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a  b  s  t  r  a  c  t

Bi2Mo3O12 oxide  was  prepared  by co-precipitation  method  at 250 ◦C. The  successful  formation  of the
oxide  was  determined  by X-ray  powder  diffraction  (XRD)  and  its physical  properties  were  studied  using
scanning  electron  microscopy  (SEM),  diffuse  reflectance  spectroscopy  (DRS)  and  adsorption–desorption
N2 isotherms  (BET).  Bi2Mo3O12 sample  was  composed  of agglomerates  of  primary  particles  with  faces
vailable online 18 September 2013
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and  edges  well  defined.  The  oxide  exhibited  excellent  performance  for  the  removal  of  nitric oxide  (NO)
from  air,  reaching  a percentage  remove  of 88.9%  in  steady  state  under  UVA  light  irradiation.  The  syner-
getic  effect  between  Bi2Mo3O12 and  Bi2MoO6 phases  was  also  investigated  for this  reaction.  The  results
indicated  that  Bi2MoO6 is  less  active  than Bi2Mo3O12 for  the  photocatalytic  removal  of NO  under  same
experimental  conditions.
Ox

. Introduction

Within Bi2O3–MoO3 binary system, �-Bi2Mo3O12, �-Bi2Mo2O9,
nd �-Bi2MoO6 phases have been recognized as efficient catalysts
or the oxidation of propylene to acrolein [1] and for the conver-
ion reaction of 1-butene to butadiene and 2-butene [2]. Bismuth
olybdates have also found applications as ionic conductors [3],

ptics [4], acoustic-optical [5], photoconductors [6] and gas sensors
7]. In recent years, the photocatalytic activity of bismuth molyb-
ates has been tested for several chemical reactions in aqueous
edia under UV and Visible light irradiation [8–10].
Among these bismuth molybdates, �-Bi2Mo3O12 oxide has a

eficient oxygen fluorite structure with Mo  in MoO4 tetrahedra
nd vacancies every three Bi sites [11,12]. These vacancies are in
n ordered arrangement at room temperature within the infinite
i channels and with three different Mo  sites, each of which is
oordinated by five O atoms. The Bi and Mo  are concentrated in
arallel layer to (1 0 1) plane that intersect the lattice parameter, b
t approximately 1/8, 3/8, 5/8 and 7/8 (Fig. 1). Previous studies have
hown that the lay of Bi and Mo  sites in the same plane seems to be
mportant for redox features of Mo  and Bi sites, i.e. some electrons

an transfer between them during reactions [14].

Previously, we have investigated the photocatalytic activ-
ty of Bi2Mo3O12 oxide prepared by different methods for the

∗ Corresponding author. Tel.: +52 81 83 29 40 20, fax: +52 81 83 32 09 04.
E-mail address: azael70@yahoo.com.mx (A.M.-d.l. Cruz).

926-860X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.09.013
© 2013 Elsevier B.V. All rights reserved.

degradation of rhodamine B molecules in aqueous solution under
visible light irradiation [11,15]. To the best of our knowledge no
study has been reported on the photocatalytic removal of NOx using
Bi2Mo3O12 as photocatalyst. However, the isostructural tungstate
phase of Bi2MoO6, with chemical formula Bi2WO6 was reported
for NO removal under visible and solar light irradiation [16]. In
the current work, the photocatalytic activity of Bi2Mo3O12 oxide
was tested under UVA irradiation for NO removal from air under
different experimental conditions. The synergistic effect between
Bi2Mo3O12 and Bi2MoO6 was also investigated.

2. Experimental

2.1. Synthesis of Bi2Mo3O12

Bi2Mo3O12 oxide was  synthesized by co-precipitation method
following a procedure previously reported [15]. The synthesis route
implies the preparation of two aqueous solutions of inorganic salts.
In the first one, 1.33 × 10−2 mole of Bi(NO3)3·5H2O (Aldrich, 99%)
were dissolved under continuous stirring in 100 mL  of HNO3 (10%
v/v). In the second one, 2.86 × 10−3 mole of (NH4)6Mo7O24·4H2O
(Aldrich, 99%) were dissolved under continuous stirring in 100 mL
of 2 M NH4OH solution. The Bi(NO3)3·5H2O solution was  added
dropwise into (NH4)6Mo7O24·4H2O solution with vigorous stirring

and the pH of the solution was  adjusted to 9 by using NH4OH. The
resulting yellow suspension was maintained at 100 ◦C to promote
the evaporation of the solvent. The yellow powder obtained was
heated at 250 ◦C for 24 h to obtain the polycrystalline powders of

dx.doi.org/10.1016/j.apcata.2013.09.013
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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Fig. 1. Layers of Bi2Mo3

i2Mo3O12. Then, the sample was washed with distilled water for
everal times and dried at 100 ◦C, which hereafter will be labeled
s COP250. For comparative purposes, Bi2Mo3O12 oxide was also
ynthesized by melting stoichiometric amounts of Bi2O3 (Aldrich,
9%) and MoO3 (Aldrich, 99%) at 700 ◦C for 24 h (MELT700) [17].
fter cooling the formed crystals were ground into powder. In the
ame way, Bi2MoO6 was prepared by co-precipitation method at
50 ◦C following a procedure described in a previous work [8]. It
hould be noted that for the synthesis of Bi2Mo3O12 and Bi2MoO6
y co-precipitation method, the lowest temperature was  chosen in
hich the oxides were obtained in pure form.

.2. Characterization

The structural characterization of Bi2Mo3O12 oxide was  car-
ied out by X-ray powder diffraction using a Bruker D8 Advance
iffractometer with a Cu K� radiation (40 kV, 30 mA), a typical run
as made with a 0.05◦ step size and a dwell time of 0.5 s. The
orphology of the synthesized oxide was analyzed by scanning

lectron microscopy using a FEI Nova NanoSEM 200 with an accel-
rating voltage of 30 kV. The UV–Vis diffuse reflectance absorption
pectra of the samples were obtained using a UV–Vis spectropho-
ometer Perkin–Elmer Lambda 35 equipped with an integrating
phere. The BET surface area measurements were carried out by
dsorption–desorption N2 isotherms by means of a Bel-Japan Min-
sorp II surface area and pore size analyzer. The isotherms were
valuated at −196 ◦C after a pretreatment of the samples at 150 ◦C
or 24 h.

.3. Photocatalytic experiments
The photocatalytic oxidation of nitric oxide was  carried out in a
aboratory test set-up designed according to standard ISO 22197-
:2007 (Fig. 2). The experimental setup consisted of a planar reactor
ewed along 〈1 0 0〉 [13].

cell (20 × 10 × 3 cm), an UVA light source, a chemiluminescent NOx

analyzer, and a gas supply. The samples for photocatalytic oxidation
tests were prepared by coating an aqueous suspension of the oxide
on glass substrate with an area of 20 × 10 cm. The photocatalyst
was applied on the glass substrate by brush coating using colloidal
silica as binder. The weight ratio in the suspension was  0.1:0.1:0.8
for the photocatalyst, colloidal silica and water, respectively. The
coated substrate was then exposed at 100 ◦C in a ventilated oven
to remove water from suspension. The mass of the photocatalyst
used for each experiment was  fixed at 0.4 g. NO gas was  used as
target pollutant, and consisted of 50 ppm NO stabilized in N2. The
final NO concentration was diluted to 500 ppb using air which was
composed of 20.5 vol% of O2 and 79.5 vol% of N2. The flow rate of gas
throughout the reactor was 1 L min−1 and the residence time was
3.6 s. The temperature and relative humidity of the reactor were
controlled at 20 ± 1 ◦C and 50%, respectively. Two additional exper-
iments were done modifying the relative humidity at 30 and 70% to
study its effect in NO photooxidation process. Three lamps of UVA
(Philips) were used as light source with an irradiance of 10 W m−2.
The NOx concentration was  analyzed using a chemiluminescent
NOx analyzer (HORIBA 370) with a sampling rate of 0.8 L min−1. A
more detailed information about the test set-up and experimental
procedure can be found elsewhere [18–20].

3. Results and discussion

3.1. Characterization

The XRD patterns of Bi2Mo3O12 oxide prepared by melt-
ing oxides (MELT700) and co-precipitation method (COP250) are

shown in Fig. 3. All diffraction lines in both XRD patterns can be
indexed on the basis of Bi2Mo3O12 structure according to the JCPDS
card No. 21-0103. Additional diffraction lines due to the impurities
were not detected.
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Fig. 2. Schematic diagram of the photocatalytic degradation set-up. (1) NO gas supply; (2) synthetic air; (3) mass controller meter; (4) humidifier; (5) humidity controller;
(6)  temperature and relative humidity sensor; (7) light source; (8) reactor; (9) valve; (10) valve; (11) NOx analyzer; (12) computer; (13) vent.

Fig. 3. XRD patterns of the Bi2Mo3O12 samples prepared by co-precipitation at
2
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Table 1
Properties and kinetic data of Bi2Mo3O12 samples prepared by different methods.

Sample Eg (eV) BET surface area

(m2 g−1) k′ (min−1)

Bi2Mo3O12 Melting oxides (MELT700) 2.73 0.2 0.07

was investigated for NO removal at ambient conditions, i.e.
◦

50 ◦C and by melting oxides at 700 ◦C.

Some selected SEM images of Bi2Mo3O12 samples are shown
n Fig. 4. For comparative purposes, the morphology of MELT700
s shown in Fig. 4(a). In this sample, irregular agglomerates were
bserved with about 100 �m in size due to that it was obtained
rom a melting medium. The sample COP250, see Fig. 4(b), is
ormed of agglomerates of primary particles with faces and edges

ell defined. Also, it can be seen that the presence of holes formed
ossibly due to the evolution of NH3, O2 and H2O gases during the
hermal treatment (Fig. 4(c)).

Fig. 4. SEM images of the Bi2Mo3O12 samples prepared by (a) melti
Co-precipitation (COP250) 2.70 8.8 0.63
Bi2MoO6 Co-precipitation

(COP450 ◦C) [17]
2.44 2.3 0.10

The BET analysis revealed a specific surface area of 8.8 m2 g−1

for COP250 and 0.2 m2 g−1 for MELT700. The smaller surface area
obtained by melting oxides method can be associated with the high
temperature of reaction used that promotes a sintering process.
According to the classification of adsorption isotherms, the profile
of the adsorption–desorption curves for both samples correspond-
ing with the type II isotherm, indicating a non porous material with
a high energy of adsorption [21]. Diffuse reflectance of samples
was analyzed by UV–vis spectroscopy. The band gap energy, Eg,
obtained were 2.73 and 2.70 eV for MELT700 and COP250 , respec-
tively (see Table 1). These values are within a typical range of
2.45–2.82 eV reported by Bi2Mo3O12 prepared by different meth-
ods at different temperatures [15].

3.2. Photocatalytic activity

Photocatalytic activity of Bi2Mo3O12 oxide supported on glass
T = 20 ± 1 C, RH = 50 ± 1%, and an inlet NO concentration of 500 ppb.
Fig. 5 shows NO conversion (%) at different irradiation times for the
samples COP250 and MELT700. Under UVA light irradiation, NO

ng oxides at 700 ◦C and (b) and (c) co-precipitation at 250 ◦C.
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ig. 5. NO conversion (%) using Bi2Mo3O12 oxide prepared by different methods as
hotocatalyst. (UVA, �R = 3.6 s, Q = 1 L min−1, E = 10 W m−2).

emoval quickly reached a steady state of 88.9% within 4 min  in
he presence of Bi2Mo3O12 (COP250), whereas NO removal using
he sample MELT700 only reached 16%. The above results reveal

 much higher photocatalytic activity of the sample prepared by
o-precipitation method due to its preparation method at low tem-
erature which leads to a material with higher surface area, and

ow particle size compared to the reference method. The results
re summarized in Table 1.

In Fig. 6, the changes in NO, NO2 and NOx concentration during
heir photocatalytic conversion using COP250 as photocatalyst are
hown. After the adsorption–desorption equilibrium of the gases on
he photocatalyst surface was reached, the lamp was turned on, and
he NO concentration dropped rapidly and reached a steady state in

 min. According with the results, an increase in the NO2 concen-
ration was observed which could be explained by the oxidation
f NO to NO2 on the photocatalyst surface. The total NOx concen-
ration, which is the sum of NO and NO2 concentrations was also
ecreased. The NO2 generated was 37% of the NO removed and the
emained (63%) possibly was oxidized into nitrite and nitrate ions
NO2

−/NO3
−) and were fixed on the surface of the photocatalyst as

as reported in previous papers [22–24].
Additional experiments were done in order to investigate the
ffect of relative humidity on the photocatalytic oxidation effi-
iency, and the results are shown in Fig. 7. When the relative
umidity was increased from 30% to 50%, NO removal (%) was

ig. 6. Evolution of the NO, NO2 and NOx concentration during the course of their
hotocatalytic conversion. (UVA, �R = 3.6 s, Q = 1 L min−1, E = 10 W m−2).
Fig. 7. NO conversion (%) using Bi2Mo3O12 as photocatalyst with different relative
humidities. (UVA, R = 3.6 s, Q = 1 L min−1, E = 10 W m−2).

almost the same. However, at high relative humidity (70%) NO
removal (%) decreased rapidly possibly due to the competition for
adsorption sites of the Bi2Mo3O12 surface between nitric oxide and
water.

In literature, there are some studies about the synergistic effect
of the Bi2Mo3O12 and Bi2MoO6 as catalysts in the oxidative dehy-
drogenation of C4 raffinate-3 [25] and the partial oxidation of
propylene to acrolein [26]. In the later work, the authors proposed
a remote control mechanism, in which oxygen species formed on
the Bi2MoO6 surface migrate onto the surface of Bi2Mo3O12 to cre-
ate active sites. In an attempt to investigate the synergistic effect
of these photocatalysts on NO removal capacity, a mixture con-
sisting of Bi2Mo3O12 and Bi2MoO6 was prepared by a mechanical
mixing method (50/50 wt%), and applied as photocatalyst for the
NO removal under UVA light irradiation. The mechanical mixture
was simply ground to prepare the mixed photocatalyst. Unlike
previous works in catalysis field, Bi2Mo3O12 showed higher photo-
catalytic activity than Bi2MoO6 and the synergetic catalytic effect
was not observed, as can be seen in Fig. 8. This result can be
associated with the difference in the number of absorbed photons
because of the larger surface area of Bi2Mo3O12. This can contribute

to make Bi2Mo3O12 more able to absorb NO molecules to react
with hydroxyl radicals generated in the photocatalytic process and
thus transform the nitric oxide to nitric dioxide and then to nitric
acid to form nitrate ion [27]. According to the literature, bismuth

Fig. 8. NO conversion (%) of Bi2Mo3O12, Bi2MoO6, and its mixture as a function of
time. (UVA, �R = 3.6 s, Q = 1 L min−1, E = 10 W m−2).
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olybdates are not active for H2 generation from an aqueous
ethanol solution possibly due to their conduction bands levels

re not more negative than the potential needed for water reduc-
ion to form H2 [28]. However, bismuth molybdates are active for O2
eneration from an aqueous silver nitrate solution. Therefore, the
xidation of NO using Bi2Mo3O12 as photocatalyst can be explained
y a mechanism that involves direct reaction between the photo-
enerated electrons and oxygen molecules to form superoxide ion
nd consequently to form hydroxyl radicals.

On the basis of these results, Bi2Mo3O12 oxide prepared by a sim-
le co-precipitation method at low temperature can be considered
s efficient photocatalyst to remove nitric oxide from air.

. Conclusions

Bi2Mo3O12 oxide was prepared by co-precipitation method at
ow temperature (250 ◦C) and at high temperature (700 ◦C) by melt-
ng oxides method. The resulting oxides consisted of particles with
ifferent morphologies and physical properties such as surface
rea and particle size. The oxides prepared by these methods were
sed as photocatalysts in the photocatalytic removal of NO from
ir at ambient conditions. The oxide prepared by co-precipitation
howed higher efficiency in NO removal than the oxide prepared
y the melting oxides method reaching 88.9% of NO conversion in
teady state under UVA light irradiation. The efficiency of the pho-
ocatalytic reaction was adversely affected as the relative humidity
ent higher than 50% due to the competition in the adsorption

ites on the Bi2Mo3O12 surface between nitric oxide and water
olecules. The synergistic effect of Bi2Mo3O12 and Bi2MoO6 was

lso investigated in this reaction. The results showed that the syner-
istic effect was not observed and the Bi2Mo3O12 exhibited higher
hotocatalytic efficiency than the Bi2MoO6 due to its higher surface
rea and its abundant adsorption sites for NO adsorption.
cknowledgments
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