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a  b  s  t  r  a  c  t

A  novel  microsphere-like  BiOI  hierarchical  material  was  successfully  synthesized  by a one-step  solution
method  at  room  temperature  using  polyvinylpyrrolidone  (PVP)  as structure  directing  reagent,  its  mor-
phology,  structure,  surface  area,  photoabsorption  were  characterized,  and  the  removal  of  tetracycline
hydrochloride  (TC)  was evaluated  under  dark  adsorption  and  visible  light  irradiation.  It was  shown  that
the BiOI  microspheres  formed  in the  precursor  solution  with  PVP  exhibit  a  mesoporous  surface  layer,
28.1  m2 g−1 surface  area,  1.91  eV band  gap energy  (Eg value),  and  twofold  removal  ability  to  tetracycline
hydrochloride  (TC),  i.e.  adsorptive  separation  and visible  light  photocatalytic  degradation.  The adsorp-
tion  process  of  TC  on  BiOI  microspheres  can be  described  by pseudo-second-order  kinetics  model  and
iOI
dsorption
hotocatalysis
isible light

both Freundlich  and  Langmuir  equations  well  described  the  adsorption  isotherm  but  the  former  is better.
More  importantly,  the BiOI  microspheres  exhibit  an  excellent  photocatalytic  degradation  and  mineral-
ization  capability  to TC  under  visible  light  irradiation,  which  comes  from  its electronic  band  structure,
high  surface  area  and  high  surface-to-volume  ratio.  In  addition,  the  BiOI  microspheres  are  stable  during
the reaction  and  can  be  used  repeatedly,  showing  promising  prospect  for the treatment  of TCs  in  future
industrial  application.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

In the past decades, more and more residues of pharmaceuti-
als and personal care products (PPCPs) have been detected in the
quatic environment, and PPCPs are now recognized as a new class
f pollutants and a subject arising public concern and scientific
nterest [1–3]. Thereinto, antibiotics were more frequently faced
han other kinds of PPCPs due to their extensive use in human and
eterinary medicine [4,5]. Especially for tetracyclines (TCs), the sec-
nd most common antibiotics in both production and usage, have
een widely used in human and animal treatment against infec-
ious diseases, and their residues left in the environment can induce
he development of antibiotic-resistant pathogens and cause seri-
us problems for human health [6,7]. It is thus of great importance
o develop efficient and cost-effective treatment technologies to
emove these pollutants left in the aquatic environment.

In practice, the tetracyclines residues are hard to be treated by

he traditional methods such as physical adsorption and biolog-
cal degradation due to the difficult faced on the post-treatment
f sorbents and the antibacterial nature of tetracyclines. As a

∗ Corresponding authors. Tel.: +86 20 39310255; fax: +86 20 39310187.
E-mail address: jmnan@scnu.edu.cn (J. Nan).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.006
promising method, the advanced oxidation processes (AOPs) have
exhibited the predominance to remove the recalcitrant and non-
biodegradable compounds due to their high efficiency in oxidizing
a great variety of organic compounds through the generation of
highly oxidizing hydroxyl radicals [8].  So far, the degradation of
tetracyclines has been conducted by using Fenton reagent oxida-
tion [9],  ozonation [10,11] and photocatalytic oxidation [12–14]
processes. And the photocatalytic technique is considered suitable
for the degradation of TCs with high efficiency, high mineralization
rate, simplicity of operation and low cost. However, the majority of
photocatalytic processes are using nano TiO2-based photocatalysts,
and TiO2 is effective only under ultraviolet irradiation (� < 380 nm)
because of its large band gap, which limits its practical application
under solar light or indoor usage. What’s more, the post-filtration
procedures to separate photocatalysts and the gradual inactivity
during the continuous using are also the defects of TiO2-based
nanomaterials to limit their application [15,16]. Therefore, it is
helpful for the photocatalytic degradation of TCs to improve the
properties of TiO2-based photocatalysts, or to explore novel non-
titania semiconductors with strong absorbance for broad ranged

visible lights, high efficiency and relatively large particles for easily
reuse.

As alternative photocatalysts, ternary oxide semiconductors, i.e.
bismuth oxyhalides, have attracted considerable attention recently

dx.doi.org/10.1016/j.jhazmat.2012.01.006
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jmnan@scnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2012.01.006
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wing to their unique layered-structure, which can induce the
ffective separation of photo-generated electron–hole pairs and
chieve a high photocatalytic performance [17–19].  Among them,
iOI has the smallest band gap (∼1.85 eV) and strong absorp-
ion in visible-light region. It has been reported that pollutants
uch as azo dyes [20–22] and phenolic compounds [23–25] can
e effectively decomposed by BiOI-based photocatalysts under
isible-light irradiation. In addition, the BiOI materials with high
urface-to-volume ratio and anti-aggregation ability has also
eceived growing concern [26–28] due to their potential reac-
ivity and adsorption capability to the target pollutants [29–31].
owever, until now, most of the synthesis of BiOI materials with

hree-dimensional (3D) or porous structures was carried out in
omplicated solvent systems under high temperature/pressure
ituations for long reaction period. It is essential to investigate
imple, low energy and environment-friendly method to pro-
uce BiOI photocatalyst with controllable structure to meet the
otential application in the treatment of TCs wastewaters. In our

ab, a novel mesoporous BiOI microsphere visible-light photocat-
lyst was synthesized at room-temperature by a facile and easily
caled-up solution method through introducing structure directing
eagent, i.e. Polyvinylpyrrolidone (PVP), in the reaction system. The
s-synthesized BiOI microspheres exhibited high adsorption sep-
ration and visible-light photocatalytic degradation ability to TCs.
n this paper, the synthesis and microstructure of mesoporous BiOI

icrospheres, and their adsorption and photocatalytic degradation
f tetracycline hydrochloride (TC) are presented.

. Experimental

.1. Materials and preparation of BiOI microspheres

The tetracycline hydrochloride (C22H24O8N2·HCl, Fig. S1 in Sup-
lementary material) was purchased from Aladdin Reagent Co.
td. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) and potassium
odide (KI) were bought from Tianjin Kermel Chemical Reagent
o. Ltd. Polyvinylpyrrolidone (PVP, the average molecular weight
f PVP-K15, PVP-K30, and PVP-K90 is about 10,000, 58,000, and
30,000, respectively) was obtained from Shanghai Bio Life Science

 Technology Co., Ltd. All chemicals were used as received without
urther purification. Distilled water was used to prepare solutions
n the experiments.

In a typical synthesis of mesoporous BiOI microspheres, 0.728 g
i(NO3)3·5H2O and 0.249 g KI were firstly dissolved into 30 mL  PVP
olution, respectively. After that, KI solution was added dropwise
nto the Bi(NO3)3 solution under magnetic stirring condition, and
hen, the mixture was stirred at room temperature for 4 h. After-
ards, the precipitates were collected by centrifugation, washed

everal times with distilled water and ethanol, and dried in an oven
vernight at 60 ◦C. For comparison, the random BiOI nanoplatelets
ere also synthesized using a similar process, except for without

dding PVP to the reaction system.

.2. Characterization of BiOI microspheres

The phase composition of the as-synthesized BiOI samples
as identified by powder X-ray diffractometer (XRD, Y2000, Dan-
ong, China) with Cu K� as a radiation source. Fourier transform

nfrared spectrometer (FTIR) spectra were recorded on an IR
restige-21 spectrometer (Shimadzu, Japan) by dispersing sam-
les in KBr. Their morphology was characterized by scanning

lectron microscopy (SEM, JSM-6380-LA, JEOL, Japan). The spe-
ific surface area was measured by nitrogen adsorption–desorption
sotherms at 77 K according to the Brunauer–Emmett–Teller anal-
sis (BET, ASAP 2020, Micromeritics, USA). A desorption isotherm
terials 209– 210 (2012) 137– 145

was used to determine the pore size distribution using the
Barrett–Joyner–Halenda (BJH) method. The UV–vis diffuse refec-
tion spectra (DRS) were recorded on a UV–vis spectrophotometer
(UV-3010, Hitachi, Japan) using BaSO4 as a reference and were
converted from reflection to absorbance by the Kubelka–Munk
method.

The adsorption experiments were carried out in the dark sur-
rounding at room temperature (25 ± 2 ◦C). In a typical adsorption
experiment, 50 mL  TC solution was  poured into glass beaker
(100 mL), and then 50 mg  sample was added under constant mag-
netic stirring condition. Afterwards, 2.5 mL  solution was  timely
taken out and the absorbent was removed from the solution using
0.45 �m cellulose acetate syringe membrane filter. The TC content
in the filtration solution was  measured on a UV–vis spectropho-
tometer (UV-1800, Shimadzu, Japan, � = 357 nm).

The photocatalytic degradation experiments were carried out
in a photochemical reactor (XPA-VII, Nanjing Xujiang Machine-
electronic Plant, China), equipped with a 1000 W Xe lamp combined
with a 420 nm cut-off filter as light source. All photocatalytic reac-
tions were performed using the same initial conditions: 50 mL  of TC
solution (40 mg  L−1) was mixed with 50 mg  catalyst, under constant
magnetic stirring. Throughout the reaction, the concentration of TC
in the solution was determined by a UV–vis spectroscopy (UV-1800,
Shimadzu, Japan, � = 357 nm)  or analyzed by a high performance
liquid chromatography (HPLC, LC-20AT, Shimadzu, Japan) using a
C18 reverse phase column (5 �m,  4.6 mm × 250 mm)  with Ultra-
violet detector (� = 357 nm). Methanol (HPLC-grade), acetonitrile
(HPLC-grade) and 0.01 M oxalic acid buffer solution were used
as mobile phase (8:20:72, v/v/v), respectively, at a flow rate of
1 mL  min−1. To identify the intermediates from the photocatalytic
oxidation of TC, the liquid chromatography combined with mass
spectrometry (LC–MS) equipped with an electrospray ionization
source, which was operated in the negative ionization (PI) mode,
were applied. The selective ion monitoring (SIR) mode with a dwell
time of 200 ms  was  used to acquire the MS  spectra of TC and its
intermediates with a scan range of m/z 100–500. Total organic car-
bon (TOC) concentration was measured by automatic total organic
carbon analyzer (TOC-V, Shimadzu, Japan).

3. Results and discussion

3.1. Characterization of BiOI microspheres

3.1.1. Surface morphology
As the SEM images shown in Fig. 1A, it was  demonstrated that

random BiOI nanoplatelets could be obtained when the reaction
was performed without adding of PVP in the precursor solu-
tions. Whereas, when the PVP with suitable content and molecular
weight was  added in the precursor solutions, microsphere-like BiOI
materials could be synthesized (Fig. 1B–F). To investigate the influ-
ence of PVP on the formation of BiOI microspheres, a series of
comparative experiments with different PVP contents (from 0.1 g
to 1.0 g) and different PVP molecular weights (K15, K30 and K90)
were carried out. Although the morphologies of these samples were
all 3D microspheres, more regular microspheres with large surface
area, designed morphology and better dispersion were obtained
when PVP-K30 with a content of 0.2 g in Bi(NO3)3 and KI precursor
solutions (shown as Fig. 1B). In addition, in our other experiment,
it was  shown that this sample, which will be investigated in the
following experiments, also exhibited higher photocatalytic per-
formances.
The observation in Fig. 1A suggests the main morphology of the
contrast sample is 2D nanoplatelets with an average thickness of
∼50 nm and uneven size. From the low-magnification SEM image
of Fig. 1B, one can see that the sample consists of a large quantity of
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ig. 1. SEM images of (A) random BiOI nanoplatelets, and (B–F) BiOI microsphere
VP-K30, 1.0 g PVP-K30, 0.2 g PVP-K15, and 0.2 g PVP-K90, respectively.

icrospheres with diameters ranging from 1.5 to 3 �m.  The higher
agnification SEM image (inset of Fig. 1B) exhibits the detailed
orphology of the microspheres-like nanostructure of the sample,
hich reveals that the entire structure of the architecture is built

rom several dozen nanolamellas. These nanolamellas are ∼15 nm
hick, and connected to each other to form 3D structures.

It is reasonably assumed that PVP plays the key role in the for-
ation of such 3D spherical architectures. As is well known, BiOI

as a layered structure characterized by [Bi2O2] slabs interleaved
y double slabs of I atoms, which results in the formation of platelet
orphology (see Fig. 1A) [19,29,30].  However, in the presence of

VP polymer surfactant, the PVP may  act as a potential crystal face
nhibitor in the system, which benefits the formation of oriented
ucleation, leading to the construction of anisotropic growth of
he nanosheets. What’s more, the PVP can also play a stabilizer to
dsorb on the surfaces of BiOI nanosheets by coordinating with
oth nitrogen and oxygen atoms in the polar pyrrolidone groups,
hich may  exhibit steric hindrance and prompt the formation of
D spherical architectures from individual nanosheets due to the
ross-linking ability of PVP with the long chain structure and mul-
iple coordinating sites [32–35].  The main process is schematically
llustrated in Fig. 2.
hesized in adding of 0.2 g PVP-K30 (inset: higher-magnification SEM image), 0.1 g

3.1.2. BET surface areas and pore structure
The specific surface area and porosity of the as-synthesized sam-

ples were investigated by using nitrogen adsorption and desorption
isotherms. As shown in Fig. 3, the isotherm of BiOI microspheres is
identified as type IV with a H3 hysteresis loop, which suggests its
mesoporous feature [35,36]. The specific surface area of the sample
was calculated from N2 isotherms and was  found to be as much as
28.1 m2 g−1. And the corresponding pore size distribution of BiOI
microspheres confirms that it contains smaller mesopores about
3.5 nm diameter and larger pores centered at 6.3 nm diameter in
a broad distribution, determined by using the BJH method (inset
of Fig. 3). The small pores presumably arise from the nanosheets,
whereas the large pores may  be attributed to the internanosheet
spaces [37]. However, the contrast sample (randomly aggregated
nanoplatelets) almost had no hysteresis loop and the pore size
distribution curve is turned into a line, indicating the small sur-
face area and disappearance of pores. The BET surface area of
the BiOI nanoplatelets was calculated to be 5.5 m2 g−1, which is

less than one-fifth of the BiOI microspheres. It is well-known that
porous solids have excellent adsorptive properties that possess
numerous applications in catalysis and separation. Therefore, the
as-synthesized BiOI microspheres sample is reasonable to expect
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Fig. 2. Schematic illustration of the growth pr

F
d

t
a

3

s
F
B
t
(
a
m
t
[

F
n

ig. 3. Nitrogen adsorption–desorption isotherms and the corresponding pore size
istributions curve (inset) of (a) BiOI microspheres and (b) BiOI nanoplatelets.

hat it has a priority to exert its excellent adsorption and photocat-
lytic activity.

.1.3. Crystal structure
The powder X-ray diffraction (XRD) pattern provides crystal

tructure and phase information of the as-synthesized samples.
ig. 4 shows the XRD patterns of the as-synthesized mesoporous
iOI microspheres and random BiOI nanoplatelets. All of the diffrac-
ion peaks can be clearly indexed as the tetragonal phase of BiOI
JCPDS No. 73-2062). No impurity peaks are observed, indicating
 high purity of the products. However, the diffraction peaks of
esoporous BiOI microspheres are broader with lower intensity

han that of BiOI nanoplatelets, indicating its smaller particle size
38]. The average size of crystallites can estimate based on the

ig. 4. XRD patterns of (a) mesoporous BiOI microspheres and (b) random BiOI
anoplatelets.
ocess of mesoporous BiOI microspheres.

broadening of corresponding X-ray diffraction peaks by using
Scherer formula [39]:

D = K�

 ̌ cos �
(1)

where � is the wavelength of the X-ray radiation (� = 0.15418 nm), K
is the Scherer constant (K = 0.9), � is the X-ray diffraction angle, and

 ̌ is the full-width at half-maximum (FWHM) of the (0 1 2) plane
after subtracting the instrumental broadening. Then the crystal size
of the mesoporous BiOI and the nanoplatelets were estimated to be
about 15 nm and 37 nm,  respectively, which is in good agreement
with the earlier SEM observed. In addition, the relative intensity of
the {0 0 1} peaks in BiOI microspheres are obviously much lower
than that of random nanoplatelets, indicating that the crystal struc-
ture of BiOI is anisotropically grown in the presence of PVP.

In order to examine the influence of drying temperature on
crystallization and composition of the products, a sample was  syn-
thesized using same process of BiOI microspheres but drying under
room temperature and then analyzed by XRD as well as compared
with the sample that drying at 60 ◦C. As shown in Fig. S2 (Supple-
mentary material), there are no obvious differences in structure
and crystallization between these two cases, which imply that the
BiOI synthesized by this method under room temperature is well
crystallization. With the view of assessing any residual PVP in the
BiOI microspheres, FTIR investigation was carried out, as shown
in Fig. S3 (Supplementary material), which found that that on the
final products no residual PVP was detected [40]. It indicates that
the washing procedure was  effective in the removal of the PVP from
the sample in current situation.

3.1.4. Photoabsorption property
The energy band structure feature of a semiconductor is consid-
ered as a key factor to determinate its photocatalytic activity [41].
Fig. 5 shows the UV–vis absorption spectra of the as-synthesized
BiOI microspheres and random platelets. The both samples exhibit
strong photoabsorption from ultraviolet to visible light but the

Fig. 5. UV–vis diffuse reflectance spectra of (a) BiOI microspheres and (b) random
nanoplatelets. The inset shows the plots of (˛h�)1/2 vs. photon energy (h�).
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3.2.2. Adsorption isotherms
The Langmuir and Freundlich isotherm models were selected to

evaluate the adsorption capacity of BiOI microspheres and under-
stand the interactions between adsorbate and adsorbent, which

Table 1
Adsorption kinetics parameters of TC on BiOI microspheres at 298 K with the pseudo-
second-order model.

C0 (mg  L−1) kapp × 102

(g mg−1 min−1)
R2 qe (mg  g−1) Ce (mg L−1)

5 11.10 0.9999 4.8604 0.1396
10 1.67 0.9992 9.0605 0.9395
ig. 6. Adsorption kinetics curves of TC (initial concentration 40 mg  L−1) on (a) BiOI
icrospheres and (b) BiOI nanoplatelets.

icrospheres is better absorption, and from which the optical
bsorption edges are 663 nm and 692 nm,  respectively. The band
ap (Eg) of the samples can be evaluated from the following equa-
ion [19]:

(hv) = A(hv − Eg)n/2 (2)

here ˛, �, Eg, and A are the absorption coefficient, light frequency,
and gap energy, and a constant, respectively. Among them, n
epends on the characteristics of the transition in a semiconductor.
or BiOX, the value of n is 4 for the indirect transition. For the dif-
used reflectance spectra, the Kubelka–Munk function can be used
nstead of  ̨ for estimating the optical absorption edge energy [42].
hen the band gap energies (Eg) of BiOI can be thus estimated from

 plot of (˛h�)1/2 versus photon energy (h�), as shown in the inset
f Fig. 5. The intercept of the tangent to the x-axis will give a good
pproximation of the band gap energy for the BiOI powders. The
stimated band gap energies of the samples are calculated to be
bout 1.91 eV for BiOI microspheres and 1.86 eV for BiOI platelets.
he values determined in this work are in good agreement with
hose reported in literatures [43–46].

.2. Sorption kinetics and isotherms of BiOI microspheres

.2.1. Adsorption kinetics
The adsorption is one of the effective physical processes for

he removal of TCs from the wastewater [47–50].  In addition, as
entioned above, the as-synthesized BiOI microspheres exhibit 3D
esoporous structure and a larger specific surface area, thus, the

orption behavior of TC on the BiOI microspheres was  evaluated.
he sorption behaviors of TC molecules on BiOI microspheres and
andom nanoplatelets are shown in Fig. 6. In comparison with the
anoplatelets, the BiOI microspheres exhibit excellent adsorption
apacity: about 56% of TC in the solution with the initial concen-
ration of 40 mg  L−1 was adsorbed within 6 h, while only 17.6% of
C was removed by BiOI platelets during the same period. The
nhancement of adsorption capacity is attributed to the unique
tructure feature and large BET surface area of 3D BiOI microspheres
ue to the adding of PVP as surfactant and structure directing
eagent in the reaction system.

The adsorption of TC on BiOI microspheres in the solutions
ith difference initial concentrations was evaluated, as shown in
ig. 7A. The pseudo-second-order kinetics model, which assumes
hat the sorption rate is controlled by chemical sorption and the
orption capacity is proportional to the number of active sites on the
Fig. 7. (A) Adsorption of TC with different initial concentrations using 50 mg BiOI
microspheres; and (B) Plots of TC adsorption on BiOI microspheres fitted by pseudo-
second-order kinetics model.

adsorbent [27,51,52],  was used to fit the kinetics data. The pseudo-
second-order model can be expressed in the form as follows:

t

qt
= t

qe
+ 1

kq2
e

(3)

where t, qt, qe and k (or kapp) are the adsorption time, adsorption
capacity for a specific time, equilibrium adsorption capacity, and
pseudo-second-order apparent rate constant, respectively. qe and k
can be obtained from the slope and intercept of the linear plot of t/qt

versus t (see Fig. 7B). The fitted parameters and the calculated data
are given in Table 1. The results with good correlation coefficients
(R2 > 0.99) for the pseudo-second-order kinetic model imply the
interaction of chemical adsorption could possibly occur during the
adsorption process.
20 0.60 0.9990 16.2504 3.7496
40 0.18 0.9925 22.6427 17.3573
80 0.13 0.9903 29.3100 50.6900
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Fig. 9. Degradation of TC in the solution with initial concentration of 40 mg L−1
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ig. 8. Adsorption isotherm for TC on BiOI microspheres modeled by using Langmuir
odel and Freundlich model, respectively.

ssumes that the sorption occurred at the specific homogeneous
ites or heterogeneous surface within the adsorbent [51,53]. These
wo models can be expressed respectively as:

e = qm
bCe

1 + bCe
(4)
e = KFCn
e (5)

here qe, qm, Ce, and b are the equilibrium concentration, the the-
retical monolayer capacity, the liquid equilibrium concentration

ig. 10. (A) TOC removal ratio of TC (C0 = 40 mg  L−1) over the BiOI microspheres, BiOI p
lytic  degradation of TC over BiOI microspheres in the absence and presence of i-PrOH;
hotocatalytic reaction times; and (D) Mass spectra and corresponding proposed structu
under visible-light irradiation on (a) Blank (without catalyst), (b) BiOI platelets, and
(c) BiOI microspheres, respectively.

of adsorbate (qe = (C0 − Ce) × V/m) and adsorption equilibrium con-
stant, whereas KF and n are the Freundlich constants representing
the adsorption capacity and linearity index (departures of n from
1 imply nonlinear adsorption), respectively. The results modeled
using the two  isotherm models were shown in Fig. 8, and the data

from the fitted results are presented in Table 2.

The fitting curves and correlation coefficient values both indi-
cate the equilibrium sorption data are satisfactorily fitted with
Freundlich and Langmuir models, and Freundlich model yields

latelet and directly photolysis under visible light irradiation for 4 h; (B) Photocat-
 (C) HPLC chromatograms of TC solutions over the BiOI microspheres for different
res at retention time = 7.5 min.
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Table 2
Langmuir and Freundlich isotherm constants for TC adsorption on BiOI microspheres
at 298 K.

Langmuir model Freundlich model

qm (mg  g−1) b (L mg−1) R2 KF (mg1−1/n L1/n g−1) n R2

a
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28.35456 0.41656 0.9209 10.14203 0.27539 0.98255

 somewhat better fit than that of Langmuir model. This indi-
ates that the effect of surface heterogeneity is more pronounced
48,54,55],  in other word, a stronger adsorbate–adsorbent interac-
ion is formed, which is also in good agreement with the earlier
nvestigation on adsorption kinetics.

.3. Photocatalytic properties of BiOI microspheres

.3.1. Comparison of photocatalytic activities of BiOI samples
The photocatalytic degradation of TC in the presence of as-

ynthesized BiOI samples was investigated and shown in Fig. 9.
t is clearly indicated that the TC could hardly be degraded with-
ut any photocatalyst (Blank) while the BiOI microspheres shows
uch higher activity than that of the BiOI nanoplatelets with iden-

ical visible light exposure. After irradiation for 120 min, only 44%
C removal over the nanoplatelets is observed, while the removal
atio on the microspheres reaches 94%, and for comparison, about
0% of TC adsorbed on BiOI microspheres under the dark during the
ame period (see Fig. 6).

Several reasons may  account for the higher photocatalytic
ctivity of the BiOI spherical architectures synthesized by the
s-proposed method as compared to the randomly aggregated
anoplatelets. Firstly, the photocatalytic process is closely related
o the adsorption of reactant molecules on the surface of the cat-
lyst. As mentioned above, the surface area of the microspheres
s more than 5 times to that of the nanoplatelets. As a result,

ore coordination sites on the unsaturated surface are exposed
o the solution and more efficient transport for the reactant

olecules to access the active sites hence enhances the photocat-
lytic efficiency [19,29].  In order to rule out the effect of surface
reas of the photocatalysts on their photocatalytic activities, we
ormalized the photocatalytic degradation rates (fitted by pseudo-
rst-order kinetics) by the surface areas [20] and found that the
egradation rate of BiOI microspheres (7.06 × 10−4 g min−1 m−2)

s actually even slightly lower than that of randomly aggregated
anoplatelets (7.24 × 10−4 g min−1 m−2). Therefore, it can conclude
hat the enhanced photocatalytic activity of microsphere-like BiOI
s mainly attributed to its high surface area. Secondly, the high
urface-to-volume ratios of microspheres are in favor of the transfer
f electrons and holes to the surface and facilitate the degradation
f TC. In addition, the high catalytic activity is also related to the
ierarchical structure, such 3D interconnected channels formed by
iOI nanolamellas provide efficient transport paths for reactants
nd products in photocatalytic reactions.

.3.2. Evaluation of the mineralization of TC
The concentration of total organic carbon (TOC) was  chosen as

 mineralization index of the degradation of TC. After photocat-
lytic reaction for 4 h using the as-synthesized BiOI microspheres
nd BiOI nanoplatelet or directly photolysis under visible light irra-
iation, the mineralization of TC were monitored through TOC
nalyzer, and the results are shown in Fig. 10A. It can be seen that
hen the process is not involved in any catalyst (Blank), only 2.16%
OC was removed, while 28.68% or 72.58% TOC were removed using
he BiOI nanoplatelet or BiOI microspheres for 4 h, respectively.
ccording to literature previously [56], the holes photogenerated
n the surface of BiOI could not react with OH−/H2O to form •OH
Fig. 11. (A) Experiments of natural settlement: (a) settled naturally after 30 min
and  (b) BiOI powder suspended in TC solutions; (B) Recycling properties of BiOI
microsphere photocatalyst.

under visible light due to the standard redox potential of Bi5+/Bi3+

(E0 = 1.59 V at pH 0) is smaller than that of •HO/OH− (1.99 V). How-
ever, the valence band edge potential (EVB) of BiOI is ∼2.42 V, which
implies that it may  have higher oxidative activity than that of •OH.
A supplementary experiment was  carried out through adding iso-
propanol (i-PrOH, used as the •OH quencher) to the photoreaction
system, as shown in Fig. 10B, which suggested that TC photodegra-
dation by BiOI is dominated by direct holes oxidation rather than
oxidized by •OH. More importantly, the TOC removal efficiency on
BiOI microspheres in current study is enhanced when compared
with available literature data [10,57,58],  especially for the results
achieved by visible light photocatalytic processes. Fig. 10C  illus-
trates the HPLC chromatograms of TC solution at varied reaction
times. It can be seen from Fig. 10C that TC eluted at retention time
of 7.5 min  rapidly disappeared with the increasing of reaction time,
which is also in agreement with the observation in UV–vis spectra.
Then LC–MS technology was  used to analyze the reaction interme-
diates during the photocatalytic process, as displayed in Fig. 10D.
The result shows that only tetracycline ion ([M+H]+) was  detected
[59] under current experimental conditions. Consequently, it can
be safely concluded that TC can be effectively mineralized by the
as-synthesized BiOI microspheres under visible light irradiation.

3.3.3. Recycle of BiOI microspheres
It is well known that the photocatalysts with small size present

a superior activity due to the small crystal size allows more effi-

cient transfer of electron–holes generated inside the crystal to the
surface. However, in a particular photocatalytic process, the separa-
tion of these small particles from suspended solution after reaction
could be very difficult for the recycle use. Due to the relative larger
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ize, the photocatalyst of BiOI microspheres have taken an advan-
age over other nanostructure catalysts for separating catalysts by a
imple filtration step or even a natural sedimentation (see Fig. 11A).

To investigate the recyclability of the BiOI microspheres, sample
owders after photocatalytic reactions were collected by natural
ettling and reused in the photocatalytic reaction for 3 times under
he same conditions. As shown in Fig. 11B, the BiOI sample displays

 good stability and maintains a high photocatalytic performance
uring three reaction cycles. The photocatalytic performance of
ample decreased gradually may  be due to the mass loss during the
edimentation and transferring processes and the gradually decline
n adsorptive capacity of the catalyst. The results indicate that the

esoporous BiOI microspheres prepared by this facile method are
table for the photocatalysis of pollutant molecules, which is impor-
ant for its practical application.

. Conclusions

In summary, mesoporous BiOI microspheres have been success-
ully synthesized by a facile solution method at room temperature
sing PVP as surfactant and structure directing reagent. SEM obser-
ation shows that the microspheres-like hierarchical structure of
he sample is built from several dozen nanolamellas connected to
ach other, and BET analysis reveals that the sample has a large
pecific surface area with mesoporous feature. As expected, the
esoporous BiOI microspheres exhibit a good capability for the

dsorptive separation and an excellent visible-light induce photo-
atalytic in degradation of TC, which is ascribed to their high BET
urface area, energy band structure and high surface-to-volume
atios. What is more, the as-synthesized mesoporous BiOI micro-
pheres shown a high mineralization ratio of TC and can easily
eparated for recycling use, which indicates it is a very promising
rospect for the treatment of TCs in industrial application.
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