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a b s t r a c t

Sol–gel method was used to synthesize Zr4+, La3+ and Ce3+ doped mesoporous TiO2 materials with dif-
ferent weight percentage (0.5, 1.0, 2.0 and 3.0 wt%) using triblock copolymer as the structure directing
template in ethanol/water medium. Characterization revealed the isomorphic substitution of Zr4+ ion
into the lattice of TiO2, and surface binding nature of La3+ and Ce3+ ions on mesoporous TiO2. Microscopic
examination confirmed the surface adsorption of foreign ion which could alter the particle morphology.
vailable online 4 December 2010
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The size of the particles was less than 20 nm. Photocatalytic activity of metal ions doped mesoporous
TiO2 was evaluated using aqueous alachlor as a model pollutant. It was found that 1 wt% Ce3+ doped
mesoporous TiO2 exhibited higher activity than pure and other metal ions doped mesoporous TiO2. The
change of oxidation state of Ce3+ is suggested to be the cause for enhanced photocatalytic activity.

© 2010 Elsevier B.V. All rights reserved.

lachlor
hotocatalysis

. Introduction

Semiconductor mediated photocatalytic oxidation offers poten-
ially facile and cheap method for removing organic pollutants
rom wastewater. Removal of organic compounds in water and
astewater using photocatalytic oxidation technique is an inter-

sting and important area of research for the past 20 years [1–3].
mong the several semiconductors employed for the degradation
f organic pollutants, TiO2 has proven to be a versatile catalyst [4].
he excellent stability coupled with low cost has made TiO2 as
benchmark catalyst in semiconductor photocatalysis. However,

he existing technology has not been successfully commercialized
ainly because of the low quantum efficiency of TiO2, which is

ue to very fast recombination of photogenerated electron–hole
airs. In order to improve the photocatalytic activity of TiO2, several
odification methods have been developed.
Mesoporous TiO2 with large surface area will provide a

ighly active photocatalytic material, and several preparative
pproaches utilizing supramolecular templating mechanism have

een reported for the preparation of mesoporous TiO2 [5,6]. Meso-
orous TiO2 was first prepared using phosphate surfactant by a
odified sol–gel process [7]. However, the product was found

o be impure TiO2 because a significant amount of phosphorous
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304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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remained in these materials and they underwent partial collapse of
mesostructure during template removal by calcination. Yang et al.
[8] prepared mesoporous TiO2 using amphiphilic poly(alkylene
oxide) block copolymers as structure-directing agent and titanium
tetrachloride as the precursor in non-aqueous medium. Metal ion
doping is an effective method to improve the properties of TiO2 by
modifying their microstructure and phase composition. There are
reports on transition and rare earth metal ions as a dopant in TiO2
to enhance the photocatalytic performance of TiO2 [9,10]. The pres-
ence of dopant ions in TiO2 structure caused significant absorption
shift to the visible region compared to pure TiO2 [11]. The doping
of transition metal ions led to change of electronic environment of
Ti4+ and zeta potential charge of the catalyst [12].

Zirconium ion doping possibly suppresses the recombination of
electrons and holes by trapping [13]. Wang et al. [14] reported that
incorporation of Zr4+ ion into TiO2 led to small grain size, high sur-
face area, large lattice deformation and formation of capture traps,
all of which contribute to higher separation efficiency of the pho-
togenerated carriers. The improved photocatalytic performance of
Zr4+ doped TiO2 is attributed to the strong reduction potential of
the photogenerated electrons, resulting from the elevation of con-
duction band [15]. Venkatachalam et al. [16] reported that doping

4+
of Zr in nano TiO2 decreased the particle size and enhanced the
adsorption of 4-chlorophenol on the catalyst surface.

Lanthanide ions are known for their ability to form complexes
with various Lewis bases (e.g., amines, aldehydes, alcohols, thiols,
etc.) by the interaction of functional groups with f-orbitals of lan-

dx.doi.org/10.1016/j.jhazmat.2010.11.124
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:v_murugu@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2010.11.124


1 ardou

t
c
o
t
p
i
t
p
s
c
m
c
c
i
h
h
m
n
f
c
p

s
(
p
[
w
A
t
[
a
i
p
t
b
w
h
i
n
s
t
i
m
e
d
n
s
d
P
m
a
m
m

2

2

t
h
C
b
(
w
(

184 L. Kumaresan et al. / Journal of Haz

hanides [17]. In addition, incorporation of lanthanide ions on TiO2
ould provide not only a mean to concentrate the organic pollutants
n the semiconductor surface but also stabilize the mesostruc-
ure and provide high surface area, and therefore enhance the
hotocatalytic activity of TiO2 [18]. Moreover, lanthanide ion dop-

ng thermally stabilized the mesoporous structure and retarded
he diminishing of surface area of nanosized TiO2 at high tem-
eratures. On the other hand, Yuan et al. [19] reported the
ynthesis of lanthanum and cerium doped mesoporous TiO2 using
rystalline nanoparticles as assembly units and triblock copoly-
er as template. In addition, Xiao et al. [20] have fabricated

erium doped TiO2 nanoparticles with anatase mesostructure using
etyltrimethylammonium bromide (CTAB) as the structure direct-
ng and pore forming agent. Doping of cerium or lanthanum at
igher concentration not only improved the thermal stability of
exagonal mesostructure but also restrained the phase transfor-
ation. They also reported enhanced growth of crystalline anatase

anoparticles. Moreover, doping of metal ion into mesoporous TiO2
ramework may provide more active sites on the surface of the
hannel and can add acidity, leading to different physico- chemical
roperties as well as improved catalytic behavior.

Herbicides are toxic to many organisms and exhibit low
olubility in water [21]. Alachlor (2-chloro-2′,6′-diethyl-N-
methoxymethyl)acetanilide) is widely used as a pre- and early
ost-emergent herbicide in maize field and also as weed control
22]. The maximum contaminant level of alachlor in drinking water
as established by the United States Environmental Protection
gency (USEPA) as 2 mg/L [23]. Alachlor causes cancer in labora-

ory animals and it is classified as group B2 carcinogen by USEPA
24]. In addition, alachlor has toxic and genotoxic effects and can
lso contribute to infertility [25,26]. Even though pesticides are
ndispensable in modern civilization, society is aware of their
otential toxicity to humans and animals. So the presence of
heir residues in water and wastewater is a potential hazard to
oth humans and environment. The removal of pesticides from
astewater effluent is now the subject of considerable concern and
as attracted many researchers in the recent years. Since alachlor

s very toxic, conventional biological remediation processes are
ot suitable to remove it from contaminated water, and therefore
uitable alternative treatment method is required. Ozonation, pho-
olysis and photocatalysis, photo-Fenton degradation of alachlor
n wastewater have been reported [27–29]. Since mesoporous

aterials possess high surface area, they may be expected to
xhibit high photocatalytic activity. In addition, the effect of metal
opant in mesoporous TiO2 band gap excitation of electron has
ot been discussed enough in the previous reports. In this article,
ynthesis of Zr4+, La3+ and Ce3+ doped mesoporous TiO2 with
ifferent weight percentage using triblock copolymer (Pluronic
123) as the structure directing template in ethanol–water solvent
ixture by sol–gel method and characterization of the materials

re presented. In addition, the photocatalytic activity of these
etal ions doped TiO2 in the degradation of alachlor in aqueous
edium is also evaluated.

. Materials and methods

.1. Materials

Titanium(IV) isopropoxide, zirconium(IV) oxynitrate, lan-
hanum(III) nitrate hexahydrate and cerium(III) nitrate
exahydrate were used as the sources for Ti4+, Zr4+, La3+ and

e3+ respectively. Triblock copolymer, poly(ethylene glycol)-
lock–poly(propylene glycol)-block–poly(ethylene glycol)
Pluronic P123, molecular weight = 5800, EO20PO70EO20; Aldrich)
as used as the structure directing template. All other reagents

Merck) were used as received without further purification.
s Materials 186 (2011) 1183–1192

2.2. Synthesis of pure and metal doped mesoporous TiO2

Pure mesoporous TiO2 was synthesized using soft-template
approach with triblock copolymer as the structure directing agent
by sol–gel method. Ethanol was used as the co-solute and tita-
nium(IV) isopropoxide was used as the source for Ti4+ in the
preparation. The gel composition of the synthesis with ethanol as
co-solute was: 1 Ti(OiPr)4:50 EtOH:0.00017 P123:18 H2O. The typ-
ical synthesis procedure is as detailed below: triblock copolymer
(1 g) was added to ethanol (30 mL). After stirring for 4 h, a clear solu-
tion was obtained. Titanium(IV) isopropoxide (3.0 mL) was added
to the clear solution and stirred for 2 h at room temperature. Then,
water (18 mL) was added to the mixture and stirred continuously
for 24 h at room temperature. Subsequently, the resulting mixture
was kept in dark overnight for nucleation. The synthesis was carried
out in a closed polypropylene bottle. The precipitated product was
centrifuged in order to remove the template present in the solu-
tion of ethanol–water mixture. The solid product was dried and
ground to get fine powder. This material was calcined at 400 ◦C
for 5 h under N2 atmosphere to remove the occluded template.
The synthesized mesoporous TiO2 material was designated as pure
M·TiO2.

The above procedure was adopted for the preparation of zir-
conium, lanthanum and cerium doped mesoporous TiO2 with
different (0.5, 1.0, 2.0 and 3.0) wt% by co-precipitation method.
After the addition of water under vigorous stirring, stoichiometric
amount of the respective metal nitrate was added to the mixture
to obtain the required concentration.

2.3. Catalyst characterization

The X-ray diffraction (XRD) patterns of metal doped mesoporous
TiO2 were recorded on a PANalytical X’Pert Pro X-ray diffractometer
using CuK� radiation as the X-ray source. The diffractograms were
recorded in the 2� range 5–80◦ in steps of 0.02◦ with a count time
of 20 s at each point. The average particle size was determined from
the broadening of the diffraction peak using the Scherrer formula,
D = K�/� cos �, where D is the average particle size (nm), K is the
Scherrer constant, � is the wavelength of the X-ray source, ˇ is the
full width at half-maximum and � is the Bragg’s angle. X-ray pho-
toelectron spectra were recorded on a VG Microtech and MT 500/L
using MoK� radiation as the X-ray source for excitation. The data
were collected at room temperature, and the operating pressure
in the analysis chamber was kept below 10−9 Torr. Transmission
electron microscopic (TEM) images were recorded using a JEOL
TEM-3010 electron microscope operated at an accelerating volt-
age of 300 keV. Scanning electron microscopic (SEM) pictures were
recorded using a scanning electron microscope (HITACHI COM-S-
4200) operated at an accelerating voltage of 16 kV. The surface area
of the catalysts was measured with Belsorb mini II sorption analyzer
using nitrogen as the sorbent at 77 K. Prior to analysis, the samples
were degassed for 3 h at 250 ◦C under vacuum (10−5 mbar) in the
degas port of the adsorption analyzer. FT-IR spectra were recorded
using a FT-IR spectrometer (Nicolet Avator 360). DRS UV–vis spec-
tra of the synthesized materials were recorded in the scan range
210–900 nm using UV–vis spectrophotometer (Shimadzu model
2450) equipped with an integrating sphere and BaSO4 was used
as the reference.

2.4. Photocatalytic degradation studies and analysis
Photocatalytic degradation of alachlor was performed in aque-
ous medium in a slurry batch reactor. A cylindrical photochemical
reactor of 30 cm × 2 cm (height × diameter), with a water circu-
lation arrangement to maintain the temperature in the range
25–30 ◦C, was used in all the experiments. UV irradiation was
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arried out using 8 × 8 W low pressure mercury lamps built into
lamp housing with polished anodized aluminium reflectors

laced 12 cm away from the reactor. These lamps emit predom-
nantly UV radiation at a wavelength of 254 nm and another

lamps were arranged alternatively to emit UV radiation at
wavelength of 365 nm. The reactor set-up was covered with

luminium foil followed by a black cloth to prevent UV light
eakage.

Alachlor stock solution containing 200 mg L−1 was prepared
n triple distilled water and diluted to the required concentra-
ion. In a typical procedure, 100 mg of the catalyst was added
o 100 mL alachlor solution of 40 mg L−1 and the resultant slurry
as stirred for 30 min to attain equilibrium. It was then irradiated
ith UV light of either 254 or 365 nm with continuous purging

f air free from CO2. Aliquots (5 mL) were withdrawn at specific
ime intervals, diluted to 10 mL using triple distilled water and
nalyzed after centrifugation followed by filtration with 0.2 �m
embrane to remove the catalyst particles. The extent of degra-

ation and formation of intermediates were monitored using a
igh performance liquid chromatograph (HPLC; Shimadzu, LC-20
p prominence pump and SPD-20A UV–vis detector adjustable
o 210 and 270 nm with reverse-phase ODS column). The mobile
hase in the HPLC was composed of acetonitrile and triple distilled
ater (70:30 (v/v)). The extent of mineralization of alachlor was fol-

owed using a total organic carbon analyzer (TOC; Shimadzu TOC-V
PN).

. Results and discussion

.1. XRD

The XRD patterns of pure and Zr4+ doped M·TiO2 are presented in
ig. 1. The patterns are comparable to anatase form of TiO2 (JCPDS,
le No. 21-1272). The patterns corresponding to Zr4+ doped M·TiO2
aterials are less intense than pure M·TiO2. This revealed that the

rystalline nature of Zr4+ doped TiO2 is lower than pure M·TiO2. The
eaks at 25.48◦, 37.94◦, 48.10◦ (2�) corresponding to pure M·TiO2
re shifted for Zr4+ doped M·TiO2. Since the ionic radius of Zr4+

0.720 Å) is close to Ti4+ (0.680 Å), Zr4+ ions can substitute the lat-
ice Ti4+ ions or incorporate interstitially into the lattice of TiO2
16,30]. Moreover, both titanium and zirconium are tetravalent;
imilar surface perfection/imperfection is expected due to defective
OH groups. FT-IR spectral analysis, discussed below, illustrates
hat M·TiO2 possesses more defective –OH groups than Zr4+ doped
·TiO2. Though Zr4+ doped M·TiO2 carries less number of defective

OH groups, their intensity in the XRD patterns is lower than pure
·TiO2. Zirconium may be planted on the surface as well as in the

ulk of TiO2 crystal in Zr4+ doped M·TiO2. Surface planting of zir-
onium can facilitate reduction of defective –OH groups whereas
ulk planting can lead to lattice distortion. If surface planting of Zr4+

ccurred during synthesis, it could be expected that same level of
efective –OH groups may be present as that of M·TiO2. But FT-IR
pectra revealed fewer number of defective –OH groups. Hence the
eduction in the number of surface –OH groups may be due to reac-
ion between free formed Zr(OH)4 and already available defective
OH groups during calcination.

The XRD patterns of pure and La3+ doped M·TiO2 are shown in
ig. 1. The patterns are comparable to anatase form of TiO2 (JCPDS,
le No. 21-1272). Separate crystallization of La2O3 is precluded dur-

ng synthesis. La3+ may be incorporated either in the lattice of TiO2

r crystallized as tiny particles of very small dimension below the
etectability limit of XRD. Incorporation of La3+ in the lattice of TiO2

s confirmed by the shift in the 2� values of the patterns of all La3+

oped M·TiO2. The 2� values of different wt% La3+ doped M·TiO2
25.35◦, 25.38◦, 25.4◦ and 25.34◦) corresponding to the patterns of
Fig. 1. XRD patterns of Zr4+, La3+ and Ce3+ doped M·TiO2 with different wt% (a) pure
M·TiO2, (b) 0.5 wt%, (c) 1.0 wt%, (d) 2.0 wt% and (e) 3.0 wt%.

(1 0 1) are shifted from 25.48◦ (2�) of pure M·TiO2. Since the ionic
size of Ti4+ (0.680 Å) is not matching with that of La3+ (1.150 Å),
incorporation of La3+ in the inner portion of crystal lattice may not
be possible. Moreover, the charge of La3+ is one unit less than Ti4+

and hence placing La3+ in the bulk portion of TiO2 crystal is not
allowed. Therefore, the most appropriate place for positioning La3+

is the outer surface of TiO2 crystal [31]. The entry of every La3+ on
the surface creates less number of defective –OH groups on the sur-
face due to covalent bond formation between La3+ and M·TiO2. This
is confirmed from FT-IR spectral analysis discussed below. Based on
the FT-IR spectra and also the intensity of XRD patterns, it is evident
that La3+ is planted mainly on the external surface.

The XRD patterns of pure and Ce3+ doped M·TiO2 are presented
in Fig. 1. The intensity of the patterns for Ce3+ doped M·TiO2 is
slightly decreased for 0.5, 1.0 and 2.0 wt% but largely decreased for
3.0 wt% Ce3+ doped M·TiO2 compared to pure M·TiO2. Hence like

La3+, Ce3+ may be covalently bound to the surface, without being
planted in the bulk of TiO2 lattice. There are chances to form oxides
of Zr4+, La3+ and Ce3+ in the corresponding metal doped M·TiO2 at
high doping level. But the size of the oxides is small and hence sep-
arate patterns for them are not observed in the XRD. Based on the
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trum of Ce3+ doped M·TiO2 is shown in Fig. 3. The presence of Ce
ig. 2. XPS spectra of 1.0 wt% metal doped M·TiO2 (a) Zr4+ doped M·TiO2, (b) Ce3+

oped M·TiO2 and (c) La3+ doped M·TiO2.

RD data, the crystallite size of the metal doped M·TiO2 is calcu-
ated using the Scherer equation and it is found to vary from 10 to
5 nm.
.2. XPS

The XPS spectra of 1 wt% Zr4+, La3+ and Ce3+ doped M·TiO2 are
hown in Fig. 2 The electron subshell (core shell) corresponding

Fig. 3. 3d XPS spectra of 1 wt% Zr4+
s Materials 186 (2011) 1183–1192

to each peak is indicated for each element in the respective spec-
trum. The binding energies of the level match with those reported
in the literature [32–34]. Ti 2p binding energy for all metal doped
M·TiO2 is approximately equal to 458.0 eV (2p3/2) and 464.0 eV
(2p1/2) corresponding to Ti4+ in tetragonal structure [35–37]. A
dominant peak at 530.1 eV, characteristic of metallic oxides, arises
from the overlapping contribution of oxygen from TiO2 and M–O–Ti
compounds, among which oxygen from TiO2 is the primary con-
tributor. The O 1s peak at 531.2 eV is attributed to the hydroxyl
group [38].

The Zr 3d spectrum exhibits two peaks with binding energy val-
ues of 181.7 and 185.2 eV for Zr 3d5/2 and Zr 3d3/2 respectively, as
shown in Fig. 3. This is consistent with the values reported in the
literature [39]. These results reveal that Zr4+ ions are substituted
for Ti4+ in the TiO2 lattice. The La 3d spectrum (Fig. 3.) shows peaks
with binding energy values of 835, 844 and 852 eV. From the results
of La 3d spectrum, it is suggested that lanthanum exists in +3 state
in La3+ doped M·TiO2. Furthermore, compared to the standard XPS
energy peak location of La 3d in La2O3, the peak for La 3d spectrum
in La3+ doped M·TiO2 exhibits a slight chemical shift to low binding
energy. This is ascribed to the variation of La3+ chemical surround-
ings and the difference in the distance between lanthanum and
oxygen compared with pure La2O3 [40,41]. Similarly Ce 3d spec-
3d5/2 and Ce 3d3/2, with binding energy values of 873 and 895 eV
respectively, is clearly seen in the spectrum [42]. Hence, as a result
of doping, there may not be any change in the oxidation state of the
ions.

, La3+ and Ce4+ doped M·TiO2.
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ig. 4. TEM images of (a) 1 wt% Zr4+ doped M·TiO2, (b) magnified image of 1 wt% Z
·TiO2, (e) 1 wt% Ce3+ doped M·TiO2 and (f) magnified image of 1 wt% Ce3+ doped M

.3. TEM

The TEM images of 1.0 wt% Zr4+ doped M·TiO2 are shown in
ig. 4a and b. The particles are roughly spherical in shape with
arrow size distribution. The presence of macro voids and agglom-

ration of the particles are clearly seen. Based on the morphology, it
s difficult to discern the particles of zirconia. Hence zirconium may
e spread over the entire solid matrix as discussed in XRD. Based
n the scale provided, the size of all particles is less than 20 nm.
he TEM images of La3+ doped M·TiO2 are shown in Fig. 4c and d.
ped M·TiO2, (c) 1 wt% La3+ doped M·TiO2, (d) magnified image of 1 wt% La3+ doped
.

It is very much agglomerated but does not show more voids unlike
Zr4+ doped M·TiO2. The image of single particle shows a distorted
square like morphology as shown in Fig. 4d. The particle size is
varying in the range between 5 and 10 nm. TEM images of 1.0 wt%
Ce3+ doped M·TiO2 are shown in Fig. 4e and f. These images exhibit

the same characteristics as that of Zr4+ doped M·TiO2. Like La3+

doped M·TiO2, Ce3+ doped M·TiO2 is also very much agglomerated.
The particles appear nearly uniform in size and all of them have
size less than 20 nm. The TEM image of a single particle exhibits
hexagonal structural arrangement as shown in Fig. 4f.
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Fig. 5. SEM images of (a) 1.0 wt% Zr4+ doped M·TiO2, (b)

The metal ions seem to control the morphology of particles.
lthough surface adsorption of foreign metal ions could alter the
article morphology, the medium may also play a significant role

n controlling the morphology. Although both trivalent metal ions
ndergo hydrolysis to form M(OH)3, M(OH)2

+, MO+, etc. (M = La3+

r Ce3+), their concentration may differ for both La3+ and Ce3+. As
he species are adsorbed on the surface of growing crystals, both

etal ions cannot give crystals of similar morphology because of
ifferent level of adsorption of such species.

.4. SEM

The SEM image of 1.0 wt% Zr4+ doped M·TiO2 is shown in Fig. 5a.
igh degree of agglomeration is clearly evident and all of them
xhibit similar morphology without any evidence for separate mor-
hology for ZrO2. This observation is similar to TEM image. Thus
EM and SEM images are clear evidence for complete dispersion of
r4+ on TiO2 particle.

SEM images of 1.0 wt% La3+ and Ce3+ doped M·TiO2 are shown
n Fig. 5b and c respectively. The morphology of particles is roughly
pherical. Separate crystalline particles of lanthanum and cerium
xides are not seen similar to Zr4+ doped M·TiO2. Hence La3+ and
e3+ ions are well dispersed on TiO2 particles. Though the particles
re nearly the same size as predicted by TEM, the aggregates exhibit
arying sizes. Single aggregate is not advantageous, whereas highly

ispersed aggregates are significant for photocatalysis. Such highly
ispersed aggregates can adsorb even bulky pollutants and do not
inder light penetration like bulk aggregates. Although formation
f such dispersed aggregates was not observed during synthesis,
uch formation is important in photocatalysis.
% La3+ doped M·TiO2 and (c) 1.0 wt% Ce3+ doped M·TiO2.

3.5. Nitrogen sorption analysis

The N2 adsorption isotherms of pure and Zr4+ doped M·TiO2 with
different wt% (0.5, 1.0 and 2.0) are shown in Fig. 6. The pure M·TiO2
exhibits type IV adsorption isotherm with the characteristic hys-
teresis loop for its mesoporous void [43]. The major pores appear
with uniform dimension, as the portion corresponding to pore con-
densation of nitrogen shows a smooth increase. As the curve due
to multilayer formation above relative pressure (p/p0) of 0.9 is not
overlapping as that of cooling curve, part of the pore may be larger
in dimension than the previous one. The isotherms of Zr4+ doped
M·TiO2 are almost similar but irregular compared to that of pure
M·TiO2. The wide variation in the pore size is clearly evident in all
the isotherms. Hence Zr4+ incorporation may promote unequal dis-
tribution of pore size, and this could be possible if sufficient amount
of Zr4+ is resting on one particle surface to bind other particles with
varying inter particle voids.

The N2 adsorption isotherms of pure and (0.5, 1.0 and 2.0 wt%)
La3+ doped M·TiO2 are shown in Fig. 6. The isotherms of La3+

doped M·TiO2 exhibit type IV with characteristic hysteresis loop,
thus confirming the formation of mesopore similar to pure M·TiO2.
The portion corresponding to pore condensation is higher for all
La3+ doped M·TiO2. Hence surface bound La3+ might promote for-
mation of pores of larger volume than pure M·TiO2. The strong
Lewis acid properties of La3+ may be the cause for the formation
of such lengthy pores. Hence similar to zirconium, lanthanum also

promotes agglomeration and produces pores with large dimension.
N2 adsorption isotherms of pure and (0.5, 1.0 and 2.0 wt%) Ce3+

doped M·TiO2 are depicted in Fig. 6. The isotherms of pure and Ce3+

doped M·TiO2 exhibit type IV adsorption with characteristic hys-
teresis loop, evidently supports the formation of mesopore. But the
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ig. 6. Nitrogen sorption isotherms of pure and Zr4+, La3+ and Ce3+ doped M·TiO2 (
1.0 wt%) doped M·TiO2 (a) pure M·TiO2, (b) Zr4+ doped M·TiO2, (c) La3+ doped M·Ti

ortion corresponding to pore condensation is higher than pure
·TiO2.
The pore size distributions of pure and metal doped M·TiO2 are

hown in Fig. 6. The curves for metal doped M·TiO2 are very much
roadened compared to pure M·TiO2. In addition, the presence of

arge pore size greater than 10 nm is also seen in all the metal
oped M·TiO2. The formation of such pores may be attributed to the
ores created as a result of agglomeration. Hence, surface planted
oped metal ion with high Lewis acid property may promote better
gglomeration of tiny particles than pure M·TiO2.

.6. DRS UV–vis

The DRS UV–vis spectra of pure and Zr4+ doped M·TiO2 are
epicted in Fig. 7. The band gap excitation of Zr4+ doped M·TiO2

s shifted towards longer wavelength compared to pure M·TiO2
44]. Hence Zr4+ might covalently interact with TiO2 and modi-
ed the band gap of the doped catalysts. Generally shifting of band
ap excitation towards longer wavelength is not advantageous for
hotocatalytic application. But this effect could be compensated by
article agglomeration as evidenced from the absorbance between
00 and 750 nm. There are two absorbance maxima below 400 nm,

llustrating formation of two groups of particles with different band
aps. Similarly two absorbance maxima are also observed for pure
·TiO2. Hence crystallization properties of TiO2 may not change
y the presence of Zr4+ ion and absorbance maximum is also not
hifted due to Zr4+ doping.

The DRS UV–vis spectra of La3+ and Ce3+ doped M·TiO2 are also
resented in Fig. 7. There are two absorbance bands observed below
00 nm similar to Zr4+ doped M·TiO2. The band gap excitation of
e, (b) 0.5 wt%, (c) 1.0 wt% and (d) 2.0 wt%; pore size distribution of pure and metal
(d) Ce3+ doped M·TiO2.

La3+ is nearly equal to pure M·TiO2. But the band gap excitation
is shifted to longer wavelength for Ce3+ doped M·TiO2. The typical
red shift may be attributed to charge-transfer transition between f
orbital electrons in the rare earth metal ion and TiO2 conduction or
valence band [45,46]. The enhanced red shift shown by Ce3+ doped
M·TiO2 is a clear additional confirmation for covalent bonding of
Ce3+ on TiO2 surface. Since Ce3+ carries an unpaired electron, new
filled energy levels are added to TiO2 in all Ce3+ doped M·TiO2. As a
result, the band gap is gradually decreased with increase of cerium
content. This is the cause for enhanced red shift in the DRS spec-
tra for Ce3+ doped M·TiO2. Moreover, the absorbance of Ce3+ doped
M·TiO2 is increased with increase of cerium content. Hence cerium
doping may influence more strongly the band gap of TiO2 particles
than lanthanum. They may covalently bind to the surface and facili-
tate particles agglomeration. Such particles agglomeration leads to
formation of giant molecular orbitals, which encompass all the par-
ticles together. This may be the cause for absorption in the entire
visible region and shift of band gap excitation to longer wavelength.
Hence La3+ and Ce3+ doping may influence the band gap excitation
of TiO2 differently. Agglomeration of particles to form giant molec-
ular orbitals is the cause for absorption of light in the visible region.

3.7. FT-IR

The FT-IR spectra of pure and Zr4+ doped M·TiO2 are presented in
Fig. 8. In all the spectra, the intense broad band between 2700 and

3600 cm−1 is assigned to –OH stretching vibration of water. The
corresponding bending vibration occurs close to 1630 cm−1. The
vibration modes of anatase skeletal O–Ti–O bonds are observed in
the range of 500–900 cm−1 [47]. At higher energy region, there are
peaks between 4000 and 3600 cm−1 and they are assigned to defec-
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(inset). The observation of rapid increase in chloride ion concen-
ig. 7. DRS UV–vis spectra of pure and Zr4+, La3+ and Ce3+ doped M·TiO2 (a) pure,
b) 0.5 wt%, (c) 1.0 wt%, (d) 2.0 wt% and (e) 3.0 wt%.

ive –OH groups [48]. These peaks are more intense for M·TiO2 than
r4+ doped M·TiO2. Hence Zr4+ doping may result in the suppres-
ion of defective –OH groups by bonding between Zr4+ and –OH
roup. This is also in accordance with the results of XRD.

The FT-IR spectra of La3+ and Ce3+ doped M·TiO2 are also shown
n Fig. 8. The spectra also display nearly similar features as that of
r4+ doped M·TiO2. The intense peaks due to defective –OH groups
ecreased as a result of doping. Hence, the surface –OH group may
e covalently bound to La3+ or Ce3+. Since the ionic size of La3+

nd Ce3+ are higher than Ti4+, the entry of these ions into the bulk
iO2 crystal matrix may not be feasible. But such restriction is not
pplicable for planting La3+ or Ce3+ on the surface of TiO2 where
hese ions can freely interact with defective –OH groups. From the
T-IR spectra, it could be visualized that metal ions are covalently
ound to TiO2 particles surface, provided TiO2 carries defective –OH
roups on the surface.

.8. Evaluation of photocatalytic activity of metal doped

esoporous TiO2

The photocatalytic activity of pure and Zr4+, La3+ and Ce3+

1 wt%) doped M·TiO2 was evaluated in the degradation of alachlor
Fig. 8. FT-IR spectra of pure and Zr4+, La3+ and Ce3+ doped M·TiO2 (a) pure, (b)
0.5 wt%, (c) 1.0 wt%, (d) 2.0 wt% and (e) 3.0 wt%.

in aqueous medium. The progress of the reaction was monitored by
measuring TOC at regular intervals. The plot of TOC versus irradi-
ation time is shown in Fig. 9. The pure and metal doped M·TiO2
showed decrease in TOC with increase in irradiation time. The
decrease in TOC was much rapid upto 2.5 h beyond which it was
slow. Ce3+ (1 wt%) doped M·TiO2 showed higher rate of degrada-
tion than others. The mineralization was completed at the end of
3.5 h over Ce3+ doped M·TiO2 whereas it required 4 h for other
metal doped and pure M·TiO2. Ce3+ doped M·TiO2 photocatalysts
are better than others for mineralization of alachlor. As metal doped
M·TiO2 catalysts are found to be better than pure M·TiO2, agglom-
eration assisted by the metal dopant felicitated excited electron
transport from the excited particle. This may be the cause for the
enhanced degradation. Since chlorine in alachlor is removed as
chloride ion during degradation, monitoring of chloride ion con-
centration of reaction mixture at regular intervals of irradiation
time was also measured to envisage the progress of degradation
with 1.0 wt% Ce3+ doped M·TiO2. The results are presented in Fig. 9
tration up to 2 h and thereafter a steady concentration of chloride
ion illustrates the completion of degradation of alachlor. Hence,
maximum percentage of degradation of alachlor could be achieved
within 2 h.
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The decrease in the intensity of the peak (at retention time of
3.0 min) due to degradation of alachlor and appearance of new
eaks (at retention time of 10.80 and 19.25 min) due to forma-
ion of fragments during photocatalysis were clearly seen in the
PLC chromatograms (figure not included). The complete disap-
earance of alachlor and its fragments were also evident in HPLC
hromatograms. Thus the HPLC chromatograms are evident for
egradation of alachlor and therefore the decrease in the TOC value

s due to degradation and not due to adsorption.
The rapid decrease in TOC over Ce3+ (1.0 wt%) doped M·TiO2

ould be explained as follows: Since Ce3+ ion can be reduced to
nstable Ce2+, the band gap excited electrons could be used to form
e2+. This act of electron pirating could minimize electron–hole
ecombination and facilitates generation of hydroxyl radical in the
xidation of water by hole. Such redox properties are possible for
erium and not for other metals. The reduced Ce2+ can be oxi-
ized back to Ce3+ either by dissolved oxygen or by the hole [49].
e2+ is not necessarily be oxidized by the hole of the same parti-
le. The formation of agglomerates can rapidly transport band gap
xcited electrons delocalizing over all the particles of agglomerates.
n other words Ce3+ ion could be a better electron sink to suppress
lectron–hole recombination.

. Conclusion

Zr4+, La3+ and Ce3+ doped mesoporous TiO2 can be conveniently
repared by sol–gel method involving co-precipitation of titanium
nd respective metal ion dopant in the presence of triblock copoly-
er (Pluronic P123) as the structure directing agent. Crystallization

f exclusive anatase phase in all three metal ion doped M·TiO2 is
vident from XRD patterns. TEM and SEM images revealed agglom-
ration of particles in all the materials. The entry of Zr4+ ion into the
attice of TiO2 and surface binding of La3+ and Ce3+ on TiO2 are con-
rmed from XRD. FT-IR spectra also confirmed the surface binding
f La3+ and Ce3+ on TiO2 based on the decrease in the intensity of
OH stretching of TiO2. The photocatalytic activity in the miner-
lization of alachlor in aqueous solution concluded that Zr4+, La3+

nd Ce3+ doped M·TiO2 are better than pure M·TiO2. As Ce3+ doped
·TiO showed better activity than other doped M·TiO , change
2 2

n the oxidation state of Ce3+ is suggested to be the cause for the
nhanced activity. It is suggested that Ce3+ is reduced to unsta-
le Ce2+ state during the mineralization process, but it is not fully
stablished. Oxidation of Ce3+ to Ce4+ is not useful in the study as

[

[

s Materials 186 (2011) 1183–1192 1191

mineralization will be completely lost by this oxidation. This study
also provides additional conclusion that doping of TiO2 with metal
ion of highly unstable reduced state is better for photocatalytic
studies than other metal ions.
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