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ABSTRACT

External Thermal Insulation Composite Systems (ETICS) have been extensively used for either new
constructions or building facades retrofitting in the last decades. These systems can provide improved thermal
performance to the building envelope. However, their long-term durability remains a pervasive concern, with
some systems presenting relevant anomalies after few years from their application. The durability assessment
of ETICS is defined by the EAD 040083-00-0404 guideline, which stated an accelerated ageing procedure
based on the hygrothermal and freeze-thaw behaviour. Nevertheless, further important environmental urban
conditions, such as UV radiation and atmospheric pollutants, as well as bio-susceptibility, are not envisaged
in the guideline. This paper presents the results of an experimental campaign with the aim of evaluating the
durability of the rendering system of several commercially available ETICS exposed to an innovative
accelerated ageing procedure, which consists of hygrothermal cycles, UV radiation and air pollutants (SO>)
exposure. Physical and chemical-morphological tests were carried out prior and after each ageing cycle in
order to evaluate the durability of ETICS. Biological susceptibility to moulds was also assessed. The

experimental results showed that both surface hardness and surface gloss decreased after the combined effect
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of the hygrothermal, UV, and SO, ageing cycles, whereas an increase of surface roughness was observed.
Substantial colour change for all systems after the ageing procedure was observed, confirming aesthetic
alteration. Traces of biological growth were detected on the systems after ageing and the contact angle

decreased after the hygrothermal cycles, indicating a lower surface hydrophobicity of the systems.

Keywords: ETICS; Durability; Artificial ageing procedure; Surface properties; Mould susceptibility; Surface

wettability.
Nomenclature
a* Red/green coordinate, according to CIELAB colour space
b* Yellow/blue coordinate, according to CIELAB colour space
BC Base coat
C*ab Chroma or colour saturation
DA Durability assessment
EPS Expanded polystyrene
ETICS External Thermal Insulation Composite System
FC Finishing coat
HC Hygrothermal cycles
ICB Expanded cork agglomerate
L* Lightness coordinate, according to CIELAB colour space
MW Mineral wool
RH Air relative humidity
RS Rendering system
TI Thermal insulation
AEp, Colour change
0 Static contact angle
HT-t Hygrothermal cycles (EOTA 2020)
UV-t Ultraviolet radiation exposure
SOt Exposure to pollutants (SOy)

1. Introduction

The building sector accounts for a significant portion of the world global energy consumption [1] and a
significant part is related to the heating and cooling of buildings [2]. For these reasons, considerable efforts
have been made over the years by the European Union (EU) through the definition of several environmental

policies, which aim at minimizing the energy demand of buildings [3,4]. As a result, the construction industry



has been adapting through the implementation of eco-efficient constructive solutions, which fulfil the comfort
needs without affecting the durability and safety requirements.

External Thermal Insulation Composite Systems (ETICS), also referred to as External Wall Insulation (EWI,
in the UK) or Exterior Insulation Finishing Systems (EIFS, in the USA), have been widely used for either new
constructions or building facades retrofitting [5,6]. These composite systems provide an improved thermal
resistance to the building envelope [7,8] and present several advantages in comparison with other thermal
insulation solutions, such as the correction of thermal bridges, the protection of the masonry and structural
elements from thermal stress and moisture, as well as relatively low installation costs [5,9]. ETICS
significantly reduce energy loss and thus contribute to a reduction of the buildings environmental impact
throughout their service life [10,11].

However, the constant exposure to weathering and anthropic factors leads to physical-mechanical and
aesthetical anomalies and affects the long-term durability of ETICS [12]. The durability of ETICS is affected
by either the material properties or in-service environmental and anthropic degradation agents, such as water
action (e.g., humidity, ice, soluble salts), mechanical action (e.g., shrinkage, substrate deformation), human
action (e.g., maintenance, vandalism, pollution) and biological action (e.g., fungi, bacteria, algae) [13]. In fact,
decay patterns related to adherence loss among the different layers of the system [14,15], colour change [16],
low impact resistance [17], biological colonization [18-20], among others, have been reported in the literature.
Previous studies [9,21] showed that most failure modes for ETICS occurred when one or more environmental
agents acted synergistically with water. In fact, important degradation mechanisms such as freeze/thaw, salts
crystallization and biological colonization are strongly related to the presence of water [22]. Hence, the use of
water-repellent finishing coats is fundamental for the protection of the ETICS to different degradation agents

[23,24].

1.1. Durability assessment of ETICS
Research studies have been carried out over the years with the aim of evaluating the durability of ETICS and

also proposing innovative evaluation methods (Table 1).

Table 1. Accelerated ageing methods for ETICS.

Nr. of cycles Experimental conditions of the ageing cycles

Durability

Reference of the method
(total h) Heat Rain Cold uv assessment tests




(before and after
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According to Lewry and Crewdson [30], the durability assessment could be carried out considering four

different approaches: benchmark tests, usually through accelerated ageing tests; comparative tests, allowing to

calibrate the method, materials, and equipment; environmental or stress tests; and field tests, either through

natural exposure/ageing or in-situ monitoring. Considering the accelerated testing, most of the research studies



available in the literature for ETICS consider temperature and moisture effects (hygrothermal behaviour) and
solar radiation (UV tests) [21,25-28], which strongly affected the durability of ETICS.

In Europe, the durability assessment of ETICS is defined by the EAD 040083-00-0404 guideline [25], where
the hygrothermal (heat-rain and heat-cold cycles) and the freeze-thaw performance are considered. If the
capillary water absorption of the sound system is lower than 0.5 kg/m? at 24 h, the guideline [25] refers that
no further assessment through freeze-thaw cycles is needed. Nevertheless, additional environmental and urban
conditions, i.e., UV radiation and atmospheric pollutants, are not envisaged in the guideline. Moreover, despite
referring that all the components of the systems should maintain their characteristics during the whole service
life of ETICS (i.e., at least 25 years under normal and frequent maintenance actions [25]), requirements and
test methods for the evaluation of the biological susceptibility of ETICS are also neglected in the document
[25].

Griciute et al. [27] proposed a new accelerated ageing method (Table 1) for the evaluation of the ETICS
durability considering 16 hygrothermal and UV cycles simulating a 1-year exposure to the Lithuanian climate.
Results showed that ETICS with silicate-based finishing coat have higher capillary water absorption than
ETICS with acrylic-based finishing coat. Bochen and Gil [28] designed an accelerated ageing method
consisting of hygrothermal and UV cycles (Table 1) to evaluate the changes in the microstructure of thin-layer
renders applied in thermal insulating systems. Open porosity and pore structure were assessed every 100 cycles
up to 400 cycles. The authors observed that changes occurred in the pore structure of the thin-layer renders
after weathering. A significant increase of the open porosity of the external surface of the render was reported.
Conversely, the total porosity of the internal zone of the render decreased with ageing. Slusarek et al. [29]
evaluated the impact of anomalies of the thermal insulation on the durability of ETICS considering an
accelerated ageing method similar to the one used by Bochen and Gil [28] (Table 1). A significant increase of
the open porosity of the finishing coat was highlighted, as well as the development of some microcracks.
Moreover, the finishing coat was found to be the layer with lower durability, thus affecting the durability of
the whole system.

NORDTEST method NT Build 495 [26], adopted in Norway for the assessment of the durability of ETICS on
walls [31], was originally designed to assess the degradation of materials and components used in the building
envelope. This ageing procedure showed that most failure modes occurred due to incorrect execution details

as well as inappropriate assembly of the components of the ETICS (i.e., lack of compatibility between ETICS
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components). Moreover, further studies confirmed that ETICS need a long-time span for complete drying after
being exposed to wind-driven rain; thus, water can achieve the thermal insulation layer, reducing its in-service
thermal performance [9,12]. Additionally, a slow drying process of the ETICS can also affect biological
growth, which is mostly related to high levels of moisture content [18,19].

Daniotti and Paolini [21], considering the degradation mechanisms, dynamic thermal performance, and the
climatic data of Milan (ltaly), developed an accelerated ageing procedure for ETICS consisting of
hygrothermal and UV cycles (Table 1). The authors concluded that the effects induced by different degradation
agents were not easily reproduced at a lab-scale and proposed further developments, which include outdoor
exposure for the comparison of results among natural and artificial ageing as well as the development of
specific tests for the correct evaluation of ETICS long-term durability.

Nevertheless, this is only possible with the analysis of the main degradation mechanisms and the identification
of the agents responsible for ETICS degradation. However, previous studies were mainly focused on the
accelerated ageing of ETICS either through hygrothermal cycles and/or UV radiation, and no known
investigations on the assessment of ETICS after the combined effect of hygrothermal cycles, UV radiation and

pollutants, in order to effectively evaluate their durability, are reported in literature.

1.2. Research aims

This paper aims at assessing the durability of the rendering system of several commercially available ETICS
exposed to an innovative accelerated ageing procedure, which comprises a sequence of hygrothermal cycles,
UV radiation and exposure to pollutants (SO2). All the selected ETICS are approved for the EU market in
accordance with the EAD 040083-00-0404 [25] guideline, and thus can be considered with adequate
performance and suitable quality. Nevertheless, the present study intended to go further on the analysis of the
durability of the rendering system of the ETICS by considering the effects of different ageing cycles and
determining physical and chemical-morphological properties, other than those mentioned in the guideline [25].
Those properties were defined to evaluate the variation of ETICS condition prior and after each ageing cycle.
The biological susceptibility to moulds of the surface of the systems after each selected ageing cycle was also
investigated. By providing an exhaustive insight on the durability of the rendering system of ETICS to a set of
consecutive and complementary ageing tests, a deeper comprehension of the relation among ETICS

degradation mechanisms and the synergistic effect of environmental agents is provided.
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2. Materials and methods

2.1. Materials and ETICS systems

Six commercially available certified ETICS (each of them with a European Technical Approval (ETA)) were
selected and tested. The ETA are assigned by an independent institute belonging to EOTA (European
Organization for Technical Approval) and subjected to acceptance by all the EOTA members institutes. The
ETICS (Figure 1) have different thermal insulation materials (EPS, ICB, or MW), base coat (cement or
hydraulic lime-based), and finishing coat (acrylic, silicate, or lime-based). The identification and composition

of the ETICS, according to the information provided by the manufacturers, are described in Table 2.

Figure 1. Photographs of E1 (a), E2 (b), E3 (c), E4 (d), E5 (e), and E6 (f).

Table 2. Identification and composition of the ETICS.

Thermal Rendering system (RS) Svstem thickness
System insulation - Y
) Base coat (BC)* Finishing coat (FC) [mm]

Cement, synthetic resins,

El EPS mineral additives

Acrylic-based, biocide** 39.87

Natural hydraulic lime, | = x;\ ;e hydraulic binder,

E2 ICB cement, mineral fillers, . i 65.85
; — and organic additives
resins and synthetic fibers
E3 EPS Cement, mineral fillers, Acrylic-based, biocide** 64.53
E4 MW resins and synthetic fibers Acrylic-based, biocide** 61.34
Natural hydraulic lime,
E5 ICB mixed binders, and cork Silicate-based 43.91
aggregates
E6 MW Cement, natural hydraulic | Acrylic-based, siloxane resin, 4477

lime, and aggregates biocide**

Notation: *Includes a standard or reinforced glass fiber mesh; ** e.g., terbutryn or isothiazole



2.2. Accelerated ageing procedure

An innovative accelerated ageing procedure was defined under a research project (WGB_Shield, Figure 2).
The procedure consists of hygrothermal cycles, UV radiation and air pollutant (SO,) exposure tests. Biological
susceptibility to moulds was also assessed after the hygrothermal cycles and at the end of all the selected
ageing tests (Figure 2). Table 3 presents the ageing procedure designed by considering reference European
standards and guidelines [25,32] and previous studies for European urban areas [33]. The procedure intends to
replicate in laboratory several degradation actions that actually occur in practice and are not included in

normalized or reported assessment.

Hygrothermal
cycles

UV radiation
exposure

Sound ETICS e .

Biological
susceptibility to
moulds

Air pollutant
(SO:) exposure

Figure 2. Scheme of the WGB_Shield accelerated ageing procedure (DAL to DA4: Durability Assessment).

Hygrothermal cycles (Figure 2) were carried out according to EAD 040083-00-0404 [25], as resumed in Table
3, and were conducted in a FitoClima 700EDTU climatic chamber from Aralab. Two specimens of each system
(S) with dimensions of 150 mm x 150 mm x System thickness (mm, Table 2) were used. The thermal
insulation (TI) layer of the systems was previously protected by using metallic scotch tape and a sealing
adhesive. The specimens were then vertically fixed on a rack at 50 cm from sprinklers (with a total water flux
of 1 L/(m?.min)) and thermal IR lamps (8 x 250 W). 80 repetitions of heat/rain cycles were then performed,
in a total of 320 h (Table 3). Between the heat/rain and the heat/cold cycles, ETICS were left to drain for 2 h
and then conditioned for 48 h at room temperature (15°C < T <25 °C; RH > 50 %). Five repetitions of heat/cold

cycles, in a total of 120 h, were performed after the heat/rain cycles.
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Table 3. Details of the WGB_Shield accelerated ageing procedure for ETICS.

Method description Nr. of cycles Test conditions Reference
(total h)
Heat/rain 80 (320) 3hat70+5°C (10-30 % RH)
Hygrothermal cycles 1 h (1 L/(m2min) of sprayed water at 15+ 5°C | EAD 040083-
behaviour Heat/cold . (120) 8 hat 50 + 5 °C (< 30 % RH) 00-0404 [25]
cycles 16 hat-20 £5°C
UV- t/RH% 4 h of UV-A exposure at 60 °C 1SO 16474-3
UV exposure 125 (1000
P cycles (1000) 4 h of condensation (T = 50 °C and 80% RH) [32]
Exposureto | SO2- t/RH% 60 (720) 6 h of 25 ppm SO (T =40 °C and 30 % RH) Gomes et al.
pollutants cycles 6 h of 25 ppm SO, (T = 15 °C and 85% RH) [33]

UV radiation accelerated weathering test was carried out in accordance with 1SO 16474-3 [32] and was
conducted in an UV-light chamber from Q-Panel (Figure 3). Two specimens of each system resulting from the
previous hygrothermal cycles (Figure 2), cut to dimensions of 100 mm x 70 mm x 20 mm, in order to match
the dimension of the sample holder, were tested. During the test, the specimens were placed vertically on a
rack at a distance of 10 cm from the UV source (Figure 3c). Specimens were exposed to UV-A in the range of

315 to 400 nm, and with a power of ~ 60 W/m? (Table 3).

1

(b)
Figure 3. ETICS specimens during the hygrothermal cycles (a, b), UV weathering test (c) and air pollutant

(SO>) ageing test (d).

The influence of a highly polluted environment on the long-term durability of the ETICS was assessed by
exposing the specimens to a sulphur dioxide (SO,) rich environment using a climatic chamber FitoClima
300EDTU from Aralab (Figure 3d). Three specimens with 50 mm x 50 mm x 20 mm dimensions were cut
from those used for the previous UV and hygrothermal cycles (Figure 2). The Tl and BC layers of the ETICS
were sealed using a metallic scotch tape and an epoxy resin, thus guaranteeing that only the FC layer was
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directly exposed to the SO, atmosphere. Specimens were placed in the chamber for 30 days (60 cycles) (Table
3), with a concentration SO of 25 ppm (diluted at 3 % in 3000 ppm of nitrogen). This value is over 30 000
times higher than the current SO- levels in most European urban areas [34].

Biological susceptibility to moulds was assessed following a method adapted from ASTM D5590-17 [35] and
ASTM C1338-19 [36] and validated elsewhere [12]. Three specimens of each system resulting from the ageing
cycles (50 mm x 50 mm x 20 mm) were tested (Figure 2). A mixed fungal suspension of Aspergillus niger
and Penicillium funiculosum was prepared. The final solution was then uniformly applied (2 mL/application)
on the FC of the previously steam sterilized specimens, controls, and surrounding culture media. The culture
media was prepared using 4 % malt and 2 % agar concentrations. The test flasks were incubated for four weeks
in a culture chamber (T =22 £ 1 °C and 70 + 5 % RH) after inoculation. Three replicates of Whatman n° 1
filter paper (45 mm diameter) and three wood samples (Pinus pinaster) were used as controls, thus allowing
the validation of the test [36]. The specimens and controls were visually rated for mould growth each week
using the scale defined in ASTM D5590-17 [35]: O for no apparent growth (0% contaminated surface); 1 for
traces of growth (< 10% contaminated surface); 2 for light growth (between 10 and 30% contaminated surface);
3 for moderate growth (between 30 and 60% contaminated surface); and 4 for heavy growth (> 60%
contaminated surface). At the end of the 4-week testing, specimens and controls were carefully removed from
the test flasks and the final percentage of contaminated surface was again visually rated using a stereo

microscope Olympus B061.

2.3. Durability assessment

A set of tests (DA) was defined to evaluate the ETICS durability throughout the artificial ageing. These tests
were performed immediately prior and after the different artificial ageing cycles, as shown in Figure 2.
Initially, ETICS surfaces were observed with the aim of detecting macroscopically visible anomalies (e.g.,
cracking, stains, material loss, surface irregularities). Visual observation was complemented with optical
microscopy using a stereo microscope Olympus SZH10 equipped with an Olympus DP20 video camera.
Microphotographs were obtained using an Olympus SC30 image acquisition system (Olympus LabSens
software).

Surface hardness was evaluated using a PCE Shore A durometer according to ASTM D2240 [37]. Specimens

were analysed in twelve different points along the surface using a grid.
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Surface roughness was determined using an Elcometer 223 surface profile gauge, which can measure the peak-
to-valley depth up to 2 mm with a resolution of 0.001 mm. Eight measurements in different points along the
substrates were collected, adopting the grid used for surface hardness.

Surface gloss was evaluated using a specular gloss meter Rhopoint Novo-Gloss Lite, by considering a 60°
measurement geometry. Specimens were analysed in eight different points along the surface, in accordance
with hardness and roughness tests.

Colour coordinates were evaluated by measuring the CIELAB values (L*, a*, b*) and using a Chroma Meter
Minolta CR-410. According to CIELAB colour space [38], a* is the red/green coordinate, varying from +a*
(red) to -a* (green), b* is the yellow/blue coordinate, varying from +b* (yellow) to -b* (blue), and L* is the
lightness coordinate, varying from 0 to 100 (from black to white, respectively). Specimens were analysed in
four different points taking three consecutive measurements per point. The illuminant Des at an observer angle
of 2° and displaying 50 mm diameter area was adopted for the measurements, performed in specular component
included mode (SCI).

Colour change (AE},,;,) is obtained by Equation 1. This value can be calculated considering the reference colour
value and the colour value obtained for each test phase. The colour differences considering the L*, a* and b*

coordinates were also monitored.

AE{“ab=\/ (AL") +(Aa") +(Ab") (1)

A threshold value of 2 CIELAB units was considered for the colour change since higher values suggest that
the colour difference is detectable by an unexperienced observer [39].

The static contact angle (6) was measured by sessile drop technique following EN 15802 [40]. This test is
based in the variation of the interface free energy (area/water drop) and is carried out by dropping 4 £ 0.4 ul
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 Microsystems, Germany), and analysed using MATLAB.
The contact angle is measured according to Equation 2, in which hy is the microdrop height (mm) and an the

contact surface diameter (mm).

0=2 2h,,
=Zarctan E (2)
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The final value was obtained by calculating the mean value of several static contact angle measurements.
Contact angle test was not carried out in systems E3, E4 and E6, due to their high surface roughness, which
lead to unreliable results.

Scanning electron microscopy (SEM) analysis was carried out using 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.
Samples were sputtered with an Au-Pd (80:20) film before analysis.

Analysis in the mid infrared with diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy was
carried on unaged and aged specimens. A Bruker spectrophotometer model VERTEX 70, with MCT
broadband detector (spectral range 4000-500 cm™) and resolution of 4 cm™, was used. The spectra were the
result of 200 accumulated single beam spectra for the sample, divided by the spectrum of KBr (FTIR grade,
used as background) with the same number of accumulated scans. The spectra were transformed into Kubelka-
Munk units and the baseline corrected using the OPUS software. Assuming that the total area of the
components assigned to the vOH modes is a measure of the sample hydrophilicity and the total area of those
assigned to the vVCH modes is a measure of its lipophilicity, the ratio between the total areas of the vOH and
vCH components can be interpreted as the hydrophilicity/lipophilicity balance (HLB) of the coating [41]. In
order to assess this parameter, the DRIFT spectra were deconvoluted in the 3740-2360 cm™ region into a sum
of components described by Voigt functions, using the peak fitting module of the Origin 7.0 program. Further
deconvolution was performed in the 1915-1100 cm region, in order to gain insight on the adsorbed water and

carbonatation of the coatings.

3. Results

3.1. Surface hardness and surface roughness

Results of the surface hardness show that all accelerated ageing cycles slightly affect the surface hardness of
the specimens (Figure 4), with a decrease for all systems after the combination of hygrothermal cycles and UV
and SO, exposure (DA4). The highest decrease (10.1%) was obtained for system E2 (finished with a lime-
based mortar), whereas the lowest (1.2%) was obtained for system E5 (hydraulic lime-based BC and silicate-
based FC). These results are in agreement with those reported by Galvao et al. [42], which obtained higher
results for the silicate-based paints after natural ageing, if compared to acrylic paints. Additionally, it can be

observed that systems finished with acrylic coating and MW as thermal insulation (E4 and E6) have initial
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lower hardness, if compared to the other systems. In fact, a significant hardness reduction after UV and/or SO,
weathering tests (corresponding to DA3 and DA4 stages) is observed for these systems. Interestingly, the
results of surface hardness obtained for system E3 indicate that no significant differences were obtained
between the different test stages considering the standard deviation (Figure 4), meaning that the surface

hardness of this system was not significantly affected by the ageing procedure.

ODA1 ODA2 ODA3 mDA4

100
95 A
el i
2 85 { % {
2
© 80 A
8
p 75 A 1
(8]
g 70
=]
(9] 65
60 -
55 A
50

El E2 E3 E4 ES E6

Figure 4. Surface hardness results on ETICS (average values and relative standard deviation).

Concerning surface roughness (Figure 5), systems E1 (acrylic-based FC), E2 (lime-based rendering system)
and E6 (acrylic-based FC with siloxane resin) increased their surface roughness (i.e., possible alteration of the
surface) after the hygrothermal cycles, with the highest increase for system E2 (36.6%). Conversely, a slight
decrease for systems E3 and E4 (both with acrylic-based FC) was registered after the hygrothermal cycles,
with system E3 obtaining the highest decrease (16.5%). System E5 (silicate-based FC) was substantially

unaffected by the hygrothermal cycles.
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Figure 5. Surface roughness results on ETICS (average values and relative standard deviation).

After the UV ageing test most of the systems obtained higher surface roughness, if compared to hygrothermal
cycles. The highest increase occurred for E3 (27.7%) and the lowest for E2 (1.0%). System E5 exhibited a
slight decrease, however, its roughness is almost unaffected, if compared to the value of the sound system.
An increase of surface roughness after hygrothermal and UV cycles is also reported by other authors [43-45],
ant it can be attributed to physical-chemical modifications in the coating during the cycles, with material loss
from the surface as well as film shrinkage [45]. Furthermore, it is known that surface roughness can also affect
the bioreceptivity, wettability and/or gloss of the coating [19,46].

Finally, the SO, ageing test generally induced a negligible variation of the surface roughness, when compared
to the UV ageing test or the hygrothermal cycles.

It can thus be concluded that systems E1 (acrylic-based FC) (+24.4%) and E2 (lime-based rendering system)
(+46.1%) presented the highest surface roughness variation after the combination of all ageing cycles, followed
by system E6 (+17.6%). Systems E3 and E4, both with acrylic based FC and similar BC (Table 2), obtained
significantly lower increase (in the range of +3%). The surface roughness of the system E5 (silicate-based FC)
was not significantly affected by the ageing procedure (+0.55%), as no significant changes were obtained
considering the standard deviation. On the other hand, the surface roughness of E2 significantly increased after
the hygrothermal cycles (+36.6%), but no significant changes were observed after the UV or exposure to
pollutants. The systems E3, E4 and E6 (all having acrylic-based FC) obtained the highest values of surface
roughness not only in their sound state, but also after the complete ageing procedure, due to a coarser finishing

14



coat, when compared to the silicate-based (ES5) or lime-based (E2) systems. It is interesting to note that the
highest values of surface roughness obtained for E4 also led to higher values of standard deviation and a more

heterogeneous surface. In fact, a rougher surface will lead to a greater dispersion of results.

3.2. Gloss and colour

Figure 6 shows the results of the specular gloss. Firstly, a slight increase of surface gloss was registered for all
systems after the hygrothermal cycles (DA2), followed by a similar decrease after the UV ageing test (DA3).
However, the lowest results were obtained after the combined effect of the hygrothermal cycles, UV radiation
and SO- exposure (DA4). The highest specular gloss decrease (23.1%) was obtained for E6 (cement-based BC
and a co-polymeric resin FC) and the lowest (5.0%) for E2 (finished with a lime-based mortar). Nevertheless,
these results are in accordance with Garcia and Malaga [47], who concluded that no significant gloss alteration

was observed after each of the ageing cycles, as a Agloss < 2 units is not detectable to the naked eye.

ODA1 ODA2 @mDA3 mDA4

2,5

o {}‘I' i _}‘}

Gloss (GU)

0,5 A

El E2 E3 E4 E5 E6

Figure 6. Specular gloss results on ETICS (average values and relative standard deviation).

When considering the colorimetric coordinates, it can be noted that lightness (L*) is strongly affected by the
hygrothermal cycles (Figure 7a), with all systems presenting the highest variation (AL*) after these cycles
(Table 4). The increase of lightness after the hygrothermal cycles is followed by a general L* decrease both
after the UV (DAS3) and the SO; ageing test (DA4) (Table 4).

Results are in agreement with those obtained by Saha et al. [48], which obtained a L* increase for acrylic
polyurethane coatings exposed to an accelerated ageing test. However, after exposure to different degradation

agents such as UV or SO, L* decreased and a trend similar to that found by Shirakawa et al. [49] is observed.
15



These latter authors evaluated the colour change of painted cement panels exposed in different Brazilian
environments after 2 years of natural ageing and obtained a decrease of L*, an increase of b* coordinate and
no significant change of a* coordinate. These observations confirm that a proper laboratorial reproduction of
all the effects caused by different degradation agents, as well as valid correlation among natural and artificial

ageing, is not easily achieved.
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Figure 7. Variation of L* (a), a* (b) and b* (c) on ETICS throughout the WGB_Shield ageing procedure.
Note: the connection between points is not a fitting result and only intends to provide a better visualization of

their position throughout the ageing procedure.

System E2, with a lime-based FC, presented the highest lightness values at all test stages. In fact, E2 is among
the systems that obtained lower surface roughness (Figure 5) and higher specular gloss (Figure 6). In
accordance with previous studies [12,50], low values of surface roughness promote higher gloss and lightness,
by increasing light reflection. Conversely, system E4 (acrylic-based FC) obtained the lowest L* values at all

test stages.

Table 4. Colour variation at the end of each test phase in comparison to the colour value of unaged ETICS

specimens (greyish cells: most significant variations).

AL* Aa* Ab*

DA2 | DA3 | DA4 | DA2 | DA3 | DA4 | DA2 | DA3 DA4
El 8.61 559 | 451 | -043 | -0.13 | -0.10 | 0.05 0.40 -0.04
E2 9.65 8.10 | 6.23 | -0.38 | -0.17 | -0.39 | 0.59 0.94 0.70
E3 8.54 6.17 | 5.64 | 0.03 0.06 | 0.02 | 1.37 0.87 0.44
E4 7.58 438 | 295 | 0.27 020 | 0.21 | 1.33 1.58 1.05
ES 8.55 8.09 | 547 | 041 0.16 | -0.07 | 5.04 2.57 1.87
E6 7.05 424 | 275 | 0.13 033 | 0.26 | 1.63 3.09 3.24
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As observed also by visual analysis, all systems presented a yellowish to brownish coloration after the
hygrothermal cycles, with an increase of the +b* values, in accordance with other authors [49,51]. The highest
b* increase was obtained for E5 (silicate-based FC) and the lowest for E1 (cement-based BC and acrylic-based
FC). After the UV cycles (DA3), a significant b* variation, i.e., a more bluish coloration, is observed only in
the case of E5. After the SO, exposure (DA4) most of the systems obtained lower b* values, i.e., lower
yellowish coloration, in comparison with those obtained after UV ageing test (DA3) (Table 4). Furthermore,
at the end of the combined ageing procedure (hygrothermal + UV + SO), system E6 (acrylic-based and
siloxane-resin FC) obtained the highest Ab (3.24), in accordance with Paolini et al. [52], which obtained a Ab
of 3 CIELAB units for a white siloxane finishing coat after 3 months of natural ageing.

No significant Aa* was observed, with values close to zero (Table 4). A slight a* variation is registered only
after the hygrothermal cycles, with a decrease in the case of E1 and E2 (i.e., slight green component) and a
slight increase for the other systems.

Regarding the global colour variation (Figure 8), the highest values, and thus major aesthetic alteration of the
systems, was obtained after the hygrothermal cycles. In fact, AETab values measured for all test stages were

higher than 2 CIELAB units, which means that those colour differences can be noticed by an unexperienced
observer [39]. The lower AETab results after the hygrothermal + UV ageing test (DA3), when compared to those
obtained after the hygrothermal test alone, can be also explained by the addition of TiO- on the finishing coat
of the systems, as explained in more detail in Section 3.4.

Finally, a AE,,, decrease is observed after SO exposure in the case of E1, E4 (both with acrylic-based FC), as
well as E5 (silicate-based FC), whereas E2 (lime-based FC) and E3 and E6 (acrylic-based FC) show a AETab
increase. In fact, the combination of SO, and humidity can lead to the formation of sulfuric acid, which can

chemically attach the FC and induce a further colour variation [33].
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Figure 8. Average results of global colour variation on ETICS.

3.3. Static contact angle
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The static contact angle of the systems with lower surface roughness (E1, E2, E5) are presented in Figure 9.
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Figure 9. Static contact angle test results for E1, E2 and E5 systems (average values and relative standard

deviation).

It can be observed that hygrothermal ageing leads to a slight decrease of the static contact angle (i.e., higher

wettability) for all tested systems. When comparing different systems, E5 (silicate-based FC) had hydrophobic
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features (0 > 90°) also after hygrothermal and UV ageing tests, whereas E1 (acrylic-based FC) and E2 (lime-
based rendering system) presented a hydrophilic surface (6 < 90°) [53].

System E1 underwent a significant 6 decrease, especially after UV cycles (-27%). In agreement with the results
reported by Quéré [46], higher values of surface roughness for hydrophilic surfaces lead to an even lower
contact angle, as in the case of system E1 (Figure 5), if compared to the unaged system. System E2 also showed
a slight 6 decrease (higher wettability) after hygrothermal cycles, followed by a decrease of the wettability

after the UV radiation accelerated test.

3.4. Optical microscopy and SEM-EDS analysis

When observing the surface of unaged and aged specimens by optical microscopy, a partial surface run-off
was detected, especially after hygrothermal cycles for the systems with smoother surfaces (E2 and E5) (Figure
10 a,b). The formation of yellowish stains is noticed, as also confirmed through colorimetric analysis (Section
3.2). After the UV ageing test, a whitening of the surfaces can be generally observed (Figure 10 c,d), in
accordance with previous observations (Section 3.2). Furthermore, some specimens gained a slightly darker

tone after SO, weathering test (Figure 10 e,f).

a) b) ' ©) d) e) f)

L # 3

Figure 10. Microphotographs of system E2 a) unaged and b) after hygrothermal cycles; system E4 ¢) unaged

and d) after UV cycles; and system E6 e) unaged and f) after SO, cycles.

Concerning SEM/EDS analyses, the systems finished with an acrylic-based FC (i.e., E1, E3, E6) show only a
slight superficial run-off, which induced a more angular morphology on the particles, and some microcracks
or micro lacunae, after both hygrothermal and UV cycles (Figure 11 a,b). A high percentage of Ca (attributed
to the addition of calcium carbonate as pigment and filler) and of Ti (associated to the addition of TiO,, which
can be used both as pigment and photocatalytical additive) can be noticed in these systems (Figure 10 ¢). It is
worth noting that additives with photocatalytical properties (i.e., TiO, nanoparticles) are photo-activated by

UV radiation and provide a self-cleaning capacity to the systems [54]. Thus, the addition of TiO, nanoparticles
20



can explain the low colour variation (higher light diffraction, closer to ideal white, as in the case of unaged
specimens) observed after the UV ageing test (Section 3.2). The presence of oxide nanoparticles with
photocatalytical activity reduce the transmittance of the UV radiations and prevent the photodegradation of the
acrylic binder, in accordance with previous studies [55,56]. Furthermore, TiO, nanoparticles have also
hydrophilic properties, and their addition can also explain the higher wettability of E1 after the UV ageing test
(Section 3.3).

Conversely, the system finished with a hydraulic lime-based render (E2) was significantly affected by the
hygrothermal cycles (Figure 11 d,e) and less significantly by UV radiation (Figure 11 f). In fact, calcium
carbonate is highly hygroscopic and can undergo dissolution-reprecipitation processes, as well as more severe
water leaching, if compared to systems with acrylic finishing. Furthermore, EDS elemental map confirmed the

presence of high percentages of Ca (and no hint of Ti) (Figure 11 g).

SE MAG: 5000 x HV: 20.0 kV

SE MAG: 1000 x HV: 20.0 kV
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Figure 11. SEM microphotographs of system E1 a) unaged and b) after hygrothermal and UV cycles, and ¢)
relative EDP elemental map; system E2 d) unaged and e) after hygrothermal and f) UV cycles, and g)
relative EDP elemental map; system E5 h) unaged, i) after hygrothermal and UV cycles, and j) relative EDP

elemental map.

System E5 presents a silicate-based FC, with superficial plate-like silica gel aggregate which forms a
homogeneous patina [57]. The presence of calcium carbonate (present both in the hydraulic lime basecoat, and
possibly also as pigment or filler in the coating) can favour the development of shorter linear chains of
tetrahedral silica and linear silicate structure [58]. This superficial patina is also considerably affected after the
hygrothermal and UV ageing tests, with particle cohesion loss and a more heterogeneous surface (Figure 11
h,i). It can be noticied that the amount of Si considerably decreased after the hygrothermal and UV ageing

tests, whereas Ca and Ti amount increased (Figure. 11 1).

3.5. DRIFT analysis

The DRIFT spectra of all the systems after ageing by hygrothermal and UV cycles have no significant band
shifting nor new bands that could be attributed to degradation products, when compared with the corresponding
unaged sample spectra (Figure 12). The bands identified in all the spectra can be assigned to the vOH (broad
band at ~ 3400 cm™*), vCOs% (centred at ~1450 cm™) and @CO3?* out of the plane (at 876 cm™) modes. Other
well-defined bands are observed, probably associated with the additives, such as vC=0 (at 1874, 1795 and
1739 cm™) and v,Si-O-Si (1039 cm™) [51,59]. The band at ~1640 cm™ is assigned to the SHOH mode of

adsorbed water.
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Figure 12. Regions of the DRIFT spectra of systems a) E1, b) E2, ¢) E4, d) E5, unaged (R) and after the

hygrothermal (HT) and UV cycles (UV).

The DRIFT spectra showed that the more relevant effects of the ageing treatments consist in the alteration of
the relative intensities of the carbonate (CO3?) and hydroxyl (OH) bands, which can be associated to different
carbonatation and hydrophilicity of the samples, respectively. Analysing the broad band centred at ~1430 cm-
! (overlapping of the v4sCOs%, vsCO3s* and 6CH; modes, Figure 12 a, b), and assuming that the changes are
mainly due to carbonatation of the samples during the consecutive ageing cycles, it is worth noting a systematic
increase of the carbonate relative amount in system E5. This may be associated to a migration of hydraulic
lime of the basecoat to the silicate-based FC during ageing. Conversely, a systematic decrease of the carbonate
relative amount is observed in the case of system E2, explainable by the probable degradation of the hydraulic
lime in the FC (Figure 12, Table 5).

In the presence of acrylate polymers (e.g., E1, E4) and in case of their degradation, the yielded products can
be acrylic monomers (with carbon-carbon double bonds), and so the assignment of the region near 1640 cm

becomes less straightforward, due to the vC=C band overlapping with the SHOH band of adsorbed water.
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Additionally, the degradation of (methyl)acrylate films coincides with the relative intensity increase in the
hydroxyl stretching region (3400 to 3200 cm™2), which is caused by oxidation reactions [55]. The effect in the
vOH band alongside the decrease and broadening of the carbonyl band at 1730 cm™ and the appearance of a
new carbonyl band at ~1780 cm™. In the DRIFT spectra of Figure 12 the OH band is significantly broad, due
to a variety of OH interactions in the different systems, thus it is difficult to confirm the acrylate polymers
degradation using this spectral region. Moreover, the changes observed in the carbonyl region cannot be
directly related with polymeric coating degradation. To overcome this drawback and interpret the changes
observed in the DRIFT spectra, a band deconvolution was performed to all the samples in two regions, namely

3740-2360 cm™ and 1915-1100 cm™, as described in Section 2.3. The results are summarized in Table 5.

Table 5. Summary of the deconvolutions results by DRIFT for the ETICS systems.

Coating Sample HLB® SHOH and vC=C® COs*©
R 1.28 0.20 0.57
El HT 0.88 0.28 0.61
uv 1.19 0.22 0.51
R 2.77 0.64 0.38
E2 HT 4.67 0.84 0.36
uv 4.55 0.70 0.29
R 0.79 0.26 0.44
E3 HT 0.81 0.27 0.41
uv 0.97 0.34 0.46
R 1.04 0.32 0.46
E4 HT 1.12 0.38 0.45
uv 1.07 0.47 0.56
R 2.29 0.34 0.68
E5 HT 2.71 0.45 0.68
uv 3.17 0.47 0.74
R 0.98 0.54 0.61
E6 HT 0.92 0.53 0.55
uv 1.22 0.42 0.51

Notation: R — unaged specimens; HT — after hygrothermal cycles; UV — after UV cycles; @
Hydrophilicity/lipophilicity balance: HLB = SAvOH/XAvCH; ® Ratio:
A(SHOH+vC=C)/AvCH; © Relative carbonatation obtained by the ratio: SAvCOz*/Area of
1915-1100 cm region.

The values of HLB for coatings E2 and E5 are clearly higher than for the others, which is consistent with a
system finished with a lime-based mortar (E2) or a silicate-based aqueous paint (E5).
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If the coatings do not contain polyacrylates and/or if no degradation occurs during the ageing processes, the
amount of adsorbed water correlates with the hydrophilicity of the samples, and thus the ratios
A(GBHOH)/ZAvCH and ZAvOH/ZAvCH (HLB) should change concurrently. If partial degradation of the
coatings occurs, some acrylate monomers will be left, with the =CH, deformation mode at ~1420 cm™
overlapping with the carbonate bands, and the C=C stretch overlapping with the water deformation mode. In
this case, the HLB and the A(BHOH)/2AvCH ratio are expected to behave differently. This happens for system
E1, for which HLB decreases upon the first treatment, whereas the A(SBHOH+AvC=C)/2AvCH increases. The
process is reversed with the UV ageing process, suggesting a partial repair of the polymeric topcoat. This result
may be explained by the presence of TiO; functionalised nanoparticles which can have a self-healing effect on
coatings [60,61]. The sample E4.UV also presents a A(BHOH+AvC=C)/2AvCH ratio higher than expected
comparing to the HLB, indicating that a slight degradation of the polyacrylates may have occurred. For sample
E5.UV, which does not contain polyacrylates, the same ratio is lower than expected, suggesting a different
decomposition by UV radiation, leading to OH groups, in accordance with results of Section 3.2.

It can be concluded that the acrylic coatings seem to present high degradation resistance after the hygrothermal

and UV cycles, as also verified in Section 3.4.

3.6. Biological susceptibility to moulds

The results of the average rate of mould growth on the FC of the ETICS are shown in Table 6. The test was
validated through the results obtained for the controls, all rated as 4 at the end of the test. The systems were
already analysed in their sound state (DA1) and no growth was detected on the FC [12], due to the addition of
biocide (Table 2). For the ageing cycles DA2 and DA4 and after 4 weeks of incubation, all systems were rated
as 1 (traces of growth), which indicates a percentage of contaminated surface below 10% [35]. Moreover,
following the criteria of standard NP 4505 [62], only one out of three tested replicates can be rated as 1 (traces
of growth) in order to consider the paint of suitable quality and adequate performance for exterior applications.
Therefore, all systems tested after the hygrothermal cycles, with exception of E4 and ES5, fail to respect the

criteria of NP 4505 [62].

Table 6. Average results of ETICS biological susceptibility to moulds.

System | DAZ2 (after hygrothermal cycles (HC)) DA4 (after HC + UV + SO,)
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Week 1 | Week 2 | Week 3 | Week 4 | Week 1 | Week 2 | Week 3 | Week 4
El 0 0 0 0.66 0 0 0.66 0.66
E2 0 0.33 1 1 0 0 0.33 0.66
E3 0 0 0.33 0.66 0 0 0.33 0.33
E4 0 0 0.33 0.33 0 0 0 0.33
E5 0 0 0 0.33 0 0 0 0.33
E6 0 0.66 1 1 0 0 0.66 0.66
%:arg‘;‘r’)' 333 | 4 4 4 | 333 | 367 | 4 4

Concerning the results after the complete ageing procedure (hygrothermal cycles + UV + SO,), a slight
decrease of mould growth was observed for systems E2, E3 and E6 when compared to DA2. This fact can find
a possible justification in the presence of photocatalytic nanoparticles (TiO,) on the FC formulation, as seen
in previous sections. In fact, previous studies showed that the photocatalytical activity of TiO,, activated by
the UV light [63], can induce a high biocide effect, even at low concentration, with modification of the cell
walls and of the cellular metabolism [64]. However, as mentioned above, all systems were rated as 1 either at
DAZ2 or DA4, most probably due to the leaching of biocides during the ageing procedure [65] and no significant

differences were found among test stages.

4. Discussion

The tests carried out in this study allowed to investigate the durability in simulated urban environments of six
different commercially available ETICS. Results showed that no macroscopically visible cracking, loss of
paint, detachments or surface irregularities were detected on the surface of the ETICS after the accelerated
ageing cycles (i.e., hygrothermal behaviour, UV and SO, ageing tests), although some surface run-off was
observed mostly in the systems with smoother surfaces. Similar results were obtained in other studies, when
evaluating different multilayer rendering systems, from ETICS [66,67] to thermal mortars [22] or other
innovative construction systems [51].

The surface hardness of all systems slightly decreased after the complete ageing procedure (hygrothermal +
UV + S0O,), being this effect more pronounced for the system finished with a lime-based rendering mortar (E2)
and less pronounced for the system with a silicate-based finishing coat (E5). This decrease is indicative of
some loss of cohesion of the FC [68]. As for surface roughness, results tended to be higher after the accelerated

ageing procedure, although no clear pattern was defined among test stages. Nevertheless, the highest surface
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roughness variation was again obtained for the system finished with a lime-based rendering mortar (E2) and
the lowest for the silicate-based system (E5), which is in accordance with the results of surface hardness. In
fact, a trend among surface hardness and surface roughness was found (Figure 13 a), regardless of the test
stage, which is consistent with the referred relation between cohesion and surface hardness. The results show
that the higher the surface roughness, the lower the surface hardness of the systems.

After a slight increase caused by the hygrothermal cycles, surface gloss decreased for all tested ETICS after
the complete ageing procedure, possibly indicating a slight degradation of the coating [69]. The highest
specular gloss decrease was obtained for the system with a co-polymeric resin FC (E6) and the lowest for the
system finished with a lime-based mortar (E2). Figure 13b shows the correlations among surface gloss and
surface roughness. The results suggest that the lower the roughness, the higher the gloss, in accordance with

previous studies [12,70].
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Figure 13. Correlations among surface hardness and surface roughness (a), surface gloss and surface

roughness (b) and lightness and surface gloss (c) of all the ETICS throughout the ageing procedure.

Regarding the colour coordinates, a significant lightness (L*) increase was obtained after the hygrothermal
cycles, and lower values were obtained after the UV and SO; ageing tests. Morphological observation (Section
3.4) confirmed that hygrothermal cycles affect the microstructure of the systems finishing coats, which can
lead to L* variation. On the other hand, the systems showed high resistance to UV and SO, ageing tests, with
even a whiter colour (if compared to the systems after hygrothermal cycles), which can be attributed to the
self-healing properties of TiO, nanoparticles.

Additionally, lower values of surface roughness led to higher gloss (Figure 13b) and lightness (Figure 13c),
by increasing light reflection [50,71].

The results confirmed substantial colour change for all systems (AETab > 2, thus visible to the naked eye) after
the hygrothermal cycles. After the complete ageing procedure, colour change results remained higher than 2
CIELAB units, in agreement with Paolini et al. [52].

Although no biological growth was detected for the sound ETICS, which can be explained by the presence of
biocides [12], all systems subjected to hygrothermal cycles presented traces of growth after 4 weeks of
incubation, possibly due to the leaching of biocides from the aged systems [65]. Moreover, no significant
increase of mould growth was observed after UV and SO, ageing tests. In fact, slightly lower results were
obtained for the ETICS finished with a lime-based mortar (E2), with an acrylic-based FC (E3), and for the
system with a co-polymeric resin FC (E6). This trend can be possible explained by the presence of
nanostructured TiO; on the finishing coat, which can have a biocide effect after UV light photoactivation [63].
The contact angle decreased for all tested systems (E1, E2, E5) after the hygrothermal cycles. Moreover, only
the system with a silicate-based finishing coat (E5) has hydrophobic properties (6 > 90°) before and after
ageing, whereas the systems with an acrylic-based finishing coat (E1) and finished with a lime-based rendering
mortar (E2) have hydrophilic features (6 <90°) on both unaged and aged conditions [53]. The results obtained
for hydrophilic surfaces (E1 and E2) are in agreement with those obtained by Quéré [46], which observed an

inverse correlation among surface roughness and the contact angle.
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5. Conclusions

In this study, the durability of six different commercially available ETICS, when exposed to an innovative

accelerated ageing procedure, which consists of hygrothermal, UV, and SO, ageing tests simulating urban

environments, was assessed. The durability of the rendering system of the ETICS was evaluated by

determining several physical and chemical-morphological properties prior and after each ageing cycle. The

main conclusions of this study are the following:

The surface hardness of the systems slightly decreased after the combined effect of the hygrothermal,
UV and SO; ageing cycles, being this effect more pronounced for the system finished with a lime-
based rendering mortar (E2). This latter system and the silicate-based finishing coat (E5) obtained the
highest surface hardness results not only in the sound state, but also throughout the ageing procedure,
when compared to the systems finished with an acrylic-based finishing coat. It can be concluded that
systems finished with an acrylic coating and MW as thermal insulation (E4 and E6) have a significant
hardness reduction after UV and/or SO, weathering tests.

The results of surface roughness tended to be higher after the combined ageing procedure, although no
clear pattern was defined among test stages. The surface roughness of the system with a silicate-based
finishing coat (E5) was only slightly affected by the ageing procedure (+0.55%). Conversely, the
surface roughness of the system finished with a lime-based rendering mortar (E2) significantly
increased after the hygrothermal cycles (+36.6%), though no significant changes were observed after
the UV or SO, exposure. The systems with an acrylic-based finishing coat (E3, E4 and E6) obtained
the highest values of surface roughness both in their sound state and after the complete ageing
procedure.

After a slight increase caused by the hygrothermal cycles, surface gloss decreased for all systems after
the combination of the selected ageing cycles. The highest specular gloss decrease was obtained for
the system with a co-polymeric resin finishing coat (E6) and the lowest for the system finished with a
lime-based mortar (E2). Substantial colour change was observed for all systems mainly after the
hygrothermal cycles. After the combined ageing procedure, colour change results were lower than
those after the hygrothermal cycles. Nevertheless, results remained higher than 2 CIELAB units,

confirming an aesthetic alteration of the systems after ageing.
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o Morphological and chemical analysis confirmed that acrylic and co-polymeric finishes (E1, E3, E4
and E6) exhibit low degradation. Furthermore, the addition of TiO. nanoparticles can provide
improved biocide, self-cleaning and self-healing properties to the acrylic coating, especially after UV
exposure.

e Traces of biological growth (< 10% of contaminated surface) were detected after the hygrothermal
cycles mainly in the case of the systems finished with a lime-based rendering mortar (E2) and with a
co-polymeric resin finishing coat (E6). No further increase of biocolonization was observed after UV
and SO, exposure.

o Lower surface hydrophobicity was observed after the hygrothermal cycles for systems with lime-based
(E2), acrylic-based (E1), and silicate-based (E5) rendering systems. The system with a silicate-based
finishing coat maintained hydrophobic properties (6 > 90°) even after the artificial ageing, showing the

best performance.

Future research intends to optimise the WGB_Shield accelerated ageing procedure through numerical
simulation, considering the results obtained in the present study and southern European climatic conditions
(using a representative Portuguese climate). Further tests are also ongoing with the aim of correlating natural
and artificial ageing results, as well as quantifying the effects of biocide leaching and clarifying the possible

synergistic effect induced by photocatalytical additives.
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