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a b s t r a c t

W-doped TiO2 and Mo-doped TiO2 photocatalysts were synthesized by EISA method and were character-
ized by different techniques. The photoactivity of these materials was evaluated by the degradation of 4-
chlorophenol without oxygen supply. The catalysts exhibited only anatase crystalline phase and high
specific surface areas of about 179 m2 g�1. The amount of dopant cations in TiO2 was a key parameter
to increase the photoactivity. The results obtained show that with low dopant concentrations the degra-
dation is improved, and this can be attributed to an increase in the lifetime of the photogenerated charges
due to that dopant cations may easily trap electrons decreasing the recombination rate. Doped photocat-
alysts degraded 95% of 4CP, three times faster than Degussa P25. 69% reduction of total organic carbon
(TOC) content was achieved by 1 wt.% W-doping.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction tion, TiO2 in its anatase crystalline phase is activated only with
The degradation and mineralization of organic pollutants in
water and air by photocatalysis with TiO2 has been addressed by
many researches [1,2]. The photocatalytic activity of titania is
highly dependent on its crystal structure and on its ability to gen-
erate hole (h+)/electron (e�) pairs on the catalytic surface. In addi-
ultraviolet (UV) light with a band-gap energy of 3.2 eV. Therefore,
modification of titania by doping with transition metals has been
of great interest to improve its photocatalytic activity and extend
its light absorption capacity towards the visible light region [3].
While this is true, the decrease in recombination rate between
excited hole/electron pairs should not be completely left aside.
The objective of this work is to present the effect of the incorpora-
tion of transition metals tungsten (W) or molybdenum (Mo) on the
photoactivity of nanocrystalline anatase TiO2.
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The method used for the synthesis of the materials is known as
Evaporation Induced Self Assembly (EISA). This method has been
employed for the preparation of mesostructured metal oxides by
using surfactants allowing the formation of an organized liquid-
crystal together with an inorganic condensation [4]. Moreover, it
has been observed that mesoporous titania synthesized by the EISA
methodology has positive effects on degradation, since it is possi-
ble to obtain unique structures and properties such as unimodal
pore size distributions and high surface areas [5]. The synthesized
photocatalysts were tested in the photocatalytic degradation of
4-chlorophenol.

Chlorophenols (CPs) are a class of compounds widely used con-
sidered as priority pollutants due to its recalcitrance, toxicity as
well as potentially mutagenic and carcinogenic to both aquatic
and terrestrial life according to the United States Environmental
Protection Agency [6]. The presence of CPs in the wastewater can
be attributed to different origins in the manufacture of solvents,
herbicides, dyestuffs, pesticides, paper, petrochemicals and
pharmaceuticals. Among CPs, the photocatalytic degradation of
4-chlorophenol (4CP) with TiO2 has been the subject of many inves-
tigations [7,8] because it is taken as a model molecule to evaluate
the photoactivity of catalysts which is representative of chlorinated
phenolic pollutants [9,10]. The incorporation of cations as dopants
within the crystal structure of TiO2 to enhance photocatalytic activ-
ity by intervening in the photogenerated charges during degrada-
tion of 4CP under UV and visible light irradiation, as well as the
identification of intermediate compounds has also been studied
[11,12]. Although there are a lot of investigations related to the acti-
vation of titanium dioxide using visible light radiation, it remains
unclear the effect of doping to inhibit recombination of electron/-
hole pairs during the photocatalytic activity. For this reason, we
evaluated the effect of titania doped with W or Mo not only in
the 4CP degradation/mineralization but also in the properties of
the photogenerated charges.
2. Experimental

2.1. Materials

All chemicals used for the synthesis of the catalysts were of ana-
lytical grade. Titanium (IV) butoxide [Ti(OC4H9)4, 97% Sigma-
Aldrich) was used as precursor of titanium species. Ammonium
molybdate tetrahydrate [(NH4)6Mo7O24�4H2O, Aldrich] and ammo-
nium metatungstate hydrate [(NH4)6H2W12O40�xH2O, Aldrich]
were used as the sources for Mo and W respectively. P123 triblock
copolymer [poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol), EO20PO70EO20, Sigma-Aldrich] was
used as the structure directing agent (SDA). Nitric acid (HNO3,
70%, Aldrich) was employed as catalyst and ethyl alcohol (C2H6O,
99.5%, Aldrich) was used as solvent. 4-chlorophenol (ClC6H4OH,
99%, Aldrich) was used as the model contaminant to study the
photo-activity of the synthesized materials.
2.2. Preparation of TiO2, W-TiO2 and Mo-TiO2

The catalysts synthesis was carried out by EISA method using
copolymer P123. To synthesize pure mesoporous TiO2 the follow-
ing molar ratio of reactants was used, 1 Ti(OBu)4:18.71 etha-
nol:0.018 P123:3.55 HNO3. The synthesis was conducted as
follows: an alcoholic solution of Ti(OBu)4 was prepared and then
stirred for 15 min. This solution was incorporated to the SDA with
vigorous stirring for 30 min and finally the HNO3 was dropwise
added with constant stirring to the reaction media. The obtained
mixture was subsequently sealed and kept under stirring for 3 h
at room temperature. After this time, the solution was transferred
to a rotary evaporator (Heidolph precision ML/G3 model) for 17 h.
The resulting solid material was first calcined at 300 �C for 1 h
under slow heating rate of 1 �C min�1 to remove the SDA, and then
at 400 �C to obtain a crystalline material with open pores. Doped
TiO2 materials were synthesized based on the aforementioned pro-
cedure by incorporating tungsten and molybdenum precursors
(with 1 wt.%, 2 wt.% and 3 wt.% of doping to theoretical titania in
nominal weight percentages) after adding the SDA, thereby obtain-
ing W-TiO2 and Mo-TiO2 photocatalysts. Degussa P25 (commercial
titania) was employed for comparative reasons as reference
photocatalyst.
2.3. Characterization

The crystalline structure of all synthesized materials was deter-
mined by X-ray diffraction analysis by using a D8 Advance Bruker
equipment with Cu Ka radiation at 0.15406 nm. A current of 25 mA
and voltage of 30 kV were used. The diffractograms were scanned
from 20� to 70� 2h in steps of 0.02�/16 s. Scherrer equation (D = kk/
S cos h) was applied to estimate the average crystallite size of the
solid catalysts through the full width at half maximum of the ana-
tase peak (1 0 1), while lattice distortions (e) were obtained from
e = S/4 tg h, where D is the crystal size, k is a coefficient that
depends on crystallite form typically with a value of 0.9, k is the
applied radiation wavelength, S is the half-height width of the
diffraction peak of anatase, and h is the diffraction angle.

The adsorption–desorption isotherms by using liquid nitrogen
(77 K) were obtained in an Autosorb-1 Quantachrome sorption
equipment to determine the specific surface area and average pore
diameter of all synthesized samples. The materials were first out-
gassed to eliminate the moisture at 200 �C for 2 h before adsorp-
tion measurements. The pore size distributions and the specific
surface areas of the catalysts were estimated by BJH (Barrett–Joy
ner–Halenda) and BET (Brunauer–Emmett–Teller) methodologies,
respectively.

UV–vis absorption spectra by diffuse reflectance of the photo-
catalysts were obtained using a Labsphere RSAPE-20 integration
sphere within a Lambda 35 Perkin Elmer spectrometer. The band
gaps of the as synthesized materials were estimated by the
Kubelka–Munk function.

The crystalline particle size and morphological properties of the
samples were examined by SEM (scanning electron microscopy)
using a JEOL JSM-6510LV model with an accelerating voltage of
20 kV, and TEM (transmission electron microscopy) in a JEOL-
2100 model working at 200 kV equipped with a LaB6 filament.

To determine the oxidation states of the chemical elements on
the surface of the synthesized materials, XPS (X-ray photoelectron
spectroscopy) was carried out in a JEOL JPS-9200 spectrometer by
using Al Ka as X-ray radiation source. All the binding energies
determined were referenced to energy of 284.6 eV corresponding
to the C 1s peak.
2.4. Photocatalytic activity studies

The heterogeneous photocatalytic oxidation of 4-Chlorophenol
(4CP) was carried out in a batch reactor with capacity of 70 ml as
total reaction volume. The initial concentration of 4CP was
0.156 mmol L�1. The temperature inside the reactor was main-
tained constant at 25 �C during reactions. The initial pH of the
4CP solution was adjusted to a value of 2 with a 3 M HCl solution.
The radiation source was a UV lamp with emission wavelength of
254 nm and intensity of about 4500 lW cm�2. The lamp was
dipped at the center of the reactor in order to completely irradiate
the 4CP solution. The catalyst loading was 0.2 g L�1 and stirring
was kept constant at 1000 rpm. Every 20 min aliquots were taken
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of the suspension and then centrifuged at 13,000 rpm for 10 min to
remove the catalyst prior analysis.

The concentration of 4CP with respect to the reaction time was
analyzed by measuring the absorbance at 280 nm corresponding to
the absorption peak of 4CP. Measurements were determined with a
Lambda 25 UV–vis spectrophotometer (Perkin-Elmer) between
200 and 360 nm. A calibration curve (from 0 to 0.233 mmol L�1)
was generated to calculate the actual concentration, obtaining a
correlation coefficient (r2) equal to 0.9998 and a slope of
eb = 0.0116 based on the Beer-Lambert law.

The mineralization of 4CP was determined by using equipment
that allows the quantification of total organic carbon (TOC-L, Shi-
madzu). The solutions were immediately analyzed after being
centrifuged.

3. Results and discussion

3.1. Catalysts characterization

3.1.1. N2 adsorption-desorption and XRD analysis
The diffraction patterns of undoped and doped titania with

tungsten (W) or molybdenum (Mo) cations are presented in
Fig. 1. All samples exhibited reflections attributed only to the ana-
tase crystalline phase at 2h: 25, 38, 48, 54, 55 and 63 approxi-
mately, which correspond to the (1 0 1), (0 0 4), (2 0 0), (105),
Fig. 1. (a and c) XRD patterns (b and d) diffraction profiles on (1 0 1) p
(2 1 1) and (204) planes [13]. The intensity of (1 0 1) diffraction
peak decreases for some doped samples in comparison to the pure
TiO2 sample. This implies that the doping could curb the phase
transition and inhibit the crystalline growth as shown in Table 1.
This is clearly observed for W-doped TiO2 samples (Fig. 1a). A care-
ful observation of (1 0 1) peak (Fig. 1b and d) leads to detect a
slight shift to lower 2h grades with respect to TiO2 sample, which
is a consequence of the incorporation of W and Mo ions in the
TiO2 lattice. In numerical terms, the ionic radius of Ti4+

(0.0605 nm) [14] is very close to the ionic radii of W6+

(0.060 nm) [15] and Mo6+ (0.062 nm) [16], so that these can take
the place of titanium inside crystal lattice [17]. In addition, the
increase in the distortion of the crystal lattice is another character-
istic due to doping, which can be confirmed by the results in
Table 1. The DW3 and TiO2 samples exhibited crystal sizes of
6.1 nm and 8.6 nm respectively, but DW3 presented 28% higher
lattice distortion than TiO2. Therefore, it a low crystallinity is
related with greater distortion caused with increasing doping.

The textural properties of samples according to synthesis
method are shown in Table 2. It can be observed that by incorpo-
rating dopant cations in the mesoporous titania the specific surface
area is increased with respect to undoped titania [18], which
exhibited specific surface area of 144 m2 g�1. Mo-doped TiO2 mate-
rials showed specific surface areas of around 163 m2 g�1. The
increase in weight percentage of Mo increased the specific surface
lane of W-doped TiO2, Mo-doped TiO2 and undoped TiO2 samples.



Table 1
Crystallite parameters of undoped and doped titania with W or Mo cations.

Sample ID wt.% W wt.% Mo Average crystallite size (nm) (1 0 1) interplanar distance (nm) Lattice distortion e

TiO2 0 0 8.6 0.3495 0.0183

DW1 1 0 7.4 0.3577 0.0217
DW2 2 0 8.1 0.3511 0.0195
DW3 3 0 6.1 0.3486 0.0255

DM1 0 1 8.1 0.3527 0.0196
DM2 0 2 8.6 0.3504 0.0183
DM3 0 3 7.7 0.3519 0.0205

Table 2
Specific surface area and average pore size of undoped and doped TiO2 with W or Mo
cations.

Sample ID Specific surface area (m2 g�1) Average pore size (nm)

TiO2 144 6.1

DW1 151 6.1
DW2 160 4.6
DW3 179 4.6

DM1 151 6.1
DM2 161 6.1
DM3 163 6.1

Fig. 2. N2 adsorption-desorption isotherms and pore size distribution
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area albeit the average pore diameter at a value of 6.1 nm remains
constant. W-doped TiO2 samples exhibited specific surface areas of
approximately 179 m2 g�1. In the same way, an increase in specific
surface area by increasing the loading of W was observed, but in
this case the average pore diameter decreased from 6.1 to 4.6 nm
when the amount of W increased from 1 to 2 wt.%. This trend sug-
gests that an increase in dopant content into TiO2 structure could
increase the specific surface area and reduce the average pore
diameter because crystal growth is confined [19], which is con-
firmed by XRD results (see Table 1).

Fig. 2 shows the N2 adsorption–desorption isotherms and pore
size distributions of synthesized samples. All these materials
of (a) W-doped TiO2 and (b) Mo-doped TiO2 and undoped TiO2.
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presented type IV isotherms with hysteresis loops, which confirm
the mesoporosity of the catalysts. Also, the presence of non-
uniform pores forming large channels is due to type H2 hysteresis
situated between 0.5 and 0.9 of relative pressure [20].

The reference TiO2 (P25) consists of rutile and anatase crys-
talline phases with crystallite size of 32 nm and specific surface
area of 50 m2 g�1 [21].

3.1.2. TEM and SEM analysis
The microstructures with the highest photoactivity (DW1 and

DM1 samples) and TiO2 sample were analyzed by TEM (transmis-
sion electron microscopy) and HRTEM (high resolution transmis-
sion electron microscopy) techniques. Fig. 3 shows the TEM
images with their SAED (selected area electron diffraction) pat-
terns (inset) and HRTEM images of samples, respectively. It can
be clearly seen that the materials are formed by small crystals of
Fig. 3. TEM images, SAED patterns (inset) and HRTEM i
about 7–9 nm in size. This in concordance with the results deter-
mined by Scherrer equation in the XRD analysis. In addition, the
SAED in the inset of Fig. 3 shows a sequence of Debye rings consis-
tent with crystalline planes of anatase phase. The undoped sample
exhibited more defined rings because the doping with W or Mo
ions delays the crystalline phase transition [22]. The distance
between the parallel fringes (see Fig. 3) was determined to be of
approximately 0.35 nm, which is assigned to the preferential crys-
talline growth direction for (1 0 1) plane of TiO2 anatase.

The SEM images of undoped and doped titania are shown in
Fig. 4. The doped samples exhibited particles with irregular mor-
phology and sizes from 50 to 80 lm (Fig. 4a and b) while the
undoped sample presented smaller and less uniform particles of
about 20–80 lm (Fig. 4c). The reference catalyst (Degussa P25) is
a material composed of anatase and rutile crystalline phases form-
ing elementary particles of 85 and 25 nm, respectively [23].
mages of (a) DW1, (b) DM1, and (c) TiO2 samples.



Fig. 4. SEM images of (a) DW1, (b) DM1, and (c) TiO2 samples.

Fig. 5. XPS spectra of (a) Ti 2p, (b) O 1s, and (c) W 4f of the sample DW1.
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3.1.3. XPS and DRS analysis
To determine the chemical states of the species on the surface

of the W-doped TiO2 and Mo-doped TiO2 materials, XPS spectra
were acquired and analyzed through the binding energies (BE) of
W 4f, Mo 3d, Ti 2p and O 1s. The electronic states Ti 2p1/2 and
Ti 2p3/2 correspond to two peaks with binding energy of
463.8 eV and 458.1 eV, respectively (see Figs. 5a and 6a), and this
confirms the presence of Ti4+ species in TiO2 lattice [24]. Fig. 5c
shows the XPS spectra in the W 4f region of the sample DW1. As
seen from this figure, two components at about 35.9 eV and
34.7 eV correspond to W 4f7/2 state in the forms W6+ and W5+

(see Table S1) [25]. The ratio of peak areas is 5.5:1.0, so that the
percentage of W6+ is 84.7% and W5+ is 15.3%, this means that few
ions are present as W5+ species. Fig. 6c shows the XPS spectra of
the sample DM1. Mo 3d spectrum exhibits a double peak at
232.2 eV and 235.3 eV, which correspond to Mo 3d5/2 and Mo
3d3/2 states of Mo+6 cations [26]. The other peaks with binding
energies of 231.3 eV and 234.3 eV are characteristic of species
Mo5+ (see Table S2) [27]. The percentage of Mo6+ and Mo5+ ions
is 75.3% and 24.7%, respectively. Therefore, the incorporation of
W and Mo ions within TiO2 lattice coexist in DW1 and DM1 sam-
ples as W6+/W5+ andMo6+/Mo5+. On the other hand, the presence of
W5+ and Mo5+ ions in the synthesized samples implies the exis-
tence of oxygen vacancies due to the incorporation of dopant
cations. In Figs. 5b and 6b, the XPS spectra of O 1s electronic state
Fig. 6. XPS spectra of (a) Ti 2p, (b) O 1s,
are presented. This spectrum is formed by the contribution of two
peaks, the first at 529.6 eV attributed to O2� within lattice TiO2

[28], and the second at 532.1 eV can be assigned to surface hydro-
xyl groups. The hydroxyl groups are beneficial for oxidation reac-
tions, because they act as adsorption sites of organic compounds
and traps of photogenerated holes producing hydroxyl radicals,
which directly attack the organic matter during the reactions of
photodegradation [29].

All synthesized samples were analyzed by UV–vis diffuse reflec-
tance spectroscopy (DRS) to estimate band-gap energies using the
Kubelka-Munk function in order to obtain the absorption coeffi-
cient (a) through the diffuse reflectance,

a � ð1� Re1Þ2=2Re1 ¼ A=S ð1Þ
where Re1 is reflectance equal to Rsample/Rreference for infinitely thick
samples, S is scattering coefficient and A is absorption coefficient
[30]. The value of (ahv)2 extrapolated to 0 corresponds to the
band-gap energy (see Figs. 7 and 8). Fig. 7 shows the diffuse reflec-
tance spectra of W-TiO2 and TiO2 samples. Undoped TiO2 sample
exhibited a band gap value of 3.23 eV, which concurs with the value
reported in literature for pure anatase (3.20 eV) [31]. Doping of tita-
nia with tungsten ions did not significantly modify the TiO2 absorp-
tion edge in the visible region (see Table S3). This may be because
there are inside the conduction band of Ti 3d located the empty
orbitals W 5d [32]. Fig. 8shows the diffuse reflectance spectra of
and (c) Mo 3d of the sample DM1.



Fig. 7. Band-gap energy of undoped TiO2 and W-doped TiO2 samples.

Fig. 8. Band-gap energy of Mo-doped TiO2 samples.

Fig. 9. Photocatalytic degradation profiles of 4CP over (a) W-doped TiO2 and
undoped TiO2 samples (b) Mo-doped TiO2 and Degussa P25 samples.
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Mo-doped TiO2 samples. These samples presented a clear red1 shift
of band gap compared to TiO2 sample (see Table S3). By increasing
the amount of Mo ions the band gap energy is decreased to a value
of 2.95 eV (sample DM3). When transition metals n-type (Mo
cations) are used as dopants for TiO2, charge transfer transitions
located at the bottom of the conduction band may occur due to
interactions by band-gap states in titania and Mo orbitals ‘d’. It is
noteworthy that the used synthesis method, applied heat treatment
and type of precursors are key parameters to obtain doped TiO2

materials with absorption within visible region [33]. Moreover,
W-TiO2 and TiO2 samples exhibited a very similar color, while
Mo-TiO2 samples present light gray color.

3.2. Photocatalytic activity

The photocatalytic activity of all synthesized materials was
tested in the degradation of 4CP and Degussa P25 was used as ref-
erence material. Fig. 9 shows the photocatalytic degradation pro-
files of 4CP oxidation catalyzed with doped TiO2, undoped titania
and Degussa P25. All synthesized samples exhibited higher degra-
dation percentage than Degussa P25 after 100 min of irradiation. A
1 For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.
relationship between the percentage of degradation and the speci-
fic surface area of doped samples with different weight percent-
ages of W or Mo cations was not observed. A relationship with
the dopant content is observed though. Samples of TiO2 doped
with different amounts of W cation presented similar degradation
profiles, but the sample doped with 1 wt.% showed the greatest
degradation of approximately 88% as shown in Fig. 9a. The same
trend for low dopant concentrations is observed in Mo-doped
TiO2 samples (see Fig. 9b). Sample DM1 with 1 wt.% Mo cation
achieved 95% of 4CP degradation while sample DM3 with 3 wt.%
degraded only 73% of 4CP. This concurs with previous related liter-
ature [34] and indicates that there is an optimum concentration for
this type of dopant ions in the TiO2 lattice. This has been suggested
[35] to be due to an increased lifetime of photogenerated h+/e�

pairs to carry out oxidation/reduction reactions on catalytic surface
with adsorbed organic molecules. Under irradiation, the excited
electrons are promoted to conduction band (Eq. (2)), which can
be trapped by Mo6+ and W6+ ions reducing them to the species
Mo5+ and W5+ (Eq. (3)). In this case, the photogenerated charges
are efficiently trapped and the photocatalytic activity is improved
since ions may be reduced [25,36], then electrons can be donated
and trapped to and by oxygen molecules adsorbed on the surface
of TiO2 [37] or by benzoquinone (BQ) to form hydroquinone (HQ)
(main formed species during 4CP degradation) [38], and finally
ions can return to W6+ and Mo6+ (Eqs. (4) and (5)) (see Fig. 10).



Fig. 10. Possible mechanism for degradation of 4CP in W-doped TiO2.

Fig. 11. Effect of the doping amount of (a) W ion and (b) Mo ion on the initial reaction rate and degradation percentage of 4CP. Reaction conditions: T = 298 K, Catalyst
loading = 0.2 g L�1, treaction = 100 min.
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W� TiO2 þ hv ! hþ
vb þ e�cb ð2Þ
W6þ þ e�cb ! W5þ ð3Þ
W5þ þ O2 ! W6þ þ O��
2 ð4Þ
2W5þ þ BQ þ 2Hþ ! 2W6þ þHQ ð5Þ
The recombination rate of the generated charges is decreased

during these processes by allowing the generation of a greater
amount of hydroxyl radicals (�OH), which are responsible for the
degradation of organic compounds (Eq. (11)) [39]. The �OH radicals
can be formed by two routes [7]: (i) photogenerated holes in the
valence band reacting with the adsorbed water or with OH� groups
on the TiO2 surface (Eqs. (6) and (7)) which is the main route of for-
mation of hydroxyl radicals, (ii) via superoxide anion to form
hydroperoxyl radical and hydrogen peroxide (Eqs. (8)–(10)).

hþ
vb þH2O ! �OHþHþ ð6Þ
Fig. 12. Effect of the type of photocatalyst on % of remained TOC after 100 min of
reaction.
hþ

vb þ OH� ! �OH ð7Þ
O��
2 þHþ ! HO�

2 ð8Þ
2HO�
2 ! H2O2 þ O2 ð9Þ
H2O2 þ e�cb ! �OHþ OH� ð10Þ
Fig. 13. Reduction profiles of total organic carbon content (TOC) during the
photocatalytic activity.
C6H5ClOþ �OH ! intermediates ! CO2 þH2Oþ Cl� ð11Þ

Thus, when the dopant content is relatively high, the metal ions are
converted into recombination points for positive holes because they
are negatively charged by the electrons, thereby decreasing the
photocatalytic activity.

Fig. 11 shows the effect of the doping amount on the initial
removal rate and degradation percentage of 4CP. It can be seen that
the best results are obtained at low amounts of dopant as above
mentioned. Samples DW1 and DM1 exhibited similar initial rates
of approximately 46.8 � 10�8 mol/gcat seg, but sample DM1
obtained 7% higher degradation than DW1 sample.

With the purpose of evaluating the deep oxidation of
4-chlorophenol by photocatalyst, carbon organic total (TOC) was
determined at the end of the reaction for all photocatalysts as
shown in Fig. 12. The mineralization of the parent compound
was observed according to the following general route [40,41]:

4CPþ TiO2 þ hv ! Intermediates ! CO2 þH2Oþ Cl� ð12Þ
The TOC reduction of 4CP was 69% when DW1 photocatalyst is

used. Sample DM1 showed 65% reduction of TOC while prepared
pure TiO2 and Degussa P25 exhibited 44% and 34%, respectively.
This shows that the photo-oxidation of TiO2 doped with low
weight percentages of W or Mo ions was not only degradation
but also mineralization of organic molecules occurs. Reduction
profiles of TOC as a function of time irradiation for these photocat-
alysts are shown in Fig. 13. In addition, the initial mineralization
rates were estimated and they are presented in Table 3. Although
DW1 sample exhibited less degradation than DM1 sample, this
showed the highest mineralization with an initial mineralization
rate of 21.82 � 10�3 mg/gcat s. This may be because DW1 contains
lower atomic percentage of tungsten in TiO2 matrix which leads to
efficient charge separation and consequently better photoactivity.
It is noteworthy that pure synthesized titania presented better
degradation and mineralization of 4CP compared with Degussa
P25 due to its high surface area, low crystallinity, mesoporous
structure, and only presence of anatase crystalline structure [42],
but the absence of electron acceptor species generated the lowest
photocatalytic activities in both materials.

Since for both dopants, W and Mo, the highest photocatalytic
activity was found to be with 1%, it was decided to test catalysts
with 0.5 wt.% and 1.5 wt.%. The obtained results are also shown
in Figs. 9, 11 and 12. It can be observed that albeit the catalyst
doped with 0.5% W exhibits the highest initial reaction rate, after
the assessed reaction time the 4CP conversion is lower than with
the 1%W doped titania and therefore it can be considered the most
active towards 4CP degradation. In the case of Mo cations, the ini-
tial reaction rate is lower with 0.5 wt.% than with 1 wt.%. This sug-
gests that at lower wt.% than 1 the photogenerated charges are not
as efficiently trapped and this might be due to the amount of
dopant cations being insufficient to reduce h+/e� pairs recombina-
tion. Then, it can be concluded that the improvement in 4CP degra-
dation/mineralization increases with increasing doping up to 1%
and then decreases when dopant content exceeds this value. This
in concordance with related literature [43].



Fig. 14. Effect of adsorption, photolysis and photocatalysis on the degradation and
mineralization of 4CP over W-doped TiO2 1.0 wt.% (sample DW1).

Table 3
Initial mineralization rates and mineralization percentages of 4CP.

Sample ID 4CP mineralization
rate � 103 (mg/gcat seg)

4CP mineralization (%)

DW1 21.82 69
DM1 18.28 65
TiO2 19.43 44
Degussa P25 12.19 34
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Fig. 14 shows the effect of photolysis and adsorption with the
sample that showed the highest photocatalytic activity in terms
of the lowest remaining amount of TOC at 100 min. The photolysis
was performed by irradiating the 4CP solution in the absence of
catalyst and the adsorption was carried out with photocatalyst in
darkness. Additionally, no effect was observed on the removal of
4CP by both, adsorption nor photolysis.

As can be seen in Fig. 14, the complete reduction of initial TOC
content was not achieved and this implies an incomplete mineral-
ization of organic compound. 4-chlorocatechol, benzoquinone and
hydroquinone have been identified and quantified as the main
intermediate compounds formed during photocatalytic
degradation of 4-chlorophenol [22,44], which can be identified
by GC–MS, HPLC or LC-MS techniques. Although this characteriza-
tion is quite interesting, it is not part of the main objective of this
work.

4. Conclusions

Titania doped with tungsten and molybdenum cations by EISA
method were successfully prepared. Their photocatalytic activity
was studied on the degradation and mineralization of
4-chlorophenol as organic pollutant. All doped materials exhibited
higher degradation than Degussa P25 and pure titania due to the
presence of cations into anatase TiO2 lattice and without requiring
oxygen supply. Electrons are trapped more effectively on low
amounts of W6+ and Mo6+ ions decreasing the recombination rate,
but also larger amounts of hydroxyl radicals are generated in the
holes through which the oxidation processes are conducted.
W–doped TiO2 with 1 wt.% was found to provide the highest
activity for the mineralization of 4CP with 69% reduction of initial
TOC compared to Degussa P25 and pure TiO2 that reduced 34% and
44%, respectively.
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