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a  b  s  t  r  a  c  t

Novel  magnetically  separable  BiOBr/CoFe2O4 microspheres  assembled  from  nanoparticles  were  success-
fully fabricated  by a facile  solvothermal  method  at 160 ◦C for  12  h.  Then,  BiOBr/CoFe2O4 microspheres
were characterized  via  XRD,  TEM,  SEM,  EDS  and  VSM.  Congo  red (CR)  was  selected  as a  pollutant  model
to evaluate  the  photocatalytic  activities  of  BiOBr/CoFe2O4 microspheres.  The  value  of coercivity  (232  Oe)
and the  saturation  magnetization  (33.79  emu  g−1) were  obtained,  which  indicated  that  BiOBr/CoFe2O4

microspheres  can  be separated  and  recovered  easily  from  the  treated  solution.  What  is more,  by calcu-
lation,  the  initial  rate  constants  of  BiOBr/CoFe2O4 microspheres  is about  1.45  times  higher  than  that  of
the  pure  BiOBr,  which  resulted  from  superior  adsorption  and transfer  performance  to organic  contam-
inants  in aqueous  systems.  Four  consecutive  regeneration  cycles  demonstrated  that  the  BiOBr/CoFe2O4
hotocatalysis
ecolorization
ongo red
agnetic separation

microspheres  had  high  photostability  under  simulated  solar  light  irradiation.  According  to  the  radical
trapping  experiments,  the h+ radicals  and  O2

•− radicals  were  the two main  active  species  that  drive  the
photocolorization  of CR  pollutant  by BiOBr/CoFe2O4 microspheres  under  simulated  solar  light  irradia-
tion.  This  work  suggests  that  the  BiOBr/CoFe2O4 microspheres  may  be a promising  photocatalyst  for
photodegrading  organic  pollutants  and  environmental  remediation.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The effective elimination of toxic organic pollutants discharged
rom industrial wastewater has become one of the most crucial
spects of contemporary pollution-control fields due to the harm-
ul effects of those chemicals on the environment and aquatic living
eings [1,2]. In the past few years, semiconductor photocatalysis
riven by solar or visible light has attracted an extremely wide
cientific and industrial attention for eliminating those organic pol-
utants in aqueous solution in an environmentally friendly manner

3–7].

Bismuth oxyhalides (i.e. BiOX) belong to the family of V–VI–VII
emiconductor compounds, which are attracting considerable

∗ Corresponding author at: No. 1139, Municipal Government Avenue, Taizhou
ity, Zhejiang Province 318000, PR China.

∗∗ Corresponding author.
E-mail addresses: zhuhuayue@126.com (H.-Y. Zhu), zgming@hnu.cn

G.-M. Zeng).

ttp://dx.doi.org/10.1016/j.apsusc.2015.12.200
169-4332/© 2016 Elsevier B.V. All rights reserved.
attention due to their excellent light photocatalytic activity and
excellent electrical properties [8–12]. Among those of BiOX pho-
tocatalysts, bismuth oxybromide (BiOBr) has been recognized as
one of the most promising photocatalysts owing to high photo-
catalytic activity, intrinsic lamellar structure and photostability
[11,13–16]. However, as a semiconductor with a wide band gap
(around 2.8 eV) [17], the absorption ability to visible light for the
pure BiOBr is very limited for photodegrading toxic organic pol-
lutants. Therefore, much efforts have been focused on combining
BiOBr with other matching semiconductors, such as Ag3PO4 [15],
Bi2WO6 [18], BiPO4 [5,19], ZnWO4 [17], C3N4 [20], CdS [4,21], PdS
[22], and so on, to increase visible light absorption and efficient
separation and transfer of photo-induced charge carriers. How-
ever, from the viewpoint of practical environment remediation,
the effective and fast separation of fine photocatalysts from large
volumes of treated solutions still remains a great challenge [23].

Fortunately, a convenient and viable solution to this problem is to
combine semiconductor photocatalyst with some magnetic com-
ponent which is easily separable by applying an external magnetic
field [21,23–27].

dx.doi.org/10.1016/j.apsusc.2015.12.200
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.12.200&domain=pdf
mailto:zhuhuayue@126.com
mailto:zgming@hnu.cn
dx.doi.org/10.1016/j.apsusc.2015.12.200
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Recently, spinel cobalt ferrite (CoFe2O4) nanoparticles have
ttracted great attention due to its obvious advantages of large
aturation magnetization, good chemical stability, low cost, and
nvironmental friendliness [28–38]. The large saturation mag-
etization of novel materials based on CoFe2O4 nanoparticles
llows fast and effective separation of those materials from
queous solution by a magnet [30,39,40]. In addition, enhanced
isible-light-driven photoactivity has been observed over some
omposite semiconductors which combine CoFe2O4 with sec-
ndary material, such as TiO2 [33], Ag/AgCl [26] and Pd (0) [41].
urthermore, conventional porous structure of CoFe2O4 nanopar-
icles provides effective sites for removal of pollutants in aqueous
olution [30,39,42,43]. Therefore, considering the advantages of
oth excellent photocatalytic performance of BiOBr and supe-
ior magnetic performance and high adsorption of CoFe2O4, it is
easible to construct stable and effective recoverable composite

aterials. However, to the authors’ knowledge, there is rarely been
xploited and reported the potentiality of magnetically separable
iOBr/CoFe2O4 microspheres for effective removal of dye pollutant

rom aqueous environments.
In this work, novel magnetically separable BiOBr/CoFe2O4

icrospheres with high adsorption-photocatalysis and excel mag-
etic performance were synthesized by a facile solvothermal
ethod at 160 ◦C for 12 h. Then, BiOBr/CoFe2O4 microspheres were

haracterized via X-ray diffraction (XRD), transmission electron
icroscopy (TEM), scanning electron microscopy (SEM), energy

ispersive spectroscopy (EDS) and vibrating sample magnetome-
ry (VSM). The excellent photocatalytic activity of the as-prepared
iOBr/CoFe2O4 microspheres was evaluated by photocatalytic
ecolorization of dye Congo red (CR) solution under simulated
olar light irradiation. The photocatalytic stability of BiOBr/CoFe2O4
icrospheres was evaluated. In addition, the possible mechanism

f enhanced photocatalytic activity was also discussed. This study
rovides a promising candidate for efficient removal of dye solution
y an environment-friendly and economical approach.

. Experimental

.1. Chemicals

Co(NO3)2·6H2O, Fe(NO3)3·9H2O, Bi(NO3)3·5H2O, KBr and eth-
lene glycol were purchased from Shanghai Chemical Reagents
esearch Institute (Shanghai, China). Congo red (abbreviated as CR)
s a model dye was purchased from Yongjia Fine Chemical Factory
Wenzhou, China). All chemicals were analytical grade and used
ithout further purification. Double distilled water was used in

he preparation of photocatalysts and subsequent photocatalytic
xperiments.

.2. Preparation of CoFe2O4 nanoparticles

CoFe2O4 nanoparticles were synthesized using a revised
olvothermal method [28,36]. The stoichiometric amount of cobalt
itrate (Co(NO3)2·6H2O) and iron nitrate (Fe(NO3)3·9H2O) was dis-
olved in distilled water (25 mL)  to obtain a mixed solution under
igorous stirring for 2 h using a magnetic stirrer at room tempera-
ure. The molar ratio of Co2+ to Fe3+ was 0.5. The pH of the solution
as adjusted to 12 by adding 4 M NaOH solution. Then, the mixture

as further transferred into a 100 mL  Teflon-lined autoclave and

ubsequently heated at 180 ◦C for 12 h. After the reaction was  com-
leted, the solid sample was separated from the system by applying
n external magnetic field and was washed several times with dis-
illed water with the aid of ultrasonic techniques. The resulting
owder was finally dried at 60 ◦C for 12 h till constant weight.
ience 364 (2016) 604–612 605

2.3. Preparation of BiOBr/CoFe2O4 microspheres

BiOBr/CoFe2O4 microspheres were synthesized by a facile
solvothermal method. 3 mmol of Bi(NO3)3·5H2O and 3 mmol of
KBr were initially dissolved in 60 mL  ethylene glycol and sonicated
for 30 min  at room temperature. Then, 0.3920 g of as-prepared
magnetic CoFe2O4 nanoparticles was dispersed into the resulting
solution. After vigorously stirring for another 40 min, the result-
ing suspension was  transferred into a 100 mL  Teflon-lined stainless
steel autoclave and heated to 160 ◦C for 12 h, and then the autoclave
was cooled down naturally. After the reaction was completed, the
sample was  separated from the system by applying an external
magnetic field and was  washed with ethanol and distilled water
several times, respectively, with the aid of ultrasonic techniques.
The product was finally dried at 60 ◦C for 12 h till constant weight.
The samples with different BiOBr/CoFe2O4 weight ratio of 9:1, 7:3
and 5:5 were named as BC9, BC7 and BC5.

For comparison, pure BiOBr microspheres were prepared by ref-
ereeing to a previous study [16]. First, 3 mmol of Bi(NO3)3·5H2O
and 3 mmol  of KBr were dissolved in 60 mL  ethylene glycol under
vigorous stirring to obtain a transparent solution. Then, the result-
ing solution was transferred into a 100 mL  Teflon-lined stainless
steel autoclave and heated to 160 ◦C for 12 h. After the reaction
was completed, the sample was  separated by centrifugation and
washed with absolute ethanol and distilled water, respectively. The
product was  finally dried at 60 ◦C for 12 h till constant weight.

2.4. Characterization of BiOBr/CoFe2O4 microspheres

X-ray powder diffraction (XRD) analysis was  performed on a
Bruker AXS D8-advance X-ray diffractometer with Cu K� radia-
tion in the 2� range of 10◦–70◦. UV–Vis diffuse reflectance spectra
(UV–Vis DRS) were carried out by an UV-3100 UV–vis spec-
trophotometer (Hitachi Corporation, Japan). The morphology and
microstructure of the synthesized samples were characterized by a
scanning electron microscopy (SEM, Hitachi S4800 equipped with
an EDS). Transmission electron microscopy (TEM) and high resolu-
tion Transmission electron microscopy (HRTEM) were performed
on an FEI Tecnai G20 with field- emission gun operating at 200 kV.
The specific surface area and pore diameter measurements were
carried out using an MPMS-XL-7 surface area and porosity analyzer
(Quantum Design, America). Magnetization measurements were
carried out on an MPM5-XL-5 superconducting quantum interfer-
ence device (SQUID) magnetometer in an external field up to 15 kOe
at room temperature (20 ◦C).

2.5. Photocatalytic experiments

The photocatalytic experiments were performed by the decol-
orization of CR solution under simulated solar light irradiation in
a photochemical reactor (Nanjing Xujiang Electromechanical Fac-
tory, Nanjing, China) at constant room temperature (20 ◦C) (Fig. 1).
A 300 W xenon lamp was used as a simulated solar light source,
which was positioned in the cylindrical quartz trap and surrounded
by cooling water. In a typical experiment, 30 mg  of the photocata-
lyst was  dispersed into a 30 mL  CR solution (15 mg L−1). Then, the
dispersion was  exposed to simulated solar light irradiation. Dur-
ing photocatalytic reaction, the aqueous suspension containing CR
and photocatalyst was  continuously stirred and bubbled so that
the concentration of dissolved oxygen in reaction system was kept
constant. At given time intervals, 5 mL  of dispersion was drawn

and BiOBr/CoFe2O4 microspheres were separated immediately by
a magnet. Residual CR concentration in supernatant was analyzed
at �max = 496.0 nm using a TU 1810 UV–visible spectropho-
tometer (Beijing Purkinje General Instrument Co., Ltd, China).
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Fig. 1. Reactor used in the photocatalytic experiments. A. xenon lamp; B. cooling
water inlet; C. cooling water outlet; D. quartz reactor; E. dye solution; F. rotating
disks; G. aeration head; H. electric machinery; and I. pedestal.
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Fig. 2. XRD patterns of BiOBr, CoFe2O4 and BiOBr/CoFe2O4 microspheres.

ecolorization efficiency (�) of CR solution by BiOBr/CoFe2O4
icrospheres at time t was calculated by Eq. (1).

(%) = (C0 − Ct)
C0

× 100 (1)

here C0 and Ct (mg  L−1) are the initial CR concentration and the
R concentrations at any time t (min), respectively.

. Results and discussion

.1. Characterization of as-synthesized samples

.1.1. XRD
The phase structure of the as-prepared BiOBr, CoFe2O4 and

iOBr/CoFe2O4 microspheres were investigated by XRD analysis
Fig. 2). It can be easily found that the diffraction peaks on CoFe2O4
t 2� = 30.03◦, 35.48◦, 43.03◦, 56.94◦ and 62.49◦ were completely
atched the reflections of (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 0),

espectively, indexed to the cubic spinel structure of CoFe2O4
JCPDS 22-1086) [29,40,44]. The mean size of the CoFe2O4 crys-

allites calculated from the diffraction patterns was  about 21 nm.
he pure BiOBr sample showed a tetragonal crystal phase with the
etected reflections at 22.13◦ (0 0 2), 25.21◦ (1 0 1), 31.69◦ (1 0 2),
2.27◦ (1 1 0), 39.35◦ (1 1 2), 46.29◦ (2 0 0), 50.7◦ (1 0 4) and 57.25◦
Fig. 3. UV–vis DRS of BiOBr, CoFe2O4 and BiOBr/CoFe2O4 microspheres.

(2 1 2) (JCPDS 78-0348) [16,19,44,45]. No crystalline CoFe2O4 can be
detected from the BC9 with low CoFe2O4 concentrations, whereas
two main peaks of CoFe2O4 at 2� = 35.28◦ (3 1 1) and 62.49◦ (4 4 0)
were found from XRD patterns of BC7 and BC5, indicating the coex-
istence of CoFe2O4 and BiOBr in BC7 and BC5. In addition, the peak of
BiOBr decreased gradually in intensity with the increase of CoFe2O4
content. The XRD diffraction of BC5 shows small impurities at
2� = 27.27◦, indicating that there is a small amount of impurity
coexisting with diffraction of CoFe2O4 and BiOBr.

3.1.2. UV–Vis DRS
It is well known that the photoinduced charge-transfer prop-

erty and enhanced light photocatalytic activity of semiconductors
in the photocatalytic reaction are closely related to their optical
properties [46]. Thus, the optical absorbance of as-prepared pho-
tocatalyst was  measured by UV–visible diffuse reflectance spectra
(DRS). The corresponding results are shown in Fig. 3. Obviously,
pure BiOBr only has weak absorption in visible light region with
an absorption edge around 442 nm and has a band gap of 2.81 eV,
which is slightly larger than the values reported in previous litera-
tures [11,13]. However, the absorption intensity of CoFe2O4 is very
strong in both visible light and UV region from 200 nm to 800 nm,
which results from the black appearance of pure CoFe2O4 material
[26]. With the increase of CoFe2O4 content, the absorption in visible
light region increased obviously and strengthened gradually due to
the strong visible light response of CoFe2O4. The result is in agree-
ment with the color change of the samples from yellow to black.
In previous study, an obvious red-shift was also observed when
BiOBr microsphere formed a heterojunction with other black mate-
rials [24]. The excel photocatalytic activity of the BiOBr/CoFe2O4
could be expected under simulated solar light irradiation since
BiOBr/CoFe2O4 microspheres exhibit an enhanced absorption in the
whole visible light region compared with the pure BiOBr.

3.1.3. SEM and TEM
The morphology of pure BiOBr, CoFe2O4 and BiOBr/CoFe2O4

microsphere were characterized by SEM (Fig. 4) and TEM (Fig. 5).
It can be seen from Fig. 4a, pure BiOBr has a waxberry-like micro-
spheres, and the diameter is in the range of 2–5 �m [16]. As can
be seen from the high-magnification SEM image (Fig. 4b), the
individual waxberry-like BiOBr microsphere was  self-assembled
by numerous interleaving nanocrystalline sheets with a thick-
ness from 20 nm to 30 nm [16]. The pure cobalt ferrites were

nanocrystalline and their shape is spherical in the size range of
30–25 nm (Fig. 4c) [36]. The BiOBr/CoFe2O4 composite exhibits
microsphere shapes with an average diameter of 5 �m (Fig. 4d). The
enlarged images in Fig. 4 e clearly showed that the surface of the
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Fig. 4. SEM images of the pure BiOBr (a and b), the pure CoFe2O4 (c), the hierarchical heterostructured BiOBr/CoFe2O4 microspheres (d and e) and the EDS of BiOBr/CoFe2O4

microspheres.

Fig. 5. TEM images of BiOBr/CoFe2O4 microspheres.
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Fig. 6. Nitrogen adsorption and desorption isotherms and corresponding pore size
08 R. Jiang et al. / Applied Surf

axberry-like BiOBr microspheres were stuck with some tiny
anoparticles, indicating that CoFe2O4 nanoparticles have been

nterspersed on BiOBr microsphere. The existence of CoFe2O4
anoparticles could facilitate the separation of the photoinduced
lectron–hole pairs effectively [34] and convenient recovery from
reated solution [30,39]. Those rough surfaces of the BiOBr/CoFe2O4

icrosphere enlarge their surface areas and provide more sizes for
dsorption of pollutant molecules [42,47]. The EDS analysis of the
iOBr/CoFe2O4 microspheres (Fig. 4f) suggests that the sample con-
ains only the elements Br, O, Bi, Fe and Co. Both results of SEM and
DS indicate that the BiOBr/CoFe2O4 microspheres can be obtained
nder the present synthetic conditions.

The low-magnified and high-magnified TEM images of
iOBr/CoFe2O4 microspheres are shown in Fig. 5. As revealed in
ig. 5a and b, the as-prepared BiOBr/CoFe2O4 microspheres have a
ound shape. The high resolution TEM image clearly shows that the
iOBr/CoFe2O4 microspheres composed of many small nanoparti-
les (about 10.3 nm)  and nanoplates (Fig. 5c). There are the fringes
ith the lattice spacing of 0.254 nm and 0.353 nm, which could be

ndexed to the (3 1 1) plane of CoFe2O4 and (1 0 1) plane of BiOBr,
espectively (Fig. 5d) [16,48].

.1.4. Adsorption–desorption isotherm, pore structure, and
pecific surface areas

The enhanced photocatalytic performance of photocatalysts
ould be mainly attributed to excellent physicochemical prop-
rties including higher surface areas [49]. The specific surface
rea and porosity of samples were investigated by measuring the
itrogen adsorption isotherms, as shown in Fig. 6. N2 adsorp-
ion and desorption processes of both BiOBr and BiOBr/CoFe2O4

icrospheres exhibit similar type IV curves, which is typically
haracteristic of mesoporous materials [50]. Such mesoporous
tructure is very beneficial for the diffusive transport of photo-
nduced carriers to oxidized species. The BET surface areas of BiOBr
nd BiOBr/CoFe2O4 microspheres calculated from the isotherms
re 8.33 ± 0.11 and 74.84 ± 1.16 m2 g−1, respectively. Obviously,
iOBr/CoFe2O4 microspheres have a larger surface area than BiOBr
icrospheres since CoFe2O4 nanoparticles have a smaller particle

ize and a relative larger surface area (116.4 m2 g−1) [35]. Com-
ared with other reported photocatalysts based on BiOBr, such as
iOBr/Fe2O3 [24], BiOBr/Fe3O4 [24], BiOBr/Co-Ni-NO3 LDHs [49],
iOBr/fly-ash [11], the surface area of obtained BiOBr/CoFe2O4
icrospheres is relatively large, which resulted in providing more

eactive centers, absorbing more pollutant molecules and promot-
ng the efficiency of electron–hole separation [51]. In addition, as
hown in the inset of Fig. 6a and b, BiOBr/CoFe2O4 microspheres
isplay wider pore size distributions than BiOBr. As a result, it is
ery reasonable to expect that BiOBr/CoFe2O4 microspheres have
otential for the efficient removal of pollutants since it can provide
ore active species and more organic reactants on its surface.

.1.5. VSM
Fig. 7a presents plots of magnetization versus the applied

xternal magnetic field at room temperature for CoFe2O4 and
iOBr/CoFe2O4 microspheres. The VSM curves of the CoFe2O4 show
hat saturation magnetization was 54.83 emu  g−1 at 10,000 Oe
Fig. 7a), which is higher than the values of CoFe2O4 prepared
y different reported methods [38,52]. Size and shape anisotropy
ere play critical roles in determining magnetic properties [37].
ith the assembly of CoFe2O4 powders on the surface of BiOBr
icrospheres, the saturation magnetization of BiOBr/CoFe2O4
icrospheres decreases to 33.79 emu  g−1 at 10,000 Oe. Such
 decrease could be resulted from the presence of nonmag-
etic component [24]. However, the saturation magnetization of
iOBr/CoFe2O4 microspheres is still higher than those reported
alues of other magnetic photocatalysts [24,53]. The coercivity
distributions (inset) of (a) hierarchical BiOBr/CoFe2O4 microspheres and (b) hierar-
chical BiOBr microspheres.

value decreases from 537 to 232 Oe with the introduction of BiOBr
(Fig. 7a inset). The result shows that BiOBr/CoFe2O4 microspheres
display expectant magnetic performance and can be separated and
recovered easily from the treated solutions after liquid-phase pho-
tocatalytic reaction (Fig. 7b), which could facilitate the practical
running of an industrial wastewater treatment.

3.2. Photocatalytic activity of as-synthesized samples

To demonstrate the potential application of the BiOBr/CoFe2O4
microspheres in the photocatalytic degradation of dye pollutant,
the photocatalytic activities of BiOBr/CoFe2O4 microspheres with
different CoFe2O4 loadings were evaluated firstly. From the results
displayed in Fig. 8, BiOBr/CoFe2O4 microspheres showed obviously
higher photocatalytic activity than pure BiOBr microspheres. The
photocatalytic activity of BiOBr/CoFe2O4 microspheres is closely
related to CoFe2O4 loading. After 60 min  visible light irradiation,
62.27%, 71.17%, 85.61% and 90.78% of CR solution have been decol-
orized by the as-synthesized samples BiOBr, BC9, BC7 and BC5,
respectively. The results showed that the introduction of CoFe2O4
has enhanced photocatalytic performance [54]. The sharp decrease
in absorption peak intensity and the fading observed for the CR
solution within 60 min  also indicate that BiOBr/CoFe2O4 exhibits
excellent photocatalytic activity on degradation of the CR solution.

Photocatalytic decolorization of dye solution by photocatalyst fol-
lows the Langmuir–Hinshelwood kinetic model when the reactant
concentration is low [3,55]. By calculation, the initial rate constant
(0.1594 min−1) of BiOBr/CoFe2O4 microspheres is about 2.45 times
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Fig. 7. (a) Magnetization curves of CoFe2O4, the BiOBr/CoFe2O4 microspheres measured at room temperature (the inset is the corresponding magnetization of the low field
(−2000  to 2000 Oe)) and (b) the separation of BiOBr/CoFe2O4 microspheres by a magnet.
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ig. 8. Comparison of photocatalytic activities of BiOBr, and BiOBr/CoFe2O4 micro-
pheres on the decolorization of CR solution under simulated solar light irradiation.

s high as that of the pure BiOBr (0.0650 min−1), which results from
uperior adsorption and transfer performance to organic contam-
nants in aqueous systems [31]. Considering high efficiency, low
rice and expectant magnetic performance, BiOBr/CoFe2O4 weight
atio is controlled in 5:5 for the subsequent photocatalysis decol-
rization of CR dye by BiOBr/CoFe2O4 microspheres.

.3. Effect of initial CR concentration and photocatalyst dosage

It is important to study the dependence of photocatalytic
ecolorization efficiency on initial pollutant concentration and
hotocatalyst dosage from an application standpoint of view [56].
ifferent amounts of BiOBr/CoFe2O4 microspheres ranging from
.33 g L−1 to 1.67 g L−1 for 15 mg  L−1 CR solutions were employed

n this study and the corresponding result is shown in Fig. 9a.
n obvious increase of decolorization efficiency of CR solution

s observed with the increase of photocatalyst amount from
.33 g L−1 to 1.0 g L−1. However, further increase of catalyst amount
ver 1.0 g L−1 causes fewer enhancements on decolorization effi-
iency of CR by BiOBr/CoFe2O4 microspheres. The reaction rate
onstants were calculated from the linear fits of each logarith-
ic  plot of decolorization efficiency as a function of irradiation
ime. As photocatalyst dosage increased from 0.33 g L−1 to 1.0 g L−1

he decolorization kinetic rate constant increased obviously, and
eached 0.0135 min−1 when photocatalyst dosage was  1.0 g L−1.
he increase of photocatalyst dosage increased the number of
Fig. 9. Effects of catalyst dosage (a) and initial concentration (b) on decolorization
efficiency of CR solution under simulated solar light irradiation.

active sites, consequently both absorbed dye molecules and
photons increased [3]. However, at higher photocatalyst dosage
beyond 1.0 g L−1, the rate constant increase is not obvious due
to the hindrance and blocking of simulated solar light pene-
tration caused by the excessive amount of photocatalyst. From
the viewpoint of practical application, the optimum dosage of

BiOBr/CoFe2O4 microspheres (1.0 g L−1) for a given concentration
of 15 mg  L−1 of CR solution is moderate. Effects of the initial CR con-
centration on the decolorization efficiency by the BiOBr/CoFe2O4
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Fig. 11. Photocatalytic decolorization of CR over the BiOBr/CoFe2O4 microspheres
in the present of different scavengers under simulated light irradiation.
ig. 10. Cycling runs in the photocatalytic degradation of CR in the presence of
iOBr/CoFe2O4 microspheres under simulated solar light irradiation.

icrospheres were investigated. Fig. 9b shows the effect of initial
R concentration on photocatalytic decolorization in the presence
f 1.0 g L−1 BiOBr/CoFe2O4 microspheres at natural pH. With the
ncrease of initial dye concentration, the decolorization efficiency
ecreased. The possible explanation is that as the initial concen-
ration of CR increases, the path length of the photons entering
he solution decreases. At lower concentration the reversal effect
ccurred, thereby increasing the number of photon absorbed by
iOBr/CoFe2O4 microspheres.

.4. Photocatalytic stability of the photocatalysts

In consideration of practical applications, the photocatalyst
hould be chemically and optically stable after several repeated
rials [57]. The circulating runs in the photocatalytic degradation
f CR in the presence of BiOBr/CoFe2O4 microspheres under sim-
lated solar light were taken to evaluate the stability. Fig. 10
howed the results of CR degradations for four runs. BiOBr/CoFe2O4
icrospheres exhibit remarkable photostability as the CR decol-

rization efficiency are 93.20%, 92.73%, 91.92%, and 90.36% in the
rst, second, third, and forth run, respectively. The decrease in the
ctivity of the photocatalyst is only 2.84% after four runs; hence,
iOBr/CoFe2O4 microspheres can be recycled and reused, which
eans the photocatalytic decolorization process can be operated

n a relatively low cost.

.5. Role of active species and photocatalytic mechanism

The active species such as trapped holes (h+), superoxide rad-
cal (O2

•−) and hydroxyl radical (•OH) are always considered to
e the main reasons for the photodegradation of organic pollutant
4,13,58]. For detecting the main active species during photocat-
lytic reaction, hydroxyl radical (•OH), hole (h+), and O2

•− were
nvestigated by adding t-BuOH (a quencher of radical scavenger),
DTA-2Na (holes scavenger) and N2 (O2

•− scavenger), respectively
27]. As shown in Fig. 11, the decolorization efficiency of CR solution
ecreases notably with the addition of EDTA-2Na compared with
hat either in the presence of t-BuOH or no addition, indicating that
oles are the main reactive species for the photocatalytic decol-
rization efficiency of CR solution by BiOBr/CoFe2O4 microspheres
26]. According to previous literature, the conduction band (CB) and
alence band (VB) potentials of BiOBr are 0.27 and 3.19 eV, respec-

ively. Therefore, the BiOBr-based photocatalytic reaction under
isible light irradiation occurs through the direct oxidation of pho-
ogenerated hole with the substrates since it is insufficient for the
hotogenerated valence band hole of BiOBr to oxidize water to •OH
Fig. 12. Schematic diagram of dye decolorization by BiOBr/CoFe2O4 microspheres
under simulated solar light irradiation.

[59]. To test the role of the dissolved oxygen in the degradation
process, enough nitrogen (N2) was  bubbled into the suspension to
ensure that the reaction system was operated under anoxic con-
ditions. In the presence of N2, photocatalytic decolorization of CR
solution was inhibited compared with that in the presence of O2
under the same conditions. The result indicated that O2

•− radicals
play a role in the photocatalytic decolorization of CR solution by
BiOBr/CoFe2O4 microspheres since O2

•− radicals can be format-
ted via direct reduction of dissolved oxygen [27]. In a word, the
h+ radicals and O2

•− radicals are considered the two  main active
species that drive the photodegradation of organic pollutant by
BiOBr/CoFe2O4 microspheres under simulated solar light irradia-
tion.

Based on the above discussion, the possible mechanism of decol-
orization of CR solution by BiOBr/CoFe2O4 microspheres has been
established and discussed. As shown in Fig. 12, CR molecules
were firstly adsorbed fast by BiOBr/CoFe2O4 microspheres (Eq.
(2)) [14,39,60], which led to occur a dye-sensitized reaction of
semiconductor [61]. At the same time, the dye-sensitized BiOBr
semiconductors in BiOBr/CoFe2O4 microspheres were excited by
simulated solar light irradiation, which induced the generation of
electron–hole (e−/h+) pairs (Eq. (3)) [11]. The presence of CoFe2O4
of BiOBr/CoFe2O4 microspheres led to a more efficient charge sepa-
ration from BiOBr semiconductor since the introduction of CoFe2O4
can enhance the photoluminescent intensity of metal oxides (Eq.
(4)) [62,63]. Following, the migrated e− reacted with the oxygen
molecule (O2) that dissolved in aqueous solution to generate O2

•−

(Eq. (5)) [64]. The part h+ radicals reacted with H2O molecules
in solution to generate reactive hydroxyl (•OH) and H+ ions (Eq.

+
(6)) [12]. Then the photoinduced holes (h ) directly oxidized
the CR dye pollutants to generate the activated CR+, which then
reacted with generated O2

•− radicals or •OH radicals to generate
H2O, CO2 and other small ultimate byproducts (Eqs. (8) and (9)).
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enerally speaking, Eqs. (2), (3), (7) and (8) are the main reaction
ince the h+ and O2

•− radicals are the two main active species
ccording to the radical trapping experiments. After magnetic sep-
ration, BiOBr/CoFe2O4 microspheres can be reused to treat other
resh CR solutions.

R(inaqueoussolution) + BiOBr/CoFe2O4 → CR − BiOBr/CoFe2O4

(2)

iOBr + h� → BiOBr(eCB
−) + BiOBr(hVB

+) (3)

iOBr(hVB
+) + CoFe2O4 → BiOBr + CoFe2O4(hVB

+) (4)

iOBr(eCB
−) + O2 → O2

•− + BiOBr (5)

oFe2O4(hVB
+) + H2O → •OH + H+ + CoFe2O4 (6)

R + CoFe2O4(hVB
+) → CR+ + CoFe2O4 (7)

R+ + O2
•− → CO2 + H2O + otherbyproducts (8)

R+ + •OH → CO2 + H2O + otherbyproducts (9)

. Conclusions

In summary, novel magnetically separable BiOBr/CoFe2O4
icrospheres were successfully prepared by a facile solvother-
al  method. The photocatalytic experiments showed that

iOBr/CoFe2O4 microspheres are a highly active photocatalyst for
he decolorization of Congo red under simulated solar light irradi-
tion. Furthermore, the magnetic property of the BiOBr/CoFe2O4
icrospheres facilitate their easy and fast separation from the

queous solution using an external magnetic field, and the
iOBr/CoFe2O4 microspheres could be reused for 4 cycles without
bvious loss of its reactivity under simulated solar light irradiation.
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