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A B S T R A C T

BiFeO3 (BFO) microspheres were synthesized by a microwave-assisted hydrothermal method for the first time.
The as-prepared BFO was comprehensively characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM) and Mössbauer spectroscopy. The synthesized BFO was
used to activate peroxymonosulfate (PMS) for the decomposition of diclofenac (DCF) in aqueous solution. DCF
degradation was found to follow double-exponential decay kinetics in the BFO/PMS system. The effects of
several operating parameters such as pH value, BFO dosage and PMS concentration on DCF degradation by BFO/
PMS process were investigated in detail. Visible (Vis) light irradiation was observed to promote the DCF de-
gradation by BFO/PMS process by producing additional sulfate and hydroxyl radicals and accelerating the FeIII-
FeII-FeIII redox cycle. Both sulfate radicals (SO4%−) and hydroxyl radicals (%OH) were detected in the BFO/PMS
system by electron spin resonance (ESR). The reusability of as-prepared BFO microspheres was evaluated in both
the BFO/PMS and the Vis/BFO/PMS systems. Nine intermediates were identified during DCF degradation in the
BFO/PMS system and DCF decay pathways were proposed accordingly.

1. Introduction

Pharmaceuticals have incurred increasing concerns as emerging
contaminants in recent years. A typical example is diclofenac (DCF),
one of the most widely reported environmental pharmaceutical con-
taminants [1], due to its wide availability and the inefficiency of con-
ventional treatment methods currently applied in WWTPs (Wastewater
treatment plants) to remove DCF. DCF was frequently detected in
groundwater [2,3] and surface water [4–6], although it is prone to
natural photolysis. Even at environmentally relevant concentrations,
DCF exerts adverse effects on different organisms [7–9]. The persistence
of DCF in ecosystems and its potential toxicity towards various aquatic
organisms have led to a rising interests in the development of effective
treatment technologies for DCF.
Advanced oxidation processes (AOPs) have been proven to be an

effective alternative to conventional treatment methods for the removal
of PPCPs (pharmaceuticals and personal care products) in aqueous
phase. The application of various AOPs, such as ozonation [10], pho-
tocatalysis [11], non-thermal plasma [12], sonication [13], photoelec-
trocatalysis [14] and irradiation [15] to remove DCF has been ex-
tensively studied. However, these AOPs have their drawbacks.

Ozonation needs an intricate ozone generation system while other
processes require continuous energy input. In recent years, sulfate ra-
dical-based AOPs (SRAOPs) have gained intensive interest as a desir-
able method to degrade pharmaceuticals [16], endocrine disruptors
[17], and perfluorinated compounds [18] in water since the sulfate
radical has a redox potential comparable to the hydroxyl radical while
having a much longer half-life [19]. Compared to other SRAOP acti-
vation systems, such as UV, ultrasound, or microwave activation, the
transition metal-activation based processes are more economical and
less complicated in system configuration [20]. Metal-activation based
systems can be either homogeneous or heterogeneous. Since hetero-
geneous catalysts can be recycled, they are the preferred method to
activate PMS [20]. Cobalt oxide is one of the most popular catalysts to
activate PMS for its high efficiency [21]. However, Co leaching from the
catalysts causes health concerns due to its potential toxicity. Thus, the
development of effective, stable and benign catalysts to activate PMS is
still a challenge for practical application.
Perovskite oxides, (ABO3 or A2BO4), characterized by their struc-

tural stability, elemental abundance and flexible chemical composition,
are promising catalysts for various reactions [22,23]. Duan et al. re-
ported that the catalytic activity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)
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perovskite toward PMS activation is much higher than that of a Co3O4
nanocatalyst [24]. In our previous study, LaFeO3 exhibited significantly
higher catalytic activity than Fe2O3 for activating PMS. LaFeO3 cata-
lyzed PMS for DCF degradation with a TOF (Turnover frequency) 17-
fold higher than that of Fe2O3 [25]. However, in both studies, leaching
of metal ions (Co2+ and La3+) was observed, especially under acidic
conditions. In recent years, Bismuth ferrite (BiFeO3, BFO) has received
increasing interests as a heterogeneous catalyst due to its multiferroic
properties and high chemical stability, i.e., strong acid and alkali re-
sistance [26–33]. In a previous study [34], BFO showed higher stability
than LaFeO3 did at pH 5.0; A significant amount of dissolved La
(5.6 mg/L) was detected, while the concentration of dissolved Bi was
only 5× 10−4mg/L with BFO and LaFeO3 dosages of 1.0 g/L. Soltani
and Lee also reported the stability of BFO during the catalytic de-
gradation of 2-chlorophenol by BFO/PS or BFO/H2O2 [32].
Therefore, BFO/PMS process was used to remove DCF in the aqu-

eous phase in the present study. BFO was prepared by a microwave-
assisted hydrothermal method and comprehensively characterized. The
catalytic activity of BFO towards PMS, H2O2 and PS activation was
evaluated. The effects of diverse parameters including reaction pH le-
vels, catalyst dosage, and PMS concentration on DCF decomposition
were examined. The effect of visible light irradiationon DCF degrada-
tion in the BFO/PMS system was also investigated. The possible reac-
tion mechanisms were unveiled. The intermediates/products were
analyzed, and possible decay pathways of DCF were proposed.

2. Experimental

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), iron nitrate non-
ahydrate (Fe(NO3)3·9H2O), sodium carbonate (Na2CO3) and potassium
hydroxide (KOH) were purchased from Sinopharm Chemical Reagent
Co., Ltd, China. Diclofenac (2-[2,6-dichlorophenyl]-amino]-benzene
acetic acid sodium salt), 2, 6-dichloroaniline, Oxone, ethanol and tert-
butanol from Sigma-Aldrich were employed in this study. All reagents
are in analytic purity or higher and used without further purification.

2.2. Catalyst synthesis

The perovskite BFO was prepared by a microwave-assisted hydro-
thermal method. Bismuth nitrate and ferric nitrate were dosed into
10mL deionized (DI) water with a molar ratio of 1:1. The mixture was
stirred for 1 h in ambient air as the precursor of BiFeO3. Then, sodium
carbonate (Na2CO3) and potassium hydroxide (KOH) were added into
the precursor solution as mineralizers. The obtained solution was he-
ated in a 500W microwave oven with the frequency of 2450 Hz at
constant temperature (140 °C) for 35min. After cooling, the particles
were washed several times with Milli-Q water and dried at 80 °C for
12 h. The resulting product was finally ground into fine powders for
further characterization.

2.3. Characterization of as-prepared BFO

The crystalline structure of BFO was determined by using an X-ray
diffractometer at a scanning rate of 0.017° min−1 ranging from 20° to
80° (XRD, PANalytical Corp., Netherlands). The morphology of BiFeO3
was obtained by the scanning electron microscopy conducted on the
JEOL 2010 instrument with an accelerating voltage of 100 kV (SEM
JEOL Corp., Japan). The surface chemical composition and chemical
state of catalyst was determined using X-ray photoelectron spectro-
scopy (XPS, AXIS ULtrabld, Kratos). The 298 K Mössbauer spectrum was
recorded on a Wissel Wss-10. The velocity drive transducer operated in
a triangular waveform mode over energy ranges of± 16mm/s, with a
20mCi 57Co source dispersed as 10% in a thin Rh foil. The
Brunauer–Emmett–Teller (BET) surface area of BiFeO3 was investigated

from N2 adsorption/desorption isotherms at 77 K using an ASAP 2020
automatic analyzer (Micromeritics Instrument Corp., Norcross, GA,
USA). UV–Vis absorption spectra were analyzed by an UV–Vis spec-
trophotometer (U-3010, HITACHI, Japan). The Zeta potentials of sam-
ples were obtained on a Brookhaven Zetasizer Nano ZS90Plus.

2.4. Catalytic reactions with and without visible light

All degradation experiments without visible light were carried out
at room temperature in 100mL of reaction solution. The DCF stock
solution (0.2mM) and PMS (0.1M) were prepared in deionized water.
The simulated wastewater with a concentration of 0.025mM was ob-
tained by adding predetermined aliquots of the DCF stock solution into
DI water in the reactors. The as-synthesized BFO powder was added
into DCF solution and the suspension was sonicated for 10min. After
1 h stirring of suspension, adsorption equilibrium was reached (See Fig.
S2b). Then, the catalytic reactions were started by dispensing PMS
stock solution with predetermined volume into the reactor. Tetraborate
was used to maintain the pH level during the catalytic reaction. Sam-
ples were filtered through a poly(tetrafluoroethylene) (PTFE) mem-
brane of 0.2 μm pore size. The reactions were quenched by sodium
thiosulfate (Na2S2O3). In the case of photocatalytic reactions, a 420 nm
LED was used as light source. All experiments were performed in du-
plicate.

2.5. Analytic methods

The remaining DCF after reaction was quantified by high-perfor-
mance liquid chromatography (HPLC). Possible cation leaching (Bi and
Fe) was detected by ICP (Inductively coupled plasma) (ICPE-9000,
SHIMADZU).
Liquid chromatography/electrospray-time-of-flight mass spectro-

metry (UPLC/ESI-TOF-MS), was applied to identify the intermediates/
products obtained from diclofenac decomposition. Separation was
performed by Waters UPLC system (ACQUITY UPLC I-Class) equipped
with a reverse-phase 2.1 mm×50mm C18 analytical column and
1.7 μm particle size (Waters ACQUITY UPLC-BEH C18). SPME (Solid
phase microextraction)/GC/MS was also employed to determine the
degradation intermediates/products. The detailed procedure was pre-
sented in a previous study [35].
Electron spin resonance (ESR) spectrometer (Bruker EMXPLUS6/1)

was used to identify the active species in BFO/PMS system using DMPO
(5, 5-dimethyl-pyrroline N-oxide) as the spin trapping agent. DMPO
stock solution was added to catalytic reaction solution to obtain the
final concentration of 88mM.

3. Results and discussion

3.1. Characterization of BiFeO3

The XRD pattern of as-prepared sample confirmed the formation of
pure-phase BFO as shown in Fig. S1. The characteristic peaks at 2θ of
22.5°, 31.8°, 32.1°, 39.0°, 39.5°, 45.9°, 51.5°, 56.5°, 57.0°, 66.4°, 67.1°,
70.6°, 71.7° and 76.1° correspond to 012, 104, 110, 006, 202, 024, 122,
018, 214, 208, 220, 036, 312 and 134 planes of BFO (JCPDS No. 71-
2494). All diffraction peaks can be indexed on the basis of a rhombo-
hedral structure with space group R3c. The following lattice parameters
were determined: a= b=5.57 Å and c=13.85 Å.
The XPS was utilized to further identify the chemical state and

composition of the as-prepared BFO samples Fig. 1a showed the survey
spectrum and high-resolution spectra of Bi 4f, Bi 4p, Bi 4d, Bi 5d, Fe 2p
and O 1s orbitals, which confirmed the existence of Bi, Fe, and O ele-
ments. The observed peak for C 1s is probably ascribed to adventitious
carbon in air. For the spectrum of Bi 4f (See Fig. 1b), the peaks at
163.3 eV and 158.1 eV corresponding to the Bi 4f5/2 and Bi 4f7/2 orbital
suggests the presence of Bi3+ [36–38]. As shown in Fig. 1c, the two
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peaks at binding energies of 724.1 and 710.5 eV can be assigned to the
Fe 2p1/2 and Fe 2p3/2, respectively. The satellite peak at 719.0 was
found about 8.5 eV above the Fe 2p3/2 peak, suggesting Fe exists as
Fe3+ in the as-prepared BFO [36,39]. Furthermore, another satellite
peak at 730.5 eV may be the satellite peak for Fe 2p1/2 [39]. The oxi-
dation state of Fe is important for the reaction mechanism of PMS ac-
tivated by BFO. Mössbauer spectroscopy was used to further confirm

the oxidation state of Fe. Fig. 2 shows the room-temperature trans-
mission 57Fe Mössbauer spectra of BFO. It exhibits a six-line magnetic
hyperfine pattern with an isomer shift (IS) of 0.402mm/s. The six-line
magnetic hyperfine pattern is characteristic of magnetically ordered
Fe3+moments [40]. In addition, the IS reflects the s-electron density at
the iron nucleus, which is very sensitive to the oxidation state of Fe.
Fe3+ usually shows an IS in the range 0.3–0.6mm/s while the IS of
Fe2+ is within the range 0.7–1.2mm/s [41]. Thus, it can be concluded
that the oxidation state of Fe is +3 and no Fe2+ exists in the as-pre-
pared BFO. Fig. 1d shows O 1s peak, which can be deconvolved into
three separate peaks located at 528.9, 531.0 eV and 532.5 eV, which are
associated with lattice O, the O in hydroxyl groups and the O in ad-
sorbed H2O on the surface of BFO, respectively [42,43].
The microscopic homogeneity of the BFO is investigated using SEM.

As shown in Fig. 3a, the BFO particles exhibit well-dispersed micro-
spheres ranging from 10 to 20 µm. Fig. 3b further confirms the BFO
particles are roughly spherical and the microspheres are believed to
result from the agglomeration of irregular segments.
The BET specific surface area of as-prepared BFO was measured to

be 2.5m2/g by their N2 adsorption/desorption isotherms. The relatively
small BET specific surface area may be ascribed to the speed of crys-
tallization leading to crystal agglomeration (See Fig. 3b).

3.2. Catalytic activity of BFO toward different oxidant

PMS, S2O82− and H2O2 are common oxidants widely used in was-
tewater treatment. It has been reported BFO can activate H2O2 [34] and
S2O82− [33] for the degradation of organic pollutants. In order to
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compare the catalytic activity of BFO toward different oxidants, DCF
degradation was investigated in BFO/H2O2, BFO/ S2O82− and BFO/
PMS systems. No DCF degradation was observed for the sole-PMS
system and sole-BFO system (See Fig. S2). The adsorption of DCF on
BFO surface was around 10% (See Fig. S2). All reactions were con-
ducted at neutral pH level. As shown in Fig. 4, DCF degradation was
insignificant in both the BFO/S2O82− and the BFO/ H2O2 system. The
activation of PMS by BFO removed 47% of DCF in 60min. There is a
hydrogen atom on the one side of OeO bond of PMS. The S2O82− ion

has

on the both sides of OeO bond, implying that the OeO bond of S2O82−

is more difficult to activate in comparison with that of PMS due to steric
effects. In the case of H2O2, the OeO bond length in H2O2 (1.453 Å) is
shorter than that in HSO5− (1.460 Å) [44], suggesting that the OeO
bond in HSO5− more easily broken. Therefore, the BFO/PMS process
was selected for DCF degradation for further study.
The degradation reaction of organic compounds commonly follows

pseudo-first-order kinetics in heterogeneous Fenton-like systems.
However, first-order kinetics did not fit the DCF degradation process
(R2 of 0.79) in the BFO/PMS system; neither could Zero-order and
second-order kinetics. Wang et al. reported a similar phenomenon in
their study [29]. They found the degradation of bisphenol A in the

presence of EDTA (Ethylenediaminetetraacetic acid) can be fitted to a
triple exponential expression. In this study, DCF decay curve can be
well fitted to a double exponential expression as described below (Eq.
(1), R2= 0.997):

= +C
C

a e a et k t k t

0
1 21 2

(1)

where Ct and C0 is the DCF concentration (mM) at reaction time of t and
0, respectively; a1 and a2 represent fraction coefficients while k1 and k2
are apparent rate constants (min−1) for the 1st type and 2nd type of
DCF degradation, respectively. This may imply that DCF’s overall de-
gradation consists of two separate concurrent pseudo-first-order cata-
lytic processes with different decay rates in the BFO/PMS system. Based
on the study of Wang et al., the two separate catalytic processes can be
assumed to happen at non-occupied active sites and competitive sites,
respectively. Non-occupied active sites indicate ones available for DCF
degradation on the surface of fresh BFO microspheres while competi-
tive sites are ones which DCF and the generated intermediates compete
for. The two types of catalytic reaction are assumed to occur simulta-
neously, suggesting a1+ a2= 1. Based on a double exponential fitting,
a1 and a2 were determined to be 0.26 and 0.74, respectively while k1
and k2 were 0.121min−1 and 0.0055min−1, respectively. The fitting
results indicate that DCF degradation at competitive sites is insignif-
icant compared to that at non-occupied active sites and that further
degradation is inhibited substantially by generated degradation pro-
ducts.
In order to evaluate the stability of BFO during the action of PMS,

the BFO particles were recovered, washed and reused for 3 times. As
shown in Fig. S3, no significant deactivation was observed for DCF
degradation in BFO/PMS system during four cycles, where DCF re-
moval efficiency declined from 52.5% for the first cycle to 49% for the
fourth cycle. In addition, no Bi3+ or Fe3+ were detected during DCF
degradation at pH 7.0 in the BFO/PMS system. These experimental
results indicate that the as-prepared BFO has the potential to be em-
ployed in the real application of wastewater treatment.

3.3. Influence of pH level

The influence of pH levels ranging from 3.00 to 9.00 on DCF de-
gradation was tested as shown in Fig. 5. The pH value shows significant
effect on the performance of the BFO/PMS process. DCF degradation
was found to fit Eq. (1) at all pH levels except at pH 9.0. The kinetic
parameters based on double-exponential fittings are listed in Table S1.
The fastest degradation rate of DCF was observed at pH 3.0. However,
iron leaching from BFO at pH 3.0 was determined to be 0.15mg/L after
1 h. Bismuth leaching was not detected. In order to identify the

Fig. 3. SEM photographs of as-prepared BFO.
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contribution of the homogeneous reaction (activation of PMS by Fe3+)
for DCF elimination at pH 3.0, DCF degradation in Fe3+ (0.15mg/L)/
PMS system was investigated. As shown in Fig. S4, around 65.4% re-
moval efficiency of DCF was achieved, suggesting homogeneous reac-
tion made a significant contribution to DCF degradation at pH 3.0. The
DCF degradation rate at pH 7.0 is similar to that at pH 5.0, but slower
than that at pH 4.0. Both Bismuth and iron leaching was not observed in
BFO/PMS system at pH above 4.0, indicating the wide pH range tol-
erance of as-prepared BFO microspheres. The degradation of DCF was
substantially inhibited at pH 9.0. The pKa1 of H2SO5 is less than 0 [45]
and the pKa2 is 9.4 [46], implying PMS exists in the form of HSO5− at
pH≤7 while HSO5− and a small portion of SO52− are both present at
pH 9.0. The pHpzc of BFO was determined to be around 3.2 (See Fig.
S5). When pH is above 4, the increase of negative surface charge may
lead to the enhanced electrostatic repulsion between BFO and PMS
species, especially SO52−, at the elevated pH levels. And thus reduce
the generation of sulfate radicals. In addition, it was reported that the
pKa of DCF is 4.15 [47], implying that the DCF exist as an anion at pH
above 4.15. The electrostatic repulsion prevented DCF anion from ap-
proaching the negatively-charged surface of BFO. Qi et al. reported that
peroxymonosulfate could be activated by base for the degradation of
some organic pollutants such as dye, phenol and bisphenol A [48].
However, it was not observed that basic conditions were favorable for
the degradation of DCF in BFO/PMS system. In the study of Qi et al., the
PMS/base system was effective for different organic compounds, while
the degradation of 4-chlorophenol was insignificant. Thus, the activa-
tion of PMS by base may not significantly contribute to the degradation
of DCF. Since PMS exists in the form of HSO5− and SO52− at pH 9.0,
electrostatic repulsion between the two species and the negatively-
charged BFO surface prevented HSO5− and SO52− from approaching
BFO surface. Thus, DCF degradation was significantly retarded at pH
9.0.

3.4. Influence of BFO dosage and PMS concentration

At pH 3.0, iron leaching was observed as described above. At pH
4.0, the DCF degradation was only slightly faster than that at pH 7.0.
Thus, the following studies were conducted at pH 7.0 considering the
practical application of the BFO/PMS process. To study the influence of
BFO dosage on the DCF degradation, BFO doses from 0.1 to 0.6 g/L
were applied to activate PMS for DCF decomposition. As illustrated in
Fig. 6 and Table S1, an enhanced DCF degradation rate was achieved by
increasing the BFO dosage. It was also observed that the DCF de-
gradation fit Eq. (1) with BFO dosages ranging from 0.1 to 0.4 g/L (See
Table S1). The increase of BFO dosage resulted in the increase of a1 and

the decrease of a2, indicating that the contribution of DCF degradation
at competitive sites declined. It is interesting to note that DCF de-
gradation followed pseudo first-order kinetics with a BFO dosage above
0.5 g/L with R2 > 0.97. This may be because there are enough active
sites on the BFO surface that the activation of PMS and DCF degrada-
tion at competitive sites is negligible. When BFO loading was increased
from 0.5 to 0.6 g/L, the observed DCF decay rate constant slightly rose
from 0.0332 to 0.0351min−1. Therefore, 0.5 g/L was selected as BFO
dosage for further study.
DCF degradation was also investigated at varied PMS concentrations

with a BFO dosage of 0.5 g/L. DCF degradation fit pseudo first-order
kinetics with R2 > 0.93. As shown in the inset of Fig. 7a, the linear
increase of DCF degradation rate was observed with escalating PMS
concentrations from 0.1 to 0.5 mM. When PMS concentration was
continually increased to 0.6mM, the enhancement of the DCF de-
gradation constant is insignificant (Increasing from 0.0332 to
0.0358min−1). On the one hand, the chance of PMS diffusing to the
surface of BFO increased with increasing PMS concentration, resulting
in the more activation of PMS ions on the BFO surface. On the other
hand, overdosing PMS can be a sink for sulfate radicals (Eq. (2)). As
shown in Fig. 7b, around 81.3% of PMS (0.488mM) remained in the
reaction solution after 1 h with a initial concentration of PMS at
0.6 mM, which is not cost effective. The reaction stoichiometric effi-
ciency (RSE) was also calculated for all PMS concentrations applied at
different reaction times (10–60min) as demonstrated in Fig. S6. The
highest RSE (ranging from 16.6 to 23.1%) was obtained using 0.3 mM
of PMS at the highest reaction time while the lowest RSE was observed
at 0.1 mM of PMS. Therefore, the optimum PMS concentration is
0.5 mM in terms of reaction rate constant while the optimum PMS
concentration is 0.3mM in terms of RSE with a fixed BFO dosage of
0.5 g/L.

HSO5−+ SO4%−→SO5%−+SO42−+H+ (2)

3.5. Influence of radical scavengers and identification of reactive species

ESR spectroscopy using DMPO as spin-trapping adduct were em-
ployed to identify the active species generated during the activation of
PMS by BFO. Both characteristic peaks of DMPO-SO4%− and
DMPO-%OH [49] adducts were observed in the BFO/PMS systems, im-
plying the generation of SO4%− and %OH (See Fig. 8a). No signal was
detected in the systems with PMS and BFO alone. Compared to DMPO-
SO4%−, the stronger peak intensities of DMPO-%OH might be ascribed to
rapid transformation from DMPO-SO4%− to DMPO-%OH [50,51].
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In order to clarify the contribution of sulfate radicals and hydroxyl
radicals to the degradation of DCF, two radical scavengers, i.e. ethanol and
tert-butanol were added to the reaction solution. Ethanol is effective
quencher for both sulfate radicals (3.5–7.7×107M−1 s−1) and hydroxyl
radicals (9.7×108–1.9×109M−1 s−1). Tert-butanol (t-BuOH) can only
react with hydroxyl radicals rapidly (3.8–7.6×108M−1 s−1) while the
reaction rate constant between t-BuOH and sulfate radical is around
(4–9.1)×105M−1 s−1 [52]. As demonstrated in Fig. 8b, the presence of
10mM t-BuOH lowers the DCF removal efficiency from 52.5% to 36.4%.
The inhibiting effect of 10mM ethanol is slightly greater than that of t-
BuOH, with DCF removal efficiency decreasing from 52.5% to 34%. Even
in the presence of 100mM ethanol, DCF removal efficiency still reached
29.8%. It was reported that the second-order reaction rate constant be-
tween the sulfate radical and DCF was around (9.2 ± 2.6)×109M−1 s−1

[53]. The bimolecular reaction rate constant for hydroxyl radical with DCF
was reported to be (2.45–9.29)×109M−1 s−1 [54,55]. The bimolecular
reaction rate constants for ethanol with sulfate radicals and hydroxyl ra-
dicals are (3.5–7.7)×107M−1 s−1 and 9.7×108–1.9×109M−1 s−1,
respectively. The rate constant between DCF and sulfate radical is two
orders of magnitude higher than that between ethanol and sulfate radical.

The kDCF,OH and kethanol,OH are nearly the same order of magnitude. The
ethanol concentration (100mM) is 4000 times the concentration of DCF
(0.025mM) and 200 times the concentration of PMS (0.5mM). Theore-
tically, 100mM ethanol is enough to scavenge the generated sulfate ra-
dicals and hydroxyl radicals. However, 100mM ethanol failed to inhibit
DCF degradation completely. Both ethanol and t-BuOH are hydrophilic
compounds. Thus, it is difficult for them to accumulate on the BFO surface
[56], leading to them mainly competing for the radicals in the bulk so-
lution. On the other hand, the scavengers such as ethanol and methanol
did not interfere with the interaction between metal oxides and PMS
[25,57]. Thus, the quenching effect of scavengers would not be very sig-
nificant if the surface-bound sulfate radicals and hydroxyl radicals made a
major contribution to DCF degradation in BFO/PMS system.
Gao et al. reported that the activation of perovskite oxides including

LaFeO3, LaZnO3, LaMnO3 and LaNiO3 could generate singlet oxygen. In
their study, they also claimed singlet oxygen was the dominant ROS
which was responsible for ofloxacin degradation [58]. It was also re-
ported that singlet oxygen and superoxide radicals rather than sulfate
and hydroxyl radicals are dominant contributors to the oxidation of
organic pollutants including phenol and various dyes in the magnetic
carbon supported Prussian blue nanocomposite Fe3O4@C/PB/PMS
system [59]. In order to identify the role of singlet oxygen and super-
oxide radicals in DCF degradation by BFO/PMS process, the effect of
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furfuryl alcohol (FFA) and p-benzoquinone (p-BQ) on DCF degradation
was investigated. The p-BQ is an effective scavenger for superoxide
radicals [59,60] while FFA is a singlet oxygen scavenger [61]. As shown
in Fig. 8b, both FFA and p-BQ exerted no influence on DCF degradation,
suggesting the role of singlet and superoxide radicals is insignificant in
DCF degradation in the BFO/PMS system.
Based on our experimental results, the mechanisms of PMS activa-

tion by BFO is described in Eqs. (3)–(8). Firstly, a complex between
^FeIII and HSO5− was formed (Eq. (3)), where ^FeIII represents Fe3+

sites on BFO surface. The electron was transferred from HSO5− to
^FeIII, leading to the generation of ^FeII and SO5−% (Eq. (4)). The
generated ^FeII activated HSO5− to yield SO4−% and ^FeIII (Eq. (5)).
The SO4−% can react with H2O or OH− to produce HO% (Eqs. (6) and
(7), respectively). The combination of SO5−% and SO5−% may also
generate SO4−% (Eq. (8)) [62].

^FeIIIeOH−+HSO5−→^FeIIIe(OH)OSO3−+OH− (3)

^FeIIIe(OH)OSO3−→^FeII + SO5−%+H+ (4)

^FeII+HSO5−→^FeIII + SO4−%+OH− (5)

SO4−%+H2O→HO%+SO42−+H+ (6)

SO4−%+OH−→HO%+SO42− (7)

SO5−%+SO5−%→SO4−%+SO4−%+O2−% (8)

The mechanisms for the heterogeneous activation of PMS or PS are
complicated. In recent years, non-radical mechanisms were also pro-
posed for heterogeneous activation of PMS or PS for the degradation of
organic compounds [63–65]. Since an excess amount of ethanol could
not completely inhibit DCF degradation in the BFO/PMS system, the
contribution from non-radical pathways to DCF degradation might be
significant and needs further investigation.

3.6. Photocatalytic degradation of DCF under visible light irradiation

BFO has been reported to be an effective visible-light photocatalyst
due to its narrow band gap and stability [32]. In this study, the pho-
tocatalytic activity of BFO was investigated in terms of DCF degradation
under the irradiation of 420 nm LED lamp with and without the pre-
sence of PMS. The optical property and energy band structure are be-
lieved to play a critical role in the photocatalytic activity of semi-
conductors. The UV–visible absorption spectra of BFO microspheres is
demonstrated in Fig. S7, where the synthesized BFO microspheres ex-
hibit strong absorption in the visible range. The band gap (Eg) of as-
prepared BFO was calculated to be 1.89 eV using the (αhν)2 as a func-
tion of hν (See Fig. S8). Furthermore, the valence band maximum
(VBM) was determined to be 1.25 eV according to the valence band XPS
analysis of BFO (Fig. S9). Based on the formula ECBM= EVBM− Eg, the
conduction band minimum (ECBM) was calculated to be −0.64 eV.
As shown in Fig. 8, BFO microspheres failed to exhibit any photo-

catalytic activity under visible light irradiation. The ECBM (−0.64 eV)
and EVBM (1.25 eV) of as-prepared BFO microspheres indicate that the
photogenerated electrons on the CB of BFO can reduce O2 to O2%− and
the holes cannot oxidize H2O to generate hydroxyl radicals on the VB of
BFO. E0(O2/O2%−) and E0(%OH/H2O) are −0.33 eV and 2.37 eV, re-
spectively[66]. The oxidizing power of O2%−may not be strong enough
for the oxidation of DCF. In addition, the fast recombination of the
electron and hole pair may be expected due to the narrow band gap of
BFO. Under the irradiation of visible light (420 nm), PMS could not be
activated to degrade DCF (See Fig. 9). Nevertheless, the irradiation of
visible light promoted the DCF decomposition by BFO/PMS noticeably,
where the removal efficiency of DCF increased from 52.5 to 68.0%. This
is because the photogenerated electrons on the CB of BFO can reduce
PMS to yield more hydroxyl radicals or sulfate radicals (Eqs.9 and 10).
This experimental result (See Fig. S10) can further prove the reduction
of PMS by photogenerated electrons. In addition, the photogenerated

electrons and O2%− could reduce Fe(III) to Fe (II), accelerating the FeIII-
FeII-FeIII redox cycle and thus promoting the generation rate of sulfate
radicals (Eqs. (11)–(13)).

HSO5−+ eCB−→SO4%−+OH− (9)

HSO5−+ eCB−→ %OH+SO42− (10)

^FeIII + eCB−→^FeII (11)

^FeIII +O2%−→^FeII+O2 (12)

^FeII+HSO5−→^FeIII + SO4%−+OH− (13)

The influence of visible light on DCF degradation in the BFO/H2O2
and Vis/BFO/PS systems has also been investigated. As shown in Figs. 4
and 9, visible light irradiation increased DCF removal efficiency from
roughly 10% to 20% and 25% in the BFO/H2O2 and Vis/BFO/PS
system, respectively.
The reusability of BFO for DCF degradation in Vis/BFO/PMS system

has also been tested. As demonstrated in Fig. S11, no significant decline
(from 68% to 65%) in DCF removal efficiency was observed during four
cycles. No Bi and Fe leaching was detected during DCF degradation in
Vis/BFO/PMS system. These results suggest that the as-prepared BFO
catalyst is stable and can be recycled for the degradation of organic
pollutants in the Vis/BFO/PMS system.

3.7. Identification of DCF degradation intermediates and degradation
pathways

The degradation of DCF shared the same intermediates in the UV/
BFO/PMS and BFO/PMS systems. This is because DCF degradation re-
lied on the oxidation of sulfate radicals and hydroxyl radicals in both
processes. Visible light irradiation offered an additional way to produce
hydroxyl and sulfate radicals and promoted the FeIII-FeII-FeIII redox
cycle. Visible light irradiation did not change the dominating DCF de-
gradation mechanism which is the oxidation of hydroxyl and sulfate
radicals. Nine intermediates were detected and identified by Liquid
chromatography/electrospray-time-of-flight mass spectrometry (LC/
ESI-TOF-MS) and Gas Chromatography-Mass Spectrometer (GC-MS).
Molecular structure of each intermediate/product is shown in Table S2
and MS spectra are shown in supplementary data.
Among these intermediates, compound 1 with a m/z of 160.97 was
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detected during the whole DCF degradation process. It was also de-
tected in previous studies [67–71]. The fragment m/z 145.00 and
125.92 corresponds to the loss of eNH2 and eCl, respectively. Com-
pound 1 was identified as 2,6-dichloroaniline, which was confirmed by
the comparison of the retention time and MS patterns of compound 1
and the standard compound. Compound 2 was also a major inter-
mediate showing a m/z of 177.95. The fragment m/z 141.96 was the
result of dechlorination. MS spectra of compound 3 shows two frag-
ments m/z 228.2312 and 214.2510 resulting from the loss of group
eNH and eCO respectively. In the case of compound 4 (m/z=267.01),
the m/z 237.18 fragment corresponds to the loss of eCH3 and eOH and
the m/z 105.05 fragment may be generated by the broken of C-N bond.
Compound 5 was identified by both GC-MS (m/z=277.11), and LC-MS
([M+H]+=278.0128). The fragment m/z 250.0188 is believed to
come from the loss of eCO. Compound 6 is believed to derive from the
oxidation of compound 4. A fragment with m/z 265.01 corresponds to
eOH loss of compound 6 (m/z=281.01). Compound 7, with a [M
+H]+ of 310.0017, is a quinone-like intermediate product which was
also observed in previous studies [10,11,70,72]. The fragment m/z
291.9909 came from an 18 Da loss (eH2O) of m/z 310. The compound
8 is a typical hydroxylation product [11,68,73]with a [M+H]+ of
327.0766 in this study. The benzene ring of compound 3 was attacked
by sulfate radical, leading to the generation of Compound 9 which was
reported in previous studies [25,74].
The possible decay pathways of DCF in BFO/PMS system were

proposed. As shown in Fig. 10, there are four primary pathways for DCF
degradation. In reaction pathway 1, DCF was decarboxylated to yield
2,6-dicloro-N-o-tolylbenezamine (Compound B), which was trans-
formed to compound 6 by the oxidation of methyl and hydroxylation on
the left benzene ring. The further hydroxylation of compound B gen-
erated compound 4. In reaction pathway 2, dichloroaniline (Compound
1), which is the main product, was obtained by a CeN bond cleavage
process. Compound 1 could also be derived from compounds A, B, 4, 6

and 8. Pathway 3 is the hydroxylation of DCF. The hydroxylated di-
clofenac derivative 5-hydroxy-diclofenac (Compound A) could be fur-
ther transformed to (2-(2, 6-dichlorophenylamino) phenyl) methanol
(Compound 4), diclofenac-2,5-iminoquinone (Compound 7) and 4,5-
dihydroxy-diclofenac (Compound 8) through decarboxylation, dehy-
drogenation and hydroxylation processes, respectively. In reaction
pathway 4, the (2,6-dichlorophenyl)-indolin-2-one was formed by ring
closure with the loss of H2O. Furthermore, another ring closure
pathway might proceed through a multistep process including de-
chlorination (the CeCl bond could be attacked by SO4%− or other
substances [75]), hydroxylation and ring closure reactions to form the
product 2-(8-hydroxy-9H-carbazol-1-yl) acetic acid (Compound 3).
Compound 3 suffered the attack from sulfate radicals, leading to the
generation of compound 9. Finally, the hydroxylation of dichloroaniline
(Compound 1) could yield 3,5-Dichloro-4-aminophenol (Compound 2).
The generation of compound 2 was also reported in previous studies
[69,76,77]. Some intermediates might suffer further degradation and
be transformed to CO2 and H2O. As shown in Fig. S12, 16% removal
efficiency of TOC (the initial TOC was 16.8mg/L) was achieved in
BFO/PMS system after 3 h. The visible light irradiation increased TOC
removal efficiency from 16 to 31% (see Fig. 10).

4. Conclusions

A microwave-assisted hydrothermal method was used to synthesize
BFO microspheres which can activate PMS to degrade DCF efficiently.
DCF decomposition was observed to follow double-exponential decay
kinetics. The influence of various parameters on DCF degradation was
examined. The influence of pH ranging from 4.0 to 7.0 was not sig-
nificant on DCF degradation. At pH 9.0, DCF degradation was sig-
nificantly inhibited. The optimum BFO load was found to be 0.5 g L−1

with PMS concentration at 0.5mM in BFO/PMS system. DCF degrada-
tion was found to follow pseudo first-order kinetics with BFO dosage

Fig. 10. Possible decay pathways of DCF in BFO/PMS system.
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above 0.5 g L−1. The degradation rates of DCF ramped up linearly with
the increase of PMS concentration from 0.1 to 0.5mM when BFO do-
sage was fixed at 0.5 g L−1. The irradiation of visible light promoted the
degradation of DCF in BFO/PMS system. Nine intermediates were
identified during DCF degradation in both Vis/BFO/PMS and BFO/PMS
systems. In addition, the as-prepared BFO microspheres exhibited high
stability within a wide pH range. No bismuth and iron leaching were
observed with pH above 4.0. These experimental results indicate the as-
prepared BFO is superior to other perovskites in terms of metal ions
leaching. The high stability of the as-synthesized BFO may be attributed
to the microsphere morphology. The recycle tests confirmed the good
reusability of BFO in both BFO/PMS and Vis/BFO/PMS systems.
Decarboxylation, hydroxylation, C-N bond cleavage and intramolecular
ring closure are believed to be involved in DCF degradation. Visible
light irradiation also increased TOC removal efficiency during DCF
degradation.
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