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1. Introduction

ABSTRACT

The commercially available and relatively cheap TiO,, Degussa P25, was modified and doped with sulfur
(using thiourea as a source of sulfur) by simple and effective hydrolysis method at room temperature
followed by calcination in the presence of air. S-doped P25 photocatalyst with different TU:P25 mass
ratios of 0:1,0.25:1, 1:1, 3:1 and 5:1 have been prepared and investigated. The photocatalytic activity of
the prepared S-doped P25 was examined by photo-decolorization of azo dye Orange Il under natural solar
light irradiation. X-ray diffraction (XRD), UV-vis spectroscopy, X-ray photoelectron spectra (XPS), scan-
ning electron microscopy (SEM), and transmission electron microscopy (TEM) were used to characterize
the catalyst. The results showed that the S-doped P25 catalyst at mass ratio of (1:1) and calcinated at
550 °C for 4 h exhibited the highest photocatalytic activity under solar light irradiation; the undoped-P25
photocatalytic activity increased about 23% by doping with sulfur. The XPS and UV-vis spectra results
suggest that the crystal lattices of S-doped P25 powder are locally distorted by incorporating S* species
into TiO, and substitutes for some of the lattice titanium (Ti%*). The XRD results showed that doped sulfur
can retard the grain growth of TiO, to some extend. Increasing the TU:P25 ratio up to (1:1) reduced the
crystalline size and increased the anatase content. Higher ratios (3:1 and 5:1) have negative effect on the
photocatalytic activity of the catalysts. The calcinations temperature for S-doped P25 (1:1) have been also
investigated and it was found that calcination at 550°C is the optimum one. The commendable visible
photoactivities of S-doped P25 are predominantly attributed to an improvement in anatase crystallinity,
low band gap and low particle size. We suggest that Degussa P25 could be used as a Ti precursor for
further improving its activity under natural solar light.

© 2009 Elsevier B.V. All rights reserved.

extend its absorption edge toward the visible light region has been
the subject of recent researches.

Titanium dioxide (TiO,) is non-toxic, efficient photocatalyst,
chemically stable and relatively inexpensive. Although TiO, is
the most popular photocatalytic material, it has not been applied
widely in the field of environmental pollution control under natu-
ral solar light. It is active only in the ultraviolet (UV) region because
of its wide band gap energy (Eg = 3.2 eV) which considerably limits
the utilization of natural solar light or artificial visible light. Since
UV light accounts for only a fraction <10% of the sun’s energy com-
pared to visible light (45%), any shift in the optical response of TiO,
from the UV to the visible spectral range will have a profound posi-
tive effect on the photocatalytic efficiency of the material [1]. It was
found that traditional visible light responsive catalysts are unsta-
ble under illumination (such as CdS and CdSe) or have low activity
(such as WO3 and Fe,;03) [2]. Therefore, modification of TiO, to
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Several attempts and approaches for TiO, modification have
already been proposed to lower the band gap energy of crystalline
TiO,, including reduction with hydrogen [3-5] and transition metal
doping (using transition metals: Cr, Mn, Mo, Nb, V, Fe) [6-10].
However, reduction with hydrogen and transition metal doping
produced only a small change in the TiO, band-gap, and the metal-
doped materials suffer from thermal instability [11].

Band-gap narrowing by the introduction of non-metal anions
(N, G, S, Pand F) into TiO, was recently found to be efficient to yield
catalyst with high catalytic activity under visible light irradiation
[12-23]. N-doped and S-doped TiO, as active photocatalysts under
visible light have been prepared by different methods: hydrolysis of
titanium precursors (titanium tetraisopropoxide or tetrachloride)
in the presence of thiourea, thioacetamide, and NH,OH followed
by calcination [12,24-26], Gas-phase thin film deposition method
[27], atmospheric pressure plasma-enhanced nano-particles syn-
thesis (APPENS) [28], treating anatase in NH3/Ar atmosphere and
sputtering the TiO, target in N, /Ar gas mixture [29].
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However, all the above-mentioned approaches required either a
special apparatus for synthesis or tight control of experimental con-
ditions. Furthermore, to prepare the TiO, nano-particles, relatively
expensive chemicals as a source of titanium are required (e.g. tita-
nium tetraisopropoxide or tetrachloride, titanium(IV) butoxide).

The Degussa P25 have been used by many researchers as a stan-
dard reference for comparison with their modified/synthesis TiO-,
the poor activity of the P25 under solar or visible light was dom-
inant in their results. Liu and Chen [24] showed that only 21%
phenol removal can be accomplished using P25 under solar irra-
diation, while 100% phenol removal occurred when S-doped TiO,
was used. Liu et al. [1] using Degussa P25 could not detect any
dye decolorization under solar light. Sathish et al. [30] showed the
lower activity of Degussa P25 in the visible region for methylene
blue decolorization against the N-doped TiO, prepared by thermal
decomposition of Ti-melamine complex. Modifying Degussa P25,
which is relatively cheap and available commercially, to improve
its solar photoactivity is an interesting subject, according to the
author’s knowledge; very limited attempts were found recently in
the literature to improve the Degussa P25 photoactivity. Janus and
Morawski [31] modified P25 under elevated pressure in organic
solvent atmosphere. They found that the photocatalytic activity of
the modified P25 for dye decomposition under UV light irradiation
was two times higher than the unmodified P25. Bowering et al.
[32] prepared sliver modified Degussa P25, by drying dispersions
of Degussa P25 from silver nitrite solution, for the photocatalytic
removal of nitric oxide under UV illumination. However, in both
cases, the photocatalyst activity was tested only under UV light.
Recently Rengifo-Herrera et al. [33] prepared N, S co-doped and N-
doped Degussa P25 using thiourea and urea as a source of N, C and
S. However, they applied ball milling technique in preparation the
doped P25 powders. Randeniya et al. [34] also prepared S-doped
TiO, by ball milling P25 with thiourea for photoelectrochemical
hydrogen generation from water.

Therefore, in this work, with the aim of developing a high effi-
cient cost effective solar photocatalyst, the P25 Degussa was doped
with sulfur using thiourea as a source of sulfur raw material and
applying simple hydrolysis method. The activity was examined
by photo-decolorization of azo dye Orange II in aqueous solution
under natural solar light. In this study Orange II was selected as a
model pollutant, which is an abundant class of synthetic, colored,
organic compounds, characterized by the presence of one azo bonds
(-N=N-). Based on the results of the photocatalyst characterization
and its photoactivity test, the improvement of the photoactivity
was also discussed.

2. Experimental
2.1. Preparation of the S-doped P25 photocatalyst

A specificamount of P25 Degussa (1 g) was doped with thiourea
(TU) as a source of sulfur raw material by simple hydrolysis method
at room temperature. 0.25, 1, 3 and 5 g of thiourea (TU) was used
to get mass ratio of TU:P25=0.25:1, 1:1, 3:1, and 5:1 respectively.
For comparison, the unmodified P25 (TU:P25=0:1) was prepared
under otherwise the identical conditions, the synthesis steps are
summarized in Fig. 1.

2.2. Characterization

The crystalline structure of the photocatalysts was character-
ized by X-ray powder diffraction (XRD) analysis (RINT Ultima III,
Rigaku Co., Japan) using Cu Ko radiation at a scan of 4°/min. The
acceleration voltage and the applied current were 40 kV and 40 mA,
respectively. The mean size of crystallite (D, nm) was calculated

Add specific amount of |

| Thi L
50 ml ethanol iourca (0.23 - 5 g)
= Source of §

mixing at RT until
complete dissolved

Addition of speeific
1 amount of P25 (1g)
slowly

\/

Stitring at RT for 4 hours |

|
V
| Dryingat 85 °C for 15 hours |

Il

k-
Ground the catalyst

Calcination at 100, 450, 550, 700 °C
(2 °C /min) for 4 hours

.| S-doped P25
¥ white powder

Fig. 1. Preparation of S-doped P25 Degussa photocatalyst.

from full-width at half-maxima (FWHM) of corresponding X-ray
diffraction peaks using Scherrer’s formula D = 0.89A/f cos ¢, where
A is the wavelength of the X-ray radiation (A=1.54056nm Cu
Ka), B is the full-width at half-maximum (rad), ¢ is the reflect
angle. The content of anatasa wy % was determined according
to the following equation [12]: wa (%) = {Ia/(Is + 1.265Ig)} x 100,
where Ig and I, are the intensities of the diffraction peaks of rutile
(110) and anatase (101), respectively, obtained from XRD pat-
terns. X-ray photoelectron spectra (XPS) of the TiO, powders were
measured using Shimadzu ESCA 750 photoelectron spectrome-
ter with an (Mg Ka 1253.6eV), the shift of binding energy due
to relative surface charging was corrected using the Cls level at
285 eV as an internal standard. The diffuse reflectance UV-vis spec-
tra were measured with an Ocean Optics high resolution HR4000
USB spectrometer (HR4000 Ocean Optics Inc.) with an extended
wavelength range from 190 to 1100 nm. The microstructures of
the photocatalyst were observed by a scanning electron micro-
scope (JSM-5310LV, Jeol Co., Japan). Measurements of particle size
and distribution were also carried out by transmission electron
microscopy (TEM).

2.3. Photocatalytic activity measurement

Solar photocatalytic decolorization of Orange II dye was carried
out in 300 ml Pyrex glass beaker. All the reactions were carried
out according to the following procedure: 0.5 g of photocatalyst
(modified or unmodified P25) was added to 250 ml of aqueous
dye (Orange II) solution (10 mg/1). The dyes solution was mixed
with a magnetic stirrer during the course of the experiment. At
the beginning the solution mixture was stirred for 30 min in the
dark to ensure establishment of the dye’s equilibrium adsorption.
Then sun light was allowed to irradiate the reaction mixture, and
at regular time intervals, samples were taken from the suspen-
sion and the change of Orange II concentration was measured
using UV-Vis spectrophotometer (TU-1900 UV spectrometer) at
fixed wavelength of 486 nm. For this purpose, the photocatalyst
was immediately removed from the sample by filtration, using a
0.45 pm syringe filter. Solar experiments were carried out from
9:10a.m. to 5:30 p.m. during the autumn season in Saitama, Japan.
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Fig. 2. XRD results for S-doped P25 at different TU:P25 ratios and 550 °C calcination
temperature for 4 h.

During the solar experiments, the UV and the visible ranges (illu-
minance) of the solar light intensity were measured by the UV
radiometer (UVR-2, TOPCON, with UD-36 (310-400 nm/average
365nm) detector, Tokyo, Japan) and Illuminance meter (T-10,
Konica Minolta), respectively. The accumulated solar energy was
calculated by [35]:

A

Qn=Qn_1+AtI<V

)7 At=tn—tn—1 (1)
Qn accumulated solar energy per unit of slurry volume (kJ1-1), At
is the time difference between radiation measurements (h), I is the
solar light intensity per unit of irradiation surface area measured
during time interval At (Wm~2), A is the irradiated surface area of
the photoreactor (m?2), V is the photoreactor volume (m3).

3. Results and discussion
3.1. XRD results

The X-ray diffractograms, Fig. 2 for the prepared S-doped P25
photocatalysts at different TU:P25 ratios (0:1, 0.25:1, 1:1, 3:1 and
5:1) showed reflections due to anatase and rutile phases of TiO,,
and no significant shift of the characteristic peaks of anatase and
rutile was observed, also no reflections due to any sulfur containing
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Fig. 3. Influence of the TU:P25 mass ratio on the crystalline size, anatase content
and the band gap.

species were observed, this is probably due to the low concentra-
tion of such species in the sample. Liu and Chen [24] did not detect
any sulfur signal in their XRD results for TU:TiO, mass ratio of 3:1,
they used TiCly as a source of TiO, and applied different preparation
method.

It was found from XRD results (Figs. 2 and 3) that using thiourea,
as a source of sulfur, slightly reduced the crystalline size and
increase the anatase content. S-doped P25 (1:1) calcinated at 550 °C
has an approximate crystalline size of 19.32 nm and 82.30% anatase
content, while that of the non-doped (0:1) was 26.31 nm and 80.5%
anatase content, which means the thiourea can retard the grain
growth of TiO; to some extend. It has previously been observed that
Degussa P25 consists of amorphous material, besides anatase and
rutile [36]. It is unsurprising therefore, that an apparent transfor-
mation of the amorphous material to anatase, and thus an increase
in crystallinity, were observed after calcination. Moreover, some
literatures clearly pointed out that the crystallite size of Degussa
P25 doped or undoped could be changed after calcination [32,37].

TEM results showing in Fig. 4 confirm the crystalline size. How-
ever, interesting results was observed at TU:P25 ratio of 5:1, where
the anatase content reduced to 79.33% and the average particle size
increased from 19.32 to 21.91 nm. Probably presence of sulfur with
relatively high concentration in the sol during synthesis will hinder
the structure-directing action by changing the ionic strength of the
medium.

Fig. 5 shows XRD pattern of S-doped P25 prepared at TU:P25
of 1 and different calcinations temperatures (100, 550 and 770°C)

Fig. 4. TEM results for (A) S-doped P25 (1:1) and (B) undoped one (0:1).
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Fig. 5. XRD results for S-doped P25 (1:1) at different calcination temperatures for
4h.

for 4h. The patterns apparently revealed the effect of calcination
temperature on the phase change of S-doped P25. It is observed
that increase of calcination temperature from 100 to 550°C, the
peakintensity of anatase (10 1) (20=25.3°) increases and the width
of (101) plane becomes narrow, which is attributed to gradual
crystallization of the anatase TiO, with temperature rising. The
increase of calcination temperature forced condensation of free OH
groups on the surface of TiO, particles. It increased the crystallinity
and also the intensity of diffraction peaks of anatase phase [38]. It
should be noted here that because of using Degussa P25 as a source
of TiO, that has significant anatase peak intensity at (101), the
anatase peak was predominant at 100 °C which is expected result.

Furthermore, observation shows that with increasing the calci-
nation temperature (>550°C), the peak intensity of rutile steadily
becomes stronger. When S-doped P25 was calcinated at 700°C,
the pattern exhibited a major rutile TiO, structure indicating
significant phase transformation from anatase to rutile at this tem-
perature. An earlier study on the kinetics of the anatase-rutile
transformation has shown that the transformation involves an
overall contraction or shrinking of the oxygen structure and a
co-operative movement of ions. The transformation needs to over-
come both strain energy for the oxygen ions to reach their new
configuration and the energy necessary to break the Ti-O bonds
as the titanium ions redistribute [39]. High activation energy is
required for this process (over 420 kJ/mol) and so the phase transi-
tion takes place only at high temperatures.

SEM photographs clearly showed that calcination the powder
significantly change its microstructure. Surface morphologies of S-
doped P25 (TU:P25 =1:1) before and after calcinations at 550 °C for
4h in the presence of air, are shown in Fig. 6. The powder before
calcination composed of many large particles, in comparison to that
after calcinations which looks with less agglomeration. It worth
mentioned here that increasing the calcination temperature to a
certain limit (550 °C) reduce the crystalline size.

3.2. XPS results

The X-ray photoelectron spectroscopy (XPS) was carried out to
determine the chemical composition of the prepared photocata-
lyst and the valence states of various species present therein. Fig. 7
shows the S2p spectrum of S-doped P25, a strong peak around
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Fig. 6. SEM photographs showing the produced S-doped P25 (1:1) powder. (A)
Before calcination and (B) after calcination at 550°C for 4 h.

—— TU:P25 (0:1)
g8t
== =TU:P25 (1:1)
168.9eV
I\
1M
- \
1 \
] \
£ ’ \
L oIV \
2 / \
g r” |
E ! ! “\
— f \ 4
AW \/ /! \f
NaV 1 7 e
‘ v
\ \
1 _f
Y 4
=g
~N
—

173 172 171 170 169 168 167 166
Binding Energy (eV)

Fig. 7. XPS profiles of S2p spectra for S-doped (1:1) and undoped Degussa P25
photocatalyst after calcination at 550°C for 4 h in air.
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Fig. 8. XPS profiles of Ti2p spectra for S-doped and undoped Degussa P25 photo-
catalyst after calcination at 550°C for 4 h in air.

168.9eV assigned to S* was observed. This peak was thought to
consist of several oxidation states of S atoms such as S* and S#*
states [12,22,40]. Previous study reported that if thiourea was used
as sulfur precursors, the substitution of Ti** by S* would be more
favorable than replacing 0%~ with S2- [12,22,24].

Ohno etal. [22] prepared S-doped TiO, by hydrolysis of titanium
isopropoxide blended with thiourea. Their XPS results showed
a broad peak, around 168eV, attributed to S2p. Zaleska et al.
[41] observed the strongest peak for 168.8 eV assigned to S®* and
another weak one around 169.8 eV in their S-doped TiO,. Katoh
et al. [42] reported synthesis of new S-containing TiO, powders
prepared from titanium(IIl) chloride and ammonium thiocyanate
solutions. For S-TiO-, the S2p (3/2) peak appeared at around 170eV,
which is attributed to S* species. Those results are in good agree-
ment with our observation; therefore, it is clear that sulfur was
doped mainly as S6*.

It must be mentioned here that when the S-doped sample (at
TU:P25 mass ratio of 1:1) was washed with water several times,
the intensity and binding energy of S®* remained unchanged sig-
nificantly. This revealed that doped S was not formed in the form
of sulfur oxides on TiO, surface [12].

Fig. 8 shows the binding energies of the spin-orbit components
(2p 3/2 and 2p 1/2) of Ti2p observed to be at 458.7 and 464.5eV,
respectively, which should be assigned to Ti4* of TiO, (correspond-
ing to Ti** in a tetragonal structure) [24]. It is obvious that the doped
sulfur can lead to the peak of Ti2p 1/2 and Ti2p 3/2 shift to the lower
binding energy. This may be caused due to the difference of ioniza-
tion energy of Ti and S [24]. Therefore, it could be concluded that the
lattice titanium sites of TiO, were substituted by S* and formed a
new band energy structure.

In spite of using thiourea as a source of sulfur, we could not
detect a clear peak for N. This can be attributed to the well-known
fact that the ion radii of N is larger than that of O [43]. Therefore
the N which is located at the position of oxygen is usually not so
stable. On the other hand, S-doped TiO, is quite stable because ion
radii of S#** or S6* is much smaller than that of Ti**. Furthermore,
when N3- replaced with 0%2-, oxygen defects should be generated
in order to neutralize the electricity. Eventually, during calcination
S atoms were incorporated into the lattice of TiO, and the S-doped

TiO; is quite stable. N atoms which are incorporated into the lattice
of TiO, may be released gradually during calcinations.

Furthermore, interesting XPS results (Figs. 8 and 9) were
observed under different TU:P25 ratios (0:1, 0.25:1, 1:1, 1:3, and
1:5), increasing the ratio from 0:1 to 1:1 significantly enhanced
the peak intensities of the S-doped P25. However, further increase
in the TU:P25 ratio (3:1 to 5:1) reduced the peak intensities and
consequently reduced the activities.

Probably the doped sulfur at higher TU:P25 ratios (>3) was
formed in the form of sulfur oxide on TiO, surface during the
hydrolysis process, and most of the sulfur will remove during the
calcination process, i.e., higher thiourea (TU) loading could enhance
the removal of the sulfur from the sample during the calcinations,
which reflected the significant reduction in the intensity of S6*. It
seems that there is a limit to the amount of thiourea used for dop-
ing Degussa P25, in this work it was 1:1 TU:P25 mass ratio, that
resulted in better S-doped P25 performance.

Katoh et al. [42] found in their S-TiO, powders, that the peak
area of S2p (3/2) increased with increase of ammonium thiocyanate
solution. But the content of sulfur was much smaller than the con-
tent in the starting materials and most of the sulfur atoms were
removed from the TiO, surface under calcination. In the same way
Zaleska et al. [41] reported that S2p peak increased with increas-
ing amount of thiourea (increasing TU:TiO, mass ratio from 0:1 to
0.147:1), and sulfur content in the catalyst was much smaller than
might be expected from original sulfur content in the substrates. In
the present results (Fig. 9) only increasing the ratio up to 1:1 agrees
with their observations. Further work for better understanding this
unexpected result is being under way.

3.3. UV-vis results

Fig. 10 shows the diffuse reflectance UV-vis spectra of base P25
and S-doped P25 prepared at different TU:P25 mass ratios (0:1,
0.25:1,1:1, 3:1 and 5:1). Noticeable shifts of the optical absorption
shoulders toward the visible light regions of the solar spectrum
were observed for S-doped P25. Notably, this shift towards the
longer wavelength originates from the band gap narrowing of P25
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Fig. 9. XPS profiles of S2p spectra for S-doped (at different TU:P25 mass ratios) and
undoped Degussa P25 photocatalyst after calcination at 550°C for 4 h in air.
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Fig. 10. UV-vis diffuse reflectance spectra of the sulfur doped and undoped-P25 at
different TU:P25 ratios.

by sulfurdoping [12,44,45], this feature was more evident at TU:P25
ratio of 1:1. The results clearly indicated that increasing the TU:P25
ratio from 0:1 to 1:1, leads to an enhancement in the absorp-
tion shifting of the P25. However, further loading (3:1 and 5:1)
will decrease the shifting; the spectrum of (5:1) sample is almost
identical to that of non-doped P25. Zaleska et al. [41] pointed out
that increasing the amount of thiourea during catalyst preparation
(increasing the TU:TiO, mass ratios from 0:1 to 0.147:1), increased
the absorption in the visible region, however, in their work they
did not investigate high TU:TiO, mass ratios, higher than 0.147.
Estimations of the band-gap energies were obtained from the
diffuse reflectance spectra of the doped and undoped-P25 powders.
The relation between the absorption coefficient («) and incident
photon energy (hv) can be written as o = By(hv — Eg)z/k, where
B, is the absorption constant [46]. Plots of (Ahv)%> versus hv from
the spectral data in Fig. 10 are presented in Fig. 11. Extrapolating
the linear part of the curve for the TiO, gives direct values of band
gap. The linear part of the curve for the undoped-P25 gives a direct
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Fig. 11. (Ahv)®> vs. hv for the doped and undoped-P25 (derived from Fig. 10),
showing a linear relation between (Ahv)®> and hv in the wavelength region of
fundamental absorption edge.

Table 1

Estimated apparent first-order rate constant (kq).
Photocatalyst (TU:P25 mass ratio) kq (min=1) Correlation

coefficient R?

S-doped P25 (0:1) 0.044 0.99
S-doped P25 (0.25:1) 0.051 0.99
S-doped P25 (1:1) 0.055 0.99
S-doped P25 (5:1) 0.040 0.98

band gap of 2.99 eV, which is very close to the commercial Degussa
P25 (3-3.2eV). The band gap energies of S-doped P25 (0.25:1, 1:1,
3:1 and 5:1) samples were found to be 2.90, 2.83, 2.92 and 2.98 eV,
respectively (Fig. 3). The maximum band gap reduction was 0.15 eV
for S-doped p25 at 1:1 TU:P25 mass ratio. Probably the distortion
of the local lattice of TiO, by S6* is responsible to the absorption in
the visible region and to the shift of the onset of their absorption
edge near 400 nm [22,24]. Previous results (Figs. 7 and 8) clearly
showed that the crystal lattices of S-doped P25 powder are locally
distorted by incorporating S®* species into TiO, and substitute for
some of Ti%*. It is worth noting to mention here that Ti** which was
released from the lattice of TiO, may react with O, to produce TiO,
which might be replaced in somewhere in the bulk of TiO,. Wu
et al. [47] claimed that within doping of S atoms (using thiourea
as a source of S) into Ti(OBu)4, Ti atoms firstly bond to S atoms,
forming a small amount of TiS, nucleus, and then the rest of the Ti
atoms begin coordinating with O atoms, forming a large amount of
anatase-TiO; nucleus surrounding the TiS, nucleus. To get a clear
conclusion an extensive experiments are required.

Irie et al. [16] reported that the band structure of the N-doped
TiO, (TiO,_xNx) with lower values of x (lower N concentration)
should differ from that doped with higher x values. Zaleska et al.
[41] reported that more thiourea used during photocatalyst prepa-
ration resulted in increased band gap. In the present results we
noticed that the band gap at 1:1 TU:P25 mass ratio is smaller than
that at 5:1.

3.4. Solar photocatalyst activity

To evaluate the photocatalytic activity of S-doped P25 catalysts
under natural solar light irradiation, tests were carried out to decol-
orize and minerlize Orange Il dye in an aqueous suspension at an
initial Orange II concentration of 10 mg/l. Fig. 12A demonstrates
the solar photo-decolorization observed for Orange II in the pres-
ence of S-doped P25 and undoped one. During the course of the
solar experiments, the total accumulated UV light (350-400 nm)
and the total accumulated visible light (400-750 nm) were 0.444
and 68.08 k]/1, respectively.

Aplotofin (C/Cy)versus trepresents approximate linear straight
lines, showing the case of the first-order reaction. The slope of the
line equals the apparent first-order rate constant (kg ), the estimated
kq values are summarized in Table 1.

The activity of catalyst was found to be dependent on the doping
amount of sulfur. The results in Table 1 showed that the decoloriza-
tion rate of Orange II dye increased with increasing S content, but
decreased at higher levels. The undoped-P25 photocatalytic activ-
ity under solar light increased about 23% by doping with TU at mass
ration of (1:1), however, it decreased about 12.3% by doping at mass
ration of (5:1). It seems too high content of sulfur is harmful for the
activity of the prepared photocatalyst. Possibly due to the block
of too many TiO; active sites. It has been reported that the pres-
ence of phosphate ions would absorb strongly on the surface of
TiO, by a bidenate chelation and reduce the rate of photocatalyzed
oxidation of model organic contaminants by as much as 70% [20].
Furthermore, doped sulfur can form a new band above the valence
band and narrow the band-gap of the photocatalyst, giving rise to
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Fig. 12. Effect of the TU:P25 ratios on the solar photoactivity of S-doped P25:
(A) decolorization and (B) decolorization and mineralization (Orange II concentra-
tion=10mg/l).

the absorption edge in the visible light region (previous section,
Fig. 10). However, too much of new-generated band-gap structures
due to higher sulfur doping could act as recombination centers for
electron-hole pairs and consequently reducing the photoactivity
of the catalyst. Mineralization of the Orange II dye also has been
tested under natural solar light (Fig. 12B). The S-doped P25 photo-
catalyst at mass ratio of (1:1) shows higher activity than undoped
one.

One may raise the doubt of whether it is the photocatalyst that
plays the key role in decomposing Orange Il dye because the dye can
absorb visible light itself. If the decomposition of Orange II dye is
due to the light absorbance itself, then the efficiency of the decom-
position using a different photocatalysts may not vary so much as
shown in Fig. 12A and B.

During all the solar experiments the pH value of the treated
solution was varied from 5.7 (at the beginning of the experiment)
to about 3.9 (after complete decolorization). It was reported that
the value of pHpzc (pH of point zero charge) of P25 is 6.0 [48].
Actually, when pH value of aqueous dye solution is lower than TiO,
pHpzc, the catalyst surface develops a positive charge and attractive
forces between catalyst and dye can promote the adsorption pro-
cess.Increasing the pH dye solution, leads to the situation where the
electrostatic charge on the TiO, surface will become less positive
or even negative if the point of zero charge in surpassed developing
repulsive forces between the catalyst and the dye, thus decreasing
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Lol ey 2
\ Calcination temp. for 4 h
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Fig. 13. Effect of the calcination temperature on the Orange Il decoloriza-
tion (Orange II concentration=10mg/l, total accumulated UV light intensity
(320-400nm)=0.916 kJ/1, total accumulated visible light intensity = 101.07 kJ/1).

dye adsorption. Therefore, the pH range of experiments (5.7-3.9)
is favorable for adsorption and consequently to the degradation.

The mechanism of photocatalytic decolorization suggests that
the dye molecules are first adsorbed on TiO, surface then under
illumination by UV radiation, one electron is promoted from con-
duction band to the valence band of the TiO, generating e~ /h*
pair. The action of the e~/h* pair is terminated by degrading dye
molecules into products through intermediate formation and gen-
erating heating effect through a complex reaction.

Additional experiments were carried out to test the activ-
ity of the S-doped P25 under different calcinations temperatures
(Fig. 13). It was found that the calcinations temperature has a sig-
nificant effect upon the photoactivity of the prepared photocatalyst.
The results obtained (Figs. 13 and 14) showed that the decoloriza-
tion rate of the Orange II has increased 6 times as the calcinations
temperature of the S-doped P25 (1:1) increased from 100 to 550°C,
which is attributed to gradual crystallization of the anatase TiO,
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Fig. 14. Effect of the calcination temperature on the reaction rate constant (k,) and
the crystalline size (D).
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with temperature rising. However, further increase in the calcina-
tions temperature (to 700 °C) results in an obvious decrease in the
activity, which is probably due to the increase of the crystalline size.
Its evidence from Fig. 14 that the optimum calcination temperature
was 550°C.

4. Conclusions

The commercially available TiO, photocatalyst (Degussa P25)
has been doped with sulfur, employing a simple hydrolysis method
at room temperature. The synthesized S-doped P25 showed higher
activity than the naked P25 under natural solar light. The amount
of dopant used during the hydrolysis process clearly affects the
physico-chemical properties of S-doped P25 which in turn exhibit a
crucial influence on its photocatalytic activity. The maximum activ-
ity was observed when the catalyst was obtained by calcinated
at 550°C with mass ratio of TU:P25=1:1. The solar decolorization
improved by 23%, the band gap reduced to 2.8 eV, the average crys-
talline size reduced to 19nm and the anatase content increased
from 80.5 to 82.3%, after doping with sulfur at TU:P25 mass ratio of
(1:1).

The calcinations temperature has a significant effect upon the
photoactivity of the prepared photocatalyst, decolorization rate
increased 6 times as the calcinations temperature of the S-doped
P25 increased from 100 to 550°C, while calcination temperature
of 700°C resulted in an obvious decrease in the photoactivity. The
XRD and XPS results clearly showed that using thiourea as a source
of sulfur can retard the grain growth of TiO, to some extend and
leads to the substitution of Ti** by S which is more favorable than
replacing 02~ with S2~. The results suggest that the crystal lattices
of S-doped P25 powder are locally distorted by incorporating S¢*
species into TiO,, forming a new band energy structure, which is
responsible to the absorption in the visible region.

Interesting results were observed under different TU:P25 ratios
(0:1, 0.25:1, 1:1, 3:1, and 5:1), increasing the ratio from 0:1 to
1:1 significantly enhanced the peak intensities and improved the
solar photocatalytic activity of the S-doped P25. However, further
increase in the TU:P25 ratio (3:1 to 5:1) reduced the peak intensities
and consequently reduced the activities. The solar photoactivities
of S-doped P25 are predominantly attributed to an improvement
in anatase crystallinity, low band gap and low particle size. The
presented results greatly encourage the researchers for further
improving and modifying the commercial TiO, (Degussa P25) by
using it as a Ti precursor rather than the costly chemicals like tita-
nium tetraisopropoxide.
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