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In this study, magnetic BiFeO3 nanoparticles (BFO MNPs) were successfully synthesized by simple sole-gel
method. The BFO MNPs catalyst was characterized by X-ray diﬀraction (XRD), scanning electron microscopy
(SEM), energy-dispersive spectroscopy (EDS), x-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared (FT-IR) techniques. The prepared catalyst was used to activate persulfate (PS) to generate sulfate radicals (SO4%−) for the enhanced degradation of aniline from aqueous solution. It was found that BFO MNPs
showed high catalytic activity toward PS decomposition for the degradation of aniline. The degradation eﬃciency of aniline (0.5 mM) was 100% within 120 min using initial dosage of 0.5 g/L BFO MNPs and concentration of 5 mM persulfate. Even at neutral pH (7.0), aniline was eﬃciently degraded in BFO MNPs /PS
system. The eﬀects of reaction parameters such as initial pH, PS concentration and dosage of BFO MNPs were
investigated. The radical scavenging and electron paramagnetic resonance (EPR) results showed that sulfate
radicals (SO4%−) and hydroxyl radicals (%OH) were generated by the activation of PS with BFO MNPs for the
degradation of aniline. The stability of catalyst was tested by means of successive reuse cycles. The results
revealed that BiFeO3 catalyst exhibited high reusability and stability in degrading aniline through PS activation.

1. Introduction
Organic contaminants are continuously being released into the environment with rapid development of industrialization and urbanization. Among the toxic contaminants present in wastewater, aniline is a
toxic compound widely used as an intermediate in the synthesis of
pharmaceuticals, dyes, antioxidants, polyurethanes, rubber additives,
pesticides and herbicides [1]. The annual estimation discharge of aniline into the environment is 30,000 tons by illegal discharge of municipal and industrial wastewater, excessive pesticides use and accidental
leakages [2]. Aniline is injurious to the human beings and aquatic life
because it is bio-refractory, mutagenic, carcinogenic, toxic and potentially fatal. It has been listed as one of the 129 priority pollutants by the
U.S Environmental Protection Agency (U.S.EPA) [3,4]. Therefore, novel
and eﬀective method is necessary to degrade aniline in aqueous

solution.
Advanced oxidation processes (AOPs) for the treatment of wastewater have received growing attention as eﬀective and attractive
pathways due to generation of highly reactive species in these processes
[5]. Among AOPs, classic Fenton process is commonly used due to its
capacity to degrade organic compounds. However, classic Fenton process (Fe2+/H2O2) has certain restrictions such as requiring lower pH
(pH < 3.0), formation of sludge residues, and unsuccessful use of rapidly produced hydroxyl radicals and limited elimination of organic
carbon [6]. Recently, oxidation with sulfate radical (SO4%−) from PS is
proved as promising and eﬃcient pathway due to its ability to degrade
organic pollutants into non-toxic small molecule substances [7–10].
Compared to %OH, which has redox potential of 1.8–2.7 V, SO4%− exhibits a higher redox potential of 2.5–3.1 V. SO4%− reacts with wide
range of organic contaminants through a one-electron transfer
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mechanism while %OH reacts by hydrogen abstraction or addition reaction [11]. SO4%− has longer half-life, strong oxidizing ability, and
higher reactivity over wide pH [12,13]. Furthermore, SO4%− is relatively stable and quickly react with the organic pollutants with second
order rate constants ranging from 107–109 M−1 s−1 [14]. Mostly,
SO4%− can be generated by the activation of PS through heat [3,15], UV
light [16], transition metals [17,18], electron transfer and base (Eqs
(1)–(3)) [19]. Once SO4%− is produced, hydroxyl radical can be formed
indirectly (Eqs. (4), (5)) [7], which also contributes to the degradation
of pollutants [14].

S2 O82 − + e− → SO4−°+ SO4 2 −

(1)

S2 O82 − + heat/UV → 2SO°−
4

(2)

S2 O82 − + Men+ → SO4−° + SO4 2 − + Me(n+1) +

(3)

SO4−° + H2 O→ °OH + SO4 2 − + H+

(4)

SO4−° + OH- → °OH + SO4 2 −
n+

+

+

2+

(Guangzhou, China). Na2S2O8, concentrated sulfuric acid
(H2SO4, > 98.0%) and sodium hydroxide (NaOH, > 96.0%) were purchased from Tianjin Baishi Chemical Reagents Co. Ltd. (Tianjin, China).
Water used in this study was deionized distilled water produced by a
Millipore Milli-Q system (USA).
2.2. Synthesis of BFO MNPs
BFO MNPs were synthesized by a simple sol-gel process as reported
previously [30]. For the synthesis of BFO MNPs, the equal mole concentration of Bismuth nitrate (0.008 mol) (Bi(NO3)2·5H2O) and Iron
nitrate (Fe(NO3)3·9H2O) (0.008 mol) were dissolved in 20 ml of 2methoxyethanol, followed by adding 20 μl of HNO3 (0.1 mol/L). After
the addition of citric acid (0.008 mol) and ethylene glycol (10 ml) to the
solution, the mixture was stirred for 1 h at 60 °C to form a sol. The sol
was heated for 5 h at 100 °C to form a brown viscous resin. The resin
was heated for 5 min on an electric furnace, and then calcined at 500 °C
for 2 h.

(5)
2+

3+

2+

(M = Ag , Cu , Co , Fe , Ce , Mn , etc)
Among the numerous transition metals, iron is widely used for PS
activation because it is comparatively cheap, eﬀective, non-toxic and
environmentally friendly [17,20,21]. However, a shortcoming to the
homogeneous catalysis involving instantaneous completion of reaction
is the rapid oxidation of Fe2+ to Fe3+, which would result in inactivation of Fe2+ and poor utilization of PS [22,23]. In order to
overcome this problem, heterogeneous catalysis systems have attracted
a lot of attention as a promising alternative because of some advantages
such as operation at ambient temperature, near-neutral pH, easy recovery and reuse of the catalysts [24–27].
As is well known, perovskite-type mixed oxides with general formula of ABO3 are promising heterogeneous catalysts for the removal of
pollutants owing to their [28] fascinating and well deﬁned structure
and intrinsic properties. The catalytic versatility of perovskites is believed to be governed by the high mobility of oxygen and the stabilization of unusual oxidation states in their structure [29]. BFO MNPs of
perovskite-type structure have been considered as an attractive photocatalyst because of its narrow band gap energy (2.2 eV) as well as its
high chemical stability. Furthermore, BFO MNPs was also used as
heterogeneous catalyst in Fenton-like reactions for the degradation of
organic pollutants [29–31]. As BFO MNPs simultaneously have Fe
element and perovskite-type structure, it is anticipated that BFO MNPs
are a powerful heterogeneous catalyst for the catalytic activation of PS.
However, the studies on oxidation with BFO MNPs in the presence of PS
remain limited.
In this study, BFO MNPs were successfully synthesized via a novel
and simple sol-gel method and used as eﬃcient activator of PS to
produce SO4%− for the degradation of aniline from aqueous solution.
The main objectives of this study are to 1) synthesize and characterize
BFO MNPs; 2) assess the PS activation eﬃciency with BFO MNPs to
facilitate the degradation of aniline in aqueous solution; 3) elucidate
the dominant radical species generating from PS oxidation and resulting in aniline degradation.

2.3. Characterizations
The surface morphology of BFO MNPs was observed with EVO 18
(Car Zeiss) scanning electron microscope (SEM) being operated at an
acceleration voltage of 10 kV. The crystalline structure was characterized by X-ray diﬀractometer (XRD, D8 Advance, Bruker) with Cu Kα
radiation (λ = 1.541 nm) over a 2θ range of 10°–80°. The valence state
of elements was determined by X-ray photoelectron spectroscopy (XPS)
Phi X-tool instrument. The infrared spectra were recorded on a Fourier
transform infrared (FTIR) spectrophotometer. The spectra were obtained from 400 to 4000 wave numbers (cm−1) using a Vector 33
(Bruker, German).
2.4. Experimental process
Aniline and PS stock solutions with concentrations of 10 mM and
50 mM, respectively, were prepared with deionized water. All experiments were performed in 250 ml Erlenmeyer ﬂasks under constant
stirring in a rotary shaker at 25 °C and 125 rpm. For aniline degradation
experiments, predetermined amount of catalyst was added into 100 ml
of 0.5 mM aniline solution and followed by adding 5 mM PS solution at
pH 7.0. The initial pH of aniline solution was adjusted by 0.1 M H2SO4
and 0.1 M NaOH. At regular time intervals, 0.5 ml sample was taken
and ﬁltered through 0.22 μm syringe ﬁlters prior to analysis. After ﬁltration samples were quenched immediately with sodium thiosulfate to
stop the reaction. Various parameter eﬀects on aniline degradation,
including dosage of catalyst, solution of pH, and PS concentration of the
aniline solution were investigated. All these experiments were performed in triplicate.
2.5. Analytical methods
The concentration of aniline in the aqueous phase was measured by
High Performance Liquid Chromatography (HPLC) (Shimadzu LC-20)
equipped with a diode array detector set at 254 nm. The HPLC column
used was a reversed-phase C18 column (250 mm × 4.6 mm) and the
temperature of the column was maintained at 40 °C. The mobile phase
used was methanol–water (70: 30, v/v) with a ﬂow rate at
0.7 ml min−1. Persulfate anion concentration was determined by spectrophotometric method with potassium iodide [32]. GC–MS Varian
4000 GC–MS (gas chromatography–mass spectrometry) with a weak
polarity capillary column ((0.15 lm) 60 m 0.25 mm) was used to verify
the structure of the intermediates. The mineralization of aniline was
determined by EMENTAR LiquiTOC Total Organic Carbon (TOC) analyzer. An electron paramagnetic resonance spectrometer (EPR) (Bruker,
A300 microx) was used to determine the generation of sulfate and
hydroxyl radicals. DMPO (0.1 M) was used as the radical spin-trapping

2. Experimental
2.1. Materials
All chemicals and reagents used in the experiments were of analytical grade. Aniline (C6H7N2, > 98.0%), Bismuth nitrate (Bi
(NO3)3·5H2O), iron nitrate (Fe(NO3)3·9H2O), 5, 5-Dimethyl-1-pyrroline
N-oxide (DMPO, AR, P96.0%) were purchased from Aladdin Reagents
Co. Ltd. (Shanghai, China).Ethanol (EtOH), tert-butyl alcohol (TBA)
were purchased from Shanghai Reagents Co. Ltd. (Shanghai, China).
Sodium thiosulfate pentahydrate (Na2S2O3·5H2O, > 99.0%) was obtained from Guangzhou Chemical Reagents Factory
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to the bending vibrations of the H2O molecules on the surface of BFO
MNPs [30,33]. The characteristic scanning electron micrograph (SEM)
of BFO MNPs was shown in Fig. 2a. It was found that BFO MNPs displayed a structure with particle size range of nanoscale. It is clearly
revealed that BFO MNPs were observed to be wafer-like in shape that
also show high porous structure. As shown in Fig. 2b, the energy-dispersive X-ray spectroscopy (EDS) analysis of BFO MNPs approved the
existence of Bi, Fe and O. The quantitative analysis showed that molar
ratio of Bi, Fe and O in BFO MNPs was about 1:1:3.
XPS analysis was carried out to observe the chemical states and
surface compositions of BFO MNPs. As it can be seen from Fig. 3a, the
two peaks around 158.9 and 164.4 eV correspond to the binding energy
of Bi 4f7/2 and Bi 4f5/2, respectively. The peaks conﬁrmed the presence
of
Bi3+ in the BFO MNPs [36]. Fig. 3b showed the XPS pattern of Fe
element, in which the binding energy of 723.8 and 710.4 eV corresponded to Fe 2p1/2 and Fe 2p3/2, respectively, certiﬁed the characteristics of Fe3+ [33]. The peak observed at 529.6 eV corresponding
to the binding energy of O 1s in BFO MNPs for Fe-O bond (Fig. 3c) [34].
3.2. Degradation of aniline under diﬀerent systems
To assess the catalytic eﬃciency of synthesized BFO MNPs, experiments were conducted to compare aniline degradation by diﬀerent
treatment systems, including only BFO MNPs, only Fe3O4, only PS,
Fe3O4/PS, and BFO MNPs/PS. The results showed that the removal
eﬃciency of aniline was 13.31% and 10% in BFO MNPs and Fe3O4
system, respectively (Fig. 4a). It showed that low removal eﬃciency of
aniline could be due to adsorption on the surface of catalysts. As shown
in Fig. 4a, 35.5% aniline removal was observed in PS system due to
small generation of SO4%−. It can be seen that degradation eﬃciency
obtained by PS was higher than that of BFO MNPs and Fe3O4 alone,
which is mainly due to generation of SO4%−. However, the results indicate that the direct aniline degradation by PS and its adsorption by
BFO MNPs and Fe3O4 is limited. %−. As revealed in Fig. 4b, PS consumptions percentage was 16.4% after 120 min reaction in PS alone
system, showing that small amount of PS was decomposed in this
condition. At ambient temperature PS is stable and chemical reaction is
slow, so a little degradation of aniline was observed. Fig. 4a also shows
a higher degradation eﬃciency of aniline (54.25%)
for Fe3O4 in the presence of PS, which was signiﬁcantly greater than
BFO MNPs, Fe3O4 and PS each alone. This suggests that the catalytic
activity was enhanced by the addition of PS to the reaction. As can be
seen, when aniline in the aqueous solution was exposed to the
combination of BFO MNPs and PS, the degradation eﬃciency of
aniline was
noticeably increased and reached 100% after 120 min reaction. As
displayed in Fig. 4a, for BFO MNPs/PS system aniline content was decreased much faster at initial times, indicating that the catalyst acted as
an excellent activator of PS. The ﬁndings shown that BFO MNPs
catalyst has a signiﬁcant eﬀect on PS decomposition with consequent generation of SO4%−. While PS consumption was 78.3% and
38.45% in BFO MNPs/PS and Fe3O4/PS system, respectively. Aniline
degradation eﬃciency in BFO MNPs/PS system was higher than other
systems due to generation of more SO4%−. The result demonstrated that
in the BFO MNPs/PS system, BFO MNPs could eﬀectively activate PS to
produce SO4%− and then hydroxyl radical would be generated by the
reaction between SO4%− and H2O (Eq. (4)) [37].

Fig. 1. XRD patterns (a) and FT-IR spectra (b) of BFO MNPs.

reagent. The EPR determination was performed under the following
conditions: a center ﬁeld of 3517 G, a microwave power of 20.16 mW, a
microwave frequency of 9.875 GHz, a sweep width of 250 G, a modulation frequency of 100 kHz, a receiver gain of 3.99 × 104, modulation
amplitude of 1.00 G, a sweep time of 122.8 s.

3. Results and discussion
3.1. Characterization of BFO MNPs
The as-prepared BFO MNPs were ﬁrst characterized by powder Xray diﬀraction (XRD) measurements. The XRD pattern presented in
Fig. 1a demonstrate the crystalline phase of BFO MNPs. The peaks in
the XRD pattern were corresponded to the rhombohedral perovskite
structure of BFO MNPs with R3c space group (JCPDS NO: 86–1518).
The result of XRD data is in good agreement with those reported in
literature for BiFeO3 [33,34]. The crystalline size of BFO MNPs according to the (012) diﬀraction peak was measured by using Scherrer’s
formula d = kλ/β cos θ, where d = crystallite size, k = 0.9 (shape
factor), λ = wavelength of Cu Kα (1.5406 Å), β = full width at halfmaximum (fwhm), and θ = Bragg’s angle [35]. The crystalline size of
BFO MNPs was found to be 60.48 nm. The FT-IR spectra of the BFO
MNPs is depicted in Fig. 1b. In the FT-IR spectra of BFO MNPs, three
strong absorption peaks detected around 445 cm−1, 555 cm−1 and
620 cm−1 were attributed to OeFeeO bending vibrations, the FeeO
stretching of FeO6 groups and bending vibration of Fe-O bond in FeO6
octahedral unit in perovskite BFO, respectively. The perovskite structure formation can be conﬁrmed by the existence of metal oxygen band.
The broad band at 3425 cm−1 is ascribed to the bond stretching in H2O
and −OH groups. While the band around 1634 cm−1 can be attributed

3.3. Eﬀect of BFO MNPs and PS dosage on aniline degradation
In the BFO MNPs/PS system, BFO MNPs was used as the catalyst for
PS activation to generate the SO4%−. Hence, the generation of SO4%−
can be aﬀected by the dosage of catalyst. In BFO MNPs/PS heterogeneous system, the degradation eﬃciency and rate was generally
controlled by the production of SO4%−, by optimizing the dosage of BFO
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Fig. 2. SEM image of BFO MNPs (a) and (b) EDS of BFO MNPs.

MNPs dosage, pseudo-ﬁrst order kinetics model was used to ﬁt the
catalytic results under various BFO MNPs dosage. The kinetics model
can be expressed as ln C/C0 = −kt, where C and C0 are aniline concentrations (mM) at time t and time zero, respectively, k is the pseudo
ﬁrst order degradation rate constant (min−1). The degradation of aniline in all conditions followed the pseudo ﬁrst order kinetic model well
(R2 > 0.98). The apparent rate constants of aniline increased from
0.0113 to 0.0332 min−1
with increasing dosages of BFO MNPs from 0.1 to 0.5 g/L and it
decreased to 0.0258 min−1 with increasing dosage of catalyst from
0.5 g/L to 1.0 g/L as shown in Fig. 5b. As depicted in Fig. 5b, aniline
degradation well followed pseudo-ﬁrst order model (R2 > 0.98). The
results also demonstrated that the degradation eﬃciency was the
highest at a BFO MNPs dosage of 0.5 g/L.
The concentration of oxidant is a main factor that can signiﬁcantly
aﬀect the degradation of
organic pollutants. Initial concentration of PS can play a signiﬁcant
role as an oxidizing agent in the system due to the production of more
amount of SO4%−. It can be seen from Fig. 5c that rate constant of
aniline degradation increased from 0.0069 to 0.0332 min−1 when the
concentration of PS was increased from 0.5 to 5.0 mM, but rate constant
decreased to 0.0276 min−1 when the concentration of PS was further
increased to 10 mM. Aniline degradation eﬃciency increased and
reached at 100% when the concentration of PS was increased to 5 mM.
With the increasing PS concentration, more molecules of PS could reach

MNPs. Owing to the key role of the catalyst for aniline degradation with
PS, aniline kinetic study with BFO MNPs was ﬁrst conducted. In order
to investigate the eﬀect of catalyst dosage on aniline degradation eﬃciency, experiments were conducted by diﬀerent catalyst dosage in the
range of 0.1–1.0 g/L. The initial aniline concentration was ﬁxed at
0.5 mM, persulfate concentration was 5 mM and initial pH was 7.0. As
can be seen, aniline degradation eﬃciency increased signiﬁcantly with
the dosage of BFO MNPs.
As shown in Fig. 5a, aniline degradation increased rapidly from
63.2% to 100% within 120 min with increasing dosage of BFO MNPs
from 0.1 to 0.5 g/L. The results showed that complete degradation of
aniline can be attained after 120 min oxidation reaction. Aniline degradation increased when BFO MNPs dosage was increased due to more
generation of sulfate radical. Overall, the increase of BFO MNPs dosage
would increase adsorption sites as well as active sites for PS activation
to generate more SO4%− [38] and therefore would lead to a signiﬁcant
increase of aniline degradation rate. By increasing the dosage of BFO
MNPs from 0.5 g/L to 1.0 g/L, the total active sites on the surface of
catalyst increase but the degradation of aniline was decreased to 85.7%.
The reason is that the amounts of active sites on the surface of 0.5 g/L
BFO MNPs have been enough with PS concentration of 5.0 mM and the
equilibrium of adsorption/desorption has been attained between aniline and BFO MNPs nanoparticles [39,40]. Hence, the optimum BFO
MNPs dosage was selected as 0.5 g/L in the following experiments.
To further investigate the removal of aniline with various BFO
133
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Fig. 3. XPS spectra of BFO MNPs (a) Bi 4f, (b) Fe2p, and (c) O 1s.

the surface of BFO MNPs and then react with Fe2+, large amounts of
SO4−% were produced due to the higher concentration of PS, which
resulted in enhanced aniline degradation. In agreement with previous
studies [41,42], it was found PS activation with Fe2+ could result in
degradation of other contaminants from aqueous solution. However,
the excessive PS concentration ( 10 mM) cannot increase the degradation eﬃciency of aniline. Therefore, aniline degradation rate of 95.2%
was obtained after 120 min. SO4−% scavenging eﬀect was elucidated by
three processes, (a) SO4−% consumption with excess PS (Eq. (6)), (b)
the presence of an unproductive PS decomposition reaction (without
generation of SO4−%) and (c) excess SO4−% recombination and annihilation (Eq. (7)) [43]. Hence, excessive presence of PS reacting with
BFO MNPs to degrade aniline, PS competed with aniline for SO4−%
which resulted in decreased degradation eﬃcacy. [44,45].

SO4−°+ S2 O82 − → SO4 2 −+ S2 O8°−

(6)

SO4−°+ SO4−° → S2 O82 −

(7)

3.4. Eﬀect of initial pH on aniline degradation
pH is one of the most important parameters that inﬂuence the degradation of organic pollutants. The experiments were conducted at
diﬀerent pH 3.0, 5.0, 7.0, 9.0 and 11.0 to investigate the eﬀect of initial
pH on aniline degradation. The initial aniline concentration was ﬁxed
at 0.5 mM, PS concentration was 5.0 mM and catalyst dosage was 0.5 g/
L. The results showed that pH signiﬁcantly inﬂuenced the degradation
eﬃciency of aniline. Aniline degradation eﬃciency declined with increasing solution pH (Fig. 6). As depicted in Fig. 6, aniline degradation
was 100% at pH 3.0 and pH 5.0 within 10 min and 30 min, respectively.
This is because BFO MNPs can more easily activate PS under acidic
condition to produce more SO4%− on the catalyst surface. When pH
increased from 3.0 to 11.0 during 120 min of reaction, the degradation
eﬃciency of aniline decreased from 100% to 57.61%. At pH 7.0, 9.0
and 11.0, aniline removal after 120 min reaction time was 100%,
78.22% and 57.61%, respectively. The order of aniline degradation
eﬃciencies was pH 3.0 > pH 5.0 > pH 7.0 > pH 9.0 > pH 11.0.
Under acidic conditions, more SO4%− could be generated because of

Fig. 4. Degradation of aniline in diﬀerent systems (a); [aniline] = 0.5 mM;
[BFO] = 0.5 g/L; [Fe3O4] = 0.5 g/L [PS] = 5.0 mM; Temp = 25 °C; pH = 7.0; (b) consumption of PS.
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Fig. 6. Eﬀect of initial pH on the degradation of aniline; [aniline] = 0.5 mM;
[PS] = 5.0 mM; Temp. = 25 °C; [BFO MNPs] = 0.5 g/L.

On the other hand, under basic conditions SO4%− would directly
convert into %OH through the reaction with water and OH− (Eqs. (4),
(5)) [48]. Though %OH exert a higher redox potential than
SO4%−, the accompanying production of abundant SO42− may
prevent the reactivity of SO4%− and %OH. Simultaneously, Fe(OH)2 or
ferric hydroxide complexes such as Fe(OH)24 +, Fe(OH)2+,
Fe(OH)3 and Fe(OH)−4 would be produced and cover the surface of
catalyst [6]. Fe(OH)2 or ferric hydroxide complexes have much lower or
no catalytic activity for PS activation. Moreover, the generation of ferric
hydroxide complexes would lead to iron hydroxides adsorption on the
surface of BFO MNPs, which prevented Fe2+ release and PS activation
with ^Fe II on the surface of catalyst [49]. Furthermore, as shown in
Fig. 6, aniline degradation eﬃciency at pH 7.0 is 100%. The ﬁnding of
this study suggests that BFO MNPs/PS system shows a respectable
catalytic activity toward aniline degradation without using acid conditions. These results also demonstrated that BFO MNPs/PS system
could be eﬀectively used over a wide pH range.
3.5. Eﬀect of temperature on aniline degradation
To explore the eﬀect of the reaction temperature on the degradation
of aniline, experiments were conducted at 15 °C, 25 °C and 35 °C. The
results demonstrated that the reaction temperature has a signiﬁcant
eﬀect on aniline degradation (Fig. 7). Aniline degradation eﬃciency
remarkably increased with increasing temperature. As shown in Fig. 7,
the performance of BFO MNPs for PS activation was increased at elevated temperature. For example 75.12% and 100% of aniline was degraded after 120 min at 15 °C and 25 °C, respectively. While, 100%
aniline degradation was achieved within 60 min at 35 °C. This was
because of enhanced generation of SO4%− in BFO MNPs/PS system due
to PS activation by heat and catalyst and results in rapid degradation of
aniline in aqueous solution. The results also revealed that aniline degradation followed the pseudo-ﬁrst-order kinetic model. The degradation rate constants of aniline at 15 °C, 25 °C and 35 °C were calculated to
be 0.0113, 0.0332, 0.1134 min−1, respectively. Moreover, the activation energy for aniline degradation was determined based on the
pseudo- ﬁrst-order rate constants by using Arrhenius equation,
Lnk = Ln A −Ea/RT [41], where R is the universal gas constant
(8.314 J mol−1 K−1), A is the pre-exponential factor, Ea is the apparent activation energy, and T is the absolute temperature. The value
of activation energy of the reaction was calculated to be 17.9 kJ mol−1.

Fig. 5. (a) Eﬀect of BFO MNPs dosage on the degradation of aniline; (b) Pseudo-frst order
kinetics ftting data for the degradation of aniline; (c) Eﬀect of PS concentrations on the
degradation of aniline; [aniline] = 0.5 mM; [PS] = 5.0 mM; Temp = 25 °C; pH = 7.0.

further acid catalyzation (Eqs. (8), (9)) [46,47]. Aniline degradation
increased due to the production of more SO4%− and complete degradation of aniline was achieved.

S2 O8 2−+ H+ → HS2 O8−

(8)

HS2 O8− → SO4°− + SO4 2 − + H+

(9)

3.6. Mechanistic insights
It has been revealed that PS can be activated by catalysts to produce
135
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Fig. 7. Eﬀect of temperature on the degradation of aniline; [aniline] = 0.5 mM;
[PS] = 5 mM; [BFO MNPs] = 0.5 g/L; pH = 7.0.

SO4%− and %OH [50]. In order to assess aniline degradation mechanism
in BFO MNPs/PS system, quenching experiments were performed to
check whether SO4%− and %OH were responsible for the observed degradation of aniline. Two kinds of alcohols, ethanol (EtOH, containing
α-hydrogen) and tert-butyl alcohol (TBA, without α −hydrogen) were
used to examine the roles of SO4%− and %OH for the degradation of
aniline [51,52]. EtOH is an eﬀective scavenger for both SO4%− and %OH
and the reaction rate constants of EtOH with SO4%− and %OH are
1.6–7.7 × 107 M−1s−1 and 1.2–2.8 × 109 M−1s−1 respectively. TBA
acts as strong quenching agent for %OH and has 418–1900 times higher
rate constant with %OH (3.8–7.6 × 108 M−1s−1) than with SO4%−
(4–9.1 × 105 M−1s−1) [45,53].
Therefore, the dominant radical species for the degradation of aniline could be well determined by addition of EtOH or TBA into in BFO
MNPs/PS system. The eﬀect of quenching agents on aniline degradation
is shown in Fig. 8a. The results showed that both EtOH and TBA exerted
signiﬁcant inhibiting eﬀect on the degradation eﬃciency of aniline. It
can be seen in Fig. 8a, aniline degradation was 100% after 120 min
when no quenching agent was added. Though, when 0.5 M EtOH was
added in the reaction solution, the degradation of aniline decreased to
27.33% only. In contrast, when 0.5 M TBA was added, the removal
eﬃciency of aniline was 69.44%. The removal eﬃciency decreased
showing that %OH were quenched while SO4%− could still degrade
aniline. The results revealed that radical quenching eﬀect for EtOH was
higher than that for TBA. It indicated that SO4%− was the predominant
radical for aniline degradation.
To conﬁrm the generation of SO4%− and %OH, EPR using a classic
radical trapping agent, 5, 5- dimethylpyrroline-N-oxide (DMPO) was
employed to capture the radical species. Fig. 8b showed the hyperﬁne
splitting constants of free radicals DMPO adduct in BFO MNPs/PS
system. The signals of DMPOeSO4%− and DMPOeHO% adducts with
hyperﬁne splitting constants were aN = 13.9 G and aH = 9.7 G,
aH = 1.45 G and aH = 0.76 and aN = 15.0 G and aH = 14.6 G, respectively. The generation of SO4%− and %OH can be recognized by
hyperﬁne splitting peaks of DMPOeSO4%− (six lines, 1:1:1:1:1:1) and
DMPOe%OH (four lines, 1:2:2:1) [54,55]. The results showed that
SO4%− was a predominant radical and played a signiﬁcant role in the
degradation of aniline.
In the BFO MNPs/PS system, ^Fe III species on the surface of the
whole catalyst are transformed to ^Fe II species via electron transfer
reaction (Eq. (10)). Similar to the Fenton’s reactions, ^Fe III and ^Fe II
in BFO MNPs can also excite PS to generate SO4%− via Eq. ((11)–(13))
[34] (the ^symbol represents the iron species on the catalyst):

Fig. 8. (a) Eﬀect of scavengers on the degradation of aniline; (b) EPR spectra of SO4%−
and %OH free radical adducts at pH 7.0; [aniline] = 0.5 mM; [PS] = 5.0 mM; [BFO
MNPs] = 0.5 g/L; Circles represent the DMPOe SO4%− and Rectangles represent the
DMPO-%OH.

≡ Fe3 + + e− → ≡Fe2 +

(10)

S2 O82 − + ≡FeII → ≡FeIII + 2SO4 −°

(11)

S2 O82 − + ≡FeII → ≡FeIII+ SO4 2 − + SO4 −°

(12)

≡ FeII + SO4 −° → ≡FeIII+ SO4 2 −

(13)

Above equations conﬁrmed that ^Fe can decompose PS to generate SO4%− at neutral pH. The generation of %OH and the subsequent
retrieval of metal ions for the purpose of catalyst reuse by Eq. (13)
prevent the generation of secondary pollution. The rapid degradation of
aniline with Fe2+/PS duo is due to the presence of ^Fe II species on the
surface of BFO MNPs provided plentiful sources for the generation of
SO4%− in aqueous solution. The generated SO4%− and %OH can cause a
rapid attack on aniline by fast catalytic degradation. These results establish that aniline has higher degradation eﬃciency into the BFO
MNPs/PS system at neutral pH. Moreover, these results have provided
new information about the design of a new type of heterogeneous
catalyst. Therefore, based on the above results and analysis, a proposed
mechanism depended on the generation of radical and electron transfer
in BFO MNPs/PS heterogeneous oxidation process for the degradation
of aniline was put forwarded as shown in Fig. 9.
To further explore the aniline degradation process, the intermediates of the aniline degradation in BFO MNPs/PS system were determined by gas chromatography-mass spectrometry (GC–MS). The effective aniline degradation by SO4%− and %OH has been reported in our
previous work [3,23]. Hussain et al. [23] detected nitrobenzene, pbenzoquinone and nitroso-benzene as possible intermediates of aniline
degradation by SO4%− and %OH in ZVI-PS system. The possible
II
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Fig. 9. Proposed mechanism of BFO MNPs/PS system.

intermediates are phenol, p-benzoquinone, nitrobenzene, 4-aminophenol and 4-4′-diaminodiphenyl. Therefore, based on the identiﬁed
intermediates and previous work, main reaction pathways of aniline
degradation are illustrated in Fig. 10. As mentioned above, SO4%− and %
OH are main reactive oxidizing species generated by the decomposition
of PS. As can be seen, aniline degradation was initiated by attack of
SO4%− and %OH and producing 4-aminophenol and aniline radicals.
The byproduct 4-4′-diaminodiphenyl was produced by the reaction of
aniline radical and aniline. Then 4-4′-diaminodiphenyl was degraded to
maleic acid and further mineralized to CO2 and H2O due to its reaction
with SO4%− and %OH [3,56]. At the same time, 4-aminophenol can be
transformed into benzoquinonimine and further oxidation of benzoquinonimine by reactive oxidizing species producing p-benzoquinone.
The degradation of nitrobenzene, as well as p-benzoquinone generating
maleic acid and further maleic acid mineralized to CO2 and H2O.
Phenol is oxidized to hydroquinone, p-benzoquinone and short maleic
acid which is mineralized into CO2 and H2O.

SO4−°+ Cl− → SO4 2 −+ Cl°

(14)

Cl− + Cl° → Cl°−
2

(15)

Cl−

(16)

+°

OH →

ClOH°−

ClOH°− + H+ → Cl° + H2 O

(17)
NO3−

on aniline degradation. Aniline
Table 1 shows the eﬀect of
degradation eﬃciency showed no signiﬁcant change with 1 mM of
NO3−, while aniline degradation was decreased as the concentration of
NO3− was further increased to 5.0 and 10 mM (Eqs. (18) and (19))
[55].

NO3−+ SO4−° → NO3° + SO4 2 −

(18)

NO3− +° OH → NO3° + OH−

(19)

The inhibition eﬀect of HCO3− on aniline degradation was more
signiﬁcant as compared to NO3− and Cl−. As can be seen in Table 1,
aniline degradation eﬃciencies were 80.3%, 71% and 60% at to HCO3−
concentrations of 1, 5 and 10 mM respectively. The bicarbonate ions
were commonly used as a radical scavenger in AOPs, thus HCO3−
competed with aniline for reaction with SO4%− and %OH. Therefore,
HCO3− quenched SO4%− and %OH eﬃciently and generated bicarbonate and carbonate radicals (HCO3%−/CO3%−) with lower redox potential (E0 = 1.78 V) than SO4%− and %OH (Eqs. (20), (21)). The reaction rate of HCO3%− or CO3%− with organic pollutants are two or three
times lower than that of SO4%− and %OH [59,60]. Furthermore, the
solution pH increased to basic with the addition of HCO3−, in which
condition aniline degradation eﬃciency decreased.

3.7. Eﬀect of anions on aniline degradation
The inorganic ions are commonly present in various wastewater
matrices and
groundwater systems. The eﬀect of diﬀerent anions such as NO3−,
−
Cl and HCO3− on the degradation of aniline were investigated. The
degradation eﬃciency of aniline was not aﬀected by the addition of a
low concentration of Cl− (1 mM). However, the removal rate of aniline
was decreased with the increasing concentration of Cl−. After 120 min,
84.4% and 72% of the aniline was degraded with the addition of 5 and
10 mM Cl−, respectively (Table 1). This may be caused by the reaction
of SO4%− and %OH with Cl− to generate less reactive chlorine species,
which can also contribute in the degradation of aniline (Eqs. (14–17))
[55,57,58]. At lower Cl− concentration, Cl− reacts with SO4%−/%OH to
produce Cl2%−. But, at higher Cl− concentration more SO4%−/%OH was
consumed by Cl− and Cl2%− concentration quickly increased with increasing Cl− concentration. Hence, aniline degradation eﬃciency was
decreased.

HCO3− +° OH → CO°−
3 + H2 O

(20)

HCO3−+ SO4−° → CO3°− + SO4 2 − + H+

(21)

3.8. Stability and reusability of BFO MNPs
The stability and reusability of catalyst is an important factor for its
practical application. To assess the stability and reusability of BFO
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Fig. 10. Proposed possible pathways for aniline degradation in BFO MNPs/PS oxidation process.

Table 1
The eﬀect of anions on aniline degradation eﬃciency in the BFO MNPs/PS system.
Salts

Degradation Eﬃciency (%)

Control

100
1 mM
100
98.5
80.3

Chloride
Nitrate
Bicarbonate

5 mM
84.4
87.8
71.0

10 mM
72.0
75.0
60.2

MNPs, experiments were conducted for ﬁve successive cycles under the
following conditions of 0.5 mM aniline, 0.5 g/L BFO MNPs, 5.0 mM PS
for a reaction period of 120 min. After every cycle, the catalyst was
separated from the solution, washed with deionized water (3 times) and
ethanol and then used for the next experiment without any modiﬁcation. As can be depicted in Fig. 11, no obvious changes on aniline degradation were observed during ﬁve cycles. The results revealed that
aniline degradation eﬃciency was 100% in the ﬁrst cycle to 93.3% after
ﬁve cycles of reaction. This showed that BFO MNPs catalyst is of high
stability and can be reused well for the activation of PS in the catalytic
oxidation process.

Fig. 11. Reusability study of BFO MNPs for aniline degradation; [aniline] = 0.5 mM;
[PS] = 5.0 mM; Temp. = 25 °C; [BFO MNPs] = 0.5 g/L; pH = 7.0.

3.9. Aniline mineralization
measuring the TOC from samples taken at regular time intervals. Fig. 12
showed aniline mineralization as a function of time at initial aniline
concentration 0.5 mM, PS concentration 5 mM, pH 7.0, BFO MNPs

Besides the degradation of any pollutant, the mineralization of
pollutant is also another important parameter in the degradation process. In this perspective, the mineralization of aniline was analyzed by
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Planning Project of Guangdong Province, China (2016A050502007).
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