Applied Surface Science 538 (2021) 148008

Contents lists available at ScienceDirect

Applied Surface Science
journal homepage: www.elsevier.com/locate/apsusc

Surface-active MnFeO@C cubes as enhanced peroxymonosulfate activators
for efficient degradation of bisphenol A

T

Ya Yanga,b, Yulian Lia,b, Peidong Honga,b, Zijian Wua, Chao Xiea, Kaisheng Zhanga, Li Lianxiangc,
⁎
⁎
Junyong Hea, , Lingtao Konga, , Jinhuai Liua
a

Environmental Materials and Pollution Control Laboratory, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, People's Republic of China
Department of Chemistry, University of Science and Technology of China, Hefei, Anhui 230026, People's Republic of China
c
China Irrigation and Drainage Development Center (Rural Drinking Water Safety Center of Ministry of Water Resources), Beijing 100054, People's Republic of China
b

ARTICLE INFO

ABSTRACT

Keywords:
Surface-active
MnFeO@C
PMS activation
BPA degradation

Developing highly-effective catalysts through a facile method for activating peroxymonosulfate (PMS) to degrade recalcitrant pollutants is highly desirable. In this work, porous carbon-coated iron-manganese oxides
(MnFeO@C) was facilely synthesized. The porous carbon film on the surface of MnFeO@C was beneficial to
adsorption of bisphenol A (BPA) and flow of electrons. The catalytic degradation performance toward BPA was
significantly improved with the increase of surface roughness and porosity of MnFeO@C after calcination. In
particular, MnFeO@C derived at 300 °C (MnFeO@C-300) exhibited the highest degradation rate benefiting from
the existence of Mn2O3. More than 95% BPA could be removed in 30 min by MnFeO@C-300/PMS system and
remained efficient in a wide pH range from 3.0 to 10.0, especially in alkaline conditions. The intermediates of
BPA degradation were identified and the degradation pathways involved hydroxyl oxidation and benzene ringopening were proposed based on GC–MS results. The removal rate of BPA can maintain more than 80% following
five cycles. Thus, the as-prepared MnFeO@C-300 composites are available to serve as efficient and eco-friendly
catalysts for advanced catalytic oxidation of recalcitrant pollutants.

1. Introduction
With the development of urbanization and industrialization, more
and more environmental endocrine disruptors (EDCs) in water environment have been detected, represented by bisphenol A (BPA) [1,2].
Long term exposure to BPA could cause cancer and disrupt endocrine
even at levels as low as ng/L [3,4]. Thus, effective removal of BPA from
water environment has attracted the attention of many researchers. So
far, a variety of technologies have been applied to the elimination of
BPA in water, such as physical adsorption [5,6], biological treatment
[7,8] and advanced oxidation process (AOPs) [9–11]. Among them,
advanced oxidation technology is considered as one of the most effective water treatment methods because it can produce strong oxidation
radicals to mineralize the refractory organic pollutants into non-toxic
inorganic substances. However, AOPs based on hydroxyl radicals (HO%)
always suffers from disadvantages of pH restriction, non-selectively and
extremely short half-life period (about 20 ns) [12]. On the contrary,
sulfate radical (SO4%−) can be produced more efficiently over a wide
pH range and persist longer in aqueous solutions [13,14]. Moreover,
SO4%− preferentially reacts with organic compounds in the process of
⁎

electron transfer. Therefore, sulfate-radical-based advanced oxidation
processes (SR-AOPs) have received increasing attentions in the degradation of refractory organics in water.
Generally, SO4%− can be produced by scission of peroxo-bond of
either peroxymonosulfate (PMS) or peroxydisulfate (PDS) during their
activations [15]. Compared with PDS, PMS is an unsymmetrical oxidant, which is easier to be activated. Therefore, PMS activation is
widely used in the removal of various pollutants in aqueous solutions.
Various methods of PMS activation are available, including heat, base,
ultrasound, UV irradiation, conduction electron, transition metals and
carbon catalysts [16,17]. Thereinto, the heterogeneous PMS activation
based on the transition metal and non-metallic materials shows a lot of
advantages due to no external energy required, which makes its application more convenient.
Prussian blue and its analogues (PBAs), a kind of metal-organic
frameworks (MOFs) with simple cubic structure, are composed of metal
centers/clusters surrounded by six cyanide groups [18]. Because of its
unique structure, PBAs can be directly transformed into metal oxides,
carbides or nitrides by pyrolysis with preserving their well-defined
morphology. Hence, PBAs and their derivatives are widely used in
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catalytic organic conversion [19], electrocatalysis [20], microwave
absorption [21], and also show excellent catalytic performance in the
field of pollutant degradation [22–24]. Most of the studies are focused
on cobalt based Prussian blue analogues due to their high activation
ability to PMS [24–26]. However, cobalt is detrimental to the environment and ecosystem, listing as category 2B carcinogens by the
World Health Organization International Agency. Therefore, the development of highly efficient PMS-activated catalysts using less toxic
transition metals is significant and indispensable.
Compared with other transition metals, iron and manganese are
abundant in the environment. The advantages of low cost and multivalence make them ideal heterogeneous activators for PMS. According
to previous studies, multi-component hybrid structures can enhance
catalytic activity as compared to their single-component counterparts
due to the unique inter-structural interaction and electron transfer between different interfaces [27]. Abundant pieces of evidence suggest
that the coupling of iron with manganese allows for a significant synergistic effect [28]. However, pure metal based materials have the
demerits of metal leaching and particles aggregation. Building heterostructures by encapsulating transition metal inside carbon layers is
expected to improve the stability of Mn-Fe based catalysts [29]. And the
introduction of carbon can obviously accelerate the electron transport
via an electron tunneling effect at the interface of the metal-carbon
[30,31]. Moreover, the presence of porous carbon on the surface of
metal oxides increases the specific surface area of the catalyst, which is
conducive to the increase of pollutant adsorption capacity. Such
metal@carbon composites can bear all the properties of each compound
and exhibit fascinating features. Actually, carbon element introduced
into the sample needs a very strict environment, which usually requires
calcination of organic precursors under high-temperature with poorly
repeatable experimental results [32]. Limited by strict heating environment and poor repeatability, it is therefore highly desirable to
develop facile and feasible approaches to achieve the coating of carbon
species.
The main objective of this study was to construct a new PBAs-derived catalyst for the efficient removal of BPA. In this paper, we reported a highly efficient catalyst for PMS activation to degrade BPA,
which was pyrolysis of Mn-Fe PBAs to obtain iron manganese oxides
coated with porous carbon, as schematically illustrated in Fig. S1 (see in
Supplementary Material). The morphology and chemical structure of
the obtained MnFeO@C microcubes were thoroughly characterized by
various techniques. The PMS activation performance by MnFeO@C
microcubes in the degradation of BPA was investigated. The influence
of several critical parameters, including catalyst dosage, PMS concentration, pH value and coexisting interfering ions, was examined in
details. Furthermore, the cycling stability and possible BPA degradation
mechanism were investigated. This work is expected to provide theoretical guidance for the synthesis of high efficiency and environment
friendly catalysts for water environment restoration.

2.2. Synthesis of catalysts
The MnFeO@C microcubes were fabricated according to a modified
method reported previously as illustrated in Fig. S1 (see in
Supplementary Material) [33]. Firstly, MnC4H6O4·4H2O (735.27 mg)
and sodium citrate (1.16 g) were dispersed into 100 mL ultrapure water
to form Solution A. K3[Fe(CN)6] (658.50 mg) was dispersed into
100 mL ultrapure water to form Solution B. Then solution B was added
slowly into the solution A with vigorous stirring for 30 min at room
temperature. The resulting brown colloidal solution was aged at 50 °C
for 24 h without any interruption. The resultant white precipitate was
collected via centrifugation, washed with ultrapure water and ethanol
several times, then dried at 60 °C and denoted as Mn-Fe PBAs. In order
to enhance the surface activity of Mn-Fe PBAs and obtain porous carbon
coated metal oxides, the sodium citrate added in the above steps was
used as carbon source and calcined in the air at different temperatures
(200, 250, 300, 350 and 400 °C) for 2 h with a temperate ramp of 2 °C/
min.
2.3. Characterizations of catalysts
The surface morphology and structure of MnFeO@C were characterized by field emission scanning electron microscopy (SEM, Sirion
200, FEI Company, USA) coupled with an energy-dispersive spectrometer (EDS) and transmission electron microscope (TEM, JEM-2010,
JEOL, Japan). The X-ray diffractometer (XRD, PANalytical,
Netherlands) with a Cu Kα source was used to analyze the crystalline
structure. The X-ray photoelectron spectra (XPS) were recorded on a
ESCALAB 250 Thermo-VG Scientific spectrometer. The binding energy
at 284.60 eV of C1s peak was used to correct the binding energy of all
spectra. The specific surface areas of the catalysts were determined
using the Brunauer-Emmett-Teller (BET) N2 adsorption-desorption
method with an automatic specific surface area measuring equipment
(Tristar II 3020M, Micromeritics, USA). Thermogravimetric analysis of
MnFeO@C was investigated by a thermogravimetric analyzer (TGA
Q5000IR, USA) in air. Fourier transform infrared spectroscopy (FT-IR,
Nexus-870, Thermo Nicolet, USA) was used to determine the change of
surface properties. Inductively coupled plasma atomic emission spectroscopy (ICP-AES, Optima 7300 DV, USA) was used to examine the
composition of catalysts and mineral residues.
2.4. BPA degradation experiments
In this study, BPA was chosen as a model pollutant to investigate the
degradation performance of MnFeO@C. Unless otherwise specified, the
degradation experiments were carried out in 100 mL conical flask
containing 30 mL BPA solution (20 mg/L) at room temperature. To
control the pH of the reaction solution, a 100 mM phosphate buffered
solution (PBS) consisted of K2HPO4 and NaH2PO4 was applied as the
background solution. In a typical experiment, 6.00 mg MnFeO@C was
added to the above solution and dispersed uniformly by ultrasonic for
1 min. The conical flask was then placed in the constant temperature
water bath vibration shaker (180 rpm, 25 °C). Subsequently, a certain
amount of PMS solution (25 mM) was added to initiate the degradation
reaction. At sampling point, 1 mL of solution was injected into a highperformance liquid chromatography (HPLC) vial, and 0.50 mL of methanol was added immediately to quench the reaction.
In order to estimate the kinetic parameters of the reactions, a
pseudo-first-order model (Eq. (1)) was employed to evaluate the catalytic reaction kinetics,

2. Experimental section
2.1. Chemicals
Potassium peroxymonosulfate (PMS, 2KHSO5·KHSO4·K2SO4) available as Oxone was obtained from Sigma-Aldrich. Potassium hexacyanoferrate(III) (K3Fe(CN)6) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Bisphenol A (BPA, GC, > 99.0%), manganese acetate tetrahydrate (MnC4H6O4·4H2O, > 99.0%), sodium citrate
(98%), 5,5-dimethylpyrroline-N-oxide (DMPO, 97%), methanol
(MeOH, 99.5%), ethanol (EtOH, 98%) and t-butanol (TBA, 99%) were
obtained from Aladdin Co., China. All chemicals were of analytical
grade and used without further purification unless otherwise specified.
Milli-Q water (resistivity ≥ 18.25 MΩ·cm) was used for all the experiments.

ln (Ct /C0 ) =

kt

(1)

where Ct is the BPA concentration (mg/L) at a certain reaction time (t)
and C0 is the initial BPA concentration.
The effects of several factors such as catalyst dosage, PMS concentration, initial pH, coexisting anions and natural organic matter on
2
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different temperatures. As we can see, the XRD spectrum of Mn-Fe PBAs
can be matched well with KMnFe(CN)6·2H2O (JCPDS#89-8979) [34].
And when calcined at 200 and 250 °C, the resulting product was still
Mn-Fe PBAs. However, the phase changed with the temperature
reached 300 °C, indicating the as-prepared Mn-Fe PBAs could be
transformed into MnFeO@C after heating in air at 300 °C. According to
the XRD results, Mn-Fe PBAs calcined at 200, 250, 300, 350 and 400 °C
were named Mn-Fe PBAs-200, Mn-Fe PBAs-250, MnFeO@C-300,
MnFeO@C-350, MnFeO@C-400, respectively. As indicated in TG analysis (Fig. S2, see in Supplementary Material), the first mass loss below
280 °C can be explained by the removal of the adsorbed water and
crystalline water. The following weight loss between 280 and 320 °C
can be ascribed to the removal of coordinated water [24]. The weight
loss over 320 °C was caused by the decomposition of C-N ligands [35].
Finally, the total weight of the substance was maintained at about 70%.
The results of TGA can be used to explain the results of XRD, why the
phase of Mn-Fe PBAs changed as calcined at 300 °C. The XRD pattern of
MnFeO@C appeared to a combination of several components, suggesting that MnFeO@C was a hybrid material. The diffraction peaks at
23.1°, 32.9°, 38.2°, 55.2° and 65.8° corresponded to (2 1 1), (2 2 2),
(4 0 0), (4 4 0) and (6 2 2) planes of Mn2O3 (PDF#41-1442). The diffraction peaks at 28.9° and 34.1° corresponded to (2 2 0) and (3 3 1)
planes of Mn3O4 (PDF#04-0732). The diffraction peaks at 29.7° corresponded to (2 2 0) planes of Fe3O4 (PDF#89-0951). With the increase
of calcination temperature, a new peak near 12.5° appeared and increased gradually, which was attributed to the increase of MnO2 content in the composite. Generally speaking, Mn2O3 is unstable, and
MnO2 should be preferentially generated by calcination of Mn-Fe PBAs
in air. The cause of the abnormal situation was the existence of carbon,
which made MnO2 reduce to generate Mn2O3. However, the appearance
of MnO2 was due to the volatilization of carbon into carbon dioxide,
resulting in the decrease of carbon content with the increase of calcination temperature. Thus, the MnFeO@C-300 showed the highest catalytic activity for BPA degradation.
SEM images (Fig. 2a-f) clearly showed that the Mn-Fe PBAs and
MnFeO@C exhibited cubic morphology with a side length of about
3 μm, and the calcined cubes were rich in many holes due to the release
of CO2, NOx and H2O gases [22,35]. Moreover, the cube structure was
gradually destroyed with the increase of calcination temperature.
Fig. 3a-c clearly showed the morphology of MnFeO@C-300 with different magnification, from which it can be seen that the morphology of
the cubes was well preserved. Compared with the cubes before calcination, the surface of MnFeO@C-300 became rough and porous. The
clear edge of the framework of MnFeO@C-300 was further studied by
TEM as shown in Fig. 3d-f. As can be seen from the TEM image, the
surface of the material was coated with a layer of carbon film, which
was formed due to the incomplete oxidation of the sodium citrate added
in the synthesis of the Mn-Fe PBAs by calcination in air at low

the BPA degradation by the MnFeO@C-300 cubes were further examined. The concentration ranges of catalyst and PMS were
0.05–0.40 g/L and 0.30–1.50 mM, respectively. The pH value was adjusted using 0.10 M HCl or NaOH aqueous solution under the monitoring of Leici pH meter (pHS-3C). There are various inorganic anions
and natural organic matter in natural water, which would react with
radicals and reduce the BPA remove efficiency. Thus, it was necessary
to evaluate the efficacy of the MnFeO@C-300/PMS system in the presence of different anions. Chloride, bicarbonate and phosphate and
humic acid (HA) were selected to study the effect of coexisting anions
and natural organic matter on BPA removal. The concentration of coexisting anions and HA were set at 10 mM and 10 mg/L,
respectively. Degradation experiment was performed under the abovementioned conditions. For recyclability tests, the remaining catalyst
was collected by suction filtration after the reaction, washed several
times with water and ethanol, and then dried at 60 °C for next recycling.
Ethanol (EtOH) and tert-butyl alcohol (TBA) were used as a quencher to
carry out quenching experiments to identify which radicals played the
main role in the degradation process. All experiments were carried out
in duplicate at least, the averages of the results were used for data
analysis.
2.5. Analytical methods
The concentration of BPA during the degradation was determined
by high performance liquid chromatography (HPLC, Agilent 1220
Infinity II) according to the literature method. The mobile phase was a
50:50 (V/V) mixture of acetonitrile and water at a flow rate of 1.0 mL/
min, and the detection wavelength was 273 nm. Total organic carbon
(TOC) was measured by a TOC analyzer (TOC-L CPN/CPH, Shimadzu
Corporation, Japan). Leici pH meter (pHS-3C) was used to determine
the pH of BPA solution. An electron paramagnetic resonance (EPR)
spectrometer equipped with Oxford ESR910 Liquid Helium cryostat
(Bruker EMX plus 10/12) was used to detect the free radicals using
DMPO as the spin-trapping agent. Gas chromatography-mass spectrometer (GC–MS, Thermo scientific with a TRACE 1300 gas chromatograph) was employed to determine the intermediate products, to deduce the possible degradation pathway. The concentrations of leached
manganese and iron were analyzed by an inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Optima 7300 DV, USA).
3. Results and discussion
3.1. Characterization of catalysts
The crystallographic structure and phase purity of Mn-Fe PBAs
precursor and MnFeO@C were confirmed by XRD analysis. Fig. 1a-b
showed the XRD of Mn-Fe PBAs and products synthesized at five

Fig. 1. (a, b) XRD patterns of Mn-Fe PBA and Mn-Fe PBAs calcined at different temperatures. (a) Mn-Fe PBAs, 200 °C, 250 °C; (b) 300 °C, 350 °C, 400 °C.
3
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Fig. 2. (a-f) SEM images of Mn-Fe PBAs, Mn-Fe PBAs-200, Mn-Fe PBAs-250, MnFeO@C-300, MnFeO@C-350, MnFeO@C-400.

increased significantly, which were 12.41 m2/g and 270.48 Å, respectively (Table S1, see in Supplementary Material). Thus, the MnFeO@C300 catalyst had a larger adsorption capacity for pollutants and was in
favor of the degradation of BPA on the catalyst surface after hightemperature activation.

temperature. Fig. 3d showed that the contrast around the MnFeO@C300 microcubes was slightly lower than the middle part, which was due
to the mass contrast caused by the atomic number of C and Fe, Mn.
Fig. 3f was a partially enlarged view of the edge of the cubes, where the
presence of curved line-shaped fold structures was the result of multilayer carbon films stacking. The elemental mapping images revealed
the elemental distribution of C, O, Fe and Mn in the cubic structure
(Fig. 3g-k).
According to N2 adsorption/desorption isotherms shown in Fig. S3
(see in Supplementary Material), the BET surface area and average pore
diameter of Mn-Fe PBAs were 5.73 m2/g and 140.08 Å, respectively.
After calcination, with surface roughness and porosity increased, the
BET surface area and average pore diameter of MnFeO@C-300

3.2. Catalytic performance of MnFeO@C
The catalytic performance of the as-prepared catalysts was studied
by activation of PMS for degradation of BPA. The degradation reaction
was carried out in a 100 mL conical flask containing 30 mL of 20 mg/L
BPA solution. Firstly, we studied the effect of calcination temperature
on the catalytic activity of the materials. It was found from Fig. S4 (see

Fig. 3. (a-c) SEM images, (d-e) TEM images, and (f) HRTEM images of MnFeO@C-300 microcubes. (g-k) TEM-EDS elemental mapping images of C, O, Fe and Mn in a
single MnFeO@C microcubes.
4
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Fig. 4. (a) Removal efficiency of BPA, (b) kinetic curves in different reaction systems. Reaction conditions: [BPA] = 20 mg/L, [PMS] = 0.50 mM, [catalysts] = 0.20 g/L.
Table 1
Comparison between MnFeO@C-300 and the previously reported Mn/Fe-oxide catalysts in the catalytic performance.
Catalyst dosage (g/L)

Pollutant (mg/L)

PMS concentration (mM)

Removal efficiency (%)

Time (min)

Ref.

β-MnO2 (0.4)
γ-Mn3O4 (0.4)
δ-FeOOH (0.3)
Fe3O4 (0.8)
Fe3O4/MnO2 (0.2)
MnFe2O4 (0.05)
MnFe2O4 (0.75)
Mn2.09Fe0.91O4 (1.0)
FMO-46 (0.4)
p-Mn/Fe3O4 (0.2)
MnFeO@C-300 (0.2)

phenol (25)
phenol (20)
AO7 (50)
Acetaminophen (10)
4-chlorophenol (50)
orange II (20)
TCS (none)
AO II (35)
TC (50)
BPA (20)
BPA (20)

6.50
6.50
0.98
0.2
1.63
1.63
0.75
0.2
1.30
2.00
0.5

100
100
91.4
75
> 95
77
100
64
94
100
> 95

50
30
30
120
30
120
20
480
30
30
30

[37]
[38]
[39]
[40]
[41]
[29]
[42]
[43]
[44]
[45]
This work

in Supplementary Material) that the calcination temperature had a
significant effect on the catalytic activity of catalysts. The catalytic
activity of the catalyst increased gradually with the calcination temperature increased from 200 to 300 °C, while the catalytic performance
decreased as the temperature kept rising. According to the results of
XRD and TGA, as Mn-Fe PBAs calcined at 300 °C, the main form of
manganese oxide was Mn2O3, which was the most effective oxide of the
Mn oxides for PMS activation [36]. This explained why the material
calcined at 300 °C had the highest catalytic activity. Thus, we chose
MnFeO@C-300 obtained from calcination at 300 °C as the catalyst to
activate PMS degradation of BPA in the next degradation experiment.
As shown in Fig. 4a, BPA can hardly be removed as PMS existed alone,
indicating that non-activated PMS has a low oxidation capacity. And
MnFeO@C-300 can only remove 25% BPA by adsorption. When
6.00 mg of MnFeO@C-300 was added to the degradation system containing 0.50 mM of PMS, about 95% of BPA could be degraded within
30 min, better than those of the reported Mn/Fe-oxide catalysts at the
cost of a low dose of PMS, as shown in Table 1. Although some Mn/Feoxide catalysts could activate PMS well, but at the cost of a high dose of
PMS. As a comparison, at the same concentration of PMS and catalysts
doses, MnFeO and C only removed about 80% and 15% of BPA in the
30 min, respectively, shown in Fig. S5 (see in Supplementary Material).
Moreover, a control test using only MnFeO@C-300 and MnFeO showed
that approximately 25% and 15% of BPA was adsorbed in 30 min, respectively, shown in Fig. S6 (see in Supplementary Material), indicating
that the carbon film on the surface of the catalyst was beneficial to the
adsorption of BPA. As can be seen from Fig. 4b, the degradation kinetics
of BPA were fitted well with the pseudo first-order model, and the
apparent rate constant is 0.09445 min−1. Besides, the TOC removal rate
of BPA was measured to investigate the mineralization degree
throughout the degradation process. As shown in Fig. S7 (see in
Supplementary Material), over 50% of TOC could be removed after
30 min reaction. With the reaction time extended to 60 min, TOC

removal rate could reach 80%, indicating that BPA was mostly mineralized, which had a high practical application potential. In order to
determine whether the degradation happened through homogeneous or
heterogeneous reaction, a control experiment with leaching solution
was carried out, which showed that only 10% of BPA was removed
although the concentrations of manganese and iron ions in the PMS/
MnFeO@C-300 reaction system were about 0.30 and 0.60 μg/mL, respectively (Fig. S8, see in Supplementary Material). The results showed
that the activation of PMS oxidant by MnFeO@C-300 was a mainly
heterogeneous reaction on the surface of the catalyst.
3.3. Effect of reaction parameters
In the degradation experiment of BPA, we explored the effects of
catalyst dosage, PMS concentration, pH and interfering ions on the
degradation efficiency of BPA, and determined an optimal reaction
condition: [catalyst] = 0.20 g/L, [PMS] = 0.50 mM, pH = 6.5,
T = 25 °C.
The doses of catalyst and PMS had a significant effect on the degradation efficiency of BPA. Therefore, the different catalyst dosage and
PMS concentration were studied in details. The experimental results in
Fig. 5a showed that the degradation rate of BPA increased significantly
with the increase of catalyst dosage from 0.05 to 0.20 g/L. This phenomenon can be attributed to the increase in active sites, which can
accelerate the reaction rate. Nevertheless, the increase in removal efficiency of BPA became insignificant when catalyst dosage increased
from 0.20 to 0.40 g/L. This was probably due to the saturation of the
active site [45]. Thus, a catalyst dose of 0.20 g/L was employed for
most batch experiments. Subsequently, at the optimum catalyst dose
condition, the different PMS concentrations were examined and the
results were presented in Fig. 5b. As can be expected, the degradation
efficiency increased from 82% to 95% with the increase of the PMS
concentration (0.30–0.50 mM). However, the improvement was
5

Applied Surface Science 538 (2021) 148008

Y. Yang, et al.

Fig. 5. Effect of (a) catalyst dosage, (b) PMS concentrations, (c) pH, (d) interference ions on BPA removal efficiency. Reaction conditions: [BPA] = 20 mg/L (for a, b,
c, and d), [PMS] = 0.50 mM (for a, c and d), [catalysts] = 0.20 g/L (for b, c and d), initial pH = 6.5, T = 298 K.

unremarkable when the PMS concentration increased from 0.50 to
1.20 mM and even started to decrease with PMS concentration further
increased to 1.50 mM, which was resulted from the scavenging of reactive species by the addition of excessive peroxymonosulfate (Eqs. (2)
and (3)) [46].
SO4%− + SO4%− → SO82−
HO +
%

SO4%−

→

HSO5−

degradation efficiency of BPA. Especially, only 23% of BPA was removed with the addition of 10 mM H2PO4−. The strong inhibitory effect of H2PO4− may come from two aspects. Firstly, H2PO4− could
quench SO4%− and HO%. Secondly, the active sites on the surface of the
catalyst were reduced by the chelation reaction of phosphate ions with
a catalyst [27]. Besides the inorganic anions, natural organic matter
also existed in the real water environment. Here we choose humic acid
as an organic matter. The results showed that HA played an insignificant role in the catalytic efficiency of the catalyst.

(2)
(3)

The effect of solution pH on BPA removal efficiency was investigated in the Fenton-like reactions. As shown in Fig. 5c, BPA could
be efficiently degraded with initial pH ranged from 3.0 to 10.0. Especially, a general rule can be drawn from the experimental results, which
is the degradation efficiency of BPA under alkaline condition was better
than that under acid condition. Two explanations can be responsible for
this phenomenon. Firstly, some researchers have reported that alkaline
can activate PMS [47]. Therefore, in the alkaline environment, PMS
may be affected by a double activation, generating more active radicals,
which is conducive to the degradation of BPA. Secondly, under acid
condition, H2SO5 would become the main species instead of HSO5−,
blocking the generation of SO4%−. And a large number of hydrogen
ions can quench sulfate and hydroxyl radicals (Eqs. (4) and (5)) [48].
SO4%− + H+ + e− → HSO4−
+

HO + H
%

+e

−

→ H2O

3.4. Possible degradation pathway of BPA
The products produced from the BPA degradation by the
MnFeO@C-300/PMS system were analyzed by GC–MS as shown in Fig.
S9 (see in Supplementary Material). Seven main aromatic intermediates
detected as 4,4′-(propane-2,2-diyl)bis(6-hydroxycyclohexa-2,4-dien-1one), 4-(prop-1-en-2-yl) phenol, 2,6-di-tert-butyl-4-methylphenol et al.
were listed in Table 2. On the basis of the experimental results and
previous literature [49–52], the possible pathways of BPA degradation
in the MnFeO@C-300/PMS system were presented in Fig. 6. Firstly,
hydroxyl linked carbon atoms on the benzene ring were attacked by the
radicals, and the electrophilic elimination reaction took place, forming
the carbon-carbon double bond. Meanwhile, BPA transformed to quinone of dihydroxylated BPA via hydroxylation and dehydration under
nucleophilic attack. Secondly, the quaternary carbon atom located between two benzene rings was cleaved by radicals, generating 4-(prop-1en-2-yl)phenol, 2,6-di-tert-butylcyclohexa-2,5-diene-1,4-dione, 2,6-ditert-butyl-4-methylphenol, respectively. Subsequently, aromatic ringopening products, including hexa-1,5-dien-3-ol, penta-1,4-dien-3-one,
3-methylbutan-2-one, propan-2-one were formed. Finally, the abovementioned products were further mineralized to form CO2 and H2O.

(4)
(5)

There are various inorganic anions and natural organic matter in
natural water, which would react with radicals and reduce the BPA
remove efficiency. In this study, the effect of Cl−, HCO3–, H2PO4− and
HA was investigated. Generally speaking, Cl− exerted detrimental effects on the organic contaminants removal rate and efficiency in both
the PDS and PMS systems. However, as shown in Fig. 5d, the presence
of Cl− exhibited a negligible impact on catalytic efficiency. On the
contrary, HCO3– and H2PO4− had a significant inhibitory effect on the
6
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Only a slight decrease (5.0%) in catalytic reactivity was observed in the
fourth run. In addition, the removal efficiency of MnFeO@C-300 decreased to 81.6% in the fifth run and 60.5% in the sixth run. It is worth
mentioning that the catalysts were a kind of magnetic material. As
shown in Fig. 7b, the magnetic property of the MnFeO@C-300 was
studied, the magnetic hysteresis curves of MnFeO@C-300 possesses a
saturation magnetization of about 3.58 emu/g. The insert of Fig. 7b was
the illustration of the magnetic separation of MnFeO@C-300 from reaction solution, indicating that the catalyst can be separated from
aqueous solution quickly by magnetic separation. Consequently, the
MnFeO@C-300 catalyst could be separated from the reaction system by
magnetic separation. In order to determine whether the generated radicals decompose the carbon species deposited on the catalyst material,
a control experiment was carried out. First of all, we measured the TOC
of the aqueous solution with only catalyst, and then added PMS, reacted
for a period of time, and then measured the TOC of the solution again.
The results were shown in the Table S2 (see in Supplementary
Material). The results showed that the TOC of the solution did not increase after adding PMS, but slightly decreased, indicating that the
generated free radicals won’t decompose carbon species deposited on
the catalyst materials. In summary, MnFeO@C-300 showed high stability in the degradation of BPA by activated PMS. Hence, the
MnFeO@C-300 were responsible for water treatment applications.

Table 2
Intermediates of BPA degradation in the MnFeO@C-300/PMS system.
Peak No.

Chemical Formula

Structure

m/z

1

C9H10O

134

2

C14H20O2

220

3

C15H24O

220

4

C17H20

224

5

C15H16O2

228

6

C15H16O4

260

7

C24H32

320

3.5. Recyclability and stability of MnFeO@C-300
The recyclability of catalyst is an important parameter to evaluate
the economy of the treatment process of actual water. Thus, after each
degradation experiment, the used catalysts were recovered by suction
filtration, washed with ethanol and water, and then used in the next
experiment. Fig. 7a showed six recycling runs of MnFeO@C-300 for
catalytic degradation of BPA. As we can see, the recycled experiments
showed that the catalyst still has high a catalytic activity after 3 cycles.

3.6. Proposed degradation mechanism
In order to probe the reactive species involved in the BPA degradation, EPR experiments employing spin trap DMPO were performed. As shown in Fig. 7c, no radical signals were detected in the
presence of MnFeO@C-300 alone, indicating that no radicals were

Fig. 6. Proposed BPA degradation pathways in the MnFeO@C-300/PMS system.
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Fig. 7. (a) Consecutive runs for determining the cycling stability of MnFeO@C-300 on BPA removal efficiency. (b) The magnetic hysteresis loops of MnFeO@C-300
(The insert is the illustration of the magnetic separation of MnFeO@C-300 from reaction solution). (c) DMPO trapped EPR spectra under different conditions. (d)
Effects of radical scavengers on PBA degradation. Reaction conditions: [BPA] = 20 mg/L, [PMS] = 0.50 mM, [catalysts] = 0.20 g/L, [DMPO] = 5 mM, pH = 6.5,
T = 298 K.

produced in the absence of the PMS. But a weak EPR signal assigned to
DMPO-HO% was detected for system PMS existing alone, attributed that
PMS can decompose itself to generate radicals slowly. Notably, when
PMS and MnFeO@C-300 added together, the signal intensities of
DMPO-HO% increased substantially, and the peak of DMPO-SO4%−
(αN = 13.20 G, αH = 9.60 G, αH = 1.48 G, and αH = 0.78 G) can also
be found [53,54]. The EPR result indicated that hydroxyl and sulfate
radicals were formed during catalytic PMS activation.
Despite the in-situ detection of radicals by EPR spectra, it was not
clear whether the HO% or the SO4%− played a major role in the degradation of BPA. Hence, it was essential to carry out radical quenching
tests. As we all know, alcohols containing α-H could quench both HO%
and SO4%−, while alcohols without α-H could only quench HO% [32]. In
the radicals quenching experiment, we employed TBA as a scavenger
for HO% and ethanol as a scavenger for both HO% and SO4%−. Fig. 7d
showed that both EtOH and TBA brought clearly inhibitory effects to
the BPA degradation, and with the increase of the scavenger dose, the
inhibition effect was enhanced. In addition, the inhibition of TBA on
BPA degradation was greater than EtOH of the same concentration. This
observation has been reported by several researchers [45,46,52]. The
explanation for this phenomenon was that TBA had a stronger masking
effect on the active sites of the catalyst surface due to its higher viscosity compared to EtOH. Both the EPR experiment and the radical
quenching test demonstrated that BPA degradation was attributed to
both HO% and SO4%−, generated from PMS activated by MnFeO@C300.
To further explore the PMS activation mechanism, the chemical
states of the fresh and used MnFeO@C-300 catalysts were characterized
by FT-IR and XPS analysis. The FT-IR spectrum of the catalyst after the
reaction was shown in Fig. 8, the broad absorption band at 3430 cm−1
and 1600 cm−1 were assigned to the vibrations of water-bonded O-H

Fig. 8. FT-IR patterns of MnFeO@C-300 obtained before and after reaction.

group [55]. After the reaction, due to the significant hydroxylation
during surface activation, the O-H signal of the catalyst became
stronger and blue shifted [56]. Besides, a new peak at 1050 cm−1 appeared, which was corresponded to the S-O stretching of SO42− that
decomposition by PMS [57]. From the XPS full-survey spectrum of the
MnFeO@C-300 before and after the degradation process in Fig. 9a,
there was also a slight change in the content of the elements. As shown
in Fig. 9b, the content of carbon increased obviously after the reaction,
which may be due to the adsorption of intermediates on the surface of
the material. This phenomenon also suggested the generation of intermediates during the reaction process. Moreover, the C 1s peak of the
8
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Fig. 9. (a) XPS spectra, (b) High resolution XPS spectra of C 1s, (c) Mn 2p, (d) Fe 2p of MnFeO@C-300 obtained before and after reaction.

643.90 eV. For the Fe 2p3/2 spectrum of the fresh MnFeO@C-300
shown in Fig. 9d, the two peaks located at 710.70 and 712.40 eV were
attributed to Fe(II) and Fe(III), respectively [60]. After the catalytic
reaction, 9.48% of Fe(II) was converted to Fe(III), indicating that oxidation reactions of Fe(II)/Fe(III) involved in the MnFeO@C-300/PMS
system.
Based on the above comprehensive results, both Mn(III) and Fe(II)
donated electrons to PMS to produce active radicals via Eqs. (6) and (7).
Meanwhile, Mn(IV) and Mn(III) can also obtain electrons from PMS to
complete the redox cycle (Eqs. (8) and (9)) [61]. And SO4%− can react
with H2O/OH– to produce HO% (Eq. (10)) [62]. Besides, the porous
carbon film on the surface of the Mn-Fe PBAs not only increased the
specific surface area of the catalyst, facilitating the adsorption of BPA,
but also promoted the flow of electrons between the catalyst and PMS.
Eventually, HO% and SO4%− attacked BPA through a series of reactions,
making BPA decompose into various intermediate products, and finally
mineralized into CO2 and H2O (Eq. (11)). On the basis of the above
discussion, a reasonable schematic mechanism of PMS activation for
BPA degradation in MnFeO@C/PMS was illustrated in Fig. 10.

Table 3
XPS results of the Fe 2p3/2 and Mn 2p3/2 for the MnFeO@C-300 samples.
MnFeO@C

FeIII

FeII

MnIII

MnIV

MnII

Before reaction
After reaction

61.11%
70.59%

38.89%
29.41%

72.42%
63.71%

27.58%
27.32%

–
8.97%

MnFeO@C-300 shifted to higher binding energy after the reaction, indicating that the carbon film on the catalyst surface participated in the
electron transfer during the degradation process [58]. Meanwhile,
electrochemical impedance spectroscopy (EIS) was conducted to demonstrate that carbon film could reduce the electron transfer resistance, as shown in Fig. S10 (see in Supplementary Material). Thus,
the introduction of carbon improved the electronic conductivity and
accelerated the electron transport of metal based species. The decrease
in the content of metal elements may be ascribed to the leaching of
metal ions during the reaction. This inference was also confirmed by
ICP-AES as shown in Fig. S8 (see in Supplementary Material), the
leaching of Mn and Fe in the reaction solution was detected. Metal ions
were dissolved in small amounts during the reaction. The relative
contents of Fe and Mn in different valence states before and after the
reaction were summarized in Table 3 based on the deconvolution of Mn
2p and Fe 2p XPS spectra. Fig. 9c showed that Mn 2p spectrum of
MnFeO@C-300 before reaction displayed two distinctive peaks at
642.50 eV and 644.30 eV, which were assigned to Mn 2p3/2 of Mn(III)
and Mn(IV), respectively [59]. After the catalytic oxidation process, due
to possible changes in the internal structure of the catalysts, a significant peak-shift to lower binding energy can be observed. According
to deconvolution of Mn 2p3/2 envelop, the relative content of Mn (IV)
remained almost constant, while the relative content of Mn (III) decreased, and a new peak for Mn(II) appeared at the binding energy of

≡Fe(II) + HSO5− → ≡Fe(III) + HO– + SO4%−
≡Mn(III) + HSO5
≡Mn(IV) +

HSO5−

≡Mn(III) + HSO5
SO4%−

−

–

−

–

→ ≡Mn(IV) + HO +
+

→ ≡Mn(III) + H

+

→ ≡Mn(II) + H

+ HO /H2O →

SO42−

+ HO

+

+

SO4%−

SO5%−

SO5%−

%

SO4%−/HO% + BPA → intermediates → CO2 + H2O
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(6)
(7)
(8)
(9)
(10)
(11)
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Fig. 10. Mechanism of PMS activation on MnFeO@C-300 for BPA degradation.

4. Conclusion

Joint Center for Water Technology Research and Demonstration by the
Chinese Academy of Sciences (CAS), China-Sri Lanka Joint Center for
Education and Research by the CAS.

In summary, magnetic MnFeO@C microcubes were rationally designed and synthesized by carbonization of Prussian blue analogues
precursor at different temperatures for degradation of BPA. A porous
carbon film was formed on the surface of the Mn-Fe PBAs after calcination, which not only promoted the BPA adsorption but also mediated
the electron transfer from metal to PMS. Among them, MnFeO@C-300
obtained by calcination at 300 °C presented the best catalytic activity
due to the existence of Mn2O3. The removal rate of BPA could reach
more than 95% in 30 min and exhibited good reusability during 5 runs
of reactions. The BPA could be effectively removed in a wide pH range
(3.0–10.0), and the alkaline environment was more favorable for the
degradation of BPA. Radical quenching and trapping experiments
proved that both SO4%− and HO% radicals were the main active species
during the activation of PMS. Based on the GC–MS results, a possible
degradation pathway involved hydroxyl oxidation and benzene ring
opening were proposed. Findings from this work demonstrated that
MnFeO@C-300 could be developed as an advantageous heterogeneous
catalyst for the activation of PMS in the effective degradation of BPA.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2020.148008.
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