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and surface area measurements. The catalytic performances of the Ga203-SiO2 and Pt/ Gaz03-SiO:

samples were evaluated for the degradation of cyanide using visible light. XRD and EDX results
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showed that the Pt was well dispersed within the Ga203-Si02 phase and was detected on the surface
of the catalyst, which confirmed the successful loading of Pt ions by the PAD method. BET results
revealed that the surface area of Ga:0s-SiO: was higher than that of Pt/Ga:03-SiO2. 0.3 wt%
Pt/Gaz0s-Si02 exhibited the highest photocatalytic activity for degradation of cyanide under visible
light. The catalyst could be reused with no loss in activity for the first 10 cycles.

© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

Environmental problems associated with hazardous wastes
and toxic water pollutants have attracted much attention. Cya-
nides are one of the major groups of toxins found in
wastewaters produced by various industries, including metal
cleaning, plating, electroplating, metal processing, automobile
parts manufacturing, steel tempering, mining, photography,
pharmaceuticals, coal coking, ore leaching, and plastics. Among
various physical, chemical, and biological techniques for
wastewater treatment, photocatalysis is considered a cost-
effective process for water remediation [1-3].

Advanced oxidation processes (AOPs) generate hydroxyl
radicals for the oxidative degradation of organic pollutants to
CO2 and water. Photocatalytic oxidation using TiOz has been
widely studied by many researchers [4,5]. Despite its positive
attributes, the main drawback associated with TiOz semicon-

ductor photocatalysts is charge carrier recombination [6]. Gal-
lium oxide has been reported as a water splitting photocatalyst
for the generation of hydrogen gas. 3-Gaz0s3 is a wide band gap
semiconductor that finds versatile applications in optoelec-
tronic devices, high temperature electronic devices, and high
temperature stable gas sensors [7-9]. It has recently been re-
ported that nanophases of gallium oxide can be used as an effi-
cient photocatalyst for the oxidative degradation of organic
effluents [10-16].

The main drawback associated with (-Gaz03 photocata-
lysts is their UV-only absorption and low surface area. There-
fore, the main research goals are to increase the surface area of
-Gaz03 by loading onto inert supports such as SiO2 and Al203
and to convert its absorption from UV to visible light by metal
doping.

There are as yet no reports of the degradation of cyanide in
aqueous solution using gallium oxide. The present study aims
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to synthesize and characterize Pt/f-Gaz03-Si02 and evaluate its
photocatalytic activity for the oxidative degradation of cyanide
in aqueous phase under visible light.

2. Experimental
2.1. Preparation

0.2 Gaz03:1 SiOz nanoparticles were prepared using a sol-ge
method. Tetraethylorthosilicate (TEOS; 98% purity, Acros; 20
ml) was mixed with ethyl alcohol (absolute, Aldrich), ultra pure
water, and nitric acid (Aldrich) as catalyst under magnetic stir-
ring for 60 min. Then, the calculated amount of gallium isoper-
oxide (GP; Ga(OCsH7)s, Aldrich) was added slowly to the previ-
ous mixture with continuous stirring, which was continued for
a further 60 min. The prepared sol was left to stand to allow gel
formation. The gel sample was calcined at 550 °C for 5 h in air
to obtain a Ga203-SiO2 xerogel.

Pt/Gaz03-SiO2 catalysts (0.1, 0.2, 0.3, and 0.4 wt% Pt metal)
were produced using a photo-assisted deposition (PAD) meth-
od as follows. Pt metal was deposited on the Ga203-SiO2 sample
from an aqueous solution of chloroplatinic acid (H2PtCls, Sig-
ma-Aldrich) under UV irradiation. The samples were dried at
105 °C and then reduced under Hz (20 ml/min) at 673 °C for 2
h.

2.2. Characterization

X-ray diffraction (XRD) analysis was carried out at room
temperature using a Bruker axis D8 with Cu K. radiation (A =
0.1540 nm) over a 26 collection range of 10°-80°. Specific sur-
face area was calculated from measurements of N2-adsorption
using a Nova 2000 series Chromatech apparatus at -196 °C. All
samples were treated under vacuum at 200 °C for 2 h prior to
the measurements. The band gaps of the samples were meas-
ured by UV-Vis diffuse reflectance spectroscopy in air at room
temperature within a wavelength range of 200-800 nm using a
UV/Vis/NIR spectrophotometer (V-570, JASCO, Japan). Trans-
mission electron microscopy (TEM) was performed with a
JEOL-JEM-1230 microscope. The samples were prepared for
imaging by dispersion in ethanol followed by ultrasonication
for 30 min, after which a small amount of the resulting suspen-
sion was dropped onto a carbon-coated copper grid and dried
before the sample was loaded into the TEM. Photolumines-
cence (PL) emission spectra were recorded with a Shimadzu
RF-5301 fluorescence spectrophotometer.

2.3. Catalytic activity test

The application of the synthesized nanocomposite to the
photodegradation of cyanide was investigated under visible
light. Experiments were carried out using a horizontal cylinder
annular batch reactor. The photocatalyst was irradiated with a
blue fluorescent lamp (150 W) doubly covered with a UV
cut-off filter. The intensity data of the UV light were confirmed
to be under the detection limit (0.1 mW/cm?) of a UV radiome-
ter. In a typical experiment, the chosen weight of catalyst was

suspended in 300 ml of 100 mg/L potassium cyanide (KCN)
solution, which had been adjusted to pH 10.5 using ammonia
solution to avoid the evolution of HCN gas. The reaction was
carried out isothermally at 25 °C and samples of the reaction
mixture were taken at different intervals over a total reaction
time of 1 h. The CN-@aq) concentration of the samples was esti-
mated by volumetric titration with AgNOs, using potassium
iodide to determine the titration end-point [17]. The removal
efficiency of CN-aq) was measured by applying the following
equation:
Removal efficiency (%) = (Co-C)/ Cox 100

where (o is the initial concentration of uncomplexed CN-(aq) in
solution, and C is the concentration of unoxidized CN-(aq) in
solution.

3. Results and discussion

3.1. Structural, morphological, and compositional
characterization results

The XRD patterns of the as-prepared Gaz03-SiO2 and
Pt/Gaz03-Si02 nanoparticles prepared by PAD are compared in
Fig. 1. Both samples were mainly composed of monoclinic
[-Gaz03 with lattice constants a = 1.224 nm, b = 0.304 nm, ¢ =
0.581 nm, and f# = 103.80, which are in good agreement with
the reported values of $-Gaz03 (JCPDS 41-1103), which indi-
cated that the (-Gaz203 structure remained after the pho-
to-assisted deposition of Pt. However, no diffraction peaks as-
signable to Pt appeared in the patterns of the Pt/Ga203-SiO2
samples. This was probably because of the low Pt doping con-
tent used. Moreover, the data may imply that the Pt was well
dispersed within the Ga203-SiOz phase.

The results of EDX analysis, which identifies only the surface
elements of a sample, are shown in Fig. 2. A signal attributable
to the presence of Pt on the surface of the catalyst was detected,
which confirmed the successful loading of Pt ions using the
PAD method.

TEM images of the Pt/Gaz03-Si02 nanoparticles are shown
in Fig. 3. The images show that Pt ions were dispersed on the
surface of the catalyst and that their diameter increased with

A 0.4 wt% Pt/Ga,0s-SIO,
0.3 wt% Pt/Ga,0s-SiO,

" N n 0.2 wt% Pt/Ga,0s-SiO,
A 0.1 wt% Pt/Ga,0s-SiO,

a H N Ga0s-S 0,
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24(°)
Fig. 1. XRD patterns of Ga203-Si02 and Pt/Gaz0-Si0z nanoparticles.
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Fig. 2. EDX analysis result for 0.3 wt%Pt/Gaz0-SiO-.

the content of Pt. It is clear that the homogeneity of the Pt in-
creased with the amount of Pt ions up to 0.3 wt%. At higher
concentration of Pt ions i.e,, 0.4 wt%, the homogeneity of the Pt
decreased. This observation indicated that there was an opti-
mum value for the deposition of Pt ion.

3.2. Surface area analysis

The specific surface area (4ser) of the Gaz03-SiOz and
Pt/Gaz03-Si02 nanoparticles were determined to be 400, 393,
360, 349, and 341 m?/g for the Ga203-Si0z, 0.1 wt%
Pt/Gaz03-Si02, 0.2 wt% Pt/Gaz03-Si02, 0.3 wt% Pt/Gaz203-Si02,
and 0.4 wt% Pt/Gaz03-SiOz, respectively. The surface area val-
ues and the data calculated from the t-plots are collected in
Table 1. Furthermore, the total pore volume of the as-prepared
Ga203-Si02 was found to be higher than that of the
Pt/Gaz03-Si02 samples because of the blocking of some pores
by the deposition of Pt metal. The Ager and At values were gen-
erally close for most samples, indicating the presence of meso-
pores.

0.3 wt% Pt/Gg,05-SIO;
0.4 wt% PY/G&,0,-S O,
0.2 wt% Pt/Ga,0s-SIO,
0.1 wt% PY/G&,05-SIO;,

Absorbance

Ga0sS0,
L \ \ Il L Il L Il
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Wavelength (nm)
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Fig. 4. Diffuse reflectance UV-Vis absorption spectra of Ga203-Si02 and
Pt/Gaz20-Si02 nanoparticles.

3.3.  Optical characterization

The UV-Vis diffuse reflectance spectra of the Ga203-SiO2
and Pt/Gaz03-Si02 nanoparticles are displayed in Fig. 4. The
loading of Pt ions caused a red shift toward higher wavelength
from 383 to 448 nm for different Pt loadings compared with
that of the as-prepared Gaz03-Si0O2, which had a wavelength of
about 357 nm. The direct band gap energies of the Gaz03-Si02
and Pt/Gaz03-Si02 were calculated from their reflection spectra
based on a method suggested by Kumar et al. [18], and the re-
sults are presented in Table 2. It is clear that the energy gap
decreased with increase in Pt ion loading up to 0.3 wt%. At
higher Pt ion concentration, i.e, 0.4 wt%, the band gap in-
creased again. This observation indicated that there was an
optimum amount of Pt loading.

PL emission spectra were used to study the transfer of

Fig. 3. TEM images of Pt/Gaz03-SiOz nanoparticles. Pt content (wt%): (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4.

Table 1
Texture parameters of Ga203-SiOz and Pt/ Gaz03-SiO2 nanoparticles.

| Surface area (m?/g) Pore volume (cm3/g) Mean pore
Sample BET t-plot ~ Micropores  Mesopores  External Total Micropores Mesopores radius (nm)
Gaz203-Si02 400 417 323 264 77 0.890 0.080 0.810 3.6
0.1 wt% Pt/Gaz03-Si02 393 410 325 259 68 0.790 0.070 0.730 3.8
0.2 wt% Pt/Gaz203-Si02 360 375 300 238 60 0.720 0.060 0.660 39
0.3 wt% Pt/Gaz203-Si02 349 364 299 230 58 0.700 0.055 0.648 4.0
0.4 wt% Pt/Gaz03-Si02 341 355 295 225 46 0.690 0.050 0.640 4.1
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Table 2

Band gap energy of Ga203-SiOz and Pt/ Gaz03-SiOz nanoparticles.
Sample Band gap energy (eV)
Gaz03-Si02 3.47

0.1 wt% Pt/Gaz03-Si02 3.24

0.2 wt% Pt/Gaz03-Si02 3.00

0.3 wt% Pt/Gaz03.Si02 2.77

0.4 wt% Pt/Ga203.Si02 2.92

photogenerated electrons and holes and understand the sepa-
ration and recombination of photogenerated charge carriers in
the samples. To investigate the photoelectric properties of the
prepared samples, PL spectra were measured for samples ex-
cited at 265 nm at room temperature, as shown in Fig. 5. It is
clear that the position of the PL emission of Ga203-Si02 was
different from those of the Pt/Gaz203-SiO2 samples, and PL in-
tensity greatly decreased with the increase of Pt loading up to
0.3 wt%. At higher Pt ion concentration, i.e. 0.4 wt%, the PL
intensity increased again, in agreement with the UV-Vis results.
Deposited Pt particles act as trapping sites to capture photo-
generated electrons from the conduction band, thereby sepa-
rating the photogenerated electron-hole pairs. It is generally
accepted that the incorporation of noble metal nanoparticles
into semiconductor-based catalysts is able to enhance the light
absorption of the catalyst in the visible-light region. This leads
to a shift of the absorption edge of the catalyst toward longer
wavelengths, indicating a decrease in the band gap energy and
an increase in the amount of photogenerated electrons and
holes available to participate in photocatalytic reactions. In the
present case, Pt seems to modify the interface of Ga203-SiOz in a
way that alters the mechanisms by which photogenerated
charge carriers undergo recombination or surface reactions.
This would force the Ga203-SiOz mixed oxide to be activated in
the visible region. The observed shift in emission position could
therefore be attributed to charge transfer between the Pt gen-
erated band and the conduction band of the Ga203-Si02 semi-
conductor.

3.4. Photocatalytic activities

In general, the process of semiconductor photocatalysis

0.3 wt% Pt/Ga,0s-SiO,

0.4 wt% Pt/Ga,0s-SiO;
0.2 wt% Pt/Ga,05-SiO,
0.1 wt% Pt/Ga,0s-SiO,

Ga,0s-S IO,
s | s | s | s | s | s | s
360 380 400 420 440 460 480 500
Wavelength (nm)
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Fig. 5. PL spectra of Ga203-5i02 and Pt/Ga20-SiOz nanoparticles.

begins with the direct absorption of supra-band gap photons
and the resulting generation of electron-hole pairs in the semi-
conductor particles. This is followed by diffusion of the charge
carriers to the surface of the particle. The photocatalytic reac-
tions can be listed as follows.
Ga,05 +hv— e + by
€cs (P) — &, (PY)
g, +O,(ads) - O,
26, +2H" +0, - H,0,
H,0, +€, - HO™ +HO"
hig +H,0— H* +HO®
2CN™ +4HO® — N, +2CO, +2H,

Photocatalytic activity is believed to be associated with the
generation of highly reactive peroxide ( O> ) and hydroxyl rad-
ical (HO") species by electrons and holes reacting with water at
the surface of the semiconductor. If surface defect states exist,
they may be able to trap electrons or holes. This prevents re-
combination and the rate of oxidation-reduction reactions may
be increased as a result. In our case, Pt acted as an electron trap
and the rate of photocatalytic activity increased. Photocatalytic
activity is known to be dependent on crystallinity, surface area,
and morphology, and may be improved by slowing the recom-
bination of photogenerated electron-hole pairs, extending the
excitation wavelength to a lower energy range, and increasing
the amount of surface-adsorbed reactant species.

Figure 6 shows the results of the photocatalytic degrada-
tion of aqueous cyanide using Gaz03-SiO2 catalysts with differ-
ent amount of Pt under visible light. The experiment was car-
ried out under the following conditions: solution pH 10.5, 300
ml 100 ppm KCN solution, and 0.20 g catalyst. The results indi-
cate that Gaz03-SiOz and 0.1 wt% Pt/Gaz03-Si02 had almost no
photocatalytic activity under visible light because of their ab-
sorbance in the UV region only. An increase of deposited Pt
amount from 0.2 to 0.3 wt% led to high cyanide removal effi-
ciencies of 55% and 100%, respectively. However, further in-
crease of Pt amount above 0.3 wt% slightly decreased cyanide
removal efficiency to 88%.

The reaction order with respect to cyanide for the
Gaz03-Si0z and Pt/Gaz03-SiOz samples was determined by

100 :

= [ —=—Ga0sSO,

S 0OF ——0.1w% PUGa,0+SO,
L 80 ——02wi% PYGaOsSIO;
8§ o[ —v 03wi%PyGa0, SO,
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Fig. 6. Effect of Pt content on photocatalytic activity of Ga203-SiO2 for
cyanide removal.
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Table 3
Rate constant of reaction kinetic of cyanide with Ga203-SiO2 and Pt/
Gaz03-Si0z2 samples.

Table 4
Rate constant of reaction kinetic of cyanide with different loading of 0.3
wt% Pt/Gaz0s-SiOz sample.

Sample kx10-* (min-1) Loading (g) kx10-* (min-1)
Gaz03-Si02 10 0.10 120
0.1 wt% Pt/Gaz03-Si02 10 0.15 130
0.2 wt% Pt/Gaz03-Si02 50 0.20 160
0.3 wt% Pt/Gaz203-Si02 160 0.25 170
0.4 wt% Pt/Gaz03-Si02 90 0.30 240
0.35 250

plotting reaction time versus log[cyanide] according to the
following equation.

Log[C] = -kt + Log[C]o
where [Cloand [C]: represent the concentration of the substrate
in solution at zero time and t time of illumination, respectively,
and k represents the apparent rate constant (min-1).

The apparent rate constants are summarized in Table 3.
The results show that the reaction followed first order kinetics
with respect to cyanide and that the rate constants were in the
range of 10-160 X 10-* min-1. The first order rate equation for
cyanide is given by R = k [cyanide].

Figure 7 shows the results of the photocatalytic degrada-
tion of cyanide solution using Gaz203-SiOz catalysts with differ-
ent catalyst loading under visible light. The experiment was
carried out under the following conditions: solution pH 10.5,
300 ml 100 ppm KCN solution, and 0.3 wt% Pt/Gaz03-SiOz. The
results indicate that increased catalyst loading from 0.10 to
0.20 g increased cyanide removal efficiency from 94% to 100%
after 60 min reaction time. However, further increased catalyst
loading from 0.20 to 0.30 g decreased the reaction time from 60
to 45 min. Above 0.30 g, catalyst loading had no significant ef-
fect on cyanide removal efficiency or reaction time. Therefore,
the optimum catalyst loading was found to be 0.30 g.

The reaction order with respect to cyanide was for differ-
ent catalyst loadings determined by plotting reaction time ver-
sus log[cyanide] according to the following equation.

Log[C]t = -kt + Log[C]o
where [Cloand [C]: represent the concentration of the substrate
in solution at zero time and t time of illumination, respectively,
and k represents the apparent rate constant (min-1).

100

—0—0.15¢9
——0.209g
—v—0.25¢9
C// ——0.30¢g
10 —+—0.35¢9

Photocatalytic removal of cyanide (%)
88888388
T

10 15 20 25 30 35 40 45 50 55
Reaction time (min)

Fig. 7. Effect of loading of 0.3 wt% Pt/Ga203-Si02 on photocatalytic

removal of cyanide.

(o)
0 5

The apparent rate constants are summarized in Table 4.
The results show that the reaction followed first order kinetics
with respect to cyanide and that the rate constants were in the
range of 120-240 x 10-4 min-1. The first order rate equation for
cyanide is given by R = k [cyanide].

The photocatalyst was then used to photodegrade cyanide
repeatedly under visible irradiation. The photocatalytic per-
formance was 100% during the first 10 cycles, after which the
photocatalytic activity of the recycled photocatalyst decreased
by 5% after 10 cycles. This result shows that the recovery of
the photocatalyst was effective and the repeatability of the
photocatalytic activity of the Pt/Ga203-SiO2 was promising.

4. Conclusions

A Pt/Gaz03-SiOz2 photocatalyst was successfully synthe-
sized and proven to be a promising catalyst because of its high
removal efficiency of the chosen pollutant under visible light.
The red shift phenomenon observed in the UV-Vis spectra of
the Pt/Gaz03-Si02 samples compared with that of as-prepared
Gaz03-Si02 was found to depend on the amount of Pt deposited.
The results of the photocatalytic degradation of aqueous cya-
nide solution showed that Pt/Gaz03-SiO2 nanoparticles with 0.3
wt% Pt exhibited the highest catalytic activity and efficiency for
water purification and thus may find potential application in
related fields. The catalyst could be reused with no loss in ac-
tivity during the first 10 cycles. The cyanide degradation effi-
ciency of was still high, around 95%, after the 11th use of the
photocatalyst.
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