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Abstract

Based on industrial ZrSiO, glazes for sanitaryware, a new glaze with photoactive oxides was developed. The devel-
opment aimed to produce a glaze that is smooth in order to decrease contamination of the ware and increase super-
hydrophilic wetting behaviour for easier cleanability. The glazes were characterized with profilometry, atomic force
microscopy, x-ray diffraction and scanning electron microscopy. For reactivity under UV light, the wetting angles in
the dark and after irradiation, as well as the degradation of methylene blue were measured. Samples with TiO, showed
no improvement in wetting, neither in the dark, nor under UV irradiation. However, compared with the industrial
ZrSiO, tile, the cleaning properties were improved in the case of bulk contaminants like mustard. Even more promis-
ing results were achieved by replacing ZrSiO, with ZnO. The glazes developed in this work showed surface roughness

of less than 20 nm and superhydrophilic wetting under UV illumination.
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I. Introduction

As water becomes more and more precious as a resource
on earth, every household must strive to reduce consump-
tion. Industry also needs to support the rising standards
with the regard to the use and treatment of water.

Glazes used to be developed not only to improve the ap-
pearance of ceramic products, but also to make them more
resistant to environmental influences. Glazes exhibit re-
sistance to chemical attack, e.g. by water, acid or bases!.
In homes, especially in the bathroom, glazes are exposed
to strong and ongoing chemical attack by cleaning agents.
Although homeowners may use these cleaning agents with
a clear conscience, they also pollute the water as it is dif-
ficult to separate the cleaning agents from it. Therefore it
is not only necessary to reduce water consumption, for
example with water-saving shower heads or WC flush-
ing systems, but also to make glazes that can be effectively
cleaned with water alone. Self-cleaning surfaces have been
of great interest in the past years 2, 34, 5, So far, they have
been used successfully as coatings on windows > 7, where
they don’t experience too much chemical or mechanical
attack. Such sol-gel coatings have been adapted to sani-
taryware, but here they are exposed to far more chemicals.
Consequently, their lifetime cannot compete with the life-
time of the ceramic substrate. This work aims to develop
anew ceramic glaze that combines the traditional require-
ments of durability and appearance with the self-cleaning
properties of the coating.
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Ceramic glaze, as used for sanitaryware, consists typical-
ly of silica for glass forming, fluxes for improvement of
melting behaviour and an opacifier for appearance. Com-
monly used opacifiers are SnO,, ZrO, or ZrSiOy4. SnO,
shows good opacifying behaviour, even in small quanti-
ties, but it is relatively expensive 8. ZrO, forms ZrSiOy4
during the melting process at high temperatures and is al-
so more expensive than ZrSiOy, which makes ZrSiO 4 the
most convenient material for opaque glazes °.

TiO, is also reported to be an opacifier. In the form of
anatase, it is reported to produce a white glaze 19. In both
its forms, anatase and rutile, it is used because of its pho-
tocatalytic activity 11> 12, Anatase is frequently referred to
as being photochemically more active than rutile 13. Ow-
ing to its rather broad bandgap (3.2 V), UV irradiation is
necessary to create oxygen vacancies. The reduced oxygen
leads to the decomposition of organic contamination. Wa-
ter molecules can attach to the oxygen vacancies and form
a layer that washes away inorganic contamination 14, 15,
The drawback of using anatase is that it turns into rutile
at around 800 °C. As a result, it loses a significant degree
of photoactivity. As sanitaryware is fired at 1250 °C, and a
second firing step at lower temperatures for an additional
glaze is not desired, an appropriate alternative to TiO, has
to be found. As the bandgap of anatase is considered ap-
propriate for the process, we looked for oxides with sim-
ilar bandgaps. ZnO, with a bandgap of 3.2 eV, is also de-
scribed as having photoactive properties 16, 17, In higher
quantities, it is also considered an opacifier 18,19, It re-
duces glaze viscosity and surface tension, which promotes
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the spread of the glaze melt over the surface and improves
the chemical durability of the glaze 20.

The aim of this work was to develop a single-firing glaze
for sanitaryware with a super smooth surface, in order to
avoid contamination in the first place, and with superhy-
drophlhc wetting properties, induced by photocatalytical-
ly active components, to facilitate the cleaning process.

II. Materials and Methods

To investigate the influence of TiO, and ZnO on the
properties of the glaze and on the formation of photo-
catalytic surface properties, the initial amount of 12 %
ZrSi0, in the glaze was partially replaced.

(1) Materials and processing

The glaze is based on an industrially used standard
composition made from SiO, as the main glass former
(58 wt%), intermediate oxides like Al,O3 (10 wt%), net
modifiers like Na,O (17 wt%) and ZrSiO4 (12 wt%) as
an opacifier. All materials come from mined raw materi-
als like sand or feldspar. The as-prepared glaze suspen-
sion was stirred for 1 h to homogenize it. During the ho-
mogenization process, the water content was adjusted to
29 wt%. The modified glazes were prepared by weigh-
ing the amount of industrial glaze without ZrSiO,4 and by
adding the desired amount of oxide and ZrSiO 4 (Table 1),
in the ratio as presented in Table 2. Milling balls (10 mm,
Inframat Advanced Materials, USA, yttria-stabilized zir-
conia) were added depending on the amount of powder
in the suspension. The suspension was ball-milled for 1 h.
To improve the application process, 2.7 % carboxymethyl
cellulose (CMC, Phrikolat Drilling Specialties GmbH,
Germany) binder was added to the suspension and stirred
until it was completely dissolved. For the application of
the glaze suspension, the ceramic substrate, a 10 x 15cm
tilemade from green sanitaryware porcelain (approx. 60 %
quartz, 20 % kaolin, 20 % feldspar), was wetted with wa-
ter to reduce the sorption of the glaze into the tile and
consequently better thickness control. For each tile, the
suspension was poured over the surface until 30 g of sus-
pension was adsorbed. As the surface quality of the poured
glaze influences the surface quality of the fired glaze, this
step had to be performed carefully, so as not to leave any
flow marks. After they had been glazed, the tiles were
dried for 1h at 100 °C. The samples were co-fired in an
electric furnace (Carbolite HTF 17/10, United Kingdom)
at a heating rate of 2 K/min. After reaching the dwelling
temperature of 1250 °C, which was kept for 45 min, the
samples were cooled down at a cooling rate of 2 K/min.

Table 2: Ratio of oxides and ZrSiOy in the samples.
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Table 1: Materials used in processing.

Oxide Manufacturer | Dsg [um] | Purity [%]
ZrS10y Helmut 1.6 >99
Kreutz GmbH
TiO, Rutile Kronos 1.3 > 99
Ti0, Sigma-Aldrich 0.7 > 99
Anatase
ZnO Fluka 0.6 > 99
CMC Phrikolat - 98.5

The sample names which follow in the discussion include
the amount of oxide in % (compared to the amount of Zr-
SiOy in the industrial glaze, taken as 100 %) and abbrevi-
ations for the used compounds (Z: ZrSiO 4, T: TiO, rutile,
TA: TiO, anatase, Zn: ZnO).

In spite of the phase changes that occur in the glaze dur-
ing the firing of the samples, the initial denotation was kept
through the whole manuscript for easier reading and to
keep consistency. To avoid confusion, the oxides are re-
ferred to as initially incorporated oxides.

(2) Surface roughness

To get a first evaluation of the surface roughness, an
Alpha-Step D-120 mechanical profilometer from KLA-
Tencor, USA was used. For the measurements, the sam-
ples were cleaned with ethanol to remove organic residues
and just before the measurement they were spray-cleaned
with filtered compressed air to remove dust particles. The
roughness was measured over a length of 10 mm. The
speed of the tip was 0.2 mm/s with a force of 10 mg, to
keep the tip from picking up vibrations caused by surface
defects. Data were filtered with the Alpha-Step software
to differentiate roughness from waviness of the glaze sur-
face, and mean roughness (R,) and maximum roughness
(Ry) were calculated.

On the basis of the results obtained with the mechanical
profilometer, the samples with the lowest roughness were
chosen for further measurements with the atomic force
microscope (Mobile S, Nanosurf, Switzerland). To avoid
coincidence with surface quality owing to inhomogeneous
distribution of crystals on the surface, areas of 10 x 10 um

and 50 x 50 im were measured in contact mode and with a
PPP-NCRL-10 tip.

71810, in the glaze [wt%] 9.6 72 |48 |24 0
Amountof ZrSiO4[%] compared to theadded TiO, or ZnO | 100 80 60 40 20 0
TiO; or ZnO in the glaze [wt%] 2.4 4.8 7.2 9.6 12
Amount of TiO, or ZnO [%] replacing ZrSiOy 20 40 60 80 100
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(3) Wetting angle

As the glaze surfaces are not perfectly even and homoge-
neous, but exhibit a certain roughness owing to e.g. crys-
tallization or pinholes, the wetting model of Wenzel 21, 22
was chosen for evaluation. Wenzel’s theory postulates that
a liquid spreads until it comes to its equilibrium, provid-
ing the topology of the surface does not hinder the droplet
from spreading. Problems in the Wenzel theory have been
reported with regard to the dependence between rough-
ness and droplet size 23. As the droplet size of a volume
of 10 ul (d = 4 mm) is much bigger than the roughness of
few microns, it can be assumed that the roughness does not
affect the wetting. Therefore the sessile drop method was
chosen over the needle-in-drop method. The sessile drop
method was also considered the more applicable method
to evaluate critical drops staying on the surface.

Wetting angle measurements were performed with the
OCA 20 instrument from Dataphysics, Germany. To
remove organic surface contamination, samples were
cleaned with ethanol and isopropanol just before the mea-
surement. To remove any dust residues, the surface was
sprayed with filtered, compressed air. Drops of pure water
of asize of 10 pl are applied with the sessile drop method.
The dynamics of the droplet on the surface was recorded
and analysed with the SCA 20 software from Dataphysics.
Ten measurements were performed on each sample. The
samples were measured (I) after keeping them in the dark
for 12 h and (II) after 4 h of UV illumination. The samples
were illuminated in a BIO-LINK® crosslinker chamber
(Vilber Lourmat, France) containing 5 x 8W UV lamps
(Philips Pro TL Mini, 365 nm). The UV-illuminated sam-
ples were again sprayed with filtered air to cool them down
and the wetting angle was measured at room temperature
(20°C).

To ensure that the measurements were not influenced by
the atmosphere, a second set-up (Contact Angle Measur-
ing System G2, Kriiss GmbH, Germany) was used, under
the same experimental conditions as described above. The
samples were cleaned as described, but kept in water dur-
ing the UV illumination, to avoid overheating and further
contamination from the atmosphere.

(4) Photodegradation of methylene blue

Photocatalytic activity of the glazes was followed
based on the degradation of methylene blue (3,7-
bis(Dimethylamino)-phenothiazin-5-ium chloride, MB,
Acros Organics, purity >82 %, CAS 61-73-4) under
visible light, with and without UV pre-treatment of the
samples. 3 x 3 cm active surface of the glazes was covered
with 40 cm3 1x10-> mol dm-3 MB solution. After 90 min
adsorption period in the dark, which was experimentally
determined to be sufficient to reach the adsorption equi-
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librium (based on the steady-state concentrations), the
samples were irradiated with visible light in a chamber
containing 5 x 8 W lamps (Philips Pro TL Mini 8W/840),
covered by a UV filter. To remove the IR radiation, a
quartz glass vessel filled with water (height 3 cm) was
placed over the samples. Samples of the MB solution were
taken during 4 h and their UV-VIS spectra were measured
with spectrophotometry (Varian, Cary 50 Scan) over the
200-750 nm range. The Beer-Lambert law was used to
correlate the maximum absorbance at 665 nm to the MB
concentration. The presented results are the average of at
least three measurements.

(5) Cleaning tests

For the evaluation of the cleaning performance of the
tiles, two contaminants were chosen: a mixture of 40 %
Fe,O; (Fluka AG, Switzerland, >99.9 %, d5o = 0.53 pm)
and 60 % oleic acid (Sigma-Aldrich, Switzerland, 67 %)
according to DIN EN ISO 10545-14 24 and mustard
(Bautzner, Germany) according to the description of the
Labor L+S AG in Germany 25. Before the contaminants
were applied with an injection needle (d = 0.5 mm), the
samples were cleaned with ethanol and isopropanol and
dried at room temperature. After the contaminants had
been added to the sample surface, the samples were at-
tached to a dip coating device (DipMaster-50, Chemgat
Technology Inc., USA), to be cleaned in a dipping step
with water (400 ml). As an unknown amount of water al-
ways adheres to the sample (pores, surface), this method
was used only for qualitative evaluation of the cleaning
performance. Two different dipping speeds were used:
100 mm/min (slow) and 500 mm/min (fast), both with 100
repetitions.

(6) Surface-analysing methods

To analyse the surface of the samples, x-ray diffraction
(XRD) spectroscopy and scanning electron microscopy
(SEM) were used. The XRD analysis of the phase forma-
tion in the glaze was conducted with Panalytical XPert
Pro instrument. SEM images were captured based on mea-
surement of back-scattered electrons (BSE mode) and sec-
ondary electrons (SE mode), with a Tescan Vega Plus and
a Tescan Vega 3 with EDX.

III. Results and Discussion

(1) Surface roughness

The measurements with the profilometer showed an in-
crease in the roughness with decreasing amount of ZrSiO 4
and increasing amount of TiO, in its two forms, rutile and
anatase (Fig. 1). Apart from the medium value, the stan-
dard deviation also increased, owing to an increase in sur-
face defects.
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Fig. 1: Surface roughness, measured with profilometer, the ZrSiO4-
sample represents the glaze with 12 % ZrSiOy

,
Fig. 2: SEM images of the glaze surfaces containing (A) 12 wt% Zr-
SiO4 (100Z), (B) 12 wt% rutile (100T), (C) 12 wt% anatase (100TA),
(D) 12wt% ZnO (100Zn); size bar: 1 mm (left column), 100 um
(right column)

Compared to the initial glaze with a roughness of R, =
55 nm (Ry = 0.95 um), the replacement of ZrSiO, Wlth
TiO, caused an increase of the roughness as a function of
the amount replaced. Already a replacement of 20 % of
the initial amount of ZrSiOy led to an increased rough-
ness of R, =103 nm (R = 0.68 pm) for rutile and a sim-
ilar roughness R, = 50 nm (R, = 0.68 pm) for anatase.
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While alower content of anatase influenced the roughness
less than rutile, it reached a comparable roughness at an
amount of 60 % and 80 %, both with R, = 210 nm and
R, =280 nm respectively, which in the graph (Fig. 1) is rep-
resented by slightly overlapping symbols. The maximum
roughness R, differed more, which indicates more sur-
face defects, like pinholes, in the glaze containing anatase.
A full replacement of ZrSiO4 with TiO, led to strong
crystallization and therefore a significant increase of the
roughness to R, =714 nm (R = 9.58 um) for initially ru-
tile-containing glaze and R, = 1200 nm (R, = 13.44 im)
for initially anatase-containing glaze (Fig.1). The SEM
images in Fig.2 A show needle-like crystals measuring
about 40 um in length for the rutile-containing sample
and pinch- shaped crystals of 2 to 4 um in diameter for the
anatase-containing sample. The XRD analyses shown in
Fig.3 and Fig. 4 indicate the formation of sphene, a cal-
cium titanium nesosilicate crystal (CaTiSiOs) from rutile
and the formation of rutile from anatase 10.
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Fig.3: XRD of samples with rutile; sample names include the
amount of oxide (%) compared to total amount of ZrSiO4 and

abbreviations (Z: ZrSiOy, T: TiO, rutile)
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Fig.4: XRD of samples with anatase; sample names include the
amount of oxide (%) compared to total amount of ZrSiOy4 and

abbreviations (Z: ZrSiOy, TA: TiO, anatase)
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At a replacement of 80 % initial ZrSiO4 with both
anatase and rutile, the glaze became amorphous, respec-
tively the crystalline content was below the XRD detec-
tion limit. With further SEM investigation, some crystals
could be found around pinholes and also across the sur-
face (Fig.5 A, B). EDX measurements showed a homoge-
neous distribution of the elements, which indicates crystal
formation from the melt without change in the composi-
tion. The roughness could be therefore determined based
on the viscosity of the glaze and the melting behaviour.
According to Castilone 2, a ZrSiO,4 content of less than
3wt% dissolves in the melt and does not recrystallize in
the glaze, so the crystallinity cannot influence the rough-
ness in these samples.

Fig.5: SEM images of (A) 9.6 wt% rutile (20Z80T), (B) 9.6 wt%
anatase (20Z80TA), (C) 12wt% ZnO (100Zn); BSE mode (left
column), SE mode (right column); size bar: 1 um.
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Fig.6: XRD of samples with ZnO, sample names include the

amount of oxide (%) compared to total amount of ZrSiO, and ab-
breviations (Z: ZrSiOy4, ZnO: Zn).

Superbydrophilic Ceramic Glazes for Sanitaryware 57

The XRD diffractogram of samples with higher Zr-
SiO4 content (above 4.8 wt% in the glaze) shows only
the characteristic values of ZrSiO, crystals at 27°, 34°,
55.5° as presented in Fig. 6. In none of the ZnO-modified
samples could ZnO be detected, leading to the conclusion
that it had dissolved in the amorphous matrix of the glaze.
The added ZrSiO, content exceeds its solubility limit in
the glaze, therefore the excess of ZrSiO, recrystallizes
in proportion to the initially added amount 2. Therefore
the surface roughness should increase with higher Zr-
SiO, content and higher crystallinity. Interestingly, in the
present samples the opposite behaviour was observed as
the concentration of recrystallized particles was high and
therefore the crystallites were hindered in their growth.
This possibility was supported by SEM images (Fig. 7).

Fig.7: BSE images of the glazes with ZnO for particle size and
distribution (A) 12wt% ZrSiO,4 (100Z), (B) 9.6 wt% ZrSiOy,
(80Z20Zn), (C) 7.2wt% ZrSiO4 (60Z40Zn), (D) 4.8 wt% Zr-
Si04 (40260Zn), (E) 2.4wt% ZrSiOy4(20Z80Zn) (Z =ZrSiOy,
Zn =ZnO); size bar: 500 um (left column), 20 um (right column).
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Samples with initial ZnO also showed an increase of the
roughness to R, = 180 nm, up to a ZnO content of 60 %,
because ZnO in frits promotes ZrSiO, precipitation 20.
At a ZnO content of 80 %, the roughness decreased sig-
nificantly down to R, = 25 nm. Unlike in the samples
with TiO, (both anatase and rutile), ZrSiO did not dis-
solve completely, respectively it recrystallized in a higher
amount. The amount of ZnO worked more strongly as
a flux that smoothed the surface 26 and the recrystallized
amount of ZrSiO 4 was low, so that the crystals showed less
impact on the surface roughness. In a high amount, ZnO is
often presented as an opacifier 18> 19. A full replacement of
ZrSi0 4 withZnO and thereforearelatively highamountof
12 % ZnO in the glaze still led to an amorphous and trans-
parent glaze with crystals not traceable by means of XRD
(Fig. 6) but with SEM (Fig. 5C). According to Pekkan and
Karasu 27,ZnO can be used as an opacifier if the amount of
MgO-CaO-ZnO is about 25 mol% and a certain ratio be-
tween Al,O3and MgO-CaO-ZnO is achieved, which was
not the case in the glaze described here. The high amount
of ZnO also reduced pinholes and other surface defects
that occurred at lower contents. El-Meliegy ez al. 19 also
mention that ZnO blocks the formation of quartz owing
to increasing dissolution of silica during melting, which
explains the amorphousness of the glaze.

100
]

50

=

Fig. 8: AFM graph of 12wt% ZnO glaze (100Zn, a)) and 12 wt%
7+8i0,, (100Z, b)).
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InFig. 7, the BSE images of the ZnO series are presented.
The images on the left give an overview of the area, which
is covered by crystals. Image calculations showed that the
coverage of crystals decreased from 22.5 % for the sam-
ple with 12 % ZrSiO, to a coverage of 2.5 % for the sam-
ple 20Z80Zn. The images on the right have higher mag-
nification, allowing better evaluation of the particle size
and distribution within the crystal island. With decreas-
ing content of ZrSiOy, the mean particle diameter increas-
es from 0.5 um to 1.2 um. The distance between the parti-
cles gets smaller. This leads to higher area coverage with-
in the ZrSiO crystal islands from 15 % to 33 % with de-
creasing ZrSiO, content. This phenomenon is based on
the air rising within the glaze owing to degassing of the
substrate as described by Wanget al. 28. The increasing par-
ticle size explains the increasing roughness with increas-
ing ZnO amount (and decreasing ZrSiO 4, amount). With a
ZnO content of 9.6 % in the glaze (sample 20Z280Zn), the
glassy phase outperformed the crystal phase in the rough-
ness measurement, resulting in a smoother surface.

(2) Wetting angle

The aim of this work was to develop a glaze that changes
its wetting behaviour under irradiation. For this purpose,
measurements of (I) samples keptin the dark and (IT) sam-
ples kept under UV irradiation are compared.

(a) Wetting of samples kept in the dark

In Fig. 9, the wetting angles of samples kept in the dark
are presented. The industrial sample with 12 % ZrSiO,
showed a wetting angle of 36° (£ 4°) after being kept in the
dark. This value was used as a reference value for the mod-
ified samples as we aimed to achieve lower wetting angles.
Replacing ZrSiO 4 with TiO,, which increased the surface
roughness, also increased the wetting angle. When rutile
was used as a source of TiO,, the wetting angles lay be-
tween 33° (£4°) and 40° (+3°), but did not show a clear
trend in relation to the amount of rutile added. Accord-
ing to selected literature, for some morphologies, surface
roughness improves wetting 2% 30, 31 but in this work no
correlation could be detected 21. The addition of anatase to
the glaze worsened the wetting slightly more than rutile.
With anatase, contact angles of 37° (£2°) to 42° (£ 5°) were
measured. Also here no clear correlation between the wet-
ting angle and the initial amount of anatase, as well as be-
tween wetting and roughness of the glaze could be found.

The difference in the wetting angle of samples initially
containing anatase and rutile is most probably due to the
further transformation of anatase to rutile and of rutile
to sphene. Sphene has been shown to be hydrophilic and
improve its hydrophilic properties with the increase of
the firing temperature 32. The firing time of the glazes
was not long enough for the formation of sphene from
rutile, formed in the samples initially containing anatase.
Therefore sphene is present only in the initially rutile-
containing samples (see XRD in Figs.3 and 4), resulting
in a slightly lower wetting angle in these samples.
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Fig. 9: Wetting angles in the dark and under UV illumination; the
half-filled point at 12 wt% ZnO (100Zn) shows the wetting angle
after 2 min waiting time after UV illumination.

As in case of 20 % ZrSiO, replacement with anatase, al-
so a replacement with 20 % of ZnO did not influence the
wetting angle, compared to the initial glaze. As ZnO addi-
tion promotes the recrystallization of ZrSiOy, the surface
roughness increased with the increasing amount of ZnO.
The wetting angle on the other hand decreased slightly,
as presented in Fig. 9. As the roughness significantly de-
creased for the sample with 80 % ZnO, the wetting angle in
the dark exhibited the lowest value of 30° (+1°). The wet-
ting angle of the sample with a full replacement of ZrSiO,
with ZnO increased again up to 38° (£6°). Even though
there are slight changes in the wetting angle, no correlation
to glaze composition or surface roughness could be detect-
ed. Small changes in wetting angles could be easily induced
by changes in the laboratory atmosphere, even when tem-
perature and humidity are kept constant. In the melting
process of the glaze, the components show different sur-
face energies of the melt. SiO, has the smallest surface en-
ergy of 70—500 mJ/m2 and is therefore likely to cover the
other components and determine the wetting angle.

(b) Wetting of samples after 4 UV irradiation

The wetting angles of the initially rutile-, anatase- and
ZnO-containing glazes after 4 h of UV irradiation are pre-
sented in Fig. 9. These values were measured on samples
illuminated in laboratory atmosphere. To exclude the in-
fluence of contamination from air, all measurements were
repeated with samples kept under deionized water during
illumination 33. These results confirmed those collected
on samples exposed to laboratory atmosphere during UV
illumination. The unmodified sample with 12 % ZrSiOy
(sample 100Z) had a wetting angle of 36° (+4°). After UV
illumination, this increased slightly to 42° (£4°). The dif-
ference between these values is not significant, suggesting
no relevant effect of UV irradiation on this sample.

After 4 h of UV irradiation of rutile-containing samples,
the one with 20 % rutile showed a decrease in the wetting
angle from 40° (£3°) to 28° (£2°). The sample containing
40 % rutile showed the highest change: the wetting angle
increased from 33° (£ 4°) up to 50° (£ 2°). Glazes with high-
eramounts of rutile showed alower increase in the wetting
angle, and between 80 % and 100 % rutile, there was no
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significant change in the wetting angle of irradiated sam-
ples in comparison with the samples kept in the dark.

The samples with anatase showed a slight increase in the
average wetting angle after UV illumination, but this is not
significant compared to the samples kept in the dark.

In the XRD data, neither rutile nor anatase could be de-
tected, owing to the strong ZrSiO signal. As rutile forms
from anatase at around 800 °C, anatase should be com-
pletely transformed in the glaze. As in the sample with
60 % TiO, (for both rutile and anatase samples) and 40 %
ZrSi0y, the ZrSiO 4 can be detected, but no form of TiO,.
Itis possible that the TiO, dissolved in the glaze or its con-
tent was below the detection limit.

Wetting angle measurements after UV illumination of
the samples with ZnO as a photoactive oxide showed a
sudden decrease in the wetting angle in the whole series.
The highest decrease could be achieved with 20 % ad-
dition of ZnO and with full replacement of ZrSiO,4 by
ZnO. ZnO is listed as a photoactive oxide 3 but cannot
be detected in the XRD measurements. Therefore it is not
clear to what extent the photoactivity, which is more pro-
nounced in a crystalline state of the oxide, influences the
wetting. As the amount of ZnO in the glaze is relatively
low (2.4—12 wt%), it tends to act as a flux and be dissolved
in the amorphous matrix.

l 38° l 22° I <10°

Fig. 10: Wetting angle of glaze with 12 wt% ZnO (100Zn); left: in
the dark, middle: after 4 h UV, right: after 4h UV after 2 min.

For the sample with 12 wt% ZnO, that is a full replace-
ment of ZrSiO,, we were able to detect time-dependent
wetting. In the dark, this sample showed a wetting an-
gle of 38° (£6°). After UV illumination, an instant drop
down to 22° (+2°) was observed. In the next two minutes,
the droplet continued spreading and achieved an angle of
less than 10°, which could no longer be accurately mea-
sured with the software. The corresponding series of im-
ages is presented in Fig. 10. Time dependence of ZnO wet-
tability had already been shown on thin films and surfaces
with diverse morphology 33> 36, where the wetting angle
decreased under continuous UV illumination. In the mea-
surement presented here, the intense UV illumination was
stopped after 4 h, while during the wetting angle measure-
ment the sample was still under the influence of visible
light illumination. The time dependence of the wettabil-
ity as observed within this work cannot be definitively ex-
plained at present. According to the current knowledge on
this phenomena, the reversible wettability of ZnO could
be explained by the competition between the adsorption
and desorption of surface hydroxyl groups and the rear-
rangement of the organic chains (if present) on the surface.
However, the kinetics of these processes also depend on
the ZnO morphology. It could also be possible that dur-
ing initial spreading the droplet reaches particles with a
morphology that promotes hydrophilicity. This approach
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could be supported by the findings of Khranovskyy et
al. 36, since (based on SEM images, Fig.5 C), the mor-
phology of the 100Zn sample surface is not homogeneous.
However, in case of sample 100Zn it has to be keptin mind
that ZnO is present together with SiO, (and several oth-
er components of the glaze) at the sample surface, which
broadens the possible explanations.

(c) Photoactivity under visible light

As discussed previously, both TiO, and ZnO are known
to be photocatalytically active semiconductors 11-17,
Owing to their relatively broad band gap (~3.2 eV), they
are mainly used under UV light, either in suspensions 37,
immobilized 38,39 or in contact with a gas phase 0.
Nowadays glazes have to fulfil specific needs, like self-
cleaning 20, 41 photocatalytic 20-42, and antibacterial
properties 43, therefore it would be favourable to syn-
thesize active surfaces using simple and cheap materials. A
few groups report on photocatalytic activity of different
glazes under UV light 42, 44 however, for practical appli-
cation, the production of visible-light-active glazes would
be preferable.

To simulate the everyday use of the TiO,- and ZnO-con-
taining glazes, in this work their photoactivity was fol-
lowed based on the degradation of MB under visible light.
MB is often used as a model compound to monitor the ef-
ficiency of the catalyst 43> 46, owing to its good adsorption
properties which allow charge transfer between the cata-
lyst and the dye, as well as the possibility to easily follow
its degradation with UV-Vis spectroscopy.

Fig. 11 shows chosen degradation curves of MB in con-
tact with the industrial glaze and the one with 40 % ZnO
content, after 4 h visible light illumination, compared to
the blank. The time needed to reach the adsorption equi-
librium at the surface of the samples was determined to be
~90 min (see the Experimental section). The concentration
of MB measured after this time was considered to be the
initial concentration (cg).
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Fig. 11: Degradation of MB in contact with the industrial glaze
with 12wt% ZrSiOy4 (100Z) and the glaze with 7.2 wt% ZrSiO,

(60Z40Zn) content during 4 h visible light illumination, compared
to the blank (MB).

It can be seen that although there is a small difference in
the MB degradation on these two surfaces, it is within the
error of the measurement. For all other samples this dif-
ference was even smaller. Fig. 12 shows all the measured
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data after 4 h of visible light illumination, presented in %.
Since during the firing process anatase turns into rutile and
rutile to sphene, it is not surprising that there is no mea-
surable difference between the photoactivity of initially
anatase- and rutile-containing samples fired at 1250 °C.
Besides this, the negligible degradation of MB on these
samples is most probably due to the complete absence of
UV irradiation and the very small content of these com-
pounds in the glaze overall.
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Fig. 12: MB concentration (%) after 4 h visible light illumination,
in contact with all the investigated samples, compared with the
industrial glaze (ZrSiOy, sample 100Z) and the blank (MB).

Since the wetting angle measurements after UV illumi-
nation of samples with ZnO showed a sudden decrease in
the wetting angle in the whole series, we also tested the
photoactivity of these samples after 4h of UV illumination
(Fig. 13).
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Fig. 13: MB concentration (%) after 4h visible light illumination,
in contact with the industrial glaze (ZrSiO,4) and ZnO containing
samples, pre-treated with 4h of UV illumination.

The highest decrease in the wetting angle was seen for
samples with 20 % ZnO content and with full replacement
0t ZrSi0 4 by ZnO. The former sample also showed slight-
ly higher (althoughsstill notsignificant) photoactivity com-
pared to other samples. This, however, could not be ob-
served for the ZrSiO 4 industrial glaze. No straightforward
correlation between the wetting angle and the photoactiv-
ity of the UV pre-treated samples can be claimed. In gen-
eral, visible light absorption can be enhanced with modifi-
cation of the semiconductor band gap, e.g. by doping 49, or
it can also be tuned by controlling the crystallization pro-
cess in the glaze 42, 44, One explanation for the absence of
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photoactivity can be the very small amount of ZnO in the
glaze and the spreading of amorphous silica over the sur-
face, covering the ZnO crystals. The absence of ZnO XRD
signals supports this conclusion. However, amorphousssil-
icacontributes to smoothing of the glaze surface, which, on
other hand, favours the small wetting angle.

(c) Cleaning tests

For the cleaning experiments, contaminants (Fe,O3-
oleic acid-mixture and mustard) were homogeneously
applied to the cleaned glaze surface. Then the contaminat-
ed samples were cleaned in a dipping process, as shown in
Fig. 14.

Fig. 14: (A) Set-up cleaning tests and (B) contaminated sample;
mustard (white dots), Fe,O3-oleic acid-mixture (dark dots).
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The results showed a clear dependence of the cleanability
on the roughness. Samples with a roughness higher than
R, = 200 nm (initially 12 % rutile (100T), 12 % anatase
(100TA),9.6 % rutile (20Z80T), 9.6 % anatase (20Z80TA))
had a significantly decreased cleanability in the case of the
Fe,0O3-oleic acid-mixture as the contaminant, compared
to the industrial glaze with 12 wt% ZrSiOy. It seems that
the contaminant deposits in the surface structure and the
water then spreads over it. Especially for the samples with
only anatase (100TA) and rutile (100T), it can be seen that
the large crystals keep the contaminants sticking at the sur-
face, as shown on selected samples in Fig. 15. This was
not the case for smoother tiles initially containing smaller
amounts of anatase (40Z60TA, 60Z40TA, 80Z20TA) and
rutile (40Z60T, 60Z40T, 80Z20T), as they offer a smaller
surface area for the contaminants to adhere to. These sam-
ples showed better cleanability compared to the industrial
glaze. Interestingly, within the test series containing ZnO,
glazes with higher ZnO content (100Zn, 20Z80Zn), hav-
ing very low roughness, showed lower cleanability than
the samples with lower ZnO content, indicating that ZnO
seems to increase the oleophilicity of the surface. Sam-
ples with lower ZnO content (40Z60Zn, 60Z40Zn and
80Z20Zn) but similar roughness like the corresponding
anatase- and rutile-containing samples also showed bet-
ter cleanability compared to the industrial glaze. Com-
pared to the industrial sample 100Z, all samples with ZnO
showed improved cleanability, independent of changes in
roughness.

80Z20Zn

k=

£

= €

S IS

o

= S

46_ Tp]

(]
v

v | o=

a) - —

a £

£ £

A S

o

o

™

k=

~ £

) £

5 €

c o

S8 Q

L'R; L)
£ £
© £

w s £

o= E

o~ -

= £

= £

o

o

ha

Fig. 15: Samples after the cleaning tests.
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In case of the mustard, the industrial glaze showed rel-
atively low cleanability. A significant difference between
the industrial sample with 12 % ZrSiO,4 (100Z) content
and the sample with addition of 2.4 % ZnO (80Z20Zn)
was observed, in favour of the latter. With the increasing
ZnO content, the cleanability decreased. With full replace-
ment of ZrSiO,4 (100Zn), no difference could be seen in
the cleaning performance compared to the industrial glaze.
TiO,-containing samples showed much better cleanabil-
ity compared with both samples with high ZnO content
and the industrial glaze.

As mustard could only be applied in bulk and not as a
thin layer like the oleic acid-Fe,O3 mixture, it is assumed
that the mustard does not fully cover the glaze surface,
but builds bridges on the peaks of rough surfaces simi-
lar to hydrophobic surfaces. The water can then spread
between the lower valleys and therefore attack the con-
taminant from underneath. The oleic acid wets the val-
leys more and is therefore more difficult to wash away.
Therefore, it proved easier to clean the mustard off the
rougher samples (100TA, 20Z80TA, 100T, 20Z80T) than it
was to remove the Fe,O3-oleic-acid-mixture. This is not
the case with glazes containing ZnO. The best cleaning re-
sults with mustard were shown by the relatively smooth
sample, containing 20 % ZnO (80Z20Zn). This indicates
that the cleanability does not necessarily change linearly
with the roughness; there could be an optimal roughness
to achieve the best cleaning behaviour.

The cleaning experiments were also conducted on sam-
ples that had been illuminated with UV light for 4 h. The
results of selected samples are presented in Fig.15. An
improvement in cleanability with UV illumination could
not be achieved on the rough samples (100TA, 20Z80TA,
100T, 20Z80T). As the smoother samples already showed
very high cleanability, it was not possible to observe any
significant change in the cleanability after the UV irradia-
tion. For the easy-clean samples, a more sensitive test or a
more adhesive contaminant has to be found.

IV. Conclusions

In this work, we investigated the effect of the photoac-
tive oxides TiO, and ZnO on the roughness, wetting and
cleaning behaviour, as well as the photoactivity under vis-
ible light of industrial ZrSiO4-opacified glazes. The aim
was to develop a smooth surface, preferably with visible
light photoactivity, to minimize contamination and maxi-
mize superhydrophilicity, in order to improve the cleaning
properties of the glazes during every day use.

Samples with TiO, showed a strong increase in rough-
ness and no improvement in wetting, neither under dark
conditions, nor under UV irradiation. As the photoactive
anatase completely transforms into rutile at high temper-
atures, the absence of significant photoactivity, especially
under visible light illumination is understandable. Com-
pared with those of the industrial ZrSiOy, tile, the clean-
ing properties were improved with bulk contaminants like
mustard, but worsened with low-viscosity contaminants
like the Fe,O3-oleic acid-mixture as a result of the surface
topology.

ZnO, as the other choice of photocatalytic active ox-
ide, showed strong improvement in wetting behaviour,
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even with samples kept in the dark. Under UV irradiation,
samples with ZnO showed an immediate hydrophilic be-
haviour which changed into superhydrophilic wetting be-
haviour after a droplet age of 2 min. The superhydrophilic
behaviour could not be correlated with photoactivity, as
the measured decomposition of MB was not significant to
allow clear conclusions. The surface roughness changed
through a maximum with the addition of ZnO, and de-
creased significantly with highZnO amounts. The samples
containing ZnO also showed the best cleaning behaviour
with the Fe,Oj3-oleic acid-mixture and, with low amount
of ZnO, also with mustard. The cleanability is correlated
to theroughness, as samples with ZnO showed low surface
roughness as well as improved cleanability compared to
the rougher samples with TiO,. The comparison between
samples with ZnO did not show a direct correlation with
the roughness, but for cleaning of bulk and liquid contam-
inants, optimal roughness is desired.

Based on the results detailed above, ZnO is a promising
additive for glazes and has to be further examined. To en-
able its use for industrial purposes it also has to be further
examined in the context of environmental impact.
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