
Magnetically Separable Fe3O4/BiOBr Microspheres:
Synthesis, Characterization, and Photocatalytic Performance

for Removal of Anionic Azo Dye

Ru Jiang,1 Hua-Yue Zhu,1,* Shen-Tao Jiang,1 Yong-Qian Fu,1 En-Min Zong,1

Jian-Bing Li,2 and Guang-Ming Zeng3

1Department of Environmental Engineering, Taizhou University, Taizhou, P.R. China.
2Environmental Engineering Program, University of Northern British Columbia, Prince George, Canada.

3Key Laboratory of Environmental Biology and Pollution Control (Hunan University), Ministry of Education, Changsha, P.R. China.

Received: June 25, 2018 Accepted in revised form: October 19, 2018

Abstract

Recyclable magnetic Fe3O4/BiOBr microspheres (m-Fe3O4/BiOBr MSs) were synthesized by a simple sol-
vethermal method. The crystals’ optical, morphology, and magnetic properties of m-Fe3O4/BiOBr MSs were
characterized using X-ray diffraction, scanning electron microscopy, transmission electron microscopy, energy
dispersive analysis of X-rays, UV–vis diffuse reflectance spectroscopy, Brunauer–Emmett–Teller, and vibrating
sample magnetometry techniques. An anionic dye, Congo red (CR), was selected as a model pollutant to
evaluate the photocatalytic activity of m-Fe3O4/BiOBr MSs under simulated solar light irradiation. By calcu-
lation, the pseudo-first-order rate constant for photocatalytic degradation of CR was 0.0011 and 0.0046 min-1

using pure BiOBr MSs and m-Fe3O4/BiOBr MSs, respectively. Enhanced photocatalytic activity of
m-Fe3O4/BiOBr MSs can result from superior adsorption and transfer performance to organic contaminants in
aqueous system. Both the h+ radicals and O2

�- radicals were main active species that drive the photocatalytic
decolorization of CR solution by m-Fe3O4/BiOBr MSs. Furthermore, the m-Fe3O4/BiOBr MSs can be easily
recovered and recycled after the treatment process because of the presence of magnetic Fe3O4. This work
suggests that m-Fe3O4/BiOBr MSs may be a promising photocatalyst for photocatalytic treatment of organic
wastewater and other environmental remediation.
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Introduction

Dyestuffs are widely used in textile, dye synthesis,
pharmaceuticals, cosmetics, and electroplating and are

serious contaminants due to the toxicity and potentially carci-
nogenic nature of these substances (Huo et al., 2013). Several
techniques have been reported and used for removing dyes from
water in wastewater treatment plants, such as adsorption (Zhu
et al., 2011; Wen et al., 2016), advanced oxidation processes
(Ahmed et al., 2011; Yu et al., 2013), biological and electro-
chemical (Brillas and Martı́nez-Huitle, 2015). However, syn-
thetic dyes could be difficult to be eliminated from wastewater
by conventional biological techniques owing to their low bio-
degradability and stable aromatic structure.

Adsorption is one of the most effective dye-removal
methods in aqueous systems; this process transports dyes

from aqueous solution to solid phase (adsorbents) rather
than causing their degradation (Zhu et al., 2011). In addi-
tion, to treat effectively dye-containing wastewater, various
kinds of semiconductor materials, such as TiO2, ZnO, and
their composites (Panthi et al., 2015; Lee et al., 2016), have
been developed. Unfortunately, the low visible light re-
sponse or difficulty of recycling limits the practical use of
those photocatalysts. Therefore, exploiting novel, high-
efficient, and eco-friendly methods are necessary for ef-
fective purification and treatment of dye-containing waste-
water (Ahmed et al., 2011; Zhu et al., 2016).

Bismuth oxyhalides (BiOX, X = Cl, Br, I) are used for
effective degradation of organic pollutants due to its non-
toxicity, high chemical stability, suitable band gap energy,
relatively superior visible light photocatalytic ability, and
others. (Li et al., 2016; Si et al., 2016; Zhao et al., 2016; Mera
et al., 2017). Over the last decade, the controllable synthesis
and self-assembly of BiOBr nanobelts (Li et al., 2016), na-
noflakes (Yu et al., 2013; An et al., 2015), microspheres
( Jiang et al., 2016; Mera et al., 2017), and nanoflowers (Huo
et al., 2012) have been reported by all kinds of methods.
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Those BiOBr showed excellent photocatalytic activity for the
decolorization and degradation of an azo dye under visible
light or simulated solar light. However, the applications of
most of these nanoscale BiOBr materials have seriously been
inhibited by the difficulty in recovery and recycling after
photocatalytic treatment due to their relatively small size.

Immobilizing photocatalysts on magnetic substrates by
some feasible methods is proven to be an effective approach
for removing and recycling particles. Owing to their high
super-magnetism, magnetic Fe3O4 nanoparticles have caused
increasing attention for easy separation and fast recovery
(Polshettiwar et al., 2011; Linley et al., 2013; Idris et al.,
2014; Li et al., 2015; Lin et al., 2015; Gao et al., 2017; Zhu
et al., 2017). In addition, it has been reported that Fe3O4

nanoparticles produce electron-hole pairs easily under visible
light irradiation and could enhance further photocatalytic
activity by suppressing the recombination of photogenerated
carriers since they could act as an electron-transfer channel
and acceptor (Idris et al., 2014; Li et al., 2015).

Hence, it can be foreseen that the incorporation of the mag-
netite nanocrystals Fe3O4 into BiOBr not only can recycle the
photocatalyst by simple magnetic separation under an external
magnetic field, but also can offer some synergetic enhancement
of the photocatalytic activity, which is very attractive for pho-
tocatalytic treatment of dye-containing wastewater.

To the best of our knowledge, there are few studies on the
degradation of anionic azo dye by recyclable magnetic
Fe3O4/BiOBr microspheres (m-Fe3O4/BiOBr MSs) under
simulated solar light irradiation. Congo red (CR) dye (sodium
salt of benzidinediazo-bis-1-naphtylamine -4-sulfonic acid)
(C.I. No. 22120) is one of the most important anionic azo
dyes used for dyeing cotton in textile industries and also in
wood pulp and paper industries.

In this study, recyclable magnetic m-Fe3O4/BiOBr MSs
were successfully prepared by a simple solvethermal method.
The microstructure, morphology, optical, and magnetic prop-
erties of the resultant samples were characterized using X-ray
diffraction (XRD), energy dispersive analysis of X-rays (EDX),
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), UV–vis diffuse reflectance spectroscopy
(DRS), Brunauer–Emmett–Teller (BET), and vibrating sample
magnetometry (VSM) techniques. The photocatalytic activity
of m-Fe3O4/BiOBr MSs was evaluated by photocatalytic
degradation of CR solution under simulated solar light ir-
radiation. The influences of operational parameters such as
initial CR concentration, photocatalyst dosage, and suc-
cessive cycles on the degradation reaction were studied.

Moreover, the roles of reactive species (h+, �O2
- and �OH)

and the possible mechanism of photocatalytic activity
enhancement were studied in detail.

Materials and Methods

Materials

CR dye used as a model anionic azo dye was purchased
from Yongjia Fine Chemical Factory (Wenzhou, China).
The chemical structure of CR dye is shown in Fig. 1. Titanium
dioxide (P25) with purity of at least 99.5% was obtained from
Degussa. A commercial anatase TiO2 (a-TiO2, purity >99.7%)
was purchased from Xiamen Micaren Technology Co.,
Ltd. (Xiamen, China). Bi(NO3)3$5H2O, KBr, FeCl3$6H2O,
FeSO4$7H2O, NH3$H2O (28%, v/v), and ethylene glycol
were purchased from Shanghai Chemical Reagent Research
Institute (Shanghai, China) and used as received. All
chemicals were analytical grade and used without further
purification.

Synthesis of magnetic Fe3O4 nanoparticles

Fe3O4 nanoparticles were prepared by hydrothermal co-
precipitating Fe2+ and Fe3+ salts under the presence of N2

gas (Zhu et al., 2011). Thirty millimolar of Fe(NO3)3$9H2O
and 15 mmol of FeSO4$7H2O were dissolved in 45 mL of
deoxygenated distilled water. Chemical co-precipitation was
achieved under vigorous stirring in a water bath at 313 K for
30 min by adding 40 mL of NH3$H2O solution (28%, v/v) in
the protection of N2 gas. The temperature of solution was
adjusted and maintained at 333 K for another 5 h while adding
another 6.6 mL of NH3$H2O solution during the reaction.
After reaction, Fe3O4 nanoparticles were magnetically
separated from aqueous solution by an adscititious magnet
at room temperature, and washed three times with water and
ethanol, and finally dried in a vacuum oven at 343 K until
constant weight.

Synthesis of magnetic m-Fe3O4/BiOBr MSs

The m-Fe3O4/BiOBr MSs were synthesized by a simple
solvothermal method, as illustrated in Fig. 2. Three milli-
molar of Bi(NO3)3$5H2O and 3 mmol of KBr were initially
dissolved in 60 mL ethylene glycol and sonicated for 0.5 h at
room temperature. Then, 3 mmol of as-prepared magnetic
Fe3O4 nanoparticles were dispersed into the resulting solu-
tion. After vigorously stirring for another 40 min, the ob-
tained suspension was transferred into a 100 mL Teflon-lined

FIG. 1. Chemical structure of CR.
CR, Congo red.
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stainless steel autoclave and heated to 433 K with a heating
ramp of 2 K/min for 12 h. After the reaction was completed,
the sample was cooled down naturally, separated from the
mixture system by applying an external magnetic field, and
washed with distilled water and ethanol several times, re-
spectively, with the aid of ultrasonic technique. Slight ul-
trasonic process is conducive to the effective diffusion of
chemical reagents, thus improving the cleaning effect. The
product was finally dried under at 333 K for 12 h. For com-
parison, pure BiOBr MSs were prepared by previous proce-
dure but no addition of Fe3O4 nanoparticles. The as-prepared
BiOBr MSs were collected by centrifugation and washed
with deionized water and ethanol for several times.

Characterization of m-Fe3O4/BiOBr MSs

XRD was performed on a Bruker AXS D8-advance X-ray
diffractometer with Cu Ka radiation (k = 0.154056 nm) in the
2h range of 10�–80�. UV-vis DRS was recorded on a Hitachi
UV-3100 spectrophotometer using BaSO4 as the reference in
the range of 200–800 nm. The morphologies and sizes of the
synthesized samples were characterized by TEM (JEOL JEL
2010) and field emitting scanning electron microscopy (Hitachi
S4800 equipped with an energy-dispersive X-ray spectroscopy

[EDS]). VSM measurements were performed by using a HH-15
model vibrating sample magnetometer (Nanjing University,
China). The magnetization measurements were carried out in
an external field up to 10 kOe at room temperature (293 K). The
BET method was used to calculate the specific surface area
based on the N2 adsorption/desorption isotherms that were
obtained on a Micromeritics ASAP 2020M apparatus.

Evaluation of photocalytic activity

Photocatalytic activity of m-Fe3O4/BiOBr MSs was eval-
uated by monitoring photocatalytic decolorization of CR
aqueous solution under simulated solar light irradiation. The
photocatalytic experiments were conducted in an XPA-1
photochemical reactor (Xujiang Electromechanical Factory,
Nanjing, China) equipped with 350 W Xe lamp ( Jiang et al.,
2016). The quartz tubes containing CR aqueous solution ro-
tated around the light source, so that the aqueous solution
received the light radiation uniformly. The incident light flux
of actual irradiation was about 255 mW/cm2 measured with a
solar power meter (SM206; Shenzhen Sanpometer Ltd.,
Shenzhen, China). A certain amount of m-Fe3O4/BiOBr MSs
were dispersed in CR aqueous solution and the mixture was
exposed to simulated solar light irradiation. The reaction

FIG. 2. Schematic diagram of the preparation of m-Fe3O4/BiOBr MSs. m-Fe3O4/BiOBr MS, magnetic Fe3O4/BiOBr
microsphere.

FIG. 3. X-ray diffraction patterns of
Fe3O4, BiOBr, and m-Fe3O4/BiOBr MSs.
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temperature was maintained at 293 K by using cooling water
system. The initial concentration of CR was 20 mg/L and the
photocatalyst dosage was 1.0 g/L. After a given irradiation
time, 3 mL of the suspension was withdrawn. The photo-
catalyst was separated from the mixture system by applying
an external magnetic field. The concentration of CR solution

was analyzed by measuring its characteristic absorption peak
(kmax = 496 nm) with a UV–vis spectrophotometer (Beijing
Purkinje General Instrument Co., Ltd., China). The concen-
tration of CR dye was calculated by a standard calibration
curve obtained from the absorbance of the dye at different
known concentrations. For the convenience of comparison,

FIG. 4. Scanning electron microscopy images of BiOBr (a, b), m-Fe3O4/BiOBr MSs (c, d), energy-dispersive X-ray
spectroscopy spectra of BiOBr (e), and m-Fe3O4/BiOBr (f).
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commercial TiO2 that is, Degussa P-25 TiO2 (P25) and com-
mercial a-TiO2 (purity >99.7%) were used to treat CR solution
under the same conditions.

Photocatalytic degradation efficiency (g%) of CR solu-
tion by m-Fe3O4/BiOBr MSs was calculated according to
Equation (1)

g¼ (C0�Ct)

Ct

· 100% (1)

where C0 is the initial concentration of CR (mg/L), and Ct is
the instant concentration of dye at time t (mg/L),

When initial concentration of pollutant is lower, a sim-
plified Langmuir–Hinshelwood (L–H) kinetic model can be
used to describe photocatalytic CR degradation [Eq. (2)]
(Zhu et al., 2009).

ln (
C0

Ct

)¼ kappt (2)

where kapp is the apparent first-order rate constant (min-1).
A plot of ln(C0/Ct) versus t will yield a slope of kapp.

Results and Discussion

Characterization of as-prepared samples

X-ray diffraction. The crystal phase and crystal structure
of as-prepared samples were determined by XRD. Figure 3
presents the XRD patterns of the Fe3O4, BiOBr, and m-
Fe3O4/BiOBr MSs. The diffraction peaks at 30.23�, 35.64�,
43.38�, 53.80�, 57.31�, and 62.86�, can be assigned to the
(220), (311), (400), (422), (511), and (440) crystal planes
of pure Fe3O4 with a cubic spinel structure, respectively
( JCPDS card no. 65-3107) (Zhi et al., 2006; Zhu et al., 2011).
As for pure BiOBr, the reflections are consistent with the
standard pattern of a tetragonal phase BiOBr ( JCPDS Card
No. 78-0348), and the main diffraction peaks at about 25.19�,
32.24�, 39.3�, 46.25�, 50.7�, 53.4�, and 57.17� can be indexed
to the (101), (110), (112), (200), (104), (211), and (212)
planes of the tetragonal BiOBr, respectively (Xue et al.,
2014; Liu et al., 2015). In the diffraction patterns of m-Fe3O4/
BiOBr MSs shown in Fig. 3, both the tetragonal BiOBr phase
and cubic Fe3O4 phase were detected, indicating that both
Fe3O4 and BiOBr have been coupled together.

SEM and TEM. The morphology and microstructure of
BiOBr MSs and m-Fe3O4/BiOBr MSs were investigated by
SEM. Figure 4a shows that the as-prepared BiOBr MSs
possess almost the similar three-dimensional (3D) micro-
sphere morphology with a large diameter of approximately
1.60–3.0 lm. As can be seen from the high-magnification
SEM images (Fig. 4b), the entire 3D BiOBr MSs were self-
assembled by numerous nanosheets with a thickness ranged
from 10 to 35 nm. The nanosheets are aligned from the center
of the microsphere to the surface, and give a floral appearance
(Chen et al., 2011). The microstructure of the m-Fe3O4/
BiOBr MSs is shown in Fig. 4c. The m-Fe3O4/BiOBr MSs
possessed much bigger size than that of the pure BiOBr MSs.
Fe3O4 nanoparticles were observed to be mingled among the
BiOBr nanosheets or adhered to the BiOBr MSs surface,
which could facilitate magnetic separation of m-Fe3O4/
BiOBr MSs (Fig. 4d). Additionally, the chemical composi-
tion of as-prepared BiOBr MSs and m-Fe3O4/BiOBr MSs
were also detected by EDX. The BiOBr MSs contained

FIG. 5. High resolution transmission electron microscope
image of m-Fe3O4/BiOBr MSs.

FIG. 6. UV–vis diffuse reflectance spectra (a) and the plot of (ahv)0.5 versus energy (hv) (b) of Fe3O4, BiOBr MSs, and
m-Fe3O4/BiOBr MSs.
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elements of Bi, Br, and O (Fig. 4e), while the major con-
stituents for m-Fe3O4/BiOBr MSs were Fe, O, Bi, and Br
(Fig. 4f). The peaks of Bi, Br, and O were mainly generated
by BiOBr MSs while the peaks of Fe and O resulted from
magnetic Fe3O4. These results were consistent with the XRD
data (Fig. 3).

After the introduction of Fe3O4 into BiOBr MSs, the
presence of Fe3O4 nanoparticles was also confirmed by
HRTEM image of m-Fe3O4/BiOBr MSs (Fig. 5), which
showed that sphere Fe3O4 nanoparticle was embedded be-
tween the BiOBr nanosheets. The close incorporation of
Fe3O4 with BiOBr MSs can not only enhance the visible light
photocatalytic performance of m-Fe3O4/BiOBr MSs, but also
enhance the photostability by inhibiting the photocorrosion.

Diffuse reflectance spectroscopy. It is well known that
photocatalytic activity is closely related to the optical ab-
sorbance ability and the migration of photo-generated
electron-hole (e-/h+) pairs. The UV-Vis DRS of Fe3O4,
BiOBr MSs, and m-Fe3O4/BiOBr MSs are shown in Fig. 6.
As can be seen, pure BiOBr MSs show absorbance in visible
range with an absorption edge about at 442 nm (Fig. 6a)
and have a band gap of 2.67 eV (Fig. 6b) according to the
equation ahv = A(hv - Eg)n/2 (Zhang et al., 2015a, 2015b).
Compared with TiO2, which has a band gap energy of ca.
3.2 eV (anatase), the smaller band gap energy of BiOBr
makes it more easier to be activated by visible light or solar
light (Zhang et al., 2015a, 2015b). The absorbance intensity
of Fe3O4 is very strong in both visible range and UV region
from 200 to 800 nm, which results from the black appearance
of pure Fe3O4. As a result, the absorbance ability of m-Fe3O4/
BiOBr MSs in the visible range increased due to the strong
visible light response of Fe3O4. The considerable absorbance
of m-Fe3O4/BiOBr MSs in the visible region implies the pos-
sibility of high photocatalytic activity for the photodecoloriza-
tion of CR solution under simulated solar light irradiation.

Specific surface areas and N2 adsorption–desorption
isotherms. The specific surface area and porosity of as-
prepared pure BiOBr and m-Fe3O4/BiOBr MSs were inves-
tigated by using N2 adsorption–desorption isotherms. As

shown in Fig. 7a, pure BiOBr and m-Fe3O4/BiOBr MSs is
mainly mesoporous in nature with a physisorption isotherm
of Type IV according to International Union of Pure and
Applied Chemistry (IUPAC) classification, which can be
confirmed by the pore size distribution of pure BiOBr and m-
Fe3O4/BiOBr MSs (Fig. 7b) ( Jiang et al., 2014). Such a
mesoporous structure is very beneficial for the diffusive
transport of photo-induced carriers to oxidized species (Huo
et al., 2012).The specific surface areas of pure BiOBr and m-
Fe3O4/BiOBr MSs are 8.33 and 28.39 m2g/, respectively
(Table 1). The specific surface area of m-Fe3O4/BiOBr MSs
is much larger than that of BiOBr (ca. 8.33 m2/g). The pore
volumes of the two materials were 0.02193 and 0.07966 cm3/g,
respectively, for BiOBr and m-Fe3O4/BiOBr MSs.

Furthermore, the pore size distribution results by using the
Barrett-Joyner-Halenda (BJH) method show that magnetic
m-Fe3O4/BiOBr MSs display wider larger pore size distri-
butions than BiOBr MSs. The appreciable increase in specific
surface area and micropore volume of m-Fe3O4/BiOBr MSs
are attributed to the presence of Fe3O4. This meant that m-
Fe3O4/BiOBr MSs have much more mesopores, and the
opened channels will not only allow the pollutant to enter the
spheres, but also improve the mass transfer within the hybrid
structure during photocatalytic process (Wei et al., 2013).

Vibrating sample magnetometry. Figure 8a shows the
magnetization curves of Fe3O4 and m-Fe3O4/BiOBr MSs
obtained by VSM at 293 K. As shown in Fig. 8a, pure Fe3O4

has magnetization saturation values of 67.76 emu/g, which is

FIG. 7. Nitrogen adsorption–desorption curves (a) and pore size distributions (b) of BiOBr MSs and m-Fe3O4/BiOBr
MSs.

Table 1. Textural Properties of BiOBr

and Magnetic Fe3O4/BiOBr Microspheres

Photocatalyst
Surface area

(m2/g)

Mean pore
diameter

(nm)

Total pore
volume
(cm3/g)

BiOBr MSs 8.33 43.19 0.02193
m-Fe3O4/BiOBr

MSs
28.39 49.15 0.07966

m-Fe3O4/BiOBr MS, magnetic Fe3O4/BiOBr microsphere.
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similar to some values reported in other literatures (Zhi et al.,
2006). For the m-Fe3O4/BiOBr MSs, the saturation magne-
tization reached 27.89 emu/g. Although the saturated mag-
netization of m-Fe3O4/BiOBr MSs decreased due to the
presence of nonmagnetic BiOBr MSs, it was still higher than
those of many reported magnetic photocatalysts, such as
Fe3O4:TiO2 core-shell Nanoparticles (5.94 emu/g) (He et al.,
2008), P25–graphene–Fe3O4 nanocomposite (5.276 emu/g)
(Cheng et al., 2016), Fe3O4/g-C3N4 (16.80 emu/g) (Zhi et al.,
2016), Ag/Fe3O4/g-C3N4 (12.68 emu/g) (Zhi et al., 2016),
and Cu2O/CS–Fe3O4 (15.1 emu/g) (Cao et al., 2015). The
m-Fe3O4/BiOBr MSs were separated fleetly from treated solu-
tion and collected to the sidewall of a cuvette after 5 s using an
ordinary magnet (Fig. 8b), suggesting that m-Fe3O4/BiOBr MSs
have an excellent magnetic responsivity. What is more, the m-
Fe3O4/BiOBr MSs can be redispersed in aqueous solution by
vigorous shaking once the magnetic field is removed (Fig. 8c),
resulting in a black-colored suspension. These results show that
m-Fe3O4/BiOBr MSs possess excellent magnetic responsivity
and redispersibility simultaneously, which are important for
practical reuse of m-Fe3O4/BiOBr MSs.

Adsorption behavior and photocatalytic activity

Figure 9a shows normalized change in concentration of CR
dye under different experiment conditions. The adsorption of
CR on BiOBr MSs and m-Fe3O4/BiOBr MSs were carried out
with different period of contact time in the range of 0–
240 min, as shown in Fig. 9a. As it is evident from Fig. 9a,
BiOBr MSs attained adsorption saturation at 30 min while
adsorption of CR on Fe3O4/BiOBr MSs was relatively slow
and did not reach adsorption saturation even at 240 min. The
adsorption capacities for CR dye on BiOBr MSs and Fe3O4/
BiOBr MSs for 240 min of contact time were found to be 4.99
and 10.19 mg/g, respectively (Fig. 9b), indicating that m-
Fe3O4/BiOBr MSs possessed higher adsorption capacity for
effectively removing CR azo dye from aqueous solution.
Since the photo-oxidation reaction usually takes place on the
photocatalysts surface, higher equilibrium adsorption ca-
pacity is very important and favorable for the photocatalytic
treatment of organic pollutants (Zhu et al., 2012). Due to
higher correlation coefficient values (R2 > 0.99) and closer

values between experimental and calculated theoretical ad-
sorption capacities (qe), the pseudo-second-order model was
considered as the fitting model in describing the CR ad-
sorption on both BiOBr MSs and m-Fe3O4/BiOBr MSs
(Fig. 9c). It suggested that the rate-limiting step of CR ad-
sorption on both BiOBr MSs and m-Fe3O4/BiOBr MSs might
be chemical adsorption (Wen et al., 2016).

Photocatalytic activity of BiOBr and m-Fe3O4/BiOBr MSs
was also studied, as shown in Fig. 9a. After irradiation of
240 min, the photocatalytic decolorization efficiency is
35.81% and 77.52% for BiOBr MSs and m-Fe3O4/BiOBr
MSs respectively. It is seen that the m-Fe3O4/BiOBr MSs
exhibited higher degradation efficiency than BiOBr MSs. For
the convenience of comparison, two kinds of commercial
TiO2, that is, Degussa P-25 TiO2 (P25) and commercial a-
TiO2 (purity >99.7%) were used to treat CR solution under
the same conditions. The removal efficiency of CR by P25
and a-TiO2 is calculated to be 43.52% and 16.83%, respec-
tively, which is lower than that by m-Fe3O4/BiOBr MSs. It is
well known that P25 has excellent photocatalytic activity
under UV light (Reza et al., 2017). As a result, m-Fe3O4/
BiOBr MSs are a good alternative to treat organic pollutant in
aqueous solution under simualted solar light.

According to previous studies (Zhu et al., 2009), photo-
catalytic process can be expressed by the L–H model. The
corresponding apparent first-order rate constant (kapp) was
calculated from photocatalytic reaction and the calculated
values are 0.0011 and 0.0046 min-1 for BiOBr MSs and
m-Fe3O4/BiOBr MSs respectively. The kapp constant of
m-Fe3O4/BiOBr MSs (0.0046 min-1) was found to be about
4.18 times that of BiOBr (0.0011 min-1). This enhanced
degradation may be due to the synergistic effect of the ad-
sorption and photocatalysis. As we can see from Fig. 9d, the
intensity of the absorption peak at 496 nm of CR decreased
with increasing irradiation time and red color of the reaction
solution nearly converted into colorless.

Effect of initial CR concentration and catalyst dosage
on decolorization

From an application point view, it is important to study the
dependence of degradation on the initial concentration of

FIG. 8. Room-temperature magnetization curves (a) of Fe3O4 and m-Fe3O4/BiOBr MSs and the magnetic separation (b)
and redispersion (c) of m-Fe3O4/BiOBr MSs.
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pollutant and the photocatalyst dosage. The increase in initial
dye concentration from 5 to 30 mg/L decreased the degra-
dation rate constants from 0.024 to 0.004 min-1. The possible
explanation for this behavior is that as the CR initial con-
centration increases, the path length of the photons entering
the solution decreases. This may lead to the decrease in
photocatalytic degradation efficiency. The effect of photo-
catalyst dosage on CR decolorization was studied by varying
the catalyst dosage from 0.2 to 1.4 g/L for 20 mg/L CR
aqueous solutions. The results are presented in Fig. 10b. The
results indicated that the decolorization of CR was influenced
by the catalyst dosage and CR decolorization rate increased
with increasing catalyst dosage. When the m-Fe3O4/BiOBr MSs
concentration was 0.1 g/L, only 23.56% of CR was degraded
after 4 h irradiation, but 91.18% of CR could be degraded
when the photocatalyst dosage reached 1.4 g/L. When a small
amount of catalyst was dispersed in the reaction medium, all
surface active sites were available. Accordingly, the decol-
orization rate increased with the increase of catalyst dosage.
The addition of catalyst amount above 1.0 g/L would have a
slight increase in efficiency, while there was increased tur-
bidity/opacity of the reaction suspension and decreased trans-
mission through the suspension due to excess catalyst particles.

Stability of photocatalyst

It is well known that stability and reusability of photo-
catalysts is very important for practical application because
its use for longer period of time leads to a significant cost
reduction of the practical treatment. To investigate the sta-
bility and reusability of the magnetic m-Fe3O4/BiOBr MSs,
three successive CR photodegradation experiments were
carried out under simulated solar light irradiation and the
results are shown in Fig. 11. As shown in Fig. 8b, m-Fe3O4/
BiOBr can be collected from the treated aqueous solution
conveniently and fast by applying an external magnetic field.
Although the degradation efficiency of m-Fe3O4/BiOBr MSs
is slightly decreased after each cycle, the m-Fe3O4/BiOBr
MSs exhibited 82.78% activity in the third use under the
simulated solar light irradiation. By contrast, the pure BiOBr
showed a significant reduction in its photocatalytic degra-
dation activity, which already decreased to 36.25% in the

third use. The results indicate that m-Fe3O4/BiOBr MSs are
more stable and recyclable for the photocatalytic removal of
pollutant molecules. The possible reason for the obvious
improvement of m-Fe3O4/BiOBr MSs is firstly that the in-
troduction of Fe3O4 can facilitate the electron transfer of
BiOBr, which promoted the effective separation of photo-
excited electron-hole pairs. In addition, the presence Fe3O4 in
m-Fe3O4/BiOBr MSs is advantageous to enhance the re-
covery rate of nanosized m-Fe3O4/BiOBr MSs by reducing
the loss of the photocatalyst. Hence, it can be concluded that
m-Fe3O4/BiOBr MSs can facilitate the practical running of
an industrial wastewater treatment.

Radical trapping experiments

Generally, the reactive species, such as hydroxyl radicals
(�OH), superoxide radical anions (O2

-�), and holes (h+) are
expected to be involved in the photocatalytic degradation of
organic pollutants (Mehraj et al., 2015). To investigate the
role of main active species during photocatalytic reactivity,
the radical and hole trapping experiments with different
scavengers on the rate constant were carried out. N2, ethyl-
enediaminetetraaceticacid (EDTA) and tert-butanol (TBA)
were added into CR dye solution to capture the hydroxyl
radical (�OH), hole (h+) and superoxide radical (O2

-�), re-
spectively (Guo et al., 2015). The more the reaction rate
reduced the more important role the reactive species played
in the photocatalytic reaction.

Taking account of decoloriaztion rate after 240 min un-
der simulated solar irradiation, the trend of impeditive effect
in the presence of different scavengers was as follows:
EDTA > N2 > TBA (Fig. 12). With the introduction of
1 mmol of EDTA as a hole scavenger, the kinetic rate of CR
degradation was significantly decreased to 0.00252 min-1,
suggesting that h+ plays a crucial role in CR degradation by
m-Fe3O4/BiOBr MSs. The decreases of kinetic rate result
from the fact that it is insufficient for the photogenerated
valence band hole of BiOBr to oxidize water to �OH (Zhang
et al., 2015a, 2015b). Meanwhile, the use of N2 lowered the
photocatalytic efficiency due to the reduction of active �O2

-

because dissolved O2 as an efficient electron scavenger was
excluded by N2 in the degradation process. Compared with

FIG. 10. Effects of CR initial concentration (a) and m-Fe3O4/BiOBr MSs dosage (b) on CR decolorization efficiency.
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the degradation system that does not contain any scavenger,
the rates demonstrate that both the hole and �O2

- radicals are
the main active species. However, with the addition of 1 mM
of TBA as hydroxyl radicals scavenger, the change in deg-
radation of CR indicated that hydroxyl radicals are one of the
active species responding to CR degradation. Both the h+

radicals and O2
�- radicals were the two main active species

that drive the photocatalytic decolorization of CR solution by
m-Fe3O4/BiOBr MSs.

The photocatalytic mechanism of m-Fe3O4/BiOBr MSs for
CR degradation under simulated solar light is illustrated in
Fig. 13. First, when m-Fe3O4/BiOBr MSs are exposed to

simulated solar light irradiation, the BiOBr MSs produced
electrons and holes [Eq. (3)]. The electrons (e-) on conduc-
tion band (CB) of the BiOBr rapidly transferred to Fe3O4

because the CB level of Fe3O4 (1.00 eV vs. Normal Hydrogen
Electrode [NHE]) is much lower than that of BiOBr (0.59 V
vs. NHE) and the good electrical conductivity of Fe3O4 is as
high as 1.9 · 106 S/m (Zhu et al., 2012; Liu et al., 2015) [Eq.
(4)]. Next, the migrated e- reacted with the oxygen mol-
ecule (O2) that dissolved in aqueous solution to generate
O2
�- [Eq. (5)]. Meanwhile, Fe3O4 nanoparticles on the

surface of BiOBr can act as an electron capturer to improve
the separation efficiency of the charge carriers and thereby

FIG. 12. Effect of radical scav-
engers on the photodegradation of
CR on m-Fe3O4/BiOBr MSs.

FIG. 11. Cycling runs of
BiOBr MSs and m-Fe3O4/
BiOBr MSs for the degrada-
tion of CR solution under
simulated solar light.
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improving the photocatalytic efficiency. These should be
the main reason for the enhancement of the photocatalytic
activity for m-Fe3O4/BiOBr MSs [Eq. (6)].

BiOBrþ h� ! BiOBr(eCB
� )þBiOBr(hVB

þ ) (3)

BiOBr(eCB
� )þ Fe3O4 ! BiOBrþFe3O4(eCB

� ) (4)

Fe3O4(eCB
� )þO2 ! O2

�� þ Fe3O4 (5)

CRþ þ reactive species(O2
�� , �OH . . . )!

CO2þH2Oþ other byproducts
(6)

Conclusions

Recyclable m-Fe3O4/BiOBr MSs were synthesized by
anchoring magnetic Fe3O4 nanoparticles to BiOBr MSs.
These m-Fe3O4/BiOBr MSs displayed more effective pho-
tocatalytic activity than BiOBr MSs, which resulted from
superior adsorption and transfer performance to organic
contaminants in aqueous systems. The pseudo-first-order rate
constants for photocatalytic degradation of CR were
0.0011 min-1 and 0.0046 min-1 using pure BiOBr and m-
Fe3O4/BiOBr MSs, respectively. Both the h+ radicals and
O2
�- radicals were the two main active species that drive the

photocatalytic decolorization of CR solution by m-Fe3O4/
BiOBr MSs under simulated solar light irradiation. The m-
Fe3O4/BiOBr MSs can be easily recovered by an external
magnet and redispersed after the treatment process. This
work suggests that m-Fe3O4/BiOBr MSs may be a promising
photocatalyst for photodegrading organic dye pollutants and
environmental remediation.
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