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a b s t r a c t

Tungsten-loaded TiO2 photocatalyst has been successfully prepared and characterized. TEM analysis
showed that the photocatalysts were nanosize with the tungsten species forming layers of coverage
on the surface of TiO2, but not in clustered form. This was confirmed by XRD and FT-Raman analyses
where tungsten species were well dispersed at lower loading (<6.5 mol%), but were in crystalline WO3
vailable online 13 November 2009

eywords:
hotocatalysis
itanium dioxide
ungsten loading

at higher loadings (>12 mol%). In addition, loading with tungsten could stabilize the anatase phase from
transforming into inactive rutile phase and did not shift the optical absorption to the visible region as
shown by DRUV–vis analysis. PZC value of TiO2 was found at 6.4, but the presence of tungsten at 6.5 mol%
WO3, decreased the PZC value to 3. Tungsten-loaded TiO2 was superior to unmodified TiO2 with 2-fold
increase in degradation rate of methylene blue, and equally effective for the degradation of different class

olet a
ethylene blue
nvironmental remediation

of dyes such as methyl vi

. Introduction

The presence of colour and its causative compound is undesir-
ble for domestic or industrial uses as colour is visible and can be
n indication of pollution [1]. WHO guidelines for drinking water
uality, has set the maximum value for permissible colour at 15–20
nits [2]. Several new technologies in wastewater decolourization
ave emerged with improved performance and more environmen-
ally friendly. These include Advanced Oxidation Processes (AOPs)
uch as heterogeneous photocatalysis, Fenton and Photo-Fenton,
nd ozonation which have received considerable attention due to
heir compliance with Green Chemistry concept in promoting inno-
ative technologies that reduce or eliminate the use or generation
f hazardous substances in the design, manufacturing and use of
hemical products [3]. Heterogeneous photocatalysis especially has
everal advantages, as it uses no reagent. The only chemical used,
etal oxide photocatalyst such as titanium dioxide (TiO2) is abun-

ant and harmless. However, TiO2 photocatalysis lacks efficiency
ue to the high rate of recombination of electrons and holes [4].

n addition, due to its large bandgap energy, Eg of 3.0−3.2 eV, it
an only be activated by UV light, which accounts only 3–4% of

unlight spectrum [5]. Efforts have been made using chemical or
hysical methods, to enhance the photocatalytic activity of TiO2
hrough modification with different group of metals such as alka-
ine metals [6], earth alkaline metals [7], transition metals [8], rare

∗ Corresponding author. Tel.: +60 5 3687636; fax: +60 5 3656176.
E-mail address: azmuddin@petronas.com.my (M.A. Abdullah).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.11.050
nd methyl orange at 1 mol% WO3 loading.
© 2009 Elsevier B.V. All rights reserved.

earth metals [9], and noble metals [10], but with varying degree of
results.

TiO2 has three natural phases—anatase, rutile, and brookite.
Modification with certain metals such as Ni [11], Fe [11,12], Th [12],
Cu [12], V and Mo [13], Co [14], Sn [15], and Ag [16], may alter the
phase transformation of TiO2 from active anatase to inactive rutile
by lowering the activation energy. The activation energy is further
affected by metal dosage and method of preparation. On the other
hand, metals such as Mg and Ba [17], Mn [18], Tb, Eu and Sm [19],
La [20], and Sc and Nb [21] have been reported to inhibit phase
transformation.

Degradation of pollutant can be influenced by both intrinsic and
extrinsic factors. Intrinsic factors include the nature of the photo-
catalyst itself such as crystallinity, surface area, morphology, and
optical absorption. Extrinsic factors are the process parameters that
affect the photodegradation rate such as dye concentration, cata-
lyst loading, pH, light wavelength and intensity, temperature, and
oxygen pressure [22–24]. In addition, the presence of oxidants and
dissolved metal ions and organic materials also affect the degra-
dation rates [24]. From both application and economic point of
view for operational effectiveness of a photocatalyst, the effects
of extrinsic factors are important to be determined particularly the
optimum decolourization conditions and limitations.

The objective of this study was to evaluate the effect of

TiO2 modification with tungsten trioxide, WO3, using impreg-
nation method, on the photocatalytic activity. Characterization
of the photocatalyst was carried out using transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), Fourier transform
Raman (FT-Raman), diffuse reflectance ultraviolet visible spec-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:azmuddin@petronas.com.my
dx.doi.org/10.1016/j.jhazmat.2009.11.050
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roscopy (DRUV-Vis) and point of zero charge (PZC) methods to
nderstand the physico-chemical properties of the photocatalyst.
he photocatalytic activity was tested against the decolourization
f methylene blue (MB), methyl violet (MV), and methyl orange
MO) as model dyes in wastewater streams. The effects of process
arameters such as initial dye concentration, catalyst loading, and

nitial pH were investigated.

. Materials and methods

.1. Chemicals

TiO2 P25 was purchased from Evonik Degussa (Germany) while
mmonium metatungstate (AMT) was from Fluka (Germany). Dyes
sed in the experiment such as methylene blue and methyl orange
ere from Merck (Germany), while methyl violet was from Acros
rganics (USA).

.2. Preparation

The photocatalyst TiO2 P25 was weighed and dispersed in dis-
illed water and an appropriate amount of aqueous solution of
MT solution was added to provide the required tungsten trioxide

WO3) loading. The suspension was stirred overnight to equilibrate
he adsorption–desorption processes. The suspension was dried
vernight in an oven at 120 ◦C. The powder was grounded using
ortar and pestle, followed by calcination at different tempera-

ures and duration, using a programmable furnace (Nabertherm,
ermany) at a ramp rate of 3.5 ◦C/min under static air. The powder
as subsequently sieved prior to characterization and decolour-

zation studies. The photocatalyst was marked based on tungsten
oading, calcination temperature and calcination duration. For
xample, 1-w-450-2 represents 1 mol% WO3 loading and calcina-
ion at 450 ◦C for 2 h.

.3. Characterization

Phases present in the photocatalysts were determined by
owder X-ray diffraction (XRD) method. Diffraction pattern was
ecorded on Bruker D8 Advance XRD (Germany), equipped with Cu
� = 1.5406 Å, at 60 kV and 80 mA. The pattern was scanned from
� = 2–80◦ at scan rate of 2◦/min. Diffractogram was aligned with
he International Centre for Diffraction Data (ICDD) database. The
natase fraction, FA, of the photocatalyst was determined using Eq.
1), where IA and IR are intensities of anatase and rutile peak at
1 0 1) and (1 1 0) plane, respectively [25]:

A = 0.79IA
079IA + IR

(1)

FT-Raman analysis was carried out to identify surface species
resent in the photocatalyst. The analysis was carried out
sing Horiba Jobin Yvon HR 800 (USA), equipped with a laser
t � = 514.532 nm with CCD-5984 detector. The spectrum was
ecorded from 200 to 1200 nm.

TEM analysis was carried out to obtain more information about
he morphology of the photocatalysts. Analysis was carried out
sing Philips CM12 TEM (The Netherlands), operated at 80 kV.
ample was placed on a grid prior to analysis. In order to pro-
uce comparable photomicrographs, samples were magnified to
he same magnification level.
Optical absorption of the photocatalyst was determined using
RUV–vis spectrophotometer. Analysis was performed using Shi-
adzu UV3150 Spectrometer (Japan), equipped with integrating

phere. The spectrum was recorded between 220 and 800 nm at
0 nm interval. Barium sulfate was used as a standard white.
us Materials 176 (2010) 451–458

Point zero of charge is defined as the pH at which the net charge
is zero. In our study, PZC was determined by mass titration method
[26]. A weighted amount of catalyst was mixed with distilled water
to give concentrations of 0.1, 1, 5, 10, and 20% (w/v). The suspen-
sions were stirred for 24 h to equilibrate the adsorption–desorption
processes, after which pH of the suspensions was determined using
a pH meter (Mettler Toledo, USA). PZC value was taken at the point
where further addition of solids did not produce any significant pH
change.

2.4. Photodegradation studies

The prepared tungsten-loaded TiO2 was weighed and mixed
with 10 mL of distilled water in a glass dish. The suspension was
ultra-sonicated for 10 min using ultra-sonicator (Barnstead, USA),
followed by addition of MB solution to give a final concentration
of 40 ppm, volume 100 mL, and catalyst loading 1 g/L. The dish
was covered with a watch glass and left to ambient temperature
at 26–29 ◦C. Initial pH of the solution was 6. The suspension was
kept in the dark and continuously stirred using a magnetic stirrer
(Ika, Germany) to equilibrate the adsorption–desorption processes.
After 4 h in the dark, the dish was illuminated with a 250 W metal
halide lamp (Venture Lighting, USA), providing the light intensity of
21,000 lx at a distance of 5 cm from the top of the watch glass. Five
hundred microliter of the suspension was taken at fixed interval
where it was centrifuged twice at 2000 × g (Sigma, USA) to remove
any particulate. The concentrations of MB in the suspension were
then determined using Shimadzu 3150 UV–vis spectrophotome-
ter (Japan) at � = 664.50 nm. The concentrations of MV and MO
were determined at wavelength 583.5 and 464 nm, respectively.
The photocatalytic degradation of MB was approximated into first-
order kinetics as shown in Eq. (2) [24]:

ln
[MB]t

[MB]e
= −k1t (2)

where [MB]t and [MB]e are the concentration of MB at t time and
equilibrium, respectively, while k1 is the first-order reaction rate
constant.

3. Results and discussion

3.1. Preparation and characterization

3.1.1. TEM and spectral analyses
The photocatalyst TiO2 is normally white in colour, while the

typical colour of WO3 is yellow. Upon calcinations, the tungsten-
loaded TiO2 photocatalyst turned pale yellow with a tinge of bluish
colour. The bluish colour became more intense when tungsten
loading was increased. As shown by the TEM micrograph (Fig. 1),
the particles tend to stick-to-each other forming bigger particles
with increasing WO3 loading and also with increasing calcinations
temperatures. Based on XRD, tungsten trioxide (WO3) phases only
emerged at high tungsten loading of 12 mol% WO3 (Fig. 2). There
was also no new peak that could be ascribed to the solid solution
of WxTi1−xO2. The absence of the WO3 phase at or below 6.5 mol%
suggests that WO3 was well dispersed on the TiO2 surface as an
amorphous layer. Additionally, it could be beyond the threshold of
the XRD sensitivity for detection [28] or the crystalline phase of
WO3 can only be detected if the loading exceeds the dispersion
capacity on TiO2 as discussed further later. In a study on ther-
mal decomposition of AMT [27], the blue colour is attributed to

the traces of W20O58 produced from partial reduction of WO3 by
ammonia, in which the latter being liberated during the decompo-
sition of AMT. Observation on flame-made WO3/TiO2 has suggested
that the blue colour is due to the presence of W6+ and W5+ at
equilibrium [28].
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ig. 1. TEM micrograph of TiO2 at different tungsten loadings and calcinations tem
nd (f) 6.5-w-650-2.

The Raman spectrum (Fig. 3) of unmodified P25 showed three
ntense peaks at 399, 519, and 639 cm−1 which can be attributed
o the anatase phase [29,30]. A broad and weak peak at 447 cm−1

as attributed to rutile phase. There were no significant differ-
nces between unmodified P25 and TiO2 loaded with WO3 from

to 5 mol%, but the new peaks can be observed especially at 273,

25, 714, 807 and 985 cm−1 when WO3 loading was beyond 5 mol%.
he broad peak at 985 cm−1 was detected at tungsten loading
bove 5 mol%, potentially due to the surface WO3 species. Peak
t 807 cm−1 together with several other peaks at 273, 325, and

ig. 2. X-ray diffractograms of TiO2 with different tungsten loading (open cir-
le = anatase, closed circle = rutile, cross = WO3).
res: (a) 0-w-450-2, (b) 0-w-650-2, (c) 1-w-450-2, (d) 1-w-650-2, (e) 6.5-w-450-2,

714 cm−1 emerged at 12 mol% WO3 loading, attributable to the
crystalline WO3 [28]. Sohn and Bae [31] have observed that when
the tungsten loading is between 5 and 10 wt%, a broad and weak
peak at ∼935 cm−1 appears. When loading is above 10 wt%, the
peak shifts to ∼968 cm−1. The shift is possibly due to the tetra-

hedrally coordinated surface WO3 in the former, and octahedrally
coordinated polytungstate species in the latter. A broad band at
964 cm−1 which is then shifted to wave number 980 cm−1 when
tungsten loading is increased, has also been reported [29]. This peak

Fig. 3. Raman spectra of TiO2 with different tungsten loading (open circle = anatase,
closed circle = rutile, cross = WO3).



4 zardous Materials 176 (2010) 451–458

i
s
w
t
a
d
o
b
c

t
f
t
(
w
n
s
o
a
s
[
l
t
[
t
l
m
t
c

m
W
o
o
b
e
i
F
t
s
s
t
o
B
o
t
t

3

r
z
t
d
a
i
m
s

T

T

b
w
t

3.1.3. Absorption spectrum of TiO2
One of the challenges in the development of TiO2 is to shift

the absorption spectrum of TiO2 into the visible region to enable
utilization of higher portion of sunlight. Fig. 5 shows the absorp-
54 Saepurahman et al. / Journal of Ha

s attributed to the W O stretching mode of dispersed bidimen-
ional tungsten oxide species on the surface of TiO2 anatase. The
ave numbers at which these are reported vary. Xu et al. [32] assign

he symmetrical W O stretching mode at around 970 cm−1. Kim et
l. [33] assign the value of 1010 cm−1 when measured under dehy-
rated condition, as it is generally accepted that the terminal W O
f surface tungsten oxide species shift toward higher wave num-
er upon dehydration [33]. The different values of W O stretching
ould be a result of this degree of hydration.

The increased particle size may be caused by sintering (par-
icles aggregation due to heat treatment) or the phase transition
rom the smaller anatase into bigger rutile size. In this study, sin-
ering could not plausibly occur at this calcination temperature
450 ◦C) as bare TiO2 did not show any sign of particle changes
hen compared to raw P25. Phase transition into rutile also may
ot take place as shown by XRD and Raman spectroscopy analy-
is (Figs. 2 and 3) where anatase phase remained stable. Similar
bservation has also been reported by Martín et al. [29]. The more
gglomerated WO3-loaded TiO2 could be a result of the increasing
urface hydrophilic property of TiO2 due to the presence of WO3
34]. A more refined measurement using HRTEM has shown that
attice fringes of WO3/TiO2 at 3 mol% WO3 loading are similar to
hose of pure TiO2 with no WO3 cluster found on the TiO2 surface
35]. The surface of TiO2 could have been covered with monolayer
hickness at 3 mol% WO3 loading. The agglomeration at tungsten
oading higher than 3 mol% can be due to WO3 covering TiO2 in

ultiple layers and/or may act as “glues” that bind TiO2 particles
o form bigger agglomerates. This is further accentuated by higher
alcinations temperatures as shown in Fig. 1.

The presence of WO3 phase at higher loading suggests the for-
ation of crystalline WO3. Theoretically, it requires 3.2 mol% of
O3 to cover the surface of P25 [35], with the dispersion capacity

f WO3 on anatase TiO2 to be 4.85 W6+/nm2 of TiO2 [32]. Depending
n the preparation method, the formation of WO3 microcrystal has
een observed at W/Ti ratio ≥8% (ca. 7.4 mol% WO3) [29], while oth-
rs have reported no WO3 phases up to 20 wt% [31]. Therefore, the
mportance of preparation method cannot be further emphasized.
or example, whilst there is no peak of which could be ascribed
o WxTi1−xO2 on coupled WO3/TiO2 prepared by ball milling [36],
tudies on tungsten-doped TiO2 prepared by sol gel method have
hown the formation of new peaks associated with the solid solu-
ion of WxTi1−x O2 [37,38]. It has been suggested that TiO2 and WO3
nly form solid solution when it is calcined above ≥1000 ◦C [35].
elow this, WO3 will not be doped into TiO2 lattice but will spread
n the surface of TiO2. In our study, we postulate that the impregna-
ion of TiO2 with WO3 with calcinations at 450 ◦C can only modify
he surface of TiO2.

.1.2. Point zero of charge (PZC)
Surface charge of the oxide is a result of the acid-base equilib-

ium. It is a function of pH and ionic strength of the solution. Point
ero of charge (PZC) is important characteristic of oxide in the solu-
ion which can give information on the surface charge [39]. PZC is
efined as the pH of the medium at which the surface charge is zero
nd can be measured by using potentiometric titration at different
onic strength medium or mass titration method [26]. TiO2 surface

ay have different ionization states depending on the pH of the
uspension according to Eqs. (3) and (4):

iOH + H+ ⇔ TiOH+
2 (3)

iOH + OH− ⇔ TiO− + H2O (4)
Fig. 4 shows the PZC curve for the synthesized photocatalyst
ased on mass titration. PZC was estimated by measuring pH at
hich further addition of solid catalyst did not change the pH of

he suspension. If the pH of the suspension is lower than PZC, the
Fig. 4. Mass titration curves of TiO2 with different tungsten loadings.

surface charge is positive. On the other hand if the pH is higher than
PZC, the surface charge is negative [26]. It can be seen that PZC val-
ues decreased with increasing tungsten loading up to 6.5 mol% WO3
and the PZC value for 1-w-450-2 was 4.5. No appreciable changes
were observed with further loading. Similar observation is also
reported by Di Paola [40] with PZC as low as 2.8 for 5 mol% W. The
pH for catalyst loading between 10 and 20% does not change appre-
ciably and the PZC value can be estimated at this catalyst loading.
The PZC value of WO3 has been reported to be as low as 0.4 [39,41].
The PZC for P25 (0-w-450-2) was about 6.35, comparable to those
reported in the literature for TiO2 which is at 3.5–6.5 [39], though
some have suggested the value of 7.1 [8,26,42]. The difference
could be in the synthesis procedure as PZC value can be affected
by heat treatment [39]. Loading of metal oxide onto the surface of
TiO2 can therefore remarkably change the PZC value. Certain met-
als such as Co, Cu, and Fe increase PZC value while metals such
as Cr, Mo, V and W decrease PZC value [1,17,18]. The decreasing
PZC value of tungsten-loaded TiO2 is obviously due to the presence
of WO3.
Fig. 5. Absorption spectrum of TiO2 at different tungsten loadings.
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the unmodified TiO2. The photocatalytic activity remained high at
1 mol% of WO3 for 550 ◦C calcination, and only slightly decreased at
650 ◦C, before being significantly reduced when calcined at 750 and
850 ◦C. At 6.5 mol% of WO3, anatase was still the major phase for
Saepurahman et al. / Journal of Ha

ion spectrum of the synthesized photocatalyst. The absorption
pectrum of TiO2 was not much different from those loaded
ith 1 mol% of WO3. However, further increases in metal load-

ng decrease photon absorption. Others have reported a decrease
n the photon absorption when TiO2 loaded with 4 mol% of WO3
29]. Our study on modification of TiO2 with WO3 by using impreg-
ation method has not shifted the absorption spectrum of TiO2

nto visible region. Similar results have been reported by Martín
t al. [29] and Gutiérrez-Alejandre et al. [43]. The orbital 5d of

lies within the Ti 3d conduction band that the charge trans-
er of the O2− → W6+ are likely to be mixed with the O2− → Ti4+

43].
Modification with metal can shift the absorption spectrum of

iO2 into the visible region but this is very much dependent on the
reparation method. Advanced metal ion implantation method for

nstance can shift the absorption spectrum of TiO2 into the visible
egion, which is due to the incorporation of the metals (substitu-
ionally or interstitially) into the lattice of TiO2, thus modifying
he electronic properties of bulk TiO2 [44]. The shift in the absorp-
ion spectrum of WO3/TiO2 to the visible region has been observed
hen the photocatalysts were prepared using sol gel method

37,38]; ball milling method [36]; and hydrothermal method [45].
PS analysis of 3 mol% WO3/TiO2 loading shows the existence of
6+, W5+, and W4+ where the first two are predominant species. It is

uggested that W4+ can substitute Ti4+ due to the similarity in ionic
adius, forming the non-stoichiometric solid solution WxTi1−xO2.
ptical absorption measurement reveals that doping with tungsten

hifts the absorption spectrum to the visible region, though no clear
bsorption edge is observed. In another study, the WOx–TiO2 pre-
ared by sol mixing method shows the optimum tungsten loading
t 1 mol% [38]. However, the XPS analysis of 1 mol% WO3/TiO2 sim-
larly shows the existence of W4+, W5+, and W6+, with the first two
s predominant species, and the absorption spectrum of W-doped
iO2 is found shifted to the visible light. Impregnation method can
lso shift the absorption spectrum of TiO2 [8] where the shift is
ossibly caused by the impurity energy level within the bandgap
f TiO2 as the metal is spread on the surface, and not incorporated
nto TiO2 framework. Nevertheless, bulk properties of TiO2 are as
mportant as surface properties of TiO2 and should be considered in
uture effort to develop metal-doped TiO2 photocatalyst activated
n the visible region.

.2. Photodegradation studies

.2.1. Effect of tungsten loadings
Fig. 6 shows photodegradation of MB as a function of tungsten

oadings based on first-order kinetics. As a benchmark, the rate
onstant for unmodified TiO2 was 16.1 × 10−3 min−1. The enhance-
ent of photocatalytic activity (k1 = 16.5–28.0 × 10−3 min−1)

ccurred for 0.6–2 mol% WO3 loading. At higher than 2 mol% WO3,
he photocatalytic activity decreased, while at lower than 0.6 mol%

O3 loading, no significant enhancement in photocatalytic activity
as observed. At 1 mol%, the rate constant was 28.0 × 10−3 min−1,

pproximately twice the rate constant of the unmodified TiO2,
hile at 3 mol% WO3, the rate constant was 11.2 × 10−3 min−1,

ower than the unmodified TiO2. The maximum improvement of
B degradation by flame-made WO3/TiO2 has been reported at

.6 mol% [28], while others have reported only 40–50% increment
t 3 mol% WO3/TiO2 [35]. However, the photocatalytic activity of
O3/TiO2 was maximized when the surface is covered with WO3
ith monolayer thickness, theoretically at 3.2 mol% WO3, with the

egradation of aqueous dichlorobenzene enhanced by 2.5-fold, and
enzene and 2-propanol degradation in the gas phase enhanced
y 3.6- and 5.9-fold, respectively [35]. The highest activity for
Ox–TiO2 prepared using sol gel method for degradation of MB

nder visible lamp was at 3% WO3 [37].
Fig. 6. Effect of tungsten loadings on methylene blue degradation.

3.2.2. Effect of calcination temperatures
Calcination temperature and duration play important roles in

shaping the characteristics and activities of the photocatalyst. To
determine the optimum temperature, the catalyst was calcined at
different calcination temperatures—450, 550, 650, 750 and 850 ◦C.
Fig. 7 shows that with increasing temperatures, the anatase fraction
of unmodified TiO2 was decreasing rapidly from 650 ◦C onwards.
The ratio of anatase fraction as calculated by using Eq. (1) for cal-
cinations at 450 ◦C was 0.82, reduced to 0.71 at 550 ◦C and was
significantly reduced to 0.06 at 650 ◦C. This may suggest that the
phase transformation of anatase into rutile in unmodified TiO2
occurred at 550–650 ◦C, which is comparable to the reported range
at 500–600 ◦C [25]. The photocatalytic activity of unmodified TiO2
decreased when calcined at 550 ◦C and reduced further when cal-
cined at 650 ◦C or higher. Loading of tungsten into TiO2 could
potentially change the structural property of TiO2. With tung-
sten loading at 1 mol%, the anatase fraction was still detectable
for calcination temperature as high as 750 ◦C, and became negligi-
ble at 850 ◦C suggesting that the phase transformation could have
occurred at 650–850 ◦C range which was broader and higher than
Fig. 7. Effect of tungsten loadings and calcination temperatures on anatase fraction
and rate of MB photodegradation of unmodified TiO2 (�), and 1 mol% tungsten (�).
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Table 1
Effects of different physical parameters on rate of MB degradation by 1-w-450-2.

kapp(×10−3 min−1) r2 SSE

A. [MB] initial (mg/L)
10 208 1.00 0.00
20 88 0.98 0.35
30 48 0.99 0.17
40 28 0.98 0.49
50 16 0.98 0.17
60 11 0.95 0.16

B. [Cat] (g/L)
0.0 1 0.97 0.00
0.5 13 0.97 0.14
1.0 28 0.98 0.49
1.5 33 0.98 0.63
2.0 32 0.99 0.20

C. pH
3.0 12 0.99 0.03

c
a
i
[

v
t
h
(
(
b
<
c
(
t
b
p
b
i

3
i

i
1
t
o
a
a
R
i
s
t
S
a
5
2
d
c
t
d
d

2
p

5.1 28 0.98 0.49
7.0 23 0.97 0.44
10.0 25 0.98 0.23

alcinations as high as 850 ◦C. Further increase in tungsten loading
pparently stabilized the anatase phase from transformation into
nactive rutile, similar observation has also been made by others
38].

Phase transformation of anatase into rutile generally is unfa-
orable because it reduces the photocatalytic activity. Heat
reatment however does not only affect TiO2, but also WO3. WO3
as five different phases namely—�-WO3 (tetragonal), �-WO3
orthorombic), �-WO3 (monoclinic), �-WO3 (triclinic), and �-WO3
monoclinic) [46]. Upon heat treatment, these phases could have
een transformed in the following order: �-WO3 (monoclinic,
−40 ◦C) → �-WO3 (triclinic, −40 to 17 ◦C) → �-WO3 (mono-
linic, 17–320 ◦C) → �-WO3 (orthorhombic, 320–720 ◦C) → �-WO3
tetragonal, >720 ◦C) [46]. The presence of TiO2 can prevent the
ransformation of �-WO3 (monoclinic) into �-WO3 (orthorhom-
ic) [45,46]. The interaction of TiO2 and WO3 therefore not only
revents the transformation of the anatase phase into rutile phase,
ut also possibly the transformation of monoclinic phase of WO3

nto the orthorhombic phase.

.2.3. Effects of initial dye concentration, catalyst loading and
nitial pH

The effects of initial dye concentration, catalyst loading and
nitial pH on the decolourization rate of MB by TiO2 loaded with
mol% WO3 are summarized in Table 1. The initial dye concen-

ration must be determined for effective photocatalyst effects. The
ptimum photocatalyst loading can avoid utilization of excess cat-
lyst and to ensure total absorption of photons, with maximum
mount of photocatalyst achieving all surface totally illuminated.
ate of degradation is further affected by pH via change in ion-

zation state of the photocatalyst surface and the substrate. As
hown in Table 1, increasing the initial dye concentration from 10
o 60 mg/L reduced the rate of decolourization by almost 20-fold.
imilar trend was reported for other dyes such as safira dye HEXL
t 20–80 mg/L [47], acid red 14 at 20–40 mg/L [48], acid red 27 at
–40 mg/L [49], metanil yellow at 40–100 mg/L [50], acid orange
0 at 25–100 mg/L [51], methyl orange at 5–75 mg/L [52]. At higher
ye concentrations, degradation efficiency may decrease as the dye
overed the active sites thus reducing the hydroxyl radical produc-
ions. In addition, there could also be the UV-screening effect of the

ye where significant portion of UV light may be absorbed by the
yes rather than the photocatalyst [24].

Within the range of photocatalyst loading tested between 0 and
g/L, the amount of MB adsorbed onto 1-w-450-2 increased pro-
ortionally with the loadings. MB decolourization rate increased
Fig. 8. Effect of dye substrates on the degradation rate constant.

with increasing photocatalyst loadings up to 1 g/L, and further
increase did not significantly increase the rate of decolourization
whilst the rate becoming independent of the effect of photocatalyst
loadings. Degradation of methyl orange by complex nanoparticle
WO3/TiO2 reaches optimum conditions at 8 g/L photocatalyst load-
ing [53]. However, when tested using SO4

2−/TiO2 system, the rate
increases with increasing photocatalyst concentration up to 2 g/L
before it reaches saturation.

As stated earlier, the unmodified TiO2 in our study had PZC
value of 6.4. This was close to neutral pH and TiO2 surface was
therefore negatively charged under basic condition but positively
charged under acidic condition. For 1-w-450-2 where the PZC
value was 4.5, it was negatively charged at pH higher than 4.5
and positively charged at pH lower than 4.5. From Table 1, the
pH condition was chosen at 3, 7, and 10 to simulate the acidic,
neutral and basic condition. The rate was also evaluated at pH
5.1 without adjustment. It can be observed that increase in pH
had resulted in higher MB adsorption. Decolourization rate of MB
was highest (kapp = 28 × 10−3 min−1) at pH 5.1 without adjustment.
At pH 3, the rate of decolourization was significantly decreased
(kapp = 12 × 10−3 min−1). Increasing pH to neutral pH and further
to pH 10 only slightly reduced the rate of decolourization rate
(k1 = 23−25 × 10−3 min−1). Considering the PZC value of 4.5, the
higher adsorption of MB at higher pH can be attributed to the
coulombic interaction of the negatively charged 1-w-450-2 sur-
faces with the positively charged MB molecules. TiO2 tends to
agglomerate under acidic condition and therefore the surface area
available for dye adsorption and photon absorption will be reduced
[24]. At basic pH, there is higher affinity towards MB due to coulom-
bic interaction and also higher production of hydroxyl radicals from
the reaction of hydroxide ions with the positive holes [24].

3.2.4. Effect of dye substrates
The photocatalytic activity of 1-w-450-2 was tested against

other types of dyes such as methyl violet (MV) and methyl orange
(MO) in addition to MB. MV is a cationic dye of the triarylmethane
class, while MO is an anionic dye of azo dye class and MB is a cationic
dye of thiazine class. Comparison on the decolourization rate con-
stant of MB, MV and MO is depicted in Fig. 8. Similar to MB, the
degradation of both dyes followed first-order kinetics with coeffi-
cient of determination (r2) ranging from 0.93 to 0.99 and sum of

squared errors (SSEs) from 0.00 to 0.42. Using unmodified TiO2,
the decolourization rate of MV (k1 = 22.6 × 10−3 min−1) was higher
than MB (k1 = 16.1 × 10−3 min−1), while MO (k1 = 3.4 × 10−3 min−1)
was slower to degrade. The type of dyes therefore greatly affects
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he rate of decolourization. Nevertheless, the degradation rate of
ll dyes by 1-w-450-2 was higher than the unmodified TiO2. MV
nd crystal violet (CV) has similar chemical structure, the difference
eing only in the degree of N-methylation. Couselo et al. [54] report
hat the decolourizaton mechanism of crystal violet by tungsten-
oped TiO2 is different from pure TiO2. The mechanism in the
ormer follows the rupture of aromatic ring mechanism rather than
-demethylation mechanism which is more prone to occur in pure
iO2. Although 1 mol% WO3 is the optimum tungsten loading for
B degradation, the optimum tungsten loading for degradation of

ther dyes could be different. The optimum tungsten loading for the
egradation of CV has been reported within the range of 2–5 mol%

[54] and at 3 wt% for MO [53].

. Conclusions

The tungsten-loaded TiO2 photocatalyst has been successfully
ynthesized and characterized. Tungsten–TiO2 interaction stabi-
ized the active anatase phase from transforming into inactive rutile
hase and �-WO3 into �-WO3. The higher the tungsten loading, the
ore stable the photocatalyst became, as compared to the unmodi-

ed TiO2. However, the impregnation method used in the synthesis
id not shift the optical absorption to the visible region. Opti-
um degradation of MB was achieved at dilute dye concentration

≤10 mg/L), catalyst loading of 1 g/L and pH without adjustment of
.1. The photocatalyst can withstand neutral to alkaline condition
f up to pH 10, but showed poor performance in condition, pH 3. The
hotocatalyst was also effective for degradation of different class
f dyes such as methyl violet and methyl orange. For highly con-
entrated wastewater, dilution and pH adjustment may be crucial
tep prior to photocatalytic treatments.
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