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i2WO6 heterojunction
photocatalytic oxidative desulfurization catalyst
with high visible light-induced photocatalytic
activity

Jing Wu, Jian Li, Jin Liu, Jin Bai and Lina Yang *

A novel Nb2O5/Bi2WO6 heterojunction catalyst was successfully synthesized via a one-pot solvothermal

process. The catalyst was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM)

with the corresponding XEDS energy mapping, UV-vis diffuse reflection spectra (UV-vis DRS), Fourier

transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). The photocatalytic

oxidative desulfurization performances of the prepared samples were studied with DBT as the model

sulfur compound under visible light irradiation. Results indicated that the Nb2O5/Bi2WO6 exhibited

considerably higher activity than pure Nb2O5 and Bi2WO6 and the desulfurization rate achieved 99% after

visible light irradiation for 120 min. The catalyst also possessed good stability so that the desulfurization

rate remained about 90% after seven cycle times and then the crystal structure of the catalyst has barely

changed. Such enhanced photocatalytic activity is mainly attributed to the effective separation of

photogenerated electron–hole pairs on Nb2O5/Bi2WO6 heterojunction. Moreover, the synergistic effects

of this photocatalytic oxidation and the extraction with the methanol as the solvent played an

indispensable role in the desulfurization.
1. Introduction

Sulfur oxides (SOx) released from the combustion of trans-
portation fuels lead to atmospheric haze, acid rain and many
other environmental issues.1–3 Numerous countries have
promulgated regulations to restrict the sulfur content in fuels,
some of them demanding that the sulfur content of diesel and
gasoline must be less than 10 mg g�1 even sulfur-free for regular
gasoline.4 Therefore, to meet the demand of liquid fuels with
ultra-low sulfur content, the development of deep desulfuriza-
tion technologies has become a hot subject nowadays.

It is well known that applications of visible light in
addressing environmental issues have attracted more and more
attention.5–8 In the same way photocatalytic oxidative desulfur-
ization (PODS) method, especially the visible light-induced
PODS, as one of the promising new method for deep desulfur-
ization of fuels has gained great interest because of its mild
operation conditions and resultant low investment and oper-
ating costs.9 Various studies on the PODS process have been
reported in the past few years.10–12 So many photocatalysts, such
as TiO2,13 TiO2/g-C3N4,14 CeO2/TiO2,12 Bi2WO6,15 Bi2W1�xMoxO6/
montmorillonite (MMT)16 and so on, have been applied in the
PODS process.
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Nevertheless, developing more efficient visible light photo-
catalytic material for the desulfurization is still an imperative
challenge for researchers. Niobium oxide (Nb2O5), as n-type
transition oxide semiconductor, has been widely used in
many elds, such as photocatalytic hydrogen production, pho-
todegradation of organic contaminants and so on.17,18 However,
for the single-phase Nb2O5, the low quantum yield caused by the
rapid recombination of photogenerated electron and hole
limited their application. To address this concern, some
researchers loaded some amounts of metal or non-metal to
Nb2O5. Some reports on combining Nb2O5 with other semi-
conductor to synthesize the heterojunction have also been
found in the eld of photocatalysis.19–22 The heterojunction can
inhibit the recombination of photogenerated hole–electron pair
consequently the heterojunction which was constructed based
on the different Fermi level of Nb2O5 from another semi-
conductor has been proven more effective than the loaded
catalysts. Recently, a few Nb2O5 composited heterojunctions
have been reported, such as Ag3PO4/Nb2O5,21 Nb2O5/TiO2,22

Nb2O5/SrNb2O6
23 and so on. And such catalysts were mostly

applied in the degradation of polluted water under visible light
irradiation. By now seldom reports on the application of Nb2O5

containing heterojunction catalyst in PODS were found. Hence
nding more companions to construct heterojunction catalysts
and try to apply it in PODS is extremely urgent.
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra09829d&domain=pdf&date_stamp=2017-11-01
http://orcid.org/0000-0003-0594-3633
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09829d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007081


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
1:

55
:1

1 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In recent years, Bi2WO6 attracted great attention for its excel-
lent visible light induced photocatalytic activity, chemical and
thermal stability and non-toxicity.24 Unfortunately, its application
is still limited because of the high recombination rate of photo-
generated holes and electrons. Many attempts to enhance pho-
tocatalytic activities by manufacturing Bi2WO6 composite have
also been reported.25–27 To our excitement the band structures of
Bi2WO6 and Nb2O5 interlaced,21,25 which is in favour of promoting
the separation of the photogenerated carriers, as a result Bi2WO6

will be an appropriate candidate to construct the heterojunction
with Nb2O5.28 To the best of our knowledge, the Nb2O5/Bi2WO6

photocatalyst has not been reported.
Herein a novel Nb2O5/Bi2WO6 heterojunction photocatalyst

was prepared and applied in PODS with dibenzothiophene (DBT)
as a model sulfur compound. Nb2O5/Bi2WO6 owns enhanced
photocatalytic activity over both Nb2O5 and Bi2WO6 and it also
has ne stability. The mechanism of its photocatalysis was
proposed and proved. The synergistic effects of the photocatalytic
oxidation and the extraction were also conrmed.

2. Experimental
2.1 Materials

All the chemicals were of analytical grade and they were used
directly in our experiments without any further purication.
Bismuth nitrate (Bi(NO3)3$5H2O), niobium pentoxide (Nb2O5),
ammonium tungstate ((NH4)5H5[H2(WO4)6]$H2O) were
purchased from Medicine Group Chemical Reagent Co., Ltd.
Nitric acid (HNO3), methyl alcohol (CH3OH) hydrogen peroxide
(H2O2), dodecane (C12H16) were purchased from Tianjin regent
chemicals Co., Ltd. DBT was purchased from Aladdin Bio-Chem
Technology Co., Ltd. The deionized water was used throughout.

2.2 Preparation of Nb2O5/Bi2WO6 catalysts

The Nb2O5/Bi2WO6 was prepared with the solvothermal tech-
nique. In a typical synthesis procedure, 30mL nitric acid solution
of Bi(NO3)3$5H2O (the molar ratio of Bi(NO3)3$5H2O to HNO3 is
1.00 : 0.17) and 20 mL solution of (NH4)5H5[H2(WO4)6]$H2O (the
molar ratio of W to Bi is 1 : 2 and the dissolving temperature is
60 �C) were prepared respectively. Then the later was added into
the former drop by drop to form the suspension. A certain
amount of Nb2O5 was added into the resulting suspension aer
vigorously stirring for 2 h at 40 �C. This mixture was stirred for
another 0.5 h and then transferred into a Teon-lined autoclave
for solvothermal treatment at 160 �C for 12 h. Subsequently, the
system was cooled to room temperature naturally; the resulting
precipitate was ltrated, washed with deionized water until the
solution neutral, and then dried at 80 �C for 8 h. Themass percent
of Nb2O5 in Nb2O5/Bi2WO6 were controlled to be 1, 5 and 10 wt%,
which were designated as x wt% Nb2O5/Bi2WO6 (x ¼ 1, 5, 10). For
comparison, the bulk Bi2WO6 was also prepared and the synthetic
process followed the above technique without Nb2O5.

2.3 Characterization of catalysts

X-ray diffraction (XRD) patterns were obtained on a D/max-IIIA
X-ray diffractometer (Rigaku, Japan) with Cu-Ka radiation
This journal is © The Royal Society of Chemistry 2017
operating at 35 kV and 30 mA. Fourier Translation Infrared
Spectra (FTIR) spectra were recorded on a Nicolet 380 spec-
trometer (Thermo Fisher Scientic) in the range of 4000–
400 cm�1. The optical diffuse reectance spectra were recorded
with UV-vis-NIR Spectrophotometer (Agilent, Cary 2450) over
a range of 400–800 nm. Surface morphologies were investigated
on the scanning electron microscopy (SEM) (Hitachi SU 8000)
operated at an acceleration voltage of 15 kV and the elements of
the sample were analyzed by corresponding XEDS energy
mapping. X-ray photoelectron spectroscopy (XPS) was obtained
on an ESCALAB 250 spectrometer at room temperature and Al-
Ka irradiation to determine the chemical states of Bi, W, Nb,
and O atoms in the prepared samples.
2.4 Photocatalytic oxidative desulfurization

Model fuel with the sulfur concentration of 200 mg g�1 was
prepared by dissolving DBT in the dodecane. PODS reaction was
operated in a beaker with magnetic stirring at ambient
temperature. Two 5 W 420 nm LED lamps were used as the
visible light sources and the distance from the light sources to
the beaker is about 10 cm.

Typically, 20 mL model fuel was added rstly into a 100 mL
beaker, and then some amount of CH3OH (calculated in the
volume ratio to the model fuel of 1 : 1), catalyst (calculated in
the mass percent of 1 wt% in the model fuel) and H2O2 (30 wt%,
calculated in O/S molar ratio of 10) were also introduced in
order. The beaker was placed in the dark with constant
magnetic stirring for 30 min rstly to establish adsorption–
desorption equilibrium of DBT on catalysts. Then the PODS
proceed under the visible light irradiation. The samples were
withdrawn periodically every 20 min from the upper phase and
detected by WK-2D microcoulometric detector aer high speed
centrifuge. The operating parameter was followed by integral
resistance 400 U, bias voltage between 148 and 149 mV, burning
furnace temperature 850 �C, evaporation section temperature
750 �C, and stable section temperature 650 �C, the oxygen ow
rate 150 mL min�1 and nitrogen ow rate 260 mL min�1. In
addition, the model fuel before and aer PODS and methanol
phase aer PODS were analysed by gas chromatography-mass
spectrometer (GC-MS, Agilent 7890A). The major measuring
conditions were as follows: injection port temperature 250 �C;
temperature program of the oven 100 �C and the detector
temperature was 300 �C.

The desulfurization rate (h) of model fuel was calculated by
eqn (1):

h ¼ (1 � C/C0) � 100% (1)

where C0 is the sulfur content of the feed, and C is the sulfur
content of the product aer photocatalytic reaction.
2.5 Stability test

Catalyst was separated from the reaction mixture by the ltra-
tion and washing with the deionized water, dried at 80 �C for
12 h and then directly used for the next run.
RSC Adv., 2017, 7, 51046–51054 | 51047
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2.6 Active species trapping experiments

In the typical PODS process the model fuel, CH3OH, 5 wt%
Nb2O5/Bi2WO6 photocatalyst and H2O2 were added into the
beaker in order, then 1.0 mM isopropanol (IPA), p-benzoqui-
none (p-BQ) and disodium ethylenediaminetetraacetate (EDTA-
2Na) were also added into the beaker respectively for detecting
hydroxyl radicals (cOH), superoxide radicals (cO2

�) and
holes (h+).29
Fig. 2 SEM images of the samples (A–B) Bi2WO6; (C) 5 wt% Nb2O5/
Bi2WO6; (D) enlarged image of 5 wt% Nb2O5/Bi2WO6; (E–H) the cor-
responding XEDS energy mapping of 5 wt% Nb2O5/Bi2WO6.
3. Results and discussion
3.1 Characterizations

3.1.1 XRD analysis. The XRD patterns of 5 wt% Nb2O5/
Bi2WO6, pure Nb2O5 and pure Bi2WO6 were shown in Fig. 1. The
major diffraction peaks of pure Bi2WO6 at 2q ¼ 10.7�, 28.3�,
32.9�, 47.2�, 55.9� and 58.6� due to (020), (131), (002), (202),
(133), and (262) respectively, matched well with the reection
planes of the orthorhombic Bi2WO6 phase (JCPDS, PDF #39-
0256).30,31 The diffraction peaks of pure Nb2O5 correspond to the
orthorhombic structure of Nb2O5 (JCPDS, PDF #27-1003). The
high and sharp diffraction peaks of these two samples indicated
the well-dened crystallinity. Compared with the bulk Bi2WO6

the corresponding characteristic peaks for 5 wt% Nb2O5/
Bi2WO6 present no shi, suggesting that Nb2O5 is not incor-
porated into the lattice of Bi2WO6, but deposited on the
surfaces.32 Moreover, only the diffraction peaks of Bi2WO6 and
Nb2O5 were found for 5 wt% Nb2O5/Bi2WO6, which rule out the
existence of another phase.

3.1.2 SEM analysis. The morphology and microstructure of
samples were shown in Fig. 2. The SEM images of the fabricated
Bi2WO6 were displayed in Fig. 2A and B, here microspheres with
a diameter of around 2–3 mm looks like owers with interlaced
petals, such morphology is similar to the reported results for
Bi2WO6.33 The ‘petals’ in the ‘ower’ are factually the two-
dimensional nanosheets and their surface is smooth without
defects or holes. Aer the depositing of Nb2O5, the size of the
Fig. 1 XRD patterns of different samples: (a) Nb2O5; (b) 5 wt% Nb2O5/
Bi2WO6; (c) Bi2WO6.

51048 | RSC Adv., 2017, 7, 51046–51054
resulting 5 wt% Nb2O5/Bi2WO6 nanoparticles (Fig. 2C and D)
have no obvious change, however, the small accumulated
Nb2O5 nanoparticles were clearly seen in the intervals between
the Bi2WO6 nanosheets. As far as the Nb2O5 with no accumu-
lation we are not sure of its existence only based on the SEM
image. Furthermore, the corresponding XEDS energy mapping
of 5 wt% Nb2O5/Bi2WO6 were tested and the results were shown
in Fig. 2E–H. Results for elements including Bi, W, O and Nb
further indicated that the Nb2O5 particles were successfully
introduced into Bi2WO6, which are consistent with results of
XRD. Based on distribution result of Nb in XEDS, we can
conclude the well dispersed nanoparticles also existed all over
the sample beside the accumulated ones, which is favorable for
the improvement of the catalytic performance of the catalyst.

3.1.3 UV-vis analysis. The optical properties of the photo-
catalyst were investigated using UV-visible diffuse reectance
spectroscopy. As shown in Fig. 3A, it is clear that the Bi2WO6

sample exhibits the strong photoabsorption in the UV light
region and the weak photoabsorption in the visible light region
shorter than 470 nm. The intrinsic absorption of Nb2O5 is
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) UV-vis diffuse reflectance spectra of the samples and (B) estimated band gap of photocatalyst by plots of (ahv)2 vs. photon energy (hv)
(a) Bi2WO6; (b) 5 wt% Nb2O5/Bi2WO6; (c) Nb2O5.

Fig. 4 FTIR spectra of the Bi2WO6 and Nb2O5/Bi2WO6 samples (a)
Bi2WO6; (b) 1 wt% Nb2O5/Bi2WO6; (c) 5 wt%Nb2O5/Bi2WO6; (d) 10 wt%
Nb2O5/Bi2WO6.
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observed in the ultraviolet region and the absorption was also
observed in the visible light region. Compared with Nb2O5, the
intensity of the absorption peak for 5 wt% Nb2O5/Bi2WO6

increased, which suggested the better separation of electron–
hole pairs, leading to the enhanced photocatalytic activity.
Meanwhile, the slight red shi of the absorption edge for 5 wt%
Nb2O5/Bi2WO6 proved the formation of the heterojunction.12

The bandgap energy of the samples can be estimated using the
Kubelka–Munk function as the following formula:

ahn ¼ A(hn � Eg)
n/2 (2)

where a, h, n, A and Eg are absorption coefficient, Planck
constant, light frequency, a constant and band gap energy,
respectively. The value of n is determined by the transition type
(n ¼ 4 and 1 for indirect and direct absorption, respectively).34

The n value is 1 for Bi2WO6 and Nb2O5 with indirect transi-
tion.29,35 Plots of (ahn)2 versus hn were listed in Fig. 3B, the
intercepts of the tangents of the plots give a good approxima-
tion to the band gap energy for the materials. The band gaps for
Bi2WO6, Nb2O5 and 5 wt% Nb2O5/Bi2WO6 were estimated as
2.73 eV, 3.07 eV and 2.75 eV, respectively. Here Nb2O5 is
orthorhombic, the band gap of it is less than 3.2 eV, which is
consistent with the related report.36 Based on the band gaps it
can be concluded that here Bi2WO6 is an apparent visible light
introduced sample. The sensitive wavelength for Nb2O5 is near
to the UV region, however, the introducing of small amount of
Nb2O5 into Bi2WO6 can't make 5 wt% Nb2O5/Bi2WO6 to be UV
sensitive sample.

3.1.4 FTIR analysis. The FTIR spectra can provide some
valuable surface chemical information, and the FTIR spectra of
Bi2WO6 and Nb2O5/Bi2WO6 (the percent of Nb2O5 are in 1–
10 wt%) samples were shown in Fig. 4. The main absorption
peaks between 500 and 1200 cm�1 can be ascribed to stretching
vibration of Bi–O and W–O, and bridging stretching modes of
W–O–W.37 In detail, the absorption peak of 716 cm�1 is attrib-
uted to the stretching vibrations of theW–O–Wbonds, while the
This journal is © The Royal Society of Chemistry 2017
weak absorption peak at 822 cm�1 can be ascribed to the
asymmetric stretching vibrations of the O–W–O bonds.38 The
peak at 576 cm�1 is attributed to the stretching vibration of the
W–O bond and that at 730 cm�1 is assigned to the stretching
vibration modes of Bi–O bonds, which are overlapped with the
stretching vibration of the W–O–W bond at 716 cm�1.39 Results
veried that samples have [WO6] cluster distortions in their
crystal lattices aer the deposition of Nb2O5. With increase of
the mass concentration of Nb2O5 in Nb2O5/Bi2WO6 the inten-
sities of the peaks at 576 cm�1 and 822 cm�1 both decreased,
which suggests the chemical interaction between Nb2O5 and
Bi2WO6. There are no obvious absorption peaks of Nb–Nb–O
and [–O–Nb–O]n displayed in the patterns,40 which could be
attributed to the limited amount of Nb2O5 and the absorption
peaks overlapping with O–W–O.
RSC Adv., 2017, 7, 51046–51054 | 51049
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Fig. 5 XPS spectra of 5 wt% Nb2O5/Bi2WO6 heterostructured photocatalyst (A) full spectra; (B) Bi 4f; (C) Nb 3d; (D) W 4f; (E) O 1s.
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3.1.5 XPS analysis. To further conrm the surface element
composition and the interaction between Nb2O5 and Bi2WO6,
XPS results of 5 wt% Nb2O5/Bi2WO6 were obtained and dis-
played in Fig. 5. All peak positions were calibrated by C 1s peak
at 284.8 eV. The typical XPS survey spectra (Fig. 5A) showed that
the Bi, W, Nb and O elements all existed in the sample, beside
51050 | RSC Adv., 2017, 7, 51046–51054
adventitious carbon contamination.41 High resolution spectra
of different elements were shown in Fig. 5B–E. Among them, the
binding energy values of Bi 4f observed at 158.1 eV and 164 eV
were ascribed to Bi 4f7/2 and Bi 4f5/2 spin states, respectively,
corresponding to the oxidation state of Bi3+ in Bi2WO6.16 The
peaks of Nb 3d located at 206.9 eV and 208.5 eV were assigned to
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09829d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
1:

55
:1

1 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Nb 3d5/2 and Nb 3d3/2 spin states, respectively, suggesting that
Nb exists in the chemical state of Nb5+. Two peaks at binding
energies of 34.4 eV and 36.5 eV were assigned to W 4f5/2 and W
4f7/2, respectively, which reveals the chemical valence state for
W6+ in Bi2WO6.42 The binding energy of 529.3 eV for O 1s in
5 wt% Nb2O5/Bi2WO6 is slightly lower than that reported one for
pure Bi2WO6.43 A small shoulder peak located at 531.5 eV
suggests that 5 wt% Nb2O5/Bi2WO6 is not the simple physical
mixture of Nb2O5 and Bi2WO6, instead the chemical interaction
exists between them. The characteristic peak of O 1s in 5 wt%
Nb2O5/Bi2WO6 resulting from the overlapping contributions of
Nb–O, Bi–O and W–O lattice oxygens. Combining with the
results of XRD, SEM, FTIR, UV-vis and XPS, we are sure of the
formation of heterojunction structure in Nb2O5/Bi2WO6.
Fig. 7 Pseudo-first-order kinetic fitting curves for different catalysts
(a) 5 wt% Nb2O5/Bi2WO6; (b) 1 wt% Nb2O5/Bi2WO6; (c) 10 wt% Nb2O5/
Bi2WO6; (d) Bi2WO6; (e) Nb2O5; (f) blank.
3.2 Photocatalytic oxidative desulfurization performance

3.2.1 Selection of catalysts. Inuences of the Nb2O5/
Bi2WO6 compositions on the photocatalytic activities were
investigated and the results were displayed in Fig. 6. The
formation of heterojunction between two compounds sup-
pressed the recombination of photogenerated electron–hole
pairs and more photogenerated carriers would be generated for
PODS due to the fast transport of the photoexcited electron–
hole pairs at the interface of the heterojunction, which would
greatly improve the activity.44–46 Therefore, the heterojunction
(1–10 wt%) Nb2O5/Bi2WO6 has much higher activities than the
pure Bi2WO6 and Nb2O5. The activities of catalysts are associ-
ated with the amounts of deposited Nb2O5, the 5 wt% Nb2O5/
Bi2WO6 has the highest photocatalytic activity and the desul-
furization rate was approximately 99% aer 120 min of visible
light irradiation. Therefore, 5 wt% Nb2O5/Bi2WO6 was selected
for further researches.

3.2.2 Kinetics of photocatalytic oxidative desulfurization.
The photocatalytic oxidation of DBT was assumed to be the
pseudo-rst order reaction and the sulfur content of model fuel
meets with eqn (3):
Fig. 6 Effect of different catalysts on desulfurization rate (a) 5 wt%
Nb2O5/Bi2WO6; (b) 1 wt% Nb2O5/Bi2WO6; (c) 10 wt% Nb2O5/Bi2WO6;
(d) Bi2WO6; (e) Nb2O5; (f) blank.

This journal is © The Royal Society of Chemistry 2017
�ln C/C0 ¼ k � t (3)

C and C0 have been explained in eqn (1), k is the pseudo-rst-
order reaction rate constant (min�1).47 The correlations of
time-course variation of �ln C/C0 to the reaction time were
represented in Fig. 7. Values of �ln C/C0 for all catalysts pre-
sented clear linear increases with the reaction time, suggesting
the pseudo-rst-order, which well proved the former assump-
tion. Meanwhile, the reaction rate constants, the slopes of the
straight lines, decrease in such order: 5 wt% Nb2O5/Bi2WO6 >
1 wt% Nb2O5/Bi2WO6 > 10 wt% Nb2O5/Bi2WO6 > Bi2WO6 >
Nb2O5 > blank. Therefore, 5 wt% Nb2O5/Bi2WO6 was chosen as
the efficient catalyst to make further researches.

3.3 Stability studies

Stability of 5 wt% Nb2O5/Bi2WO6 was studied in terms of its
performance in every repeated run of PODS. As shown in
Fig. 8A, the desulfurization rate still remains more than 90%
aer seven cycles of repeated PODS. The slight decrease in its
activity can be attributed to the changes of catalysts in the
recycle experiment. Furthermore, the XRD patterns of the 5 wt%
Nb2O5/Bi2WO6 before and aer PODS were displayed in Fig. 8B.
It indicated that the used 5 wt% Nb2O5/Bi2WO6 had similar
crystalline phase to that of the fresh one except the diffraction
peak intensity decreased slightly. In brief, the catalyst does not
exhibit signicant loss of activity, indicating that the catalyst
has good stability for photocatalysis.

3.4 Photocatalytic oxidative desulfurization mechanism

The radicals trapping experiment was conducted to well explain
the photocatalytic mechanism. Active mediates including
hydroxyl radicals (cOH), superoxide radicals (cO2

�) and holes
(h+) were detected by adding isopropanol (IPA), p-benzoquinone
(p-BQ) and disodium ethylenediaminetetraacetate (EDTA-2Na)
to the reaction system, respectively. It can be observed in
RSC Adv., 2017, 7, 51046–51054 | 51051
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Fig. 8 (A) Desulfurization rates of 5 wt% Nb2O5/Bi2WO6 catalyst reused for different cycles; (B) XRD patterns of the fresh and used 5 wt% Nb2O5/
Bi2WO6.

Fig. 9 Trapping experiments of active species under visible light
irradiation in the presence of 5 wt% Nb2O5/Bi2WO6.
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Fig. 9 that the desulfurization rates corresponding to four
experiments, with no radicals trapping agent or with different
radicals trapping agents, follow this order: no scavenger > IPA >
p-BQ > EDTA-2Na. It was implied that the cOH do not play
a predominant role for the desulfurization. While cO2

� and h+

are the main contributors to the sulfur removal in the catalytic
Table 1 Effect of different systems on the sulfur removal of DBT

Items Conditions Desulfurization rate (%)

1 H2O2 + DBT 12.24
2 CH3OH + DBT 39.52
3 H2O2 + DBT + CH3OH 41.14
4 H2O2 + DBT + Nb2O5/Bi2WO6 25.86
5 H2O2 + DBT + Nb2O5/

Bi2WO6 + CH3OH
99.31

51052 | RSC Adv., 2017, 7, 51046–51054
system containing Nb2O5/Bi2WO6 heterojunction photocatalyst.
Functions of the members in the PODS system were also
investigated in Table 1, experiments were conducted with irra-
diation. Based on the desulfurization rates for systems with
different combinations, the catalytic function of Nb2O5/Bi2WO6

is well proved. CH3OH, acting as the solvent, plays an important
role in the desulfurization aer the efficient conversion of the
DBT to polar sulfur compounds. In this one pot process, CH3OH
was added into the system simultaneously with all the other
components, the formed polar sulfur compounds can be
extracted in time, which is in favour of the proceeding of the
reaction. In such PODS system Nb2O5/Bi2WO6, H2O2 and
CH3OH have a good synergistic effect and anyone of them is
absolutely necessary.

An analysis of the oxidation product is of great importance in
investigating the reaction mechanism. The model fuel before
and aer PODS and the used methanol were analysed with GC-
Fig. 10 GC-MS analysis of model fuel and the products for oil phase
and methanol phase.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 GC patterns of model fuel before and after PODS.
Fig. 12 The possible photocatalytic oxidation desulfurization mech-
anism on 5 wt% Nb2O5/Bi2WO6.
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MS, and the results were shown in Fig. 10. Based on the MS
results, dibenzothiophene sulfone (DBTO2) is undoubtedly the
only oxidation product of DBT. In PODS the extraction can
effectively transfer DBTO2 into the methanol phase, which is
easily separated from the model fuel, thus the deep desulfur-
ization was achieved.

In order to check whether the photocatalytic oxidation
process damaged the hydrocarbons in the model fuel except the
sulfur compound, the model fuel before and aer PODS were
detected by GC and the results were shown in the Fig. 11. The
peaks were ascribed to the dodecane and its isomer in model
fuel. Compared with the model fuel before PODS, the peaks of
the model fuel aer PODS almost have not changes, which
illustrated PODS doesn't bring side effects on the composition
of the hydrocarbon. Thus, PODS present a good selectivity for
the removal of DBT in the dodecane.

Based on the above founding and the previous reports,5,6,46,48

here we propose a possible mechanism for the PODS reaction
on Nb2O5/Bi2WO6, as schematically shown in Fig. 12. For
a semiconductor, the valence band (VB) and conduction band
(CB) can be calculated according to the empirical equations:

EVB ¼ c � Ee + 0.5Eg (4)

ECB ¼ Eg � EVB (5)

where EVB is the valence band edge potential, ECB is the
conduction band edge potential, c is the absolute electronega-
tivity of the semiconductor, Ee is the energy of free electrons on
the hydrogen scale (about 4.5 eV vs. NHE), and Eg is the band
gap. The c values for Nb2O5 and Bi2WO6 are 5.55 eV and 6.36 eV,
respectively.30,35 Thus, the EVB of Nb2O5 and Bi2WO6 were
calculated to be 2.59 eV and 3.22 eV vs. NHE, and the ECB of
them were determined to be �0.49 eV and 0.49 eV vs. NHE,
respectively.

When the composite material is irradiated under visible
light, the photogenerated electron injects to CB, while the hole
is le on VB. It has been demonstrated that the CB and VB of
This journal is © The Royal Society of Chemistry 2017
Bi2WO6 and Nb2O5 are interlaced. Thus the hole and electron
can transfer between the two phases. The photogenerated
electrons on the CB of Nb2O5 efficiently transferred to CB of
Bi2WO6, simultaneously the photogenerated holes effectively
migrated from Bi2WO6 to Nb2O5, which suppresses the recom-
bination process of photogenerated carries. In a reaction
process, rstly, the reactant DBT adsorbed on the surface of
Nb2O5/Bi2WO6 to form a surface charge transfer complex.
Secondly, the photogenerated electron transferred to CB can
quickly move and possess strong reducibility, such electron
reacts with H2O2 and oxygen (O2) dissolving in solution to form
cOH and cO2

� radicals.48,49 DBT molecule was directly oxidized
to the DBTO2 by cOH and cO2

� radicals. In addition, the pho-
togenerated holes possess strong oxidizability, which can
capture the lone pair electrons belonging to the sulfur atom of
DBT molecule to forming C12H8Sc

+, and then further forming
DBTO2. Finally, the corresponding sulfones were extracted with
methanol to achieve the purpose of deep desulfurization.
4. Conclusions

In summary, based on the interlaced CB and VB of Bi2WO6 and
Nb2O5, novel Nb2O5/Bi2WO6 heterostructured composites
materials were successfully synthesized via one-pot sol-
vothermal route. It has the good stability, and it also exhibited
better visible light photocatalytic activity than pure Bi2WO6 and
Nb2O5 in PODS. Its synergistic effect with CH3OH and H2O2 in
the photocatalytic system accounts for the high desulfurization
rates. In PODS, h+ and cO2

� make more contribute than cOH to
the sulfur removal in the photocatalytic system containing
Nb2O5/Bi2WO6 heterojunction photocatalyst, H2O2 and CH3OH.
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