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Photocatalytic property of sillenite Bi24AlO39 crystals
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Abstract

Bi24AlO39 crystals with sillenite structures were prepared by the chemical solution decomposition (CSD) method. The prepared powders
were examined by the XRD and UV-Vis reflectance spectroscopy. The band gap of Bi24AlO39 crystals was estimated to be about 2.46 eV from
the UV-Vis diffuse reflectance spectrum of the photocatalyst. Photocatalytic properties of Bi24AlO39 catalysts were evaluated using methyl
orange as a model organic compound. The photocatalytic activity of the prepared Bi24AlO39 is high enough to photo-degrade 20 mg/l methyl
orange in 2 h, which is similar as that of P-25 and much better than that of anatase TiO2 prepared by us.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Recently photocatalysis, using semiconductors, such as
TiO2, has attracted extensive attention, because they pro-
vide a promising strategy for cleaning polluted air or water
[1]. Previous studies have shown that such semiconductors
can degrade most kinds of persistent organic pollutant, such
as dyes, pesticide, detergents and volatile organic com-
pounds, under UV-light irradiation[1–4]. However, the fast
recombination rate of photogenerated electron/hole pairs
hider the commercialization of this technology[1,2]. It is,
therefore, of interest to develop new photocatalysts with
higher photocatalytic properties. In an earlier study one of
the author reported sillenite Bi12TiO20 as a novel photo-
catalyst against methyl orange[5,6]. The higher activity of
sillenite Bi12TiO20 photocatalyst than that of anatase TiO2
is attributed to the Bi-O polyhedra in Bi12TiO20 crystals,
which were assumed to eliminate the recombination of
electron–hole pairs and then facilitate the photocatalytic
activity of the catalysts[5]. Because all sillenite crystals
have the Bi-O polyhedra similar as those of Bi12TiO20, it
is of great interest to examine other sillenite crystals. In the
present paper, another sillenite photocatalyst Bi24AlO39 was
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reported. Bi24AlO39 crystals belong to a family of sillenite
compounds with the general formula Bi12MO20 where M
represents a tetravalent ion or a combination of ions. The
overall structure of the Bi12MO20 crystal may be described
in terms of the 7-oxygen coordinated Bi polyhedra, which
share corners with other identical Bi polyhedra and with
MO4 tetrahedra. This body centered cubic structure of sil-
lenite crystals facilitate the solubility of novel metal ions in
the crystals, because the tetrahedron of oxygen atoms sur-
rounding the M atoms is able to expand or contract without
a major effect on the remaining atomic arrangement[7].
Bi24AlO39 is in sillenite Bi12MO20 type with 26 metal atoms
per cell.

In this paper the sillenite Bi24AlO39 was synthesized by
the chemical solution decomposition (CSD) method and
photocatalytic properties of Bi24AlO39 catalysts were eval-
uated using methyl orange as a model organic compound.

2. Experimental

The sillenite crystals of Bi24AlO39 were prepared by the
chemical solution decomposition (CSD) method with high
purity grade chemicals of bismuth nitrate (Bi(NO3)3·5H2O)
and aluminum nitrate (Al(NO3)3·9H2O). Glacial acid
(CH3COOH) was selected as a solvent. Bismuth nitrate
(Bi(NO3)3·5H2O) and aluminum nitrate (Al(NO3)3·9H2O)
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were dissolved in glacial acetic acid (CH3COOH), The so-
lution was diluted with 2-methoxyethanol (CH3OCH2OH)
to adjust the viscosity and surface tension of the solution.
After being stirred for 2 h by a magnetic stirrer, the solu-
tion was dried at 100◦C for tens of minutes to remove the
solvents and some organic materials. The obtained pow-
ders were then calcined at 600◦C for 5–30 min to produce
crystallinity.

X-ray diffraction (XRD) measurement was carried out at
a room temperature by using a Rigaku D/MAX-YA X-ray
diffractometer with Cu-K� radiation. The accelerating volt-
age of 40 kV, emission current of 20 mA and the scanning
speed of 10◦ m−1 were used. To determine the band gap en-
ergy of the photocatalysts, UV-Vis reflectance spectroscopy
measurement was carried out using a Hitachi U-3000 spec-
trophotometer with an integrating sphere. The pure pow-
dered BaSO4 was used as a reference sample.

The photodecolorization of aqueous methyl orange was
carried out in a 150 ml Pyrex glass vessel with constant
magnetic stirring. A 20 W UV lamp with a maximum
emission at about 360 nm was used as the light source.

Fig. 1. X-ray diffraction patterns of as-prepared Bi24AlO39 powders calcined at a fixed temperature at 600◦C for 5, 10 and 30 min, respectively: (A)
5 min; (B) 10 min; (C) 30 min.

Reaction suspension was prepared by adding the prepared
samples into a 50 ml of aqueous methyl orange solution. In
all experiments, prior to irradiation, the suspensions were
ultrasonically sonicated for 10 min and then magnetically
stirred in a dark condition for 10 min to establish adsorp-
tion/desorption equilibrium. The suspensions were then
irradiated under the UV light. The distance between the
liquid surface and the light source was about 5 cm, where
the light intensity was about 0.936 mW/cm2 measured by
using an UV-Vis spectrophotometer. The concentrations of
aqueous methyl orange were determined by measuring the
absorbance at 464 nm with an UV-Vis spectrophotometer.

3. Results and discussions

3.1. Characterization of the prepared samples

Fig. 1shows the XRD patterns of Bi24AlO39 crystals cal-
cined at a fixed temperature at 600◦C for 5, 10 and 30 min,
respectively. As shown inFig. 1, the prepared samples have
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Fig. 2. The UV-Vis diffuse reflectance spectrum of Bi24AlO39 and P-25.

been well-crystallized at an annealing temperature of 600◦C
for 5 min. The X-ray diffraction patterns of which were in-
dexed based on the cubic lattice (a = b = c = 10.179 Å)
as reported previously. According to Joint Committee of
Powder Diffraction Standard data cards (42–184), most of
the peaks emerged belong to Bi24AlO39 phase. This means
that Bi24AlO39 can be prepared when calcined at 600◦C for
5 min. The XRD peaks of Bi12TiO20 become sharper and the
full width at half maximum decreased, as shown inFig. 1,
indicating a better crystallinity and an increase in grain size
when sintered at higher temperature.

The UV-Vis diffuse reflectance spectrum of Bi24AlO39 is
as shown inFig. 2. For comparison, the UV-Vis diffuse re-
flectance spectrum of P-25 is also presented. The band gap
absorption edge of Bi24AlO39 and P-25 are determined to
be 506 and 388 nm, corresponding to the band gap energy
of 2.46 and 3.2 eV, respectively. For Bi24AlO39 with the
band gap energy of 2.46 eV, theoretically it can be exited by
the photons with the wavelength under 519 nm. While it is
known that the methyl orange solution has a strong absorp-
tion at 400–500 nm, which is the main part of the visible
light absorption of Bi24AlO39, so the methyl orange solu-
tion is not suitable to examine the photocatalytic activity of
Bi24AlO39 under the irradiation of visible light. In this paper,
we just examined the photocatalytic activity of Bi24AlO39
under the irradiation of UV-light.

3.2. Photocatalytic activity of Bi24AlO39 crystals

The UV-Vis spectra for methyl orange solution show two
absorption maxima, the first band observed at 270 nm and
the second band at 464 nm. The band at 464 nm was used
to monitor the effect of the photocatalysis on the degrada-
tion of methyl orange. It is known that methyl orange can be

adsorbed onto catalysts from its aqueous solution. Hachem
et al. [8] pointed out that the absorption was quite fast and
the equilibrium concentration could be reached within about
45 min. In this paper, the absorption/desorption equilibrium
of the suspensions was established by ultrasonically soni-
cated for 10 min and then magnetically stirred in a dark con-
dition for 10 min. The photocatalytic degradation generally
follows a Langmuir–Hinshelwood mechanism[9,10], with
the rater being proportional to the coverageθ which be-
comes proportional toC at low concentrations

r = kθ = kKC

1 + KC
(1)

wherek if the true rate constant andK the adsorption con-
stant. Since the initial concentration is low (C0 = 20 mg/l),
the term KC in the denominator can be neglected and the
rate becomes, apparently, first order

r = −dc

dt
= kKC = kappC (2)

wherekappis the apparent rate constant of pseudo-first order.
The integral formc = f(t) of the rate equation is

ln
C0

C
= kappt (3)

3.3. Effect of catalysts concentration on the
photocatalytic activity

In order to determine the optimal amount of photocatalyst,
a preliminary study (Fig. 3) has been carried out to optimize
the concentration of Bi24AlO39 catalysts. The amount of the
photocatalyst was varied from 2 to 7 g/l. The concentration
of methyl orange decreased negligibly over the time span of
these experiments in the absence of photocatalysts. A blank
experiment in the absence of irradiation but with the pre-
pared catalysts demonstrates that no significant change in
the concentration was found. As shown inFig. 3, the pho-
tocatalytic activity of Bi24AlO39 has significant difference

Fig. 3. The decreases of methyl orange solution by different concentration
of Bi24AlO39 crystal as a function of UV irradiation time. The concen-
trations of the catalyst are: (A) 2 g/l; (B) 3 g/l; (C) 4 g/l; (D) 5 g/l; (E)
6 g/l; (F) 7 g/l, respectively.
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Table 1
Summary of the apparent reaction rate constants calculated fromFigs. 3 and 4for different catalysts

Catalysts Annealing
times (min)

Catalyst
concentration (g/l)

Apparent reaction
rate constants
(k × 10−3 min−1)

Methyl orange
decolorization (min)a

Bi24AlO39 5 6 9.1 76.2
Bi24AlO39 10 6 16 43.3
Bi24AlO39 30 2 1.3 533
Bi24AlO39 30 3 4.6 150.7
Bi24AlO39 30 4 8.2 84.5
Bi24AlO39 30 5 10.5 66
Bi24AlO39 30 6 12.2 56.8
Bi24AlO39 30 7 7.8 88.9
P-25 – 2 16.8 41.3
Anatase TiO2b – 3 4.95 140

a Time required for 50% decolorization of 20 mg/l methyl orange solution.
b Pure anatase TiO2 nanopowders prepared by us.

among the photocatalysts concentrations varied from 2 to
7 g/l. The calculated apparent reaction rate constants of each
catalyst are listed inTable 1. The experiment results appear
that the degree of decolorization of dye solution increases
with increasing amount of photocatalyst, reaches the higher
value at catalyst loading= 6 g/l and then decreases. Similar
phenomena were found in the study of the photocatalyst of
P-25, which reached the higher value at catalyst loading=
2 g/l [11]. This behavior is attributed to the so-called shield-
ing effect after exceeding the optimal amount, the suspended
catalysts reduces the penetration of the light in the solution
[12]. Because the most active was the photocatalyst with
concentration of 6 g/l, the rest of experiments were carried
out using this concentration.

3.4. Effect of heat-treatment for photocatalyst on the
photocatalytic activity

The effect of heat-treating times on the photocatalytic ac-
tivity of Bi 24AlO39 at a fixed temperature of 600◦C is ex-
amined (Fig. 4). It can be seen that the degradation rate

Fig. 4. The effect of heat-treating times on the photocatalytic activity of
Bi24AlO39 at a fixed temperature of 600◦C. The catalysts are: Bi24AlO39

calcined for 5, 10, 30 min, P-25, and anatase TiO2 prepared by us,
respectively.

of methyl orange increases with the increasing annealing
times. As shown inFig. 4 andTable 1, the sample calcined
at 600◦C for 10 min displays photocatalytic activity with a
constant of 0.016 min−1, which is much better than that of
pure anatase TiO2 prepared by us. As a comparison, P-25 and
the pure TiO2 prepared by us need 2 and 3 h, respectively,
to photodecolorize the 20 mg/l methyl orange solution un-
der similar conditions. Yet further increase of the calcination
times decreases the photocatalytic activity of the prepared
sample, when the calcination times reach to 30 min the pre-
pared sample shows a lower rate constant of 0.012 min−1.
The enhancement of photocatalytic activity at the increasing
calcinations time from 5 to 10 min can be attributed to an
obvious improvement in the crystallinity of Bi24AlO39 (as
shown inFig. 1). While long calcinations time will cause
the dramatically growth of particle, leading to the decrease
in BET, therefore, resulting in the decrease in the photocat-
alytic activity [2–14].

3.5. Effect of initial dye concentration on the
photocatalytic activity

The effect of initial dye concentration in water on the
photocatalytic process was examined. The reactions of dye
decomposition were carried out in the range 5–20 mg/l. As
shown inFig. 5, the photocatalytic activity of Bi24AlO39
has no significant difference among the initial dye concen-
trations varied from 5 to 20 mg/l. It was found that the best
degradation was obtained with 20 mg/l methyl orange. The
result is different with that obtained for the degradation of
methyl orange by using TiO2 where the degradation rate de-
creases with increasing the initial dye concentration[15],
which can be related to the formation of several layers of
adsorbed dye on the photocatalyst surface and then inhibits
the reaction of dye molecules with photogenerated holes or
hydroxyl radicals. As to Bi24AlO39 catalysts, it seems that
the initial dye concentration has little effect on the photo-
catalytic activity of the photocatalysts.
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Fig. 5. The effect of initial dye concentration on the photocatalytic activity
of Bi24AlO39: (B) 5; (C) 10; (D) 20 mg/l, respectively.

3.6. Effect of pH on the photocatalytic activity

The heterogeneous photocatalysis has been found to be
pH dependent[2,15–18]. As shown inFig. 6, the reaction
rate increase at acidic pH but decrease at alkaline pH. It
appears that the effect of pH on the degradation of the
pollutions is variable and controversial. For example, bah-
nemann et al.[16] found the photocatalytic degradation
rate of CHCl3 at pH 8–9 is about 10 times higher than
that at pH 3.8. In our case the highest degradation rate
was achieved at pH= 2. Similar results were previously
observed for the photodecomposition of 3-chlorophenol
[17] and degradation of methyl orange[2,15], which was
explained on the basis that at low pH HO2 radicals will
form, and this will compensate for the effect of decreasing
hydroxyl ions concentration. The decrease in degradation
rate at alkaline pH is assumed to the anions and the highly
negative charged oxide surface and degradation would,
thus, depend on diffusion of surface-generated OH towards
the inside layer to the low concentration of methyl or-
ange anion, a slower process than direct charge transfer
[2,18].

Fig. 6. The effect of pH on the photocatalytic activity: (B) pH= 2; (C)
pH = 9; (D) pH = 7, respectively.

Fig. 7. The effect of methanol addition on the photocatalytic activity
of Bi24AlO39: (B) no methanol addition; (C) 0.1 M methanol addition.
[methyl orange]= 20 mg/l.

3.7. The mechanism of photocatalytic activity of methyl
orange on Bi24AlO39

It has been shown that the photodegradation of dyes is
closely related to the adsorption of dyes on the surface of the
photocatalysts, and the degradation takes place at or near to
the catalyst particle surface, rather than in the bulk solution
[19,20]. For the Bi24AlO39 catalysts, as state previously, the
absorption/desorption equilibrium of the suspensions was
established before the UV light irradiations. To examine
the surface reaction mechanism, methanol was added to the
dispersion. This alcohol has been found to both scavenge
holes and react with OH• [21,22]. As shown inFig. 7, the
0.1 M methanol addition shows drastic inhibitive effect on
the photodegradation of methyl orange. Since methanol did
not strongly adsorb on Bi24AlO39 in aqueous systems and
compete for sites, the decrease of the activity of Bi24AlO39
can be attributed to the competitive of the holes or OH•
between the methyl orange and the methanol in the di-
luted solutions. The results suggest that the degradation of
the methyl orange can be partly taken place in the bulk
solution.

The origin of the higher photocatalytic activity of
Bi24AlO39 crystals is of great interest. In the study of photo-
catalytic properties of sillenite Bi12TiO20, the high activity
of sillenite Bi12TiO20 photocatalyst is attributed to the Bi-O
polyhedra in the sillenite crystal structure[5]. In this paper
we proposed that the sillenite structure of Bi24AlO39 crys-
tals can also be regarded as one important factor to affect
the photocatalytic property of the crystals. The process of
photodecomposition of organic pollution on solid catalysts
is always depicted as resulting from continuous band-gap
irradiation of the aqueous semiconductor dispersion that
excites an electron from the valence band to the conduc-
tion band, creating an electron–hole pair. Photo-generated
holes are capable of directly oxidizing many organic pollu-
tants, and photogenerated electrons have also been shown
to be capable of contributing to the decomposition pro-
cess through reduction of absorbed O2 to the superoxide
radical ion, O2

−• [14,23]. It is important to separate the
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photo-generated holes and electrons pairs to improve the
photocatalytic activity of the catalyst. Recently, Gerischer
and Heller [24] found that the rate of photooxidation is
equal to and limited by the reduction rate of dissolved oxy-
gen (O2) in the solution. It was theoretically predicted that,
when O2 is not reduced at a sufficiently high rate, elec-
trons will accumulate on the photocatalyst particles and the
electron–hole recombination will be enhanced[3,24]. Re-
cently researchers found that some oxides, such as Bi2O3,
play a role of active oxygen donors in photo-oxidation pro-
cess[25]. Tsubo et al.[26] showed that gaseous oxygen
become active only after passing through the volume of a
grain of such donor oxides. Bi-O polyhedra in Bi24AlO39
crystals were assumed to serve as the active donor sites,
which can enhance the electron transfer to O2 and eliminate
the recombination of electron–hole pairs. The origin of the
high photocatalytic property of Bi24AlO39 crystals need
further study.

4. Conclusions

Bi24AlO39 crystals with sillenite structures were prepared
by the chemical solution decomposition (CSD) method. The
band gap of Bi24AlO39 crystals was estimated to be about
2.46 eV from the UV-Vis diffuse reflectance spectrum of
the photocatalyst. The photocatalyst based on Bi24AlO39
crystals for photo-decolorization of methyl orange has been
examined. The high photocatalystic activity of the prepared
sample is supposed to be facilitated by the Bi-O polyhedra
of Bi24AlO39 crystals.
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