
coatings

Article

Waterborne Acrylate-Based Hybrid Coatings with
Enhanced Resistance Properties on Stone Surfaces

Francesca Sbardella 1,2,* ID , Lucilla Pronti 3 ID , Maria Laura Santarelli 1 ID ,
José Marìa Asua Gonzàlez 2 and Maria Paola Bracciale 1,* ID

1 Department of Chemical Engineering Materials Environment (DICMA) and Research Center in Science and
Technology for the Preservation of Historical-architectural Heritage (CISTeC), Sapienza University of Rome,
Rome 00184, Italy; marialaura.santarelli@uniroma1.it

2 Department of Applied Chemistry, University of the Basque Country, Donostia-San Sebastián 20018, Spain;
jm.asua@ehu.es

3 Department of Basic and Applied Sciences for Engineering (SBAI), Sapienza University of Rome,
Rome 00161, Italy; lucilla.pronti@uniroma1.it

* Correspondence: francesca.sbardella@uniroma1.it (F.S.); mariapaola.bracciale@uniroma1.it (M.P.B.)

Received: 10 July 2018; Accepted: 11 August 2018; Published: 15 August 2018
����������
�������

Abstract: The application of coating polymers to building materials is a simple and cheap way to
preserve and protect surfaces from weathering phenomena. Due to its environmentally friendly
character, waterborne coating is the most popular type of coating, and improving its performance
is an important key of research. The study presents the results regarding the mechanical and
photo-oxidation resistance of some water-based acrylic coatings containing SiO2 nanoparticles
obtained by batch miniemulsion polymerization. Coating materials have been characterized in terms
of hydrophobic/hydrophilic behavior, mechanical resistance and surface morphology by means
of water-contact angle, and scrub resistance and atomic force microscopy (AFM) measurements
depending on silica-nanoparticle content. Moreover, accelerated weathering tests were performed to
estimate the photo-oxidation resistance of the coatings. The chemical and color changes were assessed
by Fourier-transform infrared spectroscopy (FTIR) and colorimetric measurements. Furthermore,
the nanofilled coatings were applied on two different calcareous lithotypes (Lecce stone and Carrara
Marble). Its properties, such as capillary water absorption and color modification, before and after
accelerated aging tests, were assessed. The properties acquired by the addition of silica nanoparticles
in the acrylic matrix can ensure good protection against weathering of stone-based materials.

Keywords: waterborne coatings; batch miniemulsion; weathering; stone preservation

1. Introduction

One of the major problems of building materials exposed to the outdoors are the environmental
conditions that seriously affect their durability. Among abiotic factors, water penetration is considered
a major liability, particularly for porous materials. A common practice to preserve building materials
from weathering is to use water-repellent surfaces [1,2] due to their ability to control the transport
of different fluids between the surface and the interior, besides having other useful properties, such
as antibiofouling, antisticking, anticorrosion, stain resistance, and self-cleanability [3–7]. The most
effective and cheap way to provide these properties is the application of polymer-coating compositions
obtained from various monomers, like acrylics, fluorinated, and silicon-based materials [8,9].
Particularly, acrylic and methacrylic monomers are widely used in this way for the protection of
walls, façades, consolidation of monuments, and cultural heritage sites. Some important parameters
of this class of materials are transparency, water repellence, and being lightweight. In addition,
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to provide high durability for façades and floors, these surface treatments must have high adhesive
power and good mechanical properties (scratch and wear resistance). However, serious durability
issues arise when such acrylic systems are used on structures located outdoors. Moreover, protectives
based on acrylic resins exhibit a scarce adhesion to porous substrates and provide insufficient water
drainage and vapor permeability from the coated surface [1,10,11]. The treatments applied on building
materials must be “breathable” to avoid physical phenomena, such as freezing/thawing cycles and
salt crystallization, causing fast deterioration of stone materials [12,13]. Indeed, the stronger the
hydrophobicity of the conservation material, the larger the stress between hydrophilic/hydrophobic
interfaces is, and much more likely that detaching and peeling will occur [14].

Furthermore, the emerging demand of modern society to reduce the emission of volatile organic
compounds (VOC) led the interest of the scientific community to develop a new type of coatings:
waterborne coatings [15] that use water as a medium to disperse a resin, thus making these coatings
ecofriendly and easy to apply. These coatings are environmentally friendly, as American and European
regulations require waterborne coatings to have a VOC content of less than 3.5 pounds per gallon
of water. In addition, due to the reduced VOC emissions during application, waterborne coatings
reduce the risk of fires, are easier to clean up (creating fewer dangerous residues), and result in
reduced worker exposure to organic vapors [16]. However, this class of coatings is usually weaker
in mechanical performance and water resistance compared with their solvent-borne counterparts.
Moreover, although waterborne coatings are easy to apply to any type of surface, the contact angle
of the film rarely exhibits hydrophobic value. The key parameters of hydrophobic surface are the
low surface energy of the material and the texture of the geometrical micro- or nanostructure of the
surface [17–19]. In the last two decades, the application of nanosized inorganic particles, incorporated
or in situ formed inside a polymeric matrix [10,20], have been largely exploited in order to compensate
for weaknesses and to develop a nanometric structure that promotes the development of waterborne
coatings. Inorganic nanoparticles can impart the polymeric matrix with water-repellent, mechanical,
thermal, electrical, optical, or adhesive properties, as well as add new functionalities useful for tailored
applications [21–25].

Among the numerous inorganic nanoparticles used in polymeric coating, nanosized silica is the
most common used for the enhancement of mechanical and thermal properties, in terms of mechanical
strength, modulus, and thermal stability, and also for the higher water resistance of water-based
nanocomposite coatings [25–31]. However, the mechanical and thermal properties are related to
the amount of added nanoparticles and to the type of polymerization process. Indeed, in some
cases, the glass-transition temperature (Tg) and the elastic modulus increased with increasing silica
content [32]. This behavior can be due to the reduction of polymer-chain mobility by the inclusion of
rigid nanoparticles. Conversely, in other cases, high amounts of nanosilica reduced the Tg and the
temperature for maximum mechanical damping. Furthermore, high amount of silica nanoparticles
lead to a more brittle behavior [32–36].

Because of the intrinsic hydrophilicity of inorganic nanofillers, they can be directly incorporated
into waterborne resins consisting of polymer latex and aqueous-polymer dispersion. However, when
the aqueous nanocomposite resins are drying, the compatibility between the polymer chains and the
inorganic nanofiller dominates the dispersion state of the nanofillers. Poor compatibility generally
leads to aggregates of such nanofillers during drying [37].

Organic-inorganic polymer hybrids, based on combinations of polymers with metals, ceramics,
or both, have been prepared by several synthesis methodologies [29,38]. Considering the wide
variety in terms of properties of these two materials, a crucial point is to get a product as much
homogeneous as possible. To get homogeneous systems it is important that the polymer and the
inorganic components show a high compatibility, which is usually achieved by chemical interaction,
for example, Van-der-Waals forces, hydrogen bridges, and coordinative or covalent bonds. Therefore,
either the polymer chain provides sufficient compatibility with the often-hydrophilic inorganic species
or the inorganic components are adapted to the polymer chain [39].
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Recently, miniemulsion polymerization has turned out to be an attractive way to obtain hybrid
nanocomposite particles, especially when the synthesis of more complex particles is involved
(core-shell, raspberry-like, etc.) As the submicron monomer droplets become the dominant site
for particle nucleation, these allow the production of nanocomposite particles [26,40].

In this work, waterborne nanostructured hybrid silica/polyacrylate coatings obtained by batch
miniemulsion polymerization have been synthetized and characterized by means of atomic force
microscopy (AFM), static water-contact angle and scrub-resistance measurements. Several coatings
with different silica loading (2, 5, and 10 wbm%) were artificially aged in order to evaluate their
stability to photo-oxidative weathering. Fourier-transform infrared (ATR-FTIR) and colorimetric
measurements were performed on the aged samples in order to elucidate the chemical and aesthetic
changes produced by photo-oxidation. Capillary water absorption tests were also performed on
two carbonatic stones treated with the different latexes in order to investigate the water-repellency
capability of the synthetized coatings.

2. Materials and Methods

2.1. Materials

The 30 wt.% water suspension of colloidal silica with commercial name of LUDOX AS-30
(size 12 nm; SSA 220 m2·g−1) was supplied from Sigma-Aldrich (Madrid, Spain). n-butyl acrylate
(nBA, Quimidroga, Barcelona, Spain), methyl methacrylate (MMA, Quimidroga), acrylamide
(AM, Sigma-Aldrich), acrylic acid (AA, Sigma-Aldrich), stearylacrylate (SA, 97 wt.%, Sigma-Aldrich),
alkyldiphenyloxide disulfonate (Dowfax 2A1, 45 wt.%, Dow Chemicals, Madrid, Spain), potassium
persulfate (KPS, Sigma-Aldrich), and formic acid were used without any further purification.
Deionized water (Milli-Q quality, MilliPore, Madrid, Spain) was used in all polymerization recipes.
Hydroquinone (Sigma-Aldrich) was used to quench the reaction samples withdrawn at representative
reaction times to monitor the progress of the process.

Two carbonatic lithotypes, Lecce stone (known as “Pietra solare” by Apulia, Italy) and Carrara
marble (by Tuscany, Italy), were selected as substrates. Although these stones are mainly composed
of calcite, they possess different porosity: Lecce stone—38.8%, Carrara marble—0.4%. Stone samples
were obtained as 5 × 5 × 5 cm3 cubes.

2.2. Preparation and Application of the Latexes

Acrylic–inorganic composite latexes were synthesized via a miniemulsion polymerization by a
two-step process according to the procedure already described elsewhere [41].

Initially, the oil phase was prepared by dissolving BA, MMA, AM, and AA (47, 47, 1, and 1 wt.%)
with a 4 wbm% of a costabilizer (SA) under stirring for 15 min. At the same time, the aqueous phase
is obtained mixing the anionic emulsifier (Dowfax 2A1, 1 or 2 wbm%), the iniziator (KPS, 2 wbm%),
LUDOX AS-30 (2 or 5 or 10 wbm%), and water under stirring for 15 min. The pH was kept at 3.5
with formic acid. Then, the oil and the aqueous phase were brought together and mixed for 15 min.
The final dispersion was sonified for 10 min at 70% of amplitude. During sonication, the flask was
immersed in an icewater bath to avoid overheating.

Batch miniemulsion polymerizations were carried out in a 500-mL jacketed reactor equipped with
a reflux condenser, stirrer, sampling device, and nitrogen inlet. The temperature was fixed at 70 ◦C
for 3 h. Table 1 summarized the different formulations for each latex, to whom a name was assigned
that described: the first letter of the silica used, i.e., “L” is for LUDOX 30; the first number referring to
the percentage of the silica added (2, 5, or 10 wbm%), and the last number for the percentage of the
surfactant used (1 or 2 wbm%). Furthermore, the conversion grade, the particle size, and Polydispersity
Index (PDI) were reported. The particles size and the conversion grade were measured by Dynamic
Light Scattering (DLS, Zetasizer Nano Series, Malvern Instrument, Malvern, UK) and gravimetric
analysis, respectively. The reported average particle size (droplet size) values represent an average
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of 3 repeated measurements. The PDI that describes the degree of “nonuniformity” of a distribution
(for a perfectly uniform sample, the PDI would be 0.0) was also measured. After 3 h, the polymerization
was almost complete and was short-stopped by an aqueous solution of 0.1 wt.% of hydroquinone.

Before the application of any protective coatings, the stone specimens were washed with deionized
water, dried in an oven for 7 days at 60 ◦C (±5 ◦C), then stored in a dry atmosphere, and weighed until
constant mass (±0.1%) was reached according to UNI 10921:2001 [42].

The different latex dispersions were applied by brushing directly on the apical surface of the
samples until apparent refusal (i.e., when the stone surface remained wet for 1 min) [43]. Three samples
for each stone and for each treatment were prepared. After each treatment, the samples were weighed
and then kept at 23 ◦C (±5 ◦C) until constant weight.

2.3. Characterization

Thin polyacrylate/silica hybrid films (≈13 µm) were applied on glass substrates with a film
applicator (Octoplex film applicator, TQC B.V., Seregno, Italy) in order to have a homogeneous
surface. The films were dried overnight at 23 ◦C and 55% relative humidity. On these samples,
hydrophobicity and resistance to wet abrasion measurements were performed. Static water-contact
angle measurements were carried out according to the standard sessile-drop method by using a Data
Physics OCA 20-model goniometer (DataPhysics Instruments GmbH, Filderstadt, Germany). 5-µL
deionized water was placed on the films and an average of minimum 10 measurements taken from
different positions on the surface were done. Scrub-resistance tests were performed according to
the ASTM standard [44]. AFM was also used to analyze the morphology of the films cast on glass
substrates. A commercial AFM setup (Solver, NT-MDT, Moscow, Russia) equipped with standard
silicon tips (NSC16, Mikromasch, Wetzlar, Germany) was used to collect micrographs of the sample
surfaces in tapping mode in air and at room conditions. The root mean square roughness (Rq) was
calculated on 19 × 19 µm2 areas. An average of minimum 3 measurements taken from different
locations on the surface were done.

Furthermore, accelerated aging tests by UV irradiation were carried out in accordance with the
ISO 16474-3:2013 standard [45] on films and on coated stone samples. The climatic test chamber
(Angelantoni Industrie S.r.l., Massa Martana, Italy) was equipped with medium-pressure ultraviolet
lamps of mercury; these lamps emit in the full spectrum of ultraviolet (UVA, UVB, and UVC) with
maximum emission peak in the UVA range at 366 nm. The total radiation that reached all the samples
was 5.2 W·m−2 as measured by means of radiometer. The total exposure consisted of 62 cycles and
parameters of 1 cycle were as follows: 45 min UV radiation on and dry, 45 min UV off and water
spraying, 55 min UV on and dry, and 15 min UV off and water spraying. The total duration of the
experiment simulated a normal natural aging of 130 days, with maximum solar exposure, taking
Europe as reference for the calculations. After each cycle, the samples were rotated horizontally in
order to avoid concentration of radiation in one place.

Colorimetric measurements were performed on film samples to verify color modification due to
light exposition. The 3 chromatic CIELab coordinates were calculated starting from diffuse-reflectance
spectra acquired in the UV–vis spectral range (300–800 nm) with an AvaSpec-2048 spectrophotometer
(Avantes, Apeldoorn, The Netherlands) equipped with bifurcated fibers that collect the reflected
light with a 45◦/0◦ geometry. A Spectralon standard (Labshere SRS-99-010, 99% reflectance) was
taken as reference for the reflectance spectra. In order to quantify the color differences, the notion
of a just-noticeable difference (JND = 3) in stimuli has been used [46]. Furthermore, according
to the literature, ∆E < 5 was considered as corresponding to a not-significant variation [47].
The measurements were made before and after accelerated exposure, always on the same 8 positions
on the film, with the aid of a locating mask, and the arithmetic mean was calculated. During color
measurements, the Spectralon standard was placed below each film cast on glass substrates.

Infrared spectroscopy was used to explain the changes in coating films caused by UV degradation.
The chemical changes were detected with a Fourier-transform infrared spectrometer (FTIR, Vertex 70,
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Bruker Optik GmbH, Ettlingen, Germany) equipped with a single-reflection Diamond ATR cell,
a standard MIR source (HeNe), and a room temperature DTGS detector. The ATR-FTIR spectra were
recorded with 256 scans in the mid-infrared range (400–4000 cm−1) at a resolution of 4 cm−1.

The water capillarity absorption experiments were performed following the UNI EN
15801:2010 [48]. The tests were carried out on 3 samples for each coating formulation, before and after
accelerated aging tests. The absorption coefficient (AC, kg/m2·h0.5), and the relative capillarity index
(RCI) [43,49] were calculated. Furthermore, in order to test the hydrophobicity of the stone surface
after each coating application, the water-contact angles were measured as reported above.

3. Results and Discussion

As shown in Table 1, a nearly total conversion of the monomers into polymers (81%–100%) was
achieved. Furthermore, DLS measurements indicate that the particle sizes are in a range between
115 to 250 nm; finally, a very uniform dispersion in the latexes is evident, being the PDI (i.e., the square
of the ratio of the standard deviation to the mean diameter size) values very close to 0.

Table 1. The latexes synthesized by miniemulsion polymerization with acrylates and LUDOX 30.

Sample Composition
(wt.%)

LUDOX AS-30 2

(wbm%)
Dowfax 2A1 3

(wbm%)
Conversion
Grade (%) D (nm) PDI

NoSiO2 – 0 1 81.2 142 0.022
L2_1 BA: 47

2
1 100 199.7 0.017

L2_2 MMA: 47 2 96.3 156.1 0.145
L5_1 AM: 1

5
1 91.2 212.4 0.123

L5_2 AA: 1 2 81.5 115.4 0.029
L10_1 SA 1 : 4

10
1 97 250 0.101

L10_2 KPS 1 : 2 2 98.9 122.8 0.044
1 weight based on monomers (wbm%); 2 colloidal silica, 30 wt.% water suspension; 3 alkyldiphenyloxide disulfonate.
The values of the conversion, particle size (D), and Polydispersity Index (PDI) are referred to 180 min, i.e., the end
of the polymerization process.

Surface hydrophobicity of the coatings is mandatory for protection applications due to their
ability to form a protective layer able to control the transport of different fluids between the surface
and the bulk interior. Essential requirements for a hydrophobic surface are a low surface energy of
material and a high roughness with micro- or nanostructured surface architecture [4].

As previous studies have pointed out, a liquid either follows the surface (Wenzel scenario) [17]
or it leaves air inside the texture (Cassie-Baxter) [18]. In the first case, surface roughness r (the ratio
between the true surface area over the apparent one) is the key factor that controls contact angle; in the
second case, a liquid is sitting upon a patchwork of air and solid surface. In the latter case, the contact
angle is the average between the angle on the solid and the one on the air.

Figure 1a shows that the water-contact angle on polyacrylic coating (NoSiO2) was 55◦ ± 0.2◦.
The incorporation of SiO2 nanoparticles lead to contact-angle values generally higher than 80◦, due to
the increase in surface roughness (Figure 1b). Furthermore, the high level of hydrophobicity of the
coatings with 1 wbm% of surfactant could be attributed to the crosslinking in the coating and limited
surfactant exudation due to polymer–surfactant complex formation through adsorption of surfactant
onto hydrophobic polymer segments [50]. Indeed, the enhanced wettability was recognized to result
from migration of the hydrophilic segment of the surfactant to the latex film surface [50].

The dispersion grade of the silica nanoparticles within the film is another important factor
affecting the hydrophobic properties of the surfaces. AFM images of 19 µm × 19 µm performed on all
the nanocomposite coatings cast on glass substrates are shown in Figure 2. In the micrographs, it is
observed that all the coatings exhibit a pillarlike surface fairly rough with a better dispersion of the
SiO2 nanoparticles in films with 1 wbm% (Figure 2b,d,f) than in those with 2 wbm% (Figure 2c,e,g)
of surfactant. However, by increasing the amount of the silica, it is likely to find more spaced
agglomerated particles of silica (Figure 2f) that lead to a decrease in the air pocket between the asperities.
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The higher water-contact angles were indeed attained on samples having finer, more homogeneously
spread, and high pillarlike structures [4]. The agglomeration phenomenon is pretty much evident in
the latexes with 2 wbm% of Dowfax, where large uneven clusters of SiO2 nanoparticles have settled.
The standard deviation calculated from the Rq values (Figure 1b) confirms that a better homogeneous
dispersion of silica nanoparticles can be achieved in the latexes with 1 wbm% of surfactant.

Figure 1. (a) Contact angle, (b) roughness (Rq) and (c) scrub resistance of the latex films synthesized
with LUDOX 30.

Figure 1. Cont.
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Figure 2. 3D atomic force microscopy (AFM) micrographs of hybrid coatings: (a) NoSiO2; (b) L2_1; (c)
L2_2; (d) L5_1; (e) (L5_2); (f) L10_1; and (g) L10_2.

When the roughness data and water-contact angles were correlated, large agglomerates of the
silica nanoparticles were identified leading to a hierarchical micro/nanostructure on the surface that
enhances the wettability of the surfaces as previously reported [51].

In order to be applied as interior-exterior finishes, it is essential to evaluate the capability of the
investigated nanocomposites not to be easily scratched and damaged. To this end, washability was
evaluated by determining the resistance of the film to wet erosion by visual assessment; this parameter
is also referred to as “resistance to scrubbing” or “resistance to wet abrasion” and is determined with
the number of back-and-forth strokes (cycles) required to remove the film. The results show (Figure 1c)
that all the latexes containing the nanosilica have an increase in resistance to wet abrasion with respect
to the one without silica (NoSiO2). Probably, the lowest scrub-resistance values of the two latexes
containing 10 wbm% of silica (L10_1 and L10_2) are due to a nonhomogeneous dispersion of the silica
into the polymer matrix.

Finally, the optimal nanoparticle content for good dispersion, enhanced hydrophobicity,
and mechanical resistance was found to be 5 wbm%.

Accelerated Aging

The chemical changes to the structure (bond scission/forming) of copolymers occurring upon
UV/condensation-accelerated aging were monitored using FTIR-ATR and colorimetric analysis.
Figure 3a shows the FTIR spectra of nonirradiated copolymer without and with 10 wbm% of silica.
The spectrum of the neat polymer (Figure 3a, grey curve) exhibits several characteristic spectral
bands, such as: −OH stretch (3444 cm−1), C–H stretch (2956 to 2874 cm−1), C=O stretch (1726 cm−1),
C–H bending (1386 and 1450 cm−1), C–C–O stretch (1267 and 1236 cm−1), C–O–C stretch (1160 and
1145 cm−1), O=C–O stretch (1063 cm−1), C–H bending in MMA (989 cm−1), C–H bending in nBA
(962 cm−1), and vibrations of the side chains (842 and 753 cm−1) [52]. After the addition of the
inorganic components (Figure 3a, black curve), strong absorption bands appear at 1118 and 476 cm−1

due to Si–O–Si stretching and bending, respectively, and at 1068 cm−1 related to Si–O bending.
As shown in Figure 3b, no band shifting was observed in the UV-irradiated sample with reference to
the nonirradiated sample. Particularly, the most remarkable changes detected in FTIR spectra were
the increase in the absorption of the hydroxyl region, between 3400 and 3200 cm−1, due to oxidation
reactions. Furthermore, relevant changes after aging are observed in the region of 1800–1600 cm−1.
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The absorption of carbonyl band (1726 cm−1) shows evident broadening, with the appearance of
a shoulder at about 1780 and 1640 cm−1. Those effects may be attributed to a γ-lactone [43,53–55]
and to terminal C=C double bonds, respectively, produced by chain scission increasing the terminal
carbon–carbon unsaturations during aging [53,54].

Figure 3. (a) Fourier-transform infrared spectroscopy (ATR-FTIR) spectra of latex films without (grey)
and with 10 wt.% (black) of nanosilica before UV exposure; (b) ATR-FTIR spectra of the neat films
without SiO2 before (grey) after (black) UV exposure.

Furthermore, minor changes in band intensities were observed, evidencing chemical changes in
the copolymer upon UV irradiation. The band underwent prominent changes is the carbonyl (C=O)
stretching, which variation, as previously reported [52], was quantified after UV exposure. Indeed,
considering the decrease of this band, the relative amount of the remaining functional group was
determined by the ratio of IR absorbance at 1726 cm−1 after aging and the absorbance of the unexposed
sample (Figure 4a) [55].
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Figure 4. (a) Carbonyl decrease and (b) CIELaB determinations of the UV irradiated latexes.

The addition of nanoparticles changed the chemical structure of acrylic coatings modifying their
resistances to UV-aging conditions. Figure 4a shows the calculation of the IR intensity changes of the
C=O functional group for all the coatings analyzed. The presence of 5 wbm% of SiO2 nanoparticles
slowed the degradation of acrylic coating, as evidenced by the less-pronounced decrease of the
carbonyl band in comparison with the neat coating. A higher content of inorganic nanoparticles is
detrimental to the chemical stability of the films, probably due to the formation of large aggregates
that inhibit the formation of a continuous cross-linked film. Furthermore, a general tendency in the
photo-oxidation can be seen in coatings with 2 wbm% of surfactant. This phenomenon might be due
to exudation and degradation of surfactant to the surface under light aging that produce hydrophilic
and oxidized small molecules, which could promote radical and photochemical-degradation processes
on the film surface, as previously reported [56]. The weathering of the polymers was also assessed
by colorimetric changes in the total color differences (∆E*) and in the metric chroma-color difference
(∆C*) using the following equations:

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (1)

∆C∗ =
√
(∆a∗)2 + (∆b∗)2 (2)

where L∗, a∗, and b∗ are the brightness, the red–green component, and the yellow–blue component,
respectively [46]. The total color change parameter is important for aesthetic reasons, since a coating
should not induce ∆E* greater than 3 [46,47], in order to preserve the original color of surfaces.
The ∆E* and ∆C* values after aging are reported in Figure 4b. The neat polymer, being subjected to
depolymerization after photolytic scission of main chains, shows the largest photodegradation [43].
Indeed, the highest ∆E* value due to an increase in the L* coordinate up to the value of the Spectralon
reference (Figure S1 and Table S1 in Supplementary Materials) could be a consequence of polymer
loss that lead gradually to several uncoated areas [53]. No yellowing effect was detected, as proved
by the negligible C variation. The addition of the inorganic nanoparticles, forming a 3D network
that slows down UV photo-oxidation, is in agreement with the FTIR results: in this case, the color
differences are more evident in the coatings with a larger amount of SiO2 nanoparticles (10 wbm%).
The latter exhibits shift towards yellow coordination with reduced lightness due to the occurrence of
chain scission (Figure S1 and Table S1 in Supplementary Materials).

Another important factor to be considered is the behavior of the coatings to contrast the absorption
of water. Indeed, water is one of the most important factors of deterioration in porous materials thanks
to its capability to penetrate by capillary absorption. Furthermore, water is the main vehicle for the
transport of gaseous pollutants that can attack the components of the matrix, and physical phenomena
can be induced, such as freezing/thawing cycles and salt crystallization, causing fast deterioration of
the stone materials.
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To evaluate the usefulness of the coatings in decreasing water penetration, water
capillary-absorption tests were carried out [48]. The measurements were performed on treated and
untreated stone before and after accelerated-aging tests, simulating the coating performance under
solar irradiation, which may lead to a decrease in water resistance due to chemical modifications in
the polymer films. The absorption coefficient (AC), calculated as the slope of the linear part of the
absorption curve in the first hour, the relative capillary index (RCI), obtained by the ratio of the water
absorbed by the treated specimen and the water absorbed by the untreated one, and the contact-angle
values measured on untreated and treated stones are reported in Table 2.

Table 2. Values of the contact angles, absorption coefficient (AC), and relative capillary index (RCI) of
untreated and treated Lecce stone and Carrara marble before and after aging tests.

Stone Coating Contact Angle 1
Before Aging After Aging

AC 2 RCI AC 2 RCI

Lecce stone

Untreated 0 108.5 1.00 108.5 1.00
NoSiO2 71.08 ± 1.11 36.1 0.80 38.5 0.84

L2_1 93.95 ± 0.49 10.90 0.78 11.96 0.75
L2_2 91.25 ± 0.67 13.38 0.85 9.87 0.78
L5_1 92.69 ± 0.49 12.02 0.83 16.66 0.82
L5_2 90.46 ± 0.76 14.06 0.87 10.21 0.79
L10_1 89.77 ± 0.65 12.57 0.84 16.67 0.83
L10_2 88.93 ± 1.32 13.65 0.85 10.65 0.78

Carrara marble

Untreated 54.08 ± 0.68 0.23 1.00 0.23 1.00
NoSiO2 76.85 ± 0.21 0.13 0.93 0.11 0.99

L2_1 94.60 ± 0.28 0.08 0.51 0.10 0.37
L2_2 91.16 ± 0.45 0.10 0.63 0.08 0.35
L5_1 92.82 ± 0.48 0.10 0.94 0.06 0.55
L5_2 92.33 ± 0.56 0.09 0.62 0.13 0.37
L10_1 92.15 ± 0.88 0.10 0.92 0.07 0.55
L10_2 88.28 ± 1.21 0.07 0.60 0.15 0.38

1 Degree ± standard deviation; 2 kg/m2·h0.5.

The hydrophobic/hydrophilic behavior of the unaged stone, treated with the synthetized latexes,
was firstly evaluated through static contact angle, evidencing high superficial hydrophobicity of the
stone treated with nanosilica, in respect to neat latex. The results were in accordance with the former
measurements performed on films casted on glass substrates.

All the treatments with polymer–nanoparticle coating affected the capillary absorption behavior
compared to the untreated stones and reduced water absorption, as shown from the AC and RCI
values. In detail, from the AC values, which depict the speed of the capillary rise at low times, it is
clear how the absorption of water in the presence of the latexes is halved compared to the untreated
reference for the latexes at 1 wbm% of surfactant. According to the literature, an effective hydrophobic
treatment should reduce the capillary water-AC to 0.1 kg/m2·h0.5 a value small enough to provide
sufficient protection against driving rain [57]. The AC values for the Carrara marble-treated stones
are lower than 0.1 kg/m2·h0.5, meaning that the treatments have generally hydrophobic behavior,
reducing the absorption of water by capillary effect. This hydrophobic behavior is also evident for
Lecce-stone values, where the decreasing amount of water absorbed showed sharp reduction, even
if the values of AC are higher than the limit proposed (0.1). This behavior could probably be due
to the different porosity values of the stones and the evidently higher amount of water absorbed by
Lecce stone.

After aging, the treated samples with latex without silica (NoSiO2) showed an increase in the RCI
value, revealing a decrease in the hydrophobic features of the organic polymer, probably due to loss of
the polymer applied, as above reported for the colorimetric measurements. All the hybrid coatings are
particularly stable on both the lithotypes, showing small variations of the RCI.
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4. Conclusions

Hybrid waterborne coatings based on acrylate copolymer containing SiO2 nanoparticles were
synthesized by batch miniemulsion polymerization. The addition of nanosilica in the polymer
coating increased surface roughness by the creation of nanoscale-structured surface architecture,
as confirmed by AFM micrographs. This structure allowed a substantial increase in water-contact
angles, creating a surface with good hydrophilic/hydrophobic balance. Furthermore, the addition
of 5 wbm% of nanoparticles enhanced the mechanical scrub resistance and the stability of the
polymer coating to photoaging thanks to the formation of homogenous organic-inorganic cross-linked
structure. The accelerated photoaging of the coated stones confirms the positive effect of the inorganic
nanoparticles in reducing capillary absorption, in particular at short times, and in enhancing coating
stability. Therefore, the properties acquired by the addition of silica nanoparticles in the acrylic matrix
can ensure good protection against the weathering of stone-based materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/8/8/283/s1,
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