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Abstract

The industrial feasibility of large-sized, photocatalytic building materials was assessed by the adoption of suitable, fast and environmental
friendly technological solutions. Nanostructured TiO, coatings can be realized by ink-jet or roller printing of nano-anatase suspensions by
modifying, in one single step, the chemistry and microstructural features of products. Functional coatings must be consolidated through additional
thermal steps, which necessarily entail modifications of the current production cycles of ceramic tiles. This is due to the fact that the direct
functionalization of unfired ceramics is detrimental to the photocatalytic performance. The microstructure of coatings depends on deposition
technologies and processing conditions. However, photoactive materials that also display superhydrophilic behaviour can be obtained by
employing much lower amounts of TiO, than 1.0 g m~2, and by annealing at temperature as low as 400-500 °C. A limited increase of the cost of

products is involved, especially in the case of large-sized elements.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the field of ceramic tiles, the latest market trends encourage
the production of tiles having large dimensions and ever
decreasing thicknesses. Innovative technological solutions have
been devised to produce ceramic slabs having surface dimen-
sions up to 3.6 m x 1.2 m and thickness down to 3—4 mm only
[1-3].

The development of porcelain stoneware large slabs, which
find applications both as outdoor and indoor building and
construction elements (i.e. flooring, wall covering, roofing,
ventilated facades, insulating panelling, tunnel lining), has
recently received significant attention [1,3], especially in
combination with the functionalization of their surface, as such
products provide de-soiling and de-polluting capabilities [4-7].
Photocatalytic surfaces — obtained by deposition of a titanium
dioxide layer — can be considered as eco-friendly materials,
able to reduce air pollution in urban areas and to prevent houses,
walls, tunnels, etc. from becoming sooty and dark, thus
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improving environmental safety and quality of life [3,8—10]. In
addition, the high hydrophilicity induced by TiO, coatings
promotes a favourable wetting behaviour, enhancing both
antifogging and self-cleaning performances, since the micro-
droplets of condensed water spread out on the surfaces forming
a continuous water layer [3,11,12].

However, some technological challenges are still to be met
in view of the scaling-up of such innovative construction
materials to industrial standards, so that as of today large-scale
applications are still limited. The main constraints are
represented by the need of:

(i) immobilizing the photocatalyst on an inert support like the
ceramic surface by suitable deposition and sintering
techniques [7,13];

(ii) modifying the production cycles (e.g. including an
additional annealing step) in order to avoid the anatase-
to-rutile phase transformation, which implies a reduction
of photoactivity [14-16];

(iii) obtaining materials with lasting performances, able to
preserve over time their additional functionalities in
different working conditions [17,18].
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In recent years, many papers have reported the photoinduced
catalytic activity and improved wettability of TiO,-coated
surfaces [6,9,10]. In this context, several solutions have been
evaluated to single out appropriate technologies (e.g. sol-gel
processes, chemical and physical vapour deposition, thermal
spraying, electron-beam evaporation), each time highlighting
the role played by process and product variables in obtaining
the coating structure and performance [12,19-21]. In the
building sector, however, some additional constraints — i.e.
wide surfaces to be processed, availability of in-line deposition
techniques, output rate to be kept as high as usual, cost of the
final product — represent critical points to be addressed, all of
them requiring adequate, prompt, and possibly cheap technical
solutions while avoiding waste of material.

In this work, nanostructured TiO, coatings were realized on
porcelain stoneware large-sized slabs by using industrial
technologies of deposition such as ink jet printing and roller
printing. These technologies are already available in many
manufacturing plants for decorative purposes. Nevertheless, in
this context, they were selected for the possibility of obtaining, in
one single step, the deposition of the active semiconductor and
the direct microstructuring of tile surfaces. The objectives are:

(i) modelling the effect of processing variables — deposition
methodology, photocatalyst amount and thermal treat-
ments — on the coating structure;

(ii) assessing both the wetting behaviour and the photoactivity
of functionalized surfaces processed in different ways;

(iii) outlining the technical advantages or drawbacks connected
with the industrial scale-up of photoactive construction
materials and, particularly of large-sized ones.

2. Materials and methods
Different porcelain stoneware surfaces were selected from
the production of an industrial manufacturer (Table 1): glazed

(G) and unglazed (U) tiles were sampled as semi-finished
(unfired, G* and U* series) and finished products (fired, GF and

Table 1

UF series). All products were fully characterized as to their
physical, technological and mechanical properties, as reported
in a previous work [1].

A commercial nano-anatase suspension in dietylenglycol
from Colorobbia (Italy) was chosen to be printed on ceramic
surfaces. Its particle size distribution (Dynamic Light Scatter-
ing, Zetasizer Nanoseries Malvern Instruments), surface
tension (OCA 15 Tensiometer, Data Physics Instruments)
and viscosity (Bohlin C-VOR 120 rotational rheometer, both at
room temperature and 80 °C) were determined. Such a TiO,
suspension is 100% anatase, with average particle size of
10 nm, surface tension of about 40 mN m ™' and viscosity
values of 32 and 6 mPa s at room temperature and at 80 °C,
respectively.

Nanotitania layers were deposited by means of: (a) roller
printing (System Rotocolor™ equipment) and (b) ink jet
printing (Spectra Galaxy JA 256/80 AAA apparatus). Ink-jet
printing parameters (drop size: 80 pL, drop velocity 8 ms™ ',
maximum drop frequency 20 kHz) were chosen to match the
rheological properties of the suspension with the instrument’s
technical specifications. The deposition by Rotocolor™ was
performed at a pilot scale by using the available in-line die box-
holding cylinders. Very different amounts of anatase were used
to functionalize the surfaces depending on the technique, i.e.
0.4 and 0.6 g m~ 2 for ink jet printing, and from 1.4 t0 4.6 g m >
for roller printing (Table 1). Uncoated glazed and unglazed
porcelain stoneware surfaces were taken as reference.

The functionalized surfaces were processed in a different
way: G* and U* samples were fired in an industrial roller kiln,
at a maximum temperature of 1210 °C with a thermal cycle of
50 min, while finished products (GF and UF series) underwent
annealing steps in a laboratory chamber kiln at 400, 600, 800
and 1000 °C, with a thermal cycle of about 60 min (Table 1). In
any case, colourless and transparent sintered coatings were
obtained (even if a change in the gloss of surfaces appeared for
the highest titania loading).

Phase composition and thermal stability of TiO, layers were
determined by X-Ray Diffraction (XRD, Bruker D8, LynkEye

Sampling of porcelain stoneware surfaces, amounts of printed TiO, and thermal treatments conditions.

Glazed Unglazed TiO, amount by TiO, amount by Thermal treatment conditions
Rotocolor® (g/m?) ink jet (g/m?)
Reference G U
Unfired Gl1* Ul* 1.4 - Electric roller kiln industrial cycle 1210 °C, 50 min
G2* u2* 2.0 -
G3* U3* 34 -
G4* U4* 3.7 -
G5* U5* 4.6 -
Go6* ue* - 0.4
G7* u7* - 0.6
Finished GF1 UF1 1.4 - Electric chamber kiln annealing from 400 °C to 1000 °C, 60 min
GF2 UF2 2.0 -
GF3 UF3 34 -
GF4 UF4 3.7 -
GF5 UF5 4.6 -
GF6 UF6 - 0.4

GF7 UF7 - 0.6
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Fig. 1. Evolution of phase composition of roller printed, TiO,-coated surfaces after annealing at the different temperatures and after industrial firing at 1210 °C.

detector, CuKa radiation, 10-80° 26, 16 s of equivalent time
per step) quantifying, after each thermal step, the anatase/rutile
ratio by Rietveld refinement [22]. The anatase crystallite size
was determined according to the Debye—Scherrer equation,
taking into account the instrumental broadening by comparison
with the LaBg reference material (SRM660a) [23]. The surface
microstructure was investigated by SEM observations (Leica
Cambridge Stereoscan 360) and by confocal microscopy (Leica
Cambridge Microsystem Heidelberg Gmbh).

The wetting behaviour of the surfaces was assessed by
measuring the contact angle with water (OCA 15 Tensiometer,
Data Physics Instruments). For each surface, several measure-
ments were carried out at different points on each sample, both
before and after a 2-h irradiation with a UV-A lamp (OSRAM
Ultra-Vitalux 300 W, light intensity 3 mW cm 2 in the 300—
400 nm range), thus yielding average values of the contact
angle. Before irradiation, all samples were kept in the dark
overnight.

The related experimental percent error is within 5%.

The photocatalytic activity of selected ceramic slabs,
annealed at 600 or 800 °C, was determined by evaluating:

(a) the degradation of a droplet of methylene blue (MB)
solution (500 ppm in water) deposited on the surface and
then allowed to dry. The MB degradation index was
determined by the change of absorbance (Eye-One,
GretagMacbet™) before and after irradiation with the
UV-A lamp for 30, 60, 120, 180 and 240 min with
irradiation intensity of 2.0 £ 0.1 mW/cm?;

(b) the progress of the oxidation of a mixture of nitrogen oxides
(NO +NO,) in a chamber reactor equipped with a
chemiluminescence detector (experimental conditions:
NO, flux: 0.03 /min; temperature: 24 + 1 °C; relative
humidity: 44 + 5%). Inside the reactor, samples were
irradiated with a UV-A intensity of 5.0 + 0.1 mW/cm?, also
considering the uniformity of the experimental conditions
on each part of the sample. The geometry of the reactor’s
chamber is shown in Fig. 1.

Durability and lasting performances of coatings, in terms of
wettability variations, were checked after brushing abrasion in
the presence of a neutral detergent (2500 cycles). The water-
coating contact angle of aged surfaces was measured after UV-
A irradiation.

3. Results and discussion
3.1. Surface phase composition

According to the literature, among TiO, crystal phases
anatase is thought to present enhanced photocatalytic
performance because of its wider band-gap [24,25]. When
considering the manufacturing of building materials and the
sintering cycles currently performed, it is necessary to select
processing conditions able to preserve the as-deposited anatase
as the photoactive phase, by preventing both crystallite growth
and anatase-to-rutile phase transformation. In fact, as it will be
discussed later on in the next sections, one-step industrial firing
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Fig. 2. [100 x Anatase/(Anatase + Rutile)] ratio in GF and UF samples after
annealing at 1000 °C.

of TiO,-coated green materials promotes the anatase-to-rutile
conversion, with a drastic reduction or even complete loss of the
desired functionalities.

In this context, the analysis of surface phase composition
on samples which underwent different thermal steps allowed
monitoring the anatase-to-rutile conversion (Fig. 2). The
anatase/(anatase + rutile) ratio [100 x A/(A + R)] was subse-
quently quantified also as a function of the processing
conditions (Fig. 3) [22]. The following conclusions can be
drawn:
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Fig. 3. Anatase crystal size evolution with annealing temperature in (A) glazed
and (B) unglazed samples.

— whatever the deposition procedure and TiO, amount, anatase
is the only mineralogical phase detected on both glazed and
unglazed surfaces after thermal annealing up to 600 °C;

— anatase-to-rutile transformation occurs at higher temperature,
but whereas at 800 °C just trace amounts of rutile are
detectable, at 1000 °C the relative amount of anatase on the
surface is drastically reduced, and the 100 x A/(A + R) ratio
reaches values between 7.4 and 25.4 for GF samples and
between 15.3 and 23.1 for UF ones (Fig. 3);

— overall, glazed surfaces present a wider [100 x A/(A + R)]
range, and the kinetics of conversion is faster when higher
amounts of TiO, are deposited by using the silicone roller
technology;

—a complete conversion of anatase to rutile occurs during
industrial firing at 1210 °C, so rutile is the only titania phase
which can be found afterwards (Fig. 2).

The evolution of the TiO, crystal size was observed from
600 °C up to 1000 °C (Fig. 4). Apart from sample typology,
thermal treatments generally involve a pronounced increase of
the coherent diffraction domains of anatase and some trend can
be outlined. Up to 600 °C, the crystal size is in the 15-25 nm
range, hence still comparable with that of the as-deposited
anatase. Above 600 °C the crystallites’ size increases quickly,
so that at 1000 °C crystallites’ dimensions are always over
70 nm. The size clearly depends on the printing technology and,
as a consequence of the different titania loading, on the
concentration of active particles on the surface. In the samples
fired at 1000 °C, TiO, layers deposited by roller printing exhibit
particle dimensions between 100 and 150 nm, while ink jet
printing produces a crystal size about 70 nm.

3.2. Coating microstructure and morphology

SEM micrographies and confocal microscopy analyses
provided evidence of a range of different structural textures of
the functionalized surfaces, mainly depending on processing
conditions.

SEM images of GF1 and GF6 samples obtained by roller and
ink jet printing, respectively, and then thermally treated at
800 °C and 1000 °C are shown in Figs. 5 and 6. In both samples,
TiO, layers mirroring the ceramic surface irregularities are
detectable at high magnification. However, annealing per-
formed at 1000 °C makes the surfaces smoother as compared to
the textures obtained at 800 °C. Looking more in detail, TiO,
particles appear as a flakes assemblage, whose distribution and
frequency depend on the deposition technique. The flakes are
larger when roller printing is used and a higher amount of TiO,
is deposited (GF1 samples, Fig. 5).

These observations seem to be supported by confocal
microscopy analysis (Fig. 7), which in the first place shows
that the coating thickness ranges from about 70 um (ink jet
printing) to 100 pwm (roller printing). In addition, whatever the
annealing temperature, ink jet-printed surfaces display a more
continuous coating when compared with the roller-printed
ones. The comparison of surface morphology emphasizes that
both printing techniques are suitable to obtain large areal
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Fig.4. SEM micrographies of GF1 sample after annealing at 800 °C (A) and 1000 °C (B) at two magnifications: 400 wm and 100 pwm. A detail of TiO, flake is shown.

coverage with direct patterning of the substrates, and that  3.3. Photoinduced hydrophilicity

TiO, amounts as low as 0.5-0.6 gm ~ are, in every case,

enough to produce textured coatings on the processed The wetting behaviour was assessed by measuring the
surfaces. contact angle (CA) of as-coated and irradiated surfaces with

Fig. 5. SEM micrographies of GF6 sample after annealing at 800 °C (A) and 1000 °C (B) at two magnifications: 400 wm and 100 pm.
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mm

Fig. 6. Confocal microscopic images of GF1 (A) and GF6 (B) samples. X-axis
is in mm, Y-axis is in pm.

water, taking the industrially manufactured uncoated slabs as
reference (CA =47° and 56° for glazed and unglazed tiles,
respectively). Although, as expected, a TiO,-coated surface is
less hydrophilic than the uncoated one prior to any UV
irradiation [11], its wettability becomes higher under UV light

S1: NO source

P: Mixing apparatus

S2: NO, source R: Reactor
S3: Air source A: NO/NO; detector
F: Flux controller E: Recorder

L: UV-A lamp

Fig. 7. Geometry of the reactor for NO, degradation.

Table 2

Wetting behaviour of TiO, as-coated surfaces by means of contact angle
measurements after annealing steps (GF, UF series) or industrial firing (G*,
U* series).

Temperature

400 °C 600 °C 800 °C 1000 °C 1210 °C
Contact angles (°)
GF1 46 24 34 19 20 (G1%*)
GF2 43 23 35 15 26 (G2%)
GF3 49 27 32 17 23 (G3%*)
GF4 50 24 40 19 25 (G4*)
GF5 52 25 35 22 26 (G5%*)
GF6 44 31 35 18 20 (G6*)
GF7 51 33 40 25 36 (G7%)
UF1 51 25 31 23 30 (U1#)
UF2 52 21 36 18 43 (U2%)
UF3 41 28 19 17 23 (U3%*)
UF4 46 30 29 13 33 (U4*)
UF5 53 25 39 19 41 (U5%)
UF6 42 45 31 9 23 (U6%*)
UF7 47 51 39 18 26 (U7%*)

Experimental error 5% relative.

by band gap excitation of the semiconductor layer [24,25]. The
achievable degree of hydrophilicity depends on many factors,
such as: surface texturing and microstructure, TiO, amount,
layer density, etc. [11,12,20,26]. Before any UV-A exposure,
the CA of water droplets on every TiO,-coated sample, either
glazed or unglazed, is quite depending on the thermal
treatment, confirming the surface tendency towards a poor
hydrophilicity (Table 2). When annealing is performed between
400 and 800 °C, CA values range from 20 to 50° for both glazed
and unglazed samples. After firing at 1000 °C, the CA can be
lower, but it increases again — especially in the absence of glaze
— when industrial firing is performed.

As reported in the literature [27], surface wettability can
change when the surface structure is altered, depending in a
rather complex way on surface chemistry, roughness, type and
size of crystals, etc. In this case, it could be expected that the
anatase crystal growth with temperature would involve
roughness variations caused by the progressive breakdown of
the original surfacial nano-texture, with CA shifting toward
lower values.

Upon exposure to UV-A light, the CA of samples treated up
to 800 °C-both glazed and unglazed, and functionalized by
both printing techniques — rapidly decreases, eventually
approaching values below 5°, thus yielding superhydrophilic
surfaces whereon water droplets spread out [8,10,11]. A
reversal to a more hydrophobic state was also detected by
storing the coated samples in the dark overnight [11] and then
re-performing photoactivation and CA measurements.

Exceptions to the above findings are given by functionalized
samples, which underwent either an annealing cycle at 1000 °C
or industrial firing at 1210 °C. In these cases, the CA after
irradiation (even when prolonged for several hours) presents
values similar to those of as-coated and non-activated surfaces.
This behaviour, as was expected, is due to a large extent to the
anatase-to-rutile conversion which, similar to fast cycling of
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ceramic tile kilns, took place over a wide thermal interval
between 600 and 1200 °C, even though the maximum rate of
phase transition is found around 900-1000 °C.

Overall, according to these results, it can be claimed that ink
jet printing is suitable for obtaining photoactive, top-layered
structured materials with enhanced attitude to link water
molecules by employing very low amounts of TiO,. This
involves — as a key issue — a very limited increase of the cost of
the functionalized products, especially when the process is
applied to large-sized elements.

On the other hand, the Rotocolor®™ equipment itself can find
extensive applications beyond decoration in the control of
surface wettability through the deposition of nano-suspensions.
This is due to both process speed and easiness of cleaning
operations, which allow easy management of different
suspensions.

3.4. Photocatalytic activity of ceramic surfaces

3.4.1. Methylene blue degradation

The degradation of organic dyes by TiO, particles represents
one of the most widely used methodology to assess the
photocatalytic efficiency of materials under UV light [28].
However, the efficiency of the method depends on many factors,
such as the nature, quantity and concentration of the adsorbed
dye [28-30]. Among the many organic dyes proposed for such
purpose, the methylene blue (MB) test is becoming a widely used
method for characterizing the activity of TiO, layers, since MB
has a strong staining power, thus representing a quite severe test
for the photo-oxidation ability of semiconductors.

According to the previous results, two representative TiO,-
coated surfaces — annealed at either 600 or 800 °C — were
chosen, and their activity in MB degradation compared with
that of the uncoated material. The results are summarized in
Fig. 8, where the percentage of MB degradation has been
plotted vs. duration of irradiation. The degradation efficiency of
coated samples is very high when compared with that of the
uncoated ones, but the process kinetics depends on the
annealing conditions. The MB degradation by the sample
treated at 600 °C reaches values close to 90% after just 30 min
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= 80 v
= 7 800°C
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Fig. 8. Degradation of methylene blue solution by samples annealed at 600 °C
and 800 °C as a function of irradiation time: comparison with the uncoated one.
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Fig. 9. Degradation of nitrogen oxide (NO) performed by samples annealed at
600 °C and 800 °C vs time.

of irradiation, and is virtually completed after about 1 h. On the
other hand, the sample treated at 800 °C, although able to
promote a complete degradation of dye after about 1 h, displays
some inertia as regard to its activation.

3.4.2. de-NO, activity

The activity of the same surfaces described in the previous
section towards the oxidation of NO and NO, is illustrated in
Figs. 9 and 10. Both exhibit a rather high reactivity in the
adopted experimental conditions, causing an up to 95%
degradation of NO, concentration. In this context, however,
some differences can be outlined:

(i) overall, the degradation kinetics of nitrogen monoxide is
faster if compared with that of nitrogen dioxide;

(ii) the sample treated at a lower temperature (UF1, 600 °C)
confirmed to be more reactive than that treated at 800 °C.
In particular, NO degradation was almost complete after
6-8 h, while for nitrogen dioxide the same level of
degradation was only achieved after about 28 h (Fig. 9).

These results, combined with those concerning organic
dye degradation, suggest that the kinetic of photoactivity is
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Fig. 10. Degradation of nitrogen dioxide (NO,) performed by UF1 samples
annealed at 600 °C and 800 °C vs time.



4692 M. Raimondo et al./Ceramics International 38 (2012) 46854693

Table 3
CA of surfaces under UV irradiation before and after ageing.

Sample Contact angles (°)
Before After

UF4 400 °C <5 24
UF4 800 °C <5 22
UF5 400 °C <5 26
UF5 800 °C <5 9
UF6 400 °C <5 34
UF6 800 °C <5 24

correlated to both the anatase/rutile ratio and the extent of
anatase crystal growth. These two phenomena take place when
the temperature increases: surface activity lowers when rutile is
formed and anatase crystallite dimensions increases. As a
consequence, the degradation process is expected to stop once
the anatase-to-rutile conversion is complete.

3.5. Durability and lasting properties of surfaces

The durability of coated surfaces represents a critical point,
since predicting their lasting performances in different working
conditions (in terms of mechanical resistance, chemical
stability and residual photoactivity over time) is quite a hard
task. Whilst designing such new materials, it is possible to test
under specific experimental conditions the response of the
coating to ageing factors, which can be simulated at the
laboratory scale by abrasion tests.

Summarizing the behaviour of functionalized samples after
such a brushing treatment (Table 3), it can be seen that
enhanced wettability (and hence the superhydrophilic perfor-
mance) can to some extent be preserved when higher amounts
of TiO, are deposited, and annealing is performed at higher
temperatures. This is the case of the UF5 sample, functiona-
lized by roller printing through the deposition of 4.5 g m 2 of
TiO, and thermally treated at 800 °C, whose wettability after
ageing is still acceptable due to the improved resistance of the
coating to mechanical wear. Under these processing conditions,
the coating adhesion is ensured and the performances kept to an
adequate level notwithstanding the anatase-to-rutile conversion
that begins to take place when the temperature increases. This is
made clear by considering the wettability of the UG4 surface,
whose lower amount of TiO, per unit area produces a worse
performances against abrasion. A similar behaviour is
displayed by the sample UF6, obtained by ink jet deposition
of 0.6 g m~ 2 of TiO,.

4. Conclusions

The production of large-sized, photoactive building materi-
als is feasible at the industrial scale through the adoption of
suitable, fast and environmental friendly technological solu-
tions, which in many cases are already available as in-line
decoration equipment. Nanostructured TiO, coatings can be
deposited by ink-jet or roller printing of nano-anatase
suspensions thus modifying, in a single step, the chemical

and microstructural parameters of surfaces. Such coatings need
to be consolidated through an additional thermal step which,
even though implying a significant modification of current
production cycles of ceramic tiles, represents the proper
solution to both preserve the active phase and keep mechanical
and functional performances to an adequate level. At all events,
a direct functionalization of unfired ceramics seems not to be
feasible, because the high sintering temperature (around
1200 °C) is detrimental to the photocatalytic performance.
Deposition technologies and thermal conditions both affect
the nanotitania texturing in terms of thickness, homogeneity
and particle size. Product characteristics and photoactivity
indicate that ink-jet printing is suitable to obtain photoactive,
top-layered, structured materials with enhanced attitude to link
water molecules (CA below 5°), employing TiO, amounts as
low as 0.4 g m 2. The latter entails a limited cost increase of the
final products, especially when large-sized elements are
concerned. On the other hand, this work suggests that roller
printing can find an extensive application in the control of
surface photoactivity, due to the die box-holding cylinders
ability to apply TiO, nanosuspensions in a controlled way. The
high speed and flexibility of the deposition process makes this
technology an excellent tool for surface functionalization.
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