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a b s t r a c t

The photocatalytic degradation of malachite green (MG) dye molecules in aqueous solution was investi-
gated by using palladium (Pd) modified tungsten trioxide (WO3) under simulated solar light. The optimum
values for Pd content vs. WO3 and catalyst concentration in solution for MG (5.0 �mol L−1) degrada-
tion were 0.5 wt.% and 150 mg L−1, respectively. The MG concentration change followed the pseudo first
vailable online 21 August 2010
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order kinetics of the Langmuir-Hinshelwood model. Since MG was also degraded under visible light
(� > 470 nm), which was not absorbed by WO3, the mechanism involved both the photocatalytic degra-
dation and self-sensitized degradation of MG. Pd modified WO3 would be useful as an efficient tool for
the decolorization of wastewater under solar light.

© 2010 Elsevier B.V. All rights reserved.

ungsten trioxide
ye sensitization

. Introduction

The photocatalytic decomposition of various organic com-
ounds in industrial wastewater has been extensively studied,
ince the pollutants can be oxidized quickly and non-selectively
1–8]. Among various semiconductors, titanium oxide (TiO2) has
een employed as a typical photocatalyst for both fundamental
esearch and practical applications owing to its excellent stability
nd high photoactivity under ultraviolet (UV) light. However, its
idespread use is limited due to its large bandgap (3.2 eV), which
eans that it absorbs only UV light [9]. Therefore, there has been
strong demand for new classes of semiconductor materials, and

specially those responding to visible light. Considerable effort has
een expended to fabricate such photocatalysts, mainly based on
iO2, by anionic or cationic impurity doping [10–12], or in com-
ination with smaller-bandgap semiconductors [13]. However, in
pite of extensive research, most systems have insufficient practical

fficiency.

Tungsten trioxide (WO3) has been studied as one of the best
andidates for visible light-driven photocatalysis. It has an indi-
ect band gap with a relatively small energy (2.4–2.8 eV) [14], and

∗ Corresponding author. Tel.: +81 29 861 8748; fax: +81 29 861 8167.
∗∗ Corresponding author. Tel.: +81 29 853 4712; fax: +81 29 853 4712.

E-mail addresses: y-ohko@aist.go.jp (Y. Ohko), tyou6688@sakura.cc.tsukuba.ac.jp
Z. Zhang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.047
many advantages including a deeper valence band (+3.1 eV), strong
adsorption within the solar spectrum, stable physicochemical
properties, and resilience to photocorrosion effects [9]. However,
pure WO3 was once considered to be inactive as regards the
oxidation of organic contaminants, because the conduction band
level of WO3 (+0.5 V vs. NHE) is more positive than the poten-
tial for the single-electron reduction of oxygen (O2/O2

− = −0.284 V
vs. NHE; O2/HO2 = −0.046 V vs. NHE) [15,16]. In contrast, several
groups have recently reported that suitable cocatalysts [16–20] can
enhance the photocatalytic activity of WO3 for small alcohol species
by the multiple electron reduction of oxygen (O2/H2O2 = +0.68 V vs.
NHE; O2/H2O = +1.23 V vs. NHE) [16]. It is very important to inves-
tigate the possibility of employing the WO3-based photocatalyst to
degrade other harmful organic species or bacteria.

The triphenylmethane dye, malachite green (MG), which is a
carcinogenic organic molecule, is still used illegally for various pur-
poses including in aquaculture as a fungicide on larvae and juvenile
fish, as a parasiticide, and in the food, textile and other industries
[4,21]. Therefore, there are both environmental and health con-
cerns in relation to this particular dye. In general, dye molecules
that become excited by adsorbing visible light are capable of inject-
ing their electrons into the conduction band of a semiconductor

when the excited state of dye is sufficiently negative compared
with the conduction band of the semiconductor. This process is
known as dye sensitization. The mechanism has been used as a fea-
sible approach for increasing the photocatalytic reaction efficiency
of dye degradation. With TiO2, self-sensitized dye bleaching has

dx.doi.org/10.1016/j.jhazmat.2010.08.047
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:y-ohko@aist.go.jp
mailto:tyou6688@sakura.cc.tsukuba.ac.jp
dx.doi.org/10.1016/j.jhazmat.2010.08.047
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oxide JCPD files (No. 43-1035) and those reported by others [23,24],
the diffraction patterns of the samples assigned those of WO3 mon-
oclinic structure. No significant differences were observed in the
XRD peaks between the WO3 and Pd/WO3 samples, indicating that
the Pd doping did not influence the crystal structures of WO3. In
Scheme 1. Structural formula of malachite green oxalate.

een successfully demonstrated to extend the absorption of TiO2
o the visible region [22]. The photoinduced electrons further form
O2

− and •OH with O2 adsorbed on the surface of TiO2, leading to
he oxidation of organic molecules. Considering the very positive
onduction band level, WO3 may be a good candidate for dye sen-
itization. If Pd is also effective for the dye-sensitized degradation
f dye, it will provide a novel strategy for improving visible light
bsorption and photoinduced degradation using WO3.

In the present study, the photocatalytic degradation of MG was
nvestigated using Pd modified WO3 under simulated solar light
rradiation. The Pd content and catalyst loading parameters were
ptimized. Furthermore, a kinetic analysis was carried out, and
he self-sensitization effect of dye on the photocatalytic activity of
d/WO3 was evaluated for a discussion of the reaction mechanisms.

. Experimental

.1. Materials and preparation of photocatalysts

WO3 powder (Wako Pure Chemical Industries) was used as a
hotocatalyst. Pd powder was supplied by Sigma–Aldrich (surface
rea, 40–60 m2 g−1). A powder of WO3 modified with Pd (here-
fter Pd/WO3) was prepared by the mechanical mixing of Pd (wt.%
s. WO3) and WO3 in a ceramic mortar. MG oxalate was obtained
rom Wako Pure Chemical Industries and used without any further
urification. The structural formula of MG is presented in Scheme 1.
tock solution containing 1.0 mmol L−1 of MG in distilled water was
repared, protected from light, and stored at 277 K.

.2. Characterization of the photocatalysts

UV–visible spectrum of the sample was recorded on a spec-
rophotometer (UV-2550, Shimadzu Co. Ltd., Japan). X-ray powder
iffraction (XRD) measurement was carried out by using an X-ray
iffractometer (Rigaku Smartlab). TEM images were obtained from
transmission electron microscope (JEM-1010, JEOL Ltd.). The BET

urface area of the sample was determined with a BET area analyzer
Autosorb-1, Quanta Chrome).
.3. Experimental apparatus and procedure

In the photocatalytic system, a 50 mL beaker was used as the
eactor and was equipped with a magnetic stirrer. A simulated
Fig. 1. Absorption spectrum of WO3 (left vertical axis) and the photoemission spec-
trum of the irradiation light source (right vertical axis).

solar lamp (XC-100B, SERIC Ltd., Japan) was used as the irradiation
source, and the light intensity was measured with a photometer
(LI-250A, LI-COR Inc., USA). The photoemission spectrum was mea-
sured with an optical fiber spectrometer (Model USB4000, Ocean
Optics Inc., USA) (Fig. 1).

The photocatalytic degradation experiments were carried
out by adding the stock solution of MG (1.0 mmol L−1) and
catalyst in water at the desired concentration (dye concentra-
tion = 5.0 �mol L−1, catalyst concentration = 150 mg L−1; otherwise
stated). The total volume of the solution for the reaction was
adjusted to 30 mL. Before irradiation, the suspension (30 mL) was
magnetically stirred for 60 min in the dark to achieve equilibra-
tion. Then the lamp was switched on to initiate the reaction. During
irradiation, samples were taken and centrifuged at a constant time
interval. The dye concentration was measured with a UV–vis spec-
trophotometer (SmartSpec 3000, Bio-Rad Laboratories Inc., USA) at
618 nm. The absorbance of MG at different irradiation times was
recorded on a spectrophotometer (UV-2550, Shimadzu Co. Ltd.,
Japan) in the 300–800 nm wavelength range.

3. Results and discussion

3.1. Characterization

Fig. 2 shows the XRD patterns of WO3 and Pd/WO3 samples.
When the XRD patterns of the samples were compared to tungsten
Fig. 2. XRD patterns of WO3 with different Pd loadings: (a) 0 wt.%, (b) 0.1 wt.%, (c)
0.5 wt.%, (d) 1.0 wt.%.
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Fig. 3. TEM images of WO3 with different Pd loa

ddition, no Pd peaks were observed for the Pd/WO3 samples due
o a low content and nano-size of Pd [25,26].

The morphology and microstructure of the as-prepared sam-
les were revealed by TEM. Fig. 3 shows that the WO3 particles
ange from 50 to 150 nm and the Pd particles about 10 nm in size.
n the Pd/WO3 samples, most Pd nanoparticles were found to be

ell-dispersed on the surface of WO3. However, a little aggregation
f Pd nanoparticles was found in places especially for the 1.0 wt.%
d/WO3 sample. This is in agreement with the results of Wang et al.
27]. The specific surface area of the WO3 was about 5 m2 g−1 which
s in agreement with other report [17] and those of the Pd/WO3
amples slightly increased to 6–7 m2 g−1 due to the Pd loading and
grind of WO3 powders in the preparation process.

.2. Dependence on Pd content

To clarify the effect of Pd content on the photocatalytic activ-

ty of Pd/WO3 photocatalyst, a set of parallel experiments were
onducted on the basis of the photodegradation of MG in an aque-
us solution. MG photodegradation using pure WO3 and the WO3
oped with 0.1, 0.5 and 1.0 wt.% Pd are illustrated in Fig. 4.

ig. 4. Dependence on Pd content for the MG degradation after 150 min irradiation.
xperimental conditions: dye concentration 5.0 �mol L−1, catalyst concentration
50 mg L−1 and simulated solar light intensity 0.4 mW cm−2.
(a) 0 wt.%, (b) 0.1 wt.%, (c) 0.5 wt.%, (d) 1.0 wt.%.

As shown in Fig. 4, the concentration of the MG solution
decreases in the presence of pure WO3 catalyst under solar irra-
diation, but the degradation efficiency is very low. Only 7% of the
MG was degraded after 150 min irradiation. After Pd doping, the
composite photocatalysts exhibited significantly enhanced activ-
ity. In our result, the performance of the 0.5 wt.% Pd/WO3 composite
sample was particularly noteworthy. Zhao and Miyauchi [9] sim-
ilarly demonstrated that 0.5 wt.% Pt-loading produces the better
photocatalytic activity for both WO3 nanotubes and commercial
nanoparticles than that of 0.1 and 1.0 wt.%. This result constitutes
an improvement when compared with the pure WO3 sample. The
superior photoactivity of composite samples compared with the
MG degradation efficiency of pure WO3 is very encouraging and is
explained in the following discussion.

In the Pd/WO3 composite, electron transfer occurs from the con-
duction band of the light-activated WO3 to the Pd, which acts as
an electron trapping center that can accelerate the charge sepa-
ration [28]. This efficient charge separation greatly increased the
photocatalytic activity of Pd/WO3 composites. Furthermore, the
experimental data demonstrate that the photocatalytic activity is
related to the Pd content. When the Pd content is low, the effect of
photogenerated electrons trapped by the Pd is not obvious because
the Pd is insufficient, so the photocatalytic activity of a sample
with a Pd content of 0.1 wt.% is slightly lower than that of a sample
with a Pd content of 0.5 wt.%. When the Pd content is high, clusters
of Pd species form overlapping agglomerates which will shadow
the WO3 by surface plasmon absorption of the Pd nanoparticles
[29]. Therefore, there is an optimum Pd content for the disper-
sion morphology of Pd clusters with high activity. The following
experiments were carried out with 0.5 wt.% Pd content.

3.3. Dependence on catalyst loading

To optimize the catalyst loading, a series of experiments were

carried out in which the loading was varied from 50 to 250 mg L−1

with a dye concentration of 5.0 �mol L−1 at 298 K. As a comparison,
the direct photolysis of MG was also performed under identical
conditions as a control. The degradation efficiency of MG for various
catalyst loadings is shown in Fig. 5.
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imental data (Fig. 8) using a linear regression. In all cases, the R2

(correlation coefficient) values are higher than 0.99, which con-
firms the proposed kinetics for MG decolorization in this process.
As expected, increasing the light intensity greatly increases the rate
ig. 5. Dependence on catalyst concentration for the MG degradation after 360 min
rradiation over 0.5 wt.% Pd/WO3. The dye concentration and simulated solar light
ntensity were the same as those in Fig. 4.

As shown in Fig. 5, the MG concentration in the control exhibited
o obvious change after being irradiated for 360 min, which indi-
ates that it is almost impossible to photolyze MG under such solar
ight irradiation. The results also indicate that the photocatalytic
fficiency increases up to a maxima as a function of catalyst loading,
nd tends to decrease upon further loading which is in agreement
ith a number of studies reported earlier [1,2,30]. The increase

n the catalyst loading from 50 to 150 mg L−1 sharply increases
he dye degradation. The increasing catalyst loading induces an
ncrease in the availability of active sites on the catalyst surface
t which MG can be adsorbed. Moreover, the increased amount of
atalyst produces a proportional increase in the number of active
adicals by absorbing increased numbers of photons, which are suf-
cient and readily accessible for the degradation of nearby MG. The
egradation efficiency remains almost constant with an increase in
he catalyst loading from 150 to 200 mg L−1, which suggests that
here is an optimal level for catalyst effectiveness. However, load-
ng above 200 mg L−1 does not increase the degradation efficiency
ny further. This phenomenon may be due to the aggregation of a
igh concentration of catalyst, which could reduce the total active
urface area available for adsorbing MG and absorbing light radia-
ion. On the other hand, a higher concentration of catalyst creates
urbidity, which is capable of reducing the penetration intensity
f light radiation by the scattering effect [31]. So the optimal
mount of catalyst was 150–200 mg L−1 with an MG concentration
f 5.0 �mol L−1. Since the maximum MG degradation was observed
ith 150 mg L−1 of Pd/WO3 catalyst, the other experiments were
erformed at this concentration.

.4. Effect of MG concentration

The photocatalytic degradation at different initial concentra-
ions of MG in the range 2.5–20 �mol L−1 was studied. As shown in
ig. 6, the photocatalytic degradation efficiency of MG by Pd/WO3
nder the simulated solar light was found to decrease with increase

n concentration of MG. As MG concentration increases, more MG
olecules will be adsorbed on the surface of Pd/WO3, whereas

2 molecules, the electron acceptor in photocatalysis, will be less
32,33]. In addition, more MG will absorb much light required in the
hotocatalysis [33]. Consequently, the photodegradation efficiency
ecame lower.

.5. Spectral changes of MG during degradation
Fig. 7 shows the changes in the MG absorption spectra during
hotocatalytic degradation with Pd/WO3 at different irradiation
imes varying from 0 to 360 min. More than 50% of the MG is
egraded within 180 min of irradiation. The results show that
he absorption of the visible band at 618 nm decreased and a
Fig. 6. Dependence on initial dye concentration for the MG degradation after
360 min irradiation over 0.5 wt.% Pd/WO3. The catalyst concentration and simulated
solar light intensity were the same as those in Fig. 4.

hypsochromic shift occurred simultaneously with increasing illu-
mination time. The hypsochromic shift may be caused by an
N-demethylation process [4,34]. The absorbance peaks at 425 and
315 nm have obviously declined, which indicates that the entire
conjugated chromophore structure of MG has been destroyed [4].

3.6. Kinetic analysis

The photocatalytic oxidation kinetics of many dye compounds
have often been modeled with the Langmuir-Hinshelwood equa-
tion expressed as Eq. (1):

r = dC

dt
= kKC

(1 + KC)
(1)

since KC is very small compared with 1, by neglecting KC in the
denominator and integrating with respect to time t, Eq. (1) can be
simplified to a pseudo first order kinetic equation (Eq. (2)):

ln
(

C0

C

)
= kKt = kappt (2)

where r is the reaction rate (�mol L−1 min−1), C0 is the initial con-
centration of the dye (�mol L−1); C is the concentration of the dye
at time t (�mol L−1), t is the irradiation time (min), k is the reaction
rate constant (min−1), K is the adsorption coefficient of dye on a
photocatalyst particle (L �mol−1).

The kinetic curves for the degradation of MG shown in Fig. 8
follow pseudo first order kinetics as confirmed by the linear trans-
form ln (C0/C) = kappt. The apparent reaction rate constants (kapp) for
the photocatalytic degradation of MG were evaluated from exper-
Fig. 7. Absorption spectra of MG at different irradiation times over 0.5 wt.% Pd/WO3.
The experimental conditions were the same as those in Fig. 4.
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are thus responsible for the discoloration of the MG (Eq. (9)). The
self-sensitized mechanism and the effect of Pd are shown in Fig. 10.

In the case of irradiation with simulated solar light (Fig. 11), Pd
improves the MG degradation efficiency. Here, Pd acts as a trap

Fig. 10. Mechanism of the MG degradation using Pd/WO3 under visible light
(� > 470 nm) irradiation.
ig. 8. Analysis of the MG degradation data at (�) 0.2 mW cm−2, (�) 0.4 mW cm−2,
�) 0.6 mW cm−2 and (×) 0.8 mW cm−2 light intensities over 0.5 wt.% Pd/WO3. The
xperimental conditions were the same as those in Fig. 4.

f MG degradation. At higher radiation intensity, more reactive
pecies are generated in solution, which in turn are available to
eact with and degrade the MG molecules.

.7. Reaction mechanism

When photons with energy (h�) equal to or greater than the
emiconductor bandgap are absorbed by WO3, electron–hole pairs
ecb

−/hvb
+) are generated in WO3 (Eq. (3)).

d/WO3 → ecb
− + hvb

+ (3)

Then, the photogenerated electron–hole pairs will migrate to
he surface of the catalyst and react with the species adsorbed
n the surface (e.g. Eqs. (4) and (5)). These reactions prevent the
lectron–hole pairs from combining.

2 + 2ecb
− + 2H+ → H2O2 (4)

2O + hvb
+ → •OH + H+ (5)

However, if the photogenerated electron–hole pairs are not con-
umed by the locally absorbed species, they must be recombined,
hich reduces the efficiency of the reaction. The degradation rate of
G with Pd/WO3 was much higher than that with pure WO3 which

ndicates that Pd improves the multiple electron transference to
xygen.

On the other hand, when a colored organic compound is present,
sensitized photocatalytic process may also be able to operate, in
hich case the adsorbed dye molecules are excited by visible light

nd thus act as photo-sensitizers. The absorption edge of WO3 is
t approximately 460 nm as shown in Fig. 1, and this is consistent
ith previously reported values [20,35,36]. As a result the pho-

ocatalytic degradation experiments were conducted under visible
ight (� > 470 nm) to investigate the dye sensitization effect by using
cutoff filter (Y-47, Asahi Techno Glass Co. Ltd., Japan) to exclude

ight with a wavelength of less than 470 nm. Fig. 9 shows the pho-
ocatalytic degradation of MG with WO3 and Pd/WO3 under visible
ight (� > 470 nm) and with Pd/WO3 under solar light as a compari-
on. WO3 catalyst cannot be excited under visible light (� > 470 nm)
rradiation, therefore changes in the concentration can be related
o sensitization assisted photocatalytic reactions.

The result in Fig. 9 shows that when visible light (� > 470 nm) is
sed, MG degradation takes place with both WO3 and Pd/WO3, but
much higher degradation rate was obtained by using Pd/WO than
3
ith WO3 only. This indicates the existence of photosensitized elec-

ron injection, leading to dye degradation with light whose energy
s lower than the band energy of the photocatalysts. According to
his scheme, the photooxidation of the dye is converted to a cationic
Fig. 9. Comparison of MG degradation with (�) WO3 and (�) Pd/WO3 under visible
light (� > 470 nm) and with (�) Pd/WO3 under simulated solar light irradiation. The
experimental conditions were the same as those in Fig. 4.

dye radical by losing an electron in the excited state (Eq. (6)).

MGads∗ + Pd/WO3 → MGads
•+ + Pd/WO3(e−) (6)

O2 + 2ecb
− + 2H+ → H2O2 (7)

H2O2 → 2•OH (8)

•OH(orH2O2) + MG → products (9)

MGads
•+ → products (10)

The injected electron can be then scavenged by adsorbed oxygen
to produce H2O2 (Eq. (7)), and the H2O2 may subsequently generate
hydroxyl radicals (•OH) (Eq. (8)). The active radicals produced in the
above manner can then react with the dye to form other species and
Fig. 11. Mechanism of the MG degradation using Pd/WO3 under simulated solar
light irradiation.



ous M

f
e
f
s

4

a
0
a
t
w
t
f
k
r
c
o
fi
g
t
u
t
i

A

p
d
K
A

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Y. Liu et al. / Journal of Hazard

or both the photoexcited electrons of WO3 and the self-sensitized
lectrons of MG. The dye sensitization and the Pd modification used
or the multiple electron transference to oxygen may have some
ynergetic effect in the present stage.

. Conclusion

The photocatalytic degradation of MG was investigated by using
Pd/WO3 photocatalyst under simulated solar light illumination. A
.5 wt.% Pd/WO3 sample exhibited the best photocatalytic activity
nd the optimum catalyst loading was 150 mg L−1. Pd nanopar-
icles effectively enhanced the photocatalytic activity of WO3 as
ell as the self-sensitized degradation of MG by suppressing

he recombination of electron–hole pairs. The data were success-
ully analyzed with the Langmuir-Hinshelwood pseudo first order
inetic model under different light intensities. The degradation
ate increased with increasing light intensity. The electrons are
onsidered to accumulate on Pd, which promotes the reduction
f oxygen molecules. To the best of our knowledge, this is the
rst evidence that Pd on WO3 promotes electron transfer to oxy-
en molecules even though the electrons originated from MG via
he self-sensitization mechanism. The present results indicate that
sing Pd/WO3 may be a good strategy for the efficient purifica-
ion of wastewater or the algal originated dirt on walls under solar
rradiation.
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