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bstract

hotocatalysis is a very promising method to face most of the problems connected with the increasing environmental pollution. Titanium dioxide
n its anatase crystallographic phase is the most investigated photocatalytic material and results to be perfectly compatible with silicate body mixes.
he possibility to obtain photocatalytic heavy clays materials, to be used for outdoor applications, such as roof tiles, floor tile and outdoor covering

iles, could represent an important goal.
In the present work, several titania powders and a titania nanosuspension were added to a body mix used for heavy clay products and the influence

f their morphological characteristics on the photoactivity of the fired materials was studied.
The titania powders, characterised by the aid of SEM, X-ray diffraction analysis and surface area measurements, BET, presented particles with

ifferent aspect ratio and size, ranging from micrometric to nanoparticles. Besides, the nanosuspension was characterised by FEG, TEM, DLS and

RD on the dried suspension. The photocatalytic activity was assessed in aqueous mixtures, by analysing the degradation of an organic dye with
spectrophotometer.
The results were explained taking into account the anatase to rutile phase transformation and its possible reaction, during sintering, with the

tarting raw materials.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Titanium dioxide is extensively utilized in many applica-
ions of everyday life, i.e. as white pigment in the painting,
ood and cosmetic industries. In the last years the interest has
rown also for its use as photocatalytic material to oxidize vari-
us organic compounds.1,2 Indeed, the potential applications of
eterogeneous photocatalysis with TiO2 are very important. For
nstance, the production of photocatalytically active building

aterials, containing TiO2, would allow to have self-cleaning
nd self-sterilizing surfaces that, in addition, might degrade
everal organic contaminants in the surrounding environment.

utdoor and indoor pollution could be in this way reduced by
“passive” utilization of the building materials, with conse-

uent important beneficial effects on the relative safety problems

∗ Corresponding author. Tel.: +39 051 534015; fax: +39 051 530085.
E-mail address: tucci@cencerbo.it (A. Tucci).

u
t
p
t
a
c
g

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2008.03.032
e.g. sick building syndrome or reduction of car NOx pollution).
ther peculiar positive features of heterogeneous photocatal-
sis with TiO2 are: the reactions take place at mild operating
onditions (low level of solar or artificial illumination, room
emperature and atmospheric pressure); no chemical additive is
ecessary; the possible intermediates of the reactions are not
angerous or at least less dangerous than the original pollutant;3

ven very recalcitrant and persistent pollutants can be degraded.4

esides, TiO2 is a relatively low-cost product and it is non
oxic. However, the characteristics, that TiO2 must possess to
effectively” activate these reactions, are generally different
rom those which are required for its traditional and well known
tilization as a pigment. In fact, according to the literature on
his topic, different factors seem to affect the photocatalytic
roperties of titania, namely: phase composition, level of crys-

allinity, crystallite size, surface properties.5 These properties
re affected by the production techniques and by the preparative
onditions. So, the research should be directed on the investi-
ation and on the desired properties of TiO2 for this specific

mailto:tucci@cencerbo.it
dx.doi.org/10.1016/j.jeurceramsoc.2008.03.032
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pplication and the techniques that would allow to get these
roperties.

Recent studies6,7 underline as nanocrystallinity of titania is of
articular relevance to enhance the photocatalytic activity, due to
he fact that it favours the diffusion on the surface of free electron
nd holes, and limits their recombination through charge carrier
rapping. The TiO2 crystalline phase is relevant as well, since it
as been observed that anatase, or at least a mixture composed
ainly by anatase, appears to be much more active with respect

o brookite and rutile, the other two crystalline modifications of
iO2.

These aspects have been considered in general for the utiliza-
ion of titania as powders or as immobilized films on different
upports. In spite of the large number of investigations on these
ystems, there are relatively few scientific works that analyze
he problems related to the manufacturing of ceramic materials
hich contain in the bulk or on the surface the TiO2. Actually,

or photocatalytically active building materials, such as ceramic
iles, with the photocatalyst powders dispersed in the inert matrix
r on the surface, additional peculiar problems must be taken into
ccount, such as the necessity that the photocatalytic properties
f TiO2 are not destroyed or reduced, during the production of
he material, and the requisite that the photocatalyst is present
n zones where both the organic compounds and a sufficient
mount of UV-light are available during the utilization of the
aterial.
In the present paper, TiO2 is used to produce photocat-

lytically active ceramic samples by adopting some original
echniques. The materials are characterised with different anal-
sis and the results are discussed in order to investigate the
actors which influence the photocatalytic activity with the aim
o develop a technology which gives a good photocatalytic
ctivity and is, at the same time, compatible with the ceramic
rocessing.

. Experimental procedures

.1. Materials

Four different kinds of TiO2 powders, commercially avail-
ble, named A, B, C and D, together with a titania
anosuspension as well, noted as E, were used as photocatalysts.
he mineralogical characterisation of the powders was carried
ut by X-ray powder diffraction analysis, XRPD, by using a
hilips PW 3830 instrument, with Cu K�1,2 radiation (15–95◦
θ range, 0.02◦ 2θ s−1 step-scan and 9 s/step). Rietveld crys-
al structure refinements were performed using GSAS-EXPGUI
oftware.8,9 The initial atomic parameters of anatase were taken
rom Sanchez et al.,10 the rutile ones from Gonshorek and
eld.11

Moreover, the average crystal size of each titania powder was
alculated measuring the broadening of the X-ray reflections,
rom selected FWHM values, using the Scherrer formula, with
arren’s correction for instrumental broadening12:

= kλ

β cos θ
(1)

p
a
o
3
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here t is the linear dimension of particle, k is the Scherrer
onstant (0.9), λ is the wavelength of the incident X-rays, θ is the
ragg’s angle and β is the sample line broadening (FWHM) that
as calculated using LaB6 (NIST SRM 660a) as line broadening

tandard:

2 = β2
M − β2

S (2)

here βM is the measured FWHM, βS the instrumental contri-
ution on the total FWHM.

The relative amounts of anatase and rutile in the TiO2 pow-
ers were calculated by using the Spurr–Myers equation13 via
RD patterns (10–70◦ 2θ range, 0.02◦ 2θ s−1 step-scan and
s/step).

The powders morphology was analysed by SEM (Zeiss EVO
0, D) equipped with an energy dispersion X-ray attachment,
DS, (Inca, Oxford Instruments, UK) and the surface area was
etermined by using the BET (Brunauer Emmet Teller) method
Flowsorb II 2300 Micromeritics, USA), with N2 as adsorbate
as.

The results of the characterisation of the titania powders are
eported in Fig. 1 and Table 1. Even if powder A contains a very
mall amount of rutile phase, its morphology results to be very
imilar to that of powder B, containing 100% of anatase. Both the
owders present similar surface area values and rounded single
articles, of dimension in the range of 96–140 nm. Powder C is
haracterised by the presence of larger platelet-like shaped parti-
les, each particle contains several smaller crystallites. Powder
, nanometrically sized, contains a not negligible amount of

utile and it is characterised by a very high surface area value.
ll the powders were strongly agglomerated.
The titania nanosuspension, E, was synthesized by high tem-

erature hydrolysis of metal alcoxides in a coordinating solvent.
t is completely crystallised in the anatase phase and the nanopar-
icles are dispersed (7 wt.%) in DEG medium. The particles

orphology was characterised by means of FEG (Zeiss Supra
0, D) and TEM (JEOL JEM 2010, J). The mineralogical phase
as determined by XRD on the dried suspension; its crystallite

ize (∼20 nm), being nanoparticles in suspension, was mea-
ured by DLS (Malvern Instrument, Zetasizer Nano ZS, UK). Its
ain characteristics are summarized in Table 1 and the particles
orphology is shown in Fig. 2.
The starting ceramic matrix, denoted S, was a clay body mix,

sed for the production of roofing tiles. Its chemical analysis
nd mineralogical composition are reported in Table 2.

The titania powders were added to the clay body mix, in
wo percentages, 2.5 wt.% and 7.5 wt.%. The preparation of the
amples followed two different procedures.

In the first one, named bulk addition, the titania powders
ere mixed with the clay, in water (55 wt.%), using an overhead

tirrer, a soft mixing apparatus. After 1 h of mixing, the suspen-
ion was dried in oven at 105 ◦C, overnight. In order to obtain

owders suitable for shaping, the resulting cakes were crushed
nd sieved to pass at 125 �m screen. The test specimens, discs
f 4.0 cm in diameter, were prepared by uniaxially pressing at
0 MPa the powders, containing 6 wt.% of water.
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Fig. 1. SEM micrographs of the tested titania powders

The second procedure, named spray addition, foresaw the
reparation of the same mixtures, containing the clay and the
wo percentages of titania, 2.5 wt.% and 7.5 wt.%, in form of
lip with 60 wt.% of distilled water, and mixed with a high shear
ixer (Silverson L4R, USA) for 1 min, with the aim to destroy

he titania agglomerates. 0.4 g of the mixed slip, was sprayed
ver the S green pressed disc surfaces, previously humidified
3.0 wt.% of distilled water). 0.4 g of the nanosuspension, E,
oth as it is and diluted, to have 2.5 wt.% of TiO2, was directly
prayed over the S green humidified discs.
All samples, with and without titania, were sintered in a labo-
atory muffled furnace at three maximum temperatures 900, 950
nd 1000 ◦C. The heating rate, from room temperature to 600 ◦C,
as of 60 ◦C/h, with a holding time of 2 h. From 600 ◦C to the

2

w

able 1
hysical and mineralogical characteristics of the tested titania powders and nanosusp

ample Anatase cell parameter Anatase (wt.%)

a (Å) c (Å)

3.7850(1) 9.5144(2) 97.7(1)
3.7858 (1) 9.5177(2) 100
3.7841(1) 9.5240(3) 100
3.7887(2) 9.5149(6) 84.9(1)

100

a The amount of rutile resulted to be too low for a reliable measure.
owder A, (b) powder B, (c) powder C, (d) powder D.

aximum firing temperature, the heating rate was 40 ◦C/h, with
h of soaking time, then natural cooling to room temperature
as used.
The sintering behaviour of the fired specimens was evalu-

ted on the basis of their linear shrinkage and water absorption,
etermined according to the Standard EN ISO 10545–3.

A thorough analysis of the morphology and crystalline phases
f the titania particles embedded in the ceramic matrix was
arried out by the use of the SEM-EDS and XRD.
.2. Photocatalytic test

The photocatalytic activity of the prepared samples
as evaluated in liquid phase by monitoring the degra-

ension

Rutile (wt.%) SBET (m2/g) Crystallite size (nm)

Anatase Rutile

2.3(3) 9.6 140 a

– 8.9 96 –
– 17.0 55 –

15.1(4) 50.0 23 35
– 20 –
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Fig. 2. FEG micrograph of the titania nanosuspension, E.

ation of a solution of indigo carmine, IC.14 The tests
ere performed at room temperature in a photocatalytic

eactor containing a water solution of the dye, at the ini-
ial concentration of 1 ppm. The light source was a 9 W
lacklight fluorescent lamp (Philips PL-S 9W/08/2P, NL),
aving λmax = 370 nm and placed upon the sample. The
ight intensity, that reached the surface of the sample, was
f 11 W/m2, value measured in the range of wavelengths
15–380 nm.

In order to mix the solution thoroughly, a recirculation pump
as operating into the vessel. The reactor was covered with a
yrex glass, to avoid the evaporation of the solution.

The evolution of the IC concentration was analyzed by
easuring, with a spectrophotometer (Uvikon 923, F), the

bsorbance at a wavelength at 610 nm. The extent of IC pho-
ocatalytic degradation, η,15 is evaluated as:

% = C0 − CS × 100 (3)

C0

here C0 is the initial IC concentration and CS is the concen-
ration after a certain UV irradiation time.

able 2
hemical analysis and mineralogical composition of the starting raw material
sed as ceramic matrix

hemical analysis Mineralogical composition

lements %

.O.I. 14.48 Quartz
O2 9.30 Calcite
iO2 48.27 Albite
l2O3 12.03 Illite
iO2 0.66 (Mg, Fe)-chlorite
e2O3 6.37 Muscovite
aO 11.86 Kaolinite
gO 3.28 k-Feldspar

2O 1.77 Smectitic interlayer minerals
a2O 0.72
aCO3 21.20
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The samples, for the measure of the IC concentration, were
aken from the reacting system at fixed intervals for a total
rradiation time of 30 h.

. Results and discussion

The addiction of TiO2, in both percentages and techniques,
as not modified the sintering behaviour of the fired speci-
ens, in respect to the standard S, fired at the three different

emperatures. The linear shrinkage values are all in the range
.50–1.70%, whereas the water absorption values are included
n the range 18–20%, for the whole sets of samples.

In Figs. 3 and 4, the photodecomposition efficiency, η, as a
unction of the irradiation time for all the samples, fired at the
ifferent temperatures, is reported.

For the bulk type samples fired at 900 ◦C, a significant
ncrease in η is observed when 2.5 wt.% of the titania powders
s added (Fig. 3a), by comparing the results with the standard S.
he sprayed samples (Fig. 3b) present a stronger photodecom-
osition efficiency, reaching, after 30 h, ∼92% with powder B.
ven powder A, that in the bulk samples showed a very weak
hotoactivity, when sprayed increases its performances. This
ehaviour is essentially due to the more efficient destruction
f the titania agglomerates, reached with the high shear mixer,
nd to the addition technique. In this way, a larger number of
itania particles and as a consequence, photocatalytically active
ites, are present on the surface, enabling the oxidation of the
rganic compound. The SE sample shows photodecomposition
fficiency slightly lower than the best performing sample, SB,
ut it is still in the trend of SC and SD.

The presence of a larger amount of titania, 7.5 wt.% (Fig. 3c
nd d) both in the bulk and sprayed type samples, causes higher
alues of η, favouring the photodecomposition, even if the
ncrease is not directly proportional to the amount of the pho-
ocatalyst. Again, the highest values of η are obtained with
he sprayed samples: after 30 h of irradiation, SD completely
estroys the organic compound, while samples SB and SC reach
alues very close to the full photodecomposition.

The photocatalytic activity of the samples treated with the
anosuspension (Fig. 3d) is comparable with the activity of sam-
les sprayed with 7.5 wt.% TiO2, even if the titania amount in
EG is slightly lower, 7 wt.%. Apart that, its photoactivity at
00 ◦C is still appreciable, but lower than the one of samples
B, SC and SD.

The increasing of the firing temperature, 950 ◦C, causes a
emarkable decrease of the photoactivity of the bulk samples
Fig. 4a and c). For the sprayed samples, the decrease of η

s less evident, with 7.5 wt.% of added titania, about the 80%
f IC photodecomposition is reached after 30 h of irradiation
nd the nanosuspension keeps aligned to this trend, even if its
hotoactivity is slightly lower (Fig. 4b and d).

When fired at 1000 ◦C, no samples acted as a photocatalyst.
The mineralogical analysis of the phase transformations
ccurring in the samples, during the firing steps, allowed to
larify the different behaviours found.

In Fig. 5, the quantitative anatase–rutile phase transforma-
ion, taking place in the tested titania powders fired with the
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even if the mineralogical transformations and reactions are
always the same, the larger amount of free TiO2 is able to explain
the higher photoactivity shown by the samples.

Table 3
Mineralogical composition of the samples containing titania fired at different
conditions

Crystalline phase 900 ◦C 950 ◦C 1000 ◦C

SA, SB, SC SD SA, SB, SC SD SA, SB, SC SD

Quartz � � � � � �

Clinopyroxenes � � � � � �

Plagioclase � � � � � �

Gehlenite � � � � – –
Anatase � – � – – –
Fig. 3. Photodecomposition efficiency, η, as a function of the irradiation tim

ame thermal cycle adopted for the ceramic samples, is reported.
or the powders A, B and C, the phase transformation from
natase to rutile begins at 950 ◦C. At 1000 ◦C, it is completed
nly for powder C, in A and B, the rutile amount is still about
0 and 14 wt.%, respectively. A completely different behaviour
s observed for powder D, that, already at 900 ◦C, presents only
utile. These results are in agreement with the ones reported in lit-
rature, for which the anatase–rutile transformation is promoted
y high surface area values, which encourage the nucleation-
rowth phenomenon.16 In the present study, this is particularly
vident for powder D, that, having 50.0 m2/g of surface area, at
00 ◦C is completely transformed in rutile.

The mineralogical composition of the standard S, sintered at
00 ◦C and 950 ◦C, shows the presence of quartz, clinopyrox-
nes, plagioclase, gehlenite, and pseudobrookite, with traces of
ematite. At 1000 ◦C, both gehlenite and hematite disappear.17

hen the titania powders are added, SA SB and SC present a
imilar mineralogical composition, Table 3. At 900 ◦C, together
ith the phases present in the standard, only anatase is revealed.
t 950 ◦C, a mixture of anatase and rutile is present and, in addi-

ion, the CaO, remaining from the decomposition of the calcite
resent in the original raw material, reacts with the titania to
orm perovskite. In this way, the amount of free titania, acting

s photocatalyst, is strongly reduced and, part of that is in its
utile form, characterised by considerably increased crystallite
ize. All that is able to explain the lower photoactivity shown by
he titania added samples when fired at 950 ◦C.

R
P
H
P

the samples fired at 900 ◦C: (a) and (c) bulk type, (b) and (d) sprayed type.

The titania crystal phase, present in the ceramic sample fired
t 1000 ◦C, is only rutile. In addition, the strong increase in
erovskite and pseudobrookite amount, found in the ceramic
amples, due to a further reaction of TiO2 with the CaO and
e2O3 respectively, drastically reduces the amount of free tita-
ia, in this way no photocatalytic activity is presented by the
eramic samples.

By increasing the amount of titania, from 2.5 to 7.5 wt.%,
utile – � � � � �

seudobrookite – – – – � �

ematite � � – – – –
erovskite – – � � � �
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higher than anatase. The photocatalytic activity of these samples
is quite the same, having, of course, a better photoactivity the
sample fired at the lower temperature.
Fig. 4. Photodecomposition efficiency, η, as a function of the irradiation tim

Microstructural observation of the fired ceramic samples
ointed out as in the bulk type samples, large agglomerates of the
riginal titania powders are always still visible (Fig. 6), accord-
ng to the softer mixing action used during their preparation.

The surface of the sprayed type samples shows the pres-
nce of titania particles rather well dispersed (Fig. 7a and b).
he stronger mixing action allowed to better destroy the orig-

nal titania agglomerates. So, a larger number of titania single

articles or agglomerates, of very reduced dimension, are avail-
ble on the surface of the samples, allowing best photocatalytic
erformances.

ig. 5. Quantitative anatase–rutile phase transformation of the tested TiO2 pow-
ers as a function of the firing temperature.

F
a

the samples fired at 950 ◦C: (a) and (c) bulk type, (b) and (d) sprayed type.

The titania of the samples sprayed with the nanosuspension,
red at 900 ◦C, is in both its anatase and rutile phase, with an
mount of anatase higher than rutile. When the same sample is
red at 950 ◦C, an opposite trend is revealed, with a rutile amount
ig. 6. SEM micrograph of the surface of the sample SA 7.5, bulk type and fired
t 900 ◦C, the arrow points the presence of a titania agglomerate.
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Fig. 7. SEM micrograph of (a) surface of the sample SA 7.5, sprayed type and
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A

red at 900 ◦C. The round lighter particles are titania; (b) enlargement of the
revious micrograph in which the morphology of the single titania particles are
etter evidenced.

The results obtained allow to underline the strong effect of the
article size of titania powder on the photocatalytic activity. In
articular, the nanopowder D, even if completely transformed in
utile, already at the lowest temperature tested, 900 ◦C, is able to
ive better performances to the corresponding ceramic samples,
D, in comparison with the results obtained with the addition
f titania powders with larger particle size and in the anatase
hase, i.e. powder A. Many authors underline as titania, in its
natase phase, is more efficient as photocatalyst than rutile,18–22

ue to the larger energy band gap (EG = 3.23 eV for anatase,
G = 3.02 eV for rutile) and to its higher hole-trapping ability.23

or others researchers,24 all that depends by the fact that, in
he rutile phase, the recombination of electron-hole produced
y UV-light irradiation occurs more rapidly on the surface of
he particles and the amount of reactants and hydroxides linked
nto the particle surface is smaller than that of the anatase phase.
ore recent studies25,26 emphasize as the photocatalytic activity

f titania catalyst is more strongly dependent on its surface area,
orosity and morphological aspects, than on its crystalline phase.

or these reasons, several studies report, as nanorutile powders
ith acicular shape show performances similar or even higher

han anatase powders.27–29 Although, in the present study, titania
articles are embedded in a ceramic matrix, the results obtained

A
b

ig. 8. SEM micrograph of SD 7.5 sprayed type sample surface fired at 900 ◦C.
he lighter arrows underline the presence of titania nanoparticles, in its rutile

orm.

ith powder D are very similar to the published ones.27,28 The
EM observation of the surface of the SD samples underlines as

he titania particles retain their extremely reduced dimension, in
he range 60–100 nm, also after the firing of the ceramic samples
Fig. 8). In this way, the fine rutile particles are able to act as
hotocatalyst even better than anatase.

. Conclusions

Several titania powders and a nanosuspension, characterised
y different physical and mineralogical characteristics, were
sed to produce photocatalytically active silicatic based ceram-
cs samples. The photocatalytic activity was evaluated by
ollowing the degradation of an organic compound, indigo
armine, in aqueous medium under UV radiation.

The results underline as it is possible to obtain titania added
eavy clay ceramics with photocatalytic activity, by using
rather simple processing procedure. The ceramic samples,

prayed with a slip containing 7.5 wt.% of titania powder and
red at 900 ◦C, presents the best photoactivity, with a complete
hoto-decomposition of the organic compound. Higher firing
emperatures favour both phase transformation (anatase to rutile)
nd reactions among titania and the iron and calcium oxides (for-
ation of pseudobrookite and perovskite). These factors may be

onsidered responsible of the decreasing photodecomposition
xtent.

Concerning the photocatalytic activity, titania particle size
eems to have a more relevant role than its crystalline phase.
he tested powder D, at 900 ◦C, even if completely transformed

n rutile, gives, to the ceramic samples which is added to, the
est performances, due to its nanosized dimension.

cknowledgement
The Authors acknowledge Prof. G.N. Angelopoulos and Eng.
. Christogerou (University of Patras) for their helpful contri-
ution.



2 pean

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

652 D.M. Tobaldi et al. / Journal of the Euro

eferences

1. Fujishima, A., Rao, T. N. and Tryk, D. A., Titanium dioxide photocatalysis.
J. Photochem. Photobiol. C, 2000, 1, 1–21.

2. Balasubramanian, G., Dionysiou, D. D., Suidan, M. T., Baudin, I. and Laine,
J. M., Evaluating the activities of immobilized TiO2 powder films for the
photocatalytic degradation of organic contaminants in water. Appl. Catal. B
Environ., 2004, 47, 73–84.

3. Arsac, F., Bianchi, D., Chovelon, J. M., Conchon, P., Ferronato, C., Lair,
A. and Sleiman, M., Photocatalytic degradation of organic pollutants in
water and in air. An analytical approach. Mater. Sci. Eng. C, 2008, 28(5–6),
722–725.

4. Herrmann, J.-M., Duchamp, C., Karkmaz, M., Bui Thu Hoai, Lachheb, H.,
Puzenat, E. and Guillard, C., Environmental green chemistry as defined by
photocatalysis. J. Hazard. Mater., 2007, 146, 624–629.

5. Liu, A. R., Wang, S. M., Zhao, Y. R. and Zeng, Z., Low-temperature prepa-
ration of nanocrystalline TiO2 photocatalyst with a very large specific area.
Mater. Chem. Phys., 2006, 99, 131–134.

6. Yang, H., Zhang, K. and Shi, R., Sol–gel activity and photocatalytic
activity of CeO2/TiO2 nanocomposites. J. Am. Ceram. Soc., 2007, 90(5),
1370–1374.

7. Chen, Y., Stathatos, E. and Dyonisiou, D. D., Microstructure characterisation
and photocatalytic activity of mesopouros TiO2 films with ultrafine anatase
nanocrystallites. Surf. Coat. Tech., 2008, 202(10), 1944–1950.

8. Larson, A. C. and Von Dreele, R. B., General Structure Analysis System
(GSAS), Los Alamos National Laboratory Report LAUR, 2000, pp. 86–
784.

9. Toby, B. H., EXPGUI, a graphical user interface for GSAS. J. Appl. Crys-
tallogr., 2001, 34, 210–213.

0. Sanchez, E., Lopez, T., Gomez, R., Bokhimi, X., Morales, A. and Novaro,
O., Synthesis and characterization of sol–gel Pt/(TiO2) catalyst. J. Solid
State Chem., 1996, 122, 309–314.

1. Gonshorek, W. and Feld, R., Neutron diffraction study of the thermal and
oxygen position parameters in rutile. Z. Kristallogr., 1982, 161, 1–5.

2. Klug, H. P. and Alexander, E. L., X-ray diffraction procedures for polycrys-
talline and amorphous materials (2nd ed.). J. Wiley & Sons, New York,
USA, 1974, p. 960.
3. Spurr, R. A. and Myers, H., Quantitative analysis of anatase-rutile mixtures
with an X-rays diffractometer. Anal. Chem., 1957, 5, 760–762.

4. Othman, I., Mohamed, R. M. and Ibrahem, F. M., Study of photocatalytic
oxidation of indigo carmine dye on Mn-supported TiO2. J. Photochem.
Photobiol. A, 2007, 189(1), 80–85.

2

Ceramic Society 28 (2008) 2645–2652

5. Yi, Z., Liu, J., Wei, W., Wang, J. and Lee, S. W., Photocatalytic perfor-
mance and microstructure of thermal-sprayed nanostructured TiO2 coatings.
Ceram. Int., 2008, 34(2), 351–357.

6. Shannon, R. D. and Pask, J. A., Kinetics of the anatase-rutile transformation.
J. Am. Ceram. Soc., 1965, 48(8), 391–398.

7. Pontikes, Y., Esposito, L., Tucci, A. and Angelopoulos, G. N., Thermal
behaviour of clays for traditional ceramics with soda–lime–silica waste glass
admixture. J. Eur. Ceram. Soc., 2007, 27(2–3), 1657–1663.

8. Fox, M. A. and Dulay, M. T., Heterogeneous photocatalysis. Chem. Rev.,
1993, 93, 341–345.

9. Jung, S. C., Imaishi, N. and Korean, J., Chem. Eng., 2001, 18,
867–872.

0. Fujishima, A. and Zhang, X., Titanium dioxide photocatalysis: present sit-
uation and future approaches. C. R. Chim., 2006, 9, 750–760.

1. Bosc, F., Ayral, A., Keller, N. and Keller, V., Room temperature visible
light oxidation of CO by high surface area rutile TiO2-supported metal
photocatalyst. Appl. Catal. B Environ., 2007, 69, 133–137.

2. Hidalgo, M. C., Maicu, M., Navı́o, J. A. and Colón, G., Photocatalytic
properties of surface modified platinised TiO2: effects of particle size and
structural composition. Catal. Today, 2007, 129(1–2), 43–49.

3. Augustynski, J., The role of the surface intermediates in the photoelectro-
chemical behaviour of anatase and rutile TiO2. Electrochim. Acta, 1993, 38,
43–46.

4. Somorjai, G. A., Chemistry in two dimensions: surfaces. Cornell University
Press, Ithaca, USA, 1981, p. 552.

5. Wu, J.-M. and Huang, B., Enhanced ability of nanostructured titania film to
assist photodegradation of Rhodamine B in water through natural aging. J.
Am. Ceram. Soc., 2007, 90(1), 283–286.

6. Jiang, Y., Zhang, P., Liu, Z. and Xu, F., The preparation of porous nano-
TiO2 with high activity and the discussion of the cooperation photocatalysis
mechanism. Mater. Chem. Phys., 2006, 99(2–3), 498–504.

7. Kim, S.-J., Lee, E. G., Park, S. D., Jeon, C. J., Cho, Y. H., Rhee, C. K. and
Kim, W. W., Photocatalytic effects of rutile phase TiO2 ultrafine powder
with high specific surface area, obtained by a homogeneous precipitation
process at low temperature. J. Sol–Gel Sci. Technol., 2001, 22, 63–74.

8. Sun, J., Gao, L. and Zhang, Q., Synthesizing and comparing the photocat-
alytic properties of high surface area rutile and anatase titania nanoparticles.

J. Am. Ceram. Soc., 2003, 86(10), 1677–1682.

9. Kiselev, A., Mattson, A., Andersson, M., Palmqvist, A. E. C. and Österlund,
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