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a b s t r a c t

New industrially produced photocatalytic tiles provide not only good photocatalytic performance, but
also meet standard requirements with respect to hardness, lack of porosity, vitrified surface, durability.
These characteristics were obtained mixing the photocatalytic materials with a commercial SiO2-based
compound conventionally used to create vitrified surfaces. In the preparation, a commercial micro-
TiO2 was used to avoid the use of traditional nanomaterials in powder form. Anatase form is maintained
even after thermal treatments at 680 �C, as confirmed by both band gap and XRPD measurements on the
final material. Photocatalytic degradation tests performed in water and air using methylene blue and NOx

as a model pollutant, respectively, confirm the good performance of the tiles in both liquid and gas phase.
� 2012 Elsevier Ltd. All rights reserved.
1. Introduction culties abound in devising such regulations, beyond self-imposed
Market consumption of nanomaterials is growing. In the field of
construction materials, nano-sized TiO2 is particularly common
since it has been traditionally used as a white pigment.

Nowadays TiO2 is being used in air purification devices and as a
surface treatment and additive in ceramics, cement, transportation
infrastructure and glass. These products are being used or evaluated
for their depollution, self-cleaning, antifungal, and environmental
improvement attributes [1]. Incorporation of nanophotocatalysts
into cementitious materials has been an important achievement
in the field of photocatalytic pollution mitigation [2].

The increased presence of nanomaterials in commercial prod-
ucts has raised a growing public debate on whether the environ-
mental and social costs of nanotechnologies outweigh their
numerous benefits [3]. Up to now, few studies have investigated
the toxicological and environmental effects of direct and indirect
exposure to nanomaterials and nanoparticulate and no clear guide-
lines exist to quantify these effects [4].

Although TiO2 is chemically inert, nanoTiO2 can cause negative
health effects. Investigations of Trouiller et al. found that TiO2

nanoparticles can induce genotoxicity, oxidative DNA damage,
and inflammation in a mice model [5].

There are no specific regulations on nanoparticles, except exist-
ing regulations covering the same material in bulk form [6]. Diffi-
ll rights reserved.
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regulations by responsible companies, because of the likelihood
of different properties exhibited by any type of nanomaterial,
which are tunable by changing their size, shape and surface char-
acteristics [7].

To avoid such possible drawbacks, in the present paper a new
generation of photocatalytic tiles were prepared starting from a
commercial micro-sized TiO2 in the anatase form. Physical–
chemical properties of the tiles were correlated with photoactivity
results, obtained both in water and air using methylene blue and
NOx as a model pollutant, respectively, and fully discussed.

2. Experimental study

2.1. Preparation of vitrified tiles

Commercially available white tiles by GranitiFiandre SpA
(White Ground Active�) were covered at the surface with a mix-
ture of micro-TiO2 (Kronos 1077) and a commercial SiO2-based
compound prepared via ball–mill. To achieve the desired product
stability, at the end of the preparation procedure tiles were treated
at high temperature (680 �C) for 80 min and then brushed to re-
move the powder present at the surface and that could alter the
photocatalytic results (sample name: White Ground Active
(WGA)). Temperature was precisely chosen to maintain the ana-
tase form of the semiconductor and allow the vitrification of the
tiles surface. Tiles were also prepared with the same procedure
but without adding the photoactive oxide into the SiO2-based com-
pound for the sake of comparison (sample name White Ground
(WG)).
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2.2. Sample characterization

Powder samples (micro-TiO2 and micro-SiO2-based compound)
as well as photoactive and non-photoactive tiles were character-
ized by both surface and structural techniques.

XPS measurements were performed in an M-Probe Instrument
(SSI) equipped with a monochromatic Al Ka source (1486.6 eV)
with a spot size of 200 � 750 lm and a pass energy of 25 eV, pro-
viding a resolution for 0.74 eV. The surface area was investigated
by nitrogen adsorption studies using the Brunauer–Emmett–Teller
(BET) method. Measurements have been performed using a Sorp-
tometer 1042 (Costech Instruments) at liquid nitrogen tempera-
ture (�196 �C).

Diffuse reflectance spectra of the powders were measured on
UV–vis spectrophotometer (PerkinElmer, Lambda 35), which was
equipped with a diffuse reflectance accessory, as reported previ-
ously [8].

The X-ray powder diffraction (XRPD) pattern at room tempera-
ture from the WGA powdered sample was collected at the
high-resolution powder diffractometer at the ID31 beamline of
the European Synchrotron Radiation Facility (ESRF), Grenoble,
France [9]. A wavelength of k = 0.39620(9) ÅA

0

was selected using a
double-crystal Si(111) monochromator. The detector bank col-
lected data in the 0 < 2h < 30� range. XRPD patterns were analyzed
with the Rietveld method as implemented in the GSAS software
suite of programs [10] which feature the graphical interface
EXPGUI [11]. Line profiles were fitted using a modified pseudo-
Voigt function [12] accounting for asymmetry correction [13].

SEM images were obtained using an electron microscopy Philips
XL-30CP with RBS detector of back-scattered electrons. TEM
images were obtained using a Philips 208 Transmission Electron
Microscope.
Fig. 1. TEM images of pure micro-sized commercial TiO2.
2.3. Tiles testing procedures

Basic tiles features were verified after the coverage with the
photocatalytic SiO2-based mixture. Lack of porosity, resistance to
surface abrasion and durability were measured by water absorp-
tion [14], rotation of an abrasive load on the tile surface [15] and
determination of frost resistance (that is an intrinsic measurement
of the product durability) [16], respectively.

Photocatalytic activity was evaluated both on tiles and pow-
dered samples in water and air. In the former test, the degradation
of methylene blue (10 lmol/l) was performed, accordingly with
ISO 10678 procedure. For this purpose an aqueous solution was left
in contact with the photocatalytic active surface under UV radia-
tion (10 W/m2), with light not capable of inducing the direct pho-
tolysis of the dye (320 nm 6 k 6 400 nm), and with the overall
result being the discoloration of the solution in 180 min. The
amount of dye remaining in the solution was determined at regular
intervals during the UV-radiation period using UV–vis spectros-
copy. A reference measurement was either performed with the
same sample without UV radiation or with an identical sample in
a second container with the photoactive surface protected by a
cover from the incident light beam. The results are used to calcu-
late the specific degradation rate and the respective UV-radiation
intensity efficiencies characteristic of the surface tested [17].

The specific degradation rate, R, is defined as:

R ¼ DAkV
DtedA

where Ak is the blue methylene absorbance, V the volume of the
solution (cm3), t the time (h) of reaction, e the molar extinction
coefficient (m2/mol), d the length of the measurement cell (cm)
and A is the irradiated area (cm2).
NOx degradation was performed in two plants working in two
different experimental conditions: the first set-up, described else-
where [18], working in static conditions, using a 20 W/m2 iron
halogenide lamp (Jelosil, model HG 500) emitting in the 315–
400 nm wavelength range, photon flux 2.4 � 10�5 E dm�3 s�1,
checked by actinometry. The degradation was performed at differ-
ent NOx concentrations ranging from 40 ppb to 1000 ppb, room
temperature, RH: 50%. The chosen values include the limit values
reported on the Directive 2008/50/EC, in particular, 106.43 ppb
(value not to be exceeded more than 18 times in a calendar year)
and 212.96 ppb (alert threshold).

A second set-up was built following the ISO 22197-1 scheme
and the test was performed in accordance with the rules of proce-
dure (10 W/m2, 1000 ppb NOx, laminar flowing condition with a
gas flow set at 180 l/min, RH: 50%). In both the experimental set-
ups a chemiluminescence instrument was used to check the final
conversion of the pollutant.

NOx conversion ¼ ð½NOx�t¼0 � ½NOx�tÞ
½NOx�t¼0

� 100

where [NOx]t=0 and [NOx]t are the concentration at initial time and
at a generic time t of reaction of NOx, respectively.
3. Results and discussion

3.1. Characterization results

A TEM image of micro-TiO2 is presented in Fig. 1. It is possible to
observe that the commercial sample is composed by regular TiO2

crystallites all in the micro-sized range and that no ultrafine parti-
cles are present [19].

A comparison between the features of micro-TiO2 and micro-
TiO2+SiO2-based compound after the calcination treatment at
680 �C is reported in Table 1.

On both samples XPS measurement reveals the presence of only
Ti(IV) and a Ti/Si ratio of 0.15 for the micro-TiO2+SiO2-based
compound.

As it can be observed in Table 1, the formulation with the
SiO2-based compounds and the following calcination step lead to
a decrease of the surface area. For the same compounds the pres-
ervation of the pure anatase form was verified by both XRPD and
XPS measurements. As reported by Anderson and Bard [20] the
presence of SiO2, together with TiO2, enhances the formation of hy-
droxyl radical �OH, which may be achieved via strong Brønsted acid
sites at the TiO2/SiO2 interface region. Such incorporation inhibits
the crystal growth of TiO2 allowing the preservation of the anatase
structure at high temperature [21].



Table 1
Physico-chemical features of both pure TiO2 (Kronos 1077) and after its formulation
and calcination at 680 �C with the SiO2-based compound.

Sample BET surface
area (m2/g)

XRPD XPS Ti 2p3/2

(eV)
UV–vis
(eV)

Pure TiO2 11.0 Pure anatase 458.5 3.22
TiO2+SiO2-based

compound
2.6 Pure anatase 458.4 3.23

Table 2
Rietveld refinement results referring to TiO2 sample.

Space group I41/amd

a (Å) 3.78550
c (Å) 9.51000
V (Å3) 136.278
zO 0.1675
UTi (Å2) 0.0042
UO (Å2) 0.0047
wRp 0.073
Rp 0.056
v2 1.29
R(F2) 0.038
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In Fig. 2 the XRPD pattern of the sample is shown. The experi-
mental (crosses) and calculated (continuous line) curves are re-
ported together with the difference curve (bottom). The XRPD
pattern of the sample is correctly interpreted using a single crystal-
line phase, which is the anatase TiO2 polymorph: space group I41/
amd (N�141, origin choice 2). In this structure Ti ions lie in (0, 1/4,
3/8) site while O in (0, 1/4, z) [22]. The refined structural
parameters are shown in Table 2. The nearest neighbors Ti–O
distances are the following: d(Ti–O) � 4 ? 1.9354(2) Å; d(Ti–O) �
2 ? 1.9734(9) Å.

The image of the WGA photoactive tile (Fig. 3b) shows a quite
homogeneous surface with a good distribution of both Si and Ti
atoms, as revealed by EDX analysis. As expected, no Ti signals were
observed on the non-photoactive tile (Fig. 3a).
3.2. Tiles physical properties

A fundamental aspect of the new photoactive tiles is the preser-
vation of the basic tiles features such as lack of porosity, hardness
and durability. For this reason all these features were carefully
checked.

Lack of porosity was measured by water absorption. Water
absorption rates are a measurement of how much moisture a spe-
cific type of porcelain tile may absorb on an ongoing basis. Some
types of tile may crack if the moisture penetration is too high. In
our case a porosity value of less than 0.5% was obtained for both
WGA and WG samples allowing to classify both the tile as imper-
vious (extremely dense) and categorized them as porcelain tiles.

Tiles hardness was verified by the measure of the resistance to
abrasion which involves the rotation of a defined abrasive powder
load on the surface of a tile sample for a specific number of revo-
lutions, and assigning the tile to a PEI class of abrasion resistance
on the basis of a visual examination of the abraded test samples
under well-defined conditions of observations, in agreement with
the recommendations of the CEC (Federation Europenne des Fabri-
cants de Carreaux Ceramiques) [15]. In our case both WG and WGA
were classified as PEI IV that means that they are suitable for use in
Fig. 2. XRPD pattern of WGA powdered sample. Measured (black crosses) and
calculated (red line) profiles are shown as well as residuals (blue line). The inset
highlights the high angle 2h region. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
areas subjected to considerable traffic with the presence of some
abrasive dirt.

Tiles durability was checked verifying their resistance to frost.
After impregnation with water, the tiles were subjected to temper-
ature cycles between +5 and �5 �C, during a minimum of 100
freeze–thaw cycles. No evident cracks or damages were observed
on our samples.

3.3. Photocatalytic test

The degradation of methylene blue in water was monitored for
a reaction time of 3 h. The discoloration of the solution was visible
with naked eye and a final conversion value of 22.5% was calcu-
lated for WGA, compared with a 1.8% achieved by the non-
photocatalytic tile WG.

In the gas phase (air) a modest result was observed for the NOx

degradation (NOx is a generic term for mono-nitrogen oxides NO
and NO2) using the continuous reactor, strictly built following
the ISO 22197-1 specifications. Due to the lack of porosity of the
tested tiles (mentioned above) together with the velocity of the
gas (contact time 0.4 s), the adsorption of the pollutant molecules
at the sample surface cannot occur, so preventing the photocata-
lytic process. As the contact time is the time passed by the reac-
tants in contact with the catalytic active sites, a very short
contact time requires a high active surface, mainly able to adsorb
quickly the reactant before acting as a catalyst. In our case, the vit-
rified surface does not allow a sufficiently rapid adsorption of the
pollutant molecule and thus an inefficacy of the subsequent photo-
catalytic process. This result highlights the ineffectiveness of the
standard ISO 22197-1 procedure to test the photocatalytic effi-
ciency on vitrified, non-porous, materials [23].

On the contrary, good results were obtained testing WGA in the
gas phase but in static conditions. In this case, using 1000 ppb of
NOx, i.e. the same amount required by the ISO 22197-1 specifica-
tions, the 53% of degradation was measured after 6 h.

A very interesting trend (Fig. 4) was observed following the NO2

degradation at different pollutant concentration. More in detail,
the tests were carried out the material with 106 ppb (value not
to be exceeded more than 18 times in a calendar year), and
212 ppb (alert threshold), according to the Directive 2008/50/EC
of the European Parliament and stating the guidelines for the pro-
tection of the human health.

NO2 was chosen as specific reference pollutant instead of the
more generic NOx, because of its higher hazardousness. NO2 is in
fact an irritant agent affecting the mucosa of the eyes, nose, throat,
and respiratory tract and the continued exposure to high NO2 lev-
els can contribute to the development of acute or chronic bronchi-
tis [24].

It is possible to observe (Fig. 4) that, as the amount of starting
pollutant is decreased, the time necessary to bring its concentra-
tion under the limit required by the European Directive (21 ppb)



Fig. 3. SEM images (2000�) of WG tile (a), and photocatalytic WGA (b). Element mapping by EDX for WGA sample (red picture: Si; green picture: Ti). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Time necessary to degrade the pollutant and decrease its amount under the
limit value required by the Directive 2008/50/EC of the European Parliament and of
the council on ambient air quality and cleaner air for Europe (21 ppb); 20 W/m2, RH
50%, static conditions.
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also decreases. In the Fig. 4 inset, the degradation trend can be ob-
served in the case of an initial pollutant concentration close to the
alert threshold.

Therefore, it is possible to conclude that, under real pollution
conditions, simulating a day in the absence of wind (static condi-
tions) WGA is able to degrade NO2 in a very efficient way bringing
the pollutant concentration down to the required limit (21 ppb) in
a matter of hours.
4. Conclusions

In the present paper the photocatalytic activity of vitrified tiles
is discussed. To avoid possible future drawbacks due to the nano-
metric size of the photocatalytic active powder, the samples were
prepared using a commercial micro-sized TiO2.

The final tile couples the classical requested features typical for
a tile (hardness, lack of porosity, vitrified surface, durability) with
good performance as photocatalytic material both in water and
in air. White Ground Active tiles (WGA) show good photocatalytic
performances especially in the pollution ranges indicated by the
Directive 2008/50/EC of the European Parliament and of the Coun-
cil on ambient air quality and cleaner air for Europe (NO2 concen-
tration lower than 200 lg/m3, corresponding to 106.43 ppb).

A final remark is devoted to the inadequacy of the ISO 22197-1
specifications as standard test on vitrified, non-porous materials. In
fact, due to the lack of porosity of the tested tiles together with the
velocity of the gas (contact time 0.4 s), the adsorption of the pollu-
tant molecules at the sample surface cannot occur, so preventing
the photocatalytic process.
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