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Abstract

External Thermal Insulation Composite Systems (ETICSs) are increasingly applied in both
new construction and energy retrofitting, where long-term durability under environmental
exposure is critical to preserving thermal efficiency. Moisture ingress represents a key
degradation factor, reducing insulation performance and undermining energy savings
promoted by the ETICS. The effectiveness of these systems is strongly influenced by surface
protection, which also reflects aesthetic and biological resistance. This study investigates the
influence of three commercial protective surface coatings, characterized by hydrophobicity,
photocatalytic activity, and resistance to biological growth, on ETICS finishes based on
acrylic, natural hydraulic lime (NHL), and silicate binders. An artificial aging protocol
was employed to evaluate coating stability and compatibility with the finishing layers.
Results show that acrylic-based finishes provided superior durability and protection, while
coatings on NHL and silicate substrates exhibited lower performance. Notably, a TiO2

enriched photocatalytic coating, despite improved self-cleaning potential, demonstrated
the least durability. The findings highlight that optimal ETICS protection requires coatings
that combine low water absorption, effective drying, and biological resistance, thereby
ensuring sustained thermal and energy performance over time.

Keywords: ETICS; multifunctional coatings; durability; hydrophobicity; self-cleaning;
biocidal

Energies 2025, 18, 5008 https://doi.org/10.3390/en18185008

https://doi.org/10.3390/en18185008
https://doi.org/10.3390/en18185008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6214-3400
https://orcid.org/0000-0001-9287-6170
https://orcid.org/0000-0001-6289-4554
https://orcid.org/0000-0001-8016-4029
https://orcid.org/0000-0003-0372-949X
https://orcid.org/0000-0002-7135-8603
https://orcid.org/0000-0003-4038-6748
https://doi.org/10.3390/en18185008
https://www.mdpi.com/article/10.3390/en18185008?type=check_update&version=1


Energies 2025, 18, 5008 2 of 23

1. Introduction
External Thermal Insulation Composite Systems (ETICSs), also known as Exterior

Insulation Finishing Systems (EIFSs) or Exterior Wall Insulation Systems (EWIs), consist
of thermal insulation materials, such as expanded polystyrene (EPS), mineral wool (MW),
or insulation cork board (ICB), bonded and/or mechanically fixed to façades and coated
with a reinforced rendering (a base coat with a glass fiber mesh) and a finishing coat
(e.g., paint) [1–3]. Since the 1960s, ETICSs have been widely used worldwide for new
constructions and retrofitting [4] due to their contributions to thermal insulation, building
envelope protection [5], and reductions in energy consumption and CO2 emissions [6].

However, ETICSs are continuously exposed to environmental and anthropogenic
agents [7] that affect their durability and in-service life, including wind-driven rain, solar
radiation, atmospheric pollutants, and biocolonization [8–11]. Water accumulation or
condensation can lead to several anomalies, including aesthetic changes and runoff stains,
thermo-mechanical stresses and microcracks [12,13], biological growth (e.g., algae, fungi,
bacteria, lichens) [14,15], and increased thermal conductivity of the insulation layer and the
whole system [6].

Applying protective products to ETICS surfaces can help reduce degradation and
enhance their durability. Multifunctional coatings and paints, which encompass biocide,
hydrophobic, and self-cleaning properties, can provide a suitable maintenance strategy [16].
Nevertheless, the coexistence of these functions raises concerns about the materials’ long-
term performance and the suitability of their protection function.

Hydrophobic binders or additives (e.g., siloxane, silicates, silane, aliphatic or fluori-
nated compounds) provide a water-repellent barrier on façades, preventing the penetration
of water and harmful ions (e.g., chlorides or sulfates) [17] and thus preserving the thermal
resistance of ETICSs. Silicon-based water repellents can form covalent bonds with the sub-
strate, resulting in a barrier at the air-substrate interface and/or nanoscale roughness [18].
These features induce low surface energy and increase the water contact angle. However, a
lack of data on the durability of hydrophobic emulsion coatings is often reported in the
literature [19,20].

Biocide additives in infinitesimal percentages (e.g., terbutryn, isothiazole, zinc
pyrithione) within surface protective coatings can hinder biological growth [15]. Bio-
cidal action generally includes enzymatic inactivation (disturbance of selected metabolic or
energetic processes by disintegration or chemical modification of antimicrobial agents), re-
duced intracellular accumulation, specific reactions, and physicochemical alterations at the
cellular target sites (i.e., mutational changes, chemical modification, and protection) [21].

Photocatalytic additives (e.g., titanium or zinc oxides, cadmium sulfide) provide
self-cleaning, air-purifying, and antimicrobial properties [22] when applied to façades.
Photocatalysts, activated by UV irradiation, accelerate photoinduced reactions and lead to
a heterogeneous advanced oxidation process (formation of free radicals) [23,24], decom-
posing organic molecules and forming superhydrophilic surfaces that can facilitate the
removal of contaminants [16,23,25–30].

A competitive effect between hydrophobic (water contact angle (θ) > 90◦ between
drops and the surface due to water-repellent additives) and superhydrophilic properties
(with θ ~ 0◦, induced by the photocatalytic products) can lead to a lack of long-term effec-
tiveness [25,26]. Similarly, the durability of biocides is a significant concern for façades [31].
Although their use has been increasingly limited [32], leaching phenomena and degradation
byproducts are rarely reported [33,34].

Most previous studies have addressed hydrophobic coatings, biocidal treatments, and
photocatalytic additives independently. Comprehensive data on their combined long-term
performance after aging remain limited [35–37]. In particular, the potential interactions
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between these functionalities when applied to commercial ETICS [38] should be further
clarified. Addressing this gap is essential not only for developing sustainable maintenance
strategies for façades but also for advancing the scientific understanding of multifunctional
coatings in building envelopes.

Therefore, this paper aims to investigate the performance of three commercially avail-
able multifunctional coatings with biocidal, hydrophobic, and photocatalytic properties
when applied to four different widely used commercial ETICS. Their long-term efficacy
was assessed by correlating moisture transport properties, mold growth, and photocat-
alytic activity to identify synergistic or competitive effects among the different additives.
Additionally, incompatibilities between additives and some of the coatings were found. A
recently developed innovative accelerated aging procedure [13], involving hygrothermal
cycles, ultraviolet (UV) radiation, and exposure to air pollutants (SO2), was conducted,
including examining the chemical and morphological changes that occurred during aging.

2. Materials and Methods
2.1. Materials
2.1.1. ETICS

Four commercially available ETICSs, with a European Technical Approval (ETA),
were selected based on the most common systems available on the market. The products
feature various thermal insulation materials (including EPS, ICB, and MW), base coats
(formulated with cement or natural hydraulic lime (NHL)), and finishing coats (acrylic-,
lime-, or silicate-based), as shown in Table 1.

Table 1. Constituent layers and thicknesses of the studied ETICSs.

System
Acronym

Thermal
Insulation Base Coat (BC) 1

Finishing Coat (FC) Thickness
(mm)Key-Coat Finishing

S1 EPS
Cement, synthetic

resins, mineral
additives

Water-based
acrylic

dispersion

Water-based acrylic
co-polymer, pigments,
marble powder, and

additives

40.6

S2 ICB
NHL, cement, mineral

fillers, resins, and
synthetic fibers

Air lime, hydraulic binder, and organic
additives 65.8

S3 MW
Cement, synthetic

resins, mineral fillers,
and additives

Water-based
acrylic

co-polymer and
mineral

additives

Water-based acrylic
paint, mineral

aggregates, pigments,
and additives

61.3

S4 ICB
NHL, cement, mixed

binders, and cork
aggregates

Water-based
dispersion of

silicate

Water-based silicate
paint, organic additives,

and pigments
43.9

1 BC includes a reinforcement glass fiber mesh.

2.1.2. Multifunctional Coatings

Three commercial multifunctional coatings (MC) (Table 2) were applied to the dry
surface of ETICS in two successive layers using a brush, following the manufacturers’
guidelines. A 24 h interval was maintained between applications to allow for complete
solvent evaporation. The coated ETICS specimens were stored under controlled conditions
(T = 20 ± 3 ◦C, RH = 50 ± 5%) for three weeks to ensure complete polymerization of
the coatings.
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Table 2. Technical data for the multifunctional coatings (MCs), as reported in the manufacturers’
technical and safety sheets.

Product
Identification Color

Density (g/cm3)
at T = 20 ◦C/
RH% = 60

pH Drying
Residue (g/L)

Application
Yield (L/m2)

Flash Point
(◦C)

HW Whitish 0.99 ± 0.02 9.3 ± 0.5 59 ± 6 0.166–0.25
(no dilution) 64

NS Whitish 0.98 ± 0.05 9.2 ± 0.5 30 ± 2 0.1–0.125
(no dilution) >23

AQ Transparent
(opal) 1.31 ± 0.09 8.5 ± 0.5 718 ± 21

0.26–0.27
(10% dilution

in water)
>100

According to the technical documentation, HW consists of an aqueous silane/siloxane
emulsion with hydrophobic performance and biocidal additives (isothiazole). NS is an ethyl
silicate-based coating with reduced percentages of silane, incorporating nanostructured
TiO2 particles that enable photocatalytic self-cleaning and antimicrobial properties. AQ is a
multifunctional coating with hydrophobic, self-cleaning, and biocidal properties based on
an acrylic aqueous dispersion (methyl methacrylate and butyl acrylate), also containing
nano- to microstructured TiO2 particles (10%), CaCO3 (5 to 10%), quartz, ZnO, and biocidal
additives (terbutryn, isothiazole).

2.2. Methods
2.2.1. Moisture Transport Properties

Capillary water absorption was tested according to EAD 040083-00-0404 [3]. Two
specimens (with dimensions 150 mm × 150 mm × thickness, Table 1) of each “ETICS + MC”
were used. The specimens were conditioned in a controlled environment (T = 23 ± 2 ◦C,
RH = 65 ± 5%) for seven days before testing, and their lateral faces were sealed with
metallic adhesive tape. The external surface of the specimens was placed in contact with
water at approximately a 3 mm depth, and weight was recorded at selected intervals (i.e.,
after 3 min, 1, 2, 4, 8, and 24 h).

The capillary water absorption coefficient (Cc) was determined from the initial linear
portion of the absorption curve, obtained by plotting the mass of absorbed water per unit
area in contact with the water, kg/m2, against the square root of time, min0.5 [7]. Specifically,
Cc was calculated as the slope of the absorption curve during the first 3 min of testing, by
dividing the absorbed water mass per specimen area at 3 min by the square root of the time
at this point. In addition, the mean water absorption of the specimens after 1 h and 24 h
was considered for comparative purposes [3].

Drying kinetics were evaluated immediately after the capillarity test, following EN
16322 [39]. Weight loss was monitored until stabilization (defined as mass variation < 1%),
under the same controlled environment (T = 23 ± 2 ◦C, RH = 65 ± 5%) [7]. The drying
index (DI) was calculated with Equation (1), which describes the cumulative extent of
water release during drying relative to the maximum possible water content and theoretical
drying potential over time. In Equation (1), Mx is the mass of the specimen measured
during the drying process (g), M1 is the mass of the oven-dried specimen (g), M3 the initial
mass at the beginning of drying (g), t0 (h) the initial test time and tf (h) the ending time of
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the drying process [40]. A lower DI value indicates faster water release and drying kinetics.
For comparison, the same tf was adopted for all samples.

DI =

∫ t f
t0

f
(

Mx−M1
M1

)
dt(

M3−M1
M1

)
× t f

(1)

2.2.2. Photocatalytic Efficacy and Color Change

Rhodamine B (RhB), functionalized diethylammonium chloride, C28H31ClN2O3) was
selected for the photocatalytic assessment of the multifunctional coatings over time. A
0.05 g/l RhB water-based solution was prepared and applied with a micropipette to the
specimen surface (80 mm × 45 mm × Thickness, Table 1), producing stains of approximately
2 cm in diameter [41]. Three stained specimens per set of “ETICS + MC” system were
exposed in a UV-light chamber with three lamps (60 W/m2, λ = 315–400 nm, UV-A), placed
5 cm away from the samples.

Color coordinates (L*, a*, and b* from the CIELab color space) were measured using
a Chroma Meter Minolta CR-410 chromameter (Konica Minolta, Inc., Tokyo, Japan). L*
indicates lightness (0 = black, 100 = white), a* represents the red (+a*) to green (−a*)
axis, and b* the yellow (+b*) to blue (−b*) [16,42]. The equipment operated in specular
component included mode (SCI) with D65 illuminant, 2◦ observer angle, and a 50 mm
measurement area. Measurements were collected immediately after RhB application and
after 4, 8, 24, 48, 72, 96, and 168 h of UV exposure.

Color change (∆E, dimensionless) was calculated with Equation (2) [43], which ex-
presses the overall difference in color between two measurements in the CIELab color
space. In Equation (2), ∆L*, ∆a*, and ∆b* are the mean differences in the corresponding
coordinates (lightness L*, red-green a*, and yellow-blue b*, dimensionless) between the
RhB-stained specimens at a time of interest (t) and their initial stained state at the beginning
of the test (t = 0) [15,43,44]. A higher ∆E value indicates a more pronounced magnitude of
color change.

∆E =

√
(∆L∗)2 + (∆a∗)2+(∆b∗)2 (2)

Color variations and/or preservation were further assessed by comparing the CIELab
coordinates of unstained specimens before and after accelerated aging cycles. For this
purpose, three specimens of each setting were studied, and six measurements were collected
from each specimen.

2.2.3. Biological Colonization

The susceptibility to mold growth was examined on both unaged multifunctional
coatings (tested alone) and “ETICS + MC” settings after completing the accelerated aging
procedure (hygrothermal cycles, UV radiation, and SO2 exposure, Section 2.2.4). A method
adapted and previously validated for ETICS [7] was used in the analysis.

Unaged coatings (HW, NS, and AQ) were applied in three layers to both sides of
Whatman three nº 1 filter paper (45 mm diameter), in accordance with the technical data
sheets (see Table 2). Furthermore, three coated ETICS specimens of each system (50 mm ×
50 mm × 20 mm) were tested after the complete aging procedure.

All specimens were steam-sterilized in an autoclave for 20 min, then placed on test
flasks containing culture media (4% malt, 2% agar). A mixed aqueous spore suspension
(2 mL) of Aspergillus niger and Penicillium funiculosum was evenly spread across the speci-
mens and surrounding medium. The test flasks were placed for four weeks in a culturing
chamber (T = 22 ± 1 ◦C, RH = 70 ± 5 %) [13]. A control group (three Whatman n◦ 1 filter
papers and three Pinus pinaster wood samples) was included for validation [45].
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Mold development was visually assessed weekly using the ASTM D5590-17 [46]
rating scale: 0 for no apparent growth (0% of contaminated surface); 1 for traces of growth
(<10% of contaminated surface); 2 for light growth (10–30% of contaminated surface);
3 for moderate growth (30–60% of contaminated surface); 4 for heavy growth (>60% of
contaminated surface). After four weeks, specimens were removed, and the percentage of
contaminated surface was confirmed under an Olympus B061 stereo microscope.

2.2.4. Accelerated Aging Procedure

Accelerated aging involved sequential exposure of “ETICS + MC” to hygrothermal
cycles (HT), UV radiation (UV), and air pollutants (SO2) [13,47]. After each type of exposure,
all tests described in Sections 2.2.1–2.2.3 were performed, except for absorption and drying
after SO2 exposure (due to the reduced specimen size).

Hygrothermal aging was conducted following EAD 040083-00-0404 [3] in a FitoClima
10,000 ELC climatic chamber (Aralab, Rio de Mouro, Portugal). The insulation and basecoat
layers (150 mm × 150 mm × Thickness—Table 1) were previously sealed with metallic
tape and a sealing adhesive. Specimens were exposed to sprinklers with a water flux of
1 L/(m2·min) and thermal IR lamps (8 × 250 W). 80 heat/rain cycles were carried out (for
a total of 320 h), alternating 3 h at T = 70 ± 5 ◦C and RH = 10–30%, and 1 h of continuous
water spray at T = 15 ± 5 ◦C. Specimens were left to drain for 2 h and then conditioned
for 48 h at room temperature (T = 20 ± 5 ◦C, RH ≥ 50%). After this, five heat/cold cycles
were performed (totaling 120 h): 8 h at T = 50 ± 5 ◦C and RH ≤ 30%, followed by 16 h at
T = −20 ± 5 ◦C.

ISO 16474-3 [48] was followed for UV cycles, using a Q-Panel UV-light chamber.
Specimens were exposed to 125 cycles (totaling 1000 h) of alternating 4 h of UV-A radiation
(λ = 315–400 nm, 60 W/m2) at T = 60 ◦C and 4 h of moisture at T = 50 ◦C, RH = 80%.

Air pollutant cycles were conducted in a FitoClima 300EDTU climatic chamber (Ar-
alab). Specimens were in an SO2-rich environment of 25 ppm (3% dilution in 3000 ppm
of nitrogen). A total of 60 cycles (720 h) were carried out, alternating 6 h at T = 40 ◦C and
RH = 30%, with 6 h at T = 15 ◦C and RH = 85% [13].

2.2.5. DRIFT and SEM-EDS Analyses

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy was performed
to detect possible physical-chemical alterations and/or degradation in coated and uncoated
ETICS surfaces. Measurements were conducted using a Bruker VERTEX 70 spectropho-
tometer (Bruker Optics GmbH & Co. KG, Ettlingen, Germany), equipped with an MCT
broadband detector (spectral range: 4000–500 cm−1) and a resolution of 4 cm−1. Each
spectrum was obtained from 200 accumulated single-beam scans, which were divided
by the KBr spectrum (FTIR grade, background), and then converted to Kubelka-Munk
units. Baseline correction was performed in OPUS software (version OPUS 9.0). Deconvo-
lution was carried out in the 1915–1100 cm−1 region to study adsorbed water and coating
carbonation [13].

Morphological and microchemical analyses were carried out using a ThermoScien-
tific Phenom ProX G6 scanning electron microscope (SEM) (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), equipped with a CsB6 filament and a light elements energy-dispersive
spectroscopy (EDS) detector. Specimens were previously placed on Al stubs with double-
sided carbon tape and sputtered with an Au-Pd (80:20) film using a Quorum Technologies
Q150T ES system (Quorum Technologies Ltd., Laughton, UK).
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3. Results
3.1. Moisture Transport Properties

Figure 1 illustrates the capillary water absorption coefficients (Cc) for all settings
studied along the aging cycles. The three multifunctional coatings reduced water absorption
by capillarity in the acrylic-finished ETICS S1 with EPS insulation, and the system generally
maintained these values after undergoing artificial aging cycles. The hygrothermal cycles
induced even a higher Cc reduction with the application of the hydrophobic silane/siloxane
emulsion HW and the acrylic-based AQ, possibly due to a reduction in the pore size
distribution and thus in wettability [13]. Conversely, the UV cycles led to a slight Cc
increase, which can be attributed to the UV activation of photocatalytic additives (and thus
formation of surfaces with higher hydrophilicity) [49].

Figure 1. Average results and relative standard deviations for capillary water absorption coefficients
(Cc) of the studied ETICS (S1–S4) without (Ref) and with protective treatments (HW, NS, and AQ),
unaged and after hygrothermal (HT) and ultraviolet (UV) artificial aging cycles.

Concerning the NHL-based finished S2 ETICS with ICB insulation, which has notice-
ably higher water absorption compared to S1, the protective coatings reduced the Cc values.
The application of the highly hydrophobic silane/siloxane emulsion (HW) induced the
highest Cc reduction, in accordance with previous studies [20]. In contrast, slightly higher
values were observed when the acrylic-based hydrophobic, self-cleaning, and biocidal AQ
coating was applied. This latter product exhibited low wettability (Cc < 0.1 kg/(m2·h))
after the aging cycles; however, its values are rather similar to those of the silicate-based
NS, possibly due to the inclusion of hydrophilic nano- or micro-structured TiO2 additives.

In the acrylic-finished ETICS S3 with MW insulation, no initial increase in Cc was
observed with the application of protective coatings. The HT cycles had a moderate effect
on the Cc values, whereas a significant rise in Cc was observed after the UV cycles. This
variation can be attributed to the partial photodegradation of the acrylic-based surface
and coatings during UV irradiation [50], which is associated with the use of a hydrophilic
insulation layer (mineral wool). This layer can facilitate water absorption and retention,
thereby reducing the effectiveness of protective products. The thermal conductivity is
directly proportional to the water or moisture content [7].

The application of protective products did not significantly affect the Cc of the silicate-
finished S4 system with ICB. The remarkable Cc reduction after hygrothermal cycles
might indicate reduced compatibility and bonding among the silicate substrate and the
waterborne products. Finally, an increase in water absorption is observed again after the
UV cycles, due to the activation of the photocatalytic and thus hydrophilic additives.
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Therefore, all the settings studied had a relevant reduction in Cc values after hygrother-
mal cycles. These data agree with previous works on hydrophobic treatments [20,51], which
also identified lower Cc values after heat-cold and freeze–thaw cycles due to modifications
in the pore size distribution of the substrates and/or physical-chemical alterations in the
polymeric matrix of the multifunctional coatings. On the contrary, the UV cycles led to
an increase in absorption in some cases, due to an increase in hydrophilicity and thus a
decrease in the water contact angle [13,52–54].

Figure 2 shows the mean water absorption values of the studied settings after one hour.
All unaged ETICS, with and without multifunctional coatings, met the requirement of EAD
040083-00-0404 [3], i.e., a water absorption of less than 1 kg/m2 within one hour. However,
S2-AQ considerably surpassed this threshold after hygrothermal cycles, as was also the
case for S3-REF, S3-HW, and S3-AQ after hygrothermal and UV cycles. Conversely, the
aged acrylic-finished S1 and silicate-finished S4 fulfilled the requirements in all conditions,
with and without multifunctional coatings.

Figure 2. Mean water absorption at one hour of the studied ETICS S1–S4, without (Ref) or with
protective treatments (HW, NS, AQ), unaged, and after HT and UV artificial aging cycles.

Figure 3 presents the drying index (DI) values obtained for the ETICS before and
after the aging cycles. In the unaged state, it can be observed that the application of
the hydrophobic, self-cleaning, and biocidal AQ coating induced the highest DI increase
(i.e., slower drying rate), which is noticeable in the case of the NHL-finished S2 system.

Figure 3. Average results for the drying index (DI) of the studied ETICS (S1–S4) without (Ref) and
with protective coatings (HW, NS, AQ), unaged and after HT and UV aging cycles.
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In contrast, HW and, more notably, the photocatalytic and antimicrobial coating NS
caused minor changes, with values closer to those of the reference specimen. These data
can be related to the significantly higher density and dry residual of the acrylic-based AQ
product (Table 2), if compared to the silane-siloxane and ethyl silicate compositions of
HW and NS, respectively. These data are in accordance with previous research [51], which
indicated an increase in drying index results with acrylic-based hydrophobic products,
characterized by low water vapor permeability, whereas siloxane-based products reduced
the drying resistance.

Results showed that the hygrothermal cycles significantly affected the drying capacity
of the products, with an increase in the DI values, especially when applied to ETICS S2, S3,
and S4. This can indicate a relevant abrasion and alteration of the surface induced by the
combined action of heat-cold and freeze–thaw cycles, affecting water loss in the liquid state
(step I of drying) as well as water vapor permeability (step II of drying) [13,51].

On the other hand, a significant DI reduction (i.e., faster water evaporation) was
observed after the UV cycles, with values closer to those of the unaged specimens. The
NHL-finished S2 and silica-finished S4 systems with ICB insulation showed the lowest
DI values, in accordance with previous studies [55]. Furthermore, the UV activation of
photocatalytic additives (TiO2) leads to hydrophilic properties, which can also enhance
water vapor permeability and thus facilitate evaporation [16,56].

3.2. Color Change and Photocatalytic Efficacy
3.2.1. Chromatic Coordinates

The application of the NS and AQ products led to light whitening. In contrast, almost
no chromatic variation (with a slightly glossier surface) was observed in the case of the
hydrophobic/biocidal emulsion HW. When considering the color changes in the pristine
specimens throughout the accelerated aging procedure (Figure 4), it can be observed that
the NHL-finished ETICS S2 was the most chromatically affected (yellowish tone) after
hygrothermal aging, both in the untreated specimens and the specimens with HW or NS.
Conversely, the UV cycles induced a chromatic alteration not visible to the naked eye (i.e.,
∆E < 2) [57] in almost all specimens. In the case of aging cycles with SO2, ∆E values were
generally lower than 4 CIELab units, resulting in only a slight color variation.

Figure 4. Average results for the color change (∆E) of the studied ETICS S1–S4 without (Ref) and
with protective coatings (HW, NS, AQ), after HT, UV, and SO2 aging cycles.

No significant color variation was observed on the acrylic-finished ETICS (S1 with
EPS and S3 with MW insulation) after aging, indicating proper chromatic compatibility of
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the multifunctional protective coatings with these ETICS. NS and AQ provided the lowest
chromatic alteration, possibly due to their photocatalytic properties, which may have
contributed to maintaining the lightness and solar reflectance over time [49]. Indeed, TiO2

nanoparticles possess unique amphiphilic (both hydrophilic and oleophilic) properties,
which are based on their photocatalytic activation [16]. The photocatalytic properties led
to a whitening of the surface, thereby contributing to maintaining the lightness and solar
reflectance over time [49], and ensuring self-cleaning effectiveness, particularly in acrylic-
(S1, S3) and silicate-finished (S4) ETICS.

It can be concluded that the NHL-finishing S2 system was the most chromatically
affected by the aging cycles, while silicate-based finishing S4 ETICS presented the highest
resistance, with or without multifunctional coatings. Hygrothermal cycles were the most
invasive artificial aging process, particularly in the case of the protective products HW and
NS, and with the untreated system S3.

3.2.2. Photocatalysis Evaluation

Regarding photocatalytic efficacy, Figure 5 illustrates the RhB decomposition (∆E) over
time for specimens along the aging protocol, compared to the initial values on RhB-dyed
surfaces. In all cases, the color variation was significantly higher after 1 week of exposure
to the UV-A lamp compared to a short-term (4 h) exposure. It is worth noting that 80% to
90% of the value obtained after one week (168 h) was achieved within 2 to 3 days of UV-A
lamp exposure, confirming a relatively fast photocatalytic activity of the treatments.

Figure 5. Average results for the color changes (∆E), related to RhB decomposition after 168 h of
UV-A lamp exposure of unaged and aged (after HT, UV, and SO2 cycles) systems, with or without
protective coatings.

Concerning the ETICS with no protective products, a significantly reduced self-
cleaning capacity was observed in the acrylic-finished systems (S1 and S3), if compared
to the NHL-finished (S2) and silicate-finished (S4) ICB ETICS. RhB also presents a dye-
sensitized process, in addition to its degradation by TiO2 particles under UV radiation [58].
The different aging cycles have a reduced effect on RhB degradation and, consequently, on
the color change in the systems, confirming the relatively high resistance of the studied
systems to aging (as observed in [13]).
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In the unaged state, the most significant self-cleaning properties and, therefore, photo-
catalytic efficiencies were observed in the specimens treated with the photocatalytic and
antimicrobial coating NS (Figure 5), due to the incorporation of TiO2 nanoparticles with
photoinduced properties [30]. The highest values were obtained for the ETICSs finished
with acrylic and silicate products, rather than NHL. The application of AQ, which also
presented considerable percentages of TiO2 and ZnO, induced a higher photocatalytic
effect in the acrylic- (S1, S3) and NHL-finished (S2) systems, if compared to the untreated
specimens. Therefore, in the unaged state, an order NS > AQ > HW can be defined for
self-cleaning effectiveness (Figure 5).

After artificial aging, the systems treated with NS showed a considerable reduction
in ∆E after the hygrothermal cycles. Except for the silicate-finished S4 ETICS, the UV
and SO2 cycles resulted in even lower ∆E variations, thereby reducing photocatalytic
activity and highlighting the reduced durability of NS to artificial aging. Acrylic-finished
ETICS (S1 and S3) were generally more affected when compared to the inorganic finished
(silicate or NHL) ETICS. It is worth noting that the association of wet and dry cycles, as
well as prolonged exposure to UV radiation, can lead to partial removal of the protective
product and/or the formation of micro-defects on the coating’s surface [50]. Although TiO2

nanoparticles are generally encapsulated (in e.g., SiO2, Al2O3, or ZrO2 as shell materials) to
prevent the contact between the degradable organics and the photoactive TiO2 surface, the
photoinduced hydrophilicity and self-cleaning effectiveness of the treatment with nano-
engineered TiO2 can be partially reduced by weathering [44,59], with discoloration, loss of
gloss, or chalking coatings.

The effect of the aging cycles was less significant in the case of the systems treated with
HW and AQ, exhibiting considerable resistance to hygrothermal cycles, UV radiation, and
SO2-rich cycles. In accordance with previous studies [20,51], silane/oligomeric siloxane
presented lower modification of their properties after aging, when compared to SiO2-TiO2

nanostructured treatments. The treatments with AQ showed significant resistance, also
due to its considerable thickness, if compared to the other treatments (Table 1).

3.3. Biological Colonization

The average results of mold development on the coatings after four weeks of incuba-
tion on the unaged multifunctional products showed traces of mold growth in all three
types of coatings, with slightly higher values for the indicated photocatalytic and antimicro-
bial NS product (Figure 6a–c). The test was validated by considering the results obtained
for the paper control, in which all specimens were rated 4 out of 4 (heavy growth, exceeding
60% of the contaminated surface) after the third week of testing.

Figure 6. Traces of A. niger growth on the unaged multifunctional protective products: (a) HW,
(b) NS, and (c) AQ after four weeks of testing. Mold growth observed with NS applied on ETICS:
(d) S1 and (e) S2; (f) Mold growth observed with HW applied on ETICS S4; (g) ETICS S3 without
protective coating.
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The results of the average rate of mold development on ETICS after the complete
accelerated aging procedure are presented in Figure 7. For the acrylic-finished ETICS S1
and S3 (with EPS and MW insulation, respectively), the application of NS led to an increase
in mold development, with moderate mold growth: 30 to 60% of contaminated surface
(Figure 6d). Conversely, the application of protective products HW (hydrophobic and
biocidal emulsion) and AQ (hydrophobic, self-cleaning and biocidal coating) in ETICS S1
and S3 slightly increased the mold resistance of the system after aging, with only traces of
mold growth (<10% of the contaminated surface). In the case of ETICS S3, the surface of this
system gained a considerable yellowish tone after accelerated aging (Figure 6f), regardless
of the application of protective coatings, mainly due to the use of mineral wool (i.e., thin
yellow microfiber) as thermal insulation layer, which was possible partially leached to the
drying surface after the HT cycles (e.g., [13]).

Figure 7. Average results of mold development up to 4 weeks of the untreated (Ref) and treated
(HW, NS, and AQ) systems S1–S4. Rating scale: 0—no growth; 1—traces of growth; 2—light growth;
3—moderate growth; 4—heavy growth.

Heavy mold growth (>60% of contaminated surface) was observed with the application
of NS (Figure 6e) on the NHL-finished S2 ETICS. In contrast, product AQ slightly increased
the resistance to mold development (light growth with 10% to 30% of contaminated surface)
in this system after aging. Results showed that the application of HW did not enhance the
mold growth resistance of system S2.

Finally, the application of multifunctional products in silicate-finished ETICS S4 con-
tributed to a decrease in mold resistance after aging. In this case, the highest mold develop-
ment was observed with the application of the siloxane-based HW (Figure 6g), indicating a
possible incompatibility between the silicate-based surface and this product.

Although product NS is formulated with remarkable amount of TiO2 nanoparticles,
which might decompose biological macromolecules (DNA) and thus inhibit biological
growth [60], as observed in previous studies [61–63], the highest mold growth was generally
observed with the application of this product, mainly after artificial aging, with heavy
growth in the ETICS with acrylic- (S1 and S3) and NHL-based coating (S2). Conversely, the
application of the AQ product slightly increased the resistance to mold growth in ETICSs
S1, S2, and S3. Finally, the application of HW did not affect the mold growth resistance of
the systems, and in some cases, even induced an increase in bio-susceptibility, as seen with
ETICS S4.
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3.4. Chemical and Morphological Analyses
3.4.1. SEM-EDS

Results showed that the silicate-based NS protective products formed a thin coating
(10–50 µm) when applied to all systems. However, after drying and complete polymer-
ization, the product tended to shrink when applied on the acrylate-finished system (S1
and S3), with a diffuse cracking and a partial detachment of the resulting plate-like clus-
ters [64] (Figure 8a). EDS spectra confirmed a notable amount of titanium, attributed to the
photocatalytic TiO2 nanoparticles (Figure 8c).

 
 

Figure 8. SEM microphotographs of NS product applied on ETICS S1 (a) before aging and (b) after
HT cycles; (c) neoformation products (arrows) after SO2 cycles; (d) software-generated EDS elemental
spectra of a spot of (b); NS product applied on system S2 (e) before aging, (f) after HT cycles and
(g) after SO2 cycles, with acicular gypsum neoformation (arrows).

Cracking generally increased along the aging protocol, mainly after hygrothermal
cycles (Figure 8b), with further micro-detachment, dirtiness, and neoformation prod-
ucts observed both after UV and SO2 cycles (Figure 8d). This trend can be attributed
to a combined leaching of the finishing and basecoat of the systems, as well as CaCO3

dissolution-reprecipitation processes [13].
The NS product had a heterogeneous distribution and thus possible lack of compat-

ibility when applied on the NHL-finished S2 system (Figure 8e). The product formed a
heterogeneously distributed coating with clusters and suffered an almost complete removal
during the hygrothermal cycles (Figure 8f). After the SO2 cycles, the acicular formation is
consistent with gypsum-based clusters (Figure 8g) [65–67], possibly obtained by sulfation,
i.e., combination of sulfur dioxide from the pollutant chamber, and the Ca(OH)2 and CaCO3

neoformation [68] after hygrothermal aging. When applied to silicate-finished S4 ETICS,
the NS product demonstrated poor physical-chemical compatibility with the substrate,
characterized by heterogeneous distribution and material detachment, which consistently
increased after artificial aging.

As observed in previous works [69], the high reactivity of the NS silicate binder in
an alkaline environment provided by the aqueous medium and the NHL of the substrate
(ETICS S2 and S4), and the presence of a relevant amount of CaCO3 can favor the devel-
opment of shorter linear chains of tetrahedral silica and linear silicate structure, forming
colloidal silica gel with plate-like shape [70]. Cracks and surface abnormalities have also
been previously reported as a result of a lack of compatibility between protective coatings
and the applied substrates [71].

The silane/siloxane emulsion hydrophobic HW product formed a highly compact and
homogeneous coating on the acrylate-finished ETICS (S1 and S3) (Figure 9a). Neverthe-
less, partial decohesion and material loss, and even neoformation products (i.e., calcium
carbonate and gypsum) at the surface (Figure 9b), can be noted after the hygrothermal
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cycles. A relatively homogeneous and durable HW treatment was observed in the case
of the silicate-finished ETICS S4, which can indicate proper compatibility between the
product and this rather durable system [15]. Conversely, the application of HW on the
NHL-finished S2 system led to a heterogeneous coating, which was seriously damaged
after hygrothermal cycles (severe loss of material) (Figure 9c), and again with the formation
of carbonate- and sulfate-based clusters after aging cycles with SO2 (Figure 9d).

Figure 9. SEM microphotographs of HW product applied on ETICS: S1 (a) before aging and (b) after
SO2 cycles; S2 (c) after HT cycles and (d) after SO2 cycles; AQ product applied on ETICS: (e) S1 after
SO2 cycles; (f) S2 after SO2 cycles; (g) S4 after HT cycles.

The application of AQ also resulted in a homogeneous coating, with some porosity
at the microscale. The coating exhibited high resistance to various aging cycles across all
systems (Figure 9e,f) [40,51], possibly due to its enhanced thickness compared to other
products. The hygrothermal aging cycles were confirmed to be the most invasive aging
procedure, leading to the washing and thus micro-abrasion of the surface, mainly in the
case of the NHL-finished S4 system (Figure 9g).

3.4.2. DRIFT

The DRIFT spectra of the finishing coating of ETICS S1, S2, and S4 (untreated), used
as reference (Figure 10), showed generally considerable amounts of cement-based or lime-
based compounds, as well as additives (inert sands or acrylic resins), in agreement with
previous results [13].

After the artificial aging cycles, a higher intensity of the carbonate bands (overlapped
νCO3

2−/δasCH3 mode at ~1400 cm−1; ωCO3
2− mode at 876 cm−1) was observed for ETICS

S1 (Figure 10a) and ETICS S2 (Figure 10b,c) after UV cycles, when compared to the unaged
ETICS, confirming the presence of leached clusters and additives on the aged substrate.
Additionally, an intensity increase in the hydroxyl bands (νOH at ~3300 cm−1, δHOH
of adsorbed water at ~1640 cm−1), partially attributed to the presence of Ca(OH)2 [72],
confirmed the neoformation of calcium-based products observed in the SEM-EDS analysis
(in Section 3.4.1). In the case of ETICS S4, with or without protective products, no signifi-
cant changes were observed in the spectra after artificial aging with UV and SO2 cycles,
indicating the high stability of the silicate-finished ETICS.

In the DRIFT spectra, a doublet band is observed at ~1795 and ~1740 cm−1 that can be
assigned to νsCO3

2− modes overlapped with νC=O modes, or to combination bands of the
two modes, for the acrylic-finished (ETICS S1) or for polymeric additives (ETICS S2 and S4).
A significant change in those bands is observed for ETICS S2, with an inverse evolution to
that of carbonates, and therefore can be associated with a possible degradation process.
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Figure 10. Comparison of DRIFT spectra of the protective coating (unaged) and ETICS without (R)
and with protective products (HW, NS, and AQ), after UV and SO2 aging cycles: (a) ETICS S1 with
HW; ETICS S2 with (b) NS and (c) AQ; (d) ETICS S4 with NS. The coating spectra are normalized at
2981 cm−1, and the protective coating spectra are normalized at maximum.

Moreover, the decrease in the band at ~3330 cm−1 (νOH mode) with an increase in
the band at ~1795 cm−1 for ETICS S1 after UV irradiation, might arise from the photo-
oxidation reaction of –OH, leading to the formation of oxidized products containing C=O
chromophores and, thus, a slight yellowish of the surface, in accordance with the results of
color change and photocatalytic efficacy (Section 3.2.1) [73]. Finally, a band of the silicate
(νasSi-O-Si mode at ~1020 cm−1) was observed in all ETICS, with the intensity increasing
for ETICS S4 (Figure 10d).

When analyzing the ETICS with the protective products, a possible mixture of the
signals from the protective product and the reference system materials (finishing and
basecoat) can be observed, also due to the method of sample collection, which involves
scraping the surface. The bands of the protective products’ spectra (pure HW, NS, or AQ)
overlap with those of the finishing and basecoat of the ETICS (Figure 10a–d), hindering
a clear identification of alterations or degradation of the protective products along the
aging protocol. However, the decrease in the δHOH mode (1640 cm−1) can be attributed
to the decrease in adsorbed water resulting from the artificial aging cycles of ETICS S2,
if accompanied by a reduction in the νOH band, or confirms the possibility of some
degradation product formation.

Regarding the acrylate polymers (in the finishing coat of ETICS S1, or the protective
product AQ), the presence of monomer acrylic groups can be associated with a νC=C
band in the infrared spectrum that can be observed in the same region of the δHOH
mode (adsorbed water). Since no changes were observed in the δHOH mode region (at
1640 cm−1) in the spectra of ETICS S1, degradation throughout the aging processes can be
excluded, confirming the high durability of the ETICS S1 acrylate coating. In the case of
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ETICS S2, the band in the region of the δHOH mode decreased significantly, and the νOH
band region increased with artificial aging. Following previous work [14], no partial repair
or degradation reversion of the polymer paint was observed, particularly after exposure to
UV radiation. The decrease in the relative intensity of the δHOH band may be attributed
to a drying process or, more likely, to a chemical reaction between water and a coating
component, which increases the number of OH groups and consequently enhances the
relative intensity of the νOH band.

Concerning ETICS S4, a relative intensity increase in the band at 1161 cm−1 is observed
in the sample after UV cycles, which may be due to the presence of the protective product,
resulting in an overlap of the finishing coat and protective product bands.

4. Discussion
The photocatalytic and antimicrobial NS treatment (ethyl silicate-based with TiO2)

produced a thin coating with extensive microcracking, which was considered to have poor
compatibility with the NHL (S2) and silicate-finished (S4) ETICS. In these systems, the
distribution of the coating components was heterogeneous, with cluster-like deposition.
Although the formulation included hydrophobic ethyl silicate, the improvement in water
repellency was negligible. Hygrothermal aging significantly affected this coating, resulting
in partial detachment or surface yellowing. However, the product possibly filled the
nano- and micro-porosities of the systems [16], thereby reducing water uptake even after
aging. Exposure to UV light activated the TiO2 particles within the product, resulting in a
slightly more hydrophilic surface, which can also favor water vapor permeability and thus
evaporation [51].

Although the SO2 cycles did not seriously affect the coating, with a grayish tone
which is only slightly visible to the naked eye, the reduced durability of NS can affect the
self-cleaning features over time, with a partial release of TiO2 nanoparticles during the
aging cycles [50,74], followed by a reduction in the photoactivity after exposure to UV radi-
ation and condensation cycles [75]. Investigating the degradation of TiO2-modified paints
under low-radiation conditions, a study observed a rather opposite effect, as microcracks
arising from this type of exposure enhanced photocatalytic performance due to a larger
exposure area [76]. Therefore, the importance of analyzing different weathering agents is
straightforward.

Furthermore, the presence of microcracks influenced the bioreceptivity of the coat-
ing, providing potential anchoring points for mold growth and, thus, compromising the
expected antimicrobial attribute of the surface [77]. The increase in the drying index after
hygrothermal aging can further aggravate this matter, because if drying is not fast enough,
the presence of moisture for more extended periods favors biological growth in ETICS [4].
Taken together, the limited stability, durability, and weak compatibility make it unsuitable
for long-term use on the studied systems.

The silane/siloxane HW emulsion created a compact, water-repellent coating that was
durable and compatible with acrylic-finished S1 and S3 ETICS. In contrast, its distribution
was heterogeneous when applied to the NHL-finished S2 system and showed no substantial
benefit on the silicate-finished ETICS (S4). However, partial photodegradation of the
coatings was observed during UV irradiation [78]. Additionally, the aging of this product
can affect the drying rate, especially in the case of highly rough, acrylic-finished surfaces
(e.g., S3), where poor self-cleaning properties were observed both before and after aging.
HW is therefore suitable for acrylic ETICS, but its application to lime- and silicate-based
systems is not recommended.

The acrylic AQ dispersion formed a thicker, more microporous coating than the other
products. Its chemical affinity to acrylic ETICS enhanced the compatibility and durability
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of the hydrophobic features in S1 and S3, whereas a slight improvement was observed
in lime- and silicate-based systems (S2 and S4). The coexistence of hydrophobic acrylic
components with hydrophilic TiO2 resulted in a competitive effect [79], reducing overall
water repellency. Additionally, UV further increased surface hydrophilicity due to the
activation of photocatalytic additives. Indeed, hydrophobicity is reported to be dependent
on the TiO2 loads within the development of protective coatings [80], requiring fine-tuning
to achieve the desired performance.

Compared to NS, the self-cleaning effect of AQ was less pronounced; however, the
coating exhibited superior resistance to hygrothermal, UV, and SO2 aging, particularly
when used on acrylic-finished ETICS. Poor results were observed when applied to silicate-
finished ETICS S4, possibly due to the lack of a coupling agent (e.g., silane) in the acrylic
polymer, which could have increased the physical-chemical compatibility between the
organic and inorganic phases [81]. Furthermore, the acrylic AQ coating slowed down the
drying rate, compared to the NS and (ethyl silicate) HW products.

Overall, the results indicate apparent differences in performance depending on both
the protective product and the ETICS finish. NS provided initial self-cleaning capabilities
but failed in terms of durability and compatibility. HW was effective only on acrylic
systems, and AQ also combined good durability with moderate self-cleaning in acrylic
ETICS, albeit at the expense of drying time. Analogously, in another study, hydrophobic
products were also identified as having differing effectiveness and durability when applied
to limestone or cementitious mortars [20], thereby underscoring the importance of an
integrated assessment.

When selecting between hydrophobic and photocatalytic properties for ETICS, the
trade-offs must be weighed. Hydrophobicity reduces water uptake and, thus, can prevent
moisture degradation, but it can also limit drying and self-cleaning. Photocatalysis can sup-
port surface whitening and pollutant degradation by leveraging increased hydrophilicity;
however, this effect is not sustained if low durability is identified, as in the case of NS. For
this reason, the selected treatments must be case-oriented, considering the product quality,
substrate compatibility, and environmental conditions. Indeed, other research indicates
that exposure conditions significantly impact on maintenance needs for ETICS [82].

Although the performance of ETICS has already been investigated in other European
contexts, material formulations, construction practices, and aging methodology vary sig-
nificantly, and these factors strongly influence the durability and compatibility of surface
treatments. In addition, most earlier works considered individual parameters, whereas
the present study employs a comprehensive set of artificial aging cycles, allowing for a
systematic comparison of multifunctional products. This approach provides data that
are directly relevant to local building practice and expands the understanding of ETICS
performance under different climates.

5. Conclusions
This study evaluated the performance of three commercial multifunctional protective

coatings applied to thermal insulating composite systems (ETICS) surfaces, focusing on
their effects on moisture transport, photocatalytic activity, color stability, and mold growth
before and after accelerated aging. Thus, the research aimed to provide a comprehensive
overview of long-term performance and address pressing challenges in building façades.
The results underline that the long-term effectiveness of protective treatments is strongly
influenced by their chemical compatibility with the underlying ETICS finishes.

Through surface multifunctionality, including water resistance features, different lines
of behavior were observed for the four types of ETICS throughout the accelerated aging
procedure, which are directly related to the long-term performance of the whole system.
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The relevance of the interconnection between moisture transfer, biological colonization,
and photocatalytic activity was especially evident for the ethyl-silicate-based coating with
TiO2 applied to NHL finishing ETICS. Poor compatibility, resulting in surface microcracks,
may have facilitated mold growth, which can also be favored through an increase in the
drying index with hygrothermal aging.

The results were indeed found to be highly dependent on the chemical compatibil-
ity between the coatings and the ETICS finishes (acrylic, hydraulic lime, or silicate). On
silicate substrates, the application of the protective products led to worse moisture trans-
port properties (i.e., higher water absorption and slower drying) and higher biological
colonization, due to reduced compatibility and bonding between the silicate substrate
and the waterborne organic products (without a coupling agent). Hydrophobic and/or
photocatalytic coatings were somewhat effective and durable on acrylic/finished thermal
insulating systems due to their chemical compatibility, which also favors extended long-
term performance. On the contrary, low durability and low performance were observed
when applied to the hydraulic lime-finished thermal insulating systems.

Concerning durability, both ETICS and protective products were primarily affected
by hygrothermal aging, resulting in physical-chemical alterations to the polymeric matrix
of the multifunctional coatings or changes in the pore size distribution of the systems.
Conversely, the UV cycles led to activation of the photocatalytic and hydrophilic additives,
slightly favoring the wettability of the substrates.

Regarding the individual commercial products investigated:

• HW (silane/siloxane emulsion) ensured good water repellency and durability on
acrylic ETICS, but showed reduced performance on lime- and silicate-based systems
and limited self-cleaning;

• NS (ethyl silicate with TiO2) offered initial photocatalytic and self-cleaning properties,
but a negative performance in terms of biocidal effect, durability, and effectiveness
over time;

• AQ (acrylic dispersion with TiO2) combined acceptable durability and moderate
self-cleaning on acrylic systems but increased drying resistance and showed weak
performance on mineral-based ETICS.

From a practical standpoint, none of the tested coatings is recommended for silicate-
based ETICS, while the ethyl silicate—TiO2 product should generally be avoided. Protective
treatments for acrylic-based ETICS showed more promising results, particularly with HW
and AQ. However, the study emphasizes that performance cannot be assessed based on
a single property; successful solutions must ensure multifunctionality, combining water
repellency, drying capacity, and biological resistance, while avoiding incompatibility that
could compromise the hygrothermal balance of the system. In some cases, reapplying the
original compatible finish may represent the most reliable strategy to safeguard ETICS
durability, insulation efficiency, and long-term energy performance.
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Abbreviations
The following abbreviations are used in this manuscript:

θ Contact Angle
∆E Color Change
a* Color Coordinate (red-green)
AQ Hydrophobic, Self-cleaning and Biocidal Coating
b* Color Coordinate (yellow-blue)
BC Base Coat
Cc Capillary Water Absorption Coefficient
DI Drying Index
DRIFT Diffuse Reflectance Infrared Fourier Transform
EDS Energy Dispersive Spectroscopy
EIFS Exterior Insulation Finishing System
EPS Expanded Polystyrene
ETA European Technical Approval
ETICS External Thermal Insulation Composite Systems
EWI Exterior Wall Insulation Systems
FC Finishing Coat
HT Hygrothermal Cycles
HW Hydrophobic and Biocidal Coating
ICB Insulation Cork Board
L* Lightness
MC Multifunctional Coatings
MW Mineral Wool
NHL Natural Hydraulic Lime
NS Photocatalytic Self-Cleaning and Antimicrobial Coating
Ref Without Protective Treatment
RH Relative Humidity
RhB Rhodamine B
S1 System 1
S2 System 2
S3 System 3
S4 System 4
SCI Specular Component Included
SEM Scanning Electron Microscope
SO2 Air Pollutant Cycles
T Temperature
UV Ultraviolet Radiation Cycles
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