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a b s t r a c t

The sol–gel method was successfully used to prepare a series of TiO2–SiO2 and rare earth (RE) (La3+, Nd3+,
Sm3+, Gd3+)-doped TiO2–SiO2 nanoparticles at a doping level of 3 atomic percent. The structural features
of parent TiO2–SiO2 and RE–TiO2–SiO2 fired at 550 ◦C have been investigated by XRD, UV-diffuse reflec-
tion, SEM and nitrogen adsorption measurements at −196 ◦C. XRD data verified the formation of typical
characteristic anatase form in all the prepared RE-doped TiO2–SiO2 samples. In comparison with the pure
TiO2–SiO2 samples (ca. 35 nm in diameter), the RE–TiO2–SiO2 samples have relatively small particle size
indicating that the doping with RE metal ions can improve the particle morphology, and retard the grain
growth of TiO2–SiO2 during heat treatment. The results indicated that Gd3+ doped TiO2–SiO2 has the
hotocatalytic
xidation
DTA

lowest bandgap and particle size compared with pure TiO2–SiO2 and other nanoparticles of RE-doped
TiO2–SiO2. The highest surface area (SBET) and pore volume (Vp) values were recorded for Gd–TiO2–SiO2

as well. The effect of doping on the photoactivity was evaluated by the photocatalytic degradation of
EDTA as a probe reaction. Among all the pure and RE-doped TiO2–SiO2, Gd3+–TiO2–SiO2 performed the
highest catalytic activity towards the tested reaction. That might be due to its special characteristics of
particle size, surface texture and bandgap properties. Details of the synthesis procedure and results of
the characterization studies of the produced RE–TiO2–SiO2 are presented in this paper.
. Introduction

During the recent decades, the photocatalytic application using
emiconductors has received a lot of attention to solve the
nvironmental problems [1–24]. TiO2 has turned out to be the semi-
onductor with the highest photocatalytic activity, being non-toxic,
table in aqueous solution and relatively inexpensive [5]. The pho-
ocatalytic property of TiO2 is due to its wide bandgap and long
ifetime of photo generated holes and electrons. The high degree
f recombination of the photo generated electrons and a hole is
major limiting factor controlling its photocatalytic efficiency and

mpeding the practical application of these techniques in the degra-
ation of contaminants in water and air. Thus, a major challenge in
eterogeneous photocatalysis is need to increase the charge sepa-

ation efficiency of the photocatalysts [6].

In order to decrease the bandgap of parent titania photocata-
yst (Eg = 3.2 eV), slow down the recombination rate of the e−/h+

airs and enhance interfacial charge-transfer efficiency, the prop-

∗ Corresponding author at: Chemistry Department, Faculty of Science, King Abdul
ziz University, Jeddah, Saudi Arabia. Tel.: +966 540715648.
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© 2010 Elsevier B.V. All rights reserved.

erties of TiO2 have been modified by selective surface treatments
such as surface chelation, surface derivatization, platinization, and
by selective metal ions doping TiO2 [9–13]. Coupled semiconduc-
tor photocatalysts exhibited a very high photocatalytic activity
for both gas and liquid phase reactions. Researchers had much
interest in coupling two semiconductor particles with different
bandgap widths such as TiO2-CdS, TiO2-WO3, TiO2-SnO2 [14,15],
TiO2–MoO3 [16] TiO2–SiO2 aerogel [17] and TiO2–Fe2O3 [18,21].

Lanthanide ions are known for their ability to form complexes
with various Lewis bases (e.g. acids, amines, aldehydes, alcohols,
thiols) in the interaction of these functional groups with the f-
orbitals of the lanthanides. Although doping of lanthanide ions into
TiO2 attracted some attentions [22–26], such works are little so far.
Incorporation of lanthanide ions into a TiO2 matrix could provide
a means to concentrate on the organic pollutant at the semicon-
ductor surface and therefore enhance the photoactivity of titania
[27–38].

The primary driving force in this work is to focus on the effect

of RE dopants on the structure, bandgap, surface texture and their
relation with the photocatalytic properties of TiO2–SiO2 prepared
by sol–gel method. The photocatalytic properties have been inves-
tigated by employing the photo degradation of EDTA as a pattern
of organic pollutant degradation reaction.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:redama123@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.04.061
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Fig. 1. XRD patterns of parent TiO2–SiO2 and RE–TiO2–SiO2 nanoparticles.
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. Experimental

.1. Materials

Tetraethylorthosilicate, Titanium isoporoxide, Neodymium nitrate hexahy-
rate, Samarium nitrate hexahydrate, Gadolinium (III) oxide and Lanthanum nitrate
exahydrate were used as precursors in the sol–gel preparations. Distilled water was
sed and all other chemicals were analytical grade.

The parent TiO2–SiO2 and RE-doped nanoparticles were prepared
y sol–gel technique. The sol corresponds to the overall molar ratio of
i(OC2H7)4:Ti(C4H9O4):C2H5OH:H2O:HNO3 = 4:1:20:4:0.001. In each case, Si
OC2H7)4 and Ti (C4H9O4) were first dissolved in ethanol and water medium. The
anthanide salts were dissolved into stoichiometric amount of water and nitric
cid and then added drop wise into the sol through stirring for 60 min at room
emperature. The prepared sol was left to stand for the formation of gel. It was
alcined at 550 ◦C for 5 hrs. The atomic ratio of Ti4+:lanthanide ions were kept as
7:3 for all RE-doped nanoparticles.

.2. Methods

X-ray powder diffraction (XRD) patterns were carried out at room tempera-
ure using a model Bruker axs, D8 Advance. Average crystallize size (D) of the
btained powders were calculated by X-ray line broadening technique performed
n the direction of lattice using computer software based on the so-called Hall-
quation–Scherer’s formula D = 0.89�/ˇ cos � [39], where D is the crystallite size, �
epresents the X-ray wavelength, � is the Bragg’s angle and ˇ is the pure full width
f the fraction line at half of the maximum capacity. The surface texture charac-
eristics obtained from nitrogen adsorption isotherms were measured at −196 ◦C
sing a conventional volumetric apparatus. The specific surface area was measured
sing the BET method. The samples were thermally degassed at 300 ◦C prior to the
dsorption measurements. The micropore volume and the external surface area
ere obtained from the t-plot. The bandgaps (Eg) of the samples were determined

y using JASCO (V 570) software based on the so-called direct transition formula
h� = constant(h� − Eg)n [40], where ˛ is extinction coefficient [cm−1]; � is wave
umber [cm−1]; h is the blank constant.

The photoactivity experiments were carried out in a cylindrical Pyrex glass reac-
or containing different loading of catalyst and 250 ml of aqueous solution of EDTA
t 5 × 10−3M concentration at 30 ◦C for 60 min. A 150 W medium pressure Hg lamp
254 nm) immersed within the photoreactor was used. The EDTA was determined by
omplexometeric titration with Zn2+ standard solution [40]. The removal efficiency
f EDTA has been calculated by applying the following equation:

removal efficiency = (C◦ − C)/C◦ × 100

where C◦ is the original EDTA content, C is the retained EDTA in the solution.
Before all photocatalytic runs, a fresh solution (250 ml) of EDTA were adjusted

o the required pH, and the catalyst was suspended at 0.3 g/l concentrations. Sus-
ensions were kept in dark and magnetically stirred at 30 ◦C for 60 min. The results

ndicate that adsorption efficiency was about 18–20%.

. Results and discussion

.1. Evaluation and characterization of synthesized material

.1.1. XRD analysis
The crystalline phase of each parent TiO2–SiO2 and RE-doped

iO2–SiO2 nanoparticles prepared by sol–gel was determined by
owder XRD and the phase changes are shown in Fig. 1. In parent
iO2–SiO2 and all RE-doped TiO2–SiO2 catalysts, the figure presents
group of lines at 2 theta values of 25.2, 37.5, 47.7, 53.3, 54.7

nd 62◦ which are attributed to anatase phase [PDF # 71-1169].

owever, no diffraction peaks of RE oxides in the patterns of RE-
oped samples were observed. This is probably due to the low RE
oping content (ca.3%) and the data may also imply that the RE
xides are well dispersed within the TiO2–SiO2 phase. The XRD data
evealed that all the studied RE metal oxides inhibit the phase trans-

able 1
ffect of RE-doped TiO2–SiO2 on the photoactivity.

Sample Crystallite size, nm Band gap, eV E

TiO2–SiO2 35 3.25 8
La–TiO2–SiO2 25 3.18 8
Nd–TiO2–SiO2 24 3.10 8
Sm–TiO2–SiO2 23 3.05 8
Gd–TiO2–SiO2 22 2.98 9
Fig. 2. Diffuse reflectance UV–vis absorption spectra of parent TiO2–SiO2 and
RE–TiO2–SiO2 nanoparticles.

formation from anatase to rutile during calcinations even at high
temperatures (ca. 550 ◦C) while in other works, the anatase phase
started to convert into rutile before 500 ◦C [41]. The crystallite size,
calculated from Scherrer equation (D) of pure TiO2–SiO2 and RE-
doped TiO2–SiO2 is listed in Table 1. The crystallite size value is
ranging from 22 to 35 nm. Obviously, doping of TiO2–SiO2 with RE
metal oxides leads to reducing the crystallite size of TiO2–SiO2 from
35 nm to 22 nm in Gd3+–TiO2–SiO2. It is apparent that doping with
rare earth metal oxides leads to lower agglomeration of crystals that
produces smaller particle size. The least particle size was noticed
for Gd–TiO2–SiO2 nanoparticles.

3.1.2. UV–vis spectroscopy
Fig. 2 depicts the diffuse reflectance UV–vis absorption spec-
tra of TiO2–SiO2, Nd–TiO2–SiO2, Sm–TiO2–SiO2, La–TiO2–SiO2, and
Gd–TiO2–SiO2. The main semiconductor properties are strongly
dependant on the bandgap. The band gap plays a critical role
in deciding the photocatalytic activity of photocatalysts because

DTA removal efficiency, % Vp (cm3/g) Surface area, m2/g

7.00 0.298 320
8.20 0.490 440
9.70 0.320 410
9.80 0.313 445
2.70 0.520 495
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Table 2
Texture parameters of parent TiO2–SiO2 and RE–TiO2–SiO2 nanoparticles.

Sample SBET (m2/g) St (m2/g) Smicro (cm2/g) Smeso (cm2/g) Sext (cm2/g) Vp (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) r− (Å)

TiO2–SiO2 320 360 33 300 33 0.298 0.288 0.010 31.72
La–TiO2–SiO2 440 462 77 380 44 0.490 0.410 0.080 38.16
Nd–TiO2–SiO2 410 348 37 380 22 0.320 0.290 0.030 27.88

N rea of
p r− , m

i
w
a
a
S
i
t
e
t

3

f

F
a

Sm–TiO2–SiO2 445 462 93 370
Gd–TiO2–SiO2 495 510 97 400

ote: SBET, BET-surface area; St , surface area derived from Vl−t plots; Smicro, surface a
ore volume; Vmicro, pore volume of micropores; Vmeso, pore volume of mesopores;

t participates in determining the e−/h+ recombination rate. It
as estimated by the diffuse reflectance absorption spectrum

nd summarized in Table 1. The bandgap was 3.25, 3.18, 3.10,
nd 3.05 to 2.98 eV for the samples TiO2–SiO2, Nd–TiO2–SiO2,
m–TiO2–SiO2, La–TiO2–SiO2, and Gd–TiO2–SiO2, respectively. It
s clear that doping with RE ions has a great advantage, namely
he decrease in the bandgap of TiO2–SiO2, which has a pronounced
ffect of the semi-conduction properties of the prepared nanopar-

icles.

.1.3. Specific surface area trends
The surface parameters of surface area and the data calculated

rom the t-plot were estimated by the low-temperature nitrogen

ig. 3. SEM surface morphology of TiO2–SiO2 (A), and Gd–TiO2–SiO2 (B), at different mag
nd (A3, B3) respectively.
34 0.313 0.257 0.066 40.30
40 0.520 0.450 0.070 37.40

micropores; Smeso, surface area of micropores; Sext, external surface area; Vp, total
ean pore radius.

adsorption at relative pressures (P/P0) in the range of 0.05–0.9 and
are given in Table 2. The N2 adsorption isotherms (not shown)
for the parent and the RE-doped TiO2–SiO2 are typical of meso-
porous solids, however, an increase in the adsorption capacity of
the TiO2–SiO2 was observed after introducing RE ions. The surface
area changed from 320 to 495 m2/g in case of Gd3+–TiO2–SiO2 (≈
55% increase of surface area compared to the parent TiO2–SiO2).
It is worth mentioning that the SBET values of the prepared cata-

lysts are relatively higher than those of other analogues samples as
mentioned in literature [43]. Furthermore, the total pore volume of
RE–TiO2–SiO2 is twice that of TiO2–SiO2. Since the TiO2 (anatase)
structure is not affected by doping with RE ions as revealed by XRD,
the large increase of surface area and mesopore volume observed

nifications, where magnifications are 100×, 500× and 1000× for (A1, B1), (A2, B2)
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alkaline medium, which enhances the photocatalytic degradation
of EDTA significantly [42]. The optimum condition for pH in 7 at
97.5% photodegradation of EDTA.

Table 3
Effect of pH of EDTA solution on EDTA removal efficiency.

pH of EDTA EDTA removal efficiency, %
Fig. 4. TEM image of Gd–TiO2–SiO2.

or the RE-doped TiO2–SiO2 is interpreted as arising from the for-
ation of mesoporous texture as a result of the sol–gel preparation
ethod. Further data assessment reveals that, the values of SBET

nd St are generally close in most samples indicating the presence
f mesopores. The values of external surface area (Sext) of the sam-
les are very small which is indicative of the porous nature of these
olids. The values of Smeso are high compared to that of Smicro imply-
ng that the main surface is mesoporous solid as represented by
he isotherm. The surface texture data will be correlated with the
atalytic activity as will be mentioned later on.

.1.4. SEM observation
Surface morphology of TiO2–SiO2 and Gd–TiO2–SiO2 was stud-

ed as well using SEM micrograph. Fig. 3 shows that the shape of
he particles does not show much difference. This means that the
% addition of RE is not effective for changing the morphology of
iO2–SiO2.

.1.5. TEM observation
Fig. 4 shows TEM of Gd–TiO2–SiO2. The results show that Gd

as well dispersed within the TiO2–SiO2 phase, which is agreement
ith XRD results.

.2. Photocatalytic activity studies

The photocatalytic degradation of EDTA was used as a probe
eaction to test the catalytic activity of the prepared nanoparti-
les. Fig. 5 shows the effect of RE-doped TiO2–SiO2 nanoparticles
n photocatalytic oxidation of EDTA after 60 min. at room temper-
ture using 5 × 10−3 M of EDTA at pH 3 and 0.3 g catalyst/1000 ml
DTA solution. The data showed that the photocatalytic activities
f the RE-doped TiO2–SiO2 nanoparticles were higher than those
f parent TiO2–SiO2. Knowing that, the pure RE oxides did not have
hotocatalytic oxidation properties, such variation in activity must
e due to the differences in interaction between RE oxides and

iO2–SiO2 that led to several modifications in physical properties
uch as bandgap, particle size and surface texture. The catalytic
ctivity of TiO2–SiO2 generally increased with the addition of rare
arth promoters. It reached the maximum in case of Gd–TiO2–SiO2.
Fig. 5. Effect of type of RE-doped TiO2–SiO2 on EDTA removal efficiency %.

Table 1 demonstrates the correlation between the photoactiv-
ity and the physical properties such as bandgap, surface area and
pore volume. It is clear that, the photocatalytic activity reached the
maximum in case of Gd–TiO2–SiO2 in which the surface area and
pore volume reached the maximum but the bandgap was at a min-
imum. Table 1 shows the good correlation between the bandgap,
surface area and pore volume with the catalytic activity where the
activity was gradually increased with the decrease of bandgap and
the increase of both the surface area and pore volume.

The results showed that the photocatalytic activities of the rare
earth doped titania–silica nanoparticles increased with decreasing
the bandgap. This is due to decrease energy to exit electron from
conduction band to valance band. Also, the Gd3+–TiO2–SiO2 has the
best photoactivity, since it has the lowest bandgap and particle size
and the highest surface area and pore volume.

3.2.1. Effect of pH
A series of experiments have been carried out to study the effect

of pH on EDTA removal efficiency under the following conditions:
0.3 g/l catalyst/EDTA solution ratio; 5 × 10−3 M Conc. of EDTA; and
1 h reaction time. The findings are summarized in Table 3. The
results indicate that increasing pH of EDTA solution from 3 to 7
leads to increasing EDTA removal efficiency from 92.1% to 97.5%,
but at pH more than 7, the EDTA removal efficiency almost remains
unchanged in both two methods. The possible reason for this
behavior is that alkaline pH range favours the formation of more
OH radical due to the presence of large quantity of OH−ions in the
3 92.7
4 95.7
7 97.5
9 97.9
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Table 4
Effect of EDTA concentration on EDTA removal efficiency.

EDTA concentration, M EDTA removal efficiency, %

5 × 10−5 97.5
5 × 10−4 97.5
5 × 10−3 97.5
7.5 × 10−3 82.4
5 × 10−2 52.6
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Fig. 6. Effect of photocatalyst weight on EDTA removal efficiency %.

.2.2. Effect of EDTA concentration
A series of experiments have been carried out to study the effect

f the EDTA concentration on EDTA removal efficiency under the
forementioned conditions at pH 7. The results summarized in
able 4. It can be seen that increasing EDTA concentration from
× 10−5 to 5 × 10−3 M, has no significant effect on EDTA removal
fficiency, but at a concentration higher than 5 × 10−3 M, the EDTA
emoval efficiency was decreased. The optimum conditions for
DTA concentration are 5 × 10−3 M at EDTA removal efficiency
7.5%.

.2.3. Effect of catalyst/EDTA, solution ratio
A series of experiments have been carried out to study the

ffect of catalyst/EDTA solution ratio g/l on EDTA removal effi-
iency under the aforementioned conditions at EDTA concentration
s 5 × 10−3 M. The findings are shown in Fig. 6. The results indi-
ate that increasing catalyst/EDTA solution ratio from 0.2 to 0.4 g/l,
eads to increasing EDTA, the removal efficiency from 97.5% to 99.9%
espectively, but at catalyst/EDTA solution ratio more than 0.4 g/l
he EDTA removal efficiency almost remains unchanged. The opti-

um condition of catalyst/EDTA solution ratio, g/l is 0.4 at 99.9%
DTA removal efficiency.

. Conclusions
The sol–gel method is useful for the preparation of nanostruc-
ured RE–TiO2–SiO2 with high photocatalytic activity, high surface
rea and desirable pore structures. A series of Nd, Sm, Gd, and La
omogenously doped nanocrystalline TiO2–SiO2 have been suc-

[

[
[

[
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cessfully synthesized by sol gel method. The type of dopant rare
earth showed significant effect on the texture structure, bandgap
and particle size. These physical changes affected the efficiency of
the photo degradation of EDTA. The activity is well correlated with
the bandgap, surface area and pore volume. In addition, the differ-
ences in catalytic activity are due to the change in the amount of
surface hydroxyl groups resulting from the interaction between the
rare earth oxides and TiO2–SiO2. The Gd–TiO2–SiO2 nanoparticles
presented the highest photoactivity due to its high surface area,
large pore volume, small particle size and small bandgap.
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