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Abstract
An InYO3 photocatalyst was prepared through a precipitation method and used for the degradation of molasses fermentation

wastewater. The InYO3 photocatalyst characterized by X-ray diffraction (XRD), UV-Vis diffuse reflectance spectroscopy, surface
area and porosimetry. Energy band structures and density of states were achieved using the Cambridge Serial Total Energy package
(CASTEP). The results indicated that the photodegradation of molasses fermentation wastewater was significantly enhanced in
the presence of InYO3 when compared with PbWO4. The calcination temperature was found to have a significant effect on the
photocatalytic activity of InYO3. Specifically, InYO3 calcined at 700°C had a considerably larger surface area and lower reflectance
intensity and showed higher photocatalytic activity. The mathematical simulation results indicated that InYO3 is a direct band gap
semiconductor, and its conduction band is composed of In 5p and Y 4d orbitals, whereas its valence band is composed of O 2p and In
5s orbitals.
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Introduction

In recent years, there has been an increasing use of
ethanol in gasoline. As a result, more ethanol are produced
from molasses (a byproduct in the sugar industry and
a non-grain material), which generates large volumes of
concentrated wastewater that require treatment. This kind
of wastewater has bad smell, dark brown color, very high
chemical oxygen demand (COD) and high biochemical
oxygen demand (BOD5) (Zeng et al., 2009). This molasses
fermentation wastewater contains colored substances, such
as melanin derivatives, Maillard pigment, and caramel,
as well as large amounts of carbonate and phosphate.
Traditional biochemical and physico-chemical treatment
methods are inadequate, as these kinds of pigments are
heat and light resistant, and they cannot be easily decol-
orized (Guimarães et al., 1999 ).

Many techniques have been recently reported for the
treatment of this kind of wastewater, such as hydroelectric
plasma, TiO2-catalyzed hydroelectric plasma (Qin et al.,
2009c), ozonation and catalyzed ozonation (Coca et al.,
2007; Zeng et al., 2009), photocatalytic degradation (Wang
et al., 2008; Qin et al., 2009a; Li et al., 2010), wet
air oxidation (Arena et al., 2010; Gaálová et al., 2010),
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and H2O2 and H2O2/UV processes (Toor and Mohseni,
2007; Kralik et al., 2010). Among these types of meth-
ods, advanced oxidative processes will produce hydroxyl
radicals (OH·) (Britto and Rangel, 2008; Klavarioti et
al., 2009), typically through irradiation of semiconductors
with UV light. When the energy of irradiation reaching
these semiconductors is sufficient, hydroxyl radicals and
super oxide radical ions, which have high activity in the
oxidation of organic compounds, are generated.

Yttrium (Y) is a rare earth metal with an outer shell
electron distribution of 4d15s2 (i.e., that is, only one d
electron exists which can receive pair with other electrons
and to form a half-full or full-filled type while maintaining
with a stable electron distribution on the yttrium d orbital).
In terms of photocatalytic activity, some Y complexes
involve complex oxides, such as TiO2/YFeO3 (Wang et al.,
2008), Er3+: YAlO3/TiO2 (Wang et al., 2010), and BiYO3
(Qin et al., 2009a).

An InYO3 complex oxide was prepared in this study
by a precipitation method for photocatalytic degradation
of molasses fermentation wastewater. The InYO3 complex
oxide was characterized by X-ray diffraction (XRD), UV-
Vis diffuse reflectance spectroscopy, surface area and
porosimetr, and the effects of calcination temperature on
its crystal structure and the photocatalytic activity were

http://www.jesc.ac.cn


jes
c.a

c.c
n

1220 Journal of Environmental Sciences 2011, 23(7) 1219–1224 / Zuzeng Qin et al. Vol. 23

determined.

1 Experiment

1.1 Catalyst preparation and characterization

In(NO3)3 and Y(NO3)3 were prepared as 0.1 mol/L
aqueous solutions. The In(NO3)3 solution was added drop
wise to the Y(NO3)3 solution with stirring. The resulting
solution was stirred for 30 min to ensure thorough mixing
and then adjusted to pH 8 using a 0.5 mol/L NH4OH,
yielding a white precipitate. The precipitate was then
filtered and dried at 90°C for 10 hr, resulting in InYO3
precursor. Finally, the precursor was ground and calcined
at 600, 700, 800, 900, and 950°C for 2 hr in a muffle
furnace to obtain desired InYO3 catalyst.

The InYO3 samples were characterized by X-ray diffrac-
tion (XD-3, Beijing Purkinje General Instrument Co.,
Ltd., China). A diffuse reflection spectrum was obtained
using a UV-Vis spectrometer (UV-2501 PC, Shimadzu,
Japan) and converted from reflection to absorbance by the
Kubelka-Munk method. Geometry optimizations, energy
band structures and density of states were calculated using
the Cambridge Serial Total Energy package (CASTEP).

1.2 Phtocatalytic degradation of molasses fermentation
wastewater

The photocatalytic degradation of molasses fermenta-
tion wastewater was performed as a probe reaction to
characterize the photocatalytic activity of InYO3. The
experiment was carried out in a multi-function photo-
chemical reactor equipped with a 300 W mercury lamp.
During the experiment, 200 mL of molasses fermentation
wastewater (30-fold diluted) (Qin et al., 2009b) and 2.00
g/L of InYO3 powder were introduced into the reactor.
The concentration of molasses fermentation wastewater
was then determined by monitoring group absorbance us-
ing a dual-beam UV-Vis spectrometer (TU-1901, Beijing
Purkinje General Instrument Co., Ltd., China), which was
set at an absorption maximum of 475 nm (Coca et al.,
2007; Zeng et al., 2009). The concentration of the molasses
fermentation wastewater after photocatalytic degradation
was calculated by the linear relation between concentration
and absorbance.

2 Results and discussion

2.1 Photocatalyst characterization

The XRD patterns of InYO3 prepared by precipitation
method from In(NO3)3 and Y(NO3)3 and calcined at
different temperatures are shown in Fig. 1. Interestingly,
the five patterns were basically the same, and the XRD
peaks of these five samples could be indexed to bismuth
yttrium oxide (InYO3, JCPDS 25-1172), indicating that
InYO3 could be prepared by precipitation from Y(NO3)3
and In(NO3)3. Subsequent to calcination at 600°C, the
crystallization of InYO3 was incomplete, and only some
dispersive diffraction peaks were found on the XRD pat-
tern. With the increase in calcination temperature, the
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Fig. 1 XRD patterns of InYO3 calcined at different temperatures.

characteristic diffraction peaks of InYO3 were found to
become narrower. The diffraction peaks of InYO3 were
found to be the narrowest and the highest after calcined at
950°C . As estimated from the full width at half maximum
(FWHM) of the InYO3 (222) peak using the Sherrer
formula, the particle size of InYO3, which was calcined
at 600, 700, 800, 900, and 950°C was found to be 12.4,
14.9, 23.5, 24.8, and 26.8 nm, respectively. Furthermore,
the particle size of InYO3 (222-lattice plane) calcined at
600 and 700°C were found to be significantly smaller
than those calcined at the other three temperatures. There-
fore, higher calcination temperatures were advantageous to
crystal growth.

The N2 adsorption-desorption isotherm and the pore size
distribution curve of InYO3 are depicted in Fig. 2a. As can
be seen, the N2 adsorption isotherms of InYO3 calcined
at different temperatures belonged to the III-type isotherm
with a hysteresis loop. At a relative low pressure (P/P0
< 0.8), there was a gradual increase in the N2 adsorption
process, which indicated transfer from the monolayer ad-
sorption to multilayer N2 adsorption on the InYO3 catalyst
surface (Rouquerol et al., 1999). Regarding desorption,
the InYO3 prepared at different temperatures had H3-type
hysteresis loops, and the relative pressure of the desorption
branches was 0.80 < P/P0 < 1.0. This value indicated that
the InYO3 prepared at the studied temperatures was sheet
material with oblique slit-like holes. It can be seen in Fig. 2
that the start and end of the hysteresis loops of InYO3
calcined at 600°C were the widest, which indicated that
the amount of adsorption and desorption was the largest.
Therefore, the pore size distribution was most narrow for
the catalyst calcined at 600°C.

From the pore size distribution data of InYO3 calcined
at different temperatures (Fig. 2b), a limited amount of
micropores existed in the InYO3 calcined at 600 and
700°C; however, the amount of this kind of pore is very
little. The major pores in these two samples were found
to be mesopores with pore size distributions of around
29 and 43 nm, respectively. Most of the pores in InYO3
calcined at 800, 900, and 950°C were found to be meso-
pores as well, and the pore sizes of these samples were
distributed between 10 and 160 nm. In accordance with the
N2 adsorption isotherm-desorption data, the surface area,
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Fig. 2 Effects of calcination temperature on N2 adsorption-desorption isotherm (a), and the pore size distribution curve of InYO3 (b).

pore volume, and average pore radius from the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods are shown in Table 1. From these data, it can
be revealed that, with increasing calcination temperature,
the surface area of the InYO3 was decreased sharply.
Additionally, the surface area and the total pore volume of
InYO3 calcined at 600 and 700°C were found to be larger
than that calcined at 800 and 900°C. This observation
indicated that InYO3 was sintered and the pore structure
was destroyed after high temperature calcination.

It can be seen from Fig. 3 that the reflectance spectra of
InYO3 calcined at different temperatures were quite similar
but that the reflected intensities were different. The light
reflectivity of the catalyst calcined at 800°C was found to
be the strongest, especially in the visible light range, while
that of the catalyst calcined at 700°C was found to be the

Table 1 Area-volume summary of InYO3

Calcination BET surface Total pore Average pore
temperature (°C) area (m2/g) volume (mL/g) radius (nm)

600 52.9 0.391 30
700 40.0 0.357 36
800 11.0 0.074 27
900 7.99 0.067 34
950 4.76 0.047 39
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Fig. 3 UV-Visible diffuse reflectance spectra of InYO3, and the ab-
sorbance of samples from reflectance by Kubelka-Munkmethod (the
inset).

weakest (i.e., the InYO3 sample calcined at 700°C could
absorbe more light in this range).

For a semiconductor sample, it is possible to determine
the optical absorption near the band edge using the follow-
ing Eq. (1).

ahv = A(hv−Eg)n/2 (1)

where α, h, v, Eg, and A represent the absorption coeffi-
cient, Planck constant, radiation frequency, band gap, and
a constant, respectively (Butler, 1977). It can be seen from
the inset in Fig. 3 that the absorption edges of the InYO3
calcined at 600, 700, 800, 900, and 950°C were 365, 376,
363, 364, and 363 nm, respectively, and thus the calculated
corresponding band gaps were 3.40, 3.30, 3.42, 3.41, and
3.42 eV, respectively.

2.2 Photocatalytic degradation of molasses fermenta-
tion wastewater

The time course of photocatalytic degradation for mo-
lasses fermentation wastewater in the presence of InYO3
calcined at different temperatures is shown in Fig. 4. After
150 min of photocatalytic reaction with InYO3 calcined at
600, 700, 800, 900, and 950°C, the removal of molasses
fermentation wastewater was 90.35%, 98.23%, 81.29%,
73.80%, and 52.37%, respectively. For comparison, the
removal of molasses fermentation wastewater under the
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Fig. 4 Molasses fermentation wastewater photocatalytic degradation by
InYO3 as catalyst.
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same reaction conditions was found to be 90.2% when
PbWO4, which prepared by precipitation method, was used
as the photocatalyst (Qin et al., 2009b). It can be seen from
Fig. 4 that the photocatalytic activity of InYO3 calcined
at 700°C was significantly higher than that calcined at
600°C. When combined with the XRD results, it could be
concluded that the crystal of InYO3 calcined at 600°C was
poor, as some of the crystal phase was not generated,
making the photocatalytic activity lower than that catalyst
calcined at 700°C. In addition, the photocatalytic activity
of InYO3 calcined at 800, 900, and 950°C was also found
to be lower than that calcined at 700°C. This phenomenon
was explained on the basis that calcination temperatures
above 800°C destroyed the pore structure of InYO3 and
induced sintering behavior in the crystals, which would
cause a decrease in the surface area and pore volume. This
decrease of the surface area and pore volume would thus
lead to a reduction in the number of crystal defects on
the catalyst (Liu et al., 2009), decreasing photocatalytic
activity.

It could be observed from the light absorption of InYO3
that the band gap of InYO3 calcined at 700°C was 3.30 eV,
which was more narrow than the other four samples. And
the absorption edge of InYO3 calcined at 700°C shows a
red shift from 363 to 376 nm, indicating that the ability to
absorb light of InYO3 calcined at 700°C was the strongest
in the five samples. Also, the reflectance of InYO3 calcined
at 700°C in the visible light range was found to be lower
than the other four samples, indicating that the sample
might absorbe more visible light. The increasing ability to
absorb light of InYO3 calcined at 700°C improved charge
separation and inhibition of charge carrier recombination,
which is essential in enhancing the overall quantum effi-
ciency of the photodegradation process and increasing the
photocatalytic activity (Carp et al., 2004).

The experimental data in Fig. 4 were fit to a plot of
–ln(c/c0) versus reaction time (t) to investigate the kinetics
of the photocatalytic degradation of molasses fermentation
wastewater by InYO3 calcined at different temperatures;
The results of the kinetics in Table 2 were found to be
consistent with the first-order law equation (Eq. (2)):

−dC
dt
= k′C (2)

where, k′ and C represent the reaction rate constant, and
the concentration of wastewater, respectively. In addition,
the correlation coefficients, R2, indicated that the data

fit reasonably well with this pseudo first-order model.
Therefore, it could be concluded that the process of photo-
catalytic degradation of molasses fermentation wastewater
by InYO3 calcined at different temperatures involved
pseudo first-order reactions kinetics. The rate constants in
Table 2 also indicates the photocatalytic activity of the
samples, the rate constant of the photocatalytic degradation
of molasses fermentation wastewater with InYO3 calcined
at 700°C was 26.47 × 10−3 min−1, which was the highest
among the samples.

Since molasses fermentation wastewater has a high
chemical oxygen demand (COD), the CODCr of wastewa-
ter was also studied using InYO3 as a photocatalyst (Table
2). The CODCr of molasses fermentation wastewater in
this study was as high as 4.53×103 mg/L, even after 30-
fold dilution. However, when using InYO3 calcined at
700°C for 2 hr as the photocatalyst, the CODCr of 30-
fold diluted molasses fermentation wastewater after a 150
min photocatalytic reaction was significantly reduced to
0.32×103 mg/L (i.e., a reduction of 92.98%). This drop in
CODCr reflected the degradation of complex organic com-
pounds into small molecules, such as CO2 and H2O. Thus,
the decolorization of the wastewater was accompanied by
a significant reduction in CODCr.

2.3 Mathematical simulation of the band gap

The spectral properties of semiconductor are mainly
based on their energy band structure. At present, the
valence band structure of simple crystals can be calculated
by theoretical simulations. Based on the density functional
theory, the valence band structure, conduction band, and
density of states of InYO3 can be calculated using the
CASTEP module of Material Studio, which based on Den-
sity Functional Theory (DFT). The calculated electronic
band structure and the partial density of states of InYO3
are plotted in Fig. 5.

In the calculation, the crystal structure of InYO3 was
first geometry optimized, and then the energy band struc-
ture and density of states (including the total density of
states and the partial density of states) were calculated. The
calculations indicated that InYO3 is an indirect gap crystal,
and that the direct gap at 2.6 eV, which is mainly caused by
the 3d states of Y and the 2p of O, was 0.66 eV lower than
the indirect gap (2.14 eV).

InYO3 is a direct band gap semiconductor, as its conduc-
tion band is mainly composed of In 5p and Y 4d orbital,
whereas its valence band is composed of O 2p and In 5s

Table 2 Degradation rate as function of calcinations temperature and pseudo-first order rate constants derived form fitting experimental data to
computer model and the photocatalytic degradation activities of InYO3

Calcination Rate constant R2 Decolorization of molasses CODCr COD removal (%)
temperature (°C) (10−3 min−1) fermentation wastewater (%) (×103 mg/L)

Before reaction – – 0 4.56 0.00
No catalyst – – 0.98 4.53 0.66
600 15.40 0.987 90.35 0.94 79.39
700 26.47 0.990 98.23 0.32 92.98
800 11.36 0.994 81.29 2.88 36.84
900 8.88 0.983 73.80 3.24 28.95
950 5.01 0.998 52.37 3.52 22.81
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Fig. 5 Electronic band structure (a) and partial density of states (b) of InYO3.

orbital. The band gap between the conduction band and the
valence band was found to be about 2.60 eV. This calculat-
ed gap (2.60 eV) was a 0.8 eV lower than the measured
optical band gap (3.40 eV). This discrepancy could result
because of the following reasons (Hohenberg and Kohn,
1964; Zhang et al., 2008; Xie et al., 2002). (1) In the
CASTEP method, the “pseudo-potential”, which contains
several parameters, is used to approximately describe the
potential energy field of electrons in the crystal. (2) Sys-
tematic errors may result from local density approximation
and generalize gradient approximation of the electronic
interaction. (3) The result calculated by density functional
theory is an approximation result at 0 K, which may
lead to differences in the experimental results obtained at
atmospheric temperature. (4) The intrinsic value of the K-S
equation in the local functional theory does not provide the
energy of the system in the excited state, which may result
in the theoretical band gap value that is 30%–50% lower
than the experimental value. Despite these differences,
the theoretical values reported here would be helpful for
understanding the absorption properties and the electric
excitation and the transfer of InYO3 in the photocatalytic
process.

3 Conclusions

The results obtained in the present study indicated that
InYO3 synthesized by precipitation methods could serve as
promising and efficient photocatalysts for the degradation
of organic compounds. With InYO3 calcined at 700°C as
the photocatalyst, molasses fermentation wastewater was
efficiently degraded. After 150-min photocatalytic reac-
tion, the decolorization and COD removal of molasses
fermentation wastewater were 98.23% and 92.98%, re-
spectively.
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