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ABSTRACT

Bi,O0, Bi,WO, (BW) and Bi,0,/Bi,WO, composites (BBWs) were synthesized by the single-step
solvothermal method. Numerous Bi,O,/BW molar ratios were used to generate various BBWs and their
surface characteristics and photocatalytic activities were measured and compared. Ethylene glycol was
used as a solvent in the solvothermal process and C.I. Reactive Red 2 (RR2) was the target pollutant.
The surface properties of BBWs were elucidated by X-ray diffraction, UV-vis spectrophotometry, scan-
ning electron microscopy, transmission electron microscopy, energy dispersive X-ray spectroscopy,
specific surface area analysis, zeta potential analysis and X-ray photoelectron spectroscopy. The effects
of photocatalyst dosage, pH and RR2 concentration on RR2 photodegradation were also elucidated.
The RR2 photodegradation rate in all BBWs systems under simulated solar light irradiation exhibited
pseudo-first-order kinetics and a molar ratio of Bi,O,/BW of 0.5 (0.5 BB) yielded the highest photocat-
alytic activity, which was approximately 6.1 times higher than that of BW. The RR2 photodegradation
efficiency increased with the photocatalyst dosage; it declined as the RR2 concentration or pH
increased. The enhanced photocatalytic activity of BBWs was attributed to the effective separation of
electron-hole pairs between Bi,O, and BW; holes and superoxide radicals were the dominant active
species in the photocatalytic system.
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1. Introduction

Photocatalysis is regarded as a cost-effective method for
decomposing organic pollutants completely into harmless
chemicals [1]. Bismuth-based oxides appear to be good candi-
dates, because most of them respond strongly to visible light,

* Corresponding author.

owing to the interaction between Bi (6s) and O (2p) orbitals
at the top of the valence band [2]. Bismuth tungstate (Bi,WO,,
BW) is one of the simplest members of the Aurivillius oxide
family and is a visible light-responsive photocatalytic mate-
rial; however, the rapid recombination of photogenerated
electron-hole pairs seriously limits its efficiency of energy
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conversion [3,4]. Designing efficient BW-based photocata-
lysts to oxidize organics remains a challenge.

Heterogeneous photocatalytic reactions normally
occur on the surface of a photocatalyst or co-photocatalyst,
which provides active reduction or oxidation sites to pro-
mote the separation of photogenerated electrons and holes.
The species and properties of a co-photocatalyst impor-
tantly affect photocatalytic efficiency. In recent years,
heterostructural composites of pairs of semiconductors
have been recognized as promising in the development
of highly efficient photocatalytic materials. The different
bandgap potentials in heterostructures can induce irre-
versible charge carrier separation and transfer at the inter-
face, weakening the recombination process and promoting
efficient electron-hole separation, increasing photocata-
lytic activity [5-7]. To improve the photocatalytic activity
of BW, an appropriate photocatalyst can be incorporated
into it to broaden the spectral range of its visible light pho-
toresponse or to promote the separation of carriers, as in
TiO,/BW [8-12], Bi,O,/BW [5-7,13,14], Bi,S,/BW [15,16],
BiVO,/BW [1,17-19], Bi,M0oO/BW [20], BiFeO,/BW [21]
and so on.

Chaiwichian et al. [18] synthesized BiVO,/BW heterojunc-
tion photocatalysts using the hydrothermal method and found
that the photocatalytic activity was highest at a BiVO,: BW
molar ratio of 0.5:0.5. The enhanced photocatalytic activity
of BiVO,/BW photocatalysts is attributable the improved
charge separation with different energy levels of BiVO,
and BW. Xue et al. [19] prepared BiVO,/BW composite by
solvothermal synthesis and found that BiVO,/BW compos-
ite with a 50% molar percentage of BiVO, exhibited excellent
photocatalytic activity. Their experimental results revealed
that a photoinduced interfacial charge transfer process for
separating and transporting the photogenerated electron-hole
pairs has a critical role in the enhanced photocatalytic per-
formance of the BiVO,/BW composites. Ju et al. [1] synthe-
sized BiVO,/BW composite by a hydrothermal process
that was followed by calcination at 873 K and found that it
exhibited greater photocatalytic activity than BiVO, BW
and un-calcined BiVO,/BW in the degradation of rhodamine
B (RhB). BiFeO,/BW composites were prepared by the cou-
pling of precipitation with hydrothermal methods and showed
higher activity at the 1:1 molar ratio of BiFeO,/BW than BiFeO,
and BW [21]. Li et al. [6] synthesized Bi,O,/BW composites
(BBWs) using a microwave-assisted hydrothermal method.
Gui et al. [5] generated BBWs using a two-step solvothermal
process with BW as the substrate. Hao et al. [14] synthesized
BBWs via a solution combustion method. Photocatalytic
experiments reveal that BBWs exhibit greater photocatalytic
activity than Bi,0, and BW [5-7,13,14].

Various methods were used to prepare heterojunc-
tion materials; they include the hydrothermal process,
the sonochemical method, the solvothermal process,
the solid-state reaction method, co-precipitation, the
sol-gel method, microwave synthesis and chemical
deposition. The solvothermal method can yield photo-
catalysts with a smaller particle size and a larger sur-
face area than obtained using the hydrothermal method
[11]. This study is the first to use the single-step solvo-
thermal process to prepare BBWs. The photocatalytic
activity of BBWs was evaluated by the photodegradation

of C.I. Reactive Red 2 (RR2). The objectives of this study
are (i) to synthesize BBWs with various Bi,0,/BW molar
ratios; (ii) to measure the physicochemical properties and
photocatalytic activities of the prepared BBWs; (iii) to
determine the effects of photocatalyst dosage, RR2 concen-
tration and pH on RR2 photodegradation and (iv) to com-
pare the stability and reusability of BW with that of BBWs.

2. Materials and methods
2.1. Materials

Bismuth nitrate (Bi(NO,),-5H,O) and sodium tungstate
(Na,WO,2H,0) were used as precursors in the formation
of Bi and W, respectively, to generate BW (Katayama,
Japan). Bismuth nitrate was also used as a precursor in the
formation of Bi,O,. Ethylene glycol (EG) was used as a sol-
vent in the solvothermal process (Katayama, Japan). RR2
(C,H,CLLNNa,O,S,) was purchased from Sigma Aldrich
(USA). To detect the active species that formed in the BBWs
system, superoxide radicals, holes and hydroxyl radicals were
detected by adding K,CrO, (Katayama, Japan), ethylenedi-
aminetetraacetic acid disodium salt (EDTA-2Na) (Katayama,
Japan) and isopropanol (IPA) (J.T. Baker, USA), respectively.
The pH of the solution was adjusted by adding 0.1 M HNO,
or NaOH during the reaction, both of which reagents were
purchased from Merck (USA). All reagents were of analytical
purity and used without further purification.

2.2. Synthesis of Bi,0,, BW and BBWs
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BW was prepared under conditions that were identi-
fied as optimal by Wu et al. [22]. 1.319 g sodium tungstate
and the desired amount of bismuth nitrate were added
to 70 mL EG and the resulting solution was vigorously
magnetically stirred. The mixtures were adjusted to pH 2 by
adding 10 M NaOH and stirring for 1 h. The mixtures were
sealed in a 100 mL Teflon-lined stainless steel autoclave and
heated at 433 K under self-generated pressure for 12 h; they
then were allowed to cool naturally to room temperature. The
precipitates were collected by filtration and washed using
50 mL 95% ethanol and 100 mL D.I. water to remove any
residual impurities. The samples were finally dried in air at
333 K for 24 h. Bi,O,/BW with five molar ratios (0.05, 0.1, 0.25,
0.5 and 1) were synthesized and denoted as 0.05 BB, 0.1 BB,
0.25BB, 0.5 BB and 1 BB, respectively. When no sodium tung-
state was added, the obtained powder was pure Bi,O,. BW
was prepared using a bismuth/tungsten molar ratio of 2. The
experimental conditions and procedures for synthesizing
Bi,O, and BW were the same as those for generating BBWs.

2.3. Characterization of photocatalysts

The crystal phases of the photocatalysts were
identified by X-ray diffraction (XRD) using a Bruker
D8 SSS-Advance diffractometer (Germany) with Cu-Ka
radiation (A = 1.5406 A) in the 20 range of 20°-80°. The
UV-vis diffusion reflectance spectra of the samples were
analyzed using a UV-vis spectrophotometer (JAS.CO-V670,
Japan) and used to calculate the bandgap energy of each pho-
tocatalyst. The morphology of each sample was observed by
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scanning electron microscopy (SEM, JEOL 6330 TE, Japan)
and transmission electron microscopy (TEM, JEOL 3010,
Japan). Energy dispersive X-ray spectroscopy (EDS, Bruker
Quantax 400 EDS) and EDS element mapping images were
used to analyze the elemental compositions of 0.5BB. The
Brunauer-Emmett-Teller (BET) surface area was obtained
by measuring the nitrogen adsorption-desorption isotherms
using a Micromeritics ASAP 2020 (USA) at a bath temperature
of 77 K. The surface charge of BBWs in aqueous solution was
measured using a zeta potential analyzer (BIC 90 plus, USA),
and used to calculate the pH of the zero point of charge (pH, ).
The surface compositions and chemical states were identified
using a PHI 5000 Versa Probe X-ray photoelectron spectro-
scope (XPS) (USA). All of the binding energies were obtained
from the XPS spectra following calibration by setting C,_to
284.6 eV. The concentrations of RR2 were evaluated by mea-
suring the absorbance of solutions at a wavelength of 538 nm
using a UV-vis spectrophotometer (Hitachi U5100, Japan).

2.4. Decolorization experiments

All experimental runs were conducted at 298 K. The con-
centration of RR2 was 20 mg/L in all experiments except those
performed to determine the effects of the RR2 concentration;
the photocatalyst dosage was 0.5 g/L in all experiments except
those carried out to determine the effects of the 0.5 BB dose;
and the solution pH was 3 in all experiments except those per-
formed to determine the effects of pH. In experiments with
scavengers added, the initial concentration of each scavenger
equaled themolar concentrationof0.5g/L.0.5BB. Decolorization
experiments were performed in a 3 L hollow cylindrical glass
reactor. A 400 W Xe lamp (200 nm < wavelength < 700 nm,
UniVex BT-580, Taiwan) was used to provide simulated solar
radiation. The intensity of the light from the lamp was 30.3
mW/cm? When the lamp was turned on, the RR2 removal
corresponded to photodegradation, and when the lamp was
turned off, the RR2 removal corresponded to adsorption. The
reaction medium was stirred continuously at 300 rpm and
aerated with air to maintain the suspension. Ten milliliter
aliquots were withdrawn from the photoreactor at predeter-
mined intervals. Suspended photocatalyst particles were sep-
arated by filtration through a 0.22 um filter (Millipore, USA).
Some experiments were conducted in triplicate and mean
values are reported.

To identify the contribution of photodegradation and
adsorption reactions to RR2 removal, the used Bi,O, and
0.5 BB particles were collected for use in desorption experi-
ments. 0.3 gused Bi,O, or 0.5 BB was added to 300 mL. NaOH
solution at pH 12 to remove the RR2 that was adsorped onto
the surface of the used Bi,O, and 0.5 BB. To investigate the
stability and reusability of BW and 0.5 BB, three cycles of
photodegradation on RR2 were performed. After each cycle
of photodegradation, the photocatalysts were separated from
the solution by filtration and reused in the following run.

3. Results and discussion
3.1. Physical characterization of photocatalysts
Fig. 1 displays the XRD patterns of Bi,O,, BW and BBWs.

2%

The crystal structures of the BBWs with different Bi,O,

contents yielded similar diffraction peaks. The peaks at 28.3°,
32.8°, 47.0°, 55.8°, 76.1°, and 78.6° correspond to the (11 3),
(200),(026), (313),(333), and (2 4 0) reflections of the
crystal phases of BW (JCPDS No.73-1126), respectively. BW
and BBWs exhibit good crystallinity; their distinct diffrac-
tion peaks corresponded to the orthorhombic BW phase and
the peaks at 27.9°, 32.7°, 46.9° and 55.7° corresponded to the
tetragonal Bi,O, phase (JCPDS no.27-0050). The diffraction
peaks of BBWs were similar to those of BW, revealing that the
introduction of Bi,O, did not alter the BW crystal structure.
Notably, no diffraction peaks from Bi,O, can be observed in
the XRD patterns of BBWs, perhaps because of the close dif-
fraction peaks of Bi,0, and BW and the high dispersion of
Bi, O, particles in the BBWs. No significant shifts in the princi-
pal diffraction peaks were observed, indicating that the Bi,O,
was present as a separate phase rather than being incorpo-
rated into the BW lattice [5].

The morphologies of BW, Bi,O, and 0.5 BB were studied
using SEM (Fig. 2) and TEM (Fig. 3). SEM images revealed
irregular nanoplate-like morphologies. These nanoplates
crossed each other and aggregated (Fig. 2). The BW particles
have diameters of about 10-30 nm and were ellipsoidal
(Fig.3(a)); the Bi,O, particles have diameters of approximately
30-50 nm and were spherical (Fig. 3(b)). TEM images display
many nanoparticles, which are anchored on the surface of
the BW nanosheet and the smaller nanosheet should be BW
(Fig. 3(c)). To confirm the composition of 0.5 BB, the 0.5 BB
sample was characterized by TEM-EDS. The EDS results
indicated that 0.5 BB contained only Bi, O and W elements
and the Bi/W atomic ratio that was calculated from the EDS
spectrum was approximately 74/26, which is close to the ideal
value (Bi/W = 75/25) for the experimental design, revealing
that Bi,O, and BW were solvothermally synthesized with a
similar rate.

Fig. 4 shows the UV-vis diffuse reflectance spectra of
Bi,0, BW and BBWs. According to the equation E = 1240/4,
where E, denotes the bandgap energy and 1 is the bandgap
wavelength, ) is determined by the wavelength that corre-
sponds to the intersection of the vertical and horizontal parts
of the spectrum [9]. The absorption edges of the BBWs did
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Fig. 1. XRD patterns of Bi,O,, BW and BBWs.
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Fig. 2. SEM image of photocatalyst (a) BW (b) Bi,O, (c) 0.5 BB.

not differ significantly from that of BW, which was approx-
imately 495 nm (Fig. 4). Zhang et al. [17] also identified no
obvious difference between the bandgap absorption edges
of the BiVO, and BiVO,/BW composites. The corresponding
bandgaps of Bi,O,, BW, 0.05 BB, 0.1 BB, 0.25 BB, 0.5 BB and
1 BB are calculated to be 3.5, 2.9, 3.2, 3.2, 3.2, 3.2 and 3.3 eV,
respectively (Table 1). The bandgap energies of the series of

BBWs exceed that of BW and are less than that of Bi,O,. Fig. 3. TEM image of photocatalyst (a) BW (b) Bi,O, (c) 0.5 BB.
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XPS was conducted to determine the surface chemical
composition and chemical states of 0.5BB. Figs. 5(a)—(c) dis-
play the XPS spectra of the Bi, W and O elements in the 0.5 BB.
Two symmetric peaks of Bi,, and Bi,,, were observed
at 163.4 and 158.2 eV, respectively (Fig. 5(a)), indicating
that all of the Bi in the 0.5 BB was in form of Bi** [23,24].
The XPS spectrum of W, exhibited two symmetric peaks
of W, and W, at 34.2 and 36.4 eV respectively, sug-
gesting that W was present in the state W [5] (Fig. 5(b)).
Owing to the presence of several types of nonequivalent
lattice O atoms, the XPS spectrum in the O, region is com-
plex and can be deconvoluted to four peaks at 530.8, 530.2,
529.0, and 531.6 eV (Fig. 5(c)), which are attributable to
~OH [25], Bi-O [26] in Bi,0, and Bi-O [6,27] and W-O [5] in
BW, respectively. The results demonstrate the co-existence
of Bi,O, and BW consistent with the above XRD analysis.
Based on the analysis of the O,_ region of the XPS spectrum
of the BBWSs, the —OH contents on the surfaces of BW, 0.05
BB, 0.1 BB, 0.25 BB, 0.5 BB and 1 BB were 19%, 10%, 11%,
7%, 10% and 9%, respectively. These XRD, SEM, TEM and
XPS results clearly demonstrated the formation of hetero-
junctions between Bi,0O, and BW herein. The close contact

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 4. UV-vis absorption spectra of SnO,, BW and BBWs.

between Bi,O, and BW may facilitate the formation of BBWs
heterojunctions, improving the carriers transfer rate and
separation efficiency during photocatalysis [27].
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Table 1
Surface characteristics of prepared photocatalysts
Photocatalysts BET surface area (m?/g) Bandgap (eV) pH,,. k (min™) R?
Bi,O, 454 3.5 4.4 0.1994 0.993
BW 100.3 2.9 2.2 0.0251 0.999
(0.0155)° (0.987)
(0.0152)° (0.999)°
0.05 BB 91.1 3.2 3.2 0.0587 0.999
0.1 BB 825 3.2 3.4 0.0727 0.998
0.25 BB 725 3.1 3.5 0.0599 0.997
0.5BB 71.0 3.2 3.3 0.1543 0.996
(0.085) (0.999)
(0.0738)° (0.999)°
1BB 67.8 33 3.3 0.0995 0.994
2nd run.

*3rd run.
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3.2. Photocatalytic activity of Bi,O,, BW and BBWs

273

Figs. 6(a) and (b) present the removal of RR2 by
adsorption and photodegradation, respectively. After
60 min of reaction, the percentages of RR2 adsorbed by
Bi,O,, BW, 0.05 BB, 0.1 BB, 0.25 BB, 0.5 BB and 1 BB were
98%, 19%, 29%, 36%, 46%, 73% and 78%, respectively (Fig.
6(a)). The RR2 adsorption percentage increased with the
Bi,O, content of the BBWs. The pH,_of all BBWs exceeded
that of BW (Table 1), indicating that coupling BW with Bi,O,
improved the adsorption of RR2 on the composites. After
60 min of reaction, the percentages of RR2 photodegraded by
Bi,O,, BW, 0.05 BB, 0.1 BB, 0.25 BB, 0.5 BB and 1 BB were 100%,
81%, 98%, 97%, 97%, 98% and 100%, respectively (Fig. 6(b)).
The photodegradation process followed pseudo-first-order
kinetics, In(C/C ) = -k, where C, is the initial concentration of
RR2; C is the concentration of RR2 after it was irradiated by
simulated solar light for a period of f; k is the photodegrada-
tion rate constant and ¢ is the irradiation time [11,21,22]. The
k values followed the order Bi,O,> 0.5 BB>1 BB > 0.1 BB >
0.25 BB > 0.05 BB > BW (Table 1). The percentages of RR2
adsorbed and photodegraded by Bi,O, were almost equal.
The photocatalytic activities of Bi,O, and 0.5 BB were further
clarified by performing desorption experiments.

The introduction of too little or too much BiO, into
BW did not contribute to the efficient separation of charge
carriers, resulting in unsatisfactory activity. When the Bi,O,
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Fig. 6. Comparisons of RR2 removal by Bi,O,, BW and BBWs

(a) adsorption (b) photodegradation ([RR2] = 20 mg/L, pH = 3,
[photocatalyst] = 0.5 g/L).

loading is low, the separation efficiency of photogenerated
electron-hole pairs is too low and the photocatalytic activity
of the composite does not reach its maximum. Excess covering
of BW with Bi,O, would reduce the photocatalytic activity of
BBWs because the interface of BBWs might act as the recom-
bination centers for photogenerated carriers. Furthermore,
excess cover of BW with Bi,O, would reduce the absorption
of light by BW. Apparently, 0.5 BB has the highest photocat-
alytic activity, which is approximately 6.1 times higher than
that of BW.

The photocatalytic behavior of particles is well known to
be closely related to their size and surface area. The surface
areas of solvothermally synthesized BW and BBWs were
higher than those of BW and BBWs that were prepared by
mechanochemical activation [29]. A larger surface area is
normally associated with smaller particles and a higher
adsorption capacity, resulting in greater photocatalytic activ-
ity. The surface area of BW exceeds that of BBWs, whereas
the photocatalytic performance of BW is weaker than that
of BBWs (Table 1). The effect of the specific surface area of
BBWs on its photocatalytic activity is negligible, as for a
BiFeO,/BW composite, possibly because the coexistence of
BiFeO, and BW causes the separation of electron and whole
pairs, enhancing photocatalytic activity [21].

Notably, the efficiencies of adsorption (98%) and
photodegradation (100%) of RR2 by Bi, O, were approximately
equal. Upon the addition of a photocatalyst to the photoca-
talysis system, adsorption and photodegradation reactions
proceeded simultaneously under light irradiation; however,
without light irradiation, only adsorption occurred. Hence,
the contributions of adsorption and photodegradation to the
decolorization of RR2 needed to be clarified. The used Bi,O,
and 0.5BB after the adsorption and photodegradation exper-
iments were collected for use in desorption experiments.
Figs. 7(a) and (b) plot the results of desorption from used Bi,O,
and 0.5BB, respectively. The theoretical mass of RR2 desorp-
tion from the used Bi,O, and 0.5BB after adsorption were 19.6
and 14.6 mg, respectively. The masses of RR2 desorbed from
the used Bi, O, after adsorption and photodegradation reac-
tions were 15.8 and 1.7 mg, respectively, corresponding to
81% and 9% of the theoretical RR2 desorption, respectively
(Fig. 7(a)). The obtained masses of RR2 desorption from the
used 0.5 BB after adsorption and photodegradation reactions
were 11.3 and 0.2 mg, respectively, corresponding to 77% and
1% of the theoretical RR2 desorption, respectively (Fig. 7(b)).
The desorption results revealed that the adsorped RR2 on
the surfaces of Bi,0, and 0.5BB could be further removed by
photodegradation; moreover, the photocatalytic efficiency of
0.5 BB greatly exceeded that of Bi,O,.

Figs. 8(a), (b) and (c) plot the effects of 0.5 BB dosage,
RR2 concentration and pH on the RR2 photodegradation,
respectively. The photodegradation efficiency of RR2 after
20 min of reaction increased from 82% to 99% as the 0.5 BB
dose increased from 0.25 to 1 g/L (Fig. 8(a)). This phenome-
non can be explained by the fact that the number of active
photogenerated species increased with the photocatalyst
dosage. The photodegradation efficiency of RR2 after 20 min
of reaction fell from 98% to 63% as the initial RR2 concentra-
tion increased from 10 to 40 mg/L (Fig. 8(b)). The degradation
efficiency declined as the initial RR2 concentration increased,
perhaps because a significant fraction of light is harvested
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Fig. 7. Desorption experiments of used Bi,O, and 0.5 BB (a) Bi,O,
(b) 0.5 BB.

by RR2 rather than 0.5BB in the presence of a high initial
concentration of RR2. Another possible reason is that the
products of the photocatalytic reaction may occupy some of
the reactive sites on 0.5BB, inhibiting RR2 degradation [30].
The photodegradation efficiency of RR2 after 20 min reaction
declined from 95% to 63% as the initial pH increased from 3
to 9 (Fig. 8(c)). The pH of the solution significantly influenced
the surface charge of the photocatalyst, the electrostatic inter-
action between the photocatalyst surface and the RR2 mol-
ecules, and the number of charged radicals. The efficiency
of adsorption of RR2 molecules onto the surface of 0.5 BB
improved as the pH value decreased (Fig. 8(c)). When the pH
value was relatively low, the surface of the BBWs tended to be
positively charged, resulting in a relatively high adsorption
of RR2. The higher adsorption of organic contaminants on
the surface of photocatalysts leads to greater photocatalytic
degradation; accordingly, powerful photocatalytic activity
was observed at low pH values (pH 3).

To elucidate the active species of photodegradation,
trapping experiments were performed using three sacrificial
agents in the photocatalysis process. Cr(VI) was used as the
photogenerated electron scavenger to determine whether
superoxide radicals were present. Cr(VI) [31], EDTA-2Na
[5,32] and IPA [5,32] were utilized as superoxide radicals,
holes and hydroxyl radical scavengers, respectively. Fig. 9
plots the photodegradation of RR2 by 0.5 BB in the presence of
different scavengers. The k values of 0.5 BB, IPA/0.5 BB, EDTA-
2Na/0.5 BB and Cr(VI)/0.5 BB systems were 0.154, 0.153, 0.003
and 0.065 min™, respectively. IPA only weakly inhibited the
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Fig. 8. Effects of 0.5 BB dose, RR2 concentration and pH on RR2
removal by 0.5 BB (a) 0.5 BB dose (b) RR2 concentration (c) pH.

photodegradation of RR2. Hence, holes and superoxide rad-
icals were inferred to be the dominant active species in this
photocatalytic system, and hydroxyl radicals played a minor
role in the photocatalytic reaction. The enhanced photocata-
lytic activity of BBWs is attributed to the effective separation
of electron-hole pairs between Bi,O, and BW [6]. The pho-
togenerated holes have been demonstrated to play a major
role in the degradation of organic compounds over BBWs [5].
Ju et al. [1] suggested that the holes and hydroxyl radicals
play key roles in the BiVO,/BW system for RhB degrada-
tion. The photogenerated holes and superoxide radicals play
critical roles in the photocatalytic process in an Ag,VO,/BW
system [30] and Bi,S,/BW system [16], which were similar
to the system in this study. Dong et al. [33] suggested that
photogenerated holes are the dominant oxidative species in
the degradation of RhB in reduced graphene oxide/BW com-
posites, in which the hydroxyl and superoxide radicals have
aminor role. Cheng et al. [34] found that superoxide radicals,



C.-H. Wu et al. / Desalination and Water Treatment 151 (2019) 56—65 63

08

06 ——0.5BB
-m-0.5BB (IPA)
—4—0.5BB (EDTA-2Na)
—e—0.5BB (Cr(VI))

C/C,

0.4

0.2

0 10 20 30 40 50 60
Time (min)

Fig. 9. Photodegradation of RR2 by 0.5 BB in the presence of
different scavengers ([RR2] =20 mg/L, pH =3, [0.5 BB] = 0.5 g/L).

rather than holes and hydroxyl radicals, are the major spe-
cies during photocatalysis. The involvement of active radi-
cals in the BW suspension is disputed; the roles of holes and
superoxide radicals in the degradation pathways have been
widely reported, whereas the participation of hydroxyl rad-
icals is seldom discussed [35]. The hydroxyl and superoxide
radicals play important roles in the photocatalytic processes
of CaSn(OH), [36], AgBr-Ag-BW [37] and In,0,/TiO, [38]
systems. Superoxide radicals are the major active reagent in
TiO,/Eosin Y/Rhodamine B [39] and TiO, [40] systems. This
study suggested that the active species of photodegradation
varied with the photocatalyst.

The estimation of reusability and stability is of utmost
practical importance. Recycling runs of RR2 degrada-
tion over BW and 0.5 BB were performed to evaluate the
photocatalytic stability of these systems (Fig. 10). Over
three cycles, the proportion of RR2 that was photodegraded
by BW in 60 min of reaction fell from 81% to 64%, and that
photodegraded by 0.5 BB fell from 98% to 97% (Fig. 10).
The k values of BW in runs 1, 2 and 3 were 0.0251, 0.0155
and 0.0152 min™, respectively, and those of 0.5 BB in runs
1, 2 and 3 were 0.1543, 0.085 and 0.0738 min, respectively
(Table 1). In each run, the rate of RR2 photodegradation
by 0.5BB exceeded that by BW. 0.5 BB does not exhibit
significant loss of activity after three cycles of photodegra-
dation of RR2, revealing that 0.5 BB has good stability and
reusability.

3.3. Possible photocatalytic mechanism

The photocatalytic activity of BW was enhanced by
coupling it with semiconductors that improved the charge
carrier separation; carrier transfer depended on the positions
of the conduction and valence bands (CB and VB) in the
heterostructural composite [35]. To provide insight into the
mechanism of the improvement of the photocatalytic activity
of the BBWs, the positions of the CB and VB were calculated
using the following empirical equation (Egs. (1) and (2)). The
potentials of the CB and VB edges of Bi,O, and BW were
obtained using the equation that relates the Mulliken electro-
negativity and the bandgap of a photocatalyst [6,41,42],

Eq= X—E ~05E, "

—e—BW (Ist)
—=-BW (2nd)
—+—BW (3rd)
——0.5BB (Ist)
—=-0.5BB (2nd)
——0.5BB (3rd)

08
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/e,

0.4

02
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Fig. 10. Profiles of cyclic photocatalysis for RR2 in BW and 0.5 BB
systems ([RR2] =20 mg/L, pH = 3, [photocatalyst] = 0.5 g/L).

Ey=Eg+ E, @
where E;, E; and E_ are the bottom energy of CB and VB
relative to the NHE level and the bandgap of the photocata-
lyst, respectively; X is the geometric mean of the Mulliken
electronegativities of the constituent atoms in the photocat-
alyst, and E is the energy of free electrons on the hydrogen
scale (4.5 eV) [41]. The X values for BW and Bi,0, are 6.20 and
5.92 [42], respectively, and the bandgap energies of BW and
Bi,O, are 2.9 and 3.5 eV, respectively (Table 1). The E_, val-
ues of BW and Bi,O, are determined to be 0.25 and —0 33 eV
relative to the NHE level respectively. Correspondingly, the
E,; values of BW and Bi,O, are obtained as 3.15 and 3.83 eV,
respectively. In the BBWs, only BW was excited by simulated
solar light irradiation. Under simulated solar irradiation,
electrons in the VB of BW were excited to the CB of BW,
leaving the same amount of holes in the VB of BW. Then,
electrons in the CB of BW were injected into the VB of Bi,O,
because the CB of BW is more negative than the VB of Bi,O..
This transference can effectively suppress the recombination
of electron-hole pairs, enhancing the photocatalytic activity
of BBWs over that of pure BW and Bi,0O,. Meanwhile, numer-
ous photogenerated holes that are accumulated in the VB of
BW can directly decompose RR2. The resulting separation of
photogenerated electrons and holes may facilitate the trans-
fer of charge carriers and retard the recombination of elec-
tron-hole pairs, improving photocatalytic performance [6].
Bing et al. [28] indicated that photogenerated electrons in
the CB of BW are transferred to the VB of Bi,O,, effectively
preventing the recombination of electrons and holes in Bi,O,
and BW. The findings of this study were similar to those of
Bing et al. [28]. However, Hao et al. [14] suggested that the
enhanced activity is attributable to the transfer of electrons
from Bi,O, to BW. The differences can be attributed to the
different methods for synthesizing BBWs that were used in
this study and that of Hao et al. [14].

4. Conclusions

In this study, BBWs with high photocatalytic activity were
synthesized. The XRD, SEM, TEM and XPS results strongly
revealed the formation of heterojunctions between Bi,O, and
BW, and coupling Bi,O, on BW improved the adsorption of
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RR2 on BBWs. The RR2 photodegradation rate constants fol-
lowed the order Bi,0O, > 0.5 BB > 1 BB > 0.1 BB > 0.25 BB >
0.05 BB > BW. 0.5 BB exhibited a high separation efficiency of
the photogenerated electron-hole pairs, effectively suppress-
ing the recombination of electrons and holes, extending the
lifetime of the charge carriers and enhancing the efficiency of
photodegradation of RR2.
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