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Hydrophobic surfaces are also known to have antimicrobial effect by restricting the adherence of
microorganisms. However, ceramic products are produced by high temperature processes resulting in
a hydrophilic surface. In this study, an industrial ceramic wall tile glaze composition was modified by
the inclusion of metallic zinc powder in the glaze suspension applied on the pre-sintered wall tile bod-
ies by spraying. The glazed tiles were gloss fired at industrially applicable peak temperatures ranging
from 980°C to 1100 °C. The fired tile surfaces were coated with a commercial fluoropolymer avoiding

gzﬁgfgjz;ophobicity water absorption. The surfaces were characterized with SEM, EDS, XRD techniques, roughness, sessile
Ceramic tile water drop contact angle, surface energy measurements, and standard antimicrobial tests. The surface

hydrophobicity and the antimicrobial activity results were compared with that of unmodified, uncoated
gloss fired wall tiles. A superhydrophobic contact angle of 150° was achieved at 1000 °C peak temper-
ature due to the formation of micro-structured nanocrystalline zinc oxide granules providing a specific
surface topography. At higher peak temperatures the hydrophobicity was lost as the specific granular
surface topography deteriorated with the conversion of zinc oxide granules to the ubiquitous willemite
crystals embedded in the glassy matrix. The antimicrobial efficacy also correlated with the hydrophobic
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character.
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1. Introduction

Hydrophobic surfaces are defined as having sessile water drop
contact angle greater than 90°, while surfaces with contact angles
larger than 150° are rendered as superhydrophobic. The surface
chemistry and morphology are the major factors determining
hydrophobicity [1-6]. The Young’s model states that a smooth
solid surface with a lower free energy has a higher sessile liquid
drop contact angle since any isolated system changes to achieve a
minimum free energy. Whether a smooth surface is hydrophilic
or hydrophobic depends on the solid-liquid and solid-air inter-
facial energies [7]. In order to explain the phenomena related to
rough surfaces Wenzel [8] and Cassie-Baxter [9] basic models are
employed. Wenzel model states that the contact between a rough
solid surface and aliquid is uninterrupted, and the increased surface
area of the solid due to roughness causes a chemically hydrophilic
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surface to have a further decreased contact angle, while on a chem-
ically hydrophobic surface the contact angle rises above that of the
smooth surface. However, Cassie-Baxter model assumes air pock-
ets to be trapped between the rough solid surface and the liquid,
and a chemically hydrophilic surface may become hydrophobic and
vice versa depending on the solid-air, liquid-air interfacial energies.
The superhydrophobicity is arequired property especially for keep-
ing the surfaces free of wetting, and thus avoiding contamination
by water based slurries, suspensions, and solutions. These types of
surfaces are also classified as self-cleaning due to the difference in
advancing and receding contact angles [10-14].

Hydrophobic surfaces are also known to have non-migrating
antimicrobial character by restricting the adherence of microor-
ganisms on the surface [15]. Since the inhibiting effect is not due
to the consumption of any antimicrobial agent, and is only phys-
ical, advantageously any immunity development is not possible
[16,17]. Nevertheless, antibacterial ceramic tile surfaces with a bio-
cidal antimicrobial molecular barrier coating were developed as an
alternative to hydrophobic surfaces [18]. Antimicrobial floor and
wall coating materials in clinical, industrial and household spaces,
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Table 1

Sessile water drop/ceramic surface contact angles, and ceramic surface free energies.

137

Industrial
glaze + polymer coating
contact angle

Tile surface type/Heat
treatment peak
temperature and duration

Industrial glaze
contact angle

Zn modified glaze
contact angle

Zn modified
glaze + polymer coating
contact angle

Zn modified
glaze + polymer coating
overall SFE (ysg)

980°C, 5min ~40° ~70° 125° — absorbed 125°-135° 11.3 mJ/m?

1000°C, 5min <30° ~70° 130° — absorbed 145°-150° 5.40 mJ/m?

1050°C, 5 min <30° ~70° 55° — absorbed 115°-120° 16.0 mJ/m?

1100°C, 5min <30° ~70° 50° — absorbed 90°-95° 29.7 mJ/m?

1050°C, 60 min <30° ~70° 50° — absorbed 85°-90° 34.2 mJ/m?

1100°C, 30 min <30° ~70° 50° — absorbed 80°-85° 41.3 mJ/m?
Table 2

Surface roughness parameters.

Tile surface type/Heat treatment peak
temperature and duration

Industrial glaze surface roughness

Zn modified glaze surface roughness

Ra (pm) Rz (m) Ra (pm) Rz (um)
980°C, 5 min - - 450 2200
1000°C, 5min 2.6 18 540 2900
1050°C, 5 min - - 370 2000
1100°C, 5 min - - 70 300
1050°C, 60 min - - 60 270
1100°C, 30 min - - 40 220

especially on wettable surfaces is demanding, with a potential to
reduce the hospital infections and various dermatome risks [19].

Ceramic coating products are produced by heat treatment for
sintering and vitrification, and the vitrified matrix of the surface
is inevitably hydrophilic due its water attracting chemistry [20].
Imparting a hydrophobic character on a gloss fired ceramic sur-
face depends on the formation of nano or micro patterned surface
topography by the nano or micro sized granular structures on the
glazed or full body ceramic tile surfaces. In nature there are a num-
ber of examples of superhydrophobic plant or animal shell surfaces
due to surface topography rather than surface chemistry such as the
lotus flower leaves and the snail shell [21,22].

The wettability of diverse liquids of many different surfaces
was also studied extensively [23,24] and superhydrophobic sur-
faces including alumina ceramics, silica hybrid films, and titania
coatings on float glass were constructed by a number of methods
such as thermal spray, laser texturing, vapor-fed aerosol flame syn-
thesis, and sol-gel route methods [25-27]. None of these methods
have the potential of application in the conventional ceramic wall
tile production lines.

Zinc oxide nanoparticles are known to exhibit antibacterial
activity that depends on the localized interaction of ZnO in terms of
increased membrane permeability, direct endocytosis of nanopar-
ticles, and the uptake of dissolved zinc ions, interfering with the
intracellular metabolism. The effect of ZnO particle size, con-
centration, morphology, porosity, defects, and particle surface
modifications on the bacterial and fungal inhibition were exten-
sively studied [28-31]. The applications can be topical or systemic,
however, the inconvenience of the diffusion and consumption of
the migrating bactericidal component for ceramic coating materi-
als necessitates to develop hydrophobic and hence non-migrating
bactericidal or bacteriostatic ceramic tile surfaces.

In this study, body fired ceramic wall tiles were coated with
industrially applicable glazes modified with the inclusion of metal-
lic zinc powder, which is suitable for gloss firing in the already
existing conventional wall tile production lines. The effects of the
formation of micro-structured zinc oxide (ZnO), and willemite
(2Zn0.Si0,) crystals on the gloss fired tile surface topography
and/or chemistry as the peak gloss firing temperature and dura-
tion was changed, which in turn affecting the hydrophobicity and
antibacterial character, were determined.

2. Materials and methods
2.1. Ceramic tile coating and sintering

The green ceramic wall tile bodies were fired in an industrial
ceramic furnace (roller, open hearth) of 90 m long for a firing cycle
of 28 min with the firing zone maximum temperature of 1140°C.
The body fired wall tiles were coated with a modified glaze by
pressurized air spraying. The glaze was modified with the addi-
tion of metallic zinc powder into an industrially applicable glaze
composition prior to aqueous milling. The glaze composition was
prepared as 30% frit (boric acid 15%, alumina 3%, quartz 27%, potas-
sium feldspar 35%, potassium nitrate 2%, calcite 15%, magnezite 3%,
3 ppt sodium carboxymethyl cellulose, 1.5 ppt sodium tripolyphos-
phate), 5% china clay, and 65% metallic Zn powder, all percentages
being by weight for the rest of the document. The metallic zinc
powder was obtained from the manufacturer Hepsen Kimya Ltd.,
Bilecik, Turkey, under the brand name of “Zinc Powder Blue” with
the technical specifications as follows. The particles under 32 wm
was 99.1%, total zinc content was 97%, metallic zinc content was
94%, Pb content was 0.03%, and Fe content was 0.15%. The modified
glaze was prepared in ceramic jar jet mills rotated at 120 rpm for
20 min with a milling load of alumina balls and in water medium
with 35% water and 65% dry matter. The glaze slurry was sieved
through 45 wm. The coated tiles were fired in a laboratory muf-
fle kiln at the maximum temperatures of 980°C (5 min), 1000°C
(5min), 1050°C (5min, and 60 min), 1100°C (5 min, and 30 min)
with a heating rate of 30°C/min below 500°C and 5°C/min above
500°C. Some of the sintered tiles were further processed by spray
coating with a commercial polymeric composition of 10% fluo-
ropolymer, 60% alkoxysilane and 30% ethanol, under the trade
name ECC-4000, and curing at 120°C for 10 min in order to avoid
water absorption and to enhance the hydrophobic character. The
sprayed quantity was approximately 250 g/m?2.

2.2. Tile surface characterization

The contact angle and surface free energy (SFE) measurements
were carried out by drop shape analyzer (Kruss, DSA-25), using
water and diiodomethane as liquids of known surface tensions (ST)
in air. The SFE calculations were done according to Young’s equation
(Eq. (1)) and a two-component model developed by Fowkes [32],
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Fig. 1. Sessile water drop contact angles with the ceramic tile surfaces of (a) unmodified, uncoated, (b) unmodified, polymer coated, (c) Zn modified fired at 980 °C peak
temperature for 5min, and uncoated, (d) Zn modified fired at 980°C peak temperature for 5min, and polymer coated, (e) Zn modified fired at 1000°C peak temperature
for 5 min, and uncoated, (f) Zn modified fired at 1000 °C peak temperature for 5 min, and polymer coated, (g) Zn modified fired at 1100°C peak temperature for 30 min, and
uncoated, (h) Zn modified fired at 1100 °C peak temperature for 30 min, and polymer coated.

and Owens, Wendt, Rabel and Kaelble (OWRK method) [33,34]. In
the two-component model [35] it is assumed that ST of the liquids
and SFE of the solid have disperse and polar components as additive
parts (Egs. (2) and (3)), and the interfacial tension (IFT) between a
liquid and the solid is given by the so called geometric mean method

(Eq. (4)).
Vsl = Vsg — Vig €OS 0 (1)

Vg =Vp+ Vi 2)

Vsg = Vex + Vig (3)

2 ( ViV + \/y,’;ys”g) (4)

where, 0 is the contact angle between the solid and the sessile liquid
drop, yjg, yg and y,’; are the overall, disperse and polar components

of the ST of the liquid, ysg, ys?g and yspg are the overall, disperse and
polar components of the SFE of the solid, respectively. Egs. (1) and
(4) are combined yielding Eq. (5) that allows the calculation of the
disperse and polar components of the SFE of the solid by measuring

Vst =Vsg +Vig —
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Fig. 2. SEM image of the ceramic wall tile with unmodified glaze gloss fired at
1000 °C peak temperature for 5 min.

the contact angle of sessile drops of two different liquids of known
disperse and polar ST components.

Vie (1 + cos 0) =2 (1 /y,gys% + 4 /y,‘;yfg) (5)

Eq. (5) can be simply solved for y& and y; (Eqs. (6), (7)) when
one of the liquids is chosen to have only either disperse or polar ST
component, as in the case of diiodomethane (liquid 1), the polar ST
component of which equals zero. The other liquid can have both
disperse and polar ST components as water (liquid 2) [36-38].

2
Vi (1+cos 6;)
D
4yl1g

D

; D
Vg = , and since yjg = Yig:

1
Yeg = 7V0e (1 + cos 01) (6)
p_ 1 (1 o0\
Vsg = )/T (iyug (1 + cos 02) - ylzgysg) (7)
2g

At the measurement temperature of 20°C, yjg = yfl’ g =
50.8 mN/m, y};g =0mN/m (values for diiodomethane), and
Yiog=72.8 mN/m, yl’;g =46.4 mN/m, ylgg = 26.4 mN/m (values for
water) [35,39,40].

The surface roughnesses of the ceramic surfaces were deter-
mined with Mitutoyo SJ-301 surface roughness tester in the
roughness profile mode, and the curves were corrected by Gaussian
filter in accord with JIS BO601-2001. Arithmetic mean deviation of
the troughs and crests from the mean line of the roughness profile
(Ra), and maximum trough to crest height mean of irregularities of
ten-sampling lenghts (Rz) were recorded as roughness parameters.

The phases and microstructure of the tile surfaces were char-
acterized by XRD at 28 between 10°-80° with a scan rate of
3.5°/min (Pananalytical Empyrean, Cu-Ka radiation), and SEM-EDX
(FEI, NOVANANOSEM 650 with field emission gun, high voltage
2.00-20.0kV, work distance 5.0-6.3 mm, and Zeiss, Supra 40 VP,
with high voltage 10.0kV, work distance 10.2-13.2 mm), respec-
tively.

The antimicrobial tests were carried out in accordance with
ASTM E2180-07 (Standard test method for Determining the Activity
of Incorporated Antimicrobial Agent in Polymeric or Hydrophobic
Materials) with the bacteria Staphylococcus aureus ATCC 6538 and
Pseudomonas aeruginosa ATCC 15442 at Egemikal Lab, Ege Univer-
sity, [zmir, Turkey.

Fig. 3. SEM image of the tile surface with the zinc modified glaze and gloss fired at 980°C for 5 min at various magnifications.
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Fig. 5. SEM image of the tile surface with the zinc modified glaze and gloss fired at 1050 °C for 5 min at various magnifications.

3. Results and discussion sition of a local tile manufacturer was modified with the addition
of Zn metal powder in the glaze as 65% of the total dry matter, and

In order to exploit the plausibility of developing hydrophobic gloss fired. The increasing intensity of the heat treatment in terms
and antimicrobial ceramic tile surfaces, the wall tile glaze compo- of the peak temperature as the major and duration as the minor
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Fig. 6. SEM image of the tile surface with the zinc modified glaze and gloss fired at 1100 °C for 5 min at various magnifications.
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Fig. 7. Sessile water drop contact angle of the Zn modified, gloss fired and polymer
coated ceramic tile surface versus surface roughness parameter Ra of the underlying
surface (uncoated corresponding surface).

factors was correlated with the sessile water drop contact angle,
and the surface free energy of the surface. The results are summa-
rized in Table 1. The surface roughness parameters Ra and Rz were
provided in Table 2 (Ra and Rz values were given to two significant
figures accuracy).

The contact angles of the sessile water drops with various tile
surfaces heat treated at different heat intensities are shown in
Fig. 1. All of the contact angles of the gloss fired tile surfaces with
the industrial glaze (unmodified) at all heat treatment tempera-
tures were low, below 30°, with the exception at 980°C which
was 40°. The polymer coating on these gloss fired tiles provided
a contact angle of 70° regardless of the heat treatment tempera-
ture. The increase in the contact angle from 30° to 70° indicated
the change of the surface chemistry to a less hydrophilic state. The
SEM image of the ceramic wall tile with the unmodified glaze gloss
fired at 1000 °C peak temperature for 5min is shown in Fig. 2. The
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Fig. 8. Sessile water drop contact angle versus the surface free energy of the Zn
modified, gloss fired and polymer coated ceramic tile surface.

surface was almost smooth and featureless as supported by its sur-
face roughness (Ra=2.6 wum) in comparison to the tiles with the
modified glaze (40 pm <Ra <540 pm).

However, the gloss fired tiles with the zinc modified glaze but
without the polymeric coating, even though the initial contact
angles were large, completely absorbed the water droplet, the con-
tact angle dropping to zero in a few minutes. This phenomenon
was due to the fact that the zinc modified glaze did not vitrify
enough to provide a glassy surface at none of the heat treatment
temperatures. The sintered granular surface structure was porous
absorbing water, as revealed by the SEM images given in Figs. 3-6.
The highest initial contact angle reached was 130° for the tiles fired
at the peak temperature of 1000 °C. For the heat treatments above
that temperature the initial contact angles dropped abruptly. When
these surfaces were covered with the non-porous polymer layer,
the water absorption was avoided and the contact angles at all the
heat treatment temperatures were increased as compared to their
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Fig. 9. EDX analysis of tile surface with the zinc modified glaze, (a) gloss fired at 980 °C for 5 min, (b) gloss fired at 1000 °C for 5 min, (¢) gloss fired at 1050 °C for 5 min.

uncoated counters. Again the highest contact angle of 150°, promis-
ingly on the superhydrophobic limit, was reached for the tiles gloss
fired at the peak temperature of 1000 °C. For heat treatments above
1050°C the achieved contact angles decreased to the hydrophilic
range of 90°-80°.

The SEM images in Figs. 3 and 4 indicated that the high contact
angles obtained at the peak temperatures of 980°C and 1000°C
were attributable to the microscale surface topography generated
by the incorporation of the Zn metal powder in the glaze. The
microscale surface pattern formed was reminiscent of the natu-
rally ultrahydrophobic lotus flower leaf [21]. The contact angle
decreased for the surfaces heat treated at the peak tempera-
tures above 1000 °C. The granular micro-pattern was deteriorated
rapidly starting at 1050°C and ubiquitous crystals formed in the

glaze asshowninFigs. 5 and 6. The increase of the sessile water drop
contact angle of the modified glaze, gloss fired and polymer coated
tile surfaces with the increasing surface roughness of the respec-
tive uncoated surfaces, Ra, as shown in Fig. 7, confirmed that the
specific surface topography was effective in achieving high contact
angles in the hydrophobic range.

The surface free energies of the Zn modified, gloss fired and
polymer coated ceramic tile surfaces were well correlated with the
contact angles as depicted in the contact angle versus surface free
energy graph given in Fig. 8. The quantitative data obtained for the
specific surfaces under examination suggested that a lower sur-
face energy imparted a higher contact angle, and the slope of the
curve leveled off gradually with increasing surface energy. Thus as
empirically shown, lowering the surface free energy was essential
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in achieving a superhydrophobic surface in accord with theoretical
considerations.

The ceramic wall tiles with the unmodified glaze gloss fired
above 1000 °C had smooth hydrophilic surfaces with contact angles
less than 30°. When the surface was covered with the poly-
mer, the surfaces remained hydrophilic with contact angles of
approximately 70°. A smooth surface is hydrophilic when g <vsg
and hydrophobic when <y >7ysg according to Young's model. The
tiles with Zn metal modified glazes gloss fired at peak tempera-
tures 980°C-1050°C for 5min duration had rough hydrophobic
surfaces with water contact angles between 115°-150°. Accord-
ing to Cassie-Baxter model this is possible when air pockets is
entrapped between liquid drop and rough surface, and a chemically
hydrophilic surface can become hydrophobic or superhydrophobic
due to surface morphology when vyjs > "ysg.

The EDX analyses results given in Fig. 9 showed that the metallic
zinc powder added into the commercial glaze was oxidized yield-
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heat treatment temperature.

ing mainly ZnO crystals. Nevertheless, for the tiles sintered at 980 °C
(Fig. 9a) the oxidation of the metallic zinc was partial as evidenced
by the high ratio of Zn/O atomic percentages. The atomic % of zinc
was in the range 58%-67%, while for oxygen it was 24%-31%. There-
fore, Zn/O ratio was in between 1.9 to 2.8. For the heat treatment at
the peak temperature of 1000 °C (Fig. 9b) the atomic percent of zinc
was in the range 32%-38% and oxygen was in the range 48%-51%
making the Zn/O ratio 0.65-0.77 which indicated a complete oxi-
dation of the metallic zinc and the existence of other oxides in little
amounts. When the heat treatment peak temperature was raised

to 1050°C (Fig. 9c) the atomic percentages of the elemental species
on the average were oxygen 56%, zinc 11%, silicon 14%, aluminum
7.2%, calcium 2.6%, and magnesium 1.2%. This indicated that most
probably the crystalline oxide forms, ZnO, SiO,, Al,03, and a glassy
matrix of mainly CaO, MgO, SiO,, ZnO were prominent.

The XRD analyses given in Fig. 10 provided definitive evi-
dence of the formation of majorly zinc oxide (ZnO) and willemite
(2Zn0.Si0) crystals at all of the heat treatment temperatures. The
ratios of the largest peak heights of the ZnO crystals (at 20 =36.1°) to
2Zn0.Si0, crystals (at 20 =31.5°) in the XRD patterns, abbreviated
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Table 3

Microbial tests of the industrial, polymer coated industrial, and polymer coated Zn modified glazed tiles.

Microorganism Tile Sample Count in the control Count after surface Percent Change with respect to
sample (cfu/mL?) application (cfu/mL) decrease industrial tile surface
Staphylococcus aureus Industrial tile 210,000 6000 97.1% 0
(ATCC 6538) Polymer coated 210,000 93,000 55.7% +15.5 folds
industrial tile
Polymer coated Zn 210,000 19 99.991% —99.7%
modified glazed tile
Pseudomonas Industrial tile 560,000 30,000 94.6% 0
aeruginosa (ATCC Polymer coated 560,000 35,000 93.8% +1.17 folds
15442) industrial tile
Polymer coated Zn 560,000 4000 99.3% —86.7%

modified glazed tile

a cfu/mL: colony forming unit per milliliter.

as Z/W, were determined as a function of heat treatment intensity
as depicted in Fig. 11. The Z/W ratio passed through a maximum
with the increasing heat treatment intensity. The maximum value
of Z/W was 1.63 at the peak temperature of 1000 °C for 5 min dura-
tion, above which it decreased, and the decrease was abrupt over
1050°C. The minimum value was determined as 0.019 indicating
that the ZnO granules were essentially converted to willemite crys-
tals. The SEM and EDS images (Fig. 9) confirmed the conversion as
the almost total loss of the granular surface topography, and with
the indicative elemental compositions.

The correlations between the sessile water drop surface contact
angle and the Z/W ratio, and between the sessile water drop sur-
face contact angle and the heat treatment peak temperature are
shown in Fig. 12a and b. The contact angle increased with the Z/W,
and passed through a maximum with increasing heat treatment
peak temperature at 1000°C for which also the Z/W was maxi-
mum. The correlations between the surface free energy and the
Z/W ratio, or the heat treatment peak temperature existed as the
reverse trends as seen in Fig. 13a and b. This phenomenon was most
probably due to the changing surface topography as confirmed by
decreasing surface roughness with the decreasing Z/W. The rough-
ness reached its maximum at 1000 °C peak temperature as in the
case of the contact angle as shown in Fig. 14a and b. The ZnO
crystalline granules were rapidly formed in the particular struc-
ture and distribution by the oxidation of the metallic zinc powder
bringing about the hydrophobic surface topography up to 1000 °C.
By the increasing peak heat treatment temperature the granular
zinc oxide crystals were converted to the willemite crystals by par-
tially melting and diffusing into the surrounding glassy matrix and
reacting with SiO,, which in turn became embedded in the glassy
matrix. Above 1050°C the surface topography was almost com-
pletely destroyed, smoothing out the surface as indicated by the
SEM images and the surface roughness measurements. If ZnO was
directly used instead of metallic zinc the conversion to willemite
and the deterioration of the specific surface topology would take
place at lower temperatures well before any glaze vitrification. The
change of the contact angle with the peak heat treatment temper-
ature also indicated that the hydrophobicity of the surface reached
a maximum at 1000 °C and became hydrophilic above 1050°C, in
accordance with the crystalline structural change of the surface.

Although the polymer coating changed the surface chemistry
completely it had only a slight contribution to the hydrophobicity
apart from hindering water absorption. Therefore, it was concluded
that the induced hydrophobicity was due to the particular sur-
face topography generated by the crystalline zinc oxide granules
rather than the chemical structure of the surface. The thickness
of the polymer layer was estimated by calculation to be approx-
imately 150 um on the average, corresponding to the 250 g/m?
spray application, 70% polymer yield and 1.2 g/cm3 polymer den-
sity. The thickness of the polymer layer on the crests was expected
to be less than the average, while it was more on the troughs pre-

serving or even bringing about a more prominent surface structure
for a hydrophobic topography in conformity with the Cassie-Baxter
model.

The antimicrobial tests were conducted on the tile surfaces with
the unmodified, and the Zn modified glazes, and gloss fired at the
peak tempearture of 1000 °C for 5min, coated with the polymer.
The industrial tile (unmodified) gloss fired at 1000°C for 5 min
which was not coated with the polymer was used as the reference
sample. Theresults are givenin Table 3. The antimicrobial tests indi-
cated that the bacterial activity (quantified as colony forming unit
per milliliter, cfu/mL) with the bacterium Staphylococcus aureus on
the unmodified but the polymer coated surface increased 15.5 folds
while on the Zn modified and polymer coated surface decreased
by 99.68%, and with the bacterium Pseudomonas aeruginosa on
the unmodified but polymer coated surface increased 1.17 folds
while on the Zn modified and polymer coated surface decreased by
86.7%, as compared to the unmodified, uncoated surface. The dras-
tic decrease in the antimicrobial activity of the ceramic tile surfaces
with the crystalline ZnO granules was correlated directly to the
increased surface hydrophobicity. The drastic increase in the bacte-
rial activity on the polymer coated unmodified surfaces pointed to
a convenient surface chemistry for the bacterial proliferation. How-
ever, the induced hydrophobicity totally cancelled out this adverse
condition, indicating that the surface hydrophobicity was by far the
major determining factor for the deterrence of microbial growth
and proliferation.

4. Conclusions

Inclusion of metallic zinc powder in an industrially applicable
glaze resulted in the formation of nanocrystalline ZnO granules
up to the peak heat treatment temperature of 1000°C for 5min
duration providing a micro-patterned surface topography. The
granular surface topography started to deteriorate above 1000 °C,
and almost completely destroyed over 1050°C. At these elevated
temperatures the zinc oxide (ZnO) crystals partially melted and
diffused in to the glassy matrix and reacted with quartz (SiO, ) pro-
ducing the ubiquitous willemite (2Zn0.Si0;) crystals. The change
of the sessile water drop contact angle with the peak heat treat-
ment temperature indicated that the hydrophobicity of the surface
reached a maximum at 1000 °C with a contact angle of 150° of the
superhydrophobic limit, and became hydrophilic above 1050 °C, in
accordance with the crystalline structural change of the surface.
This specifically evidenced the existence of a correlation between
the sessile drop surface contact angle and the ZnO/2Zn0.SiO, ratio.
The polymer coating on the ceramic tile surfaces functioned only
as a water impermeable layer, and the induced hydrophobicity
was due to the particular surface topography generated by the
nanocrystalline zinc oxide granules rather than the chemical struc-
ture of the surface.
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The micro-patterned surface topography of the nanocrystalline
ZnO granules also imparted an antimicrobial character to the
ceramic tile surfaces which was well correlated with the hydropho-
bicity. The bacterial proliferation on the tiles with the zinc modified
glaze was suppressed up to over 99%.

The study paves the way to the development of commercial
hydrophobic and antimicrobial ceramic wall tiles. Although the
polymer layer covalently bonds to the underlying structure and was
reported to withstand for over two years, the alternative approach
may be the use of zinc metal modified glazes as an engobe layer
covered with a few hundred micrometer thick, low temperature
melting glaze.
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