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bstract

he effects of sol–gel-derived ceramic titania and zirconia coatings on staining resistance and cleanability of two matt and one glossy glazed
ile were characterized. The surfaces were soaked in a weakly alkaline detergent solution in order to imitate the influence of normal household
etergents on the surface properties. The soaking caused the water contact angle of the surfaces to decrease and also changes were observed in the
verage surface roughness. The surfaces were soiled with one color marked and two radiochemically labeled soil mixtures of oils and inorganic

r organic particles. Under normal laboratory illumination conditions, the soils consisting of oil and inorganic particles were more easily cleaned
rom the surfaces than the soil with oil and organic particles. All surfaces soiled with the color marked mixture were also studied under exposure
o UV light. The titania coating increased the cleanability and also showed self-cleaning capability after exposure to UV light, whereas exposure
o UV increased the soil adherence to the zirconia-coated surfaces.
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. Introduction

One of the main purposes of functional coatings on materials
sed in everyday life is to provide the surface with self-cleaning
roperties. When used, for example, on outdoor surfaces, the
leaning occurs through the interaction between UV-radiation
nd rain. The most common methods to characterize the activ-
ties of photocatalytic coatings on commercial products were
iscussed recently by Mills and McFarlane.1 The activity of
elf-cleaning titania photocatalytic coatings on glasses is usu-
lly studied using the stearic acid test. The methylene blue
est is also frequently used for assessing the photocatalytic
ctivity of titania.1 Examining the destruction rates of stearic
cid and methylene blue under defined conditions is well
uited to comparing the self-cleaning effectiveness of differ-
nt surfaces; however, this requires sophisticated analytical

quipment.1

On interior surfaces of buildings, various types of cleaning
ethods are needed for their maintenance. Cleanability of inte-
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ior surfaces has been studied by soiling them using materials
ontaining radioactive tracers or staining compounds. Radio-
hemically labeled soils permit accurate measurements at very
ow levels of soil. These soils have been used to measure the
leanability of plastic and ceramic surfaces.2–5 Staining or clean-
bility of plastic and ceramic surfaces has also been studied
olormetrically.6–9 The soiling compounds applied in cleanabil-
ty studies of glazed and titania-coated surfaces include, e.g.
lycerol trioleate, octadecane, stearic acid, standard red soil,
cetic acid, sebum soil and oleic acid.7–15

The main functions of additional coatings on interior surfaces
nclude increased cleaning intervals and an increased possi-
ility to use less aggressive cleaners. The chemical resistance
f functional coatings on glazed surfaces has been reported
o depend strongly on the phase composition of the glaze.16

ommercial easy-to-clean fluoropolymer coatings (ECC-100
nd ECC-400 by 3M) were found to degrade rapidly in alka-
ine environments.15 In alkaline aqueous solutions, the same
ol–gel-derived titania and zirconia coatings as reported in this
ork were found to be severely pitted on glazes containing wol-
astonite or pseudowollastonite crystals, i.e. on glazes which
ave poor chemical resistance.16,17 However, on glazes show-
ng a good overall chemical resistance the additional coatings
ere found to be fairly intact.16,18

mailto:leena.hupa@abo.fi
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.007
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This paper is the third in a series in which the effect of addi-
ional sol–gel-derived titania and zirconia coatings on glazes is
iscussed.4,5 In the previous papers, the cleanability of glazes
ith functional coatings was discussed. The focus of this paper

s to establish whether a typical everyday detergent impairs
he additional value of the coatings, i.e. their self-cleaning or
asy-to-clean effects. One further goal is also to find a practical
ombination of soil and cleaning methods for easy comparisons
f surface cleanability.

. Experimental

Two commercial glazes and one experimental raw glaze were
sed as substrate materials for the additional coatings. The
ommercial matt (M) and glossy (K) glazes contained mainly
ircon crystals embedded in the glassy phase on the surfaces.
he experimental matt raw glaze (3A) contained mainly diop-
ide crystals.19 The glazes were dip coated with experimental
ol–gel-derived titania and zirconia coatings.20 The titania coat-
ng was assumed to enhance the cleanability of the surfaces. The
irconia coating was studied for establishing the possibilities of
djusting the properties of titania coatings by introducing some
irconia in order to improve chemical and mechanical properties.

Chemical wearing of the surfaces was achieved by soaking
oth coated and uncoated surfaces in a weakly alkaline detergent
olution (pH 9.1) corresponding to a typical household deter-
ent. The detergent consisted of soap (5%), non-ionic surfactant
13-oxoalcohol ethoxylate (10%) and tetrapotassium pyrophos-
hate (5%). Samples of 2.0 cm × 2.0 cm × 0.5 cm with 20 ml of
etergent solution were put in covered containers and kept in
water bath at 37 ◦C for 4 days. The solution was replaced
ith fresh solution after 2 days. After soaking, the samples were

insed carefully with distilled water and ethanol.
The surfaces were characterized by measuring the average

urface roughness (Sa) with a white light confocal microscope
Nanofocus �Surf) before and after soaking. The roughness
alues were measured with a 20× lens for 772 �m × 800 �m
urfaces (cut-off wavelength 250 �m). The static water contact
ngle was imaged for a water drop (ultra-pure Milli-Q) for 10 s,
ollecting one image per second using a contact angle meter

�Es =
√

(L∗
unsoiled − L∗

soiled)2 + (a∗
u

KSV CAM100). The contact angle, given as the mean of four
arallel samples, was calculated with the Young–Laplace equa-

�Eres =
√(

L∗
unsoiled − L∗

cleaned

)2 + (
a∗
un

I
c

able 1
ompositions and amount of model soils applied on surfaces.

Type of model soil Particle compound Sol

Inorganic particle and oil soil Soot (Degussa AG) 0.050 g Eth
Inorganic particle and oil soil Chromium(III) oxide, (J.T. Baker) 0.40 g 1-P
Organic particle and oil soil Chromium acetyl acetonate (Fluka) 0.40 g 1-P
Ceramic Society 29 (2009) 1855–1860

ion. The overall appearance and composition of the samples
ere also studied by FEG-SEM/EDXA (SEM, LEO 1530 from
eiss, EDXA Vantage by Thermo Electron Corporation).

Cleanability of the surfaces was measured by color marked
nd radiochemically labeled mixtures of fatty acids and particles
Table 1). The soils with the radioactive tracers were assumed to
e suitable for measuring the cleanability of rough tile surfaces
s the soil which has penetrated into cracks and cavities is taken
nto account in the total soil amount. The color marked soil was
sed to allow a large number of measurements under normal
aboratory conditions.

Soil 1 contained sebum, a typical fatty acid found in sanitary
acilities. Sebum was mixed with fine soot particles of cosmetic
uality in order to enable a colorimetric detection of the soil
ixture on surfaces.21 The components were thoroughly mixed
ith ethanol to a suspension which could be applied easily to

urfaces by spin-coating. The soil suspension was stable and
nly a minor segregation of the components could be detected
fter mixing. Soil 2 consisted of chromium oxide and triolein.
he inorganic Cr2O3 particles (∅ = 1 �m) were labeled with

1Cr. Soil 3 contained only organic components, i.e. particles
f chromium acetyl acetonate labeled with 51Cr and triolein.
he components of soils 2 and 3 were dissolved in 1-propanol.
oil mixtures 2 and 3 did not form stable suspensions and some
egree of segregation was observed after mixing.

Soil 1 was applied by spin-coating 20 �l of suspension four
imes on each surface. Before soiling, the surfaces were exposed
o UV light (360 nm) for 2 h. The soil was dried for 24 h at room
emperature and then re-exposed to UV light for 2 h before clean-
ng. The surfaces were cleaned with a microfiber-cloth moisten
o 100% with distilled water in a Mini Cleanability tester. The
icrofiber cloth was rotated once against the surface with a pres-

ure of 50 kPa and a velocity of 30 rpm. This cleaning step was
esigned to imitate a normal cleaning of interior surfaces. How-
ver, the parameters used for the Mini Cleanability tester were
hosen to give only a partial cleaning with constant conditions so
hat clear differences between different surfaces could be estab-
ished. The soil amount attached to the surfaces before cleaning,

Es and the soil residue on the surfaces after cleaning, �Eres

ere calculated from the CIE L*a*b* values for the unsoiled,
oiled and cleaned surfaces6:

d − a∗
soiled)2 + (b∗

unsoiled − b∗
soiled)2
soiled − a∗
cleaned

)2 + (
b∗
unsoiled − b∗

cleaned

)2

n the equations, L* is the lightness factor, a* and b* are the
hromaticity coordinates giving the red to green and yellow to

vent Fatty acid Radio isotope Amount
of soil

anol 0.50 ml Synthetic sebum (WFK) 0.20 g – 80
ropanol 10.0 ml Triolein, (Fluka) 0.60 ml 51Cr 50
ropanol 10.0 ml Triolein (Fluka) 0.60 ml 51Cr 50
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lue hues of the color. The soil residue was also expressed as
he ratio between the soil residue after cleaning and the amount
f soil on the surfaces after soiling:

oil residue (%) = �Eres

�Es

× 100

he radioactive soils were applied by pipetting the fluid soil
50 �l) onto the middle of the sample. The soil was left to dry
or 24 ± 2 h at room temperature. The surfaces were cleaned
ith a microfiber-cloth moisten to 100% with distilled water

ontaining 5 vol.% weakly alkaline model detergent in the Mini
leanability tester.3–5 The microfiber cloth was rotated three

imes against the surface with a pressure of 25 kPa and a velocity
f 30 rpm.

The cleanability of the model soils labeled with the gamma-
ay emitter 51Cr was determined by a gammaspectrometric
ethod using an NaI(Tl)-scintillation crystal as described in the
rst paper in this series.4 The radioactivity of the soiled sam-
les was measured before and after cleaning. The results were
alculated by subtracting the activity of the background and cor-
ecting the results for radioactive decay. The soil residue (%) was
alculated as the ratio between the soil residue after cleaning and
he amount of soil on the surfaces after soiling.

. Results and discussion

.1. Chemical resistance of coatings
Chemical resistance of the additional coatings was studied
rom the water contact angle and surface roughness values before
nd after soaking the samples in the slightly alkaline detergent
olution (Table 2). When the additional coatings were applied to

able 2
ontact angle and average surface roughness Sa of the experimental surfaces.
ach value is an average of 4–10 parallel samples.

urface Contact angle (◦) Contact angle
after UV (◦)

Roughness (�m)

A 33 ± 7.2 25 ± 6.1 0.41 ± 0.038
A soaked 16 ± 4.2 12 ± 4.7 0.53 ± 0.074

A + TiO2 45 ± 6.4 9.0 ± 3.2 0.54 ± 0.022
A + TiO2 soaked 38 ± 6.4 6.0 ± 3.7 0.69 ± 0.034

A + ZrO2 64 ± 15 40 ± 7.5 0.48 ± 0.038
A + ZrO2 soaked 43 ± 7.2 37 ± 10 0.42 ± 0.057

31 ± 4.2 29 ± 4.9 0.39 ± 0.043
soaked 19 ± 8.6 16 ± 5.6 0.39 ± 0.044

+ TiO2 46 ± 3.4 7.0 ± 4.5 0.39 ± 0.011
+ TiO2 soaked 36 ± 6.6 5.0 ± 2.5 0.43 ± 0.020

+ ZrO2 61 ± 10 33 ± 6.8 0.35 ± 0.011
+ ZrO2 soaked 47 ± 9.3 50 ± 7.1 0.36 ± 0.020

36 ± 7.4 29 ± 5.3 0.08 ± 0.01
soaked 21 ± 7.6 22 ± 8.6 0.08 ± 0.01

+ TiO2 34 ± 2.4 6.0 ± 4.3 0.09 ± 0.004
+ TiO2 soaked 43 ± 10 5.0 ± 3.3 0.09 ± 0.004

+ ZrO2 37 ± 2.1 40 ± 5.4 0.08 ± 0.003
+ ZrO2 soaked 33 ± 3.4 46 ± 2.0 0.08 ± 0.004
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he matt glazes (M and 3A), the contact angle clearly increased,
hile the value was quite stable for the coated glossy glaze
. Before soaking the contact angle values for the reference
lazed surfaces were around 30–40◦, i.e. typical values reported
or silica and soda-lime glasses.22,23 The contact angles of the
itania-coated surfaces were 34–46◦, depending on the substrate.

ater contact angles of around 50◦ have been reported for
mooth titania wafers irradiated with visible light.24 The contact
ngle of the sol–gel-derived ZrO2 showed the highest values for
ll surfaces, but the increase could be detected best with the matt
urfaces. At 37–64◦, the values were clearly lower than the value
f ca. 100◦ reported for pure zirconia.22 After 2 h of exposure to
V radiation, the contact angle of the TiO2 surfaces decreased to
elow 10◦ (Table 2). The decline was so significant that the con-
act angle was not always measurable. UV light exposure also
ffected the water contact angles of the zirconia-coated surfaces
Table 2). However, the values were typical for ceramic surfaces
nd indicated no clear changes in surface wettability. Soaking
he surfaces in the alkaline solution decreased the contact angle
f all but the glossy glaze with the titania coating (Table 2). After
xposure to UV light the TiO2-coated surfaces showed similar
ontact angle values both before and after soaking. The results
uggested that the titania and zirconia coatings were not attacked
y the weakly alkaline cleaning agent solution.

The commercial matt and glossy glazes had a good chemical
esistance as indicated by the average surface roughness values
efore and after soaking in the alkaline solution (Table 2). How-
ver, the soaking clearly increased the average surface roughness
f the experimental matt glaze, thus implying selective corrosion
f either the glassy or crystalline phase. The glaze with diopside
rystals is reported to have a good chemical resistance in alka-
ine solutions.25 Corrosion of some residual wollastonite could
xplain the observed change in surfaces roughness. However,
either the presence of wollastonite nor the corrosion could be
erified from the SEM images.

The titania and zirconia coatings had negligible influence
n the average surface roughness of the commercial and matt
lossy glazes (Table 2). The coatings increased the roughness
f the experimental matt glaze. The changes in the roughness
alues were assumed to depend mainly on cracks in the sol–gel-
erived coatings. Fig. 1 shows an SEM image of a small crack
n the titania-coated glaze 3A. After soaking in the weakly
lkaline detergent solution wide cracks in the coating were
bserved (Fig. 2). The cracks were assumed to form mainly
ue to variations in the thickness of the coating and differences
n thermal expansion of the coating and the substrate. However,
rack formation can be avoided by a careful optimization of the
arameters during the coating application and sintering.

.2. Cleaning properties

The amount of soil that attaches to a surface before any clean-
ng is done can be used to estimate the soiling tendency of the

urfaces. The total amount of soil 1 attached to the titania-coated
urfaces before cleaning is shown in Figs. 3–5 as the whole
ars for the soil residue and soil removed. As the commercial
att glaze (Fig. 4) and glossy glaze (Fig. 5) contained zircon
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Fig. 1. SEM image of TiO2-coated experimental surface (3A + TiO2).

Fig. 2. SEM image of TiO2-coated experimental surface (3A + TiO2) after 4
days in weakly alkaline detergent solution (pH 9.1).

Fig. 3. Influence of soaking and UV exposure on total amount of soil 1 attached
to uncoated and titania-coated matt 3A surfaces. The soil amount (�Es) is given
as the whole bar for soil residue (�Eres) and soil removed.
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ig. 4. Influence of soaking and UV exposure on total amount of soil 1 attached
o uncoated and titania-coated matt M surfaces. The soil amount (�Es) is given
s the whole bar for soil residue (�Eres) and soil removed.

s the opacifying agent, the soot-colored soil gave a larger rela-
ive color change on them than on the experimental matt glaze
ithout zircon (Fig. 3). After the soaking and UV steps, the

elative amount of soil on each surface was still roughly the
ame as on the untreated reference glazes. On the titania-coated
V-exposed surfaces slightly less soil was observed.
A clear decrease in the soil residue was observed on the UV-

xposed matt titania-coated glazes (Figs. 3 and 4). However,
n the glossy glaze the soil residue value was low also on the
eference-uncoated surface (Fig. 5). This could be explained
y the overall easier cleanability of glossy surfaces. The results
ndicate that the titania coating clearly increased the cleanability
f matt glazes, while on glossy surfaces the cleanability was
ood also without the additional coating.

Exposure to UV light clearly improved the cleanability of the
itania-coated matt surfaces, but on uncoated samples the soil
mount also decreased with the exposure to UV. The increased
leanability can partly be explained by some decomposition of

he soil during the UV exposure due to an increase of 3 ◦C in
he average surface temperature. The influence of irradiation
ime with UV light (360 nm) on soil degradation was studied

ig. 5. Influence of soaking and UV exposure on total amount of soil 1 attached
o uncoated and titania-coated glossy K surfaces. The soil amount (�Es) is given
s the whole bar for soil residue (�Eres) and soil removed.
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ig. 6. Variation of the total amount of soil 1 attached to uncoated and titania-
oated matt M surfaces vs. irradiation time (λ = 360 nm).

sing the matt glaze M with and without the titania coating.
he surfaces were first exposed to UV light for 2 h and then
oated with soil 1. After drying for 24 h, the surfaces were
laced under the UV-lamp and the amount of soil was mea-
ured for 264 h (Fig. 6). On both surfaces, a steady degradation
f the soil was observed. On the titania-coated surface the orig-
nal amount of soil attached to the surface was lower than on
he uncoated surface. However, both surfaces were clearly dis-
olored by the soil. The contact angles had different values,
◦ for the titania and 29◦ for the uncoated surface. The soil
ecrease rate on the titania-coated surface was around twice that
f the uncoated surface. This increased degradation rate of the
oil on the titania coating can be explained by its photocatalytic

ctivity.

Table 3 gives the soil residue (%) of the three soils on the
urfaces after soaking. The residue of the soot-colored soil 1
as 50–90% on the matt uncoated and coated surfaces, while

able 3
oil residue on the surfaces after cleaning. Each value is an average of 4–10
arallel samples.

urface Soil residue (%)

Soil 1 Soil 1 + UV Soil 2 Soil 3

A 73 ± 1.2 44 ± 1.2 4.3 ± 1.1 40 ± 12
A soaked 87 ± 1.0 53 ± 2.4 6.9 ± 1.5 13 ± 1.0

A + TiO2 63 ± 1.2 13 ± 1.1 5.4 ± 0.19 35 ± 3.5
A + TiO2 soaked 46 ± 1.3 14 ± 1.0 3.8 ± 0.30 42 ± 4.9

A + ZrO2 75 ± 2.3 88 ± 1.6 4.0 ± 0.31 24 ± 5.1
A + ZrO2 soaked 75 ± 2.8 90 ± 1.7 6.1 ± 0.77 57 ± 13

46 ± 2.5 30 ± 2.4 4.6 ± 0.82 46 ± 7.0
soaked 75 ± 1.1 28 ± 1.0 8.0 ± 1.00 17 ± 1.1

+ TiO2 56 ± 1.2 24 ± 1.6 7.1 ± 0.40 34 ± 2.3
+ TiO2 soaked 39 ± 4.0 17 ± 2.0 4.2 ± 0.32 37 ± 1.5

+ ZrO2 69 ± 3.1 74 ± 1.2 5.4 ± 1.2 28 ± 3.3
+ ZrO2 soaked 79 ± 3.7 97 ± 1.0 8.1 ± 1.2 50 ± 11

7 ± 0.8 8 ± 0.8 11 ± 1.0 62 ± 14
soaked 36 ± 2.8 18 ± 3.5 15 ± 1.2 26 ± 14

+ TiO2 25 ± 1.1 15 ± 1.2 8.2 ± 0.51 44 ± 3.9
+ TiO2 soaked 4 ± 0.7 20 ± 3.1 7.0 ± 1.0 43 ± 2.8

+ ZrO2 58 ± 2.0 65 ± 2.3 10 ± 0.93 28 ± 3.3
+ ZrO2 soaked 79 ± 2.1 89 ± 1.6 14 ± 2.0 50 ± 11
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n the glossy-uncoated and titania-coated surfaces clearly lower
oil residues, 7–25% were observed. The surfaces soaked in the
eakly alkaline detergent solution showed slightly increased

oil residues for all but the titania-coated surfaces. After the sur-
aces were exposed to UV light, the average value was lower on
he titania-coated surfaces. Only on the corroded titania-coated
lossy glaze was a slightly higher soil residue observed. The val-
es clearly increased for all zirconia-coated surfaces exposed
o UV light. Thus, different responses to soil removal were
ecorded for the titania- and zirconia-coated surfaces.

The residue of soil 2, the suspension of Cr2O3 labeled with
1Cr and triolein was low. The cleanability of the surfaces was
easured under normal laboratory illumination conditions only.
he soil residue was slightly higher on the smoothest surfaces,

.e. surfaces with the glossy glaze K as substrate, than on the matt
lazes (Table 3). Slightly lower soil residue levels were observed
n the titania-coated surfaces after soaking in the alkaline solu-
ion. On all other surfaces, somewhat higher soil residues were
bserved after the soaking.

The third soil, the suspension of organic particles labeled with
1Cr in oil, showed clearly higher soil residues than the two other
oils (Table 3). On all three glazes, the coatings improved the
leanability. The soil residue on the corroded-coated surfaces
ncreased while the soil residue on the corroded reference surface
ecreased.

The soil residue values in Table 3 can be used to describe
he relative cleanability of the surfaces after application of the
ifferent soils. The oil soil 1 marked with inorganic soot par-
icles and the oil soil 2 with radiochemically labeled inorganic
hromium oxide particles showed rather similar results. Thus,
o essential differences were found between the adherences of
hese soil mixtures of inorganic particles and fatty acids to the
urfaces. The soil consisting of triolein and organic particles
ore strongly adhered to the surfaces than the soil consisting

f triolein and inorganic particles in accordance with earlier
tudies.3,4 The two methods used to detect the amount of soil
ave similar trends with comparable accuracy. However, the
olor marked oil soil was easy to prepare and required neither
pecial equipment nor consideration of special laboratory safety
egulations. Radiochemical determination provides information
n the amount of soil both on the surface and penetrated into
he material. However, the method can be used only in isotope
aboratory conditions.

. Conclusions

Sol–gel-derived ceramic titania and zirconia coatings on two
att and one glossy glaze slightly changed the overall rough-

ess of the surfaces. The coatings had a good chemical resistance
n normal household weakly alkaline detergent solutions. The
ol–gel-derived ceramic titania coating clearly increased the
leanability of matt glazed surfaces, while its effect on the glossy
laze was not as pronounced. The coating also showed self-

leaning properties when exposed to UV light. The ceramic
irconia coating, however, was found to increase soil adherence
o the surfaces. These results suggest that adjusting the properties
f titania coatings by, for example, introducing some zirconia in
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rder to increase mechanical resistance might adversely affect
he self-cleaning capability of the coating.

The soil residue values suggested that the organic particle soil
ore strongly adhered to the surfaces than the oily particle soils.

n principle, the soil residue values based on the color marked
oil and the radiochemically labeled soils were comparable and
f equal accuracy. However, the color marked soil can be easily
easured with simple laboratory equipment, making it suitable

or, e.g. easily comparing the self-cleaning capability of different
urfaces.
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