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Surface modification of titanium dioxide (TiO2) with tungsten was carried out to increase the photo-
catalytic degradation of methylene blue (MB). The modified photocatalyst in dark experiment had high
affinity towards MB with the amount adsorbed proportional to the tungsten loading and the highest
adsorption was at 6.5 mol% tungsten loading. The adsorption isotherm study showed that the adsorption
followed Langmuir model with maximum adsorption capacity of 95.9 × 10−3 mmol g−1, 8-fold higher than
the reported value for unmodified TiO2. Under illumination, the modified photocatalyst also enhanced
hotocatalysis
dsorption
itanium dioxide
ungsten loading
nvironmental remediation

the degradation of MB as compared to the unmodified one. Kinetic studies on the photocatalytic degra-
dation of MB using linear and non-linear regression methods suggested that the degradation followed
first order kinetics. The photocatalytic activity was greatly affected by the amount of tungsten loading,
calcination temperature and calcination duration. The optimum synthesis condition was found at 1 mol%
tungsten loading and calcination at 450 ◦C for 2 h. Using UV filter, the DRUV-Vis analysis confirmed that
the enhancement of the photocatalytic activity was not due to the extension of the photoresponse into

esenc
the visible region. The pr

. Introduction

Photocatalysis is a catalytic reaction under the action of light in
he presence of a photocatalyst [1]. TiO2 photocatalysis is attractive
ue to the possibility of utilizing solar source as a renewable energy.

n addition, TiO2 is inexpensive where titanium is the world’s sev-
nth most abundant metal and ninth most abundant element [2,3].
iO2 is non-toxic and has found applications as white pigment
nd UV absorber in food and paint industries and in cosmetics
reparations [3]. TiO2 is chemically and photo-chemically stable,
esistant to corrosion and photo-corrosion, and can be activated
y UV light shorter than 388 nm [3–5]. The major drawback in
iO2 photocatalysis though is its lack of efficiency due to the high
ate of recombination of electrons and holes upon photoactivation
5]. Due to its wide bandgap energy, Eg, of 3.0–3.2 eV, it can only
e activated by UV light, which coincidentally accounts only 3–4%
f sunlight spectrum [6]. Although many semiconductors such as
oO, Fe2O3, MnO, V2O5 and WO3 have wide bandgap energy (Eg
.0–3.6 eV) and are inefficient as photocatalysts, Eg may not be the
nly factor governing the photocatalytic activity. Other important
actors for effective photocatalysis are particle sizes, surface prop-
rties, and phase compositions. Efforts have been made to enhance

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

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.01.010
e of UV portion rather enhanced the photocatalytic activity.
© 2010 Elsevier B.V. All rights reserved.

the efficiency of the process and to modify electronic properties of
TiO2 so that it can utilize higher portion of solar spectrum. TiO2
has been modified with different group of metals such as alkaline
metals [7], earth alkaline metals [8,9], transition metals [10–13],
rare earth metals [14,15], and noble metals [16]. Among transition
metal dopant, cobalt and tungsten are reportedly the best for pho-
todegradation of 4-nitrophenol, benzoic and methanoic acid, while
samarium is best for 2-propanol degradation [13,17–19].

Dyes, representing some 9000 colouring agents of which 70%
are azo dyes [20], have been of environmental concern due to indis-
criminate discharge by textile industries. Discharged dyes do not
only affect the water quality, but also affect health as some of these
are mutagenic, carcinogenic and teratogenic. Dyes such as ben-
zidine, 2-naphtyl amine and its derivatives are known as human
bladder carcinogens and are subjected to water regulation and pol-
icy [21]. Physical adsorption of discharged dyes by activated carbon
is an economically effective process, while adsorption by other
adsorbents such as bagasse, woodchips, and peat is gaining atten-
tion due to its abundance as agricultural by-products that require
no activation. However, all these processes may merely transfer the
waste materials from the effluent to the adsorbent. There is a need
for post-treatment such as incineration of the wastes adsorbed. Bio-

logical methods (aerobic and anaerobic processes) and chemical
methods (Fenton’s reagent, ozonation, sodium hypochlorite oxi-
dation, and electrochemical oxidation) involve the transformation
of the pollutant into a product that does not absorb wavelength
in the visible region of the spectrum. Photocatalysis has several

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:azmuddin@petronas.com.my
dx.doi.org/10.1016/j.cej.2010.01.010
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dvantages as it uses no reagent and the degradation of dyes occurs
t ambient pressure and temperature.

Adsorption of a pollutant onto adsorbent is affected by tem-
erature of the process [22]. Adsorption isotherm study allows
he quantification of the maximum amount of pollutant adsorbed
er mass of adsorbent at definite temperature. Modelling of the
dsorption data allows better understanding on the mechanism
f the adsorption process. Different adsorption models have been
roposed such as Langmuir, Freundlich and Redlich-Peterson [23].
inetic analysis further allows the quantification of the photocat-
lytic process and comparison of the effects of different synthesis
arameters such as effect of initial concentration, photocatalyst

oading, initial pH, tungsten loading and calcination temperature
nd time length [3]. Adsorption of a compound onto photocata-
yst surface is one of key reaction steps in photocatalysis. However,
ue to its hydrophilic nature, TiO2 exhibits low adsorption ability
specially to non-polar compounds [24]. To improve the adsorption
bility, TiO2 has been loaded onto various adsorbent such as MCM-
1, beta zeolite, montmorillonite, and synthetic 13-x, Na-Y, and
A-zeolites [24,25]. TiO2-adsorbent system offers good adsorption
owards pollutant and easier separation. TiO2 loaded onto natural
eolite (mordenite) is active for the degradation of methyl orange
26]. Loading of noble metals such platinum [27] and yttrium [28]
nto TiO2–zeolite system give further enhancement in the photo-
atalytic activity. Some have shown better photocatalytic activity
n orange II dye degradation than the commercial Degussa P25 [24].
o our knowledge, degradation of MB by tungsten-loaded TiO2 has
ot been reported in great detail.

The aim of this study was to assess the photocatalytic activity
f tungsten-loaded TiO2. The profile of MB removal by adsorp-
ion process, followed by photodegradation was established. The
inetics analysis and modelling of MB removal via adsorption and
hotodegradation were carried out. The optimization of synthetic
rocedure based on the effects of tungsten loading, calcination tem-
erature and time length on the kinetics of photodegradation were
lso studied.

. Materials and methods

.1. Preparation

TiO2 Degussa P25 (Degussa, Germany) was weighed and
ispersed in distilled water and an appropriate amount of aque-
us solution of ammonium metatungstate (AMT) solution was
dded. The suspension was stirred overnight to equilibrate the
dsorption–desorption processes. The suspension was evaporated
o dryness using a waterbath, and further dried in an oven at
20 ◦C overnight. The powder was then ground using mortar and
estle and then calcined at different temperatures and duration
sing a programmable furnace (Nabertherm, Germany) with ramp
ate at 3.5 ◦C/min under static air. The powder was subsequently
ieved prior to characterization or decolourization studies. The
hotocatalyst was denoted based on tungsten loading, calcination
emperature and calcinations duration. Unless otherwise stated,
ll experiments were carried out using 1-w-450-2 photocatalyst
hich represents 1 mol% WO3 loading and calcination at 450 ◦C for
h.

.2. Decolourization studies
To establish the dual-effects of adsorption-photodegradation of
B on tungsten-loaded TiO2 photocatalyst, sample was weighed

nd mixed with 10 mL of distilled water in a glass dish. The suspen-
ion was ultrasonicated for 10 min using ultrasonicator (Barnstead,
SA), followed by addition of MB solution to give a concentration of
ring Journal 158 (2010) 418–425 419

40 ppm in 100 mL and catalyst loading of 1 g/L. The dish was covered
with a glass closure and left to ambient temperature of 26–29 ◦C.
Initial pH of the solution was 6. The suspension was kept in the
dark condition and continuously stirred using a magnetic stirrer
(Ika, Germany) to equilibrate the adsorption–desorption processes.
After 4 h, the dish was illuminated with a 250 W metal halide lamp
(Venture Lighting, USA) of 21,000 lx intensity, at a distance of 5 cm
from the top of the glass closure. The spectral distribution of the
lamp is between 380 and 760 nm with peak of emission at 590 nm.

Adsorption isotherm studies were carried out to determine the
adsorption characteristics of the photocatalyst. Experiments were
conducted using a double jacketed reactor where the tempera-
ture was maintained at 25 ◦C using a circulated waterbath (Grant,
UK). The reactor was wrapped with aluminium foil to prevent the
any incident light from external sources. Sample photocatalyst was
weighed and mixed with distilled water and then ultrasonicated
for 10 min using an ultrasonicator (Barnstead, USA). Then, it was
mixed with MB solution at different concentration to give catalyst
concentration of 1 g/L and in a total volume of 100 mL volume. The
suspension was mechanically stirred using an impeller (Heidolph,
Germany). Five hundred microliter of the suspension was taken
at fixed intervals where it was centrifuged two times at 2000 × g
(Sigma, USA) to remove any particulate. The concentrations of MB
in the sample were determined using Shimadzu 3150 UV–Vis Spec-
trometer, Japan, at � = 664.50 nm.

2.3. Kinetics and modeling

Photocatalytic degradation of MB yields carbon dioxide, nitrate,
sulfate and water. The reaction can be written as follows [29]:

C16H18N3S+ + 25.5O2 → 16CO2 + 3NO−
3 + SO2− + 6H+ + 6H2O (1)

or in a simplified form:

MB + · · ·O2 → · · ·CO2 + · · · (2)

Rate of MB consumed in the reaction can be written as:

r = −d[MB]
dt

= k[MB]n (3)

where n is order of reaction. If the reaction follows zeroth and first
order kinetics, integration of Eq. (3) gives Eqs. (4) and (5), respec-
tively.

[MB]e − [MB]t = k0t (4)

ln
[MB]t

[MB]e
= −k1t (5)

where [MB] e, t respectively indicates MB concentration at t = 0 and
t = t.

Eq. (5) can be rewritten into a non-linear form as shown in Eq.
(6)

[MB]t = [MB]ee−k1t (6)

If the reaction follows second order kinetics, integration of Eq.
(3) gives Eq. (7) which can also be rewritten in a non-linear form as
shown in Eq. (8).

1
[MB]t

− 1
[MB]e

= k2t (7)

[MB]e
[MB]t =
[MB]ek2t + 1

(8)

Adsorption of pollutant onto adsorbent can be modelled by
mathematical models such as Langmuir, Freundlich and Redlich-
Peterson model. Amount of MB adsorbed onto photocatalyst at time
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was determined using Eq. (9) [22].

= (C0 − Ct)VTot

[Cat]
(9)

here C0 and Ct is the MB concentration (mg/L) at initial and at
ime t, while VTot and [Cat] are the total volume (L) and catalyst

ass (g), respectively. The amount of MB adsorbed onto the photo-
atalyst at equilibrium is defined as Qe, whereas its concentration
t equilibrium is Ce.

The mathematical formulae of Langmuir and Freundlich mod-
ls are shown in Eqs. (10) and (11), respectively. Both equations
an be rewritten into linear form as shown in Eqs. (12) and (13),
espectively.

e = QmKaCe

1 + KaCe
(10)

e = KF C1/n
e (11)

Ce

Qe
= 1

Qm
Ce + 1

KaQm
(12)

n(Qe) = ln(KF ) + 1
n

ln(Ce) (13)

To examine the model fitness with the experimental data, coef-
cient of determination (r2) and sum of square error (SSE), which
ere generated automatically from MATLAB® using cftool toolbox,
ere used. The model is considered best fit when r2 is close to 1,
hile SSE is as minimum as possible.

. Results and discussion

.1. Decolourization profiles of MB

Fig. 1 shows the decolourization profile of MB as a function of
ungsten loadings. In the absence of light (dark experiment), the
dsorption process took place. Adsorptions of MB by unmodified
iO2 (0-w-450-2) and pure WO3 (AMT-w-450-2) were negligible
ut the adsorption became more apparent with increasing tungsten

oadings. The amount of MB adsorbed increased linearly, concomi-

ant with the increase in tungsten loadings from 2 to 5 mol%. The
dsorption rate was minimal for pure WO3 and unmodified TiO2
uggesting the need for available surface area and binding sites
or MB to occupy the surface. The adsorption reached equilib-
ium within 10 min and no further adsorption was observed with

ig. 1. Decolourization of MB by tungsten-loaded TiO2 through adsorption and pho-
odegradation processes.
ring Journal 158 (2010) 418–425

prolonged duration. The colour of tungsten-loaded photocatalyst
changed from white to dark blue at the end of dark experiment.
The sharp L-shaped adsorption profiles suggest that there are no
significant competitions between MB and water molecules during
the adsorption process [3,30]. We have recently reported the mass
titration curve of tungsten-loaded TiO2 [31] and the profile was
similar to the MB adsorption profile. The point-zero-charge (PZC)
values decreased from 6.35 at 0-w-450-2, to around 3, with increas-
ing tungsten loading up to 6.5 mol% WO3. No appreciable changes
in the PZC values were observed with further loading [31].

When the light source was switched on, the photocatalytic reac-
tion ensued. The bluish colour of MB-adsorbed photocatalyst faded
slowly to purple and finally returned to its original white colour.
The photodegradation of MB under light only without the photo-
catalyst (photolysis), or under WO3 only, was negligible. The rate
of MB decolourization was increasing in the order of unmodified
TiO2, followed by tungsten-loaded TiO2, as shown by the steeper
slope in Fig. 1. Higher photocatalytic activity occurred at 1–2 mol%
tungsten loading, but slower at 3–5 mol% tungsten loading. Hence,
higher tungsten loading (3–5 mol%) had resulted in higher adsorp-
tion capacity, but lower photocatalytic activity. There appears to
be a threshold level of tungsten level beyond which the amount of
incident light could have been reduced from reaching the photocat-
alyst. This can be attributed to the higher degree of agglomeration
of photocatalyst at higher tungsten loadings [31].

Similar to our study, samarium, neodynium, and
praseodymium-doped TiO2 have been reported to possess
higher adsorption and photocatalytic activities than the bare TiO2
[32]. However, other study based on the flame-made WO3/TiO2
[28] report that MB is completely adsorbed in the dark not only
for sample containing ≥7.2 mol% WO3, but also pure WO3. The
study suggests that the increase in the adsorption of MB can be
correlated to the increase in the acid strength [33]. W-doped
TiO2 prepared from the sol–gel method has maximum adsorption
towards crystal violet at pH 7, with 6 mol% W achieving adsorption
10-fold higher than the bare TiO2 [34]. However, when it is nor-
malized with respect to the surface area, the adsorption capacity
remains constant suggesting that the increase in the adsorption
towards crystal violet is due to the increasing surface area. Hence,
the improvement in the photocatalytic activity is essentially in
finding the balance between having higher sorption capacity and
a lower reduction in the specific activity of each adsorption site.

3.2. Adsorption of MB

Fig. 2 shows the adsorption of MB as a function of tungsten load-
ings. The MB adsorbed by unmodified TiO2 and 1-w-450-2 were
below 5 mg/L but increased proportionally to almost 6-fold for 6.5-
w-450-2. At tungsten loading >6.5 mol% WO3, the MB adsorbed was
reduced which confirmed the threshold level of tungsten as dis-
cussed earlier. Akurati et al. [33] have reported complete adsorption
by pure WO3, but in our study the adsorption of MB by pure WO3
was negligible. The difference is possibly due to the difference in
particle size to that reported in the former as a result of different
method of preparation.

The effect of initial MB concentration was investigated at
6.5 mol% WO3 loading (Fig. 3). The value of MB adsorbed at equi-
librium, Qe, was used to study the adsorption isotherm behaviour.
The amount of MB adsorbed increased 3-fold by increasing the ini-
tial MB concentrations from 10 to 30 mg/L. Further increase up to
45 mg/L did not significantly increase the amount of MB adsorbed.

The increase in the initial MB concentration enhanced the amount
of MB adsorbed until all the adsorption sites were occupied. The
amount of MB adsorbed or desorbed finally became constant at
equilibrium. Hence, the adsorption curves are superimposed [22]
beyond 30 mg/L initial MB concentration.
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Table 1
Adsorption isotherm modeling of MB onto 6.5-w-450-2.

Isotherm model Equation Linear form Plot Parameters r2 SSE

Linear regression analysis

Freundlich Qe = KF Ce
1/n ln(Qe) = ln(KF ) + 1

n
ln(Ce) ln Qe vs. ln Ce KF = 20.7 n = 5.2 0.58 0.42

Langmuir Qe = QmKaCe

1 + KaCe

Ce

Qe
= 1

Qm
Ce + 1

KaQm

Ce

Qe
vs. Ce Ka = 4.1 Qm = 30.7 0.99 0.00

Non-linear regression analysis

Freundlich Qe = KF Ce
1
n – –

Langmuir Qe = QmKaCe
1+KaCe

– –

w
m
t
T
w
m
m
t

The subsequent step to adsorption of MB onto the photocata-
Fig. 2. Effect of tungsten loadings on MB adsorption.

Figs. 4 and 5 show adsorption isotherm model of MB at 6.5-
-450-2 using both non-linear and linear regression. Langmuir
odel provides better fitting to the adsorption data compared to

he Freundlich model with coefficient of determination, r2 = 0.99.
able 1 summarizes the modeling of adsorption of MB onto 6.5-

-450-2. Based on Langmuir, MB adsorption onto 6.5-w-450-2
ay have formed monolayer instead of multilayer surface. The
aximum adsorption capacity, Qm, at 30.7 mg g−1 was equivalent

o 95.9 × 10−3 mmol g−1. This is approximately 8-fold higher than

Fig. 3. Effect of initial concentrations on MB adsorption at 6.5-w-450-2.
KF = 22.1 n = 7.0 0.62 132.50

Ka = 3.6 Qm = 31.5 0.82 59.70

the reported value for unmodified TiO2 at 11.7 × 10−3 mmol g−1

[30]. This may be attributable to the molecular size of the sub-
strates, the compatibility of chemical charges or physisorption and
the higher availability of adsorption sites. For comparison, the
Qm for orange G is 9.14 × 10−3, alizarin S 12 × 10−3, methyl red
6.29 × 10−3, and congo red 18.24 × 10−3 mmol g−1 [29]. Other than
dyes, the Qm of TiO2 for salicylic acid is 0.07, 4-aminobenzoic acid
0.071, 3-chloro-4-hydrobenzoic acid 0.047, dichloroethane acid
0.225, 2-chlorophenol 0.107 and phenol 0.207 mmol g−1 [22].

In comparison to our previous work on adsorption of natural
product alizarin onto microporous polymeric adsorbent, the Qm

of 6.5-w-450-2 is relatively lower than XAD-16 (Qm = 42.2 mg g−1

equivalent to 176.51 × 10−3 mmol g−1) [23]. The higher adsorption
capacity of XAD-16 can be attributed to the higher surface area at
800 m2/g. The surface area of 6.5-w-450-2 is estimated to be lower
than the surface area of the unmodified TiO2 at 50 m2/g. Consider-
ing that the ratio of the surface area of XAD-16 at approximately
16-fold higher than for 6.5-w-450-2, the adsorptivity of the latter
in actual fact is relatively higher, as its Qm is only half that of XAD-
16. Nevertheless as highlighted earlier, the adsorption process is
governed not only by specific surface area but also by pore diam-
eter, polarity of the adsorbent, and solubility and polarity of the
adsorbate [23].

3.3. Photodegradation of MB
lyst, was the photodegradation of MB. For quantitative evaluation,
the classical zeroth, first and second order kinetics equations were
fitted to the experimental data to determine the suitable model to
represent the kinetic of degradation. Fig. 6 shows an example of

Fig. 4. Adsorption isotherm modeling using non-linear regression.
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ig. 5. Adsorption isotherm modeling using linear regression (A) Langmuir and (B)
reundlich.

he fitting of MB degradation to first order kinetic model. Table 2
ummarizes the fitting of the photodegradation data with various
inetics models. The kinetic data of unmodified TiO2 fits fairly well
o zeroth order model (r2 = 0.90–0.99) at higher tungsten loading
ut not at lower tungsten loading (r2 = 0.62). Increase in tung-
ten loadings increases the adsorption capacity, hence the better
tting to the model. At 1 mol% tungsten loading, high degree of

eviation (SSE = 403.39) was observed but with increasing tung-
ten loadings, SSE value decreased (SSE = 31.63–0.09). Although
ertain photocatalytic reactions by bare or modified TiO2 follow
eroth order kinetics [35–37], our study showed that zeroth order

able 2
inear and non-linear regression analysis of photocatalytic kinetics of MB degradation.

Sample Linear regression analysis

Zeroth order
[MB]e − [MB]t = k0t

First order
ln[MB]e/[MB]t = k1t

Second ord
1/[MB]t − 1

k0 × 10−3 r2 SSE k1 × 10−3 r2 SSE k2 × 10−3

TiO2 187.2 0.93 77.97 16.1 0.97 0.24 2.5
1 mol% 146.6 0.62 403.40 28.0 0.98 0.48 29.5
3 mol% 97.6 0.90 31.63 11.2 1.00 0.01 1.7
5 mol% 46.4 0.98 1.03 5.9 1.00 0.00 0.6
6.5 mol% 24.2 1.00 0.09 4.9 0.99 0.01 0.8
Fig. 6. First order kinetic modeling of MB photodegradation at different tungsten
loadings.

model may not describe the kinetics well and only to a certain
degree fits well for higher tungsten loadings. Based on linear and
non-linear regression method, the photocatalytic degradation of
MB is best represented by first order kinetic as shown in Table 2,
with r2 within the range of 0.97–0.99. The data however is more
suitably fitted to linear regression (SSE = 0–0.48) as compared to
non-linear regression (SSE = 0.36–28.25). The second order kinetic
using linear method does not represent the kinetic of degradation
by unmodified TiO2 and TiO2 loaded with 1 mol% WO3 (r2 = 0.70
and 0.55), though higher tungsten loadings showed better fitness
(r2 = 0.91–0.95). Non-linear regression gives better representation
of only the first order kinetics with the coefficients of determina-
tion ranging from 0.97 to 0.98. However, all order of kinetics could
describe reasonably well the MB degradation at loading greater or
equal to 5 mol% using linear regression.

The degradation of pollutant may follow different kinetics
depending on the method to assess the activity (disappearance
of pollutant or mineralization). The degradation of oxalic acid by
platinum, argentum, and aurum-modified TiO2 for example follow
zero order kinetic and has been reportedly doubled as compared
to unmodified TiO2. However, contrary to our study, the amount of
oxalic acid adsorbed onto photocatalyst decreases with increasing
noble metal content. Further, the photocatalytic activity is influ-
enced by the metal size and the pH during synthesis [37]. Type of
metal also affected the degradation kinetics. The decomposition of
nitrite by samarium, cerium, erbium, praseodymium, lanthanum
2
decomposition reaction using gadolinium-doped TiO2 and P25 fol-
low first order kinetics [14]. Other researchers have reported first
order kinetics in the degradation of 4-nitrophenol using WO3/TiO2
[38], degradation of methylene blue using WOx–TiO2 [39], and

Non-linear regression analysis

er
/[MB]e = k2t

First order
[MB]t = [MB]e exp(−k1t)

Second order
[MB]t = [MB]e/(k2[MB]et + 1)

r2 SSE k1 × 10−3 r2 SSE k2 × 10−3 r2 SSE

0.71 0.08 13.1 0.99 7.42 0.6 0.93 83.05
0.55 22.25 35.2 0.97 28.23 2.2 0.98 18.35
0.92 0.01 12.1 0.99 2.09 0.9 0.97 9.39
0.95 0.00 5.6 1.00 0.30 0.6 0.96 2.53
0.92 0.00 4.4 0.98 0.32 0.8 0.94 1.06
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Table 3
Optimization of tungsten-loaded synthesis.

Sample k1 (×10−3 min−1) r2 SSE

(A) Optimum tungsten loading
0-w-450-2 16.1 0.97 0.24
0.3-w-450-2 14.0 0.99 0.05
0.6-w-450-2 16.6 0.99 0.09
1-w-450-2 28.0 0.98 0.48
1.5-w-450-2 25.6 0.98 0.22
2-w-450-2 19.8 0.99 0.04
3-w-450-2 11.2 0.99 0.01
4-w-450-2 5.8 1.00 0.00
5-w-450-2 5.9 0.99 0.00
6.5-w-450-2 4.9 0.99 0.01
8-w-450-2 4.4 0.99 0.00
10-w-450-2 3.5 0.98 0.00
12-w-450-2 2.7 0.97 0.01
100-w-450-2 1.2 0.98 0.00

(B) Optimum calcinations temperature
0-w-450-2 16.1 0.97 0.24
0-w-550-2 10.3 0.99 0.01
0-w-650-2 3.5 0.99 0.00
0-w-750-2 2.7 0.99 0.00
0-w-850-2 1.7 0.99 0.00
1-w-450-2 28.0 0.98 0.48
1-w-550-2 28.0 0.99 0.17
1-w-650-2 22.6 0.99 0.08
1-w-750-2 4.8 0.98 0.01
1-w-850-2 4.4 0.99 0.00

(C) Optimum calcinations duration
1-w-450-0.5 18.0 0.97 0.23
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1-w-450-1 20.0 0.98 0.15
1-w-450-2 28.0 0.98 0.49
1-w-450-4 18.4 0.98 0.14

egradation of 1,4-dichorobenzene using WO3-loaded TiO2 pho-
ocatalysts [40]. In a study on photocatalytic degradation and

ineralization of formic acid, oxalic acid, 4-chlorophenol and
anuron by TiO2, oxalic and formic acid mineralizations have

een reported to follow zeroth order kinetics without the forma-
ion of intermediates, while the degradation of 4-chlorophenol and

anuron on the other hand follow first order kinetics [41].

.4. Optimization of preparation procedure

The procedure of preparation was further optimized to achieve
igher photocatalysis. The parameters optimized were tungsten

oading, calcination temperatures and calcination duration and
he results are summarized in Table 3.The amount of tungsten
oaded onto TiO2 plays an important role in its photocatalytic
ctivity. Within the values ranging from 0 to 12 mol% WO3, TiO2
oaded with small amount of tungsten (<3 mol% WO3), was active
s a photocatalyst, while the one loaded with higher tungsten
as active as an adsorbent. As a benchmark, the rate constant

or unmodified TiO2 was 16.1 × 10−3 min−1. The enhancement of
hotocatalytic activity (k1 = (16.5–28.0) × 10−3 min−1) appeared to
ccur at 0.6–2 mol% WO3 loading range. At higher than 2 mol%,
he photocatalytic activity decreased to 11.2 × 10−3 min−1 or lower.
t lower than 0.6 mol% WO3, the photocatalytic activity remained
round (14–16) × 10−3 min−1. At 1 mol% WO3, the rate constant
f 28.0 × 10−3 min−1, was approximately twice the rate constant
f unmodified TiO2. The lower rate contant at 2 mol% and beyond
uggests the threshold level within the range of 1–2 mol% tungsten
oading for optimum photocatalysis. The maximum improvement

f MB degradation by flame-made WO3/TiO2 have been report-
dly achieved at 3.6 mol% [33], while only 40–50% enhancement is
bserved when 3 mol% WO3/TiO2 is tested against MB [40]. When
he surface of TiO2 is covered with monolayer thickness theoreti-
ally at 3.2 mol% WO3, the degradation of aqueous dichlorobenzene
ring Journal 158 (2010) 418–425 423

is enhanced by 2.5-fold, and benzene and 2-propanol degradation
in the gas phase enhanced by 3.6- and 5.9-fold, respectively [40].

The optimum tungsten loading for MB degradation appears
to be very much affected by preparation method. For example,
WOx–TiO2 prepared using sol–gel method has the highest activity
for degradation of MB under visible lamp at 3% WO3 [39]. In addi-
tion, XPS analyses of 3 mol% WO3/TiO2 loading shows the existence
of W6+, W5+, and W4+ where the first two are predominant. It is
suggested that W4+ can substitute Ti4+ due to the similarity in ionic
radius, forming the non-stoichiometric solid solution WxTi1−xO2.
Optical absorption measurement reveals that doping with tung-
sten shifts the absorption spectrum to the visible region, though no
clear absorption edge is observed. In another study, the WOx–TiO2
prepared by sol mixing method shows the optimum tungsten load-
ing at 1 mol% [42]. In contradiction to that reported by Li et al. [39],
XPS analysis of 1 mol% WO3/TiO2 shows the existence of W4+, W5+,
and W6+, but the first two are predominant. The similarity is how-
ever found in that the absorption spectrum of W-doped TiO2 is
found shifted to the visible light, and the photocatalytic activity of
W-doped TiO2 at 1 mol% WO3 is superior to N-doped and C-doped
TiO2 [42].

Another factor which plays important role in the photocatalytic
activity is the calcination temperature. In impregnation method
upon heat treatment, the metal salt AMT will be transformed into
the respective oxide, WO3. The metastable anatase phase which
is the active phase undergoes transformation into inactive rutile.
Therefore, determination of optimum calcinations temperature is
necessary. Table 3 summarizes the effect of calcinations temper-
atures on the photocatalytic activity of TiO2 loaded with 1 mol%
WO3. The photocatalytic activity remained high at 550 ◦C, slightly
decreased at 650 ◦C and significantly reduced at 750 and 850 ◦C. In
comparison, the photocatalytic activity of unmodified TiO2 already
decreased when calcined at 550 ◦C and significantly reduced at
650 ◦C or higher. Hence, tungsten loading increased the stability of
TiO2 photocatalytic activity. Tungsten loading stabilizes the anatase
phase from being transformed into rutile resulting in high photo-
catalytic activity maintained. The optimum calcinations length was
found at 2 h, and calcinations at lower or higher than this, resulted
in lower photocatalytic activity. The lower activity at too short cal-
cination length may be due to incomplete transformation of AMT
into WO3, and at longer than 2 h due to high degree of aggregation.

3.5. Effect of UV filter

The metal halide clear lamp 4000 K used in this experiment
emits both near UV and visible spectrum from 380 to 760 nm.
Although the near UV spectrum covers only a small portion as
compared to the visible spectrum, it is necessary to check the pho-
tocatalytic activity of the photocatalyst without the UV portion
to have better understanding of its effect on the photocatalytic
activity. A solution of sodium nitrite was used to remove the UV
portion of the lamp [43]. As a control, water filter was used to
simulate the photocatalytic activity under UV–visible light. The
photocatalytic activity of unmodified TiO2 and 1-w-450-2 with and
without UV filter is shown in Fig. 7. The photocatalytic activities of
both samples were significantly reduced when the UV filter was
used. In the presence of water filter, the photocatalytic activity of
unmodified TiO2 and 1-w-450-2 were only slightly decreased as
compared to those without any filter (data not shown). However,
1-w-450-2 had 2-fold higher photocatalytic activity than unmodi-
fied one and that the reductions in photocatalytic activities in both

samples were proportional. This was due to the reduced light inten-
sity reaching the suspension since part of it was deflected by the
water filter. This result may also confirm the suggestion that MB
decolourization through photosensitization mechanism is negligi-
ble [44]. The DRUV-Vis. measurement (data not shown) suggested
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ig. 7. The photocatalytic activity of pure TiO2 and 1 mol% tungsten-loaded TiO2

ith and without UV filter.

hat no shifting in the optical absorption of modified TiO2 occurred
31]. Hence, our study showed that both photocatalysts were UV
ight activated, and the enhancement in photocatalytic activities

ere not due to the extension of photoresponse to the visible light
pectrum as has been reported by other researchers [39,42]. Nev-
rtheless, the photocatalytic activity of the photocatalyst under
V-visible light against MB is significantly improved with WO3
oping as compared to unmodified TiO2. Similar observation has
lso been reported where the photocatalytic activity of W-doped
iO2 is better than bare TiO2 for � = 365, � > 420, and � = 460 nm
hich are all near UV and visible spectrum [42].

The enhanced photocatalytic activity of tungsten-loaded TiO2
as been reported due to the enhanced adsorption and charge sep-
ration [33,38,40]. The photogenerated electrons can be trapped by

6+ to form W5+, while at the same time the presence of oxygen
an re-oxidize W5+ to W6+ [33]. This may reduce the electron–hole
air recombination losses. The recombination losses have also
een reportedly successfully reduced in the photoanode for solar
nergy conversion devices, combining TiO2 and WO3 films, in a
wo-layer arrangement [45,46]. In our study, tungsten-loaded TiO2
ad shown dual functions – as an adsorbent and a photocata-

yst, depending on the tungsten loading. Decolourization of MB by
ungsten-loaded TiO2 can be achieved via adsorption and photo-
atalysis. At higher tungsten loadings, decolourization of MB via
dsorption is more pronounced. On the other hand, decolouriza-
ion via photocatalysis is more effective at lower tungsten loading.
t is highly likely that the presence of tungsten on the surface of TiO2
as significantly changed the surface polarity of TiO2 as observed

n the decreasing PZC value [31] and higher adsorption of MB.

. Conclusions

Tungsten-loaded TiO2 has been successfully prepared and opti-
ized. The photocatalyst had both high photocatalytic activity and

dsorption affinity towards MB. The adsorption ability of the pho-
ocatalyst was increased with increasing tungsten loadings up to
.5 mol% WO3. Adsorption isotherm study showed that the adsorp-
ion followed Langmuir model with maximum adsorption capacity
f 95.9 × 10−3 mmol g−1, which was 8-fold higher than the reported

alue for unmodified TiO2. Kinetic studies suggested that the pho-
ocatalytic degradation of MB followed first order kinetics. The
ptimum synthesis condition was found at 1 mol% tungsten load-
ng and calcination at 450 ◦C for 2 h. The enhanced photocatalytic
ctivity of tungsten-loaded TiO2 was not due to the extension of

[

[

ring Journal 158 (2010) 418–425

the photoresponse into the visible region but possibly due to the
increased adsorption and better charges separation. Our study has
demonstrated that the tungsten-loaded TiO2 has dual functions
– as an adsorbent and photocatalyst, depending on the tungsten
loading.
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