig. 2a-h. As seen from Fig. 2a and e, Fe3 O4 displayed nanospheres with a uniform particle size of ∼370 nm.
CoFeCu-LDHs (Fig. 2b) was stacked in the form of thin sheets.
Fig. 2c and d showed that the surface of Fe3 O4 /CoFeCu-LDHs
was rougher than that of pure Fe3 O4 . The detailed morphology of Fe3 O4 /CoFeCu-LDHs (Fig. 2f) was obtained by TEM, from
which the presence of CoFeCu-LDHs with lamellar structures
at the edges of spherical Fe3 O4 could be clearly seen, further
confirming that the original morphological features of Fe3 O4
and CoFeCu-LDHs were well maintained in Fe3 O4 /CoFeCuLDHs. The lattice fringes with d-spacing values of 0.2557
and 0.2820 nm reflected (Fig. 2g) the crystal facet (009) of
CoFeCu-LDHs and plane (220) of Fe3 O4 , respectively. In addition, selected area electron diffraction (SAED) was performed
to identify the structure of Fe3 O4 /CoFeCu-LDHs composites.
In Fig. 2h, the bright electron diffraction ring proved the formation of a polycrystalline structure, which was in agreement
with the XRD results.

2.2.

Catalytic performance

2.2.1.
LDHs

Evaluation of the catalytic activity of Fe3 O4 /CoFeCu-

Fig. 3a revealed the degradation efficiency of RhB under different systems. Less than 8% of RhB was degraded in 20
min when only PMS was applied, implying the oxidation capability of pure PMS was limited. The adsorption effect of
Fe3 O4 /CoFeCu-LDHs itself was also insignificant, only 5.47%
in 20 min. Fe3 O4 showed a certain catalytic effect on PMS,
and the degradation efficiency of RhB could reach 63% in
20 min. In contrast, CoFeCu-LDHs and Fe3 O4 /CoFeCu-LDHs
showed excellent catalytic activity, and RhB could be completely degraded within only 20 min. However, the degradation rate of RhB using Fe3 O4 /CoFeCu-LDHs was higher than
that with CoFeCu-LDHs, as evidenced by pseudo-first-order
kinetics in Fig. 3b. The kinetic constant (k) was as high as
0.46281 min−1 in Fe3 O4 /CoFeCu-LDHs/PMS system, while the
k was only 0.33226 min−1 in CoFeCu-LDHs/PMS system. The
degradation effect was not improved significantly after magnetic modification, which might be due to the strong magnetic properties of Fe3 O4 /CoFeCu-LDHs, leading to interpar-
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Fig. 2 – Scanning electron microscope (SEM) images of (a) Fe3 O4 , (b) CoFeCu-LDHs and (c-d) Fe3 O4 /CoFeCu-LDHs;
transmission electron microscopy (TEM) images of (e) Fe3 O4 and (f) Fe3 O4 /CoFeCu-LDHs; (g) high resolution transmission
electron microscopy (HRTEM) images of Fe3 O4 /CoFeCu-LDHs; (h) selected area electron diffraction (SAED) diffraction rings of
Fe3 O4 /CoFeCu-LDHs from HRTEM.

Fig. 3 – (a) Degradation of Rhodamine B (RhB) and (b) kinetic curves in different systems. Reaction conditions: initial RhB
concentration (C0 ) = 50 mg/L, catalyst dosage = 0.2 g/L, oxidant concentration = 1.0 mmol/L, solution pH = 7.0 (± 0.1) and
reaction temperature = 25°C. k: rate constant; PMS: peroxymonosulfate; C: final RhB concentration.

ticle agglomeration and inhibiting their dispersion in water
(Saputra et al., 2013).

2.2.2.

Effect of the dosage of catalysis, PMS and RhB

The effect of Fe3 O4 /CoFeCu-LDHs dosage was shown in Fig. 4a.
When the amount of catalyst increased from 0.1 to 0.3 g/L, the
corresponding degradation efficiency increased from 69.9% to
98.5% within 6 min, which could be attributed to the fact that
the higher catalyst dosage provided more active sites for the
activation of PMS. However, as the catalyst dosage further increased to 0.4 g/L, the increase in degradation efficiency of RhB
was negligible and the k value (Appendix A Fig. S3) increased
slowly, indicating that the number of active sites on the catalyst might be the limiting factor affecting the degradation effect under a certain dosage of oxidant (PMS).

The dosage of PMS also had an effect on the degradation of RhB, as shown in Fig. 4b. As the PMS concentration
increased from 0.5 to 1.0 mmol/L, the removal ratio of RhB
increased from 70.1% to 83.2% in 6 min, while the degradation efficiency was only slightly enhanced when the PMS concentration increased to 2.0 mmol/L, indicating that the active sites on Fe3 O4 /CoFeCu-LDHs surface were close to saturation for PMS when its concentration was higher than 1.5
mmol/L, and the surplus PMS in the solution might react with
HO• and SO4 •− to form SO5 •− and HO2 • (Ahmadi and Ghanbari, 2018; Jaafarzadeh et al., 2017b, 2015), or self-scavenge
(Monteagudo et al., 2015). The degradation kinetics of RhB in
different dosages of PMS was also investigated and results
showed that RhB degradation followed the pseudo-first kinetics in Fe3 O4 /CoFeCu-LDHs/PMS system (Appendix A Fig. S4).
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Fig. 4 – Effect of (a) dosage of catalyst, (b) dosage of PMS and (c) initial RhB concentration on RhB degradation. Reaction
conditions: initial RhB concentration = 50 mg/L, catalyst dosage = 0.2 g/L, oxidant concentration = 1.0 mmol/L, solution
pH = 7.0 (± 0.1) and reaction temperature = 25°C.

The degradation rate of RhB was much faster under the higher
concentration of PMS. The constant of degradation rate under
0.5 mmol/L of PMS was approximately 2.5 times higher than
that under 0.1 mmol/L of PMS.
The removal ratio of RhB (Fig. 4c) gradually decreased as the
initial concentration of RhB increased. When the concentration of RhB was 25 mg/L, the degradation rate was extremely
fast, reaching up to 100% in 9 min. Besides, the degradation efficiency at initial concentrations of 50, 75 and 100 mg/L were
only 92.6%, 77.3% and 65.8% within the same time period (9
min), respectively. It could be seen that as the initial concentration of RhB increased, the apparent reaction rate constant
(k) gradually decreased (Appendix A Fig. S5). In fact, when the
amounts of oxidant (PMS) and catalyst (Fe3 O4 /CoFeCu-LDHs)
were fixed, the active species generated in the reaction system
were also a certain amount, which was why a longer degradation time was required for higher concentrations of RhB.

2.2.3.
ions

Effect of solution pH, temperature and co-existing an-

vspThe pH value plays a crucial role in activating PMS by influencing the generation of free radicals (Lei et al., 2015). In this
research, the effect of initial pH was shown in Fig. 5a. When
the pH value changed from alkalinity (11.0) to neutral (7.0), the
degradation efficiency of RhB increased, while as the solution
went on turning acidic (from 7.0 to 3.0), the effect of pH was
negligible and RhB could be rapidly and efficiently degraded
within this pH range. As it was known that the ionization constant (pKa1 ) of PMS was less than 0 and pKa2 was 9.4, so PMS
showed different ionic states in different pH conditions. When
the pH was 9.0, about 55.7% of PMS was in the form of SO5 2−
(Lu et al., 2019) and when pH was higher than 11.0, a large
amount of HO• was produced (Hong et al., 2019; Tan et al.,
2014). Compared with HSO5 − , SO5 2− and HO• showed weaker
oxidation capacity, so PMS presented excellent catalytic activity in acid and neutral environment. The kinetic data (Appendix A Fig. S6) more clearly indicated that a higher degradation rate of RhB was obtained in an acidic and neutral environment (pH = 3.0-7.0) under the same reaction conditions.
The reaction temperature is also a key operating parameter in AOPs and can greatly affect the degradation efficiency
of organic pollutants (Fan et al., 2017). The degradation of RhB

could be promoted with the increase of reaction temperature,
as shown in Fig. 5b. Specifically, the degradation efficiency
of RhB could reach 100.0% within 20 min at 25°C. When the
temperature was further increased to 30°C, 35°C or even 40°C,
the degradation time at the same degradation efficiency was
shortened to 12, 9, or even 6 min, respectively. The corresponding reaction rate constants were formulated by the pseudofirst-order kinetics and presented in Appendix A Table S1. As
shown in Fig. 5c, the first-order kinetic fitting constant increased from 0.46281 to 0.95614 min−1 with the temperature
increasing from 25 to 40°C, demonstrating that it was an endothermic reaction. The activation energy (Ea ) was estimated
to be 38.35 kJ/mol based on the Arrhenius equation (Appendix
A Text S5, Eq. (3)). This value was higher than that of diffusioncontrolled reactions, which was typically 10-13 kJ/mol (Xu and
Wang, 2012), confirming that the apparent reaction rate of the
Fe3 O4 /CoFeCu-LDHs/PMS system was determined by the intrinsic chemical reaction rate on the catalyst surface rather
than the mass transfer rate (Yao et al., 2013).
Furthermore, the massive presence of anions in actual
wastewater may affect the efficiency of sulfate radical-based
AOPs. In this work, the effect of high concentrations (100
mmol/L) of Cl− , CO3 2− , HCO3 − and NO3 − were investigated,
as illustrated in Fig. 5d. The presence of Cl− significantly
increased the degradation efficiency of RhB. Nowadays, two
possible reaction pathways (free radical and non-radical)
have been reported in PMS/Cl− systems Ahmadi et al., 2017;
Deng et al., 2017; Ding et al., 2020b; Jaafarzadeh et al., 2017a;
Wang et al., 2011; Yuan et al., 2011). (1) The high concentration of Cl− should be directly oxidized by unactivated PMS
via double electron transfer (Eqs. (1) and ((2)), thereby producing reactive chlorine species (HClO/Cl2 ), which were able to
decolor dyes rapidly. (2) Cl− could also react with the generated SO4 •− and HO• Eqs. (3)–((6)), which further promoted the
degradation of RhB. The NO3 − slightly inhibited the degradation of RhB, as NO3 − could scavenge SO4 •− and HO• and produced nitrate radicals with lower redox potential (E0 = 2.3-2.5
V) Neta et al., 1988). Notably, the inhibiting effect of HCO3 − and
CO3 2− were observed. In the presence of HCO3 − , the degradation ratio decreased to 86.9% in 20 min, indicating that
HCO3 − could be used as a scavenger of SO4 •− and HO• (Eqs. (7)
and ((8)) (Hong et al., 2019; Wang et al., 2017). Besides, HCO3 −
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Fig. 5 – Effect of (a) pH, (b-c) reaction temperature and (d) co-existing anions on RhB degradation. Reaction conditions: initial
RhB concentration = 50 mg/L, catalyst dosage = 0.2 g/L, oxidant concentration = 1.0 mmol/L, inorganic anions
concentration = 100 mmol/L, solution pH = 7.0 (± 0.1) and reaction temperature = 25°C. Inset in (c): the activation energy (Ea ).

could increase the pH from 7.04 to 8.27 of RhB solution, which
markedly affected the removal of RhB according to previous
studies on the effect of solution initial pH. Likewise, CO3 2− as
an alkaline ion could increase the pH of the solution from 6.94
to 11.33, thus hindering the progress of the catalytic reaction.
The second possible reason was that CO3 2− would be further
converted to HCO3 − (Eq. (9)) in solution, thus reduced the removal ratio of RhB. The inhibition and facilitation effects were
more clearly observed by comparing k value through the kinetic curves (Appendix A Fig. S7).
Cl− + HSO5 − → SO4 2− + HOCl

(1)

2Cl− + HSO5 − → SO4 2− + Cl2 + H2 O

(2)

Cl− + SO4 •− (or HO•) → Cl• + (SO4 2− or OH− )

(3)

Cl− + Cl• → Cl2 •−

(4)

Cl• + Cl• → Cl2

(5)

Cl2 •− + Cl2 •− → Cl2 + 2Cl−

(6)

HCO3 − + SO4 •− → HCO3 •− + SO4 2−

(7)

HCO3 − + HO• → CO3 •− + H2 O

(8)

CO3 2− + H2 O → HCO3 − + OH−

(9)

2.3.
Recyclability, reusability and wide suitability of
catalysts
The recoverability and stability of catalysts are also important
for practical applications. After each reaction, Fe3 O4 /CoFeCuLDHs catalyst was recycled using external magnetic field just
by putting a magnet beside conical flask for reaction and
reused directly without any treatment. After ten cycles, the recovery of Fe3 O4 /CoFeCu-LDHs was more than 91% (Fig. 6a). The
recovered catalyst remained stable and the degradation efficiency still reached 98.95% (Fig. 6b), indicating that the catalyst
has excellent recoverability and reusability. To further investigate the stability of the catalyst in PMS solution, the leaching
concentrations of metal ions were measured. The concentrations of Co, Fe, Cu ions in the solution at the end of the reaction
were 0.9885, 0.8806 and 2.2409 mg/L, respectively (Appendix A
Table S2).
As we all know, apart from RhB, there are a lot of other dyes,
including cationic types (e.g. MB, Malachite Green (MG)) and
anionic types (e.g. Congo Red (CR), Orange G (OG)). The degradation effect for different types of dyes with Fe3 O4 /CoFeCuLDHs as catalysts was also tested, as shown in Fig. 6c. Both anionic and cationic dyes could be completely degraded within
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Fig. 6 – (a) Recyclability, (b) reusability, (c) wide suitability of Fe3 O4 /CoFeCu-LDHs and (d) utilization ratio of PMS with
reaction time. Reaction conditions: initial RhB concentration = 50 mg/L, catalyst dosage = 0.2 g/L, oxidant concentration = 1.0
mmol/L, solution pH = 7.0 (± 0.1) and reaction temperature = 25°C. CR: Congo Red; MG: Malachite Green; OG: Orange G; MB:
Methylene Blue.

20 min, indicating that Fe3 O4 /CoFeCu-LDHs was universal and
effective for most dyes.
Moreover, to further substantiate the efficient catalytic
ability of Fe3 O4 /CoFeCu-LDHs, PMS utilization ratio (Fig. 6d)
in Fe3 O4 /CoFeCu-LDHs/PMS system was measured by iodometric detection method (Appendix A Text S6) (Hong et al.,
2019). In Fe3 O4 /CoFeCu-LDHs/PMS system, PMS utilization ratio increased with the reaction time, which could reach 80.14%
at 20 min while the degradation efficiency of RhB was 100%,
and achieve 85.27% at 30 min, indicating that the addition of
Fe3 O4 /CoFeCu-LDHs could promote the decomposition of PMS
and produce more free radicals to remove RhB.
During the oxidation process, RhB might be converted to
some small compounds. To determine the mineralization of
RhB, TOC analysis was performed and the results are shown
in Appendix A Fig. S8. With the increase of reaction time,
the mineralization of RhB in Fe3 O4 /CoFeCu-LDHs/PMS system
gradually increased, and the TOC removal rate reached 50.38%
after 180 min.
Some recent results on the activation of PMS by different
catalysts for the degradation of RhB were listed in Appendix
A Table S3. By comparison, it was found that lower doses
of Fe3 O4 /CoFeCu-LDHs (0.2 g/L) could rapidly activate PMS to
completely degrade higher concentrations of RhB (50 mg/L) in
a shorter time (20 min), suggesting that Fe3 O4 /CoFeCu-LDHs
has the potential to be an efficient catalyst.

2.4.

Analysis of catalysis mechanism

HO• and/or SO4 •− are generally considered as reactive species
in PMS catalytic systems (Ghanbari and Moradi, 2017). To investigate the mechanism of PMS activation by Fe3 O4 /CoFeCuLDHs, the quenching experiments were performed with tertbutyl alcohol (TBA) as quenching agents for HO• while MeOH
for both SO4 •− and HO•. As shown in Fig. 7a, both MeOH and
TBA inhibited the catalytic efficiency of Fe3 O4 /CoFeCu-LDHs,
and MeOH had a larger inhibition effect than TBA. When the
MeOH concentration was 0.5 mol/L (MeOH:PMS = 500:1), the
removal ratio of RhB decreased from 100% to 92.46% in 20
min. As the MeOH concentration was further increased to 1.0
mol/L (MeOH:PMS = 1000:1), the removal ratio of RhB was only
61.38% in 20 min. The quenching experiments were performed
with furfuryl alcohol (FFA) as quenching agents for 1 O2 , while
chloroform for O2 •− (Wei et al., 2019). It was found that the
inhibition effect of RhB degradation by the addition of FFA
and chloroform was not significant (Appendix A Fig. S9). Furthermore, the free radical species were also validated using
ESR technique. The peaks corresponded to the characteristic signals of DMPO-HO• and DMPO-SO4 •− (Fig. 7b), demonstrating that HO• and SO4 •− were generated in the system
(Gao et al., 2019; Li et al., 2020). Above all, the quenching tests
and ESR analysis were confirmed that both HO• and SO4 •− ex-
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Fig. 7 – (a) RhB degradation in the presence of different radical scavengers, (b) electron spin resonance (ESR) spectra, (c) the
full X-ray photoelectron spectroscopy (XPS) spectra, (d) Co 2p, (e) Fe 2p and (f) Cu 2p XPS spectra of Fe3 O4 /CoFeCu-LDHs
before and after reaction. Reaction conditions: initial RhB concentration = 50 mg/L, catalyst dosage = 0.2 g/L, oxidant
concentration = 1.0 mmol/L, solution pH = 7.0 (± 0.1) and reaction temperature = 25°C. MeOH: methanol; DMPO:
5,5-dimethyl-1-pyrroline-N-oxide.

isted in the catalytic system, while SO4 •− was the main oxidizing species.
To further explore the catalytic mechanism and role of
catalytic species on the activation of PMS, the state change
of chemical valences in fresh and used Fe3 O4 /CoFeCu-LDHs
compounds were analyzed using XPS. The full scan spectra of
Fe3 O4 /CoFeCu-LDHs (Fig. 7c) before and after reaction showed
no obvious changes, which confirmed the excellent stability of
catalysts. The XPS spectra of Co 2p were displayed in Fig. 7d.
It could be observed that two major peaks of Co 2p1/2 (797.7
eV) and Co 2p3/2 (782.0 eV) along with two satellite bands at

803.7 and 786.7 eV, which matched well with previous reports
of Co(OH)2 (Tan et al., 1991), implying that the cobalt in the
compounds presented as a high-spin Co(II) state (Ma et al.,
2011). After the reaction, the two main peaks of Co 2p1/2 and
Co 2p3/2 were slightly shifted to 797.1 and 781.2 eV, while the
two satellite bands also changed to 803.0 and 786.3 eV respectively, implying the coexistence of Co(II) and Co(III) (Zhao et al.,
2018) and the participation of Co(III)/Co(II) redox cycles during
the catalytic oxidation reaction (Ren et al., 2015). As shown in
Fig. 7e, the XPS spectrum of Fe 2p was resolved into two main
peaks accompanied by two satellite bands. Usually, the pres-
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ence of satellite bands near the Fe 2p major peak was considered as an indicator of Fe(III) state (Gong et al., 2017). These
peaks were slightly shifted after reaction and the peak area of
Fe(III) decreased, from which, it could be calculated that approximately 13.75% of Fe(III) was converted to Fe(II). For Cu
2p (Fig. 7f), two peaks could be seen before and after the reaction at (952.9 eV, 952.9 eV) and (932.9 eV, 932.9 eV), corresponding to Cu 2p1/2 and Cu 2p3/2 of Cu2 O, implying the presence of Cu(I) (Yu et al., 2018), and two other peaks at (953.9 eV,
954.7 eV) and (934.2 eV, 934.4 eV), respectively. The existence of
Cu(II) was proved (Yu et al., 2018). Also, the presence of shaking peaks at (962.1 eV, 962.4 eV) and (942.0 eV, 942.0 eV) respectively could indicate the presence of both Cu(II) and Cu(I) in the
system. Thus, heterogeneous PMS activation was performed
in Fe3 O4 /CoFeCu-LDHs by redox cycle between Co(III)/Co(II),
Fe(III)/Fe(II), and Cu(II)/Cu(I).
On the other hand, a reasonable mechanism could also be
explained by analyzing the redox potential of each substance.
The standard redox potential of Co(II)/Co(III) was known to be
1.81 V, which was between HSO5 − / SO5 •− (1.1 V) and HSO5 − /
SO4 •− (2.6-3.1 V) (Geng et al., 2020), making Co(II)-Co(III)-Co(II)
redox cycle thermodynamically feasible for activation of PMS
(Zhao et al., 2018). In contrast, both Fe(III)/Fe(II) (0.77 V) and
Cu(II)/Cu(I) (0.17 V) (Ye et al., 2020a) had lower redox potentials than HSO5 − / SO5 •− (1.1 V) and HSO5 − / SO4 •− (2.6-3.1 V),
indicating that their redox cycle was thermodynamically unfavorable. Consequently, the regeneration of Fe and Cu species
might be largely dependent on their reduction by Co varieties,
allowing the redox reaction to proceed during the whole reaction.
According to the quenching tests and XPS analysis,
the mechanism of Fe3 O4 /CoFeCu-LDHs/PMS reaction system
could be deduced as follows: Firstly, PMS could be adsorbed
on Fe3 O4 /CoFeCu-LDHs surface and then acquired electrons
from Co, Fe and Cu ions to generate SO4 •− and HO Eqs. (10)–
(12) Ding et al., 2020a; Lu et al., 2019), which was the dominant
source of free radicals. Secondly, Co, Fe and Cu ions would receive electrons from lattice oxygen of HSO5 − (Eq. (13)) to balance charges on the surface of Fe3 O4 /CoFeCu-LDHs. Subsequently, Co, Cu and Fe ions in Fe3 O4 /CoFeCu-LDHs were oxidized and reduced, respectively, allowing the species to regenerate, thus forming a synergistic mechanism (Eqs. (17) and
(18)). At the same time, SO4 •− and the generated SO5 •− from reaction could be further reacted to produce HO• in wastewater
Eqs. (19)–(22). Finally, SO4 •− and HO• promptly interacted with
RhB and degraded it to degraded products.

E0 =0.17 V

Cu(II) + e− −−−−−−→ Cu(I)

(16)

≡ Co(III)/Fe(III)+ ≡ Cu(I) →≡ Co(II)/Fe(II)+ ≡ Cu(II)

(17)

≡ Co(III)+ ≡ Fe(II) →≡ Co(II)+ ≡ Fe(III)

(18)

SO4 − + OH− → HO · +SO4 2−

(19)

SO4 − + H2 O → SO4 2− + HO · +H+

(20)

2SO5 − + 2OH− → 2SO4 2− + 2HO · +O2

(21)

2SO5 − + 2H2 O → 2SO4 2− + 2HO · +2H+ + O2
where, E0 is the standard redox potential;
tron.

3.

e−

(22)
represents elec-

Conclusions



≡ Co(II) + HSO5 − →≡ Co(III) + SO4 − (HO·) + OH− SO4 2− (10)

In this study, magnetic efficient heterogeneous catalysts
(Fe3 O4 /CoFeCu-LDHs) were synthesized via a simple coprecipitation method and initially used for the activation of
PMS to degrade RhB. The synthesized Fe3 O4 /CoFeCu-LDHs
maintained both the high catalytic activity of CoFeCu-LDHs
and the super-paramagnetism of Fe3 O4 at the same time.
By comparison with the reported catalysts, it was shown
that Fe3 O4 /CoFeCu-LDHs have high activity in PMS activation. Under optimum conditions (Fe3 O4 /CoFeCu-LDHs = 0.2
g/L, PMS = 1 mmol/L, initial RhB concentration = 50 mg/L,
pH = 7.0 ± 0.1), RhB was completely degraded in only 20 min.
Furthermore, Fe3 O4 /CoFeCu-LDHs represented good superparamagnetism that could be directly recollected under magnetic conditions in a short time. The recovered Fe3 O4 /CoFeCuLDHs could be continuously reused without any treatment
and maintained good catalytic activity and stability after ten
cycles, suggesting it might be potential catalysts for continuous industrial application. Quenching tests and ESR analysis
confirmed that both SO4 •− and HO• were involved in the oxidation process of Fe3 O4 /CoFeCu-LDHs/PMS, with SO4 •− playing a
more critical role. Finally, the rational radical mechanism for
the catalytic cycle to be completed through synergistic effects
of Co(III)/Co(II), Fe(III)/Fe(II) and Cu(II)/Cu(I) was proposed. In
summary, the Fe3 O4 /CoFeCu-LDHs/PMS system can be applied
to rapid and efficient degradation of RhB, which has a broad
prospect of practical application.



≡ Cu(I)+HSO5 − →≡ Cu(II)+SO4 − (HO·)+OH− SO4 2−
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Fe(III) + e− −−−−−−→ Fe(II)

(14)
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