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a b s t r a c t

Bi2AlVO7 was prepared by solid-state reaction technique for the first time and the structural and pho-
tocatalytic properties of Bi2AlVO7 and Bi2InTaO7 were investigated. The results showed that Bi2AlVO7

crystallized in the tetragonal crystal system with space group I4/mmm. In addition, the band gaps of
Bi2AlVO7 and Bi2InTaO7 were estimated to be about 2.06 and 2.81 eV. The photocatalytic degradation of
eywords:
hotocatalyst
i2AlVO7

tructural characterization
hotocatalytic degradation

aqueous methylene blue (MB) dye with Bi2AlVO7 or Bi2InTaO7 as catalyst was investigated under visible
light irradiation. Bi2AlVO7 showed higher photocatalytic activity compared with Bi2InTaO7 for photo-
catalytic degradation of MB under visible light irradiation. Complete removal of aqueous MB dye was
realized after visible light irradiation for 160 min with Bi2AlVO7 as the photocatalyst. The reduction of the
total organic carbon (TOC) and the formation of inorganic products, SO4

2− and NO3
− revealed the con-

tinuous mineralization of aqueous MB dye during the photocatalytic process. The possible photocatalytic
queou
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isible light irradiation degradation pathway of a

. Introduction

Since Honda and Fujishima discovered electrochemical pho-
olysis of water at a semiconductor electrode in 1972 [1], the
emiconductor photocatalysts and photocatalysis have attracted
xtensive attention from both academic and industrial organiza-
ions [2–10]. Up to now, some different structural photocatalysts
ave been produced to exploit effective utilization of solar energy
11–13]. In particular, large numbers of scientific investigations
bout the photocatalytic degradation of aqueous organic contami-
ants have been reported [14–25]. Among different contaminants,
ethylene blue (MB) dye is usually utilized as a probe contaminant

o evaluate the activity of a photocatalyst due to the high stability
gainst degradation in the natural environment [25–31]. However,
here are only a few research findings on MB dye degradation under
isible light irradiation [12,16,31–33]. Wang and Min [12] utilized
anocrystalline TiO2/polyaniline as catalyst to photodegrade MB

nder natural light irradiation (�: 190–800 nm) and found that MB
ould be degraded more efficiently on the TiO2/polyaniline than
n the TiO2. Tang et al. [16] utilized CaIn2O4 as catalyst to pho-
odegrade MB dye under visible light irradiation (� > 420 nm) and
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s MB dye was revealed under visible light irradiation.
© 2008 Elsevier B.V. All rights reserved.

ound that MB was degraded largely after visible light irradiation,
t the same time, the activity could be kept in a range of wave-
ength up to 580 nm. Asahi et al. [31] used films and powders of
iO2−xNx as catalyst to photodegrade MB under visible light irra-
iation (� < 500 nm) and found high photocatalytic reactivity. Yang
t al. [32] utilized H3PW12O40/TiO2 as catalyst to photodegrade MB
nder visible light irradiation (� > 420 nm) and found that MB could
e degraded more efficiently over H3PW12O40/TiO2 than over TiO2.
hao and co-workers [33] utilized surface-fluorinated TiO2 as cata-

yst to photodegrade MB under visible light irradiation (� > 450 nm)
nd found that the photodegradation rate of MB was 43.1% after
isible irradiation for 120 min. Therefore, it is in highly emergency
o develop novel visible light-driven photocatalysts showing high
ctivity.

Bi2AlVO7 is a member of the A2B2O7 compounds, but Bi2AlVO7
as never been produced and the data about its structural and pho-
ophysical properties such as space group and lattice constants have
ot been found previously. In addition, the photocatalytic proper-
ies of Bi2AlVO7 have not been studied by other investigators. We
onsider that Al3+ and V5+ can occupy the B site and Bi3+ can occupy

he A site in the A2

3+B2
4+O7 compound, then an increase in hole

carrier) concentration may be realized in Bi23+Al3+V5+O7, finally
change and improvement of the electrical transportation and

hotophysical properties can be found in the novel Bi23+Al3+V5+O7
ompound. We also confirm that Bi2AlVO7 may generate a slight

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jfluan@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.08.088
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odification of crystal structure and cause a change in photophys-
cal properties. Furthermore, it is proved that a slight modification
f a semiconductor structure will result in a remarkable change in
hotocatalytic properties [16]. In this contribution, we prepared
i2AlVO7 and Bi2InTaO7, then the structural, photophysical and
hotocatalytic properties of Bi2AlVO7 and Bi2InTaO7 were studied

n detail. The photocatalytic properties of Bi2AlVO7 and Bi2InTaO7
ere compared with that of TiO2 (P-25) for the purpose of eluci-
ating the structure–photocatalytic activity relationship.

. Experimental

The novel photocatalysts were prepared by a solid-state reac-
ion method. Al2O3, In2O3, Bi2O3, V2O5, Ta2O5 with purity of
9.99% (Sinopharm Group Chemical Reagent Co. Ltd., Shanghai,
hina) were utilized as starting materials. All powders were dried
t 200 ◦C for 4 h before the photocatalysts were synthesized. In
rder to synthesize Bi2AlVO7, the precursors were stoichiomet-
ically mixed, then pressed into small columns and put into an
lumina crucible (Shenyang Crucible Co. Ltd., China). Finally, a
alcination was carried out at 920 ◦C for 46 h within an elec-
ric furnace (KSL 1700X, Hefei Kejing Materials Technology CO.
td., China). Similarly, Bi2InTaO7 was synthesized by calcination at
050 ◦C for 46 h. The crystal structures of Bi2AlVO7 and Bi2InTaO7
ere analyzed by the powder X-ray diffraction method (D/MAX-RB,
igaku Corporation, Japan) with Cu K� radiation (� = 1.54056 Å).
he data were collected at 295 K with a step scan procedure
= 5–100◦. The step interval was 0.02◦ and the time per step was
.2 s. The chemical compositions of the photocatalysts were exam-
ned by scanning electron microscope-X-ray energy dispersion
pectrum (SEM-EDS, LEO 1530VP, LEO Corporation, Germany) and
-ray fluorescence spectrometer (XFS, ARL-9800, ARL Corporation,
witzerland). The oxygen content, Bi3+ content and V5+ content
f Bi2AlVO7 were examined by X-ray photoelectron spectroscopy
XPS, ESCALABMK-2, VG Scientific Ltd., U.K.). The chemical com-
osition within the depth profile of Bi2AlVO7 was examined by
he argon ion denudation method when X-ray photoelectron spec-
roscopy was utilized. The optical absorption properties of Bi2AlVO7
nd Bi2InTaO7 were analyzed with an UV–VIS spectrophotometer
Lambda 35, Perkin-Elmer Corporation, USA). The surface areas of
he photocatalysts were measured with the BET method (MS-21,
uantachrome Instruments Corporation, USA) with N2 adsorption
t liquid nitrogen temperature. The particle sizes of the photocat-
lysts were measured by Malvern’s Mastersize-2000 particle size
nalyzer (Malvern Instruments Ltd., United Kingdom).

The photocatalytic degradation of aqueous MB (Tianjin Kermel
hemical Reagent Co. Ltd.) was carried out with 0.3 g Bi2AlVO7 or
i2InTaO7 powder suspended in 100 mL MB solution within a pyrex
lass cell (Jiangsu Yancheng Huaou Industry, China). The photocat-
lytic reaction system consisted of a 300 W Xe arc lamp with the
ain emission wavelength at 436 nm (Nanjing JYZCPST Co. Ltd.),
magnetic stirrer and a cut-off filter (� > 420 nm, Jiangsu Nan-

ong JSOL Corporation, China). Aqueous MB solution was irradiated
ithin a rectangular steel reactor (9 cm × 9 cm × 90 cm), equipped
ith a photoreactor fabricated from a quartz tube (5.8 cm in diam-

ter and 68 cm in length). Xe arc lamp was surrounded with a
uartz jacket and was positioned within the inner part of the pho-
oreactor vessel through which a suspension of methylene blue
nd photocatalyst was circulated. An outer recycling water glass
acket maintained a near constant reaction temperature (22 ◦C),

nd the solution was continuously stirred and aerated. 2 mL aliquot
as sampled at various time intervals. The incident photon flux I0
easured by a radiometer (Model FZ-A, Photoelectric Instrument

actory Beijing Normal University, China) was determined to be
.51 × 10−6 Einstein L−1 s−1 under visible light irradiation (wave-

B
t
o

d

aterials 164 (2009) 781–789

ength range of 420–700 nm). The incident photon flux on the
hotoreactor was varied by adjusting the distance between the
hotoreactor and the Xe arc lamp.

The concentration of the photocatalyst was 3 g L−1 and the MB
oncentration was 0.0506 mmol L−1 (mol m−3) with the initial pH
alue of 7.0. The MB concentration was examined using a UV–VIS
pectrometer (Lambda 35, Perkin-Elmer Corporation, USA) with the
etecting wavelength at 670 nm. The inorganic products acquired
rom MB degradation were detected by ion chromatograph (DX-
00, Dionex Corporation, USA). The identification of MB and the
egradation products was carried out by LC–MS (ThermoQuestLCQ
uo, USA) with beta basic-C18 HPLC column (150 × 2.1 mm i.d.,
�m, Finnigan, Thermo, USA). 20 �L of the solution after photocat-
lytic reaction was injected automatically into the LC–MS system.
he eluent contained 60% methanol and 40% water, and the flow
ate was 0.2 mL min−1. MS conditions were as follows: the electro-
pray ionization interface was selected. The capillary temperature
as adjusted to 27 ◦C by a voltage of 19.00 V. The spray voltage was
000 V and the sheath gas flow rate was 18 arb. The spectrum was
btained within the negative ion scan mode, over the m/z range
rom 50 to 600.

Total organic carbon (TOC) was measured with a TOC analyzer
TOC-5000, Shimadzu Corporation, Japan). The photonic efficiency
as obtained according to following equation [34,35]:

= R

I0

here ϕ is the photonic efficiency (%), R the MB degradation rate
mol L−1 s−1), and I0 is the incident photon flux (Einstein L−1 s−1).

. Results and discussion

Fig. 1(a) shows X-ray diffraction patterns of Bi2AlVO7 and
i2InTaO7. SEM images of Bi2AlVO7 and Bi2InTaO7 are illustrated

n Fig. 2(a) and (b), respectively. SEM-EDS spectrum of Bi2AlVO7 is
llustrated in Fig. 3. The powder X-ray diffraction analysis showed
hat Bi2AlVO7 or Bi2InTaO7 was a single phase. It could be seen
rom Fig. 2 that the particle distribution of Bi2AlVO7 or Bi2InTaO7
as homogeneous and the particle morphology was regular. The

verage particle size of Bi2AlVO7 or Bi2InTaO7 was measured to
e 1.5 or 1.2 �m by using Malvern’s Mastersize-2000 particle size
nalyzer. Furthermore, it also could be seen from Fig. 2(a) that
i2AlVO7 possessed high crystallinity and characteristic lamellar

umpish crystal structure, which probably resulted in a decrease
or the migration distance of photogenerated electrons and holes
o reach the reaction site on the surface, then the creation of active
ites was realized [36]. As a result, it would probably improve the
hotocatalytic activities. The chemical composition of the com-
ound was examined by using characteristic X-rays of Bi M, Bi
, V K, Al K and O K with the ZAF (element number, absorption
nd fluorescence corrections) quantification method. The SEM-EDS
nalysis revealed that Bi2AlVO7 had a homogenous atomic dis-
ribution without other impure elements. Fig. 4 shows the XPS
pectrum of Bi3+ coming from Bi2AlVO7. An average atomic ratio of
i:Al:V:O = 2.00:0.98:1.02:6.98 for Bi2AlVO7 was acquired accord-

ng to XPS, SEM-EDS and XFS analysis. In addition, XRD results
lso showed that Bi2AlVO7 was a single phase. According to XPS
nalysis, the oxidation state of Bi, Al, V, and O ion is +3, +3, +5
nd −2, respectively. Based on above analysis, it could be con-
luded that the chemical formula of the novel compound was

i2.00

3+Al0.98
3+V1.02

5+O6.98
2− (predigested as Bi2AlVO7). According

o above results, we could conclude that the resulting materials are
f high purity under our preparation conditions.

Full-profile structure refinement of the collected powder
iffraction data for Bi2AlVO7 and Bi2InTaO7 was performed with
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Fig. 2. SEM images of Bi2AlVO7 and Bi2InTaO7. (a) Bi2AlVO7, (b) Bi2InTaO7.

he Rietveld program REITAN [37], by which positional parameters
f Bi2AlVO7 and Bi2InTaO7 were refined. The refinement results of
i2AlVO7 and Bi2InTaO7 are shown in Fig. 1(b) and (c). The atomic
oordinates and structural parameters of Bi2AlVO7 and Bi2InTaO7
re indicated in Tables 1 and 2. The result of the final refinement
or Bi2AlVO7 confirmed a good agreement between the observed
ntensities and calculated intensities for the tetragonal crystal sys-
em with space group I4/mmm when the O atoms are included
n the model. The lattice parameters of Bi2AlVO7 were found to
e a = 3.9294(1), b = 3.9294(1), c = 15.3469(9) Å. All the diffraction
eaks of Bi2AlVO7 could be successfully indexed according to
bove lattice constant and space group. The final refinement result
f Bi2InTaO7 generated the unweighted and weighted R factors,
P = 11.16%, RWP = 14.91% with the pyrochlore type crystal struc-
ure, cubic system and space group Fd3m when the O atoms are
ncluded in the model, as a result, the lattice parameter of Bi2InTaO7
s obtained to be a = 10.7464(1) Å. Our X-ray diffraction results
ndicated that Bi2AlVO7 and Bi2InTaO7 crystallized with differ-
nt structures. The cubic system structure with space group Fd3m

or Bi2InTaO7 were changed into tetragonal system structure with
pace group I4/mmm by using Ta5+ being substituted by V5+ and In3+

eing substituted by Al3+. The refinement results of Bi2AlVO7 gener-
ted the unweighted R factor, RP = 12.9% with space group I4/mmm.

ig. 1. (a) X-ray powder diffraction patterns of Bi2AlVO7 and Bi2InTaO7. (b)
ietveld refinement results of XRD data for Bi2AlVO7 by a solid-state reaction
ethod at 920 ◦C. A difference (observed − calculated) profile is shown beneath.

he tic marks represent reflection positions. (c) Rietveld refinement results of
RD data for Bi2InTaO7 by a solid-state reaction method at 1050 ◦C. A difference

observed − calculated) profile is shown beneath. The tic marks represent reflection
ositions.
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was 5.27 × 10−6 mol s−1 m−3. At the same time, a SO4

2− ion con-
centration of 0.0329 mol m−3 and a NO3

− ion concentration of
0.1518 mol m−3 were detected within the solution after the photo-
catalytic reaction for 160 min, indicating that 65% of sulfur coming
Fig. 3. SEM-EDS spectrum taken from Bi2AlVO7.

ou et al. [4] refined the crystal structure of Bi2InNbO7 and acquired
large R factor for Bi2InNbO7, which was owing to a slightly mod-

fied structure model from Bi2InNbO7. The high pure precursors
ere used in this study, thus the effect of minor impurities on

he structure of Bi2AlVO7 or Bi2InTaO7 could be excluded, which
as further supported by the experimental results that impurities
ere not detected by EDS analysis. Therefore, we supposed that the

light high R factor for Bi2AlVO7 was derived from a slightly modi-
ed structure model for Bi2AlVO7. It should be emphasized that the
efects, disorder or order of partial atoms could result in the change
f structures, including different bond-distance distributions, ther-
al displacement parameters or occupation factors for some of the

toms.
Fig. 5 shows the results of diffuse reflection spectra of Bi2AlVO7

nd Bi2InTaO7. For Bi2AlVO7, an average absorption of less than
8.0% was obtained from 600 to 800 nm. For Bi2InTaO7, an average
bsorption of less than 1.2% was acquired from 500 to 800 nm. In
ontrast to the well-known TiO2 which showed absorption edge
t about 400 nm, the novel synthesized Bi2AlVO7 exhibited obvi-
us absorption in visible light region up to 598 nm, which made
lear that Bi2AlVO7 had the ability to respond to visible light. For
crystalline semiconductor compound, it is known that the opti-

al absorption near the band edge of semiconductor compound
ollows the equation [38,39]: ˛h� = A(h� − Eg)n. A, ˛, Eg and � are
roportional constant, absorption coefficient, band gap and light

1/n
requency, respectively. Fig. 6 shows the Plot of (˛h�) versus h�
or Bi2AlVO7 and Bi2InTaO7. It could be seen from Fig. 6 that the
and gaps of Bi2AlVO7 and Bi2InTaO7 were calculated to be 2.06
nd 2.81 eV, indicating that Bi2AlVO7 possessed narrower band
ap compared with that of Bi2InTaO7. This may imply that the

able 1
tructural parameters of Bi2AlVO7 prepared by solid-state reaction method

tom x y z Occupation factor

i 0.0000 0.5000 0.2500 1.0
l 0.0000 0.5000 0.0000 0.5

0.0000 0.5000 0.0000 0.5
(1) 0.0000 0.0000 0.0000 1.0
(2) 0.0000 0.0000 0.3317 1.0
(3) −0.2558 0.5000 0.0000 1.0

able 2
tructural parameters of Bi2InTaO7 prepared by solid-state reaction method

tom x y z Occupation factor

i 0.0000 0.0000 0.0000 1.0
n 0.5000 0.5000 0.5000 0.5
a 0.5000 0.5000 0.5000 0.5
(1) −0.1862 0.1250 0.1250 1.0
(2) 0.1250 0.1250 0.1250 1.0 F

r

Fig. 4. XPS spectrum of Bi3+ derived from Bi2AlVO7.

hotoabsorption of Bi2AlVO7 is stronger than that of Bi2InTaO7,
hich may cause a higher photocatalytic activity of Bi2AlVO7 than

hat of Bi2InTaO7. Usually, the photoabsorption of the photocata-
yst depends on the mobility ability of electron-hole pairs, which
etermines the probability of electrons and holes to reach reaction
ites of the photocatalyst surface.

MB degradation with Bi2AlVO7, Bi2InTaO7 or TiO2 as the
hotocatalyst under visible light irradiation (� > 420 nm) within
xygen-saturated suspension ([O2]sat = 1.02 × 10−3 M), is shown
n Fig. 7. By means of Bi2AlVO7, the results indicated that the
olution color changed from deep blue to colorless and MB con-
entration within the solution decreased to 0 mol m−3 after visible
ight irradiation for 160 min. The initial rate of MB degradation
ig. 5. Diffuse reflection spectra of Bi2AlVO7 and Bi2InTaO7 prepared by a solid-state
eaction method.
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Fig. 6. Plot of (˛h�)1/n versus h� for Bi2AlVO7 and Bi2InTaO7.

rom MB was turned into sulfate ion. By identifying the pho-
odegradation intermediates of MB in our experiment, we found
hat the photodegradation intermediates were azure B, azure
, thionine, phenothiazine, leucomethylene blue, N,N-dimethyl-
-phenylenediamine, benzenesulfonic acid, phenol and aniline.
ased on the intermediate products found in this work, a possi-
le photocatalytic degradation pathway of MB is proposed in Fig. 8.
he methyl groups were turned into smaller organic species and
ltimately were mineralized to inorganic products such as CO2,
H4

+, NO3
− and SO4

2−. The sulfur was hydrolytically removed first,
hen the sulfur was subsequently oxidized and transformed into
O4

2−, at the same time, nitrogen atoms with −3 oxidation state
roduced NH4

+ cations, subsequently NH4
+ cations were converted

nto NO3
− ions. It was clear that aqueous MB was mainly mineral-
zed rather than being bleached under our experimental conditions
wing to the decrease of the TOC (100%) after 160 min irradia-
ion. Hidaka and co-workers [29] decomposed MB with TiO2 as
atalyst under UV illumination and they found that the photocat-

ig. 7. Photocatalytic methylene blue degradation under visible light irradiation
� > 420 nm) within oxygen-saturated suspension ([O2]sat = 1.02 × 10−3 M) by the
xistence of Bi2AlVO7 and Bi2InTaO7, as well as TiO2.
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lytic degradation pathway of MB was as following intermediates
rder: azure B, azure A, azure C, thionine and phenothiazine. It is
bvious that the photocatalytic degradation pathway of MB was
imilar between their results [29] and our results. The difference
f the photocatalytic degradation pathway of MB was that we did
ot find azure C but we found leucomethylene blue, benzene-
ulfonic acid and N,N-dimethyl-p-phenylenediamine. Herrmann
nd co-workers [30] also investigated the TiO2/UV photocatalytic
egradation pathway of MB and they found that the photodegrada-
ion intermediates of MB were mainly aromatic metabolites such
s phenothiazine, hydroxyhydroquinone, benzenesulfonic acid and
henol. They [30] considered that the initial step of MB degradation
as ascribed to the cleavage of the bonds of the C–S+ C functional

roup within MB. The photocatalytic degradation pathway of MB
ccomplished by Herrmann and co-workers [30] and us was also
imilar because we achieved some consilient photodegradation
ntermediates of MB such as phenothiazine, benzenesulfonic acid
nd phenol. However, the difference of the photocatalytic degrada-
ion pathway of MB was that we did not find hydroxyhydroquinone
ut we found leucomethylene blue, azure B, azure A and thionine.

The initial photonic efficiency was calculated to be 0.117% for
i2AlVO7. However, with Bi2InTaO7 as the catalyst, aqueous MB
oncentration decreased only from 0.0506 to 0.0371 mol m−3 after
isible light irradiation for 160 min and the initial rate of MB
egradation was 1.41 × 10−6 mol s−1 m−3. The initial photonic effi-
iency was calculated to be 0.031% for Bi2InTaO7. Simultaneously, a
O4

2− ion concentration of 0.0090 mol m−3 and a NO3
− ion con-

entration of 0.0405 mol m−3 were detected within the solution
fter the photocatalytic reaction for 160 min, indicating that 67%
f sulfur derived from MB was turned into sulfate ion. The result
howed that the rate of MB degradation with Bi2AlVO7 as the cat-
lyst was higher than MB degradation rate with Bi2InTaO7 as the
atalyst, indicating that Bi2AlVO7 was more active for MB photo-
atalytic degradation under visible light irradiation compared with
i2InTaO7. The surface areas of Bi2AlVO7 and Bi2InTaO7 were 1.14
nd 1.26 m2 g−1, respectively. This clearly proved that the higher
hotocatalytic activity of Bi2AlVO7 was not attributed to the large
urface area.

By means of TiO2, visible light irradiation for 160 min caused
he decrease of MB concentration from 0.0506 to 0.0361 mol m−3.
he initial rate of MB degradation and the photonic efficiency were
.51 × 10−6 mol s−1 m−3 and 0.033%. In addition, SO4

2− ion was not
etected within the solution after the photoreaction. The results

ndicated that MB degradation rate with Bi2InTaO7 as the cata-
yst was almost identical to MB degradation rate with TiO2 as the
atalyst, indicating that TiO2 was inactive for MB photocatalytic
egradation under visible light irradiation.

One of the photocatalytic degradation mechanism of MB under
isible light irradiation was as follows: the direct absorption of pho-
ons by Bi2AlVO7 resulted in the generation of excited electrons
ithin the conduction band and photogenerated holes within the

alence band of Bi2AlVO7. The excited electrons within the con-
uction band of Bi2AlVO7 could be captured by surface sorbed O2,
hich eventually suppressed the recombination of photogenerated

lectrons and photogenerated holes. As a result, the photogener-
ted holes within the valence band of Bi2AlVO7 could serve as the
xidizing species for inducing MB photodegradation.

Another two possible degradation mechanisms of MB with
i2AlVO7 or TiO2 as photocatalyst were proposed as follows: for
hotocatalytic degradation of MB with Bi2AlVO7 as catalyst under

isible light irradiation, the initial process of MB degradation could
e described by Scheme I (Eqs. (1)–(3)) and Scheme II (Eqs. (4)–(6)).
or photocatalytic degradation of MB with TiO2 as catalyst under
isible light irradiation, the initial process of MB degradation could
ot be described by Scheme III (Eqs. (7)–(9)) but could be described



786 J. Luan et al. / Journal of Hazardous Materials 164 (2009) 781–789

degrad

b
g
A
M
o
w
i
t
s

Fig. 8. Possible photocatalytic

y Scheme IV (Eqs. (10)–(12)). As shown in Schemes I and III, the
enerated hydroxy radicals could further oxidize the pollutant MB.
s shown in Schemes II and IV, a photosensitization process with
B as a sensitizer was realized, and the degradation mechanism

f MB in this process could be described by Schemes II and IV, in
hich MB adsorbed on Bi2AlVO7 or TiO2 was excited by visible light

rradiation and then an electron was injected from the excited MB
o the conduction band of Bi2AlVO7 or TiO2 where the electron was
cavenged by molecular oxygen [17].

Scheme I:

visible light +
Bi2AlVO7 −→ h + e− (1)

e− + O2 → •O2
− (2)

h+ + OH− → •OH (3)
ation pathway scheme of MB.

Scheme II:

MB(ads)
visible light−→ MB∗

(ads) (4)

MB∗
(ads) + Bi2AlVO7 → Bi2AlVO7(e) + MB+

(ads) (5)

Bi2AlVO7(e) + O2 → Bi2AlVO7 + •O2
− (6)

Scheme III:

TiO2
ultraviolet light−→ h+ + e− (7)

e− + O2 → •O2
− (8)

h+ + OH− → •OH (9)
Scheme IV:

MB(ads)
visible light or ultraviolet light−→ MB∗

(ads) (10)

MB∗
(ads) + TiO2 → TiO2(e) + MB+

(ads) (11)
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and Bi2InTaO7 were mainly due to the differences of their crys-
tal structure and electronic structure. Fig. 11 shows the suggested
band structures of Bi2AlVO7 and Bi2InTaO7. Recently, the electronic
structures of InMO4 (M = V, Nb and Ta) and BiVO4 were reported by
J. Luan et al. / Journal of Hazar

TiO2(e) + O2 → TiO2 + •O2
− (12)

After visible light irradiation for 120 min with TiO2 as catalyst,
pproximately 28.2% and 23.1% of MB were degraded by Tang et al.
16] and Luan et al. respectively, indicating that their degradation
fficiencies of MB were similar. The reason that the degradation rate
f MB by Luan et al. was a little lower than that by Tang et al. [16] was
ainly as follows: the initial MB concentration of 0.0506 mol m−3

tilized by Luan et al. was a little higher than the initial MB concen-
ration of 0.0478 mol m−3 used by Tang, as a result, the low capacity
f visible light irradiation to penetrate through a media that
ontained higher concentration of MB resulted in a decrease of MB
egradation rate. Tang et al. [16] also concluded that the possible
egradation mechanism of MB over TiO2 was only based on dye-
ensitized process under visible light irradiation. Zhao et al. [40]
lso reported that alizarin red and X3B dyes could be degraded
ver TiO2 based on visible light driven dye-sensitized mechanism.
hus, the photocatalytic degradation of MB over TiO2 in our exper-
ment was also based on dye-sensitized process (see Scheme IV,
qs. (10)–(12)). Under the condition of visible light irradiation, the
hotocatalytic degradation of MB over TiO2 in our experiment or in
ang’s experiment [16] was impossible to be derived from Scheme
II (Eqs. (7)–(9)).

In addition, after visible light irradiation for 120 min with
i2AlVO7 as catalyst, approximately 60.3% of MB was degraded by
s, indicating that the degradation efficiency of MB with Bi2AlVO7
s catalyst was much higher than that obtained from Tang et al.
16] or Luan et al. with TiO2 as catalyst, and the reason was mainly
s follows: the degradation mechanisms of MB with Bi2AlVO7 as
atalyst under visible light irradiation was Scheme I (Eqs. (1)–(3))
nd Scheme II (Eqs. (4)–(6)), but the degradation mechanisms of
B with TiO2 as catalyst under visible light irradiation was only

cheme IV (Eqs. (10)–(12)). Based on above analysis, Bi2AlVO7 was
lso more active for MB photocatalytic degradation under visible
ight irradiation compared with TiO2.

The final photodegradation goal of organic pollutants is to com-
letely change the toxic organic compounds into inorganics, such
s CO2, SO4

2− or NO3
−, etc. With the existence of Bi2AlVO7 or

i2InTaO7, the dependence of MB degradation products on the
rradiation time is indicated in Fig. 9. It could be seen that the
oncentration of SO4

2− or NO3
− ions increased obviously with

ncreasing irradiation time. The stoichiometry amount of SO4
2−

s also shown in Fig. 9, indicating that the amount of SO4
2− ions

eleased into the solution was lower than that expected from stoi-
hiometry amount of SO4

2−. The first possible reason was the loss
f sulfur-containing volatile compounds such as SO2. The second
robable reason was shown by the partially irreversible adsorption
f some SO4

2− ions on the surface of the photocatalyst as already
bserved by Lachheb et al. [28]. However, the partial irreversible
dsorption of SO4

2− ions did not suppress the photocatalytic degra-
ation of pollutants. The higher amount of NO3

− ions was due to
he stoichiometric ratio N/S = 3 within the initial MB molecule.

The TOC removal of MB during visible light irradiation is
hown in Fig. 10. The results showed that 100% or 23.60% of TOC
ecrease was obtained after visible light irradiation for 160 min
ith Bi2AlVO7 or Bi2InTaO7 as the photocatalyst. Based on above

nalysis, the complete mineralization of MB with Bi2AlVO7 as the
hotocatalyst was achieved after 160 min irradiation due to the
ecrease of the TOC (100%).

The research concerning the luminescent properties had drawn

conclusion that the closer the M–O–M bond angle was to 180◦, the
ore the excited state was delocalized [41]. This indicates that the

hotoinduced electrons and holes can move easily if the M–O–M
ond angle is close to 180◦. The mobility ability of the photoinduced
lectrons and holes also affects the photocatalytic activity because

F
c
u
(

ig. 9. Evolution of SO4
2− and NO3

− ions in the solution with Bi2AlVO7 or Bi2InTaO7

s photocatalyst during the photocatalytic degradation of MB under visible light irra-
iation (� > 420 nm) within oxygen-saturated suspension ([O2]sat = 1.02 × 10−3 M).

he mobility ability affects the probability of electrons and holes to
each reaction sites onto the catalyst surface. In this experiment,
he Al–O–V bond angle was nearly 180◦ and the photocatalytic
ctivities of Bi2AlVO7 were accordingly higher. The crystal struc-
ures of Bi2AlVO7 and Bi2InTaO7 are different, and their electronic
tructures are also considered to be different. For Bi2AlVO7, V is
d-block metal element, and for Bi2InTaO7, Ta is 5d-block metal ele-
ent, indicating that the photocatalytic activity may be influenced

ot only by the crystal structure but also by the electronic struc-
ure of the photocatalyst. Based on above analysis, the differences
f photocatalytic degradation efficiency of MB between Bi AlVO
ig. 10. Disappearance of total organic carbon (TOC) during the photo-
atalytic degradation of MB with Bi2AlVO7 or Bi2InTaO7 as photocatalyst
nder visible light irradiation (� > 420 nm) within oxygen-saturated suspension
[O2]sat = 1.02 × 10−3 M).
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Fig. 11. Suggested band structures of Bi2AlVO7 and Bi2InTaO7.

shikiri et al. according to the first principle calculations [42]. The
onduction bands of InMO4 (M = V, Nb and Ta) mainly contained a
ominant d orbital component from V 3d, Nb 4d and Ta 5d orbitals,
espectively. The valence bands of BiVO4 mainly contained a small
i 6s orbital component and a dominant O 2p orbital component.
he band structures of Bi2AlVO7 and Bi2InTaO7 should be similar
o those of InMO4 (M = V, Nb and Ta) and BiVO4. Therefore, we con-
luded that the conduction band of Bi2AlVO7 mainly contained V 3d
nd Al 3s. The valence band of Bi2AlVO7 mainly contained a small Bi
s orbital component and a dominant O 2p orbital component. Sim-

larly, the conduction band of Bi2InTaO7 mainly contained Ta 5d and
n 5s. The valence band of Bi2InTaO7 mainly contained a small Bi 6s
rbital component and a dominant O 2p orbital component. Direct
bsorption of photons by Bi2AlVO7 can produce electron–hole pairs
ithin the catalyst, indicating that the larger energy than the band

ap of Bi2AlVO7 is necessary for degrading MB by photocatalysis.
Above results indicated that Bi2AlVO7/(visible light) photocatal-

sis might be regarded as a method for practical treatment of
iluted colored waste water. Our Bi2AlVO7/(visible light) photo-
atalysis system can be utilized for decolorization, purification
nd detoxification in textile industries, printing and dyeing indus-
ries in semi-arid countries such as South Africa. We designed
i2AlVO7/(visible light) photocatalysis system without demanding
hemical reagents or using high pressure of oxygen or heating. The
ecolorized and detoxified water were submitted to our new sys-
em for treatment and the results showed that the Bi2AlVO7/(visible
ight) photocatalysis system might provide a valuable treatment for
urifying and reusing colored aqueous effluents. A part of our work
as been done in Wuxi city which is rich both in textile indus-
ries and in solar energy. Practical experiments with waste water
reatment pilot plant were found inspiring.

. Conclusions

We synthesized single phase of Bi2AlVO7 or Bi2InTaO7 by solid-
tate reaction method and studied the structural, photophysical
nd photocatalytic properties of Bi2AlVO7 and Bi2InTaO7. XRD

esults showed that Bi2AlVO7 crystallized with the tetragonal
rystal system and space group I4/mmm. Bi2InTaO7 crystallized
ith the pyrochlore type crystal structure, cubic system and

pace group Fd3m. The lattice parameters of Bi2AlVO7 were found
o be a = b = 3.9294(1), c = 15.3469(9) Å. The lattice parameter of

[

aterials 164 (2009) 781–789

i2InTaO7 was found to be a = 10.7464(1) Å. The band gaps of
i2AlVO7 and Bi2InTaO7 were calculated to be about 2.06 and
.81 eV and Bi2AlVO7 showed strong optical absorption within the
isible light region (� > 420 nm). With the existence of Bi2AlVO7,
hotocatalytic degradation of aqueous MB could be obtained
nder visible light irradiation. Simultaneously, the mineralization
f aqueous MB resulted in the generation of SO4

2− and NO3
− ions

nd resulted in the remarkable decrease of TOC during the reac-
ion, which indicated that Bi2AlVO7/(visible light) system might
e regarded as an effective method for treatment of the wastewa-
er from the textile industries, printing and dyeing industries. The
hotodegradation intermediates of MB were identified and the pos-
ible photocatalytic degradation pathway of MB was revealed under
isible light irradiation.
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