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The protection of the stone materials represents an ongoing challenge in the field
of conservation of cultural heritage. Protective coatings are used to make the stone
more resistant against pollutants, biological growths, and especially against the action
of water. In last decades, nanoparticles were synthetized and tested to improve the
performance of such coatings. In this review, two main enhanced coatings are reported:
superhydrophobic coatings and photocatalytic coatings. The first ones have a very low
adhesion, so dirty, pollutants and colonies of microorganisms can be easily “washed
out” by the water. Photocatalytic coatings are able to oxidize organic matter on their
surface, thanks to the combination of light and photocatalyst. The state-of-art of both
technologies are discussed with advantages and drawbacks.

Keywords: stone protection, nanostructured coatings, nanoparticles, cultural heritage conservation,
superhydrophobic coatings, photocatalytic coatings

INTRODUCTION

In the field of restoration and conservation of cultural heritage, the protection of stone materials
plays a crucial role. Monuments made of stone, mainly those located outdoors can be heavily
exposed to the effects of weathering, moreover, recently an increase in the rate of stone decay is
detected, caused by the air pollution as well. For this reason, the understanding of the mechanisms
responsible for the material decay is required, as well as the optimization of the stone protection
strategies (Mosquera et al., 2002; Zarraga et al., 2002). Stone decay pathways are driven by intrinsic
factors (mineralogical and chemical composition, texture and porous structure), as well as by
extrinsic factors (pollutants, humidity, wind, temperature, and biological growths) (Price and
Doehne, 2011). The main weathering agent is represented by water. It can transport pollutants
through the structure of the stone, causing surface erosion, disintegration and cracking, thanks
to wetting-drying or freezing-thawing cycles within the pores. Soluble salts can get in the stone
by water transportation, they can dissolute and crystallize inducing pressures and then, they
can damage the material, moreover water can induce the hydrolysis of silicates, dissolution of
carbonates and color alteration as well (Poli et al., 2004; Manoudis et al., 2007; Kim et al., 2009).
Moreover, water make it possible the growth of biological patinas, which can induce further stone
decay (Siegesmund et al., 2002). A barrier between the stone and the external agents, especially
water, can limit the interaction of water with stone material, this is the general concept of a
surface protective coating (Price and Doehne, 2011). The application of polymeric films induces
a water repellence effect on the stone surface (Manoudis et al., 2009). Acrylic polymers, siloxanes,
fluoropolyethers and fluorinated acrylic polymers and are usually used as hydrophobic coatings
(Delgado-Rodriguez, 2001; Rizzarelli et al., 2001; Poli et al., 2004). Acrylic polymers (Paraloid
B72 is one of the most popular commercial acrylic polymer) has main drawback represented
by their scarce resistance to aging, especially to thermal and photooxidation processes (Lazzari
and Chiantore, 2000; Chiantore and Lazzari, 2001). Conversely, siloxanes have a good chemical
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stability, due to the high strength Si-O bond, low surface tension,
good resistance to thermal stress, they are extensively applied on
different stone substrates (Lazzarini and Laurenzi Tabasso, 1994).
Fluoropolymers used for restoration are chemically similar to
polytetrafluoroethene (PTFE, or Teflon) which has hydrophobic
and oleophobic properties. The early fluoropolymer coatings had
a good potential, but a poor ability to bind to the stone, for
this reason it has been developed fluoropolymers containing
functional groups (such as phosphates) that can adhere to the
stone surface, and then provide a more persistent protection
(Aglietto et al., 1993; Piacenti et al., 1993; Gu, 2003). However,
those compounds are scarcely used mainly because of its high
cost. Recently more resistant fluorinated acrylics have been
synthetized (Sabatini et al., 2018a,b). Beside water, biological
colonization and air pollution, especially referring to particulate
matter, represent a threat to the proper conservation of stone
over time. All the above-mentioned products are not completely
suitable to protect the stone surface against such degrading
agents, in fact, their use could even worse the situation. The
susceptibility of synthetic materials toward microorganisms had
not been considered, when they have been firstly introduced into
the field of conservation. In the last decade it has been shown
that synthetic polymers can act as substrates for microorganisms
such as bacteria and fungi (Cappitelli et al., 2004; Rinaldi, 2006).
Microorganisms, under favorable environmental conditions,
form biofilms on synthetic polymer surfaces (Flemming, 1998).
For example, Cappitelli and co-workers (Cappitelli et al., 2007)
have carried out a study on the Cathedral of Milan, and the shown
that the synthetic coatings poly-laurylmethacrylate and poly-
isobutylmethacrylate can induce damage to the monument since
they represent a favorable organic substrate for biological growth.

Regarding air pollution, their impact on built heritage have
been extensively studied in several case studies (La Russa et al.,
2013; Barca et al., 2014; Ruffolo et al., 2015; Comite et al., 2017).
Black crusts originate from deposition of atmospheric pollutants
in rain-sheltered areas of stone buildings (Rodriguez-Navarro
and Sebastian, 1996). Their main component is gypsum, which is
included a mixture of particulate matter (PM), mineral dust (such
as carbonates and clay minerals,) and biogenic particles (such as
pollen, bacteria and fungi) (Camuffo et al., 1982; Schiavon et al.,
1995). Several investigation of altered building stones, (Ross et al.,
1989; Johnson et al., 1990; Zappia et al., 1993) have shown that,
beside sulfur, non-carbonate carbon is the main anthropogenic
component of atmospheric deposition in gypsum crusts, and is
responsible for their typical black color. Aging tests performed
on protective coatings against air pollutants on porous limestone
have highlighted the decreasing of protective effect over time
(Camaiti et al., 2007; Torrisi, 2008).

NANOSTRUCTURED AND
MULTIFUNCTIONAL COATINGS

Particles commonly used in materials science, as well as those
naturally present in nature, have dimensions ranging from
microns to millimeters. Nanoparticles are characterized by
at least one dimension below 100nm and have generally a

large surface area, which induces effect on physico-chemical
properties, such as improvement of reactivity and mechanical
properties, as well as quantum confinement effects (quantum
dot). The making of innovative materials based on nanoparticles
and nanostructures provides solutions for industrial, bio-medical
and environmental applications.

Several synthetic routes have been developed in order to
obtain both crystalline and amorphous particles, low size
heterogeneity, high purity and stability of products. However,
the production of nanoparticles still has several difficulties due
to agglomeration tendency, moreover, most applications require
amount of nano-sized powders. In the field of Restoration of
cultural heritage, nanoparticles are successfully used. Nanosized
calcium hydroxide and silica are currently used for stone
consolidation purpose, because of their high reactivity, in
addition thanks to their dimensions, the can deeply penetrate
into the stone bulk (Baglioni and Giorgi, 2006; Rodriguez-
Navarro and Ruiz-Agudo, 2017; Pozo-Antonio et al., 2019).
Nanoparticles have been also used and tested to improve the
performance of coatings on stone materials, in order to enhance
their performance in terms of resistance against water, biological
attack and pollution. Based on the features provided by the
nanoparticles, these innovative coatings con be grouped in
superhydrophobic coatings and photocatalytic coatings. In the
first case, a self-cleaning effect is due to the fact that dirty, as
well as the early colonies of microorganisms do not adhere on
the surface itself and are generally “washed out” by the water. On
the contrary, on a photoactive surface organic matter, can adhere
on the surface, but they can be easily oxidized by the combination
of light and photocatalyst.

Superhydrophobic Coatings

A surface, on the basis of its interaction with water drops, is
classified as hydrophilic or hydrophobic. A drop of water tends to
spreads on a surface with high surface energy (for example glass)
and tends to form a round drop on a surface with a low surface
energy (for example Teflon). A surface is hydrophilic if a water
drop on it tends to spread on the surface, in this case the contact
angle will be <90°. On the contrary, a surface is hydrophobic if a
drop of water on it has the tendency to stick to itself more than it
spreads to the surface, the contact angle will be >90° (Figure 1).
The contact angle ranging from 0° (a water drop that completely
wets the surface) to 180° (the drop has no interaction with the
surface). Usually stone surfaces treated with a protective coating
show an increasing of the contact angle with respect to the bare
stone. The roll-off angle is defined as the minimum tilting angle
at which a water drop rolls off on a flat surface.

The value of contact angle is function of the liquid’s surface
tension and the surface’s chemistry only if the surface is flat,
smooth and homogeneous. On the contrary, on a surface with an
increased roughness, the effective contact angle can decrease or
increase depending on the chemistry of the surface. If the nature
of the latter is hydrophilic, a greater roughness will decrease its
contact angle. On the other hand, a surface with a hydrophobic
surface chemistry will increase its contact angle as its surface is
roughened (D’Urso and Simpson, 2007; Simpson et al., 2015).
The increase of contact angle as a result of surface roughness
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<90°

FIGURE 1 | Schematic representation of contact angle.

>90°

and topography are described by the Wenzel model (Wenzel,
1936) and the Cassie-Baxter model (Cassie and Baxter, 1944)
(Figure 2). According to the Wenzel model, a rough surface
having a higher surface area than the corresponding smooth
surface, the liquid droplet completely penetrates into the cavities
on the surface. The apparent contact angle for a liquid droplet is
related to the contact angle of the droplet on a smooth surface by
the roughness factor r of the surface. The Wenzel model predicts
that hydrophilicity and hydrophobicity of a surface depends
on the nature of the corresponding surface. For a hydrophilic
surface the hydrophilicity increases as the surface roughness
increases. On the contrary, for a hydrophobic surface, surface
hydrophobicity increases as the surface roughness increases. The
Cassie-Baxter model does not assume a complete penetration of
aliquid droplet into the surface cavities. This model suggests that
the spreading of a liquid droplet on a rough surface destroys the
solid-vapor interface and forms solid-liquid and liquid-vapor
interfaces, causing the significant reduction in roll-off angle and
contact angle hysteresis.

The micrometer-scale and nanometer-scale roughness, along
with a low surface energy material can lead to contact angles
>150°, a low roll off angle and the self-cleaning effect (D'Urso
and Simpson, 2007). Surfaces with these properties are called
“superhydrophobic” (Neinhuis and Barthlott, 1997; Gao and
Jiang, 2004; Huang et al., 2006; Zheng et al., 2007; Liu et al., 2012).
They are a very large ways to obtain rough surfaces which exhibit
superhydrophobicity features (Onda et al., 1996; Nakajima et al.,
2001; Feng et al., 2002; Martines et al., 2005). Such coatings in
order to be suitable for their use on built heritage, have to induce
low variations of color of coated surface (Cerimele and Cossu,
2007), do not alter significantly the breathability and the porosity
of stone Pia et al., 2014.

Manoudis et al. (2009) obtained one of the first
superhydrophobic coatings for stone materials following a
very simple method. SiO, nanoparticles were added to a
commercial siloxane polymer (Rhodorsil 224), commonly used
for restoration of stone material. This formulation has been
applied on three types of sandstone with different porosity
(ranging from 7 to 11 %). It was found that superhydrophobicity
was achieved at concentration of silica nPs above 0.5% w/v. The
type of the investigated substrate did not influence the wettability,
moreover, nanoparticles induced superhydrophobicity, but they
did not have any obvious effect on the water vapor permeability
tests. The main drawback of this coating is the colorimetric

variation induced on the treated surface, which is found up
to AE~12. Karapanagiotis and coworker (Karapanagiotis
et al, 2012) added hydrophilic alumina nanoparticles to a
siloxane polymer. Those films had shown small contact angle
hysteresis (5°), which was independent of the particle size.
The superhydrophobic state were obtained in siloxane films
by using 5-50 nm nanoparticles. However, the particle specific
surface area of the particles affects dramatically the minimum
critical particle concentration, which must be used in the
dispersions to induce superhydrophobicity on the surfaces,
since the specific surface area is related to the particle size,
and therefore to the feature of the roughness induced on the
surface. De Ferri et al. (2011) added different amounts of surface
modified silica nanoparticles to TEOS (tetra-ethyl-orthosilicate)
and they applied the product on several stones (limestone
and sandstone having a low porosity, granite). TEOS is not a
waterproof product, in this case the hydrophobicity has been
provided by the surface modification of silica nanoparticle with
1,1,1-Trimethyl-N-(trimethylsilyl)silanamine. ~ Static ~ contact
angle measurements of treated surfaces showed values up to
148°, although a general decrease of water repellency over time
is detected. Aslanidou et al. (2018) added silica nanoparticles
to an aqueous dispersion that contained alkoxy silanes, organic
fluoropolymer. Such formulation, once sprayed, provided
superhydrophobic, water repellent, superoleophobic and oil
repellent properties to marble and sandstone. The composite
coatings slightly reduced the breathability of stone substrate,
and did not induce any significant chromatic effect. Cappelletti
et al. (2015) has proposed a novel procedure to obtain a
superhydrophobic nanostructured coating containing a siloxane
polymer and no-crystalline TiO, nanoparticles, suitable for stone
protection. For this purpose three different stone materials have
been considered (Angera stone, Carrara marble, and Botticino
limestone). Authors had used an organic precursor of TiO,
(Ti(OC3Hy7)4), they added this compound to the polymer water
suspension. The nanoparticles have been obtained thanks to
a sol-gel process, and then the mixture has been applied on
stone. The superhydrophobic state have been observed for
Carrara marble, although high contact angle values (138° < 6
< 141°) have been detected for Angera and Botticino stone.
In addition, coatings were able to reduce salts formation. This
result can be ascribed to the higher hydrophobicity, which leads
to a decrease of water sorption. Authors explored the behavior
of such coatings against accelerated aging as well; results
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FIGURE 2 | Wenzel and Cassie-Baxter models.
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suggested a good stability of the product. Similar procedure has
been applied for the protection of mortars (Pino et al., 2017).
Organically modified silica (ORMOSIL) gels were produced and
used to coat several substrates including stone (Karapanagiotis
et al,, 2014). Although not any nanoparticles have been used,
superhydrophobicity and water repellence were induced on
the surfaces of all the treated materials, as high static (>165°)
and low tilt (<4°) contact angles were achieved. The treated
surfaces were studied using scanning electron microscopy, which
revealed the formation of a micro/nano-structured topography.

Photocatalytic Coatings

Photocatalysis is defined as the acceleration of a chemical
reaction by direct irradiation or by the irradiation of a catalyst
that leads to a lower activation energy of the reaction itself.
Photocatalysis is a light-driven redox reaction that often requires
solid-state catalysts. Efficient and cost-effective photocatalysis is
obtained using semiconductors having wide bandgaps.

As a photocatalyst is exposed to UV, holes (h+) and excited
electrons (e-) are generated. The holes are able to oxidize water
or hydroxide anions into hydroxyl radicals (-OH) (Wang et al.,
1998), which are able to degrade many organic compounds.
The competition between hole-electron recombination, and the
transfer of those to the organic compound, determines the
photocatalytic efficiency (Figure 3).

Titanium dioxide (TiO;) has an energy band gap of 3.2eV (\
< 400 nm), a chemical stability over a wide pH range and in a
large number of solvents, for these reasons it has been chosen
as photocatalysts for many applications. TiO;, has three main
crystallographic forms (anatase, brookite and rutile) (Yonezawa
et al,, 1999; Yu et al., 2000; Diebold, 2003), anatase is the most
photocatalytically active form. TiO, can be deposited as thin
films on glasses, Si wafers and stainless steel. The TiO; thin films
have found applications in photocatalysis (Fujishima et al., 2000;
Yu et al, 2000), protective anti-reflection coatings, solar cells
(O’Regan and Gritzel, 1991; Argazzi et al., 1997; Zaban et al,
1998), lithium batteries (Kavan et al., 1995), sensors (Cosnier
et al,, 1999) and building materials (Chen and Poon, 2009).
Organic matter, such as particulate matter, as well as biological
systems, can be oxidized by the oxygen, but this does not occurs

easily, because of the activation energy, which can be lowered
by photocatalyst.

Since the photocatalytic effect occurs on the surface, the
increasing of the surface of a photocatalysts will lead to a
enhancing of the photocatalytic itself. For example, one-gram
single crystal of anatase has a surface area of about 2 cm?, if
the same gram is divided into nanoparticles having an average
size of 25 nm, the surface area will be about 300 m?. Based on
this fact, several authors had started to use photocatalysts alone
(Quagliarini et al., 2018), as well as added to coatings for stone
materials (Scalarone et al., 2012; Pinho et al., 2013; Munafo et al.,
2015; La Russa et al,, 2016) in order to provide a self-cleaning
and biocidal effect to the stone. For example, La Russa et al
(La Russa et al., 2012) tested the photocatalytic, biocidal and
hydrophobic properties of a water dispersion of acrylic polymer
and titania nanoparticles, applied on limestone and marble. It has
been shown a great growth inhibition efficiency against A. Niger
microorganism on both lithotypes. This is due to the photo-
oxidative stress induced by UV light and TiO, (Vileno et al,
2007). The rate of methylene blue oxidation has been enhanced
by photodegradation features induced by TiO,.

The color alteration the treated surface is an important issue
related to the stone restoration. An excess of titania can lead
to a whitening of the stone. Crupi et al. (2018) balanced the
photocatalytic effect and the color variation, and they have
established that about 24 g/m? of titania on the Modica limestone
(Sicily, Italy), is considered as the optimal amount of such
material to assure a good performance together with a low
chromatic impact. Of course, the validity of such number is
limited to this lithotype or to similar ones.

An alternative process to obtain a TiO; containing coating is
to use the organic precursors of titanium oxide, instead of the
ready to use nanoparticles (Kapridaki et al., 2014; Bergamonti
et al, 2015; Alfieri et al., 2017). This procedure shows the
advantage to avoid the dispersion procedure of nanoparticles into
the binder, since nanoparticles are produced ex novo, it is possible
to control the size of the particles and most of the formulated
coatings are almost transparent as well.

The medium-term inhibition of microbial colonization has
been studied as well in situ in the archaological site of Ercolano
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(Italy) (Ruffolo et al.,, 2017a). This study has shown that four
months after the application of coatings containing TiO,, a
inhibition of the recolonization has been observed. Colangiuli
et al. (2019) added titania nanoparticles to a fluorinated polymer
and assessed in situ the self-cleaning and photocatalytic features
of such coating over time. The coated stone after natural
aging is still protected, although a decrease of the overall
performance was detected. The main issue related to the adding
photoactive nanoparticles to an organic coating is related to the
photodegradation of the coating itself. For this reason the use
of organic binder should be substituted, or at least mixed with
inorganic ones; the latter, of course, cannot induce a hydrophobic
effect to the coating.

Crystalline titanium dioxide is the most used photocatalyst,
but also other metal oxide nanoparticles were used, such as
ZnO, ZnTiO3, and CuO (Ruffolo et al., 2010; Zarzuela et al,
2018; Aldosari et al., 2019) with similar results in terms of self-
cleaning and biocidal efficacy. Other experiments have been
carried out by doping TiO, with elements such as silver, copper,
gold and nitrogen (Ruffolo et al., 2013; La Russa et al., 2014;
Banerjee et al., 2015; Bergamonti et al., 2017). Doping process
consists in the introducing in the bulk of the nanoparticles,
and therefore into the crystalline structure, a small amount
of a metal (dopant). In some cases the metal does not goes
into the crystal lattice, but it lies on the nanoparticle surface.
This process can generate a variation of the band gap, and
then a variation of the photoactivity of the metal oxide. Some
doping process, in particular those with silver, enhanced of
photocatalytic, and especially the biocidal effect, this is also
due to the antimicrobial feature of the silver itself. The main
drawback of the doping is related to the color variation,
a widening of the energy gap could lead to an absorption
into the visible region of the electromagnetic radiation, so a
coating containing a doped TiO, could provide a strong and

unacceptable chromatic variation to the treated surface. Another
interesting application of photocatalysts is represented by their
use in underwater environment (Ruffolo et al., 2013). Stone
exposed to marine underwater environment suffers the bio-
colonization of underwater species, which are often related
to the stone degradation (Aloise et al., 2014). The use of a
photocatalyst based coating would be able to stop or slowdown
such colonization (antifouling effect). The main issue related
to the underwater application is the absorption of UV light
by the water. However for low depths, the ultraviolet radiation
which can be transmitted seems to be enough to trigger the
photocatalysis leading to an antifouling effect (Ruffolo et al,
2017b), since underwater coated stones show a significant
reduction of biological colonization, especially in terms of
endolithic species, which is the most dangerous for the integrity
of the stone.

CONCLUSIONS AND FUTURE
PERSPECTIVES

In this review it has been described the use of nanoparticles
to improve the performance of coatings for the protection
of stone materials. In scientific literature, two well-defined
features of nanostructured are reported: superhydrophobic and
photocatalytic effect. In both cases, a general improvement of the
protection of the stone is stated. Such coatings were successfully
formulated and tested on several lithotypes. Although they are
already used in other field, the use of nanostructured coatings
in the field of conservation of cultural heritage is quite limited.
This occurs because a long-term experimentation of the behavior
of those materials is not available yet. This data is fundamental
to let the stakeholders to accept the suitability of nanostructured
coatings for the protection of built heritage, which has to be
preserved for as long time as possible. Another issue is related to
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human health, the awareness of health and environmental issues
related to nanoparticle exposure is rising, for this reasons, the
impact of such materials has to be explored and balanced with
the protective performance induced to the stone.
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