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Abstract

The coating of fired clay substrates with various metal oxides, such as anatase, rutile, zinc oxide and tin oxide was achieved using a simple
spraying technique followed by a thermal treatment. The photocatalytic activity of the layer was characterized through measurement of the
absorption spectrum, in the range 400-800 nm, of methylene blue deposited on top of the coating. Results show that the presence of anatase
enhances the degradation of methylene blue when it is exposed to ultraviolet light. Thermal treatment at 1050 °C transforms anatase crystals into
thermodynamically stable rutile. This results in a decrease of the photocatalytic activity, which can be explained by increase of the grain size and
by a difference in the crystal structure. Measurements of the photocatalytic activity of ZnO and SnO, show that these two oxides also exhibit
photocatalytic properties. In particular, ZnO is a promising alternative material to anatase.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Besides aesthetic considerations, the development and pro-
liferation of micro-organisms on clay products can cause
mechanical and chemical damage to the material. Titanium
oxide and zinc oxide are well known as active catalysts for
degradation of dyes.'™ Indeed, the metastable polymorph of
TiO;, anatase, is currently the most commonly used catalyst for
the photodegradation of organic pollutants.°

Photocatalysis requires the exposure of a semiconductor, like
anatase to UV light. When the energy of the photon is equal or
greater than the energy of the band gap of TiO,, the electrons of
the valence band are excited into the conduction band (ecg ™),
leaving a hole or an electron vacancy in the valence band (hyg™).

TiOy + hv— TiOx(ecg™ +hyp™) ()

If charge separation is maintained, the electrons and holes can
migrate to the catalyst surface where they participate in redox
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reactions with adsorbed species.’ In particular, hyg* may com-
bine with H,O or OH™ to produce the hydroxyl radical.®

H2O(uds) +hve T — HO(us)® + Heaas) ™ (2)

and ecg~ can be picked up by oxygen to generate superox-
ide radicals.!” These superoxide radicals can in turn generate
hydroperoxide and hydrogen peroxide, decomposed at the semi-
conductor surface into hydroxyl radicals, as described in the
following reaction steps:

O2(ads) +€cB~ —> O2ads)® ™ 3)
OZ(ads)._ + H(ads)+ i HOZ(ads). 4)
HO2(5)® + €cB™ + Heads ™ — H202(ads) > 2HOas)®  (5)

These very reactive radicals can oxidize the adsorbed organic
pollutants to achieve complete decomposition.

The efficiency of titanium oxide is influenced by several fac-
tors such as the crystallinity of the anatase phase,®!! the specific
surface area related to particle size and shape!? and the method
of preparation. 34
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The aim of this paper is to study the influence of the nature
of the oxides on the photocatalytic activity of the fired clay
substrate coatings. Micro-organisms were mimicked with the
standard dye methylene blue as a substitute molecule to eval-
uate photocatalytic efficiency: the decomposition of methylene
blue is accompanied by its discolouration from a vivid blue to a
colourless hue.

2. Experimental
2.1. Materials and preparation of photocatalysts

Titanium(IV) oxide (anatase from Prolabo VWR, Fontenay-
sous-Bois) was chosen for the preparation of a photocatalytic
layer for the fired clay substrate. This product consists of 93%
anatase and 7% rutile with a specific surface area of 10.7 m? g~
(measured with the BET method) and a primary particle size of
150 nm.

Titanium(IV) oxide TiO; (rutile) was obtained from Pro-
labo VWR, Fontenay-sous-Bois, France. It is composed of 88%
rutile and 12% anatase with a specific surface area (BET) of
1.39m? g~! and a primary particle size of 1.05 wm. Zinc oxide
(Ceradel, Limoges, France), crystallizes as zincite, has a specific
surface area (BET) of 3.3m? g~! and a primary particle size of
336 nm. Tin oxide, supplied by Ceradel, Limoges, France, crys-
tallizes as cassiterite and exhibits a specific BET-surface area of
5.4m? g~ ! and a primary particle size of 165 nm. An alternative
approach, which avoids the necessity of thermal treatment, was
based on depositing anatase onto an intermediate layer of alu-
mina cement (SECAR 71) prepared by the company Cimentys
(Limoges). This intermediate layer consists of more than 70% of
alumina with a specific surface area of 0.74m? g~! (measured
with the BET method).

Methylene blue was obtained from Kuhlmann (Bordeaux,
France). It was used without any further purification. Through-
out this study, distilled water and denatured ethanol (97%,
Elvetec, Genas, France) were used.

2.2. Sample preparation

Substrates in the form of square-shaped slabs were cut, with
dimensions 4 cm x 4 cm x 1 cm, out of a commercial fired clay
product. Two types of fired clay substrate named R and S for
rough and smooth, respectively were used. The R substrates were
coated as received while S substrates were mechanically pol-
ished prior to coating. In both cases, the apparent open porosity
was evaluated at 19.4%.

Two techniques to achieve adherence of the anatase particles
onto the substrates were tested:

e In a first set of experiments, a heat treatment after spraying of
the anatase powder was used. 10 g of the anatase powder was
dispersed in 90 g of distilled water. The suspension was then
mixed for 15 min in a tubular agitator before being sprayed
onto the fired clay substrate. The sample is subsequently fired
at 850 °C for 2 h (temperature ramp: 10 °C/min).
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Fig. 1. Influence of the irradiation time on the absorption spectra of methylene
blue adsorbed on fired clay substrates.

e In a second approach to achieve adherence, first, alumina-
based cement was mixed in a liquid additive for 3 min before
being sprayed onto the substrate. Then, the anatase suspension
was sprayed onto the first layer to form the photocatalytic
coating. To finish, samples, covered with these two layers,
were dried for 24 h in a humid atmosphere.

The other oxides (rutile, zinc oxide and tin oxide) were pre-
pared in a similar manner to the anatase coating fixed by heat
treatment. The concentration of oxide in the suspension and the
firing conditions were identical.

For experiments involving exposure to UV light, the coated
samples were soaked in a 10~ mol 1~ methylene blue solution
for 30 min and then dried for 12 h in a dark room.

2.3. Analysis

Methylene blue degradation was monitored using a UV-vis
Spectrophotometer (ElmerPerkin Lambda 40). Since the sam-
ples are solid and opaque, the absorption measurements are
made with an integrating sphere, which collects the reflected
beam from the sample. Samples were exposed to UV light
(A=366nm) for 2 h, and measurements were recorded at regu-
lar time intervals. Fig. 1 shows the methylene blue adsorption
spectra for a smooth substrate (S) following different irradia-
tion times. Three peaks, centered on 555, 600 and 660 nm can
be identified and are attributed to the presence of H-aggregates,
dimers and monomers, respectively in methylene blue. The rela-
tion between absorption of light, A, and concentration of the
absorbing species, C, is described by the Beer—Lambert law.

A =¢ebC (6)

where b is the optical pathlength in cm and ¢ is the extinction
coefficient in cm ™! 1mol~!. The extinction coefficient for each
species is assumed to be the same.'>~!7 The ratio of concentra-
tion of methylene blue, at a time ¢, C; to the concentration at
time zero, Cy, is given by the ratio of the measured absorption
A; at time ¢ to the initial absorption Ag. Though there is an inter-
dependent relationship between the three species, it has been
found convenient to choose the strong dimer peak to represent
the concentration of methylene blue. In fact, a slight red shift can
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be detected in the 600 nm dimer peak explained by the conver-
sion of dimers into monomers. The absorption ratio A;/Aq of this
peak has therefore been studied as a function of irradiation time.
XRD experiments were carried out using a diffractometer with
the Debye—Scherrer geometry, based on a sealed tube operat-
ing at 37.5kV/28 mA, a curved quartz monochromator (Cu Ko
radiation) and a curved position sensitive detector (Inel CPS
120).

Topographic measurements of the samples were made at
room temperature with a Nanoscope IIla scanning probe micro-
scope (Digital Instrument). The microscope was operated in the
tapping scanning mode. The scanning probes were batch fab-
ricated Si cantilevers with CN-W alloy coated tips. Details of
the tip are: size, 160 pm x 45 pm x 4.6 wm; radius of curvature,
10 nm; spring constant, 42 N/m; resonance frequency, 285 kHz.

3. Results and discussion
3.1. Effect of the irradiation time

If the degradation of methylene blue obeys first order kinetics,
then the concentration of methylene blue can be described by

C, = Coexp(—kt) 7

where k represents the apparent rate constant. For short times,
the dependence of the normalized absorption A,/A( on time can
be modelled as a straight line. The slope gives a direct measure
of the degradation rate constant.!® The absorption spectra for
methylene blue were found to be of similar form for both smooth
and rough fired clay substrates. The same general trend of degra-
dation behavior with UV exposure time was also obtained on the
two types of substrate. However, the amount of methylene blue
adsorbed on a smooth substrate is twice as much as the amount
adsorbed on a rough substrate. We deduce that both the chemical
nature of the substrate surface as well as its roughness have an
influence in the affinity of the substrate for methylene blue.
Experiments were carried out with different coatings com-
posed of alumina-based cement, anatase and a mixture of anatase
and cement. The concentration of anatase in the coatings was
kept constant at 10% in mass. The concentration in methylene
blue was fixed at 107> mol 1! and smooth substrates were used.
Fig. 2 and Table 1 show that the decomposition rate of dimers
in methylene blue with the UV light irradiation time is highest
with an anatase coating. In the presence of alumina cement, the
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Fig.2. Normalized absorption of light at 600 nm by methylene blue as a function
of UV exposure time for different coatings on smooth fired clay substrates.

decomposition rate of methylene blue is lower than that observed
for blank samples, implying that alumina cement inhibits the
decomposition of methylene blue. Indeed, a mixture of cement
and anatase as a coating is less effective than no coating at all.
Moreover, the plot of A/Ag as a function of the irradiation time
is no longer linear (R? = 50 for a rough sample with cement). It
is then difficult to assign a reaction order. Several reasons can
explain the discrepancy between the experimental results and the
expected behavior. Aging of the catalyst surface and pH changes,
especially on cement surfaces could explain these results. Some-
what similar behavior with unknown reaction order, although at
longer exposure times, has been observed during the removal
of organic contaminants in paper pulp by TiO, photocatalyzed
oxidation.!” Results obtained on rough substrates follow the
same trends and are also presented in Table 1.

To conclude, anatase powder deposited on the surface of fired
clay substrates with a heat treatment enhances the photocatalytic
decomposition of a model system, the dye methylene blue. How-
ever, the presence of an alumina-based cement matrix inhibits
methylene blue decomposition.

3.2. Influence of firing temperature

To evaluate the impact of the thermal treatment on the photo-
catalytic activity of anatase, spectrophotometric measurements
were carried out on a series of smooth samples and a series
of rough samples covered by anatase layers deposited from

Table 1
Rate of decomposition of dimers of methylene blue and correlation coefficients for different coatings on smooth (S) and rough (R) substrates
Coating
No coating (reference) Anatase Alumina-based cement Anatase and alumina-based cement
Smooth substrates (S)
Slope (x1075) —42 —60.4 —19.1 —22.8
R (%) 90 90 88 91
Rough substrates (R)
Slope(x1072) —65.1 —108.5 —13.8 —22.8
R (%) 99 94 50 91
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Fig. 3. Evolution of the rate of degradation of methylene blue dimers adsorbed
on (S) fired clay substrates with the firing temperature.

Table 2
Rate of decomposition of dimers of methylene blue for different firing temper-
atures on smooth substrates

Temperature of firing (°C)

100 400 850 1050
Slope (x1079) —109 -93 —42 -22.8
R? (%) 94 92 90 91

an aqueous suspension. Both types of sample were subjected
to thermal treatments at 100, 850, 950 or 1050 °C. Fig. 3 and
Table 2 show that the rate of decomposition of dimers of methy-
lene blue is highest when the thermal treatment temperature is
low (100 °C). For a thermal treatment temperature of 850 °C, the
decomposition of dimers of methylene blue has slowed down to
a rate close to or slightly higher than the value observed for a
sample without coating.

XRD patterns were then recorded for the coatings following
thermal treatment at the different temperature. In comparison
with the JCPDS data cards, the diffraction patterns are indexed
without difficulty to anatase and rutile. The lattice constants (in
A) calculated from the diffraction peaks are a=3.78, ¢=9.51
for anatase and a =4.58, ¢=2.95 for rutile, respectively. These
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are in good agreement with those of anatase and rutile single
crystal (a=3.7842, c=9.5146 for an anatase single crystal and
a=4.5845, c=2.953 for a rutile single crystal). In addition, no
peaks from other impurities were detected in the patterns. An
increase in the diffraction peak intensity was observed upon
increasing the heating temperature, which means that the crys-
tallinity of the TiO, powder was enhanced at higher temperature.
The X-ray diffraction measurements were also used to study
coherent domain size evolution in the anatase/rutile powders in
relation to the thermal treatment. The full width at half maximum
height (FWMH) of a peak in the diffraction pattern is related to
the coherent domain size: D (and thus the crystallite size) using
the simplified Scherrer relation:

0.94

- A(260) cosb ®)

where A is the wavelength of the Cu Ko radiation. A = 1.5408 A;
0 is the angle of diffraction in radian; A(20) is the FWMH in
radian.

The FWMH for the three most intense peaks characteristic
of anatase or rutile show that the coherent domain size increases
from 41 nm for a thermal treatment at 100 °C to 57 nm for a
treatment at 1050 °C (see Fig. 4). Scanning probe measure-
ments on titanium oxide particles synthesized with a sol-gel
method®® and deposited on silicon wafers confirm this trend.
In this particular case, the average grain size increases from
22 nm at 500 °C to 79 nm at 1000 °C. In parallel, BET measure-
ments indicated that the specific surface area of anatase powder
decreased from 11.7 m? g~! for a thermal treatment at 100 °C to
2.1 m? g~! for a thermal treatment at 1050 °C. Thus, as the ther-
mal treatment temperature increases, the specific surface area of
the catalyst decreases which can be correlated to the decrease in
photocatalytic activity, shown in Fig. 3.

The other important factor is the proportion of anatase to
rutile in the powder. According to the X-ray data, the propor-
tion of anatase is maintained at its original level of 93% for
thermal treatment up to 840 °C. Above this thermal treatment
temperature, the anatase crystals transform into rutile. Complete

|- Anatase - Rutile]

20

Size (nm)
&

0 T T T T

0 100 200 300 400

500

T T T T T 1

600 700 800 900 1000 1100

Firing temperature (°C)

Fig. 4. Evolution of the coherent domain size as a function of the firing temperature of the anatase coatings. Inset: X-ray diagram of anatase crystals at 400 °C.
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Fig. 5. Evolution of rate of degradation of methylene blue dimers adsorbed on
(S) fired clay substrates with the nature of the oxide used.

(100%) transformation is achieved for temperatures greater than
1050 °C. Correspondingly the decomposition rate of methylene
blue is much slower, which can be attributed to smaller specific
surface area of the powder and also to the lower photocatalytic
activity of rutile.?!22

To summarize, increase in firing temperature causes an
increase of the average particle size and an increase of the pro-
portion of the rutile in the titanium dioxide coating. Both factors
decrease the photocatalytic behavior of the deposited layer.

3.3. Influence of the nature of the oxides

Finally, we investigated if other wide band gap semicon-
ducting oxides could have a photocatalytic activity similar to
anatase. Samples were first sprayed by an aqueous suspension of
either anatase, rutile, zinc oxide or tin oxide. Samples were then
fired and the probe dye was deposited as described previously.
Spectrophotometric measurements following the variations of
absorption of methylene blue as a function of time for the differ-
ent metal oxides are presented in Fig. 5. This suggests that the
degradation of methylene blue deposited on a fired clay prod-
uct covered with a predominantly rutile-based coating is slower
than with an anatase layer. Since the average particle size of the
two powders are so different, it is difficult to conclude which
parameter between grain size and oxide nature is controlling
the photocatalytic effect. However, other workers have already
demonstrated the difference in photocatalytic activity between
anatase and rutile.”!>> This behavior has been attributed to the
crystallographic differences between the two polymorphs and
the influence of defects.?? Planes at the surface of rutile probably
present different characteristics from the photocatalytic active
ones formed by the oxygen atoms on anatase crystals.”!

Surprisingly, coarse (340 nm) zinc oxide crystals are better
photocatalysts than finer anatase ones (150 nm, see Table 3).
This was explained by the greater quantum efficiency of ZnO
compared to TiO, and other oxides.>* Reduced photocatalytic
activity in tin oxide can be explained because of the wide band
gap (3.9eV compared with 3.2eV for anatase and ZnO). The
light energy in this band at shorter wavelengths is insufficient to
generate many electron-hole pairs.?*

Table 3
Rate of decomposition of dimers of methylene blue for different oxides on
smooth substrates

Oxide

TiO, anatase TiO; rutile ZnO SnO,

Slope (x1075) —42 -22.8 —724 348
R? (%) 99 91 98 87
Grain size (nm) 150 1050 336 165
Specific area (m? g~ 1) 10.7 1.39 33 5.4

4. Conclusions

We have described techniques to deposit a coating of anatase
and other semiconductors such as ZnO, SnO, or rutile on
fired clay products. The coating is fixed by thermal treatment
or by using a sublayer of alumina-based cement. Accord-
ing to spectrophotometric measurements, TiO;, as metastable
anatase, efficiently catalyses the decomposition of dye like
methylene blue in the presence of light and oxygen on fired
clay substrates. In comparison, alumina-based cement coating
decomposes methylene blue even more slowly than a fired clay
product without any coating. The thermal treatment temperature
of the anatase coating is a significant parameter which influ-
ences the photocatalytic activity of the coating due to changes
in the specific surface area and anatase/rutile ratio of the powder.
Finally, the photocatalytic activity of several different semicon-
ductor oxide coatings has been compared. Significantly, rutile
is a poor photocatalyst whereas zinc oxide provides a good
alternative to titanium oxide.
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