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Synthesis of Bi,WO;/Fly Ash Cenospheres Composites
with Enhanced Photocatalytic Properties
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Abstract: A fly ash cenospheres supported Bi,WOg composites (Bi,WO¢/FACs) photocatalysts were prepared by a
hydrothermal method. The composites were characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM), X-ray photoelectron spectra (XPS), and UV-Vis diffused reflectance spectroscopy (DRS)
techniques. The XRD patterns exhibited characteristic diffraction peaks of orthorhombic phase of Bi,WOs. The
DRS results showed that the visible light absorption of the Bi,WO¢FACs composite is enhanced. The as-prepared
material exhibited good photocatalytic activity for the degradation of methylene blue (MB) under visible light
irradiation, and the first-order reaction rate constant (k) of 0.012 min™ for Bi,WO4/FACs composite is higher than
0.004 8 min™ of pure Bi,WO, Moreover, the present study provides a useful strategy to design heterogeneous
catalysis, in which catalytic materials are supported on fly ash cenospheres, an industrial solid waste produced

from coal-firing power plants.
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0 Introduction

Environmental pollution is a serious problem in
the world. The amount of organic pollutants in
wastewater streams and volatile organic compounds in
the atmosphere has continuously increased over the
last few decades. New approaches are urgently needed
to solve this problem. Photocatalytic oxidation using
semiconductors is a promising technology to reduce
the

environment !, Tt has been demonstrated that many

and eliminate these contaminants from

organic pollutants present in water or air stream can
be removed by means of photocatalytic oxidation 4,
Therefore, the environmentally sound materials that
can photocatalytically oxidize and degrade harmful
have attracted considerable

organic compounds

interest. Among the photocatalytic materials, the
multicomponent metal oxides containing bismuth were

the
photocatalysts. Very recently, Bi,WOg, with a band

regarded  as excellent  visible-light-driven
gap of 2.6~2.8 €V, has attracted increasing attentions
due to its good photocatalytic performance in the
degradation of organic pollutants and water splitting
under visible light irradiation. Besides, Bi,WO; has
exhibited excellent intrinsic physical and chemical
properties, such as ferroelectric piezoelectricity,
catalytic activity, non-linear dielectric susceptibility,
and luminescent properties™.

However, there are some drawbacks to using the
Bi,WOg in powder form during photocatalytic processes:
the suspended powder tends to aggregate, and is
difficult to separate from the water after the reaction.
Therefore, the load of Bi,WOs powders on the
microsphere cores could allow them not only to retain
high activity but also enable easy recollection of the

catalysts after reaction!"”.

Coal fly ash

combustion of pulverized coal in coal-fired power

(CFA) is generated during the

stations. With the development of power industry, fly
ash emissions from coal-fired power plants have
increased year by year. As such it is an industrial by-
product that if not put to beneficial use, is a

recognized environmental pollutant!"'. The lightweight

fraction of CFA is widely known as cenospheres,
which means hollow sphere. The fact that the fly ash
cenospheres (FACs) float on water make them used as
a buoyant carrier to enhance catalytic activity as they
increase the exposure of the particle to light sources!",
And they float also means that they are easily
recovered from water after the reaction. This feature of
the cenospheres has also attracted interest for their
use in water purification applications!"".

fly ash (FACs)
employed as a support for the highly active Bi,WOs

Herein, cenospheres were
structure, and a new Bi,WO4JFACs heterogeneous

photocatalyst was prepared via a hydrothermal
method. The prepared samples showed high visible
light photocatalytic activity for the photocatalytic

degradation of methylene blue (MB) aqueous solution.
1 Experimental

1.1 Materials

All the reagents were of analytical grade and
(China). The
Jinling

were used as received from Sinopharm
FACs

Petrochemical Company. First, the FACs were sieved

were  obtained from  Nanjing
and the particles with the size range of 100~125 pm
were chosen as following experimental material. Then,
the sieved FACs were treated ultrasonically in 10%
dilute nitric acid for 1 h. Finally, these particles were
filtered and washed with deionized water, followed by
drying in a vacuum drying oven at 120 °C for 3 h.
1.2 Preparation of Bi,WO4/FACs composites

In a typical process, Bi(NO;);-5H,0 (2.43 g) was
dissolved in 40 mL of deionized water, to which 2 mL
65% HNO, added under vigorous
Meanwhile, Na,WO,-2H,0 (0.82 g) and 0.5 g of SDS

were dissolved in 40 mL of deionized water. After

was stirring.

that, these two solutions were mixed together and the
pH value of this mixed solution was adjusted to 9 using
given amounts of NaOH solution. After sonication for
30 min, the white precipitate was collected by
centrifugation, washed with deionized water, and dried
at 100 °C for 5 h. The amorphous Bi,WOg precursor
was acted as one of starting materials. Then, Bi,WOy/

FACs composites were synthesized via a hydrothermal
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method. Briefly, 1 g of amorphous Bi,WO, was
dispersed into 30 mL deionized water by ultrasonic
treatment. Subsequently, 3 g of FACs were added into
the solution and sonicated for 1 h to get the mixed
precursor suspension. The suspension was then
transferred into a 50 mL Teflon autoclave and
maintained at 180 “C for 24 h. The final products
were washed with distilled water for several times,
and finally dried at 80 °C for 6 h. For comparison,
pure Bi,WOg4 was also prepared in the same way.
1.3 Characterization

Powder X-ray diffraction (XRD) patterns were
an X' TRA diffract (ARL,

Switzerland) using Cu Ka radiation to determine the

obtained on meter
crystal phase of the synthesized samples. Scanning
electron microscopic (SEM) analysis was performed
using an S-3400NII (Hitachi, Japan) scanning electron
spectroscope, equipped with an EX-250 (Horiba,
Japan) microscope probe for the energy dispersive X-
ray analysis (EDX). X-ray photoelectron spectra (XPS)
were measured on an ESCALAB 250 spectrometer
(Thermo Fisher Scientific, Waltham, MA) with an
Al Ko X-ray source (1 486.6 €V). The binding energies
of all peaks were checked against the Cls line (284.6
eV) originating from surface impurity carbons. UV-Vis
diffuse reflectance spectra were recorded on a UV-
2450 spectroscopy  (Shimadzu, Japan) with barium
sulfate as the reference sample. The reflectance
spectra of the catalysts were analyzed under ambient
conditions in the wavelength range of 380~800 nm.
1.4 Photocatalytic degradation of MB

The as-prepared photocatalysts were evaluated
for photocatalytic degradation of MB dye solution. The
(Xe) lamp

and a UV cut-off filter to remove any radiation below

optical system consists of a 500 W xenon

420 nm. The Xe lamp was surrounded by a quartz
jacket and placed within the inner part of a quartz
reactor vessel (Nanjing JYZCPST Co., Lid.), through
which a suspension of MB and the photocatalyst was
circulated. An outer recycling water glass jacket
maintained a constant reaction temperature (25 °C). In
a typical photocatalytic activity test, 0.2 g as-prepared
catalyst was added into a 50 mL. MB solution (10 mg-

L™, then the dispersion was kept in dark for 60 min
to obtain the adsorption equilibrium state. During the
irradiation, the temperature of the solution was
maintained by cooling water. Aliquots were withdrawn
from the irradiated solutions at appropriate intervals
and analyzed by UV-Vis spectroscopy (Shimadzu, UV-
2550) at 664 nm for MB.

Photolysis experiments were performed, without
photocatalyst, using the same experimental setup

previously described for the photocatalytic system.
2 Results and discussion

2.1 XRD analysis

XRD patterns of the FACs, Bi,WOg, and the
Bi,WO¢/FACs samples are shown in Fig.1. The XRD
pattern of Fig.1 (c) indicates that all the peaks
coincide with the orthorhombic phase of Bi,WOs
according to the JCPDS card No. 39-0256. Moreover,
the XRD patterns of Bi,WO¢/FACs composite in Fig.1
(b) demonstrate the presence of orthorhombic Bi,WO.
But the diffraction intensity of Bi,WOg becomes weak,
implying that the crystallinity of Bi,WOg is weakened
by the introduction of FACs.

*

10 20 30 40 50 60 70

Fig.1 XRD patterns of (a) FACs, (b) Bi,WO4/FACs, and
(c) BiWO, samples

2.2 SEM and EDX analysis

SEM micrographs of the FACs and Bi,WO4FACs
samples are shown in Fig.2. The pristine FACs in Fig.
2a ~b exhibited a relatively uniform smooth surface
with a diameter of 100~120 wm. As shown in Fig.2c,
the FAC has hollow structure. The SEM picture (Fig.
2d~e) of Bi,WO¢/FACs shows that this catalyst contains
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Fig.2 SEM images of the catalysts (a~c) FACs; (d~e) Bi,WO4/FACs; and (f) EDX spectra of the Bi,WO¢/FACs composite

irregular shaped particles which are the aggregates of
tiny crystals and the distribution on surface of FACs
is not uniform. The chemical compositions of Bi,WOy/
FACs composites were

technique attached on the SEM. As shown in Fig.2f,

determined using EDX

the EDX spectra of the composites show strong signals
from Bi, W, and O elements, confirming the presence
of Bi, W, and O elements in the composites. Thus, the
combined results of XRD, SEM and EDX suggest that
the Bi,WOq particles were loaded successfully on the
surface of FACs.
2.3 XPS analysis

The XPS spectra of the FACs and Bi,WO4/FACs
samples are presented in Fig.3. As shown in Fig.3a,
the surfaces of the pristine FACs particles were
composed mainly of C, Si, Al and O elements.
Obviously, Bi and W elements orbitals can be
identified in the XPS spectra of the Bi,WO4FACs
composite (Fig.3b). Two peaks with binding energies

around 464.5 and 440.9 eV can be clearly seen in
Fig.3b, which can be ascribed to the signals of Bidds,
and Bidds,".

Fig.3c~d show W4f and Bi4/f high-resolution XPS
spectra of the as-fabricated Bi,WO4JFACs samples.
The peaks at 37.5 and 35.3 eV in Bi,WO¢FACs
samples correspond to W4f5, and W4f3,, respectively,
both of which can be assigned to the W®* oxidation
state. Tn Fig.3d, it is obvious that Bi4f consists of
two peaks with binding energies around 158.0 and
163.4 eV, corresponding to the signals from doublets
of Bidf;, and Bid4f5, in the trivalent oxidation state.

2.4 DRS analysis

The UV-Vis diffuse reflection spectra (DRS) of
Fig.4.
According to the spectra, the absorption edge of pure
Bi,WOs and Bi,WO¢FACs composite were around 450
nm and 470 nm, respectively. Compared with the pure
Bi,WOs, the light absorption ability of Bi,WO¢/FACs

the as-preparedsamples were shown in

Bid4f ©
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Fig.3 XPS spectra of (a) FACs, (b) Bi,WO¢/FACs; and high-resolution XPS spectra of BL,,WO¢/FACs: (c) W4/, (d) Bi4f
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composite is enhanced within the visible light range
450~800 nm (Fig.4a). For a crystalline semiconductor,
the band gap energy of a semiconductor can be
calculated by the equation (1):

ahv=A (hv-E,)" 1)
where a, v, E,, and A are absorption coefficient, light
frequency, band gap, and a constant, respectively.
Among them, n is determined from the type of optical
transition of a semiconductor, and the value of n for
the direct semiconductor (such as Bi,WOy) is 1. The
band-gap energy of samples can be thus estimated
from a plot of (ahv)* vs photon energy (hv). The
intercept of the tangent to the x-axis will allow a good
approximation of the band-gap energy for a
semiconductor'®®, Therefore, the band gaps of Bi,WO,
and Bi,WO¢FACs were determined to be 2.85 and
2.72 €V, respectively (Fig.4b). It is relatively lower
than that of commercial photocatalyst TiO,-P25 (3.2
eV), indicating that the as-prepared Bi,WO¢FACs
more suitable for

composite is photocatalytic
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Fig.4 (a) UV-Vis diffuse reflectance spectra of samples;
(b) band gap evaluation for linear dependence of

(ahv)* versus photon energy (hv) for the samples

application under visible-light irradiation!".

2.5 Photocatalytic activity
The photocatalytic activity of the as-prepared
under visible light

photocatalysts  was  studied

irradiation and MB was selected as the model
pollutant. Fig.5(a) shows the photocatalytic degradation
efficiency of MB by different photocatalysts. The
direct photolysis of MB was only 6% after 210 min
irradiation, indicating that MB self-degradation was
almost negligible. The photodegradation rates of MB
reached 92% after irradiation for 210 min in the
presence of the Bi,WO¢/FACs samples, while the
photodegradation rate of MB over pure Bi,WOg was
64% after irradiation for 210 min under the same
conditions.

Moreover, to quantitatively study the reaction
kinetics of the MB degradation, the experimental data
were fitted by the Langmuir-Hinshelwood model, and

the model was expressed by the equation (2):

0.8 4
0.6 4
L\)o
o
0.4 4
—#— MB photolysis
024 —— Bi,WO,
—e— Bi,WO/FACs @
0.0 T T T
0 60 120 180 240
Irradiation time / min
2.8
24 * Bi,WO, >
O Bi,WO,/FACs o
2.0 4
1.6+ 5
G
O 1.2
E (@]
0.8 4 ¢}
0.4 4 o
0.0 4 (b)
0 60 120 180 240

Irradiation time / min
Fig.5 (a) Degradation rates of MB under visible light
irradiation with different samples; (b) First-order
kinetics data for the photodegradation of MB

over different samples
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where k is the apparent first-order reaction rate
constant (min™), C, is the initial MB concentration
and C, is the MB concentration at reaction time of ¢
(min). As shown in Fig.5b, all fitting curves of the
irradiation time (f) against In(Cy/C) are nearly linear.
The k was calculated to be 0.004 8 and 0.011 9 min™
corresponding to pure Bi,WOs and Bi,WO¢FACs,
respectively. Obviously, the rate constant for Bi,WOy/
FACs sample is approximately 2.4 times higher than
Bi,WOs. The
activity of the Bi,WO¢FACs composite may be

that pure improved photocatalytic
attributable to: (1) presence of FACs can absorb more
MB on the surface of this substrate, and increasing
the rate of photocatalytic process™; (2) the FACs
acted as a dispersing support to inhibit grain growth,
which contributed to making full use of light for
photocatalysis®®’; (3) the absorption band of the Bi,WOq
/FACs is red-shift compared with the pure Bi,WO,
which could favor light absorption and facilitate

photocatalytic reaction™?!,

3 Conclusions

In this paper, Bi,WO¢/FACs composites were
prepared by a hydrothermal method. The composites
exhibit much enhanced activity in degradation of MB
in comparison with pure Bi,WOs under visible light
irradiation. The first-order reaction rate constant for
Bi,WO¢/FACs sample is approximately 2.4 times
higher than that pure Bi,WOs Additionally, the
present study provides a useful strategy to design
heterogeneous catalysis, in which catalytic materials
are supported on FACs. The FACs, industrial by-
product generated in coal-firing power plants, are
used as support with low cost and nontoxicity. The
Bi,WO4FACs could float on the water owing to low
Bi,WO¢FACs thus

recovered by filtration.

density, the can be easily
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