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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  
hotocatalysis
ecolorization
ongo red
agnetic separation
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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  
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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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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
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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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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
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