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Titania—Sepiolite Nanocomposites Prepared by a Surfactant
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Microfibrous TiO,—sepiolite and TiO,/SiO,—sepiolite nanocomposites were prepared following a
colloidal route based on the controlled hydrolysis of alkoxides in the presence of cetyltrimethylammonium—
sepiolite gel. In this way, titanium(IV) isopropoxide and tetramethoxysilane were used as titania and
silica precursors, respectively, being incorporated within the organophilic layer developed on the surface
of the silicate microfibers and further hydrolyzed in this region. The hydrolysis of the precursor gives
highly viscous colloidal systems leading to a spontaneous heterocoagulation process of the colloidal
system. Drying and thermal treatments of the resulting gels ensure the elimination of water and organic
matter, driving to the formation of TiO, nanoparticles homogeneously distributed on the surface of the
sepiolite microfibers. The nanocomposites were characterized by chemical analyses, transmission electron
microscopy, field emission scanning electron microscopy, X-ray diffraction, thermogravimetric/differential
thermal analysis, and N, adsorption. They were tested as photocatalysts in the photo-oxidation of phenol
in an aqueous medium, showing the efficiency of the anatase containing nanocomposites in the removal
of this selected pollutant model molecule. Thiourea was incorporated to increase the TiO, anatase phase
stability, improving in this manner the photocatalytic activity of the TiO,—sepiolite nanocomposites. It

has been shown that sepiolite has a positive synergistic effect on the TiO, photocatalysis.

1. Introduction

The assembly of nanosized species, such as metal clusters
and metal—oxide nanoparticles, onto porous solids represents
a topic largely studied with the aim to develop improved
supported heterogeneous catalysts.! In this context, the
immobilization of nanoparticles on the inner and outer
surfaces of inorganic supports results in the formation of
nanocomposite materials which often have high specific
surface area and porosity because of their topochemical
characteristics. Furthermore, they might be good adsorbent
and/or catalytic materials as the synergic effects of the
nanoparticle support systems may become relevant.? Supports
like zeolites,® activated carbon,*> and silica® are the most
widely used solids, together with natural and surface modified
clay minerals like montmorillonite, vermiculite, sepiolite, and
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so forth.””® These nanoparticle-supported materials are of
great interest in the study of photocatalytic reactions for the
removal of nonfilterable pollutants and dissolved organic
compounds from water, which is a frequent problem in
sewage treatments. They can also be efficiently used for the
removal of dyes,'®"'? halogenated organic compounds,'*'*
and pesticides'> among other organic pollutants resulting
from industrial and agricultural applications.

Among the clay mineral family, the layered silicates
belonging to the smectite group are the most common
supports applied to perform as this class of materials.
However, the access to the internal surface (intracrystalline
region) of these solids is hindered except when the nano-
particles act as pillars (pillared clays), which was a topic
investigated during the last two decades'®2° and included
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Figure 1. Schematic representation of the procedure leading to TiO,—
sepiolite nanocomposites by the reaction of TIPOTI with controlled amounts
of water at the CTA—sepiolite interphase and further calcinations to promote
the TiO; nanoparticles formation.

titania-pillared clays.?' Recently, other alternatives imply that
clay delamination leads to delaminated clays incorporating
silica or titania.**>*

In the present work, we have developed new inorganic—
inorganic nanocomposites based on sepiolite associated to
titanium dioxide nanoparticles. Sepiolite is a nonlayered clay
mineral showing a microfibrous morphology and a particular
texture that provides a high specific surface area (>300 m?/
g) and porous volume (~0.4 cm*/g). Therefore, this silicate
appears as an attractive support, scarcely studied to the
present, for the assembly of small-size metals and metal—oxide
aggregates (clusters and nanoparticles) that have been mainly
employed for catalytic purposes.>>~® This clay mineral is a
hydrated magnesium silicate with the theoretical half-unit-
cell formula Si;,030Mgs(OH,F),(OH,),*8H,0***° structur-
ally built up by blocks formed by an octahedral sheet of
magnesium oxide/hydroxide packed between two tetrahedral
silica layers (Figure 1). The periodic inversion of the SiO4
tetrahedra determines a regular discontinuity of the sheets,
which is the origin of the structural cavities (tunnels)
extended along the ¢ axis, that is, the axis of the microfi-
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bers,” and the presence of silanol groups (Si-OH).>"*> Those
groups can react with organochlorosilanes and alkoxides
giving covalently bonded organic—inorganic derivatives,*—°
which could be useful for anchoring metal—oxide nanopar-
ticles on the sepiolite surface. In this way, we have tried to
develop titanium dioxide nanoparticles by reaction of
titanium alkoxides with sepiolite in an organophilic environ-
ment created at the silicate—reagent interphase. Such envi-
ronment is assured by cationic surfactants that are easily
associated with the silicate surface by ion-exchange reactions
with alkylammonium salts solutions.*’

TiO, is one of the most frequently investigated photo-
catalysts because of its low cost, reduced toxicity, and high
chemical stability.*® Many different ways have been used
by different authors to prepare nanosized photocatalytically
active TiO, particles using either inorganic or organic
precursors.>” The most commonly used method is the sol—gel
technique*®*! in which an organic precursor of titania is first
hydrolyzed and the nanoparticles are formed after addition
of peptizing agents and/or heating. In many cases, the above
mentioned procedure is combined with hydrothermal treat-
ments leading to more porous and better crystallized TiO,
nanoparticles.*>** Another way to increase crystallinity in
titanium dioxide nanoparticles from the initially amorphous
products consists of calcination processes carried out at high
temperature, although this procedure also induces the growth
of crystallites.** The crystallite size and crystallinity are
crucial for the photocatalytic activity of the nanoparticles as
UV photons with sufficient energy must interact with
them.*>~*” Doping of TiO, with transition metals*® or dye
sensitization*” are common techniques to modify the light
absorption properties of this oxide and to enhance its
photoefficiency and photoactivity in the visible light region.
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Doping by nonmetal elements such as carbon,’® nitrogen,”"
and sulfur’? has also been investigated. Sulfur doping, which
shifts the absorption edge of TiO, to a lower energy, appears
as an interesting alternative as the S-doped catalyst improves
its photocatalytic degradation of organic dyes under visible
light irradiation.”*>*

In the present work, organically modified microfibrous
sepiolite was used as the support for nanosized TiO, formed
by an in situ hydrolysis process between the alkoxide
precursor and the surface of the silicate (Figure 1). It is
assumed that the organophilic interphase, assured by a
surfactant coating, acts like a templating medium which
provides titanium dioxide nanoparticles with relatively
monodiperse particle sizes on the surface. The initially
amorphous titania phase was crystallized by calcination at
500 °C for several hours in air while the surfactant, as the
templating agent, was partially burned out and carbonized.
TiO,—Si0,/sepiolite nanocomposites were also prepared
following this colloidal route. This new procedure leads to
materials where the TiO, phase can be sulfur-doped by using
thiourea. The inclusion of sulfur atoms in titanium dioxide
is carried out with the aim to increase the stability of the
anatase phase and to decrease the excitation band gap energy.
The titanium dioxide/sepiolite nanocomposites were tested
in photocatalytic experiments using phenol as the pollutant
model molecule, proving that these materials can be used as
adsorbents/photocatalysts for environmental applications.

2. Experimental Section

Materials. Natural mineral containing >95% of pure sepiolite
from the Vallecas-Vicdlvaro clay deposits (Madrid, Spain) and
commercialized as Pangel S-9 was provided by TOLSA S.A.
Hexadecyltrimethylammonium bromide (CTAB, purum, Aldrich)
was used in the preparation of the cetyltrimethylammonium
(CTA)—sepiolite organoclay derivate. Doubly distilled water (R >
18 MQ cm) and isopropanol (Fluka, >99.8) were used as solvents
or reactants. Titanium(IV) isopropoxide (TIPOTI, purum, Fluka)
and tetramethoxysilane (TMOS, =98%, Fluka) were used as titania
and silica precursors, respectively. Thiourea (Reanal, puriss) was
employed as reagent for the preparation of sulfur-doped TiO,
derivatives. Phenol (Aldrich, analytical grade) was tested as model
pollutant in the photocatalysis experiments.

Sample Preparation. CTA—sepiolite was prepared by an ion-
exchange reaction of sepiolite suspended in water with a calculated
amount of CTAB dissolved in water to reach 3 times the cation
exchange capacity of the clay mineral (ca. 15 mequiv/100 g) and
a final concentration of 2% (grams of sepiolite/100 mL of water).
The suspension was stirred for 2 days at 50 °C and then centrifuged,
washed three times with water, and dried at 40 °C. From the dried
CTA—sepiolite product was prepared a 10% (w/w) homogeneous
suspension in isopropanol by using a high speed stirrer (LOMI,
Spain); the suspension was stored in polypropylene plastic flasks
until usage.
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In a first set of experiments, TiO,—sepiolite nanocomposites were
prepared by addition to 10 g of CTA-—sepiolite/isopropanol
suspension of the required amount of a 50% (v/v) of a TIPOTI/
isopropanol mixture to reach final 1:1, 2:1, and 3:1 TIPOTV/
CTA—sepiolite ratios. After 5 min of stirring, a calculated amount
of water was added dropwise to the suspension. The spontaneous
gel formation at room temperature (~22 °C) took between 1 and
30 min depending on the amount of water that was added to the
suspension. Prior to calcination, the gel was dried at 40 °C in
atmospheric air for 2 days, and finally, the dried samples were
calcined at 500 °C for 1 h in an N, atmosphere and then in an air
flux for an additional 5 h.

Sulfur-doped samples (S-doped TiO;) were prepared from
thiourea that was dissolved in absolute ethanol at 50 °C and cooled
to room temperature. To this homogeneous solution was added a
calculated amount of TIPOTI dropwise under vigorous stirring at
room temperature. The final molar ratio of ethanol/TIPOTI was
50:1, and the ratio of thiourea/TIPOTI was 4:1. Afterward, a
calculated amount of water was added dropwise to the ethanol/
TIPOTV/thiourea mixture under vigorous stirring. A white precipitate
was obtained immediately after the addition of the water. The
precipitate was filtered and dried at room temperature. For
comparison, pure TiO, was precipitated without using thiourea. The
samples were calcined at variable temperature in air.

To prepare S-doped TiO./sepiolite nanocomposites, a given
amount of the CTAB—sepiolite/isopropanol suspension was drop-
wise mixed with a calculated amount of thiourea dissolved in
absolute ethanol. After homogenization of the mixture, variable
amounts of the TIPOTI were injected into the stirred suspension.
The organoclay/TIPOTI weight ratios were 1:2, 1:3, and 1:4, and
the thiourea/TIPOTI molar ratio was 4:1. After slow addition of
water to the slurry, the mixture became more viscous because of
the hydrolysis and the polycondensation of the titania precursor.
The product was dried at 40 °C in atmospheric air and calcined at
a variable temperature in an air flux (50 mL/min) during 4—6 h.

The preparation of the TiO,/SiO,/CTAB—sepiolite samples was
similar to the previous synthesis of S-doped nanocomposites
(S—TiOy/sepiolite), using TIPOTI and TMOS as precursor alkoxides
mixed at different ratios (6:4:5 and 2:6:1 of CTA—sepiolite/TIPOTI/
TMOS). In this case, the spontaneous gel formation occurs after
1 h of the addition of water. The gel products were air dried at 40
°C before calcinations at 500 °C for 6 h under an air flux (50 mL/
min).

Characterization Techniques. C, H, N, and S elemental analysis
was performed in a LECO CHNS-932 analyzer. X-ray diffraction
(XRD) patterns were obtained in a D8 powder diffractometer
(Bruker) using Cu Ka radiation. Fourier transform infrared (FTIR)
spectra in the reflectance mode were obtained from samples
prepared as pellets (without KBr) using a Bruker ISS 66V-S
spectrophotometer. Thermogravimetric and differential thermal
analyses were simultaneously recorded on SEIKO SSC/5200
equipment. Samples were examined by scanning electron micros-
copy (SEM, Zeiss DSM 960), field emission scanning electron
microscopy (FE-SEM, FEI Nova NanoSEM 230 and Zeiss Supra
VP55), and transmission electron microscopy (TEM, LEO-910
microscope operating at 80 kV) techniques, and in some cases, they
were in situ analyzed with an EDX Tacor-Northen Serie Z-1I
spectrometer or an EDAX 9100 analyzer.

The textural properties of the solids were measured in a
Micromeritics ASAP 2010 apparatus with N, at 77 K. The samples
were outgassed for 16 h at 200 °C to remove any loosely held
adsorbed species. The apparent specific surface area (Sggr) was
obtained by the Brunauer—Emmet—Teller (BET) method, and the
external area (Sex) and the micropore volume (V) were obtained
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with the z-plot method.”>->® The total pore volume of the micropores
and mesopores was calculated from the amount adsorbed at a
relative pressure of p/p° = 0.96, on the desorption branch,
equivalent to the filling of all pores below 50 nm diameter. The
mesopore size distribution was obtained from the data of the
desorption branch assuming slit-shaped pores based on the method
of Barrett, Joyner, and Hallender® and taking the thickness of the
adsorbed layer at each relative pressure from the classical equation
of Harkins—Jura.

Photocatalytic Activity Studies. The photocatalysis experiments
were carried out in a batch type reactor equipped with an immersion
type high pressure Hg arc lamp (150 W, 4 = 280-600 nm). The
schematic diagram of the reactor is shown in Figure 1S in the
Supporting Information. During the irradiation, thermostatic condi-
tions were applied (7' = 298 K). Prior to irradiation, 375 mL of
the suspension containing the model pollutant (phenol, ¢j = 0.5
mmol/L) and the catalyst material were introduced into the reactor.
The adsorption equilibrium was established after 1 h in dark
conditions, and afterwards, the light source was switched on. At
given time intervals during the illumination, 2 mL portions of the
suspension were taken out and further analyzed. The total irradiation
time was 2 h in each experiment. The photodegradation of phenol
was monitored by a Euroglas TOC-1200 total organic carbon (TOC)
analyzer. The samples which contained organic substances (solu-
tions or suspensions) were burned at 1000 °C in the oven of the
analyzer in an oxygen atmosphere; an integrated IR detector
measured the amount of the formed CO,, which is proportional to
the carbon content of the sample. High purity argon gas was used
as the carrier gas in the analyzer. Prior to the analyses, the
suspensions were centrifuged and filtered through 0.22 um hydro-
philic PTFE membranes (Millipore Millex).

3. Results and Discussion

The preparation of the TiO,—sepiolite nanostructured
materials consists of the slow hydrolysis and polyconden-
sation reactions of TIPOTT at the organophilic region of a
surfactant-modified sepiolite in an isopropanol colloidal
suspension. It is well known that sepiolite is able to exchange
its metal ions, compensating negative surface charge by long
chain alkylammonium cations, such as CTA™" species.37
Figure 1 schematically shows the formation of the titanium
dioxide precursor, formed at the CTA—sepiolite interphase,
by reaction of the TIPOTI molecules located at the organo-
philic region of the organoclay with controlled amounts of
the water molecules that are incorporated into the reaction
mixture. As with similar reactions carried out with silicon
alkoxides in the interlayer space of organoclays derived from
smectites,”>** the most salient feature of these processes is
the spontaneous gelation that takes place in these colloidal
systems. In the present case, the hydrolysis and polycon-
densation reactions of the titanium alkoxide may occur at
room temperature (ca. 22 °C) between 1 and 30 min
depending on the amount of water added to the suspension.
We have observed that when the TIPOTI/H,O molar ratio
was 1:1, then the gelation time was around 30 min, whereas
when the water content (molar ratio = 1:2 or 1:3) was
increased, the gelation time strongly decreased until it was
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Figure 2. SEM images of S—TiO,—sepiolite nanocomposites prepared
from CTA—sepiolite/thiourea—TIPOTI 1:3 mixtures before (A) and after
(B) calcination 600 °C for 4 h in air flux.

around 1-2 min. It must be considered that each Ti(iPrO),
molecule contains four isopropyl groups, so the stoichio-
metric molar amount of the water must be multiplied by four
in the initial hydrolysis step.

To transform the titanium dioxide precursor in anatase
nanoparticles, it is required to remove the organic matter
(surfactant and remaining isopropoxy groups) by calcination.
The conventional procedure applied to mesoporous silica
synthesis has been adopted here in the first approach. The
dried samples containing the TiO, precursor were calcined
at 500 °C for 1 h in an N, atmosphere and then in air flux
(50 mL/min) for 5 h. In these conditions, the formation of
nanoparticles of anatase is evidenced by XRD and consists of
agglomerated material that completely wraps the sepiolite
microfibers, as shown in the SEM images comparing the
samples before and after calcination (Figure 2). These materials
appear as a black powder indicating that the calcination of the
surfactant leads to carbon formation in a collateral process.
Although its content is low (~1% C), the nanostructuration of
carbon may contribute to enhance the specific surface area but,
as discussed below, the photoactivity of the materials could be
unfavorable. We have observed that an increase of the calcina-
tion time to remove carbon from the samples is accompanied
by the presence of a rutile phase together with the anatase
nanoparticles.

It is known that the incorporation of S atoms in the crystal
lattice of TiO; prevents the phase transition from anatase to
rutile during the heat treatments until 400-500 °C.>* We have
observed from XRD patterns that xerogel samples formed
from TIPOTI contain a mixture of the anatase and rutile
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Table 1. Content in C, H, N, and S Determined by Elemental Chemical Analysis in Various TiO,—Sepiolite Samples Prepared in This Work

sample starting composition calcination conditions C % S % N % H %
CTA—sepiolite uncalcined 9.7 0.5 2.7
CTA—sepiolite/TIPOTI 1:1 500 °C, 1 h Np, 5 h air 0.5 0.1 1.0
CTA—sepiolite/TIPOTI 1:2 500 °C, 1 h Ny, 5 h air 0.3 0.0 0.8
CTA—sepiolite/thiourea—TIPOTI” 1:2 500 °C, 6 h air 0.5 1.6 0.3 1.5
CTA—sepiolite/thiourea—TIPOTI 1:3 uncalcined 11.8 25.4 22.4 4.0
500 °C, 4 h air 1.1 1.3 0.3 1.3
500 °C, 6 h air 1.0 1.5 0.3 1.4
550 °C, 6 h air 0.8 1.5 0.2 1.2
600 °C, 4 h air 0.3 1.3 0.1 1.0
CTA—sepiolite/thiourea—TIPOTI” 1:4 500 °C, 6 h air 0.4 1.8 0.2 1.3
CTA—sepiolite/thiourea—TIPOTI/TMOS 2:6:1 500 °C, 6 h air 0.3 1.4 0.2 1.1
CTA—sepiolite/thiourea—TIPOTI“/TMOS 6:4:5 500 °C, 6 h air 0.9 0.6 0.4 1.6
thiourea/TIPOTI 4:1 xerogel 400 °C, 4 h air 0.4 1.0 0.4 0.1

“ Reaction mixture incorporating a 4:1 thiourea/TIPOTI ratio.
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Figure 3. Thermogravimetric curves of several uncalcined sepiolite/TiO,
nanocomposite intermediate materials.

phases after the treatment at 600 °C (4 h, air atmosphere)
whereas the incorporation of thiourea in the xerogel stabilizes
the anatase phase (see Figure 2S in the Supporting Informa-
tion). In this way, we have prepared S-doped samples us-
ing thiourea, which is incorporated in the starting mixture
together with the titanium isopropoxide, reaching a thiourea/
TIPOTI ratio of 4:1 as indicated in the Experimental Section.
The resulting nanocomposites were dried and then calcined
at different temperatures to optimize the anatase phase
formation as well as to avoid the carbon formation. We have
observed that by increasing the temperature and the duration
of the calcination process, the carbon content of the samples
gradually decreases, as monitored by elemental analyses
(Table 1). From thermal analysis curves (Figure 3), it can
be deduced that it is necessary to heat samples up to 400 °C
to remove all of the organic matter. In this context, the
calcination products were studied by different techniques to
evaluate the elimination of the organic matter, the anatase
phase formation, and the collapse of the sepiolite. Thermal
treatment at 500 °C for 4-6 h in air atmosphere appears to
be the optimal condition to reach the minimization in carbon
content, assuring the amorphous—crystalline anatase phase
transition without significant structural collapse of the clay
mineral according to the FTIR (Figure 4) and XRD (Figure
5) analysis. The bands ascribed to the presence of the
surfactant (CTA groups), appearing in the 2800—3000 and
1500-1200 cm ™" regions in the IR spectra (Figure 4b) and
assigned to the stretching and deformation vibrations of the
—CH,— and CH;— groups belonging to the alkyl chain,

CTA-sepiolite/ thiourea-TIPOTI 1/3
(550 °C/6h)

sepiolite-CTA"

3641

absorbance [a.u.]
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Figure 4. FTIR spectra of (a) sepiolite, (b) CTA—sepiolite, and (c) S-doped
TiOy/sepiolite nanocomposites from a CTA—sepiolite/TIPOTI 1:3 ratio
calcined at 550 °C for 6 h.

disappear after thermal treatment (Figure 4c), which shows
the complete elimination of the surfactant in agreement with
elemental analyses (Table 1). XRD patterns of S-doped
TiO,—sepiolite materials calcined 4 h at 500 and 600 °C
clearly show the stabilization of the anatase phase (typical
diffraction peak at 25.5° (20)). The folding of the sepiolite
structure at temperatures above 500 °C determines that the
characteristic peaks of the sepiolite (e.g., 7.7° (260)) disappear
for samples treated at higher temperatures (Figure 5).

The above mentioned experimental conditions also guar-
antee adequate textural characteristics of the resulting nano-
composites (Table 2). The N, adsorption isotherms obtained
for the S-doped samples calcined at 500, 550, and 600 °C
(Figure 6) are of type I/Il with hysteresis loops of type H3
according to the TUPAC classification.”®> The precursor
sample, that is, the sample dried at 40 °C, shows a type II
isotherm with an almost non-existent hysteresis loop and a
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Figure 5. XRD pattern of S—TiO/sepiolite nanocomposites prepared from
a CTA—sepiolite/TIPOTI 1:3 ratio after calcinations in air during 4 h at
(A) 500 °C and (B) 600 °C.

total surface area of 35 m?%/g (of which more than 25 m*/g
is external surface area), a total pore volume close to 0.05
cm?/g, and a micropore volume of approximately 0.004 cm?/
g. This parent solid has been calcined at three different
temperatures as follows: 500 (4 h or 6 h), 550 (4 h), and
600 °C (4 h). The solids with higher total and external surface
areas and total pore volumes are those calcined at 500 °C,
with the one calcined for 6 h at 500 °C reaching 124 m?/g,
98 m*/g, and 0.148 cm?/g, respectively, for those properties
(Table 2).

TEM images show that the uncalcined samples present
sepiolite fibers cemented by the gel precursor. When heated,
this material evolves leading to the formation of S-doped
TiO, nanoparticles whose size and distribution are quite
similar, independent of the adopted calcination conditions.
In contrast to the non-S-doped samples, the size distribution
of particles is very homogeneous, being in the 4-8 nm range.
Figure 7B shows an example of how those TiO, nanoparticles
are homogeneously distributed on the sepiolite surface of
the nanocomposites compared with the texture of the starting
CTA—sepiolite microfibers (Figure 7A). This texture, show-
ing a homogeneous distribution of the TiO, nanoparticles,
is truly corroborated from the FE-SEM images (Figure 7C)
and in the negative picture of the TEM image (inset in Figure
7B). Figure 3S in the Supporting Information also shows
FE-SEM and TEM images of uncalcined and calcined
nanocomposites prepared in different conditions as additional
support on the morphology and disposition of TiO, nano-
particles on the sepiolite surface. In that figure, we have also
introduced images of the untreated sepiolite fibers for
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comparative purposes, showing their clean and smooth
mineral surfaces.

On the other hand, the stretching O—H vibrations of silanol
groups located at the sepiolite surface, appearing at ap-
proximately 3720 cm ™! in the starting silicate, disappear in
the TiO,—sepiolite nanocomposites. It is known that the
coverage by CTA™ species perturbs this band,>’ but this band
is again observed as a shoulder after calcination when the
organic matter has been removed. The lack of such an IR
band in the TiO,—sepiolite materials indicates, in agreement
with the TEM and FE-SEM images, the almost complete
coverage of the sepiolite surface by the metal—oxide
nanoparticles that probably are grafted to the silicate through
Si—O—Ti bridges, contributing in this manner to the stability
of the nanocomposites (Figure 4). In this way, it can be
assumed that the reaction of the highly reactive silanol groups
at the surface of the sepiolite with the titanium alkoxides
may lead, in a first step, to a thin oxide layer from which
the TiO, nanoparticles can grow further. However, the
relatively reduced number of Si—O—Ti bonds located at the
sepiolite—titania interphase and the overlapping of the associated
IR absorption bands with the intense pattern of the mineral
prevent the observation of such vibration bands in the corre-
sponding IR spectra for definite confirmation of grafting.

On the basis of the procedure for the preparation of
S-doped TiO,—sepiolite nanocomposites, we have prepared
silica—titania mixed oxides on the sepiolite surface. It is
expected that the incorporation of silica could contribute to
the development of a higher surface area in the resulting
solids and at the same time may improve the anchorage to
the external silanol groups of sepiolite through siloxane
bonds. In this case, mixtures of TMOS and TIPOTI as
starting reagents acting as silica and titania sources, respec-
tively, were used with 2:6:1 and 6:4:5 (CTA—sepiolite/
TIPOTI/TMOS) as the weight ratios of the components.
Applying these ratios, the final total oxides content (i.e., TiO,
and Si0,) after calcination were expected to be 40% TiO,,
10% SiO, and 10% TiO,, 40% SiO,, respectively. These
samples were also S-doped by incorporation of thiourea to
the starting mixture of reagents. The effect on the surface
area increase of the incorporation of SiO; is clearly observed
by comparing the 2:6:1 and 6:4:5 (CTA—sepiolite/TIPOTI/
TMOS) weight ratio values for the samples (Table 2).
However, it is found that the presence of silica influences
the amount of carbon content in the final sample that
increases with the silica content in the sample. At the same
time, the sulfur content decreases, as only TiO, nanoparticles
are responsible of the S-doping. The samples containing only
S-doped TiO, show the sulfur content to be in the 1.3% to
1.8% range (Table 1). It should be noted that the presence
of carbon and sulfur in the resulting nanocomposites could
affect the surface properties of the resulting materials, such
as their photocatalytic activity.

The different TiO,—sepiolite nanocomposites reported here
are materials that combine different characteristics that could
be of interest from the point of view of their surface
properties. In this sense, the photocatalytic activity of several
samples stabilizing anatase (S-doped) was tested in batch
experiments involving phenol as a pollutant model molecule.
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Table 2. Textural Properties Deduced from the N, BET Isotherms Determined in Various TiO,—Sepiolite Derivatives Prepared in This Work

sample starting composition calcination conditions SBET (mz-gfl) Sext (mz- gfl) Vi (cm3-.g71) Vinic (cm3-g71)
CTA—sepiolite uncalcined 90 90 0.317 0
500 °C, 1 h Ny, 5 h air 194 152 0.383 0.018
CTA—sepiolite/TIPOTI 1:1 500 °C, 1 h Ny, 5 h air 169 146 0.221 0.010
CTA—sepiolite/TIPOTI 1:2 500 °C, 1 h Ny, 5 h air 155 144 0.214 0.006
CTA—sepiolite/thiourea—TIPOTI" 1:2 500 °C, 6 h air 161 122 0.198 0.016
CTA—sepiolite/thiourea—TIPOTI” 1:3 uncalcined 35 25 0.049 0.004
500 °C, 4 h air 111 91 0.142 0.008
500 °C, 6 h air 124 98 0.147 0.011
550 °C, 6 h air 83 49 0.109 0.014
600 °C, 4 h air 79 60 0.124 0.008
CTA—sepiolite/thiourea—TIPOTI 1:4 500 °C, 6 h air 163 137 0.180 0.011
CTA—sepiolite/thiourea—TIPOTI*/TMOS 2:6:1 500 °C, 6 h air 136 136 0.149 0.000
CTA—sepiolite/thiourea—TIPOTI*/TMOS 6:4:5 500 °C, 6 h air 263 154 0.356 0.050

“ Reaction mixture incorporating a 4:1 thiourea/TIPOTI ratio.
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Figure 6. N, adsorption isotherms obtained for the S-doped TiO,—
sepiolite nanocomposites (samples from CTA—sepiolite/thiourea—TIPOTI
1:3 ratio) uncalcined and calcined at 500, 550, and 600 °C.

As indicated in the experimental section, the experiments
were carried out using a thermostatic photoreactor (see
Figure 1S in the Supporting Information) with a total
irradiation time of 2 h. The changes in the organic pollutant
content during the irradiation were determined from the
carbon content of the system that was monitored by TOC
measurement shown in Figure 8. In this figure, the high
efficiency of S-doped TiO,—sepiolite nanocomposites is
observed, showing the maximum photodegradation rate
which is almost complete after 2 h of irradiation. These
results are in good agreement with recent results of S-doped
TiO, prepared by sol—gel procedures, showing the improve-
ment of the S-doping in the photocatalytic activity.>’ The
activity of these samples increases with the TiO, content in
the nanocomposites (i.e., 1:2 and 1:3 clay/TIPOTI-S samples)
in which 82 and 92% of the organic matter was photode-
graded, respectively (see Table S1 in the Supporting Infor-
mation). The higher activity of these samples is significant
compared to that of the starting sepiolite and S-doped anatase
prepared from the xerogel generated by TIPOTI hydrolysis,
separately. A positive synergistic effect in the photocatalytic
activity of the TiO,—clay systems has been also reported in
titania-layered clay minerals (e.g., Na—montmorillonite)
using dichloroacetic acid in similar photodegradation experi-

(57) Crisan, M.; Braileanu, A.; Raileanu, M.; Crisan, D.; Dragan, N.;
Anastasescu, M.; Galtayries, A.; Ianculescu, A.; Gravila, R.; Nitoi,
I.; Oancea, P. XIV International Sol-Gel Conference Abstracts;
ENSCM Communication: Montpellier, France, 2007; p 465.

nanoparticles

1900,

Figure 7. TEM images of starting CTA—sepiolite microfibers (A) and
S-doped TiO»/sepiolite nanocomposite (sample calcined at 500 °C for 4 h
in air, B) and an FE-SEM image of sample B (C). The inset in B represents
the negative picture to remark the presence of nanoparticles covering the
sepiolite fiber.
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Figure 8. Curves of photocatalytic activity (deduced from TOC results) of
different TiO,—sepiolite nanocomposites in the photodegradation reaction
of phenol.

ments.' In our case, this feature can be related to the high
specific surface area of TiO, nanoparticles homogeneously
distributed on the sepiolite surface (Table 2). However, the
nanocomposites containing SiO, and TiO, that show a higher
specific surface area do not present a higher activity because
of the presence of the silica—titania mixed oxides in place
of the anatase. Moreover, the photoactivity of samples with
high silica content is even lower than that of direct photolysis.
This feature can be related to a protection of the phenol
molecules by their adsorption on the inorganic support which
produces a shielding effect. The starting sepiolite shows a
similar behavior (Figure 8).

4. Concluding Remarks

Inorganic—inorganic nanocomposites containing stabilized
TiO, anatase nanoparticles on the surface of sepiolite have
been prepared following a colloidal route involving the use
of a cationic surfactant that modifies the external surface of
the silicate. This modification confers organophilic properties
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to the sepiolite microfibers allowing the incorporation of
alkoxides (TIPOTI and TMOS) that can be further hydro-
lyzed in a controlled manner. The resulting intermediate
materials give TiO,—sepiolite nanocomposites in the form
of nanoparticles that are generated on the silicate surface
after thermal treatments to remove the organic matter and
to crystallize the titanium oxide. The effect of the nature of
the surfactant may influence the morphology (size and shape)
of the TiO, nanoparticles which must be studied in depth.
The incorporation of thiourea to the initial colloidal system
stabilizes the anatase phase because of the sulfur atoms
incorporated into the titanium dioxide crystal lattice during
the thermal treatment. Optimization of the experimental
conditions and, particularly, the thermal treatment allows the
preparation of nanocomposites that show maximum specific
surface area and porosity, incorporating 4-8 nm TiO, anatase
nanoparticles on the external surface of the pristine sepiolite
fibers.

Preliminary tests on the photocatalytic activity of the
TiO,—sepiolite nanocomposites show high efficiency in the
phenol degradation that can reach more than 90% of
conversion. The microfibrous nanocomposite materials are
most efficient as photocatalyst systems with the clay sample
and the anatase nanoparticles acting separately, showing in
this way a synergistic effect that will be more deeply
discussed in a publication elsewhere.

Supporting Information Available: This material includes
additional figures of the photoreactor used for the photocatalysis
tests, XRD patterns of the calcined, both undoped and S-doped,
TiO, xerogels, and additional FE-SEM and TEM images of the
different sepiolite derivatives, as well as a table with data on the
variation of the TOC at different times of the photodegradation
reaction (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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