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Abstract External thermal insulation composite sys-
tems (ETICS) have been extensively applied on
building façades with the aim of implementing the
thermal and aesthetical properties of the building
envelope. However, the formation of stains and depo-
sition of particulate matter is often observed in the
surface of these systems. The use of multifunctional
products with self-cleaning properties can reduce
surface anomalies and thus enhance the durability of
ETICS. This study aims at evaluating the effectiveness
of three protective coatings with self-cleaning additives
(i.e., TiO2 nanoparticles), when applied on the surface
of ETICS. Three different stains (rhodamine, methy-
lene blue and silver paint aerosol) were applied on the
ETICS finishing coat, evaluating the removal of these
stains after exposure to natural (solar radiation) light
source. The surface properties (compactness, hardness,
roughness, gloss, and color) of the ETICS were

evaluated prior and after sun exposure. Results showed
that the application of the three products lead to a
modification of the surface properties (compactness,
hardness, gloss, roughness) of the ETICS specimens,
and sensibly enhance the self-cleaning, hydrophobic
and aesthetical properties of the ETICS.

Keywords ETICS, Protective coatings, Self-cleaning
additives, Photocatalysis

Introduction

External Thermal Insulation Composite Systems
(ETICS), also identified as EWI in the UK and EIFS
in the USA, have been widely used as constructive
solutions in the last decades, with the aim of improving
the energy efficiency of the built environment by
reducing the thermal losses throughout the external
walls.1, 2 These composite systems generally include a
thermal insulation layer and a rendering system, i.e., a
basecoat reinforced with a glass fiber mesh and a
finishing coat. The latter, which generally consists of a
paint or a thick plastic coating, is constantly exposed to
weathering and anthropic factors, which can affect the
durability of the ETICS.

In fact, several anomalies (e.g., stains, discoloration,
biological growth) can appear on the finishing coat of
the ETICS over time, both in new constructions and
retrofitted buildings.1, 3, 4 The biological susceptibility
of ETICS is mostly related to the physical-chemical
properties of the finishing coat (e.g., moisture content,
temperature, surface roughness, pH, content of organic
additives),5, 6 whereas the formation of stains and
further surface anomalies can be also favored by the
deposition of environmental pollutants.7 In order to
tackle this problem, the application of multifunctional
products with self-cleaning properties can be a useful
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tool to provide a further protective layer and enhance
the aesthetic durability of the system.8

Self-cleaning products have been used for numerous
applications in building materials, such as glazed
facades, coatings and tiles, and other decoration
materials.9, 10 The self-cleaning mechanism is based
on the photocatalytic activity of specific additives, such
as (microstructured or nanostructured) titanium oxide
(TiO2) or zinc oxide (ZnO) nanoparticles,11 semicon-
ductor materials that can efficiently remove organic
pollutants and dyes.12

Photocatalysis is a physical-chemical process that
occurs when ultraviolet photons, with energy higher
than the material band gap, are absorbed in the
semiconductor materials.13 When the photon is ab-
sorbed by the material, the electrons move from the
valence band (BV) to the conduction band (BC),7, 14, 15

causing a charge imbalance and originating a reactive
hole (h+) and an electron (e-). The latters participate in
the photocatalytic process by chemically reacting with
molecular oxygen (O2) present in the environment,
forming superoxide radical anions (O2

-), and with
water present in the environment, forming hydroxyl
(OH-) radicals.13, 16 The rather reactive free radicals
work together to decompose environmental pollutants,
organic compounds or particulate matter, forming
water-soluble compounds that easily runoff from the
substrate.14 Furthermore, free radicals can also pene-
trate and destroy cellular membranes, inhibiting bio-
logical growth.17–19

In this study, the behavior of three protective
coatings with self-cleaning properties was evaluated
when applied on the surface of the ETICS. As reported
in previous studies12, 20–24 and also in accordance with
a European standard,25 the photocatalytic effect of
these materials was analyzed by evaluating the degra-
dation of specific pigments (e.g., rhodamine, methylene
blue).

Materials and methods

ETICS specimens

ETICS specimens consist of a molded expanded
polystyrene (EPS) insulation board (with a thickness
of � 40 mm), a rendering system with a cement-based
basecoat and a glass fiber mesh (2–2.2 mm thick), and
an acrylic-based finishing coat (0.5-0.7 mm thick) with
hydrophobic and biocide properties (Fig. 1).6 The
finishing coat, obtained by applying a key-coat and a
paint, contains acrylic additives and biocides (e.g.,
terbutryn, isothiazole), as well as additives (e.g., TiO2,
ZnO) used as white pigment and/or photocatalytical
additives. The ETICS have European Technical
Approval (ETA) and, thus, adequate durability and
suitable performance, considering the requirements of
the EAD 040083-00-0404.26

Prismatic specimens with dimensions of 150 mm 9
150 mm and 42.5-43 mm thickness were cut from larger
ETICS board specimens and used during the tests.

Protective coatings

Three waterborne protective coatings (identified as P1,
P2, and P3) were used. Some properties of these
products are listed in Table 1.

P1 and P3 are commercially available acrylic-based
products, which present TiO2 and ZnO (which can be
used as white pigments or photocatalytical additive),
calcium carbonates (white pigment and filler) and
biocide additives in their composition. P3 also contains
a low percentage of other acrylates (i.e., diisobutyrate,
butyl acrylate, methyl methacrylate), whereas P1
presents zinc pyrythione (biocide additive). It should
be noted that the amount of TiO2 (rutile) in the
composition of P1 and P3 is comprised between 10%
and 25% in mass. On the other hand, P2 is an
experimental product, thus its pH and dry residue
were also evaluated through laboratory tests.

Application protocol

Three sound ETICS specimens (reference – P0) and
three ETICS specimens with each of the three protec-
tive coatings (P1, P2, P3) were tested. The products
were applied threefold by brushing, applying two coats
of each protective coatings in orthogonal directions
(Fig. 1, Table 1). The first coat was diluted at 10% with
distilled water, in compliance with the manufacturer
instructions. A drying time of 24 h among coats was
considered to guarantee the complete evaporation of
the aqueous solvent.

Fig. 1: Cross section of the ETICS specimens: (A) acrylic-
based finishing coat; (B) cementiceous basecoat; (C) EPS
board
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Surface properties

Ultrasonic pulse velocity was determined using the
ultrasonic tester Steinkamp model BP-7, and adopting
the indirect transmission method, as described in FE
Pa 43.27 Two piezoelectric sensors were coupled on the
same face of the specimen to measure the transit time
for the ultrasonic pulse and 10 measurements at 1 cm
interval were carried out on each specimen, with 3
repetitions, and considering the average value. The
point-contact transducers used have a resonance fre-
quency of 45 kHz, with measuring range from 0.1 ls to
9999.9 ls and accuracy of ± 0.1 ls. The ultrasonic pulse
velocity was calculated from the ratio of travel distance
to transit time of the wave through the specimens, to
facilitate a comparison between the compactness and
elastic properties of the treated and untreated sound
specimens, and eventually the presence of microcracks
or discontinuities.

Surface hardness was defined using a durometer
Shore A, according to ASTM D2240.28 Values were
recorded in nine different spots along the surface of the
specimens, considering the average value.

The surface gloss was assessed using a Rhopoint
Novo-Gloss Lite glossmeter, in accordance with ASTM
D6578,29 considering a measurement geometry of 60º.
Specimens were analyzed in nine different spots, as in
the case of the hardness measurements, considering the
average value.

Surface roughness was measured with an Elcometer
223 surface profile gauge. This device can measure the
peak-to-valley value of a surface up to 2 mm, with a
resolution of 0.001 mm. Nine measurements were
collected in different spots of each specimen, and the
average value considered.

The water contact angles were measured by sessile
drop shape analysis technique. This test is based on the
variation of the interface free energy (area/water drop)
and is carried out by dropping 4 ± 0.4 ll of water with a
micropipette on the specimen. The images were
obtained by a video camera (JAI CV-A50, Spain),
mounted on a microscope Wild M3Z (Leica Microsys-
tems, Germany), and analyzed using MATLAB. The
contact angle is measured according to equation (1)
and assuming that the droplet has the shape of a
spherical segment:

h ¼ 2arctan
2h

a
ð1Þ

where h is the height of the apex of the micro-drop and
a the micro-drop diameter, respectively. The mean
value of four static contact angle measurements was
considered.

Morphological and microstructural
characterization

Optical microscopy was used to evaluate the surface of
the untreated and treated ETICS specimens, in order
to detect possible microstructural modifications of the
finishing coat after the application of the protective
coatings. The surfaces of the specimens were observed
using a stereomicroscope Olympus SZH-10 equipped
with an image acquisition system Olympus SC-30 and
with the software Olympus LabSens.

Additionally, morphological and elemental analysis
of untreated and treated specimens were carried out by
scanning electron microscopy (SEM). A SEM Hitachi
S-2400, working at an acceleration voltage of 20 kV,
and coupled with an Oxford Inca X-Sight energy
dispersive X-ray spectrometer, was used. Samples were
sputtered with an Au-Pd (80:20) film before analysis.

Self-cleaning test

This test aims at analyzing the self-cleaning effective-
ness of the three protective coatings by evaluating the
degradation of three different stains (rhodamine B,
methylene blue, aerosol spray paint) over time, when
applied on the surface of the ETICS specimens and
exposed to sunlight.

Water-based solutions of rhodamine B (RhB), a
chemical compound based on functionalized dyethy-
lammonium chloride (C28H31ClN2O3), and methylene
blue (MB), a dye based on methylthioninium chloride
(C16H18ClN3S), were prepared, with concentration of
0.05 g.l-1. These solutions were applied by micropipette
(0.5 ml/stain) on the surface of the specimens, forming
stains with » 2 cm diameter in accordance with UNI
1125925 (Fig. 2b). Two different stains of each solution
were applied on the ETICS specimens (Fig. 2c).

Table 1: Physical features and amount of product used in the application of the protective coatings

Product identification pH Density (g/cm3) at T = 20�C Dry residue (g/l) Amount of product per application (l/m2)*

P1 8.5 * 1.34 ± 0.05* 737 1st coat: 0.13
2nd coat: 0.12P2 8.4 1.32 ± 0.06 718

P3 8.5 * 1.30 ± 0.03* 729

*In accordance with technical data sheets
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Furthermore, a silver chrome aerosol spray paint
(RAL 7001, Montana Colors S.L., currently used for
graffiti) (SG), was also applied on the ETICS speci-
mens (» 10 9 2 cm stripe) (Fig. 2c). This graffiti paint
has an acrylic-based binder (alkyl and polyester resins)
and in addition to carbon, contains aluminum (19.43%)
and, to a significant lower extent, iron and zinc.30

For the self-cleaning test, the specimens were
exposed outdoor in Lisbon, Portugal (38�45¢31†N;
9�8¢29†W; Altitude – 95 m), during one month (from
19 June to 18 July 2020). Specimens were placed on a
rack, in a steel support at 45� of inclination and South-
oriented, with the intention of maximizing solar expo-
sure.31, 32 During the exposure time the temperature
ranged between 16�C and 35�C (average 22.4�C) and
the relative humidity (RH) between 26% and 94%
(average 61%), without rainy days, according to the
Portuguese Institute for Sea and Atmosphere
(IPMA).33 Furthermore, the mean dose of solar
radiation received by the specimens (during the day,
i.e., between 6 am and 8 pm) was 2070 kJ/m2 per
hour.33 Specimens were exposed to solar radiation with
an average light exposure of 12 h/day (total of 360 h),
thus receiving a dose around 745 MJ/m2 during this
month of exposure. Specimens were covered by a
plastic tarp during the night time, in order to avoid
condensation phenomena (at the dew point) and thus
possibly affect the stability of the stains. If considering
that around 5% of solar terrestrial radiation is UV
radiation, being 95% UV-A rays,34, 35 the average UV-
A dose received at surface is thus 103,5 kJ/m2 per hour.

A Minolta CR-410 chromameter was used to eval-
uate the color coordinates (L*, a*, b*) of the specimens
before and after sun exposure.36 In the CIELAB color
system, the value L* corresponds to the lightness,
which ranges from 0 (black) to 100 (white). The a* and
b* values characterize the chromatic coordinates of
red-green (+a* indicates red and �a* green) and
yellow-blue (+b* corresponds to yellow and �b* to
blue), respectively. The measurements were performed
in specular component included mode (SCI), using the
illuminant D65 (which corresponds to average daylight
illumination, including ultraviolet radiation) at obser-

ver angle of 2� and a 50 mm diameter area of
measurement.

The chroma or color saturation (Cab*) was obtained
according to equation (2).

Cab� ¼ a*2 þ b*2
� �0:5 ð2Þ

The total color variation, DE*, was also obtained by
equation (3).

DEab� ¼ DL*2 þ Da*2 þ Db�2
� �0:5 ð3Þ

DL*, Da* and Db* represent the difference of L*, a*
and b* values at the end and beginning of the test,
respectively.

In order to evaluate the photo-induced decomposi-
tion of RhB and MB stains, the photocatalytic decolu-
ration of the stains (D*) was calculated, adapting a
methodology from Munafò et al.31 as follows:

D � tð Þ ¼ C � tð Þ � C � RhBð Þj j
C � RhBð Þ � C � 0ð Þj j � 100 ð4Þ

where C*(0) is the initial chroma value of untreated
and treated specimens, as defined in equation 2, C*
(RhB) is the average chroma value per specimens after
the application and drying of rhodamine B on the
specimens, and C*(t) is the chroma intensity after sun
exposure.

Results

Surface properties

Table 2 shows the results of the mechanical, optical
and hygric properties of treated (coated with the
protective coatings) and untreated (reference) ETICS
specimens.

Treated specimens present higher values of P-wave
velocity when compared to the untreated specimens.

Fig. 2: (a) Application of protective coating on ETICS board; (b) Application of rhodamine B (RhB) stains on ETICS
specimen; (c) Stains of RhB, methylene blue (MB) and silver aerosol spray (SG) on a ETICS specimen
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This variation is higher in P1 (5.5%) and slightly less
pronounced in P2 and P3 (4.7% and 4%, respectively).
In fact, the P-wave velocity in a solid material depends
on several features such as the density and elastic
properties of the material. Furthermore, each phase
that composes the material contributes to the final P-
wave velocity proportionally to its own P-wave velocity
and volume. These results indicate that all products
contribute to increase the compactness of the finishing
coat of the ETICS.

The latter results are confirmed by the surface
hardness test, which showed an overall hardness trend
increase of the ETICS with the application of the
protective coatings. Treatment P1 slightly increased
the surface hardness (2.2%), if compared to the
untreated specimen P0, whereas a higher increase
was observed for P2 and P3 (6.4% and 5.2%, respec-
tively). These results indicate that the application of
the protective coatings slightly increases the surface
resistance of the ETICS solution.

Concerning the contact angle values, ETICS sur-
faces coated with P3 present the highest h value (62�),
with an increase of 11.4% compared to the untreated
specimens (56º). The reduction of the wettability of P3
specimens can be attributed to the inclusion of further
hydrophobic acrylic-based compounds (i.e., diisobu-
tyrate, butyl acrylate, methyl methacrylate), when
compared to the other treatments. On the other hand,
P1 and P2 have a decrease of the contact angle (34.9%
and 43.7%, respectively) when compared to the refer-
ence P0. P1 is a generic product with no specific water-
repellent properties stated in its technical data sheet.
The inclusion of a significant amount of non-polymeric
additives, such as fillers, inorganic additives or pig-
ments, if compared to P3, confer hydrophilic properties
to the substrate, explaining the h decrease.33 However,
none of the surfaces gained hydrophobic features (h >
90�) after the application of the products, in agreement
with previous research.37

The surface gloss slightly increased with the appli-
cation of the products, when compared to the
untreated specimens. Treatments P2 and P3 present
similar gloss values, slightly less bright when compared
to treatment P1 (+ 34.8% if compared to the refer-
ence). This latter value can also be attributed to the
addition of submicrometric TiO2 particles, which have
considerably higher refractive index, if compared to

microstructured particles; it was reported that electro-
magnetic resonance between nanoparticles and light
induce an increase of the diffraction, and thus higher
refractive index.7

The treatments also induced a roughness decrease
and homogenization of the surface, if compared to the
reference P0. The latter has significantly higher stan-
dard deviation and thus more heterogeneous surface.
When compared to the reference specimens, the
roughness decreased in the case of P2 (26%), and with
less extent in the case of P1 and P3 (10.8% and 15.1%,
respectively).

Morphological and microstructural analysis

The application of the protective coatings generally
provides a homogenization of the treated surface
(Fig. 3), as confirmed also in the previous section (as
for example in terms of surface roughness), and slightly
whiter surfaces a naked eye. The latter effect is
quantified by colorimetry in ‘‘Self-cleaning test’’ sec-
tion. P1 and P2 induced a slightly more homogeneous
film, possibly due to their higher content of inorganic
additives, compared to P3, which showed some lacunae
(Fig. 3d).

SEM-EDS analyses confirmed that the treated
substrates are more compact and homogeneous
(Figs. 4c–4e), if compared to the reference (Fig. 4a);
EDS spectra showed that the finishing coat of the
untreated ETICS presents relevant percentages of
calcium, possibly associated with CaCO3 (used both
as filler and pigment), and TiO2, used as white pigment
and/or photocathalytic additive (Fig. 4b). Among the
two commonly found polymorphs of TiO2 (anatase and
rutile), rutile TiO2 pigments are generally preferred in
coatings due to their higher light scattering, as well as
stability and durability, if compared to anatase pig-
ments.38 However, it was reported that anatase has
higher photocatalytic activity, if compared to rutile.19,

39 No relevant amount of ZnO, which can also exhibit
photocatalytic features, was detected.

Furthermore, relevant amounts of silica and alu-
minum are attributed to the siliceous aggregate,
generally used in the finishing coat in order to get
some roughness, and to the paint composition. In fact,
the addition of alumina and silica can help in the

Table 2: Mean values and standard deviations of the ultrasonic propagation speed (Sp), surface hardness, surface
gloss, surface roughness, and contact angle (h) of the untreated (P0) and treated (P1, P2, P3) ETICS specimens

Specimen Sp (m/s) Surface hardness (Shore A) Gloss (GU) Roughness (mm) h (�)

P0 2016.1 ± 32.5 79.00 ± 6.33 1.30 ± 0.06 0.774 ± 0.142 56.30 ± 5.40
P1 2126.1 ± 78.7 80.70 ± 4.86 1.75 ± 0.06 0.690 ± 0.038 36.65 ± 1.69
P2 2111.1 ± 23.1 84.07 ± 1.00 1.69 ± 0.09 0.573 ± 0.036 31.71 ± 4.66
P3 2096.4 ± 31.0 83.11 ± 2.78 1.68 ± 0.03 0.657 ± 0.018 62.75 ± 4.66
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formulation of paints, providing, e.g., proper dis-
persibility in water, hiding power efficiency, and higher
durability to discoloration by heat and/or photoreduc-
tion.38 Furthermore, low amounts of sodium and
magnesium were also detected. Mg(OH)2 can be used
as filler or pigment extender. Magnesite and aluminum
oxide are also known for being flame retardant
additives.38

On the other hand, the treated surface shows
considerably higher amount of Ti, especially in the
case of P1, if compared to the reference; a reduction of
the amount of Ca, Si and Al is observed, mostly in the
case of P1, whereas specimens P2 and P3 exhibit
intensities of Ca, Si and Al peaks similar to those of the
reference, and a higher amount of Mg. When compar-
ing the products, it can be observed that P1 and P2
present higher amounts of prismatic to hexagonal
particles in the range 50-250 nm, with relevant molec-
ular weight (i.e., brighter color in the EDS spectra),
identified as cluster of submicrometric TiO2 particle
(Fig. 4d). Conversely, specimen P3 presents more
relevant amount of rounded to spherical particles, with
very similar particle size (» 100 nm), which can be
attributed to acrylate (e.g., methyl methacrylate)
(Fig. 4e).40

Self-cleaning test

The chromatic coordinates of the three stains (rho-
damine B, RhB; methylene blue, MB; and aerosol
spray paint, SG) applied on the ETICS surfaces were
evaluated prior and after the exposure to solar radia-
tion.

A complete degradation of the RhB and MB stains
in the treated specimens was macroscopically observed
after 12–13 days (144–168 h) of sunlight exposure
(Fig. 5), whereas no apparent modification of the stain
of the aerosol spray paint was observed for all the
protective coatings.

Color characterization tests with chromameter
allowed to obtain the lightness (L*) and chroma
(Cab*), as specified in ‘‘Morphological and microstruc-
tural characterization’’ section and shown in Fig. 6. It
can be noticed that the treated specimens (P1, P2 and
P3) have considerably higher lightness, if compared to
the untreated specimen (P0), after sunlight exposure.

When observing the variation of photocatalytic
decoluration of the stains (D*), it can be noticed a
D* » 97% of the RhB stain in the case of P1 after the
sunlight exposure (Fig. 6a). This variation is related to
the decrease of the CIELAB coordinate a* to a value
close to zero (�0.08 ± 0.02), which corresponds to an
almost perfect white. Similar trends were observed in
the case of protective coatings P2 and P3, with D*
reduction of the RhB stain in the range »91–95%,
again related to the almost zero going of the chromatic
coordinate a*.

It is worth noting that the untreated specimen P0
also presents a significant L* increase and D* variation,
which can be attributed to the presence of TiO2 in the
finishing coat of the system (without protective pro-
duct), as seen in ‘‘Morphological and microstructural
analysis’’ section. However, all protective coatings had
a more significant color change than P0, especially in
the case of RhB stain (Figs. 6a, 6b).

Concerning MB stain, a similar trend is observed in
the treated specimens after sunlight exposure, with a
significant photocatalytic decoluration in all cases (87–
90%). Positive values of the chromatic coordinate b*
were observed, thus, a shift from slightly bluish to
whitish (with a tone of yellow) color is registered
(Fig. 6c).

Results are in agreement with the values registered
for the RhB stains, when compared to that of the MB
stains. It should be noted that, as in the case of the RhB
stain, the D* value of the MB stains also decreased in
the case of P0 after sun exposure. However, the
specimens with the protective products have higher
color variation than P0 (Fig. 6b), when compared to
the finishing coating of the ETICS, confirming the

Fig. 3: Microphotographs of (a) untreated system, and system with applied (b) P1, (c) P2 and (d) P3 protective coatings
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improved self-cleaning effectiveness of the protective
products.

Finally, no noticeable color alterations in the silver
chrome aerosol spray stains were observed after
sunlight exposure (Fig. 7), as confirmed by the low
values of total color variation (lower than 2 units). It
seems that the photocatalytic additives cannot inter-
fere in the significant adhesion of the acrylic-based
binder (alkyl and polyester resins) of the aerosol silver
paint to the substrate.41

Although the topcoat of the ETICS exhibited
considerable photocatalytic properties, the results of

the color variation (DEab*) confirm that all the three
protective products have even higher self-cleaning
effectiveness when exposed to solar radiation
(Fig. 7a). Color variation values higher than 10 were
observed for RhB and MB stains, with P1 and P2 being
the specimens with the highest values.42 Conversely,
DEab*< 2 was observed in all specimens in the case of
the silver aerosol paint, with no visible color changes in
this stain.
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Fig. 4: SEM microphotographs of (a) untreated system and (b) relative EDS elemental map; specimens treated with (c) P1,
(d) P2 and (e) P3, and (f) respective EDS map
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Discussion

Results showed that the compactness and mechanical
performance (i.e., propagation of ultrasound P-Wave
and surface hardness) increased after the application of
the protective coatings, with partial filling of the
microporous network of the finishing coat. Further-
more, the application of the protective products
slightly increased the specular gloss and simultaneously
reduced the surface roughness (Fig. 8), in agreement
with previous results.6 Thus, these products can slightly
improve the aesthetic features of the ETICS, as well as
arguably reduce the accumulation of aerosol particle
and particulate matter by providing a less porous, more
compact, and homogeneous surface.

Regarding the contact angle, it was observed that P3
has higher h, thus this protective coating provided a
more hydrophobic treatment,33 whereas P1 and P2
contribute to a higher (photoinduced) hydrophilicity
and wetting capacity of the treated surfaces. Interest-
ingly, it can be observed that h values are inversely
proportional to the color variation (DEab*) with
sunlight exposure, where lower hydrophobicity corre-
sponds to higher color variation, as in the case of P1
and P2 (Fig. 9). The presence of TiO2 nanoparticles
(with both hydrophilic and photocatalytic properties)
possibly contributed to this process. It can be con-
cluded that the higher the surface wetting, the most
significant the self-cleaning efficacy, in accordance with
Saini et al.43

The addition of TiO2 provides higher self-cleaning
properties, which can prevent the deposition of dust,
particulate matter and pollutants on the treated sub-
strate. TiO2 nanoparticles can also efficiently decom-
pose volatile organic compounds (VOCs) and
biological macromolecules (DNA),44 thus providing a
further biocide effect. Additionally, it was reported
that TiO2 nanoparticle (both in the anatase and rutile
crystal forms) have unique amphiphilic (both hydro-
philic and oleophilic) properties, based on their pho-

tocatalysis activation. In fact, the exposure to a light
source substantially decreased the contact angle, and
possibly led to superhydrophilic properties (h < 10�).45

The photoinduced hydrophilicity of TiO2 can facilitate
the sheeting and thus removal of water, which can
carry away the particle matter accumulated on the
substrate.

It is worth noting that high amphiphilicity was
repeatedly regenerated by light irradiation, although a
storage period in the dark induced a gradual increase
in the water-contact angle, revealing a surface wetta-
bility trend toward hydrophobicity.41 Thus, it is
arguable that the effectiveness of the TiO2-enriched
coatings would decrease their self-cleaning effective-
ness over time, raising doubts on the long-term
durability and effectiveness of the protection products.
The tendency to the formation of non-photocatalytic
hydrophilic surfaces, associated with the leaching or
degradation of the biocide,46 can also lead to a
significant biological susceptibility of the coatings.
Previous studies31, 47, 48 pointed out that the photo-
induced hydrophilicity and self-cleaning effectiveness
of treatment with nano-engineered TiO2 can be par-
tially reduced by weathering; these authors reported
that the photoactivity of TiO2 identified the loss of
photocatalytic effectiveness to long-run exposure to
UV-A radiation. Additionally, TiO2 particles are usu-
ally encapsulated in hydrous oxides (e.g., SiO2, Al2O3,
or ZrO2 as shell materials) to prevent the contact
between the degradable organics (which can lead to
discoloration, loss of gloss, or chalking coatings) and
the photoactive TiO2 surface, with the aim of sup-
pressing the TiO2 photoactivity and improving the
resistance to weathering.49 A poor encapsulation or the
weathering of the shell material might be detrimental
to the durability of the treatment, since the TiO2 might
attack the organic-based compounds of the paint (e.g.,
acrylic-based paint binder).

It is verified that the self-cleaning capability of the
three products worked properly outdoors with direct

Fig. 5: Stains of rhodamine (RhB, purple), blue methylene (MB), and silver aerosol spray paint (G) in the untreated (P0) and
treated (P2) ETICS specimens: (a,c) prior to exposure; (b,d) after 144-168 h of sunlight exposure
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sunlight exposure, eliminating RhB and MB stains. It is
worth noting that RhB can be degraded by ordinary
TiO2-sensitized photoreaction under UV light illumi-
nation (k = 400-100 nm),7, 50 as explained in ‘‘Intro-
duction’’ section. On the other hand, under visible light
illumination (k = 380-700 nm), RhB can also undergo a
dye-sensitised photoreaction,7 where the organic mo-
lecule absorbs visible light photons, with subsequent
formation of RhB+ molecular ion radicals on the TiO2

surface and production of O2
-. Both radicals are highly

reactive leading to the mineralization or degradation of
the organic molecule.

High humidity conditions, as generally registered in
some periods (e.g., at night time) in the area of Lisbon,

even during summer time, might also have favored a
more significant photocatalytic effect,7, 51–53 and thus
removal of the stains in the specimens. Hydrophilic

75

(c)

(b)

(a)

P0

a*

Δ

Δ

b*
RhB MB

L*
D

*(
%

)

RhB

MB

SG

93

91

89

87

85

83

81

79

77

P1 P2 P3 P0 P1 P2 P3

Before exposure After Sun exposure

100

90
80
70

60

50
40
30
20
10
0

P0 P1 P2 P3

0,0

-2,0

-4,0

-6,0

-8,0

-10,0

-12,0
-20,0 -15,0 -10,0 -5,0 0,0 5,0

After Sun exposure

P1

P2

P3

P0
P0 P3

P1 P2

P3

P2P0

P1

RhB-Sun

MB-Sun

Fig. 6: (a) Average values of lightness (L*) and (b)
photocatalytic decoluration of the stains (D*) of
rhodamine B (RhB) and methylene blue (MB) for treated
and untreated ETICS specimens, prior and after sunlight
exposure; (c) variation of a* e b* in the specimens after
sunlight exposure, in comparison to unexposed specimens
(SG: spray graffiti)

Δ
Ea

b*

16
14
12
10

8

6
4
2
0

P0 P1 P2 P3

Rhodamine B(RhB)
Methylene blue (MB)
Graffiti

18

Fig. 7: Color variation (DEab) of rhodamine B (RhB),
methylene blue (MB) and silver chrome graffiti after
sunlight exposure

1

0,8

0,6

0,4

0,2

0
P0 P1 P2 P3

2

1,6

1,2

0,8

0,4

0

R
ou

gh
ne

ss
 (m

m
)

G
lo

ss
 (G

U
)

Fig. 8: Roughness and gloss results of treated and
untreated specimens

Ea
b*

Δθ
(°)

70

60

50

40

30

20

10

0
P0 P1 P2 P3

18
16
14
12
10
8
6
4
2
0

Fig. 9: Variation of the contact angle values (h) and of the
total color variation DE* of treated and untreated specimens
after sunlight exposure

1445

J. Coat. Technol. Res., 19 (5) 1437–1448, 2022



chemicals (like in the case of MB and RhB) easily form
hydrogen bonds with water, and thus photocatalytic
water splitting can favor also the removal of this type
of hydrophilic materials. Furthermore, ETICS have a
high surface condensation potential,54 due also to the
high vapor resistance of this type of ETICS (with
acrylic-based finishing rendering, cementitious base
coat and EPS thermal insulation board), which can
favor the removal of the water-soluble RhB and MB
stains.

Finally, it can be concluded that use of multifunc-
tional products (with hydrophobic, biocide and self-
cleaning proprieties) can be useful for the effectiveness
and durability of the ETICS. In fact, hydrophobic
features minimize the formation of several ETICS
anomalies (e.g., stains, biological growth), and preserve
the thermal efficiency of the systems. Furthermore, the
self-cleaning effectiveness can help in the minimization
of stains of biological origin (e.g., microalgae,
cyanobacteria, etc.), as well as in the removal of
pollutants and atmospheric particulate matter.55 It is
worth noting that self-cleaning materials can also
replace or partially substitute organic biocide, gener-
ally used in acrylic-based paints, which are known to
have a relevant impact on the environment and a
limited durability over time.56

Conclusions

Results show that the three protective coating with
self-cleaning and hydrophobic characteristics can
provide improved features to the surface of ETICS.
In fact, these products enhanced the surface hardness
and reduced the porosity on the treated surface. The
products have also decreased the surface roughness of
the ETICS, preventing the accumulation of undesired
particulate matter, and slightly increased the surface
gloss, with enhanced aesthetic features. Regarding the
self-cleaning effectiveness, which is mainly provided by
the addition of photocatalytic additives, i.e., TiO2

nanoparticles, it was concluded that the three products
provided self-cleaning features to the surface after
sunlight exposure. A possible contrast among the
hydrophobic properties of the acrylic binder or addi-
tives, and the amphiphilic features of TiO2 (which gain
superhydrophilic properties under UV irradiation),
was also observed.

Based on the results of the color variation, although
even the finishing coat of ETICS present photocat-
alytic properties due to the inclusion of TiO2 and ZnO,
products P1 and P2 had the most significant variations
and thus the most efficient self-cleaning effect for the
removal of MB and RhB stains. It can be concluded
that protective coatings incorporating TiO2 nanoparti-
cles can effectively induce photo-activated self-clean-
ing properties, with effective removal of the
(rhodamine or methylene blue) stains within 12–14
days of sun exposure. Nevertheless, photocatalytic

additives can not remove the aerosol silver paint, due
possibly to the strong adhesion of the acrylic-based
binder (alkyl and polyester resins) of the aerosol silver
paint to the substrate.

The three protective products are suitable for appli-
cation on ETICS and can contribute to the long-term
performance and durability of these systems. Results
suggested that the durability of the ETICS can be
enhanced by adopting a properly planned maintenance
strategy and periodically applying water-repellent
protection products with self-cleaning properties,
which can prevent the deposition of particle matter
and minimize water penetration and biosusceptibility.

Further studies need to be carried out to evaluate
the long-term self-cleaning effectiveness and durability
of the TiO2 paints. Research is on-going with the aim
of evaluating the long-term durability of the protective
coatings when exposed to an accelerated aging proce-
dure, as well as to evaluate the ecotoxicity and
environmental sustainability of the products.
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