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evaluation of a hierarchical
Bi2MoO6/MSB composite for visible-light-driven
photocatalytic performance

Lu Cai, a Yarui Zhou,b Zhen Wang,c Jinlong Chen,d Lili Ji,e Jian Guo,f Yaning Wang,e

Wendong Songd and Jianshe Liu *a

In this study, waste mussel shells were used to remove dyes in aqueous solution. Mussel shell was prepared

into mussel shell biochar (MSB), which was used as a carrier to support Bi2MoO6. A novel Bi2MoO6/MSB

composite photocatalyst was developed by the hydrothermal synthesis method. The as-synthesized

sample was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), N2

adsorption–desorption method, Fourier transform infrared spectroscopy (FTIR) and UV-vis diffuse

reflectance spectra (DRS). Then, the photocatalytic activity of the prepared samples was determined by

testing the photodegradation of Rhodamine B (RhB) under visible-light (l > 420 nm) irradiation. The pre

exfoliated layered MSB was an excellent supporting matrix for the growth of Bi2MoO6 nanoflakes. The

obtained hierarchical Bi2MoO6/MSB composites exhibited significantly enhanced performance for

photocatalytic degradation of RhB compared with pure Bi2MoO6 under visible light irradiation because

of the improved electron–hole pair separation, which boosted the number of exposed catalytic active

sites. Moreover, the Bi2MoO6/MSB composite photocatalyst is of good stability and reusability.
1. Introduction

With the high speed of industrialization, dyes have become
amajor source of water pollution as they are widely used in such
elds as the textile, tannery, printing, paper, plastic and
cosmetic industries.1,2 Due to the improvement of people's
requirements on color, various dyes with the abilities of oxida-
tion resistance, photolysis resistance or biodegradation resis-
tance have sprung up, which are difficult to be treated with
traditional water treatment systems. Some dyes are carcino-
genic, mutagenic, and teratogenic, and even their products may
be carcinogenic or otherwise toxic aer being transformed or
degraded, such as aromatic amines.3–5 Moreover, dye effluents
discharged into water even at low concentrations could threaten
the aquatic animals and plants, and destroy the ecological
environment. Thus, the efficient treatment of dyestuff waste-
water has always been a hot topic. Various methods had been
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applied to degrade dyes including chemical oxidation, micro-
biological degradation, electrochemical treatment, adsorption,
photocatalytic degradation, etc6–9. In recent years, there has
been considerable interest in the utilization of photocatalysis
systems for the destruction of dyes, so more and more efficient
photocatalysts have been developed. Remarkably, visible-light-
driven photocatalysis has received much attention as an
economical and practical method. Bismuth-based photo-
catalysts such as Bi2MoO6, BiVO4, BiOX (X ¼ Br, Cl), Bi2WO6,
Bi2Fe4O9 and Bi2O2CO3,10–14 possessing excellent photocatalytic
activity under visible-light irradiation, have become represen-
tative photocatalytic materials.15–18 Besides, Bi2MoO6 is consid-
ered as an ideal photocatalyst from the viewpoint of using
visible light.19–21 However, the practical application of individual
phase Bi2MoO6 is still limited by its dissatisfactory quantum
yield.22 In order to further improve the photocatalytic perfor-
mance of Bi2MoO6, previous studies have attempted to immo-
bilize the photocatalyst onto various supports such as activated
carbon, graphene, carbon nanotubes, zeolite, glass, and silica;
however, they exhibited high cost and lack of treatability.23–29

Mussel shell, as a by-product of the aquaculture industry, is
an abundant residual source of carbonate. As we all know, shell
is a kind of well-arranged organic–inorganic composite material
formed under the control of organic macromolecules. Shell has
a unique multi-scale and multi-level “brick-mud” assembly
structure and is a kind of cheap biological material. Aer
modication by simple heat treatment, the organic matter in
the mussel shell can be decomposed and released, resulting in
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra06559h&domain=pdf&date_stamp=2019-11-22
http://orcid.org/0000-0003-4205-371X
http://orcid.org/0000-0002-1681-5349
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06559h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009065


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 3
:0

5:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the formation of porous biochar skeleton, which is expected to
be a low cost and effective carrier material. The biochar had
excellent conductivity, which would lower quick recombination
of electrons and electron holes during the photocatalysis for
enhancing photocatalytic degradation. Efficient attachment of
photocatalyst onto the biochar is allowed due to the large
specic surface area, rich functional groups and easy surface
modication of the biochar.30

Therefore, the present study suggested a biochar-support
Bi2MoO6 as an effective photocatalyst to eliminate dyes in
water. The effect of biochar-support Bi2MoO6 on photocatalytic
activity was investigated by decomposing Rhodamine B (RhB)
under visible-light irradiation. The possible photocatalytic
mechanism of this composite was also discussed. The as-
prepared sample may be expected to be a cheap and efficient
photocatalyst, which could realize the value-added use of waste
mussel shells.
2. Materials and methods
2.1 Materials

The mussel shells were collected at Shengsi, Zhejiang province,
China. Bi(NO3)3$5H2O, Na2MoO6$2H2O, C2H5OH and C2H6O2

were purchased from Sinopharm Chemical Reagent Co., Ltd., in
Shanghai, China. RhB(C28H31ClN2O3) was purchased at Beijing
Chemical Reagent Co. Ltd., in Beijing, China. All chemicals
were analytical grade and used as received without further
purication.
2.2 Preparation of composite photocatalyst

The mussel shells were washed to remove dirt from its surface,
treated with 0.1%HCl for 24 h, then washed with distilled water
until neutral and dried at 80 �C. The dried mussel shells loaded
in corundum crucible were placed in a tube furnace (Shanghai
Jvjing Precision Instrument Manufacturing Co., Ltd., Shanghai,
China). It was heated at a rate of 10�C min�1 from room
temperature to 900 �C under puried nitrogen (99.99%) ow of
100 mL min�1. Next, the calcination step was held for 3 h at
900 �C. The calcined sample was then cooled to room temper-
ature under nitrogen ow and grounded into powder, which
was labelled as MSB.

The Bi2MoO6/MSB composite photocatalyst were synthesized
through the hydrothermal method. Briey, Bi (NO3)3$5H2O
(0.3630 g) and Na2MoO4$2H2O (0.0907 g) were completely dis-
solved in two different 7 mL glycol, respectively. 0.1306 g MSB
(the mass ratio of Bi2MoO6 to MSB was 1.75) were dissolved in
20 mL ethyl alcohol. Aer stirring for 30 min, the three solu-
tions were transferred into a 50 mL Teon-lined stainless
autoclave, heated at 160 �C for 12 h in an oven, and then cooled
down to room temperature. The resulting mixture was washed
with deionized water and ethyl ethanol to remove any ionic
residual, and dried in an oven at 60 �C for 6 h in an oven, named
as Bi2MoO6/MSB. By adjusting the mass ratio of Bi2MoO6 to
BMS, a series of Bi2MoO6/MSB with different mass ratio (0.25,
0.75, 1.25, 1.75 and 2.25) were obtained and named as B/M-0.25,
B/M-0.75, B/M-1.25, B/M-1.75, and B/M-2.25, respectively.
This journal is © The Royal Society of Chemistry 2019
2.3 Characterization

FTIR spectra were obtained using a PerkinElmer Fourier
transform infrared (Nicoletteis 50, Thermo Fourier, Waltham,
MA, USA) spectrometer with KBr as a diluting agent and oper-
ated in the frequency range of 4000–500 cm�1. The crystal
structures of the as-prepared sample were investigated by XRD
analysis at room temperature on an XRD powder diffraction
instrument (D/max2500, Shimadzu Co., Ltd., Kyoto, Japan) in
the range of 2q from 20� to 80�. Specic surface area measure-
ments were performed on a micromeritics ASAP 2010 instru-
ment (Micromeritics Instrument Ltd., Atlanta, GA, USA) and
analysed by the BET method. The morphology change of the
sample was studied by a scanning electron microscopy (SEM,
Hitachi-4800, Hitachi Co., Ltd., Tokyo, Japan). The optical
properties of the samples were determined by the Shimadzu UV
2600 spectrophotometer (Shimadzu Co., Ltd., Kyoto, Japan) in
the wavelength range of 200–800 nm.
2.4 Photocatalytic activity

The photocatalytic performance of the sample was evaluated for
the degradation of RhB under visible-light irradiation. A 300 W
Xe lamp combined with a 400 nm cutoff lter was used as a light
source and its distance to the liquid surface of the suspension
was about 10 cm. The temperature of the reaction system was
kept at 25 �C by cycling water. In the experiment, 0.02 g pho-
tocatalyst was added to 50 mL of 6 mg L�1 RhB solution. Prior to
irradiation, the suspensions were stirred in the dark for 3 h to
establish an adsorption–desorption equilibrium. During irra-
diation, 2 mL liquid was taken from the suspension at 10, 20,
30, 60, 90 and 120 min followed by the separation of photo-
catalyst through centrifugation. The absorbance of RhB solu-
tion without catalyst was determined at 554 nm using
a spectrophotometer (UV 2600, Shimadzu Co., Ltd., Kyoto,
Japan). The degradation rate (D%) was calculated by the eqn (1):

D% ¼ A0 � At

A0

� 100% (1)

where A0 was the initial absorbance value of RhB solution and At
was the absorbance value of RhB the solution aer light
irradiation.

The stability experiment was carried out by the degradation
of RhB solution (50 mL, 6 mg L�1) over Bi2MoO6/MSB for four
successive cycles. Aer each cycle, the catalyst was separated
and collected by centrifugation, then was washed with deion-
ized water and dried. Aer that, it was added into the fresh RhB
solution (50 mL, 6 mg L�1) to initiate the reaction.
3. Results and discussion
3.1 Materials characterization

Fig. 1 illustrates the FTIR spectra of MSB, Bi2MoO6, and
Bi2MoO6/MSB. As can be seen from Fig. 1(a), the MSB spectra
has a strong and wide peak at 1425 cm�1, a narrow peak at
874 cm�1 and a weak and narrow peak at 711 cm�1, corre-
sponding to the asymmetric stretching vibration peak, in-plane
bending vibration peak and out-of-plane bending vibration
RSC Adv., 2019, 9, 38280–38288 | 38281
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Fig. 1 FTIR spectra of MSB, pure Bi2MoO6 and Bi2MoO6/MSB
composite catalyst ((a) MSB; (b) Bi2MoO6; (c) Bi2MoO6/MSB).
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peak of CO3
2� group, respectively.31 The absorption peak at

1797 cm�1 is the vibration peak of C]O in the CO3
2� group.32

The above peaks are characteristic peaks of carbonate minerals,
which coincide with the characteristic peaks of CaCO3. In
addition, the absorption peak at 3642 cm�1 is the stretching
vibration peak of –OH, which indicates the existence of Ca(OH)2
in MSB.33

Fig. 1(b) shows the infrared spectrum of pure Bi2MoO6, the
band at 1384 cm�1 is the vibration of the Bi–O bond, and the
absorption bands at 841 cm�1, 733 cm�1 and 565 cm�1 corre-
spond to the Mo]O stretching vibration, MoO6 asymmetric
stretching and MoO6 exural vibration.34,35 As shown in
Fig. 1(c), all characteristic absorption peaks of Bi2MoO6 can be
observed in the Bi2MoO6/MSB curve, and CaCO3 characteristic
absorption peaks are found at 1797 and 874 cm�1, indicating
the existence of Bi2MoO6 and MSB.
Fig. 2 XRD patterns of MSB, pure Bi2MoO6 and Bi2MoO6/MSB
composite catalyst ((a) MSB; (b) Bi2MoO6; (c) Bi2MoO6/MSB).

38282 | RSC Adv., 2019, 9, 38280–38288
The XRD patterns of MSB, Bi2MoO6 and Bi2MoO6/MSB
composites are shown in Fig. 2. The prole in Fig. 2(a) conrms
that pure MSB consists of the calcite type of CaCO3 (JCPDS 83-
1762) and hexagonal phase of Ca(OH)2 (JCPDS 04-0733). The
existence of Ca(OH)2 is mainly because high temperature
decomposes CaCO3 into CaO, which reacts with H2O in the air
to form Ca(OH)2. Fig. 2(b) conrms that the as-prepared sample
is phase-pure orthorhombic Bi2MoO6, which is consistent with
the reported result (JCPDS76-2388). As shown in Fig. 2(c), the
main diffraction peaks of Bi2MoO6/MSB at about 23.3�, 28.1�,
32.3�, 35.8�, 46.7�, 55.3� and 58.2� could be perfectly indexed to
the (111), (131), (200), (151), (062), (331) and (191) crystal planes
of Bi2MoO6, which consistent with pure Bi2MoO6. At the same
time, the diffraction peaks of MSB located at 2q ¼ 29.4�, 39.5�,
and 43.1� could be obviously observed, corresponding to the
(104), (202) and (024) crystal planes of calcite type CaCO3 (JCPDS
83-1762). The results showed that the characteristic peaks of
MSB and Bi2MoO6 were observed, which indicates that Bi2MoO6

was successfully combined with MSB.
The morphology of the sample was characterized by SEM. As

shown in Fig. 3, MSB is a nano-ake structure with different size
holes, which is a porous calcium compound skeleton formed by
organic matter escaping from shells aer high-temperature
treatment. Pure Bi2MoO6 is a hollow spherical structure
composing of nanosheets, with a diameter of about 1.5–2 mm.
Compared with pure Bi2MoO6, the nanomorphology of Bi2MoO6

in the composite catalyst is changed. In the composite photo-
catalyst, the hollow spherical structure of Bi2MoO6 is missing,
and the Bi2MoO6 nanosheets attached to MSB surface form an
obvious hierarchical structure. Moreover, aer hydrothermal
treatment, the particles of the MSB in the composite photo-
catalyst become smaller and the hierarchical structure becomes
more obvious.

The specic surface areas, pore volumes and average pore
diameters of MSB, Bi2MoO6, and Bi2MoO6–MSB are shown in
Table 1. Compared with pure Bi2MoO6, the surface area, pore
volume and average pore diameter of Bi2MoO6/MSB composite
decrease, because the addition of MSB changes the self-
assembly structure of Bi2MoO6 nanosheets, which is depos-
ited on the surface and pores of MSB. Moreover, the specic
surface area of the Bi2MoO6/MSB composite gradually
decreased with the increase of MSB addition. According to
Fig. 4, the nitrogen adsorption isotherm of Bi2MoO6/MSB(B/M-
1.75) accords with type IV adsorption isotherm with a hysteresis
loop at pressure (P/P0 > 0.8), indicating that there may be
a certain number of mesoporous in composite photocatalyst.36

The pore size distribution of Bi2MoO6/MSB also reects the
above results, mainly in the range of 2–20 nm.

The difference in optical absorption could highly affect the
photocatalytic performance of the sample. Fig. 5 exhibits the
UV-vis diffuse reectance spectra of MSB, Bi2MoO6 and
Bi2MoO6/MSB are various due to their different photo-
absorption properties from UV light region to visible light
region. Pure Bi2MoO6 and Bi2MoO6/MSB all show signicantly
absorbance in the visible-light region (l > 400 nm). The ob-
tained diffuse reectance spectra are further used to determine
their optical band gap energies with the formula (ahn)2¼ A(hn�
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM of Bi2MoO6/MSB composite catalyst, pure Bi2MoO6 and MSB ((a) MSB; (b) Bi2MoO6; (c) Bi2MoO6/MSB).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 3
:0

5:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Eg), where a, n, A and Eg are the absorption coefficient, the
incident light frequency, a constant and the band gap energy.
The band gap energies of Bi2MoO6 and Bi2MoO6/MSB could be
evaluated from a plot of (ahn)2 vs. hn as presented in Fig. 5
(inset). The estimated band gap energies for the Bi2MoO6 and
Bi2MoO6/MSB were about 2.65 and 3.00 eV, respectively.
Fig. 4 N2 sorption isotherms of Bi2MoO6/MSB (B/M-1.75) and corre-
sponding pore size distribution (inset). (According to the following
performance tests Bi2MoO6/MSB (B/M-1.75) showed the best photo-
catalytic performance.).
3.2 Photocatalytic activity

The photocatalytic activity of the as-prepared catalysts was
evaluated for the photocatalytic degradation of RhB under
visible light irradiation. The dark adsorption data was shown in
Fig. 6(a), the adsorption equilibrium between the photocatalyst
and the dye solution has established. As is illustrated in
Fig. 6(b), when the RhB suspension was irradiated with visible
light for 120 min in the absence of any photocatalyst, no
obvious change can be observed in the RhB solution; therefore,
the photodegradation of RhB can be neglected in this study.
Under the same conditions, 11.0% RhB is degraded by MSB
Table 1 Specific surface areas, total pore volumes and average pore diameters of MSB, pure Bi2MoO6 and Bi2MoO6/MSB composite catalyst

Samples BET (m2 g�1)
Total pore volume
(cm3 g�1)

Average pore
diameter (nm)

MSB 2.47 0.004 6.53
Bi2MoO6 43.15 0.183 16.98
Bi2MoO6/MSB(B/M-2.25) 32.36 0.110 8.18
Bi2MoO6/MSB(B/M-1.75) 28.64 0.069 9.63
Bi2MoO6/MSB(B/M-1.25) 27.63 0.076 8.79
Bi2MoO6/MSB(B/M-0.75) 20.59 0.042 8.15
Bi2MoO6/MSB(B/M-0.25) 18.48 0.036 8.97

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 38280–38288 | 38283
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Fig. 5 UV-vis spectra of MSB, pure Bi2MoO6 and Bi2MoO6/MSB
composite catalyst.
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aer 120 min visible light illumination, which indicates that
MSB has the photocatalytic activity against RhB.

The degradation efficiency of pure Bi2MoO6 was 69.2%.
Furthermore, it is worth noting that the combination of
a certain amount of MSB with Bi2MoO6 (mass ratio ¼ 1.75)
result in a sharp increase of RhB degradation from 69.2% to
Fig. 6 (a) Dark adsorption equilibrium curve of MSB, pure Bi2MoO6 and
RhB by MSB, pure Bi2MoO6 and Bi 2MoO6/MSB composite catalyst resp

38284 | RSC Adv., 2019, 9, 38280–38288
94.4%. The improvement of photocatalytic activity of Bi2MoO6/
MSB can be attributed to the following reasons. Bi2MoO6 was
deposited on the surface or in the pore of MSB, which could
cover or block the pores of MSB, leading to a decrease in the
specic surface area of composite materials. However, Bi2MoO6

is dispersed on MSB carrier, so as to expose more photocatalytic
activity sites, which leads to the improvement of photocatalytic
activity of composite materials. Besides, as is known, mussel
shell has abundant transition metal elements, so MSB inter-
nally contains transition metal oxides,37 acting as photo-
generated holes and electrons traps, which hinder the
recombination of hole–electron pairs, and signicantly improve
the photocatalytic activity of Bi2MoO6/MSB. The forbidden
bandwidth of Bi2MoO6/MSB is larger than that of the pure
Bi2MoO6, indicating it needs more energy to activate, however,
it has higher efficiency of light utilization, shows signicantly
absorbance in the visible-light region, and exhibits an enhanced
photocatalytic activity.

The degradation process follows pseudo-rst-order kinetics,
as clearly shown in Fig. 6(c). The degradation rate of RhB over
Bi2MoO6/MSB is much faster than other samples, and the
apparent rate constant k of the composite is 0.02568 min�1,
which is 2.44 times of that over pure Bi2MoO6. Moreover,
compared with some previous reports (Table 2), the K value of
present Bi2MoO6/MSB is somehow higher than other semi-
conductor composites in previous reports, such as Bi2MoO6 with
Bi2MoO6/MSB composite catalyst respectively; (b) degradation rate of
ectively; (c) kinetic analysis for the degradation of the RhB.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06559h


Table 2 K value of different photocatalyst composites in literatures and this work

Photocatalyst Light source
Catalyst conc.
(mg mL�1) Dye Dye conc.

Irradiation
time (min) K (min�1) Reference

Bi2MoO6/MSB 300 W Xe lamp 0.4 RhB 6 mg L�1 120 0.02568 This work
Bi2MoO6 10 000 K Xe lamp 1 RhB 5 mg L�1 300 0.022 37
Bi2MoO6/graphene 500 W Xe lamp 0.5 MB 1 � 10�5 M 120 0.0136 38
Bi2MoO6/CNTs/g-C3N4 500 W Xe lamp 1 2,4-DBP 20 mg L�1 120 0.0078 39
SnO2/Bi2MoO6 400 W halogen lamp 1 RhB 10 mg L�1 150 0.02831 40

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 3
:0

5:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
K ¼ 0.022 min�1, Bi2MoO6/graphene with K ¼ 0.0136 min�1,
Bi2MoO6/CNTs/g-C3N4 with K¼ 0.0078min�1.38–40 Although the K
value of SnO2/Bi2MoO6 is slightly higher than Bi2MoO6/MSB, the
catalyst cost in this study is lower.41 All the results showed that
Bi2MoO6/MSB composite photocatalyst was a kind of high effi-
cient photocatalyst with high degradation activity against RhB.

To further study the photocatalytic process of RhB, the UV-
vis spectra of the RhB solution as a function of visible light
irradiation time in the presence of Bi2MoO6/MSB is shown in
Fig. 7. The main peak wavelength of the degrade solution
gradually shis from 554 nm to 497 nm as the irradiation time
increases. Studies has shown that the blue-shi of the absorp-
tion band is caused by de-ethylation of RhB because of the
attack by one of the active oxygen species on the N-ethyl group.
When the de-ethylated process is fully completed, the absorp-
tion band shis to 497 nm and RhB is turned to rhodamine.
Rhodamine is then gradually decomposed due to the further
destruction of the conjugated structure.42–45

Fig. 8 shows the results of photocatalytic efficiency of
degradation of RhB solution by Bi2MoO6/MSB with different
mass ratio. Fig. 8(a) exhibit the dark adsorption data of different
photocatalyst, the adsorption equilibrium between the photo-
catalyst and the dye solution was reached. As shown in Fig. 8(b),
it is obvious that the degradation efficiency increases gradually
as the content of Bi2MoO6 increase in the composite photo-
catalysts from B/M-0.25 to B/M-1.75 and the degradation
Fig. 7 UV absorption spectrum curves of RhB Solution with Bi2MoO6/
MSB as photocatalyst under visible light irradiation at different time.

This journal is © The Royal Society of Chemistry 2019
efficiency of B/M-1.75 reaches the highest (94.4%). However, the
degradation efficiency of B/M-2.25 decreases to 48.5% in
comparison with the B/M-1.75. This is because too much
Bi2MoO6 is prone to agglomerate, resulting in the effective
adsorption sites and photolytic active sites of photocatalysts are
reduced.46 Fig. 8(c) is the degradation kinetics of RhB degra-
dation by Bi2MoO6/MSB in different mass ratios. As can be seen
from Fig. 8(c), ln(C0/C) and t showed a good linearity relation-
ship. Compared with other samples, B/M-1.75 exhibits the
excellent visible light catalytic activity with the k value of
0.02568 min�1.

As is well known, the solution pH value plays an important
role in the photocatalytic degradation of organic pollutants. The
effect of pH on the photodegradation of RhB was studied in the
pH range of 3–12. As shown in Fig. 9, with the increase of pH,
the degradation rate of RhB increase rstly and then decrease. It
can be observed that the optimum pH is 7 in the highest
degradation rate (96%). Under the acidic conditions, the H+ in
solution will react with carbonyl, hydroxyl and other oxygen-
containing functional groups on MSB surface, resulting in
reducing the number of active contact sites and weakening
adsorption and catalytic capacity. When the pH value is more
than 7, the OH� in solution will compete with MSB surfactant
functional group for adsorption, causing increasing repulsive
force between the composite catalyst and organic dye mole-
cules; therefore, it is not conductive to the adsorption of the
catalyst on RhB, leading to a decrease of degradation ability.

Furthermore, the stability and reusability of the composite
photocatalyst were also tested. As shown in Fig. 10, aer four
successive cycles of RhB degradation experiments, the photo-
catalytic degradation efficiency exhibits only a slight decrease
from initial 94.4% for the rst run to 82.7% for the fourth run.
The XRD pattern of the used Bi2MoO6/MSB composite further
conrm that there no obvious changes in the crystalline phase
aer recycling reactions, implying Bi2MoO6/MSB composite has
better stability and reusability. Thus, Bi2MoO6/MSB composite
is a good candidate for photocatalytic degradation of persistent
organic pollutants in solution under visible light irradiation.
3.3 Photocatalytic mechanism

As is well known, photoinduced holes (h+), superoxide radicals
($O2�) and hydroxyl radicals ($OH) are extremely active in
photocatalytic reaction, which results in the degradation of
organic pollutants.47–50 In order to clarify the photocatalytic
mechanism, it is vital to identify the main oxidants in the
RSC Adv., 2019, 9, 38280–38288 | 38285

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06559h


Fig. 8 (a) Dark adsorption equilibrium curve of MSB, pure Bi2MoO6 and Bi2MoO6/MSB composite catalyst respectively; (b) comparison of the
activity of Bi2MoO6/MSB composite photocatalyst with different loadings for the degradation of RhB; (c) kinetic analysis for the degradation of
the RhB.
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photodegradation process. In this study, sodium oxalate, p-
benzoquinone, and isopropyl alcohol are used as h+,$O2� and
$OH scavenger, respectively and their effects on the photo-
catalytic degradation of RhB are shown in Fig. 11. As is illus-
trated in Fig. 11, the degradation efficiency of RhB decreases
from 94.4% to 31.2%, 22.6% and 55.7% by adding
Fig. 9 Effect of pH on Degradation of RhB.

38286 | RSC Adv., 2019, 9, 38280–38288
photoinduced holes, superoxide radicals, and hydroxyl radicals
scavenger, respectively. Therefore, it can be indicated that h+

and $O2� are major active species for the degradation of RhB,
and $OH plays a secondary role.

Based on the above photocatalytic experiment results and
the characterization of Bi2MoO6/MSB composite, the photo-
catalytic degradation of RhB by Bi2MoO6/MSB composite pho-
tocatalyst under visible light irradiation mainly includes the
following process:

Bi2MoO6 + hn / Bi2MoO6 (e
� + h+)

Bi2MoO6 (e
�) + MSB / Bi2MoO6 + MSB (e�)

MSB (e�) + O2 / MSB+ $O2
�

$O2
� + H2O / HO2$+ OH�

HO2$+ H2O / H2O2 + $OH�

H2O2 / 2$OH�

$OH� + RhB / degraded or mineralized products

Bi2MoO6 (h
+) + RhB / degraded or mineralized products
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 (a) Photocatalytic degradation of RhB by Bi2MoO6/MSB composite photocatalysts in different cycling runs, (b) XRD patterns of Bi2MoO6/
MSB before and after cycling photocatalytic test.

Fig. 11 The effects of photogenerated carriers trapping on photo-
catalytic degradation activity of Bi2MoO6/MSB.
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The results showed that the introduction of MSB did not
widen the optical response range of Bi2MoO6, and the specic
surface area did not increase. Therefore, the improvement of
the photocatalytic activity of Bi2MoO6/MSB can be attributed
to the following aspects: (1) MSB has photocatalytic degrada-
tion activity on RhB solution. The electrons of Bi2MoO6 are
active under visible light irradiation, which makes the elec-
trons jump between valence bands. The generation of the
heterojunction structure of MSB and Bi2MoO6 can improve the
photo-generated carrier transfer speed and reduce the
composite rate of electron–hole pairs, so as to improve the
photocatalytic activity of the composite catalyst. (2) Bi2MoO6

nanosheet dispersed on the surface or in the pore of MSB,
exposing more photocatalytic active sites, which enhance the
photocatalytic activity of composite materials. (3) MSB has
special pores and surface structure, which can promote the
effective adsorption of RhB by composite photocatalyst and
further improve the photocatalytic performance of composite
This journal is © The Royal Society of Chemistry 2019
photocatalyst. (4) MSB has a variety of trace metal elements,
which can be used as active sites in photocatalytic reactions to
promote the catalytic degradation of Bi2MoO6/MSB composite
photocatalyst.
4. Conclusions

In summary, the Bi2MoO6/MSB composite have been success-
fully prepared by the hydrothermal synthesis method. The
results show that Bi2MoO6/MSB composite consists of ortho-
phase Bi2MoO6 and calcite CaCO3, and no other phase appears.
With the addition of MSB, the space structure of Bi2MoO6 is
transformed from a hollow spherical structure into a lamellar
structure assembled by nano-particle, and the specic surface
area is reduced. The Bi2MoO6/MSB composite photocatalyst
absorb in both ultraviolet and visible light area. The Bi2MoO6/
MSB composite photocatalyst exhibited remarkable photo-
catalytic activity in degrading RhB than the pure Bi2MoO6. At
120 min of visible light irradiation, the degradation rate was
94.4%, which was 1.36 times as high as pure Bi2MoO6. More-
over, the Bi2MoO6/MSB composite photocatalyst has good
stability and reusability. The improvement of photocatalytic
performance of Bi2MoO6/MSB composite photocatalyst is
related to the heterojunction generation, MSB structure, and
trace metal elements in MSB. The addition of MSB can not only
improve the photocatalytic activity of composite photocatalyst
but also effectively reduce the cost. Therefore, Bi2MoO6/MSB
composite photocatalyst is expected to be used in many elds.
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