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a b s t r a c t

Silica-supported TiO2 powders were synthesized by a wet method under mild conditions. The aim of the
work was the preparation of TiO2/SiO2 additives for photocatalytic cements. Three types of commercial
SiO2 were used as supports: Cabot, Axim and Fly Ash. Cabot silica was ultra-pure whereas the other
two silica contained different percentages of various oxides. The TiO2/SiO2 samples, denoted TiO2/Cabot,
eywords:
hotocatalysis
iO2/SiO2 systems
as–solid reactions

TiO2/Axim and TiO2/Fly Ash, were prepared by boiling suspensions obtained by addition of silica to a
solution of TiCl4 in water (volume ratio 1:10). The photocatalytic activity was evaluated in a gas–solid
system both in batch and in continuous reactors using 2-propanol as probe molecule. SEM-EDX analysis
revealed that titanium dioxide was quantitatively deposited on silica. TiO2/Axim and TiO2/Fly Ash were
scarcely active whereas a good photoactivity was exhibited by the TiO2/Cabot sample both in the batch

tem.
egrad
hotocatalytic cement
rban pollution

and in the continuous sys
for 4-nitrophenol photod

. Introduction

Heterogeneous photocatalysis [1–4] has shown a high efficiency
n the photooxidation of many organic pollutants present in air [5,6]
r in liquid effluents [7–9]. It allows pollution abatement under
ild condition (room temperature and pressure) and avoids the

se of noxious metal species often present in the classical catalytic
epollution processes. Among various semiconductors, TiO2 is the
ost used photocatalyst because of its high photocatalytic activity,

on-toxicity, low cost and photochemical stability in the reaction
onditions [10–12].

A good photocatalyst should possess a high specific surface area
vailable for the adsorption and decomposition of the organic pol-
utants. A simple method to increase the adsorption capacity of TiO2
s the use of a support with large surface area and high porosity.
iliceous materials are often employed as supports because they
re chemically inert, transparent to the UV radiation and with a
igh specific surface area.

SiO2-supported TiO2 materials have been extensively used as
atalysts for a wide variety of reactions because their physico-
hemical properties are superior than those of the single oxides

13]. The properties of the TiO2/SiO2 systems depend on the syn-
hesis conditions and on the degree of interaction between the two
xides.

∗ Corresponding author. Tel.: +39 091 238 63746; fax: +39 091 702 5020.
E-mail address: palmisano@dicpm.unipa.it (L. Palmisano).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.108
Consequently only the last sample was tested for both NOx abatement and
ation in a liquid–solid system.

© 2009 Elsevier B.V. All rights reserved.

Many works have been concerned with the application of
TiO2/SiO2 materials in photocatalytic processes [14–26]. TiO2/SiO2
powders have been often prepared to make easier the separation
of the catalyst after the photocatalytic reaction but these pho-
tocatalysts are commonly less active than bare TiO2. Only few
works reported the preparation of TiO2/SiO2 samples more effi-
cient than TiO2 alone [27–29]. The enhancement of photoactivity
was attributed to the increased adsorption of organic substrate,
to the increased specific surface area of the supported TiO2, to
the interaction between titanium dioxide and silica and also to
the different structure of surface titanate from that of bulk tita-
nia.

Silica gel-supported TiO2 particles have been studied for the
photodegradation of dyes that are the main pollutants produced
from the textile industries [19,25,26]. Titania–silica materials with
photocatalytic properties could be incorporated as additives into
concrete matrices for self-cleaning building surfaces or to eliminate
noxious pollutants present in the urban environment.

Various procedures have been employed to synthesize
titania–silica materials: sol–gel hydrolysis [15,27,28,30], grafting
of titanium alkoxides on the SiO2 surface [31,32], coprecipitation
[33], impregnation [34], chemical vapor deposition [35].

In last years there is an increasing interest in the control of urban
pollution (especially the NOx and VOCs level) by using construc-

tion materials containing TiO2 that do not modify the aesthetic
characteristics of the structures. In particular cementitious materi-
als (e.g. paints, asphalts, paving blocks) containing TiO2 have been
recently produced and applied on several buildings and other struc-
tures.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:palmisano@dicpm.unipa.it
dx.doi.org/10.1016/j.jhazmat.2009.09.108
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In this work we report the preparation and the characterization
f TiO2/SiO2 powders obtained by supporting TiO2 on three differ-
nt types of commercial SiO2. The aim of the work was the synthesis
f TiO2/SiO2 systems that could be employed for the production
f photocatalytic cements. The TiO2/SiO2 samples were prepared
y a wet method under mild conditions using TiCl4 as the TiO2
recursor. The photocatalytic activity of the samples was evalu-
ted following the oxidation of 2-propanol in gas–solid regimen
oth in batch and in continuous reactors. The best catalyst was
lso tested for the abatement of NOx and for the degradation of
-nitrophenol.

. Experimental

.1. Preparation of the samples

Three different types of commercial SiO2 were used as sup-
orts: Cabot, Axim and Fly Ash. Cabot silica was ultra-pure whereas
he other two silicas, derived from the combustion of minerals
quartzite), contained different percentages of various oxides as
aO, MgO, Al2O3, Fe2O3, K2O, Na2O.

Titanium tetrachloride (Fluka 98%) was used without any fur-
her purification. TiCl4 was slowly added to distilled water (volume
atio 1:10) at room temperature. The hydrolysis reaction was highly
xothermic and produced high quantities of fumes of HCl. After ca.
0 h of continuous stirring a clear solution was obtained [36].

10 g of silica (Cabot, Axym or Fly Ash) were added to 110 mL
f the TiCl4 solution and the obtained suspension was boiled for
h. Water was continuously added to refill the evaporated quan-

ity. The final suspension was dried in a rotary evaporator. The
amples were denoted TiO2/Cabot, TiO2/Axim and TiO2/Fly Ash,
espectively. The weight percentage of TiO2 contained in all the
amples was 42%.

.2. Characterization of the samples

XRD patterns of the powders were recorded at room tempera-
ure by a Philips powder diffractometer using the Cu K� radiation
nd 2� scan rate of 2◦ min−1. The specific surface areas (SSA’s)
f the powders were determined in a Flow Sorb 2300 appara-
us (Micromeritics) by using the single-point BET method. The
amples were degassed for 30 min at 250 ◦C prior to the measure-
ent.
Scanning electron microscopy observations were obtained

sing a Philips XL30 ESEM microscope instrument, operating at
0 kV on specimens upon which a thin layer of gold was deposited.
n electron microprobe used in an energy dispersive mode (EDX)
as employed to obtain information on the content of titanium and

ilicon in the samples. Visible–ultraviolet spectra were obtained by
iffuse reflectance spectroscopy by using a Shimadzu UV-2401 PC

nstrument. BaSO4 was the reference sample and the spectra were
ecorded in the range 200–600 nm.

.3. Photoreactivity experiments

The photoreactivity of the various samples was evaluated
n gas–solid regimen in a cylindrical Pyrex batch photoreactor
V = 0.9 dm3). Thin layers of the powders (ca. 0.5 g) were prepared
y spreading the slurries obtained by mixing the powders with
ater on glass supports that were subsequently dried at 60 ◦C for

0 min. The samples were irradiated from the top by a UV 500 W

edium pressure Hg lamp. A water filter was placed between the

amp and the photoreactor to cut the infrared radiation. The irradi-
nce at the powder surface was 1.3 mW cm−2. Before starting the
hotodegradation reaction the reactor was purged and saturated
ith O2. Subsequently, fixed amounts of 2-propanol were directly
Fig. 1. Experimental setup for NOx measurements. In this scheme, letters indicate:
NOx (NO + NO2); source (S1); pure air (S2); flux meter (F); gas mixing chamber (C);
reaction chamber (R); NOx analyzer (A); membrane pump (P).

injected into the reaction chamber and the lamp was switched
on. 0.5 cm3 of the gaseous mixture were withdrawn at different
irradiation times using a gas tight syringe and analyzed by gas
chromatography.

The photodegradation of 2-propanol was also carried out in a
continuous cylindrical Pyrex gas–solid reactor (V = 1.5 dm3). The
powders were mixed with water, spread on the walls of the reactor
and dried at 60 ◦C for 30 min. A 500 W medium pressure Hg lamp
was used for the irradiation of the catalyst. The irradiance at the
film surface was 17 mW cm−2. The reacting mixture obtained by
bubbling O2 in an aqueous solution of 2-propanol was fluxed into
the reactor before irradiation and throughout the duration of the
run. When the concentration of the substrate was the same in the
inlet and in the outlet stream the lamp was switched on.

2-Propanol and propanone concentrations were measured by a
GC-17A Shimadzu gas chromatograph equipped with a HP-1 col-
umn and a flame ionization detector. CO2 was detected by a HP
6890 Series GC System equipped with a packed column GC 60/80
Carboxen-1000 and a thermal conductivity detector (TCD). Helium
was used as the carrier gas.

The activity of the sample that yielded the best photocatalytic
responses was also evaluated by two test reactions: NOx abatement
and 4-nitrophenol degradation.

4-Nitrophenol was photodegraded in a liquid–solid batch reac-
tor using a 125 W medium pressure Hg lamp (Helios Italquartz,
Italy). The irradiance was 10.8 mW cm−2. Samples of 5 cm3 were
withdrawn at fixed intervals of time with a syringe and the cat-
alyst was removed from the solution by filtration through 0.1 �m
PTFE membranes (Whatman). The quantitative determination of 4-
nitrophenol was performed by measuring its absorption at 315 nm.
The intermediates obtained from 4-nitrophenol photodegradation
did not interfere according also to the results of other authors
[37,38].

As far as the NOx abatement is concerned [39], the experimental
set up is reported in Fig. 1. The scheme illustrates a batch re-
circulation system where a certain concentration of NOx was first
introduced with air in a large volume chamber (C, 20 L) and after
mixing (re-circulation via routes 1–2), the test gaseous mixture
was allowed to circulate (4.5 L min−1) through the reaction cham-
ber (R) (routes 1–3) in the dark, and analyzed at established time
intervals (routes 1–4). For the photocatalytic tests, the catalyst sam-
ple was positioned in the reaction chamber R which was provided
with an optical window for illumination. An Osram Vitalux lamp

−2
was used for irradiation. The irradiance was 15 mW cm . Humid-
ity was controlled at 50–60%. The NOx concentration was detected
by a chemiluminescence analytical method by a Nitrogen Oxides
Analyzer Environment SA AC32M instrument [40].
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ig. 2. XRD pattern of the bare TiO2 obtained by boiling of a 1:10 TiCl4/H2O mixture
or 2 h. A: Anatase, R: rutile.

. Results and discussion

.1. Characterization

Efficient TiO2 photocatalysts can be prepared by controlling the
ydrolysis of TiCl4 in pure water [36]. Fig. 2 shows the X-ray diffrac-
ion pattern of the solid obtained by drying at room temperature
he suspension formed after boiling of a 1:10 TiCl4/H2O mixture for
h. The diffractogram reveals the presence of a badly crystallized
natase phase and of a small amount of rutile.

Fig. 3a shows the XRD patterns of bare Cabot silica and of the
iO2/Cabot sample. The ultra-pure silica was completely amor-
hous whereas TiO2/Cabot contained anatase and traces of rutile.
he peaks were broad indicating a very small size of badly crys-
allized grains due to the low temperature of preparation of the
amples.

Fig. 3b and c shows the diffractograms of the powders prepared
y supporting TiO2 onto the other two types of silica. All the peaks
resent in the X-ray patterns of the bare samples are ascribable to
he impurities contained in the starting materials. The main peak of
natase was clearly detected in the diffractograms of both TiO2/SiO2
amples.

Table 1 reports the specific surface areas of the tree types of
ommercial silica and of all the supported samples. Cabot silica
evealed a very high SSA value whereas that of the sample obtained
epositing TiO2 onto this type of silica was slightly lower than that
easured for the support.
The specific surface areas of Axim and Fly Ash silicas were lower

han that of the Cabot powder but the SSA values of the corre-
ponding TiO2/SiO2 samples were higher than those of the bare

upports.

SEM-EDX analyses were employed to study the morphology of
he particles and the homogeneity of the TiO2 distribution onto
he support. In Fig. 4 the SEM images of the studied samples are
eported. From the images relative to the samples TiO2/SiO2 it can

Table 1
Specific surface area of the various samples.

Sample SSA (m2 g−1)

Cabot silica (SiO2: 99%) 191
TiO2/Cabot 177
Axim silica (SiO2: 90–95%) 29
TiO2/Axim 49
Fly Ash silica (SiO2: 45–50%) 4.7
TiO2/Fly Ash 29
Fig. 3. XRD patterns of the bare silica and TiO2/SiO2 samples. A: Anatase, R: rutile.

be noticed that the silica particles worked as nucleation centres
for the precipitation of TiO2, independently of the silica type. The
morphology of the TiO2/SiO2 samples was very different from that
of the corresponding bare support.

The micrographs of the bare Cabot silica and of the TiO2/Cabot
sample are shown in Fig. 4a and b, respectively. Cabot silica con-
sisted of primary particles whose dimensions were smaller than
100 nm. After the deposition of TiO2, nanostructured agglomer-
ates of irregular shape were obtained. The average sizes of the
TiO2/SiO2 primary particles were bigger than those of bare silica
and ranged between 100 and 200 nm. Pore clogging obstruction by
the TiO particles justifies the reduction of specific surface area in
2
the TiO2/Cabot sample.

Axim silica (Fig. 4c) consisted of agglomerates of primary par-
ticles bigger than those of Cabot silica. The particles presented
uneven shapes and dimensions. As shown by the micrograph of
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values estimated for TiO2/Cabot (3.02 eV) and TiO2/Axim (2.98 eV)
respectively, were very near to that of bare TiO2 (3.00 eV). This
result is in agreement with the EDX analysis indicating that TiO2
covered the SiO2 particles. Similar results are reported in the litera-
Fig. 4. SEM micrographs of the various samples: (a) Cabot silica; (b) T

he TiO2/Axim sample (Fig. 4d), when TiO2 was deposited onto the
xim silica the particles resulted larger and the surface became
ougher.

Bare Fly Ash silica (Fig. 4e) revealed a different morphology. This
ype of silica was formed by very compact sphere-shaped particles.
he comparison with the micrograph of the TiO2/Fly Ash sample
Fig. 4f) indicates that TiO2 precipitated onto silica particles incor-
orating various particles.

The increased surface area of TiO2/Axim and TiO2/Fly Ash with
espect to that of the corresponding silicas could be ascribable to
he highest roughness of the deposited TiO2.

EDX measurements confirmed that TiO2 was completely
eposited on the silica supports since no particles constituted only
y titania or silica were found. All the TiO2/SiO2 samples revealed
more or less homogeneous titanium layer onto the various par-

icles. Both the average global percentages of Ti and Si and those
f several zones of the samples were determined. The local values
resented only a scattering of ±15% with respect to the average
lobal ones.

Fig. 5 shows the diffuse UV–vis reflectance spectra of the three
iO2/SiO2 materials and of a pure TiO2 sample obtained follow-
ng the same synthetic procedure in the absence of silica. The
igh absorption exhibited in the visible region by TiO2/Axim and

iO2/Fly Ash is attributable to the presence of the various species
ontained in the support. This means that the features of the spec-
ra of these two samples are prevalently due to the contribution of
he supports (spectra not reported for the sake of clarity), whose
olour is greyish.
bot; (c) Axim silica; (d) TiO2/Axim; (e) Fly Ash silica; (f) TiO2/Fly Ash.

By assuming TiO2 as an indirect semiconductor [41], the band
gap energy, Eg, of the various samples was determined from the
tangent line in the plots of the modified Kubelka–Munk function
[F(R′ )h�]1/2 versus the energy of the exciting light [42]. The E
Fig. 5. Diffuse reflectance spectra of the samples: (A) TiO2/Cabot; (B) bare TiO2; (C)
TiO2/Axim; (D) TiO2/Fly Ash.
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Fig. 7. Photocatalytic degradation of 2-propanol in a continuous reactor in the pres-
ig. 6. Photocatalytic degradation of 2-propanol in the batch reactor in the presence
f the samples: (a) TiO2/Cabot; (b) TiO2/Axim; (c) TiO2/Fly Ash. (�) 2-Propanol; (�)
ropanone; (�) CO2.

ure for silica-supported TiO2 with high titania contents. Anderson
nd Bard found that when the TiO2 domains in TiO2/SiO2 materials
ere sufficiently large (>3 nm), the Eg values were equal or very

lose to the bulk value of TiO2 [27]. van Grieken et al., who stud-
ed silica-supported materials with titania contents up to 60 wt.%,
ound a blue shift of the band gap absorption edge of all the sup-
orted samples with respect to that of pure bulk anatase [15]. The
etermination of the Eg of TiO2/Fly Ash is obviously meaningless
ince the features of the spectrum are prevalently due to the con-
ribution of the various species contained in the support.

.2. Photoreactivity results

Fig. 6 shows the photocatalytic results obtained in the batch
eactor with the three TiO2/SiO2 samples. 2-Propanol was com-
letely adsorbed onto the surface of the TiO2/Cabot sample and it

as absent in the gaseous phase. The amount of substrate intro-
uced into the reactor corresponded to a 74 �M concentration.
uring the first minutes of irradiation (see Fig. 6a), 2-propanol
as partially oxidized to propanone and CO2. After about 100 min

he measured amount of propanone decreased and the CO2 con-
ence of the samples: (a) TiO2/Cabot; (b) TiO2/Axim; (c) TiO2/Fly Ash. (�) 2-Propanol;
(�) propanone; (�) CO2.

centration almost linearly increased. 2-Propanol was completely
mineralized in about 6 h and the CO2 concentration reached its
stoichiometric value after the same time.

It is worth noting that the photoactivity of both TiO2/Axim and
TiO2/Fly Ash (see Fig. 6b and c) was significantly lower than that
of TiO2/Cabot, although the amount of 2-propanol introduced into
the reactor was smaller (initial concentration: 30 �M).

2-Propanol was not adsorbed by the TiO2/Axim sample and its
concentration slowly decreased during the irradiation. After 6 h,
the gaseous concentration of 2-propanol was about half the initial
value while the amounts of propanone and CO2 gradually increased.
The carbon balance in the gaseous phase was not reached during
the run probably because of (photo)adsorption of the 2-propanol
intermediates on the catalyst surface.

Differently, 2-propanol was completely adsorbed onto the sur-
face of the TiO2/Fly Ash sample. The amount of propanone present
in the gaseous phase during the irradiation was negligible indicat-
ing that either propanone remained adsorbed onto the surface or
2-propanol was directly mineralized to CO2. Small amounts of CO2
were formed.

Fig. 7 shows the results obtained in the continuous reactor. In
the dark, 2-propanol was adsorbed by TiO2/Cabot and the concen-
tration increased until the saturation was reached. When the lamp

was switched on, after a short transient, all entering 2-propanol
was degraded and the concentration of propanone reached a con-
stant value. 2-Propanol was not stoichiometrically transformed to
propanone since CO2 was contemporaneously generated.
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Fig. 8. NOx abatement in the presence of TiO2/Cabot sample.

TiO2/Axim and TiO2/Fly Ash did not exhibit any photocatalytic
ctivity in continuous regimen. Under irradiation, the concentra-
ion of 2-propanol in the outlet stream was the same of that of
he inlet stream and no propanone and/or CO2 were detected. It is
orth noting that in the presence of TiO2/Axim, 2-propanol concen-

ration remained constant in the dark, confirming that the substrate
as not adsorbed onto the catalyst surface.

The highest photocatalytic activity exhibited by the TiO2/Cabot
ample (that revealed the highest SSA value) cannot be only
ustified by a larger adsorption capability of this material since
-propanol was completely adsorbed also by TiO2/Fly Ash. By
aking into account that the percentage of TiO2 contained in
he three TiO2/SiO2 materials was equal, the scarce photoactivity
f TiO2/Axim and TiO2/Fly Ash could be ascribable to the pres-
nce of other species, working as centres of recombination of the
ole–electrons pairs. This effect was absent in the TiO2/Cabot mate-
ial because the commercial Cabot silica was very pure.

The active TiO2/Cabot sample was also tested for the abatement
f NOx. Fig. 8 shows that the concentration of NOx did not change
nder dark conditions. Instead more than about 90% of NOx was
bated after 15 min of treatment under irradiation.

Finally, TiO2/Cabot was tested in liquid–solid regimen since dan-
erous pollutants can be dissolved in water or humidity present
n the surface of cementitious structures. Fig. 9 shows the varia-
ion of 4-nitrophenol concentration versus irradiation time for a
hotocatalytic test carried out in the presence of TiO2/Cabot. The
nitial concentration of 4-NP was 20 ppm and the substrate was
ompletely degraded in about 4 h.

The photoactivity of TiO2/Cabot remained practically the same
hen three photocatalytic runs were performed with the same

ig. 9. Liquid–solid photocatalytic degradation of 4-nitrophenol in the presence of
iO2/Cabot sample.
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sample both in the gas–solid and liquid–solid systems. The long-
term stability of this material is encouraging for its possible
employment in the cement industry.

4. Conclusions

Different TiO2/SiO2 samples were prepared depositing TiO2 onto
three different types of silica by a wet method under mild condi-
tions. In all the cases TiO2 covered the silica particles indicating
that they worked as nucleation centres for the TiO2 particles inde-
pendently of the kind of support. EDX analysis of the TiO2/SiO2
samples confirmed that all the TiO2 was deposited onto the silica
particles and revealed that the Ti/Si ratio was equal to the theo-
retical value calculated from the amounts of reactants. The good
photocatalytic activity of the sample obtained by supporting TiO2
on pure Cabot silica seems interesting for a possible employment
of this material as additive for photocatalytic cements with the aim
to abate noxious volatile organic compounds. The other two kinds
of less expensive silicas (Axim and Fly Ash) are not suitable for
photocatalytic applications.
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