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1 Introduction
Advanced oxidation processes (AOPs) are 
based on sufficient concentrations of hy-
droxyl radicals to degrade dissolved organic 
compounds present in water or those that 
are dispersed in air to mineral forms or at 
least to harmless organic compounds. The 
OH radical is the most important natural 
oxidant in tropospheric chemistry [1]. It is 
often termed the “detergent” of the atmos-
phere, as it reacts with many pollutants, 
 initiating their cleaning process, while it 
 also plays an important role in the elimina-
tion of greenhouse gases such as methane 
or ozone. The features that make AOPs at-
tractive are, among others, that they break 
up the pollutant, which is not concentrated 
or transferred to another medium, provid-
ing complete or almost complete minerali-
zation of the organic pollutants, and that 
they can serve in breaking up the vast ma-
jority of organic compounds, especially 
non-biodegradable compounds such as 
 organochlorated compounds, PCBs, PAHs, 
etc. It is a safe and clean technology and, in 
certain processes, solar radiation can be 
used as process initiator.
Titanium oxide is currently the photocata-
lyst reference material, given its high activi-
ty, relative stability, low cost, and low toxici-
ty. However, certain problems need to be ad-
dressed such as the low velocity of photoca-
talysis, generation of toxic degradation in-
termediates, deactivation of the material, 
and need for UV irradiation as its band gap 
does not match that of sunlight: the use of 

ceramic composites could enhance these as-
pects [2]. Conversely, recent reports have 
shown that nanostructured anatase exhibits 
higher activity and selectivity than commer-
cially available TiO2 catalysts (Degussa P25).
These favourable characteristics are related 
to the small size of the crystallites, which de-
fines the surface area available for adsorp-
tion and decomposition of organic pollut-
ants. The higher surface-to-bulk ratio of 
these ultrafine particles could favour the 
transfer of photogenerated charge carriers 
(i.e. e– and h+) to the adsorbed molecules. 
However, when the size of a semiconductor 
decreases to an extent that the relative pro-
portion of surface and bulk regions are 
comparable, the band structure becomes 
discrete, and its chemical and optical prop-
erties differ from those of the bulk material. 
This phenomenon is known as the quantum 
size effect (QSE), and its existence in nano-
metre-sized TiO2 particles is controversial. 
Thus, Serpone et al. proposed that this effect 
is not perceptible for particles larger than 
2 nm, whereas other authors have attributed 
the noticeable shifts in the electronic spectra 
of TiO2 with particle sizes smaller than 10 nm 
to the QSE [3].
Thin semiconductor film coatings can be 
obtained by serigraphy deposition of ap-
propriate inks on a glazed tile that is fired 
up to 600 °C in order to establish nanos-
tructured semiconductor particles due to 
its higher surface-to-bulk ratio favouring 
the transfer of photogenerated charge car-
riers. This paper presents examples of the 
use of ceramic glazed tiles coated with na-
nostructured SiO2, TiO2, ZrO2, and Bi2O3 
in the treatment of wastewaters using 
 Orange II as the target [4].

2 Experimental
The inks were prepared by sol-gel dispersion 
of salt precursors of SiO2, TiO2, ZrO2, and 
Bi2O3 (TEOS, titanium isopropoxide, zirco-
nium acetate, and bismuth nitrate pentahy-
drate, respectively). The inks were deposited 
on a monoporosa glazed tile (1085 °C) by 
serigraphy using a 120-thread screen. The 
resulting films were fired at 600 °C with a 
thermal cycle of 50 min with 15 min of 
soaking time at 600 °C. The monoporosa 
glaze used in this work is a glass in the SiO2–
CaO–ZnO–B2O3–K2O–Al2O3 system that 
has a relatively high photoactivity [3].
The resulting coated tiles (Fig. 1 a) were 
characterized by the low-glancing-angle X-
ray diffraction (XRD) method, UV-Vis-NIR 
spectroscopy using the diffuse reflectance 
technique, and scanning electron microsco-
py (SEM).
Low-glancing-angle X-ray diffraction GID 
(glancing incidence diffraction) method 
XRD patterns were obtained with a Siemens 
D-500 diffractometer using Ni-filtered Cu-
Ka radiation between 10 and 70 °. Maintain-
ing a low-incidence angle throughout the 
scan increases the path length through the 
sample and decreases the X-ray penetration 
depth, resulting overall in diffraction pat-
terns with higher relative sample peak in-
tensities and lower substrate scatter [4].
UV-Vis-NIR spectroscopy using the diffuse 
reflectance technique was carried out with a 
Perkin-Elmer (Lambda 2000) spectropho-
tometer in the range 200–800 nm in order  
to obtain the band gap of the catalyst from 
the absorption threshold wavelength.
The microstructure of representative fired 
samples was studied by SEM, using a Leo-
440 Leyca electron microscope equipped 
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with an Energy Dispersion X-ray (EDX) at-
tachment by Oxford University (work con-
ditions: 10–20 kV acceleration voltage and a 
probe intensity of 150–500 pA). The EDX 
analysis was obtained at relatively low mag-
nification as an average of the area of the 
image on the scanning electron microscope 
screen. Samples were graphite coated by a 
sputtering procedure before SEM-EDX 
studies.
The photocatalytic tests were carried out 
 using a cylindrical reactor (Fig. 1 b) 22 cm 
in height and 14 cm in diameter with walls 
coated with glazed ceramic pieces around 
14 cm high and 4 cm width. The reactor 
containeda solution of 0.6·10–5 M Orange II 
in a controlled neutral pH, avoiding buffer 
addition. The 0.6·10–5 M solution of monoa-
zo dye at pH 7 was analyzed by UV-Vis-NIR 
to determine the appropriate wavelength for 
measurement of the remaining Orange II 
dye. The results indicate that λ = 485 nm 
was the maximum of absorbance. The UV 
irradiation source was a 125-W mercury 
lamp emitting in the range 254–365 nm. 
The lamp was placed in a refrigerated quartz 
tube (28 cm high and 5 cm in diameter) sur-
rounded by a coaxial tube, also made of 
quartz, 28 cm high and 6.5 cm in diameter, 
across which circulates a refrigerated cur-
rent of water. The estimated power sur- 
face density of the emitting UV light was  
0.1 W/cm2. The tube was placed into the 
 cylindrical reactor (20 cm high and 14 cm 
 diameter) containing 750 ml of an irradiated 
solution of Orange II. The suspension was 
first stirred in the dark for 15 min to reach 
equilibrium sorption of the dye. An aliquot of 
samples was taken every 15 min to measure 
the remaining dye concentration by spectros-
copy at the maximum of absorbance. 
Specular reflectance (SR) at 650 nm and the 
average roughness (Ra) of the tile surface 
were measured using an X-Rite SP60 reflec-
tometer and an ASM3 roughness tester, re-
spectively. The measurements for the parent 
glass were SR = 3.6 % and Ra = 0.05 mm.
Blank experiments with Orange II solution 
without catalyst addition, were conducted 
before the photocatalytic experiments. Like-
wise commercial anatase P25 supplied by 
Degussa was used as a reference to compare 
its photocatalytic activity with the prepared 
samples.

3 Results and discussion
3.1 XRD characterization of glazed tiles
Low-glancing-angle X-ray diffraction GID 
patterns of prepared samples are shown in 
Fig. 2. The parent glaze crystallizes zircon 
and low intense peaks associated with te-
tragonal zirconia were also detected. The sil-
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2 Experimental
The inks were prepared by sol-gel dispersion 
of salt precursors of SiO2, TiO2, ZrO2, and 
Bi2O3 (TEOS, titanium isopropoxide, zirco-
nium acetate, and bismuth nitrate pentahy-
drate, respectively). The inks were deposited 
on a monoporosa glazed tile (1085 °C) by 
serigraphy using a 120-thread screen. The 
resulting films were fired at 600 °C with a 
thermal cycle of 50 min with 15 min of 
soaking time at 600 °C. The monoporosa 
glaze used in this work is a glass in the SiO2–
CaO–ZnO–B2O3–K2O–Al2O3 system that 
has a relatively high photoactivity [3].
The resulting coated tiles (Fig. 1 a) were 
characterized by the low-glancing-angle X-
ray diffraction (XRD) method, UV-Vis-NIR 
spectroscopy using the diffuse reflectance 
technique, and scanning electron microsco-
py (SEM).
Low-glancing-angle X-ray diffraction GID 
(glancing incidence diffraction) method 
XRD patterns were obtained with a Siemens 
D-500 diffractometer using Ni-filtered Cu-
Ka radiation between 10 and 70 °. Maintain-
ing a low-incidence angle throughout the 
scan increases the path length through the 
sample and decreases the X-ray penetration 
depth, resulting overall in diffraction pat-
terns with higher relative sample peak in-
tensities and lower substrate scatter [4].
UV-Vis-NIR spectroscopy using the diffuse 
reflectance technique was carried out with a 
Perkin-Elmer (Lambda 2000) spectropho-
tometer in the range 200–800 nm in order  
to obtain the band gap of the catalyst from 
the absorption threshold wavelength.
The microstructure of representative fired 
samples was studied by SEM, using a Leo-
440 Leyca electron microscope equipped 
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with an Energy Dispersion X-ray (EDX) at-
tachment by Oxford University (work con-
ditions: 10–20 kV acceleration voltage and a 
probe intensity of 150–500 pA). The EDX 
analysis was obtained at relatively low mag-
nification as an average of the area of the 
image on the scanning electron microscope 
screen. Samples were graphite coated by a 
sputtering procedure before SEM-EDX 
studies.
The photocatalytic tests were carried out 
 using a cylindrical reactor (Fig. 1 b) 22 cm 
in height and 14 cm in diameter with walls 
coated with glazed ceramic pieces around 
14 cm high and 4 cm width. The reactor 
containeda solution of 0.6·10–5 M Orange II 
in a controlled neutral pH, avoiding buffer 
addition. The 0.6·10–5 M solution of monoa-
zo dye at pH 7 was analyzed by UV-Vis-NIR 
to determine the appropriate wavelength for 
measurement of the remaining Orange II 
dye. The results indicate that λ = 485 nm 
was the maximum of absorbance. The UV 
irradiation source was a 125-W mercury 
lamp emitting in the range 254–365 nm. 
The lamp was placed in a refrigerated quartz 
tube (28 cm high and 5 cm in diameter) sur-
rounded by a coaxial tube, also made of 
quartz, 28 cm high and 6.5 cm in diameter, 
across which circulates a refrigerated cur-
rent of water. The estimated power sur- 
face density of the emitting UV light was  
0.1 W/cm2. The tube was placed into the 
 cylindrical reactor (20 cm high and 14 cm 
 diameter) containing 750 ml of an irradiated 
solution of Orange II. The suspension was 
first stirred in the dark for 15 min to reach 
equilibrium sorption of the dye. An aliquot of 
samples was taken every 15 min to measure 
the remaining dye concentration by spectros-
copy at the maximum of absorbance. 
Specular reflectance (SR) at 650 nm and the 
average roughness (Ra) of the tile surface 
were measured using an X-Rite SP60 reflec-
tometer and an ASM3 roughness tester, re-
spectively. The measurements for the parent 
glass were SR = 3.6 % and Ra = 0.05 mm.
Blank experiments with Orange II solution 
without catalyst addition, were conducted 
before the photocatalytic experiments. Like-
wise commercial anatase P25 supplied by 
Degussa was used as a reference to compare 
its photocatalytic activity with the prepared 
samples.

3 Results and discussion
3.1 XRD characterization of glazed tiles
Low-glancing-angle X-ray diffraction GID 
patterns of prepared samples are shown in 
Fig. 2. The parent glaze crystallizes zircon 
and low intense peaks associated with te-
tragonal zirconia were also detected. The sil-

ica coating doesn’t show any crystallization 
associated with SiO2, the bismuth film 
shows a weak crystallization associated with 
Bi2O3 and a strong crystallization of an uni-
dentified phase X. In the case of the titani-
um film anatase crystallizes, and finally for 
the zirconium film tetragonal zirconia crys-
tallizes and considerably increases its inten-
sity peaks.

3.2 UV-Vis-NIR spectroscopy
The UV-Vis-NIR spectra (Fig. 3) are domi-
nated in all cases by a broad peak associat-
ed with metal–ligand charge transfer 
(Mn+↔O2−). From the threshold value of 
absorbance the band gap calculated for the 
Si sample is 3.5 eV, and the value shifts to 
slightly lower band gaps in the sequence Zr 
(3.4), Ti (3.3), and Bi (3.2 eV).

3.3 SEM microstructure
Figure 4 shows the microstructure of repre-
sentative glazed samples fired at 600 °C and 
their EDX mapping analysis. The EDX map-
ping analysis shows 1-mm radius particles in 
the parent glass that are associated with 
ZrO2 crystallization, and also needle-shaped 
particles in the parent glass around 1 mm 
long associated with ZrSiO4 crystallization. 
The Si-glazed sample is similar to the parent 
glass microstructure with irregularly shaped 
ZrO2 and needles of zircon crystallization, 
but the major intensity of Si in the mapping 
analysis indicates the presence of a silica 
film coating the surface. In the case of the Ti 
sample an anatase film is clearly observed in 
some cracks on the surface.
The surface roughness (Table 1) is similar in 
all samples, including the parent glass (Ra = 

1

Fig. 1 • Glazed samples (left) and reactor view (right) 

Fig. 2 • Low-glancing-angle X-ray diffraction GID patterns of the samples. Crystalline phases: Z – ZrSiO4, 

T – Tetragonal zirconia ZrO2, B – Bi2O3, A – Anatase, X – unidentified phase

2

2 / °
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ca. 0.05 mm). The specular reflectance (Fig. 
1, left) and Table 1) is very low for both the 
parent glass and Si sample (3.8 %), increases 
in the Zr and Bi samples (8.3 and 12.8 %, re-
spectively) and shows relatively high reflect-
ance for the Ti sample (20.5 %).

3.4 Photocatalytic test
The test of photocatalytic activity for the 
samples was carried out following the 
above-mentioned experimental procedure. 
The change of dye concentration versus 
time of irradiation is plotted in Fig. 5. The 
obtained results indicate a linear degrada-
tion curve for the Orange II solution in the 
“blank” test carried out without catalyst. 
This linear behaviour is in agreement with 
the direct photolysis effect of UV irradiation 
in the absence of a catalyst. The presence of 
a catalyst leads to a decay of the dye concen-
tration due to its photocatalytic capacity. 
The decay of the dye concentration upon 
photocatalytic oxidation of different dyes 
fitted the Langmuir-Hinshelwood (L-H) ki-
netics model [4–8]. When the initial con-

centration (Co) and the adsorption are low, 
the kinetic model follows the equation: 

where
t – illumination time
C – actual dye concentration.
A plot of ln(C/Co) versus time of data fitting 
the L-H model shows a linear adjustment 
and the slope of the linear regression is the 
apparent first-order rate constant Kapp. The 
half life (t1/2) can be calculated with the fol-
lowing expressions:

Plots of ln(C/Co) versus time of irradiation 
are in agreement with the L-H model be-
cause the lineal behaviour of each curve in-
dicates that a first-order reaction is taking 
place during Orange II degradation. The ki-
netics parameters of the photocatalytic re-
action t1/2 and the square of the correlation 
coefficient R2 calculated from the above 
equations can be seen in Table 1 indicating a 
goodness-of-fit measure.
In order to obtain powders with a high cata-
lyst capacity it is necessary to simultaneous-
ly have two apparently contradictory prop-
erties: a high specific surface area in order to 
adsorb substrates and a high crystallinity 
(or less surface and bulk defects) to dimin-
ish the electron-hole recombination. From 
the obtained results, the best photocatalytic 
results (lowest t1/2) are seen with silica depo-
sition, bismuth oxide deposition shows a 
similar value, and zirconia and titania coat-
ings show inferior results.
The photocatalytic activity observed is high 
in spite of the low surface interaction of  
the catalytic surface of the glazed tiles (only 
0.03 m2). The preserved zircon microstruc-
ture can explain the relatively high results 
for silica, which unexpectedly shows better 
results than anatase or tetragonal zirconia 
coatings. In effect the parent glass shows the 
best photocatalytic results (t1/2 = 103 min) 
in agreement with the literature [2, 7, 8] in 

Table 1 • Photocatalytic and surface data of samples

Sample
pH 

(initial)
pH 

(final)
Eg / eV t1/2 / min R2 SR / %

(650 nm)
Ra / μm

Without 7.5 7.5 – 1208 0.922 – –

P25 7.5 7.6 – 38 0.933 – –

Parent glass 7.6 6.4 3.5 103 0.984 3.6 0.05

Si 7 6.7 3.5 123 0.9842 3.8 0.05

Bi 7.4 7.3 3.2 182 0.9871 12.8 0.05

Ti 7.6 7.7 3.3 392 0.971 20.5 0.06

Zr 7.6 7.2 3.4 228 0.994 8.3 0.06Fig. 4 • Microstructure of parent glass and representative coated samples fired at 600 °C and its EDX mappings
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ca. 0.05 mm). The specular reflectance (Fig. 
1, left) and Table 1) is very low for both the 
parent glass and Si sample (3.8 %), increases 
in the Zr and Bi samples (8.3 and 12.8 %, re-
spectively) and shows relatively high reflect-
ance for the Ti sample (20.5 %).

3.4 Photocatalytic test
The test of photocatalytic activity for the 
samples was carried out following the 
above-mentioned experimental procedure. 
The change of dye concentration versus 
time of irradiation is plotted in Fig. 5. The 
obtained results indicate a linear degrada-
tion curve for the Orange II solution in the 
“blank” test carried out without catalyst. 
This linear behaviour is in agreement with 
the direct photolysis effect of UV irradiation 
in the absence of a catalyst. The presence of 
a catalyst leads to a decay of the dye concen-
tration due to its photocatalytic capacity. 
The decay of the dye concentration upon 
photocatalytic oxidation of different dyes 
fitted the Langmuir-Hinshelwood (L-H) ki-
netics model [4–8]. When the initial con-

centration (Co) and the adsorption are low, 
the kinetic model follows the equation: 

where
t – illumination time
C – actual dye concentration.
A plot of ln(C/Co) versus time of data fitting 
the L-H model shows a linear adjustment 
and the slope of the linear regression is the 
apparent first-order rate constant Kapp. The 
half life (t1/2) can be calculated with the fol-
lowing expressions:

Plots of ln(C/Co) versus time of irradiation 
are in agreement with the L-H model be-
cause the lineal behaviour of each curve in-
dicates that a first-order reaction is taking 
place during Orange II degradation. The ki-
netics parameters of the photocatalytic re-
action t1/2 and the square of the correlation 
coefficient R2 calculated from the above 
equations can be seen in Table 1 indicating a 
goodness-of-fit measure.
In order to obtain powders with a high cata-
lyst capacity it is necessary to simultaneous-
ly have two apparently contradictory prop-
erties: a high specific surface area in order to 
adsorb substrates and a high crystallinity 
(or less surface and bulk defects) to dimin-
ish the electron-hole recombination. From 
the obtained results, the best photocatalytic 
results (lowest t1/2) are seen with silica depo-
sition, bismuth oxide deposition shows a 
similar value, and zirconia and titania coat-
ings show inferior results.
The photocatalytic activity observed is high 
in spite of the low surface interaction of  
the catalytic surface of the glazed tiles (only 
0.03 m2). The preserved zircon microstruc-
ture can explain the relatively high results 
for silica, which unexpectedly shows better 
results than anatase or tetragonal zirconia 
coatings. In effect the parent glass shows the 
best photocatalytic results (t1/2 = 103 min) 
in agreement with the literature [2, 7, 8] in 

the sense that the needled-shaped zircon 
surface crystallizations show relatively high 
photoactivity. Finally, the interaction with 
the parent glass can explain the relatively 
high results of the bismuth oxide sample.

4 Conclusions
A parent glass in the SiO2–CaO–ZnO–B2O3–
K2O–Al2O3 system, deposited and processed 
by the monoporosa firing method (1085 °C), 
was coated using a sol–gel procedure and by 
serigraphy with silica, bismuth oxide, zirco-
nia, and anatase. The photocatalytic activity 
of the samples determined by degradation 
in the Orange II dye test shows that a first-
order reaction according to the Langmuir-
Hinshelwood model is followed. From the 
UV-Vis-NIR results the band gap calculated 
is around 3.5 eV for the parent glass and 
that with a silica coating, and slightly lower 
for the other coatings. The needle-shaped 
microstructure of the parent glass shows the 
best photocatalytic results in agreement 
with the literature. The preserved zircon 

microstructure can explain the relatively 
high results for the silica coating, which un-
expectedly showed better results than the 
anatase or tetragonal zirconia coatings. Fi-
nally, the interaction with the parent glass 
can explain the relatively high results of the 
bismuth oxide sample
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Table 1 • Photocatalytic and surface data of samples

Sample
pH 

(initial)
pH 

(final)
Eg / eV t1/2 / min R2 SR / %

(650 nm)
Ra / μm

Without 7.5 7.5 – 1208 0.922 – –

P25 7.5 7.6 – 38 0.933 – –

Parent glass 7.6 6.4 3.5 103 0.984 3.6 0.05

Si 7 6.7 3.5 123 0.9842 3.8 0.05

Bi 7.4 7.3 3.2 182 0.9871 12.8 0.05

Ti 7.6 7.7 3.3 392 0.971 20.5 0.06

Zr 7.6 7.2 3.4 228 0.994 8.3 0.06Fig. 4 • Microstructure of parent glass and representative coated samples fired at 600 °C and its EDX mappings

Fig. 3 • UV-Vis spectra of coated tiles at 600 °C/1h
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