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Abstract

Nanorods TiO,, Fe-TiO, (3 and 2 at.% Fe), V-TiO, (5 at.% V) were prepared by a low temperature method and characterized by powder X-ray
diffraction, thermal analysis, transmission electron microscope and BTE surface area analysis. The as-prepared samples were evaluated as catalysts
for photodegradation of Congo red aqueous solution under the sunlight. Nanorods Fe-doped TiO, shows higher adsorption and also higher
photocatalytic degradation of Congo red solution compared to pure nanorods TiO; rutile. A higher activity is obtained when the amount of doped
Fe is 2 at.%, compared to 3 at.%. However, nanorods V-TiO, does not show neither adsorption nor photodegradation activity of Congo red solution.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium oxide TiO, is widely used for photodegradation of
many organic toxic compounds [1-7]. Anatase and rutile are
the common TiO; structures used. In general, UV energy is used
to initiate the photocatalytic reaction. This energy allows
transition of electron from TiO, valence band to conducting
band. At the present time, many researches are carried out in
order to substitute the UV light by the sunlight or visible light.
This will reduce the cost of the photodegradation process
especially for industrial scale applications. Using dopants that
can be incorporated in TiO, lattice is one of the methods used to
reach this goal [8-18]. Results show that doping TiO, with
transition metals increases its photocatalytic activity [11-18]. It
is reported that doped ions can enhance the intensity of
absorption in the UV—vis light region and make a red shift in the
band gap transition of the doped TiO, samples. For example in
the case of Fe-TiO, sample, Fe** ions can have two roles: they
can act as a photo-generated hole and a photo-generated
electron trap and reduce the hole—electron recombination and
also they can serve as a mediator of the transfer of interfacial

* Corresponding author. Tel.: 4968 24142449; fax: +968 24413415.
E-mail address: melghit@squ.edu.om (K. Melghit).

charge [15,19]. However, there is a controversy on the effect of
metals ions on the photocatalytic activity of TiO,. Other authors
show a decrease of photocatalytic activity of the doped catalysts
[20-23]. The amount of the metal ions that can be incorporated
in TiO, lattice is also a controversial matter [15,17,18].

Recently we show that nanorods of titanium oxide rutile
present good photocatalytic activity for Congo red degradation
under the sunlight [24]. The present paper investigates the
effect of doping by iron and vanadium on nanorods TiO, rutile
for Congo red degradation under the sunlight.

2. Experimental
2.1. Tio,

In this preparation, similar method recently published [24]
was used. About 5 mL of TiCly (30% (w/v), DBH Chemical
Ltd., Poole England) was diluted with 45 mL of distilled water
and stirred for about 65 h at room temperature. The dark purple
color of the solution turned to white colloidal solution with pH
0.8. Then, 500 mL of distilled water was added followed by
about 20 mL of 10% NH4OH. The pH of the solution became
basic ~9 and a white gel appeared. The gel at the bottom of the
beaker was easily separated from the solution by decantation.
Then, it was washed with distilled water several times until the
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AgNO; test indicates absence of chloride ion Cl™ in the
solution. The wet gel obtained was dried at room temperature.

2.2. Fe-doped TiO,

Similar to the method recently reported [25]. The wet TiO, gel
obtained as described above was heated until boiling. At the same
time Fe(NO;)3-9H,0 (DBH Chemical Ltd., Poole England) was
dissolved in 100 mL of distilled water and heated until boiling.
The starting molar ratio used was Ti/Fe: 16/1. The iron solution
was mixed to the wet TiO, gel and stirred for 15 min at ~100 °C.
The product obtained was washed with distilled water several
times and dried at room temperature.

2.3. V-doped TiO,

Similar to preparation of Fe-TiO,; the wet gel TiO, was
heated until boiling. At the same time, a solution of vanadium
oxide was prepared according to the method recently published
[26] [0.250 g of V,05 (BDH Chemicals Ltd., Poole England)
was dissolved in 3 mL of H,O, (30%, w/v) and stirred for about
4 min. Then, 400 mL of distilled water was added and the
mixture was heated until boiling]. The starting molar ratio used
was Ti/V: 6/1. The vanadium solution was mixed to the wet
TiO, gel and stirred for 15 min at ~100 °C. The product
obtained was dried at room temperature.

Congo red is water soluble; yielding a red solution with
absorption bonds in UV—-vis spectrum located around 340 and
500 nm. It has the following chemical structure:

NH»> NH;
= O
SO3Na Congo Red SOsNa

The Congo red solution was prepared by dissolving
Congo red powder (C3,H,4NgOgS, from BDH Chemical
Ltd., Poole England) in distilled water to obtain a solution
2.5 x 107 M concentration. The photocatalysis experiments
were carried out in 100 mL beaker containing about 80 mL
of 0.025 mM of Congo red aqueous solution and about
0.100 g of catalyst. The mixtures were stirred about 15 min
in the dark, then the solutions were exposed to the sunlight
for about 35 min with continuous stirring between 11:00 a.m.
and 12:00 p.m. the intensity of the sunlight, during
photodegradation experiment was measured by a Radiometer
(model PMA2100, Solar Light Company, Inc.). Catalysts and
solutions were characterized by different spectroscopic techni-
ques as powder X-ray diffraction (Philips 1710, diffractometer),
thermal analysis (TG and DTA, 2960 Universal TA Instruments,
under nitrogen gas and with heating rate 10 °C min~'), UV-vis
spectroscopy (UV spectrometer Cary 50 Conc) and transmission
electron microscope (Jeol 1234). The elemental analysis
was measured by an Oxford EDAX detector connected to JEOL
JSM-840A scanning electron microscope. The surface area of
the catalysts were determined with standard BET apparatus
(Autosorb-1, Quantachrome).

3. Results and discussion

Fig. 1 shows the X-ray diffraction pattern of the three as-
prepared samples (a) TiO,, (b) Fe-TiO, and (c) V-TiO,; all
phases show similar diffraction peaks that can be indexed with
rutile lattice. Doped TiO, phases (Fe-TiO, and V-TiO,) do not
show any diffraction peaks of iron or vanadium or related
compounds. Although, if the impurity amount is low; it can be
out off the detection limit of the X-ray diffractometer. Also
because the products are obtained by a low temperature method
(100 °C), it is possible that some amount of amorphous
impurity phase exists which will crystallize and appear at high
temperature. Fig. 2 shows the as-prepared samples (TiO,, Fe-
TiO, and V-TiO,) heated at 650 °C for 5 h; the X-ray diffraction
peaks become narrow which probably is the consequence of
particles size growing. All peaks present in the three phases can
be indexed with the rutile lattice. No extra peaks can be seen
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Fig. 1. Powder X-ray diffraction patterns of: (a) TiO,, (b) Fe-TiO, and (c) V-
TiO,.
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Fig. 2. Powder X-ray diffraction patterns of: (a) V-TiO,, (b) Fe-TiO, and (c)
TiO, heated at 650 °C for 5 h.
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Fig. 4. Selected area electron diffraction patterns of as-prepared: (a) TiO,, (b)
Fe-TiO, and (c) V-TiO,.

Fig. 3. TEM micrographs of as-prepared samples: (a) TiO,, (b) Fe-TiO, and (c)
V-TiO,.
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Table 1
The surface area of as-prepared powders

Molecular formula Surface area (mz/g)

Ti0,-2.8H,0 =
Fe.03Tip.970251.0H,0 240
VO.OSTiO_‘)stﬂs‘ 1 .9H20 201

which indicate the absence of any amorphous phase with the
three samples. This indicated that the as-prepared phases are
crystallized without any other amorphous impurity phase. TEM
micrographs (Fig. 3) show that the three samples have almost
similar nanorod shape and size. Selected area electron
diffraction for the three samples (Fig. 4) show presence only
of rutile spotty ring without additional diffraction spots and
rings of Fe or V or any related compounds. EDAX analyses
show presence of 3 at.% Fe in the Fe-doped TiO, and about
5at.% V for V-doped TiO,. These two elements are
incorporated in rutile TiO, lattice. The surface areas of the
three as-prepared samples were measured. It increases with
doping (Table 1). This result was also observed in recent
reported study [14]. The Fe-TiO, shows higher surface area
than V-TiO,. TGA curve of as-prepared TiO, (Fig. 5) shows
that the sample lost its water in three steps. DTA curves shows
three endothermic peaks at 93, 164 and 296 °C; the first
endothermic peak corresponds to the lost of adsorbed water
while the two other peaks correspond to the lost of chemically
bonded water. The dehydration process can be summarized as
follows:

TiO, - 2.8H,0"25Ti0, - 1.2H,0°2°°Ti0, - 0.2H,0
0" CTi0,

Fe-TiO, lost its water in three steps (Fig. 6), DTA curves
shows three endothermic peaks: two intense peaks at 80 and
104 °C, and small broad peak at 253 °C. The two first
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Fig. 5. TGA and DTA of as-prepared TiO,.
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Fig. 6. TGA and DTA of as-prepared Fe-TiO,.

endothermic peaks correspond to the lost of adsorbed water
while the third peak corresponds to the lost of chemically
bonded water. TG curve shows a slow and continuous weight
loss up to 650 °C. The dehydration process can be summarized
as follows:

Fe-TiO, - 1.0H,0"* S Fe-TiO, - 0.4H,0 S Fe-TiO, - 0.1H,0
0 CFe-TiO,

Also V-TiO, lost its water on three steps (Fig. 7), DTA curve
shows three endothermic peaks: one intense peak at 78 °C, and
two small broad peaks at 162 and 321 °C. The first endothermic
peak corresponds to the lost of adsorbed water while the second
and third peaks correspond to the lost of chemically bonded

100
A
o
o
e 801 m
= &
E) v
()]
=
60
40 T T r
0 200 400 600

Temperature (°C)

Fig. 7. TGA and DTA of as-prepared V-TiO,.
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Table 2
Unit cell parameters and volume of as-prepared samples (calculations carried
out using Dicvol04 program [27])

TiO52.8H0  V(05Tip.9502451.9H,0  Feg 3Tip.970,_5-1.0H,0

a (A) 4.6161 4.6121 4.6230
¢ (A) 2.9508 2.9483 2.9536
V(A% 6288 62.72 63.12

water. The dehydration process can be summarized as follows:

V-TiO, - 1.9H,0SV-TiO, - 0.95H,0°=+ V-TiO, - 0.3H,0

TEV-Tio,

In general, crystallization of an amorphous phase is an
exothermic process that will appear on the DTA curve as an
exothermic peak. The as-prepared three samples show absence
of exothermic peaks on the DTA curves which confirm the
absence of any amorphous phase. This is consistent with the X-
ray diffraction patterns of the as-prepared samples heated at
650 °C (Fig. 2). The as-prepared samples will correspond to the
following formula: TiO,-2.8H,0, Feq 03Tig.970,_5-1.0H,0 and
Vo.05T10.050245-1.9H,0. The above analyses confirm the high
level of purity of the three phases obtained. Using Dicvol04
program [27], calculation of the unit cell parameters and
volume were performed on the as-prepared samples (Table 2).
The V-doped TiO, shows small decrease in the unit cell
parameters, however Fe-doped TiO, shows a small increase
which are consistent with their ionic radius values [28]: v+
(0.540 A), Fe** (0.645 A) compared to Ti** (0.605 A) ions. The
increase of unit cell parameters, for Fe-doped TiO,, was also
recently reported in Fe-doped TiO, anatase [29,30]. This may
indicate that the Fe>* and V°* ions have been incorporated into
the rutile lattice. The three samples were evaluated as catalyst
for Congo red degradation. To compare their adsorption, they
are first mixed with Congo red solution and stirred for 15 min in
the dark. The UV spectra are shown in Fig. 8. The adsorption of
Fe-TiO, was found to be better than the parent sample TiO,.
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Fig. 8. UV spectra of Congo red solution after separation from the catalyst, with
(a) Fe-TiO,, (b) TiO, and (c) V-TiO,, stirred in dark for 15 min.
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Fig. 9. Solar intensity variation (a) experiment using TiO,, Fe-TiO,, V-TiO, as
catalysts and (b) experiment using 2 at.% Fe-TiO, and 3 at.% Fe-TiO, as
catalysts.

Probably, because of the high surface area obtained with Fe-
TiO, compared to TiO,. However the Congo red adsorption did
not take place with V-TiO, sample, although its surface area is
higher than TiO,. Its UV spectrum shows higher absorbance at
500 nm and much higher around 340 nm. This indicated that
the reaction of Congo red with V-TiO, surface is different
compared to Fe-TiO, and TiO,. The same experiments were
carried out, this time, under the sunlight for 35 min. The
sunlight intensity, on the period of the experiment, was almost
constant without significant change (Fig. 9a). Fig. 10 shows the
UV spectra results. Better Congo red degradation was obtained
with Fe-TiO, than the parent sample TiO,; this is consistent
with published results [11-18]. The UV spectrum of Congo red
solution catalyzed with V-TiO, under the sunlight is different
from the other two catalysts. The peak at 500 nm has higher
absorbance compared to the one of Congo red solution, even
higher than the value obtained when the experiment was carried
out in the dark. For the peak around 340 nm, it becomes broader
with higher absorbance. It seems that V-TiO, catalyzed a
reaction which leads probably to a different compound. In order
to study the effect of the amount of iron doped on TiO, for
Congo red degradation; a similar preparation, as described
above, was carried out with less amount of iron. The initial
molar ratio was Ti/Fe: 16/0.32. EDAX analysis shows 2 at.%
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Fig. 10. UV spectra of Congo red solution after separation from the catalyst,
with (a) Fe-TiO,, (b) TiO, and (c) V-TiO,, stirred under sunlight for 35 min.
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Fig. 11. Powder X-ray diffraction patterns (a) 3 at.% Fe-TiO, and (b) 2 at.%
Fe-TiO,.
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Fig. 12. UV spectra of Congo red solution after separation from the catalyst,
with (a) 2 at.% Fe-TiO, and (b) 3 at.% Fe-TiO,, stirred under sunlight for
35 min.

Fe. Fig. 11 shows the X-ray diffraction patterns of both as-
prepared samples 3 and 2at.% Fe. They show similar
crystalline phase. For both samples, similar photocatalytic
experiments were carried out under the sunlight for 35 min. The
sunlight intensity on the period of the experiment was almost
constant without significant change, however with less intensity
compared to the previous experiment (Fig. 9b). The UV spectra
(Fig. 12) shows better photocatalytic activity for the Congo red
degradation when the amount of Fe is lowered which is
consistent with the reported results [15]. Considering the Fe-
doped TiO, which presents higher photocatalytic activity, the
behavior of V-TiO,, in the present work, was unexpected. It is
worthnoting that methylene blue solution shows degradation
over V-TiO, (rutile) [14]. It seems that many parameters can
interfere on the photocatalytic process of the metal-doped
titanium oxide (M-TiO,). Some of these parameters are: the
nature of the metal ions, the crystalline structure of TiO,, the
shape and size of TiO, particles, and the pollutant nature. It

appears difficult to generalize the result obtain with one system
M-TiO, with specific characteristic and particular pollutant
solution to the other systems with different experimental
parameters. All these show the complexity of the system M-
TiO, catalyst and explain the controversies between authors.

4. Conclusion

Doping titanium oxide nanorods with metals ions can
enhance its photocatalytic activity however it is not always the
case. While, iron-doped TiO, shows higher photocatalytic
activity compared to pure TiO, for Congo red degradation.
Vanadium-doped TiO, was found to be inactive. Because the
photocatalytic reaction of doped TiO, depends on many
experimental parameters, it seems to be difficult to expect the
photocatalytic activity behavior of M-TiO, systems without
experimental testing.
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