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A B S T R A C T

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 ra-
dicals (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 effi-
ciency of aniline (0.5 mM) was 100% within 120min using initial dosage of 0.5 g/L BFO MNPs and con-
centration of 5mM 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 en-
vironment with rapid development of industrialization and urbaniza-
tion. 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 ani-
line into the environment is 30,000 tons by illegal discharge of muni-
cipal 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 poten-
tially 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 waste-

water 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 pro-
cess (Fe2+/H2O2) has certain restrictions such as requiring lower pH
(pH < 3.0), formation of sludge residues, and unsuccessful use of ra-
pidly 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%

− ex-
hibits 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 re-
action [11]. SO4%

− has longer half-life, strong oxidizing ability, and
higher reactivity over wide pH [12,13]. Furthermore, SO4%

− is rela-
tively stable and quickly react with the organic pollutants with second
order rate constants ranging from 107–109M−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].
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(Mn+=Ag+, Cu+, Co2+, Fe2+, Ce3+, Mn2+, 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 in-
activation 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 re-
covery and reuse of the catalysts [24–27].

As is well known, perovskite-type mixed oxides with general for-
mula 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 be-
lieved to be governed by the high mobility of oxygen and the stabili-
zation of unusual oxidation states in their structure [29]. BFO MNPs of
perovskite-type structure have been considered as an attractive photo-
catalyst 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 re-
sulting in aniline degradation.

2. Experimental

2.1. Materials

All chemicals and reagents used in the experiments were of analy-
tical 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 ob-
tained from Guangzhou Chemical Reagents Factory

(Guangzhou, China). Na2S2O8, concentrated sulfuric acid
(H2SO4,> 98.0%) and sodium hydroxide (NaOH,> 96.0%) were pur-
chased 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 con-
centration of Bismuth nitrate (0.008mol) (Bi(NO3)2·5H2O) and Iron
nitrate (Fe(NO3)3·9H2O) (0.008mol) were dissolved in 20ml of 2-
methoxyethanol, followed by adding 20 μl of HNO3 (0.1 mol/L). After
the addition of citric acid (0.008mol) and ethylene glycol (10ml) 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 5min on an electric furnace, and then calcined at 500 °C
for 2 h.

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 character-
ized 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 ob-
tained 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 10mM and
50mM, respectively, were prepared with deionized water. All experi-
ments were performed in 250ml 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 100ml
of 0.5 mM aniline solution and followed by adding 5mM PS solution at
pH 7.0. The initial pH of aniline solution was adjusted by 0.1 M H2SO4

and 0.1M NaOH. At regular time intervals, 0.5 ml sample was taken
and filtered through 0.22 μm syringe filters prior to analysis. After fil-
tration 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 per-
formed 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 (250mm×4.6mm) 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 mlmin−1. Persulfate anion concentration was determined by spec-
trophotometric method with potassium iodide [32]. GC–MS Varian
4000 GC–MS (gas chromatography–mass spectrometry) with a weak
polarity capillary column ((0.15 lm) 60m 0.25mm) was used to verify
the structure of the intermediates. The mineralization of aniline was
determined by EMENTAR LiquiTOC Total Organic Carbon (TOC) ana-
lyzer. 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
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reagent. The EPR determination was performed under the following
conditions: a center field of 3517 G, a microwave power of 20.16mW, a
microwave frequency of 9.875 GHz, a sweep width of 250 G, a mod-
ulation 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 X-
ray 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 ac-
cording 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 half-
maximum (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 struc-
ture 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

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 dis-
played 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-dis-
persive 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 corre-
sponded to Fe 2p1/2 and Fe 2p3/2, respectively, certified the char-
acteristics 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, ex-
periments 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 in-
dicate that the direct aniline degradation by PS and its adsorption by
BFO MNPs and Fe3O4 is limited. %−. As revealed in Fig. 4b, PS con-
sumptions percentage was 16.4% after 120min 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 120min reaction. As
displayed in Fig. 4a, for BFO MNPs/PS system aniline content was de-
creased 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 con-
sequent 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].

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 hetero-
geneous system, the degradation efficiency and rate was generally
controlled by the production of SO4%

−, by optimizing the dosage of BFO

Fig. 1. XRD patterns (a) and FT-IR spectra (b) of BFO MNPs.
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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 effi-
ciency, 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 5mM 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 120min 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 120min oxidation reaction. Aniline de-
gradation 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 5.0mM and the
equilibrium of adsorption/desorption has been attained between ani-
line 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

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 con-
centrations (mM) at time t and time zero, respectively, k is the pseudo
first order degradation rate constant (min−1). The degradation of ani-
line 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 0.0332min−1

with increasing dosages of BFO MNPs from 0.1 to 0.5 g/L and it
decreased to 0.0258min−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 0.0332min−1 when the
concentration of PS was increased from 0.5 to 5.0mM, but rate constant
decreased to 0.0276min−1 when the concentration of PS was further
increased to 10mM. Aniline degradation efficiency increased and
reached at 100% when the concentration of PS was increased to 5mM.
With the increasing PS concentration, more molecules of PS could reach

Fig. 2. SEM image of BFO MNPs (a) and (b) EDS of BFO MNPs.
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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 ( 10mM) cannot increase the degrada-
tion efficiency of aniline. Therefore, aniline degradation rate of 95.2%
was obtained after 120min. 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 anni-
hilation (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].

+ → +−° − − °−SO  S O SO  S O4 2 8
2

4
2

2 8 (6)

+ →−° −° −SO  SO S O4 4 2 8
2 (7)

3.4. Effect of initial pH on aniline degradation

pH is one of the most important parameters that influence the de-
gradation 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 0.5mM, PS concentration was 5.0mM 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 in-
creasing solution pH (Fig. 6). As depicted in Fig. 6, aniline degradation
was 100% at pH 3.0 and pH 5.0 within 10min and 30min, 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 120min 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 120min 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. 3. XPS spectra of BFO MNPs (a) Bi 4f, (b) Fe2p, and (c) O 1s.

Fig. 4. Degradation of aniline in different systems (a); [aniline]= 0.5mM;
[BFO]= 0.5 g/L; [Fe3O4]=0.5 g/L [PS]= 5.0 mM; Temp=25 °C; pH=7.0; (b) con-
sumption of PS.
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further acid catalyzation (Eqs. (8), (9)) [46,47]. Aniline degradation
increased due to the production of more SO4%

− and complete de-
gradation of aniline was achieved.

+ →− + −S O  H HS O2 8
2

2 8 (8)

→ + +− °− − +HS O SO SO H2 8 4 4
2 (9)

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 SO4

2− may
prevent the reactivity of SO4%

− and %OH. Simultaneously, Fe(OH)2 or
ferric hydroxide complexes such as +Fe(OH)2

4 , Fe(OH)2+,
Fe(OH)3 and −Fe(OH)4would 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 con-
ditions. 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 ele-
vated temperature. For example 75.12% and 100% of aniline was de-
graded after 120min at 15 °C and 25 °C, respectively. While, 100%
aniline degradation was achieved within 60min 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 de-
gradation followed the pseudo-first-order kinetic model. The degrada-
tion rate constants of aniline at 15 °C, 25 °C and 35 °C were calculated to
be 0.0113, 0.0332, 0.1134min−1, respectively. Moreover, the activa-
tion 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 Jmol−1 K−1), A is the pre-exponential factor, Ea is the ap-
parent activation energy, and T is the absolute temperature. The value
of activation energy of the reaction was calculated to be 17.9 kJmol−1.

3.6. Mechanistic insights

It has been revealed that PS can be activated by catalysts to produce

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]= 0.5mM; [PS]= 5.0mM; Temp=25 °C; pH=7.0.

Fig. 6. Effect of initial pH on the degradation of aniline; [aniline]= 0.5mM;
[PS]= 5.0mM; Temp.= 25 °C; [BFO MNPs]=0.5 g/L.
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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 de-
gradation 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
1.6–7.7×107M−1s−1 and 1.2–2.8× 109M−1s−1 respectively. TBA
acts as strong quenching agent for %OH and has 418–1900 times higher
rate constant with %OH (3.8–7.6×108M−1s−1) than with SO4%

−

(4–9.1× 105M−1s−1) [45,53].
Therefore, the dominant radical species for the degradation of ani-

line 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 120min
when no quenching agent was added. Though, when 0.5M EtOH was
added in the reaction solution, the degradation of aniline decreased to
27.33% only. In contrast, when 0.5M 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, re-
spectively. 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):

≡ + → ≡+ − +Fe e Fe3 2 (10)

+ ≡ → ≡ +− −°S O Fe Fe 2SO2 8
2 II III

4 (11)

+ ≡ → ≡ + +− − −°S O Fe Fe  SO SO2 8
2 II III

4
2

4 (12)

≡ + → ≡ +−° −Fe SO Fe  SOII
4

III
4

2 (13)

Above equations confirmed that ^Fe II can decompose PS to gen-
erate 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 es-
tablish 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 inter-
mediates of the aniline degradation in BFO MNPs/PS system were de-
termined by gas chromatography-mass spectrometry (GC–MS). The ef-
fective aniline degradation by SO4%

− and %OH has been reported in our
previous work [3,23]. Hussain et al. [23] detected nitrobenzene, p-
benzoquinone and nitroso-benzene as possible intermediates of aniline
degradation by SO4%

− and %OH in ZVI-PS system. The possible

Fig. 7. Effect of temperature on the degradation of aniline; [aniline]= 0.5mM;
[PS]= 5mM; [BFO MNPs]= 0.5 g/L; pH=7.0.

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.

I. Hussain et al. Catalysis Today 310 (2018) 130–140

136



intermediates are phenol, p-benzoquinone, nitrobenzene, 4-amino-
phenol 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 benzo-
quinonimine 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.

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 120min,
84.4% and 72% of the aniline was degraded with the addition of 5 and
10mM 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 in-
creasing Cl− concentration. Hence, aniline degradation efficiency was
decreased.

+ → +−° − − °SO  Cl SO  Cl4 4
2 (14)

+ →− ° °−Cl Cl Cl2 (15)

+ →− ° °−Cl OH ClOH (16)

+ → +°− + °ClOH H Cl H O2 (17)

Table 1 shows the effect of NO3
− on aniline degradation. Aniline

degradation efficiency showed no significant change with 1mM of
NO3

−, while aniline degradation was decreased as the concentration of
NO3

− was further increased to 5.0 and 10mM (Eqs. (18) and (19))
[55].

+ → +− −° ° −NO  SO NO SO3 4 3 4
2 (18)

+ → +− ° ° −NO OH NO OH3 3 (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 10mM 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 bicarbo-
nate and carbonate radicals (HCO3%

−/CO3%
−) with lower redox po-

tential (E0= 1.78 V) than SO4%
− and %OH (Eqs. (20), (21)). The reac-

tion 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.

+ → +− ° °−HCO OH CO H O3 3 2 (20)

+ → + +− −° °− − +HCO  SO CO SO H3 4 3 4
2 (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

Fig. 9. Proposed mechanism of BFO MNPs/PS system.
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MNPs, experiments were conducted for five successive cycles under the
following conditions of 0.5mM aniline, 0.5 g/L BFO MNPs, 5.0mM PS
for a reaction period of 120min. 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 modifica-
tion. As can be depicted in Fig. 11, no obvious changes on aniline de-
gradation 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.

3.9. Aniline mineralization

Besides the degradation of any pollutant, the mineralization of
pollutant is also another important parameter in the degradation pro-
cess. In this perspective, the mineralization of aniline was analyzed by

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

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 5 mM 10mM

Chloride 100 84.4 72.0
Nitrate 98.5 87.8 75.0
Bicarbonate 80.3 71.0 60.2

Fig. 11. Reusability study of BFO MNPs for aniline degradation; [aniline]= 0.5mM;
[PS]= 5.0mM; Temp.= 25 °C; [BFO MNPs]=0.5 g/L; pH=7.0.
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dosage 0.5 g/ L and a temperature of 25 °C. The results showed that BFO
MNPs/PS could efficiently remove TOC from aniline solution. As de-
picted in Fig. 12, the mineralization efficiency of aniline was markedly
increased and the removal efficiency of TOC was also increased with
increasing time. The degradation efficiency of aniline was 67.18% after
30min (Fig. 4a) while the mineralization of aniline was 23% at that
time. However, the mineralization of aniline increased with passage of
time and 68.55% aniline was mineralized after 120min. The degrada-
tion of aniline was higher when compared to TOC removal efficacy
under the same conditions. Aniline degradation was 100% and the re-
moval efficiency of TOC was only 68.55%. These results proved the
highly effective mineralization of aniline during degradation. Hence,
both the degradation and TOC removal represented that BFO MNPs/PS
system could highly enhance the catalytic performance of aniline from
aqueous solution.

4. Conclusions

Heterogeneous degradation of aniline from aqueous solution was
examined with BFO MNPs,

which were successfully prepared via a novel and simple sol-gel
method. In BFO MNPs/PS system, Fe3+ in the synthesized catalyst
could be successfully transformed into Fe2+, which activate PS to
generate SO4%

−. As a heterogeneous activator, BFO MNPs could acti-
vate PS to a more active state, which degrade aniline and reached 100%
degradation efficiency in aqueous solution after 120min. The BFO
MNPs/PS system was effective for the degradation of aniline over a
wide pH range of 3.0–11.0, and the acidic pH was more favorable for
aniline degradation than neutral and basic. Aniline degradation effi-
ciency was significantly influenced by initial pH, catalyst dosage and PS
concentration. Radical scavenging and EPR results revealed that both
SO4%

− and %OH were responsible for degradation of aniline. The
achieved results showed that BFO MNPs have high potential for the
treatment of wastewater containing various organic pollutants because
of high catalytic activity, easy synthesis, stability and reusability.
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