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(Desarrollo
y aplicación de las ecuaciones
de Stefan-Maxwell) CON TiO2
DE ARCILLAS
DELAMINADAS
Stephen Whitaker

J.G. Carriazo1∗ , A. Ensuncho-Muñoz2 and O. Almanza3
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Palabras clave: arcilla delaminada, dióxido de titanio, EPR, arcilla modificada con hierro-titanio, mineral de arcilla.

1

Introduction

Nowadays, several technological procedures
have been developed in the entire world in
order to eliminate some toxic organic compounds
(phenol, substituted phenols carboxylic acids,
pesticides and herbicides, among others) which
are poured into residual waters from chemical,
agrochemical, petrochemical or pharmaceutical
industries (Perathoner and Centi, 2005; Bhargava et

al., 2006; Liotta et al., 2009). Adsorption processes,
biological methods and those based on catalytic
oxidation (homogeneous and heterogeneous) are
worthy of mention, but in the heterogeneous-catalysis
procedures those photo-assisted by ultraviolet-light
(UV) are currently important (Carriazo et al., 2005;
Carriazo et al., 2008; Yang et al., 2008; Iurascu et al.,
2009).
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Fig. 1. Schematic representation of a smectite-type clay mineral (a), and a model of the delaminated-clay
microstructure obtained by intercalation of TiO2 (b).

487

488
489

490

491

492

493
494
495
496
497
498
499

photo-catalysts
based on TiO2 of
and aFe-smectite-type
From a structural
point of view,
consider
FigureRecently,
1. Schematic
representation
clay mineral
(a),weand
a that
model of the
TiO2 -delaminated clays were designed and a set of
the incorporation of a metal ion (Fe3+ ) inside the
delaminated-clay
microstructure obtained by intercalation
of TiO$_2$ (b).
inorganic structure materials with higher or minor
anatase framework is required as an essential condition
activity, depending on the synthesis procedure used to
to reach a modification of the band-gap value in
incorporate the iron species, were obtained (Carriazo
order to shift it toward values close to the visible
et al., 2010). Such materials allow 1) optimizing
light region, for obtaining favorable effects on the
the TiO2 semiconductor (anatasa) by means of its
photo-catalytic activity of modified TiO2 . Since this
dispersion on an appropriate and inexpensive solid
perspective, the progress on the study of our designed
matrix (clay mineral), and 2) shifting the band-gap
structures, by spectroscopic techniques sensitive to the
value toward the visible spectrum through structural
metal ion (and its concentration level) introduced in
incorporation of Fe3+ ions (Crittenden et al., 1997; Pal
the solids, is needed. For that reason, the present work
et al., 1999; Liu et al., 2005; Ambrus et al., 2008; Ye
explores the structural environments of iron species
et al., 2008). The last criterion allows advancing to
by using the electron paramagnetic resonance (EPR)
a possible technological application of these catalytic
spectroscopy.
systems, to be used under solar light irradiation.
EPR is a spectroscopic technique frequently
Figure 1 shows both the structure of a clay mineral
used to investigate the structure and interactions of
(smectite) used in the preparation of these materials
paramagnetic species (molecules or ions with unpaired
and a representative model of the delaminated clay
electrons) such as free radicals, some metal ions
structure obtained.
and solid defects like electrons trapped in lattice
vacancies. Therefore, EPR has been widely applied in
Regarding the effect of iron incorporation in TiO2
the study
structural modification
titanium
dioxide
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scientific literature has shown opposite results which
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of several kinds of structural defects (Cordischi et al.,
subject (Di Paola et al., 2002; Zhu et al., 2004; Zhu et
2000; Janes et al., 2004; Hurum et al., 2006; Soria et
al., 2006; Ambrus et al., 2008; Liu and Chen, 2009),
al., 2007; Chong et al., 2008; Güler et al., 2009; Wang
but in a previous work it was demonstrated that the
et al., 2011).
sensitivity of this kind of solid structures to the UV
absorption in a catalytic process is strongly dependent
Finally, a solid structure deep knowledge of
on the preparation method (Carriazo et al., 2010).
the studied catalysts will allow obtaining higher
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information needed to optimize and develop possible
technological applications of those catalytic systems.
In this way, the aim of this work is to explore by
EPR spectroscopy the structure of TiO2 and Fe/TiO2
nanoparticles included in the as-prepared delaminated
clays.

maintaining a ratio of 10 mmol Ti/g of clay. The final
sample was dried at 60 °C and then calcined at 400 °C
for 2 h in air static atmosphere.

2

This solid was synthesized using a typical cationic
exchange procedure: 5 g of the solid Ti?PILC were
dispersed in 250 mL of distilled water for 24 h with
continuous stirring. Iron(III) nitrate (53 mmol of
Fe3+ /g solid) was added to this suspension. The final
solid was washed until the conductivity of the solution
was close to that of distilled water, dried at 60 °C and
then calcined at 400 °C for 2 h.

2.1

Material and methods
Synthesis of solids

The detailed procedure of synthesis has already
been published elsewhere (Carriazo et al., 2010).
The catalysts were prepared by modification of the
clay mineral (bentonite) previously characterized.
Bentonite is a type of clay whose major component (a
very high content) is the smectite clay mineral, thus the
term “bentonite” indicates that the mineral modified
in this work was smectite. Particles of 2 µm or less
were selected and then “homoionized” with 1 M NaCl
solution. The preparation of a Ti(IV) intercalating
solution was carried out: 60 mL of TiCl4 (60 wt.%
in HCl) were slowly added to a beaker containing 70
mL of 37% HCl, with subsequent addition of distilled
water (drop-wise and continuous stirring) to obtain a
0.85 M Ti solution.
2.1.1.
Modification of the clay mineral via
intercalation with Ti(IV) species: Ti?PILC solid
Sodium bentonite (20 g) was dispersed in 1 L of
distilled water and the mixture was stirred for 24 h.
The Ti(IV)-intercalating solution was slowly added to
the bentonite suspension with vigorous stirring, up to
a ratio of 10 mmol of Ti per gram of clay. The contact
time of clay with the intercalating solution was 18
h. The Ti-modified clay was separated from solution
by centrifugation and then washed several times with
distilled water until the conductivity of the supernatant
solution was close to that of distilled water. The final
sample was dried at 60 °C and then calcined at 400 °C
for 2 h in air static atmosphere.
2.1.2.
Modification of the clay mineral via
intercalation with Fe(III)-Ti(IV) species: Fe-Ti-PILC
solid
An aqueous Ti-Fe solution was prepared to modify
the clay mineral: 59 mL of Ti(IV)-intercalating
solution were mixed with 100 mL of Fe(NO3 )3 0.5
M solution. The new Fe-Ti-intercalating solution was
slowly added to a volume of the bentonite suspension

2.1.3 Incorporation of Fe(III) by cationic exchange:
Fe-Ti-CE solid

2.1.4. Incorporation of Fe(III) by impregnation: FeTi-IMP solid
This solid was prepared by wet impregnation of Fe3+
ions on the solid Ti-PILC: 5.3 mmol of Fe3+ (as
Fe(NO3 )3 ) per gram of clay were added to a dilute TiPILC suspension in water under continuous stirring.
The mixture was stirred for 3 h and then dried at 60
°C to be calcined at 400 °C for 2 h to obtain the final
solid.

2.2

Characterization technique

EPR analyses were performed at room temperature in
a Bruker ESP 300 spectrometer. EPR measurements
were conducted with a modulation frequency of 100
kHz, a sweep width of 100 G, modulation amplitude
of 0.49 G, scan time of 41.94 s, and microwave
power of 20 mW. The calibration of this equipment
was verified by radical cation ABTS•+ solutions: the
initial concentration was prepared by dissolving 38.4
mg of ABTS (7.0 mM) and 6.6 mg of potassium
persulfate (2.45 mM) in 10 mL of demineralized water
(Re et al., 1999), and the additional concentrations
were obtained by dilution. The characteristic g value
for ABTS, measured under the given experimental
conditions, was 2.008 (on a field of 3479 gauss)
(Figure 2). This g value was in agreement with that
reported in the literature (Scott et al., 1993; Zalibera
et al., 2008), confirming the good operation level of
the EPR spectrometer. For analyzing all the samples
a frequency of 9.44 GHz was used, and the g-values
were obtained from g=hν/βH, where β is the Bohr
magneton, h is the Planck constant, ν is the frequency,
and H is the center field at which the resonance occurs.
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Shelef,Figure
2000;5.Hernández
et al., 2006; Menezes et
The intensity of EPR signals of the Ti-PILC solid
583 al., 2006; Umamaheswari et al., 2006), but in clay
is very similar to that for bentonite (Figure 3a), but
minerals it is attributed to the presence of iron in the
the intensity around g=2.034 for the Fe-Ti-PILC solid
octahedral layers. The broad signal around g=2.034
is higher than those (Figure 3b). Also, on the EPR
is attributed to the formation of Fe3+ species (electron
spectra of the Fe-Ti-IMP and Fe-Ti-CE samples a
spin S = 5/2) in clusters (oxide nanoparticles), where
small increase of intensity was observed (Figures 3c
the iron ions have an octahedral symmetry and
and 3d). This variation in the EPR intensities is due
the interactions among spin magnetic moments are
to the incorporation of iron cations in the solids, being
enormously favored into the population of electrons
Fe-Ti-PILC the material with higher incorporation of
(Kucherov and Shelef, 2000; Hernández et al., 2006;
iron. On the other hand, a particular spectroscopic
Menezes et al., 2006; Umamaheswari et al., 2006).
behavior of the Fe-Ti-PILC sample is observed, since
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the central g-value was shifted to low magnetic field
at g=2.091 (Figure 4). This change in the central
line position of the EPR spectrum is a result of
the structural incorporation of the Fe3+ ions in the
TiO2 lattice (isomorphic substitution, as suggested
in previous work (Carriazo et al., 2010)). Figure 4
shows exactly the same central g-value for all the
other studied materials, but slightly different for FeTi-PILC, which is in agreement with the fact that
an incorporation of Fe3+ ions into the TiO2 structure
was not expected by using those synthesis procedures
corresponding to the Ti-PILC, Fe-Ti-IMP or Fe-TiCE solids. Furthermore, as shown in Figures 4 and 5
additional g-values were observed for the Ti-PILC and
Fe-Ti-PILC samples, which are directly associated to
the TiO2 incorporation.
Titanium dioxide (TiO2 ) contains Ti4+ in its
structure, which does not have unpaired electrons
in its electronic configuration and so no EPR-signal
should be observed, but some paramagnetic centers
may be arisen from electron trapping sites due to
electrons or oxygen radicals in oxygen vacancies
4+ species) with
(e− /hole/Ti4+ , O•− /Ti4+ or O•−
2 /Ti
different coordination and environments (Coronado
et al., 2002; Wang et al., 2011). The additional
g-values (g1 to g6 ) around the central line (Figure
5 and Table 1) are a consequence of both the
structural oxygen vacancies with trapped electrons
(e− /hole/Ti4+ ) and the other electron trapping sites
4+
(O•− //Ti4+ or O•−
2 //Ti ) (Coronado et al., 2002;
Hurum et al., 2006; Carter et al., 2007; Scotti et
al., 2009; Wang et al., 2011), all of these sites
originated through the synthesis of solids. These
six lines (g1 to g6 ) in Ti-PILC and Fe-Ti-PILC can
be explained from the hyperfine interactions between
trapped electron species (electron trapping sites) and

the titanium nuclei. Therefore the Ti4+ ions can be
considered as Ti3+ because of the partial reduction
of Ti4+ (e− + Ti4+ = Ti3+ ), and so Ti3+ ions have
an electronic configuration with an unpaired electron
(Ar3d1 ), showing hyperfine interaction between this
electron and the nucleus of titanium (47 Ti with nuclear
spin I = 5/2) to give a sextet in the EPR spectrum and
an experimental hyperfine splitting constant of 91.733
gauss in both cases for Ti-PILC and Fe-Ti-PILC
(Bielski et al., 1967). In EPR, the number of lines
originated from hyperfine interactions is determined
by 2I + 1, which can explain the six symmetrical lines
observed.
These additional g-values are absent in the FeTi-IMP and Fe-Ti-CE probably due to the further
procedures carried out in the synthesis of these solids,
such as impregnation and cationic exchange followed
by a second calcination at 400 °C in each case. On the
other hand, oxygen vacancies with trapped electron are
very important for the photo-catalytic behavior of both
Ti-PILC and Fe-Ti-PILC solids (the more active solids
in previous work (Carriazo et al., 2010)), because of
such cavities have acceptor energy levels closer to the
electron conduction band (Liu et al., 2005). That
phenomenon leads to a slight decrease of the bandgap in solid structures allowing absorption of radiation
with smaller energy (light closer to the visible region
than pure UV radiation).

Conclusions
TiO2 and Fe/TiO2 delaminated clays was
characterized by electron paramagnetic resonance
(EPR), which showed the characteristic g-values of
iron ions (Fe3+ ) in different structural environment of
clay: octahedral-layer sites and oxide nanoclusters.

Table 1. g-values of additional lines observed in EPR spectra of
Ti-PILC and Fe-Ti-PILC solids.
Ti-PILC

478

Fe-Ti-PILC

Magnetic field
(Gauss)

g

Magnetic field
(Gauss)

3120
3207
3315
3383
3492
3595

g1 = 2.162
g2 = 2.103
g3 = 2.034
g4 = 1.994
g5 = 1.931
g6 = 1.876

3119
3209
3225
3384
3490
3592
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g
g1
g2
g3
g4
g5
g6

= 2.162
= 2.102
= 2.091
= 1.993
= 1.932
= 1.877
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Additionally, a significant shift of the central g-value
as a consequence of Fe3+ substitution in the TiO2
structure was observed for the solid obtained by
direct addition of iron ions in the titanium aqueous
solution (solid named Fe-Ti-PILC). A series of
additional g-values symmetrically distributed around
the central absorption line was observed for the TiO2
nanoparticles included in the clay mineral, which were
attributed to both structural oxygen vacancies (holes)
with trapped electrons and other electron trapping sites
remained in the TiO2 framework after synthesis.
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