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bstract

A barium bismuth molybdate, BaBi2Mo4O16, was synthesized for the first time. The compound was made by the solid-state technique and studied
or photocatalytic degradation of water pollutants. The compound crystallizes in the monoclinic C2/c system with a = 5.317 (1) Å, b = 12.875 (2) Å,
= 19.390 (3) Å, β = 101.512 (4)◦, V = 1327.1 (4) Å3 and Z = 4. The crystal structure along the a-axis consists of layers of [Bi2O2] units and BaO10

olyhedra both surrounded by isolated MoO4 tetrahedra representing a scheelite-like structure. Photocatalytic degradation of phenols and substituted
henols, acids and dyes were studied using BaBi2Mo4O16 as catalyst. The catalyst shows selectivity towards chlorine containing aromatics.

ubstitution of tungsten for molybdenum resulted in retention of structure within the limits 0.25 ≤ x ≤ 1 of the solid solution, BaBi2Mo4−xWxO16.
he phases, x = 0.25, 0.50, 0.75 and 1.0, in the solid solution were also used to study the photocatalytic degradation of water pollutants like phenol,
ubstituted phenols and dyes. The photocatalytic activity increases slightly with an increase in substitution of tungsten in the solid solution domain.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Selective catalytic oxidation and ammoxidation of olefins
o corresponding diolefins, unsaturated aldehydes, acids and
itriles accounts for one-fourth of the industrial chemicals pro-
uced by the allylic oxidation proceses [1]. Bismuth molyb-
ates are typical bimetallic oxide catalysts that are widely used
or such reactions [2,3]. These catalysts are found to contain
ctive sites capable of olefin chemisorption, ammonia activa-
ion, allylic intermediate, and lattice oxygen migration from
he bulk to the surface active sites, dioxygen reduction, and
ncorporation of oxygen ions into anion vacancies into their
tructures [1]. As a result, bismuth molybdates like Bi2MoO6,
i2Mo2O9, and Bi2Mo3O12 have been extensively studied for

heir catalytic activity [4–7]. A combination of these phases was

ound to enhance the selective oxidation of propylene to acrolein
n what is termed as the “synergy effect” [8]. The well-known
xample for synergy effect is that of the co-operation between

∗ Corresponding author. Tel.: +91 80 22932231; fax: +91 80 23600683.
E-mail address: giridhar@chemeng.iisc.ernet.in (G. Madras).
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i2Mo3O12 and Bi2MoO6 [9]. Substituted bismuth molybdates
ike Bi3FeMo2O12 were found to be highly active and selective
or oxidation of 1-butene to butadiene [10].

Among the three catalytically active bismuth molybdates,
i2Mo2O9, and Bi2Mo3O12 are derivatives of fluorite structural

ype. Bi2Mo2O9 has a fluorite related super structure with metal
ite vacancies: one of the every nine sites being absent [11].
i2Mo3O12 can be described as a defective scheelite structure in
hich one out of every three Bi sites is vacant [12]. In both cases,

he vacancies are in an ordered arrangement at room temperature
ithin the infinite Bi channels. Bi2MoO6 shows polymorphism.
he low temperature polymorph a rarely occurring mineral,
oechlinite, belongs to the Aurivillius [13] family of oxides and
s generally thought to be the catalytically active form since this
s the stable bulk phase under reaction conditions (∼650–750 K).
nterestingly, the high temperature form [14] is the only fluorite
erivative among the three bismuth molybdates with no vacant
ites. Bi2MoO6 has been a subject of considerable attention and

ontroversy due to its three-phase polymorphism [15].

Catalytic oxidation of olefins generally obeys the Mars and
an Krevelen mechanism [16] based on redox cycle and the
attice oxide ion in the oxide bulk catalyst is an important

mailto:giridhar@chemeng.iisc.ernet.in
dx.doi.org/10.1016/j.jphotochem.2006.10.016
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eaction participant at temperatures higher than 350 ◦C while
aseous oxygen re-oxidizes the catalysts [17]. The impor-
ance of high mobility of oxide ion was demonstrated in the
i1−3xV1−xMoxO4 system [18] using an 18O tracer. Bi2MoO6
as the highest value of conductivity among the three phases
escribed above and hence is a better catalyst owing to its role of
ransporting the active oxygen species to the surface. Scheelite-
ype Na0.5−3xLa0.5+xMoO4 [19] oxides with lattice ion mobility
epresent yet another class of compounds suitable for oxidation
f olefins.

Kato et al. [20] studied the catalytic properties of semi con-
uctor scheelite oxides (with band gaps more than 3.0 eV), using
V radiation. Photocatalytic splitting of water in the presence
f (NaBi)0.5WO4 (in the presence of an electron donor) and
NaBi)0.5MoO4 and (AgBi)0.5MoO4 (both assisted by electron
cceptors) were studied. So far, this is the only report of a bis-
uth molybdate used in a photocatalytic reaction.
The application of illuminated semiconductors for the degra-

ation of the contaminants has been successfully used for a
ariety of compounds [21]. Our aim is to devise semiconductor
ismuth molybdates to aid photocatalytic activity. In this con-
ext, we have synthesized a novel barium bismuth molybdate,
aBi2Mo4O16, for the first time. The compound was further used

o catalyze the photodegradation of dyes mainly used in the tex-
ile industry like Rhodamine (RB), Rhodamine blue (RBL) and
ndustrial effluents like phenol and substituted phenols. Since

6+ can be substituted for Mo6+, we have isolated a solid
olution of the type, BaBi2Mo4−xWxO16 where 0.25 ≤ x ≤ 1.
n order to investigate the effect of tungsten substitution on pho-
ocatalytic activity, we have used these phases to degrade the
yes and substituted phenols.

. Experimental

.1. Materials

Bi2O3 (Fluka, 99.99%) was dried at 600 ◦C for 4 h prior
o use. BaCO3 (Fluka, 99.99%), MoO3 (Fluka, 99.99%) and

O3 (Fluka, 99.99%) were used as such. Phenol (P), 4-
romophenol (BP), 4-chlorophenol (CP), 2,4-dichlorophenol
DCP), 1,2,3,4,5-pentachlorophenol (PCP), 4-nitrophenol (NP),
-chloro, 2-nitrophenol (CNP), 4-methoxy phenol (MOP), 4-
ethyl phenol (cresol) (MP) (all from Merck, India), acetic acid

nd mono chloroactetic acid (both from S.D. Fine-Chem Ltd.,
ndia) and the dyes Rhodamine blue (RBL, C28H32N2O3, CAS
326-03-0) and Rhodamine (RB, C28H31N2O3Cl, CAS 81-88-
) (Rolex, India) were used as such. Water was double distilled
nd filtered through a Millipore membrane filter prior to use.

.2. Synthesis

The compositions in the solid solution, BaBi2Mo4−xWxO16
ere synthesized by the solid-state method using BaCO3, Bi2O3,

oO3 and WO3 in stoichiometric quantities. The starting mate-

ials of all the compositions in the solid solution were ground
ell in an agate mortar. The reactant mixture corresponding

o BaBi2Mo4O16 was fired at 600 ◦C for 24 h and then the

i
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t
i
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esultant mixture was intimately ground and re- fired at 600 ◦C
or 24 h. A higher temperature was required for the synthe-
es of the tungsten substituted phases. The reaction mixtures
f the compositions, x = 0.25, 0.50, 0.75 and 1.0 in the solid
olution, BaBi2Mo4−xWxO16 were fired at 700 ◦C for 24 h and
hen were ground and re-fired at 700 ◦C for 24 h. Preliminary
owder X-ray patterns of all the compositions confirmed the for-
ation of a single phase in each case. Colorless single crystals

f BaBi2Mo4O16 were obtained by the melt cooling technique.
he polycrystalline sample was heated at 900 ◦C for 1 h and

hen cooled at 1 ◦C/min up to 850 ◦C and then furnace cooled
o room temperature. A part of the obtained single crystals were
rushed and the powder X-ray pattern was recorded to establish
he formation of a single phase.

.3. Characterization

.3.1. Powder X-ray diffraction
Powder X-ray diffraction data of all the phases were collected

t room temperature on a Philips X’ Pert Pro diffractometer,
sing Cu K� radiation. Data were collected over the angu-
ar range 3◦ ≤ 2θ ≤ 120◦ in steps of Δ(2θ) = 0.01◦. The X ray
iffraction data were refined by a Le Bail profile analysis using
he JANA2000 [22] program suite. The background was defined
y the Chebsheyev polynomial function using 15 coefficients
nd the peak shapes were described by a pseudo-Voigt function
arying five profile coefficients. For each diffraction pattern, a
cale factor, a zero error factor, shape and unit cell parameters
ere refined.

.3.2. Single crystal X-ray diffraction
Single crystal X-ray diffraction data were collected on a

ruker Axs SMART APEX CCD diffractometer [23] with a
rystal to detector distance of 6.06 cm. The data were collected
ased on three sets of runs covering a complete sphere of recip-
ocal space with each set at different ϕ angle (ϕ = 0, 90 and
80◦). Each frame covered 0.3◦ in ω. The data were reduced
sing SAINT PLUS [23] and the structure was solved by direct
ethods using SHELXS97 [24] and refined using JANA2000.
rystallographic data and the details of the single crystal data
ollection are given in Table 1.

The UV–vis diffuse reflectance spectra were recorded on a
erkin Elmer Lambda 35 UV–vis Spectrophotometer. DTA was
erformed on a SDTQ600 DSC/DTA instrument, under a con-
tant flow nitrogen atmosphere. Thermo-gravimetric analysis of
aBi2Mo4O16 indicates no weight loss on heating the sample
ver a temperature range from room temperature to 600 ◦C.

.3.3. Photocatalytic experiments

.3.3.1. Photochemical reactor. The photochemical reactor
mployed in this study comprised of two portions. The inner
ortion consisted of a jacketed quartz tube of 3.4 cm i.d., 4 cm
.d., 21 cm length and an outer pyrex glass reactor of 5.7 cm

.d., and 16 cm length. A high-pressure mercury vapor lamp
HPML) of 125 W (Philips, India) was placed after removal of
he outer shell inside the jacketed quartz tube. The fluctuations
n the input supply was controlled by a ballast and capacitor
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Table 1
Crystallographic data for BaBi2Mo4O16

Empirical formula BaBi2Mo4O16

Crystal habit, color Cylindrical, colorless
Crystal size 0.086 mm × 0.131 mm × 0.248 mm
Crystal system Monoclinic
Space group C2/c
Cell dimensions a = 5.317 (1) Å, b = 12.875 (2) Å, c = 19.390 (3) Å and β = 101.512 (2)◦

Volume (Å3) 1327.1 (4)
Formula weight 1345.54
Density (calculated) (g/cm3) 5.979
Z 4
F(0 0 0) 2071
Scan mode ω scan
θ range (◦) 3.16–27.95
Recording reciprocal space −6 ≤ h ≤ 7, −16 ≤ k ≤ 16, 0 ≤ l ≤ 15
Number of measured reflections 5684
Number of independent reflections 1426 [R(int) = 0.0443]
μ (mm−1) 33.084
Number of refined parameters 36
R(I > 4σI)/R (all data) 0.0286/0.0286
wR(I > 4σI)/R (all data) 0.0693/0.0693
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onnected in series with the lamp. Water was circulated through
he annulus of quartz tube to avoid heating of the solution ensur-
ng that the reactions were carried out at 40 ◦C. The solution was
aken in outer reactor and continuously stirred to ensure uniform
uspension of the catalyst. The lamp radiated predominantly at
65 nm corresponding to the energy of 3.4 eV and photon flux is
.8 × 10−6 mol of photons/s. Further details of the experimental
etup can be found elsewhere [25].

.3.3.2. Degradation experiments. The dyes/phenolic com-
ounds were dissolved in double distilled Millipore filtered
ater. The degradation reactions were performed in a pho-

ochemical reactor with various initial concentrations with a
onstant catalyst concentration of 1.0 kg/m3. Experiments were
arried out with the compositions x = 0.25, 0.50, 0.75 and 1.0
n the solid solution, BaBi2Mo4−xWxO16, under similar condi-
ions. Samples were collected at regular intervals for subsequent
nalysis. The samples were filtered through Millipore membrane
lters and centrifuged to remove the catalyst particles prior to
nalysis, as described below. Control experiments conducted
ithout the catalyst under UV radiation and with the catalyst,
ithout UV radiation did not show any appreciable degradation

ndicating that both the catalyst and UV radiation are required
or the degradation reactions. There was only about 1% reduc-
ion in the concentration of all compounds of interest when a
olution of 100 ppm was stirred with the catalysts (at a loading
f 1 kg/m3) for 12 h in dark. Therefore, the actual concentra-
ion of the solution was taken to be the initial concentration for
inetic analysis. The optimal catalyst loading of the catalyst for
00 ppm of phenols was found to be 1 kg/m3 with no significant

ncrease in the degradation of organics for higher concentra-
ions of the catalysts. Therefore, this catalyst concentration was
sed for all the photocatalytic degradation experiments. All these
eactions were carried out at natural pH conditions. The initial

g
a
o
h

1.33
1.093/−2.765

oncentration varied between 25 and 100 ppm for all phenols and
etween 5 and 20 ppm for the dyes owing to their high molar
bsorptivity (ε).

.3.3.3. Sample analysis. The samples were analyzed by HPLC
nd the details can be obtained elsewhere [25]. HPLC anal-
sis showed negligible amount of intermediates formed and
he ratio of the absorption of the intermediates to the absorp-
ion of the parent compound was extremely small at initial
egradation times (<10 min for 4-nitrophenol, 4-methylphenol
nd <30 min for other systems). Therefore, samples were only
nalyzed using Lambda 32, Perkin-Elmer UV–vis spectropho-
ometer to quantify the degradation reactions. The calibration for
henol, chlorophenols, 4-nitrophenol, 4-chloro-2-nitrophenol,
-methoxy phenol, 4-methyl phenol, acetic acids, Rhodamine
lue and Rhodamine were based on Beer–Lambert law at their
aximum absorption wavelengths, λmax of 270, 275, 320, 270,

85, 280, 200, 280, 547, 582, 270, 665 and 550 nm, respec-
ively. Analysis of the samples using UV–vis spectrophotometer
howed a continuous decrease in the UV–vis absorption at λmax
f the starting material confirming that there may be no interfer-
nce by the intermediates formed, if any.

. Results and discussion

.1. Crystal structure

BaBi2Mo4O16 crystallizes into the monoclinic system with
= 5.317 (1) Å, b = 12.875 (2) Å, c = 19.390 (3) Å, β = 101.512

4)◦, V = 1327.1 (4) Å3 and Z = 4. The centrosymmetric space

roup C2/c was assigned based on the observed systematic
bsences. A numerical absorption correction was applied based
n the cylindrical shape of the crystal. The positions of all the
eavy (Bi, Ba and Mo) atoms were obtained by direct methods
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Table 2
Selected bond distances of BaBi2Mo4O16

Bi(1)–O(1) 2.382 (6)
Bi(1)–O(2) 2.436 (6)
Bi(1)–O(2′) 2.571 (6)
Bi(1)–O(3) 2.287 (7)
Bi(1)–O(7) 2.569 (6)
Bi(1)–O(7′) 2.332 (6)
Bi(1)–O(8) 2.563 (7)
Bi(1)–O(8′) 2.630 (7)

Mo(1)–O(1) 1.786 (6)
Mo(1)–O(2) 1.830 (6)
Mo(1)–O(6) 1.718 (7)
Mo(1)–O(8) 1.794 (7)

Ba(1)–O(1) × 2 3.046 (6)
Ba(1)–O(3) × 2 2.963 (6)
Ba(1)–O(4) × 2 2.698 (7)
Ba(1)–O(5) × 2 2.682 (7)
Ba(1)–O(6) × 2 2.969 (7)

Mo(2)–O(3) 1.812 (6)
Mo(2)–O(4) 1.718 (7)
M
M

t
T
B

a

Fig. 1. Crystal structure of BaBi2Mo4O16 along the a-axis.

nd all the remaining oxygen atoms in the structure were
ocated by difference Fourier synthesis. All the atoms occupy
he general positions (8f sites) while Ba(1) occupies the 4e site.
he final cycles of refinement led to a final R index of 0.028.
he crystal structure along a-axis (Fig. 1) consists of layers
f [Bi–O] units and BaO10 units separated by isolated MoO4
etrahedra. The structure can be regarded similar to the scheelite
ype, ABO4. Fig. 2a shows the structure of monoclinic (space
roup I2/b) BiVO4 [13], a typical example of the scheelite
ype. Both BaBi2Mo4O16 and BiVO4 have their unit cell

arameters a ≈ aF where aF denotes the fluorite cell parameter.
he variation of b and c unit cell parameters in BaBi2Mo4O16
s compared to those of BiVO4 is due to substitution of Ba. An
xpansion of the [Bi–O] units in both the compounds reveals

(
t
O
o

Fig. 2. (a) Crystal structure of BiVO4 along b-axis. [B
o(2)–O(5) 1.731 (7)
o(2)–O(7) 1.838 (6)

he presence of the fluorite like [Bi2O2] units (Fig. 2b and c).
he presence of layers of isolated BaO10 polyhedral units in
aBi2Mo4O16 is the only structural difference.

Bi(1) atoms in BaBi2Mo4O16 is linked to eight oxygen
toms forming a Bi(1)O8 polyhedron. It forms four short bonds

˚
2.287–2.436 A) with O(1), O(2), O(3) and O(7) and four rela-
ively long bonds (2.563–2.630 Å) with O(2′), O(7′), O(8), and
(8′) atoms (Table 2). In general, bismuth molybdates depict a
ne-sided co-ordination due to the presence of the stereochemi-

i2O2] units in (b) BiVO4 and (c) BaBi2Mo4O16.
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ally active 6s2 lone pair of electrons. However the co-ordination
f Bi(1) in this structure exhibits a well defined polyhedral
rrangement. Each Bi atom is surrounded by eight MoO4 tetra-
edra. Mo(1)O4 links to Bi atom through oxygen atoms O(2),
(8), their symmetry related atoms and O(1) while Mo(2)O4

etrahedra connects to Bi(1) through O(3), O(7) and O(7′) atoms.
he layers of [Bi2O2] units are connected to the BaO10 polyhe-
ra via Mo(2)O4 tetrahedra.

The structure consists of two types of MoO4 tetrahedra.
o(1)O4 has bond distances in the range (1.718–1.830 Å) while

he distances of Mo(2)O4 range from (1.718–1.838 Å). The
oO4 tetrahedra are not connected to each other. The dis-

lacement of the Mo atoms from the center of the tetrahedra
s characterized by the difference in the Mo–O distances.

Ba(1) atoms form BaO10 polyhedra. It forms four short bonds
ith O(4) (2.698 (7) Å), O(5) (2.682 (7) Å) and their symme-

ry related atoms and six long bonds with O(1) (3.046 (6) Å),
(3) (2.963(6) Å), O(6) (2.969 (7) Å) and their symmetry related

toms. The atoms O(1) and O(6) and their symmetry related
toms of the BaO10 polyhedra are connected to Mo(1)O4 tetrahe-
ra while atoms O(3), O(4) and O(5) and their symmetry related
toms are connected to Mo(2)O4 tetrahedra. The BaO10 units are
inked to the MoO4 tetrahedra only through the corners hence
esulting in empty sites along the layer containing BaO10 units
Fig. 1). The BaO10 units are connected to Bi(1) via O(1) and
(3) atoms.
The powder X-ray patterns of the compositions, 0.25, 0.50,

.75 and 1.0 in the solid solution, BaBi2Mo4−xWxO16 are shown
n Fig. 3. The lattice parameters obtained from the single crys-
al X-ray data for the composition, x = 0, BaBi2Mo4O16, were
sed to fit the profile for each powder pattern. The evolution of
nit cell parameters a and c for the compositions in the solid

olution is shown in Fig. 4. The unit cell parameter a decreases
ith an increase in the composition of tungsten. The c param-

ter shows an increase with an increase in composition of x.
he b parameter does not show much variation. The volume

ig. 3. Powder X-ray patterns of various members of the solid solution,
aBi2Mo4−xWxO16 and CdWO4. The reflections marked with * for x = 1.25

epresent impurities.
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ig. 4. Evolution of unit cell parameters in the solid solution, BaBi2Mo4−x

xO16.

ecreases with an increase of the substitution of tungsten owing
o the smaller ionic size of W6+ as compared to Mo6+. The
ompositions beyond x = 1 indicate the appearance of multiple
hases. Upon observation of the powder X-ray pattern of the
omposition x = 1.25, the major phase corresponded to that of
aBi2Mo2.75W1.25O16, while the minor impurity phases were

elated to bismuth molybdate, Bi26Mo10O69 [26] and bismuth
ungstate, Bi2W2O9 [27] (Fig. 3). However, the minor phases do
ot disappear even on prolonged heating hence suggesting the
imits of the solid solution between x = 1 and 0.25.

In the scheelite-type structure CdMoO4, the substitution
f W at the Mo site results in the wolframite structure [28].
he regular tetrahedral co-ordination for the B site atoms
hanges into an octahedral one and the structure exhibits wav-
ng chains of edge shared MoO6 and WO6 octahedra. However
n BaBi2Mo4−xWxO16, interestingly, W6+ retains its tetrahedral
o-ordination within the domain, as reflected by the powder X-
ay patterns (Fig. 3), which show no change. Also, the powder
attern of the wolframite structure (Fig. 3) is very different from
hose of the phases in the solid solution, BaBi2Mo4−xWxO16.
ncrease in tungsten content results in appearance of several
ther phases however, the dominant phase corresponds to that
f the phase, BaBi2Mo4O16.

.2. UV–vis spectra

The UV–vis spectra of the solid solution, BaBi2Mo4−x

xO16 are shown in Fig. 5. In order to obtain precise values of
and gap from the absorption edges the point of inflection deter-
ined from the minimum in the first derivative of the absorption

pectrum were used. Band gaps of 3.23 ± 0.02 eV for x = 0.25,
.50, 0.75 and 1.0 in the solid solution, BaBi2Mo4−xWxO16 were
btained.

.3. Photocatalysis
The photocatalytic degradation of two dyes, RB and RBL,
as investigated. It was observed that RB did not show any
egradation. In the presence of the catalyst BaBi2Mo4O16,
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ig. 5. UV–vis spectra of the members of the solid solution, BaBi2Mo4−x

xO16.

fter 30 min of degradation of 25 ppm of RBL, the concentra-
ion decreased from 25 to 4 ppm. However, in the presence of
egussa P-25, after 30 min of degradation, the concentration of
5 ppm RBL decreased to ∼5.5 ppm [29]. The only structural
ifference between the two dyes is that RBL lacks chlorine in the
tructure. This suggested that the presence of chloro group in the
tructure of RB inhibited the degradation reaction with this cat-
lyst. In order to further investigate this aspect, we considered
he degradation of water pollutants such as chloro-substituted
henols and chloroacetic acid.

The degradation reactions of 25-ppm solutions of phenol (P),
-chlorophenol (CP), 2,4-dichlorophenol (DCP) and 1,2,3,4,5-

entachlorophenol (PCP) with BaBi2Mo4O16 were carried out
Fig. 6). In the presence of BaBi2Mo4O16, after 30 min of degra-
ation, the concentrations of 25 ppm solutions of P, CP, DCP

ig. 6. Degradation profiles of 25 ppm solutions of RBL and various substituted
henols and acids by BaBi2Mo4O16.
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nd PCP decreased to 23, 24, 24.5 and 24.8 ppm, respectively,
hile they decreased to 24.5, 22, 10 and 9 ppm, respectively,

n the presence of Degussa P-25 titania [30]. This indicates
hat in the presence of BaBi2Mo4O16, the degradation rate of
hlorophenols is slower than that of phenol and follows the
rder, PCP < DCP < CP. This order is exactly the reverse of
hat observed during direct photolysis [31] or by photocat-
lytic degradation in the presence of titania [30]. To check
hether the degradation of other substituted phenols (–Cl, –CH3,
NO2, etc.) also follow a different trend, the degradation of MP,
OP and NP was performed. In the presence of BaBi2Mo4O16,

fter 5 min of degradation, the concentrations of 25 ppm solu-
ions of NP [32] and MP [30] decreased to 11 and 22 ppm,
espectively, while they decreased to 15 and 24 ppm, respec-
ively, in the presence of Degussa P-25. These results indi-
ate, in presence of BaBi2Mo4O16, NP and MP degrade faster
ompared to the degradation in presence of titania. However,
hlorophenols degrade slower in presence of BaBi2Mo4O16
ompared to the degradation in presence of titania. The degra-
ation of 4-chloro 2-nitro phenol (CNP) was investigated to
etermine the effect of substituents on chlorophenol. However,
he degradation of CNP is faster than that of chlorophenol
Fig. 6) because of the nitro substituent. Since chlorophenol
egrades slower than phenol, and nitrophenol degrades faster
han phenol, it seems to indicate that only the presence of chlo-
ine in the structure hinders photocatalytic activity of these
ompounds.

To determine whether the chlorine substituent hinders degra-
ation of aliphatic compounds, we investigated the degradation
f acetic acid and chloroaceticacid. As shown in Fig. 6, the
egradation is faster for chloroacetic acid than that of acetic acid.
he degradation of chloroacetic acid being greater than that of
cetic acid is consistent with the photocatalytic degradation in
he presence of TiO2 [33]. This can be explained on the basis
f the mechanisms involved in both the degradation reactions.
he degradation of chlorophenols proceeds via the free radi-
al mechanism [20] while that of chloroacetic acid is through
ormation of chloride ions [33]. Thus experiments performed
n this study indicate clearly that the compound, BaBi2Mo4O16
s similar to TiO2 in catalytic activity for all organics except
or chlorine containing aromatics. However, the powder X-ray
atterns before and after degradation did not show any change
ndicating no adsorption. Thus the reason for this selectivity is
ot apparent.

In order to quantify heterogeneous photocatalytic reactions
25] we used the first order rate expression, r0 = k0C0, where
0 represents the initial rate, C0 the initial concentration, k0
enotes the kinetic rate constant. The linear dependency of
nitial rates, r0, and initial concentrations, C0, for all the sub-
tituted phenols and acids (Fig. 7a and b and Table 3) and RBL
Fig. 8a) confirm the first order kinetics of photocatalytic degra-
ation of the selected range of compounds using BaBi2Mo4O16.
ig. 7b shows the lower values of rate constants obtained for

henol (P), 4-chlorophenol (CP), 2,4-dichlorophenol (DCP),
,2,3,4,5-pentachlorophenol (PCP) as compared to 4-methyl
henol (MP), 4-chloro, 2-nitrophenol (CNP), acetic acid (AA)
nd chloroacetic acid (CA) (Fig. 7b).
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Fig. 7. (a) Variation of initial rates with concentration for photocatalytic
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analysis. This indicates that the degradation of phenols occurs
primarily through the OH radicals unlike that of BiVO4. We
hypothesize that the specificity of the photocatalytic degrada-
tion of chlorophenols can be attributed to the possibility of the
egradation of phenols and acids by BaBi2Mo4O16. (b) Variation of initial
ates with concentration for photocatalytic degradation of chlorophenols by
aBi2Mo4O16.

It is possibly interesting to compare the photocatalytic activ-
ty of this material with that of BiVO4. BiVO4 has been studied
or the degradation of Rhodamine dye [34], phenol [35] and
volution of oxygen [36]. The photocatalytic activity of BiVO4

as been attributed to the larger atom density of the basal (0 1 0)
attice plane on the exposed surfaces and the possible distortion
f the Bi–O polyhedron [34]. However, BaBi2Mo4O16, synthe-

able 3
irst order initial photocatalytic rate constants for the degradation of pollutants

n presence of BaBi2Mo4O16

ollutant k (×10−4 min−1)

henol 0.46
-Chlorophenol 0.33
,4-Dichlorophenol 0.11
,3,4,5,6-Pentachlorophenol 0.08
-Chloro,2-nitrophenol 5.96
-Methylphenol 4.32
cetic acid 0.77
hloroacetic acid 6.27

F
d
x
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ized by the solid-state technique has negligible surface area.
his indicates that the photocatalytic degradation is not a surface
henomenon. In photocatalysis, a frequently discussed issue is
he oxidative pathway, i.e., direct hole attack or/and OH radical
xidation. In case of BiVO4, no OH radicals are present in the
henol solution with BiVO4 indicating that BiVO4-mediated
egradation of phenol occurs by the direct hole attack rather
han by OH radical oxidation. Based on the observation of OH
adical absence in the phenol and BiVO4 system [35], it was
uggested that the photo-generated electrons of BiVO4 were cap-
ured by oxygen molecule and the degradation of phenol occured
y the direct hole attack rather than by OH radical oxidation.
owever, the degradation of phenols by BaBi2Mo4O16 shows

he evolution of small amounts of intermediates, which were
dentified to be hydroxylated phenolic compounds by HPLC
ig. 8. (a) Variation of initial rates with concentration for photocatalytic degra-
ation of RBL by BaBi2Mo4O16. (b) The degradation profiles for compositions,
= 0, 0.25, 0.50, 0.75 and 1 in the solid solution, BaBi2Mo4−xWxO16.
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ig. 9. (a–d) Photocatalytic degradation profiles of phenols and acids in prese
aBi2Mo4−xWxO16.

ormation of a stable ligand between chlorophenol and Mo. The
pecificity for degradation is similar to that obtained in presence
f AxBi26−xMo10O68+0.5y (A = Ba, y = 0; A = Bi, La, y = 2) [37].

The next objective of this work was to determine the effect
f substitution of W6+ for Mo6+ on photocatalytic activity. The
egradation of RBL (Fig. 8b), phenol (P), chlorophenol (CP),
cetic acid (AA) and chloroacetic acid (CA) in the presence
f BaBi2Mo4−xWxO16 with compositions x = 0.25, 0.50, 0.75
nd 1.0 as catalysts was investigated. Fig. 9a–d shows the pho-
ocatalytic degradation profiles of the organics with various
ompositions. The degradation rates follow the same order as
hat of the parent compound, BaBi2Mo4O16 (i.e. x = 0). How-
ver, the photocatalytic degradation rates are higher and increase
ith the substitution of tungsten for molybdenum even though

he band gaps are similar.
Though the compositions of the solid solution, BaBi2Mo4−x

xO16 (0 ≤ x ≤ 1) have similar values of band gap, the molybde-
um analogue shows the least activity. This implies differences
n their electronic structures. In bismuth-(III) based semicon-
uctors [38], the Bi 6s and O 2p orbitals form a hybridized
alence band. In terms of this description, we assume that the
alence band of BaBi2Mo4O16 is composed of hybridized Bi
s and O 2p orbitals, whereas the conduction band is composed

f hybridized Bi 6p and Mo 4d orbitals and these bands meet
he potential requirements of a photocatalytic oxidation. Since

atoms partially occupy Mo site, mixing of Mo 4d and W 5d
alence orbitals should occur in the valence band of the tungsten

v
i
s
a

f 1 kg/m3 of compositions, x = 0.25, 0.50, 0.75 and 1.0 in the solid solution,

ubstituted members of the solid solution, BaBi2Mo4−xWxO16
0 ≤ x ≤ 1). The better photocatalytic activity may imply larger
verlap of the hybridized orbitals of valence and conduction
ands in the tungsten analogues than in BaBi2Mo4O16.

. Conclusions

A novel barium bismuth molybdate, BaBi2Mo4O16 was syn-
hesized and characterized by single crystal X-ray diffraction
or the first time. The crystal structure depicts [Bi2O2] units
nd BaO10 units surrounded by MoO4 tetrahedra. The MoO4
etrahedra are not interlinked to each other and hence the com-
ound is a poor conductor as is evident from the high band gap.
ubstitution of W6+ for Mo6+ results in a solid solution of the

ype, BaBi2Mo4−xWxO16 (0.25 < x < 1). An increase in tungsten
ontent beyond x = 1.0, results in the appearance of additional
hases with the retention of the scheelite-type structure. Selec-
ivity towards chloro containing aromatics has been shown for
he first time in BaBi2Mo4−xWxO16 (0.25 < x < 1). The degrada-
ion rates increase with the increase in substitution of tungsten in
he solid solution. Despite similar band gaps, the tungsten ana-
ogues show higher activity than BaBi2Mo4O16. This behavior
ay be attributed to larger overlap of the hybridized orbitals of
alence and conduction bands in the tungsten analogues than
n BaBi2Mo4O16. All the compositions in the solid solution
how specificity in degradation of phenolic compounds, dyes
nd acids. The degradation rates of 4-nitro phenol and 4-methyl
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henol in the presence of BaBi2Mo4O16 catalyst are higher than
hose in the presence of TiO2 catalyst whereas the rates of degra-
ation of phenol and chloro phenols are lower than those for
iO2 catalyst. Therefore it can be concluded that the catalyst,
aBi2Mo4O16 is less active when the aromatic compound to be
egraded has chlorine in its structure.

. Supporting information available

CIF: the crystal data has been deposited at the Fachinforma-
ionszentrum Karlsruhe (FIZ) with the number CSD 416023.
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