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a b s t r a c t
In this study, novel recyclable composite BiOBr/chitin-Fe3O4 was synthesized by a solvothermal 
method using magnetic chitin chelating bismuth oxybromide (BiOBr) as precursor. The morphology, 
structure, photoelectric properties and chemical composition of the obtained samples were explored 
extensively by various characterization techniques. Due to the introduction of Fe3O4 and chitin, the 
composite BiOBr/chitin-Fe3O4 has multi-functions in enlarging photo response performance, reducing 
the band gap, increasing specific surface area and inhibiting recombination rate, which are essen-
tial to improve the photocatalytic efficiency. Using ciprofloxacin as target pollutant, the composite 
showed excellent photocatalytic performance under visible light irradiation, the apparent rate con-
stant value of BiOBr/chitin-Fe3O4 is 5.8 times higher than that of pure BiOBr. The composite BiOBr/
chitin-Fe3O4 could be recycled and reused conveniently and effectively, and the catalyst possessed 
good photocatalytic stability with the degradation efficiency remaining unchanged even after 
five times circle. The possible degradation mechanism was discussed on the basis of experiments.
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1. Introduction

Antibiotics have been widely used in both human ther-
apy and veterinary application, which brought enormous 
benefits to human society [1–3]. However, amounts of anti-
biotic residues remained in the aquatic ecological system as 
a result of the abuse and ineffective disposal of antibiotics. 
These residues are hardly removed from waste water and 
easily accumulated, which have posed a great threaten to 
ecological systems and public health through food chains 
[4,5]. Therefore, employment of an effective method to 
remove the antibiotic residues is of great significance. 
Semiconductor photocatalysis technology as an advanced 
oxidation method has advantages of eco-friendliness, gentle 

reaction conditions, good selectivity and low energy-con-
suming [6,7], and thus has been recognized as a promising 
technique to eliminate organic contaminant in aquatic eco-
systems. Catalyst is pivotal in the degradation of pollut-
ants, so, the synthesis of highly efficient catalyst is the vital 
aspect of current photocatalysis research.

As a novel visible light photocatalyst, bismuth oxybro-
mide (BiOBr) possesses a layered structure consisting of an 
alternating arrangement of (Bi2O2)2+ slabs and double slabs of 
Br. It can provide enough large space to polarize orbitals and 
atoms, which are beneficial to improve migration efficiency 
of photoinduced carriers [8,9]. However, the pure BiOBr 
still has some limitations in practical application under vis-
ible light, such as poor photocatalytic performance due to 
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the rapid recombination of photoinduced carriers, the dif-
ficulty in recycling of smaller BiOBr nanoparticles in pho-
tocatalysis reaction system. To tackle the above-mentioned 
issues, many visible-light driven BiOBr-based composite 
photocatalysts have been studied and exhibited enhanced 
photocatalytic performance such as BiOBr/BiOI [10], Ag/
AgBr/BiOBr [11], g-C3N4-BiOBr [12], BiOBr/Bi24O31Br10 [13]. 
However, the difficulty of recovery and separation of the 
photocatalyst and producing secondary pollution also 
impede their particular application. Compositing with mag-
netic materials such as ferrite (MnFe2O4, CoFe2O4, ZnFe2O4, 
NiFe2O4, etc.), metal oxides (Mn3O4, Co3O4, Fe3O4, γ-Fe2O3, 
etc.) and pure metals (Fe, Co, etc.) can surmount this lim-
itation [14–17]. Among these magnetic materials, Fe3O4 has 
been widely used to construct composite photocatalysts, 
due to its magnetism, especially its non-toxic, biocompatible 
and cost-effective properties [18,19]. However, the binding 
interaction between catalyst and magnetic component in 
the magnetic composites may be weak [20]. Therefore, it is 
worthwhile to investigate BiOBr-based composite that can 
make synergistic effect both for improving photocatalytic 
activity and convenient to reuse.

Chitin, a substance derived from crustacean shells, have 
been generally considered as a low-cost, resource-rich, non-
toxic and renewable resource with the second most abundant 
biological resource after cellulose [21,22]. More importantly, 
the chitin containing plentiful of hydroxyl and amine func-
tional groups, has special network structure and excellent 
adsorption [23,24]. It can be used as an effective modifier to 
adjust the terminal group and microstructure of composite 
and consequently alter the physical and chemical proper-
ties of materials. Meanwhile, chitin can chelate with metal 
ions or catalyst due to its multifunctional groups. Up to 
now, various materials related to chitin for the removal of 
pollutants in water have been reported in literatures [25,26]. 
Based on the above analysis, chitin as a renewable mate-
rial not only can be used as chelating agent between Fe3O4 
and BiOBr but also be used as an effective modifier and a 
high-capacity adsorbent in this composite.

To our knowledge, this is the first report concerning the 
construction of BiOBr/chitin-Fe3O4 composite. Compared 
with the pure BiOBr, the composite BiOBr/chitin-Fe3O4 
exhibited enhanced photocatalytic activity for degradation 
ciprofloxacin, which is due to the physical and chemical 
properties of BiOBr can be modified by incorporating the 
chitin and synergistic effect of chitin and Fe3O4. Meanwhile, 
the introduction of Fe3O4 nanoparticles would make the com-
posite easily separable and effectively recoverable by exter-
nal magnetic field. Furthermore, the photocatalytic activity 
of the composite keeps stable even after five consecutive 
cycles. The low-cost, highly efficient composite BiOBr/chi-
tin-Fe3O4 shows a broad application prospect in the treat-
ment of wastewater without a secondary pollution.

2. Materials and methods

2.1. Materials and chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, AR), 
ethylene glycol ((HOCH2)2, EG, AR), were obtained from 
Xilong Chemical Co., Ltd., (Shantou, China). Ciprofloxacin 

(CIP) was purchased from Aladdin (Shanghai, China). 
Chitin was purchased from Macklin Biochemical Co., Ltd., 
(Shanghai, China), and purified according to a previous 
report [27]. Fe3O4 nanoparticle was obtained from Aladdin 
(Shanghai, China). All reagents used in this work were of 
commercial analytical grade and could be used without 
further purification. Ultrapure water used throughout the 
whole work was produced by a Milli-Q Ultrapure Water 
System (Millipore, Bedford, USA).

2.2. Fabrication of BiOBr/chitin

BiOBr/chitin composites were prepared via hydrother-
mal method. 8 mmol Bi(NO3)3·5H2O and 8 mmol KBr were 
slowly added dropwise to 60  mL of ethylene glycol, and 
then stirred until completely dissolved. Chitin solution 
was thereafter dropped into the mixed solution as a modi-
fier. The resultant precursor solution was transferred to a 
100 mL Teflon stainless-steel autoclave after further stirring 
for 1  h. The autoclave was placed in an oven set at 160°C 
for 16  h. The obtained precipitates obtained were washed 
several times with distilled water and absolute ethanol 
and dried at 60°C. Finally, the composite BiOBr/chitin was  
obtained.

2.3. Fabrication of BiOBr/chitin-Fe3O4

During the classical synthesis process, 8  mmol 
Bi(NO3)3·5H2O and 8 mmol KBr were added to 60 mL of eth-
ylene glycol under continuous stirring, then, chitin solution 
was dropped into the mixed solution. After further stirring 
for 1  h, nano-sized Fe3O4 was added in the above solution 
before ultrasonic dispersion for half an hour. The solu-
tion was then transferred to a 100 mL Teflon stainless-steel 
autoclave. The other steps were the same as above. Finally, 
BiOBr/chitin-Fe3O4 composites were obtained. The synthesis 
process of the BiOBr/chitin-Fe3O4 is illustrated inFig. 1.

2.4. Characterizations

X-ray diffraction (XRD) patterns were acquired by a 
Bede D1 System multifunction X-ray diffractometer employ-
ing Cu Kα (λ  =  0.15418  nm) radiation. Scanning electron 
microscopy (SEM) images were taken on a Caisi Sigma 300 
with Smart EDX emission scanning electron microscope. 
Transmission electron microscope (TEM) images were 
obtained via a FEI TF20 transmission electron microscope. 
X-ray photoelectron spectroscopy (XPS) measurements were 
conducted on Thermo Fisher Scientific Spectrometer using 
Al Ka radiation as the excitation source under vacuum at 
2  ×  106  Pa. Fourier-transform infrared (FT-IR) spectra were 
recorded at room temperature with a KBr pellet on Nicolet 
5700 spectrometer. An Autosorb-2 analyzer was used to 
measure Brunauer–Emmett–Teller (BET) surface areas by 
N2 adsorption–desorption isotherms. UV-Vis diffuse reflec-
tance spectra were investigated on a TU-1900 spectropho-
tometer using BaSO4 as a reference and were converted from 
reflection to absorbance by the Kubelka–Munk method. 
UV-Vis absorption spectra were determined by a Lingxi 
UV-3600 Plus Spectrophotometer. Fluorescence emission 
spectra were recorded on a Hitachi F-4500 type fluorescence 
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spectrophotometer with a 350  nm excitation source over a 
wavelength range of 400–600 nm. The magnetic property was 
examined by vibrating sample magnetometer (VSM) using 
Lake shore 7404 apparatus at 25°C with magnetic field of  
±30,000 Oe.

2.5. Photodegradation experiments

The photocatalytic activity of the obtained products 
was investigated by degrading the colorless ciprofloxacin 
(CIP) solution using a 300 W Xe lamp with 420 nm cut off 
filter. Typically, 0.10 g prepared catalyst was dispersed into 
250  mL aqueous solution of CIP (20  mg/L). Prior to irradi-
ation, the suspension was treated by magnetically stirring 
in the dark for 40 min to reach adsorption–desorption equi-
librium, the reaction time was 180  min after illumination. 
Meanwhile, take a water bath to keep constant room tem-
perature. Subsequently, about 4  mL samples were taken 
once at intervals of every 20 min, after which the liquid was 
passed through a 0.22  μm filter membrane to remove the 
suspended solids. The CIP concentration was determined 
by UV-Vis spectrophotometer.

The photocatalytic degradation efficiency was calcu-
lated by the following formula:
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where C0 and C are the initial and retained concentrations of 
CIP after adsorption equilibrium.

Photocatalytic degradation of CIP follows pseudo-first- 
order kinetics [28], which can be expressed as follows:
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where k is the apparent reaction rate constant (min–1).

2.6. Determination of active ingredients

To verify the active components in the catalytic reaction 
process, the isopropanol (IPA) and TEOA were added to 
investigate the hydroxyl radical (•OH) and hole (h+) respec-
tively. Nitro blue tetrazolium (NBT), with a concentration 
of 2.5 × 10−5 mol/L and a maximum absorption wavelength 
of 259 nm, was chosen to detect the presence of superoxide 
radical (•O2

−). The procedure was similar to photocatalytic 
degradation with NBT replacing the pollutant CIP.

3. Result and discussion

3.1. XRD analysis

The XRD patterns of the obtained samples are shown 
in Fig. 2. As can be seen that all the diffraction peaks of the 
three samples were indexed as the tetragonal phase of BiOBr, 
the distinct peaks at 2θ = 10.90°, 25.15°, 31.69°, 32.22°, 39.38°, 
46.2°, 50.67° and 57.11° are indexed to the (001), (101), (102), 
(110), (112), (200), (104) and (212) of the standard phase 

Fig. 1. Schematic illustration of formation process of BiOBr/chitin-Fe3O4.
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(JCPDS file No.09-0393), respectively. However, the diffrac-
tion peak of chitin and Fe3O4 in BiOBr/chitin-Fe3O4 were 
not detected obviously, which was probably due to their 
low content. Compared with the pure BiOBr, the position 
of the diffraction peak of BiOBr/chitin-Fe3O4 composite did 
not shift, so the addition of chitin and Fe3O4 did not change 
the lattice composition of BiOBr after a series of functional-
ization processes. Further scrutinized, the diffraction peak 
intensity of BiOBr/chitin-Fe3O4 was higher than that of 
BiOBr obviously, illustrating BiOBr/chitin-Fe3O4 has better 
crystallinity. Moreover, the peak value of BiOBr (110) crys-
tal surface was the highest in BiOBr/chitin. It can be spec-
ulated that chitin can effectively promote the formation of 
BiOBr (110) crystal surface and improve the photoactivity 
of composite BiOBr photocatalyst [29].

3.2. Morphology and microstructure analysis

The morphologies of the prepared samples are shown 
in Fig. 3a–f. The pure BiOBr was composed of stacked 
microspheres with a diameter of 2–4  nm assembled by 
nanosheets with a thickness of about 50 nm, it is worth not-
ing that the sheet and sheet are tight. The morphologies of 
BiOBr/chitin and BiOBr/chitin-Fe3O4 were both composed 
of piles of incompact small particles and the interspace 
between the particles was relatively larger in comparison to 
the pure BiOBr. From Fig. 3c and d, a hierarchy structure 
could be further observed due to the particular network 
structure of chitin and BiOBr nanosheets formed three- 
dimensional porous structures of different levels. However, 
from Fig. 3e and f, the size of BiOBr/chitin-Fe3O4 and the 
interspace between the particles were relatively smaller than 
that of BiOBr/chitin, it may be nanoparticles Fe3O4 adhere 
to the surface of nanosheet and immobilized the hierar-
chical structure of composite.

The TEM and HRTEM images of the sample BiOBr/
chitin-Fe3O4 are shown in Fig. 3g–i. The magnified crystal 
structure was displayed in Fig. 3g showing that the sample 
was consisted of thin BiOBr nanosheets and Fe3O4 nanopar-
ticles. Fig. 3h and i showed the crystal (102) facet of BiOBr 
with d value 0.282 nm and crystal (110) facet of BiOBr with 
d value 0.277  nm. The energy spectrum (EDS) test of the 
sample confirmed the rough distribution of elements on 
the sample surface, as shown in Fig. 3j. The existence of C, 
N, O, Bi, Br and Fe could be observed in the samples from 
the EDS results, which demonstrated the successful intro-
duction of chitin and Fe3O4 in BiOBr/chitin-Fe3O4.

3.3. XPS spectra

The surficial chemical information and electronic state 
of the obtained samples were characterized through XPS. 
As observed in Fig. 4a, the full spectrum confirms that 
the C, O, Bi, Br, N and Fe elements coexisted in the sam-
ple BiOBr/chitin-Fe3O4, in which the notably weak signal 
of Fe presumably was related to its extremely low amount. 
From the XPS spectra of the above elements in Fig. 4b–g, 
two distinct peaks centered on 159.3 and 164.6  eV were 
attributed to Bi3+4f7/2 and 4f5/2, respectively [30,31], the Br3d 
spectrum corresponded to 68.6  eV [32]. Compared with 
the XPS spectrum of BiOBr, the one peak in Br3d had a 

slight shift to lower binding energy in BiOBr/chitin, which 
could be ascribed to the interaction between Bi3+ and chi-
tin nanofibers. The O1s peaks were resolved into two 
peaks at 529.6 and 531.2 eV, corresponding to the O2– ions 
of BiOBr and Fe3O4 and adsorbed hydroxyl groups on the 
material surface, respectively [33]. The binding energies at 
709.7 and 723.9  eV on the Fe2p spectrum were attributed 
to Fe2+ and Fe3+ ions respectively [34]. Fig. 4d illustrated 
the C1s peak could be resolved into three peaks at 284.4, 
286.5 and 288.4 eV, which were ascribed to the C=C bonds, 
C–C bonds, and C–O bonds, respectively [35,36]. The peak 
of N1s at binding energy of 399.5  eV was also detected, 
which existed in chitin. Obviously, according to the above 
analysis, all elements of BiOBr/chitin-Fe3O4 composite were 
identified, confirming the successful formation of hybrid  
photocatalyst.

3.4. FT-IR and VSM analysis

The FT-IR spectra results of the obtained samples are 
depicted in Fig. 5a. For the pure BiOBr, the characteristic 
peak corresponded to 510  cm–1 was identified as the Bi–O 
stretching mode [37]. The spectrum of BiOBr/chitin-Fe3O4 
depicted the other functional groups of containing C–O 
peak at 1,010 cm–1, C–O–H peak at 1,376 cm–1, N–H peak at 
1562  cm–1 which were clearly visible [15]. The sharp peak 
at 2,835–3,008  cm–1 was allocated to =CH2 and C–H bonds 
[32]. The broad bands at 3,430 and 1,620 cm–1 were ascribed 
to the O–H stretching and O–H bending vibration peak of 
adsorbed water molecules on the surface of the catalyst [38]. 
Meanwhile, Fe–O (580  cm–1) peak was so weak that could 
hardly be observed. The characteristic peaks of BiOBr also 
appeared in the BiOBr/chitin and BiOBr/chitin-Fe3O4 with 
decreasing intensity and the incorporation of Fe3O4 and 
chitin made this peak slightly shift. This phenomenon that 
the appearance of characteristic peaks of carbon materials 
indicated BiOBr interacted with the –OH, C–O, or amide 
groups of the chitin nanofibers, which was consistent with 
XPS results, further indicating that there was extra carbon  
compound.

From Fig. 5b the magnetic property of BiOBr/chitin-Fe3O4 
is characterized via vibrating sample magnetometer (VSM), 
suggesting that the saturation magnetization (Ms) of the 
composite was 10.56 emu/g and it had good superparamag-
netic behavior and a typical s-type hysteresis loop due to the 
presence of Fe3O4 magnetite particles. Inset in Fig. 5b shows 
the photographs of BiOBr/chitin-Fe3O4 uniformly dispersed 
in water (left) and after applied a magnet outside the ves-
sel (right). In consequence, the BiOBr/chitin-Fe3O4 can eas-
ily and effectively separate from solution within 60  s and 
recycle under external magnetic field [39].

3.5. BET analysis

As shown in Fig. 6, the pore structure of samples was 
characterized by using N2 adsorption/desorption isotherms. 
In accordance with the IUPAC classification [40], all the three 
samples displayed typical type IV adsorption–desorption 
isotherms, referring the presence of mesoporous. In addition, 
the hysteresis loops of BiOBr/chitin and BiOBr/chitin-Fe3O4 
were H3 type, indicating the presence of a slit shape with 
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Fig. 3. SEM images of the obtained samples (a, b) BiOBr, (c, d) BiOBr/chitin, (e, f) BiOBr/chitin-Fe3O4, TEM of BiOBr/
chitin-Fe3O4 (g–i) and elemental mappings and (j) BiOBr/chitin-Fe3O4.



201H. Ye et al. / Desalination and Water Treatment 283 (2023) 196–208

0 100 200 300 400 500 600 700

Bi
4f

Br
3p

C
1s

N
1s

Bi
4d

O
1s

Bi
5d

O
1s

Fe
2p

N
1sC

1s Bi
4d

Bi
4f

Br
3p

Bi
5d

Br
3d

Br
3d

BiOBr

BiOBr /chitin

BiOBr /chitin-Fe3O4

Survey

Binding Energy(eV)

In
te

ns
ity

(a
.u

.)
(a) Bi4f(b)

164.6eV159.3eV

BiOBr /chitin

BiOBr /chitin-Fe3O4

In
te

ns
ity

(a
.u

.)

159.5eV 164.8eV

158 160 162 164 166 168

BiOBr

Binding Energy(eV)

159.5eV 164.8eV

68.6eV

BiOBr /chitin-Fe3O4

Br3d(c)

68.9eV

BiOBr /chitin

In
te

ns
ity

(a
.u

.)

66 68 70 72 74

69.2 eV
BiOBr

Binding Energy(eV)
282 284 286 288 290 292

284.9eV

288.2eV
286.5eV

284.8eV

288.3eV
286.4eV

284.4eV(d) C1s

Binding Energy(eV)

In
te

ns
ity

(a
.u

.)

BiOBr

BiOBr /chitin

BiOBr /chitin-Fe3O4

528 530 532 534 536 538 540

BiOBr /chitin

BiOBr /chitin-Fe3O4

531.5eV529.4eV

532.2eV
531.0eV

529.7eV

531.1eV
529.6eV

Binding Energy(eV)

In
te

ns
ity

(a
.u

.)

BiOBr

O1s(e)

700 710 720 730 740

BiOBr /chitin-Fe3O4

723.9eV710.1eV
(f) Fe2p

In
te

ns
ity

(a
.u

.)

Binding Energy(eV)

396 400 404 408 412

BiOBr /chitin

BiOBr /chitin-Fe3O4

399.1eV

399.6eV(j)

Binding Energy(eV)

In
te

ns
ity

(a
.u

.)

N1s

Fig. 4. Survey (a), Bi4f (b), Br3d (c), C1s (d), O1s (e), Fe2p (f), N1s (i), XPS spectra of the obtained samples BiOBr, BiOBr/chitin, 
BiOBr/chitin-Fe3O4.



H. Ye et al. / Desalination and Water Treatment 283 (2023) 196–208202

uneven size [41]. Apparently, the isotherms of BiOBr/chi-
tin and BiOBr/chitin-Fe3O4 were very similar, proving that 
BiOBr/chitin and BiOBr/chitin-Fe3O4 had similar porous 
structures (Fig. 6a). The specific surface area for pure BiOBr, 
BiOBr/chitin and BiOBr/chitin-Fe3O4 were 23.13, 38.84 and 
33.55 m2/g, respectively. Introduction of the special network 
structure of chitin can modify the BiOBr, increasing the spe-
cific surface areas for BiOBr/chitin, but the specific surface 
area for BiOBr/chitin-Fe3O4 decreased which were prob-
ably owing to the Fe3O4 adhere on the chitin nanofibrous 
surface and immobilization of BiOBr.

Fig. 6b shows for BiOBr/chitin-Fe3O4 a hierarchical 
structure dominated by medium/large pores, and the pore 
size distribution was extended and continuous, the aver-
age pore sizes were 8.97, 27.74 and 24.92  nm, respectively, 
which is agreed with the previous specific surface area 
analysis. As well known, larger pore size and surface area 
can provide more active sites for photochemical reactions 
thus enhancing the photocatalytic performance [42].

3.6. UV-Vis diffuse reflectance spectroscopy analysis

The optical properties of the obtained samples were 
studied by ultraviolet-to-visible diffuse reflectance spectros-
copy (UV-Vis DRS). The UV-Vis diffuse reflectance spectra 
of samples are depicted in Fig. 7a, indicating that all the 

three samples have superior absorption visible light abil-
ity with wavelengths above 420  nm and no impurity peak 
appears. It has been reported that the visible light intensity 
of xenon lamp in the wavelength range of 500–600  nm is 
greater than below 500  nm [43]. Therefore, the absorption 
of xenon lamp light source of sample BiOBr/chitin-Fe3O4 
was more sufficient than that of samples BiOBr/chitin and 
BiOBr. The absorption band boundary values of pure BiOBr, 
BiOBr/chitin and BiOBr/chitin-Fe3O4 were close to 472, 483 
and 492nm, respectively (Fig. 7a). The increase of the absorp-
tion band edge value for BiOBr/chitin-Fe3O4 was ascribed to 
the uniform distribution of BiOBr on the chitin nanofibers 
and the improvement of the absorption sites, in the case of 
Fe3O4 nanoparticles also enhance the absorption band of 
BiOBr. The energy band gap of the catalyst can be calculated 
by the following formula [44]:

� E A E E
n

photon photon photon� � � �� � / 2
	 (3)

where Eg, α, Ephoton, A are the band gap width (eV), the 
absorption coefficient (cm–1), the photon energy (eV), and a 
constant, respectively. N is equal to 4 for indirect band gap 
and 1 for direct band gap. The obtained catalyst is indirect 
band gap catalyst. The band gap of the catalyst is obtained 
from the Ephoton curve corresponding to (α·Ephoton)1/2 in Fig. 7b. 
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By extrapolation, the Eg value of BiOBr/chitin is 1.82 eV, the 
Eg value of BiOBr/chitin-Fe3O4 is 1.68 eV (Table 1), which both 
has a narrower band gap than BiOBr (2.78–2.93 eV) reported 
in literature. The results further prove that chitin and Fe3O4 
can synergistically increase sensitivity to visible light and 
narrow the band gap of BiOBr, which are greatly conducive 
to improve the photocatalytic activity.

3.7. Photoluminescence analysis

Photoluminescence (PL) emission analysis was carried 
out to examine the separation capability of photogenerated 
electron–hole pairs. Weaker PL emission intensity indicates 
lower recombination rate of e− and h+ and higher photocat-
alytic activity of the photogenerated carrier [45,46]. The PL 
spectra of BiOBr, BiOBr/chitin and BiOBr/chitin-Fe3O4 is 
shown in Fig. 8. It is observed that BiOBr/chitin-Fe3O4 has 
the weakest luminescence intensity, elucidating that the 
modification of chitin and Fe3O4 significantly reduced the 
possibility of photoinduced hole-electron recombination, 
promoted the charge transfer, thus improving the photocat-
alytic performance.

3.8. Photocatalyst activity analysis

The photocatalytic degradation abilities of the obtained 
samples for an aqueous solution of CIP were investigated in 
the visible region. Fig. 9a shows the changes of absorption 
spectra of CIP solution with reaction time in the presence of 
BiOBr/chitin-Fe3O4 composite. In the presence of other two 
catalysts, the peak shape of absorption spectra of ciproflox-
acin solution is the same as Fig. 9a. Clearly, the intensity of 
absorption peak was becoming weaker and weaker with 
increasing reaction time. Finally, the absorption peak of CIP 
at 276 nm nearly disappeared after irradiation for 180 min, 
signifying that BiOBr/chitin-Fe3O4 possesses excellent 
photocatalytic activity.

Fig. 9b shows the removal efficiency of BiOBr/chitin 
and BiOBr/chitin-Fe3O4 after 180 min can reach 77.77% and 
79.46% and only 21.76% of the CIP was decomposed after 
irradiation for 180 min when pure BiOBr was used as a pho-
tocatalyst. The kinetic liner relationship of degradation of 
CIP as a function of the obtained samples were shown in 

Fig. 9c and the values were shown in Table 1. The photodeg-
radation first-order reaction rate constants of BiOBr/chitin 
and BiOBr/chitin-Fe3O4 for CIP are 5.2 and 5.8 times higher 
than that of the pure BiOBr, respectively. Higher photodeg-
radation rate constant signifies better photocatalytic activity 
[47]. Based on the above characterization of the samples, 
the excellent photocatalytic degradation efficiencies of the 
sample BiOBr/chitin-Fe3O4 can be ascribed to the followings: 
firstly, the porous architecture and the large specific surface 
area enable adequate pollutants-catalyst contact and adsorb 
more active species, which are conducive to promote pho-
tocatalytic performance. Secondly, synergistic effect of Fe3O4 
and chitin favored more efficient charge transferring and 
prolonged the lifetime of the photogenerated holes-elec-
trons. Thirdly, BiOBr/chitin-Fe3O4 showed stronger adsorp-
tion peak, lower bandgap energy and longer wavelength.

The effect of different dosages of BiOBr/chitin-Fe3O4 on 
the degradation efficiency of CIP is shown in Fig. 9d. The 
efficiency for CIP removal increased rapidly from 49.69% 
to 79.46% as the catalyst dosage added from 50 to 100 mg. 
Obviously, as the dosage increased, more active sites were 
exposed, more h+ and e– were produced which could gen-
erate more active species and better visible light response 
was performed. However, while the dosage of BiOBr/
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chitin-Fe3O4 reached to a certain amount, the active sites 
were saturated by contacting with contaminants, the cat-
alytic activity was no longer significantly improved. There 
was just a slight improvement of degradation efficiency as 
the dosage increased from 100  mg to 200  mg. Considering 
the cost consumption and catalytic performance, the optimal 
photocatalytic dosage was 100 mg.

Using BiOBr/chitin-Fe3O4 (100 mg) as photocatalyst, the 
effect of different initial concentrations of CIP were inves-
tigated and the results are shown in Fig. 9e. As the initial 
concentration increased, the photodegradation efficiency 
decreased, due to the catalytic sites were covered with CIP 

of high initial concentrations and more pollutants com-
peted for catalytic sites. Moreover, it is difficult for visible 
light to reach the catalytic surface for reaction at a high 
initial concentration.

3.9. Photocatalytic degradation mechanisms

To systematically understand the photocatalytic deg-
radation mechanisms, various crucial active species gener-
ated in the process of CIP photodegradation over BiOBr/
chitin-Fe3O4 were studied by radical trapping experiments. 
Generally, IPA is used as a quencher of hydroxyl radicals 
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(•OH) and TEOA is used as a scavenger of photo-excited 
holes (h+), respectively. The results are shown in Fig. 10a, 
after adding 1  mM IPA to the solution containing BiOBr/
chitin-Fe3O4, the degradation efficiency was declined of 
approximately 20% in comparison to no quencher, indicat-
ing there was formation of •OH during the photocatalytic 
reaction. When 1  mM TEOA was added to the solution 
containing BiOBr/chitin-Fe3O4, the degradation efficiency 
was declined of 45% in comparison to no scavenger, this 
indicated that h+ played an important role in photocatal-
ysis. Finally, NBT replaced the targeted contaminant CIP 
was used to verify the presence of •O2

– in the photocatalytic 
system. As depicted in Fig. 10b, the downtrend of absorp-
tion spectra of NBT solution with increasing degradation 
time under visible light irradiation illustrated that •O2

– 
was generated in the photocatalytic reaction.

Fig. 10c explains the CIP degradation process caused 
by BiOBr/chitin-Fe3O4 composites. The sample BiOBr/chi-
tin-Fe3O4 could generate holes and electrons under visi-
ble light irradiation [Eq. (I)]. Then the electrons can react 
with the adsorbed O2 to produce •O2

– [Eq. (II)]. Meanwhile, 
the hydroxyl group in the water molecule is also created 
[Eq. (III)].

BiOBr chitin Fe O hv3 4/ - � � ��h e 	 (I)

O O2 2� � � �e 	 (II)

H O OH H2 � � � � �e 	 (III)

The CIP can be oxidized to the final products such as 
CO2 with the action of photogenerated holes (h+), hydroxide 
radical (•OH) and superoxide radical (•O2

−) [Eq. (IV)].

CIP O OH CO H O Small molecular2� � � � � �� � � �h 2 2 	 (IV)

3.10. Photocatalyst stability

The photocatalytic stability of catalyst is vital to evalu-
ate its practical application, and thus, five rounds of recy-
cling experiments were conducted using the obtained 
product BiOBr/chitin-Fe3O4. After the completion of each 
experiment, this work used a magnet to collect BiOBr/chi-
tin-Fe3O4, then washed and dried at 70°C for 6  h, finally 
applied in the next run. The degradation efficiency is almost 
stable even after the fifth recycle as shown in Fig. 11a, just 
a slightly decrease due to the little loss of photocatalyst in 
the recycle degradation process. Moreover, the XRD results 
of BiOBr/chitin-Fe3O4 before and after reaction are plotted 
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(b) UV-Vis absorption spectra of NBT in the BiOBr/chitin-Fe3O4 suspension and (c) the scheme of illustrating the photocatalytic 
mechanism.
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in Fig. 11b. The characteristic peaks of BiOBr/chitin-Fe3O4 
were unchanged. Meanwhile, the morphology of BiOBr/
chitin-Fe3O4 was explored after five cycles. It can be seen 
from Fig. 11c and d, the morphology before and after five 
cycles were nearly identical, which further indicating that 
BiOBr/chitin-Fe3O4 has good structural stability. Therefore, 
the composite BiOBr/chitin-Fe3O4 shows long-term stability 
and exhibits convenient recyclability for the photocatalytic 
degradation of organic pollutants.

4. Conclusion

In summary, a novel environmental-friendly composite 
BiOBr/chitin-Fe3O4 was successfully fabricated by a simple 
solvothermal method. The composite BiOBr/chitin-Fe3O4 
exhibited the best photocatalytic performance for degrada-
tion of the antibacterial agent ciprofloxacin under visible 
light irradiation. The excellent photocatalytic activity of 
BiOBr/chitin-Fe3O4 benefits from the increased separation of 
photogenerated electrons and hole pairs, enlarged specific 

surface area and enhanced light capture due to the modi-
fication and synergistic effect of chitin and Fe3O4. It can be 
inferred that •O2

–, •OH and h+ are the main active ingredients 
in the degradation process from radical trapping experi-
ments. Furthermore, the BiOBr/chitin-Fe3O4 also shows 
great recyclability and stability during the photocatalysis  
of CIP.
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