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Featured Application: TiO2/OrMoSil-based coatings can be employed as an effective cleaning
method to preserve painted carbonate stones. The treatment is also efficient as a protective coating
to slow down the degradation phenomena.

Abstract: Self-cleaning and hydrophobic treatments based on TiO; and SiO, nanoparticles are widely
applied for the preservation of cultural heritage materials, to improve their resilience in polluted
environments. Excellent results have been obtained on stone materials, but experiments on painted
stone surfaces, such as wall paintings and polychrome plasters used in historic buildings, are still
limited. In this work, we present a study on the use of water dispersions of TiO, nanoparticles
obtained via sol-gel and organically modified silica (OrMoSil) for cleaning and protective purposes
on Lecce stone, a carbonate stone, widely used for its excellent workability but easily attacked by
atmospheric agents and pollutants. First, we evaluated the harmlessness of the treatment on Lecce
stone through colorimetric tests, water absorption by capillarity and permeability to water vapor. The
photocatalytic activity of the TiO, nanoparticles was assessed by photo-degradation of methyl orange
and methylene blue dyes. The dispersion was then applied on painted samples prepared according
to ancient recipes to confirm the effectiveness of the cleaning. The proposed TiO, /OrMoSil-based
coating can act as a self-cleaning and protective treatment on lithic surfaces to prevent degradation
phenomena and preserve the original appearance of the monument.

Keywords: painted stone cleaning; self-cleaning and hydrophobic coating; photocatalysis; TiO,; OrMoSil

1. Introduction

The application of painted layers on lithic materials, in both architectural and sculp-
tural fields, was a very common practice in ancient cultures such as the Egyptian, Greek
and Roman ones but also in the Romanesque, Gothic and Baroque periods up to modern
and contemporary works [1-5]. Nowadays, traces of the original pictorial layers on the
outdoor architectural works of art are rather rare, partly due to natural ageing caused by
atmospheric agents (water, climate and pollution) and partly because over the centuries,
there have been many interventions on the architecture or even just on the coloring of
the buildings, adapting them to new styles. Starting from the middle of the 19th century,
the “Purist current” interventions had an even more deleterious effect, because, aiming at
radical cleaning, they inexorably led to the elimination of both the plasterworks, including
the original ones, and many decorations [2].
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Every conservation and restoration intervention used on cultural heritage must aim
to preserve the original appearance of the work of art and the integrity of the support
material [6-9]. However, painted lithic surfaces, exposed to the outdoors, require frequent
conservative treatments due to solar radiation and hostile weather conditions, atmospheric
pollution, vandalism and accidental damage [4,10,11]. These agents can accelerate stone
decay and produce aesthetically unacceptable stains on stone surfaces [12-15]. Although
the removal of dirty material is necessary to slow down the decay processes and preserve
the aesthetic quality of buildings, it should be underlined that cleaning intervention is
an invasive and irreversible operation, and the use of chemicals reagents could lead to
alteration of the aesthetic appearance and the release of by-products that can damage works
of art and the environment [16-20].

There are basically two essential problems related to this intervention of conservative
restoration: the first one is to establish what should be removed and the second is related
to the choice of the method [6,21]. As reported in the dedicated literature, the cleaning of
a lithic monument should meet some requirements [6,22,23]: no damage can be caused
to the substrate such as fracturing, abrasion, dissolution of the material; variation of the
porosity; and, obviously, color change. This is crucial when the surface of the monument to
be cleaned has a painted layer on it.

In addition, the performance of the cleaning method must be evaluated by means of
laboratory testing trials. In general, the choice of the appropriate cleaning method must
be made after a careful analysis of the surface to be treated, considering the type of stone,
the type of pictorial layer, their physical and chemical characteristics and the extent and
severity of the decay alteration [24-28].

Finally, to limit further invasive cleaning interventions, it is necessary to implement
preventive measures and lasting actions, such as the application of hydrophobic and
self-cleaning treatments. In fact, an important requirement for protective treatments for
buildings is to protect against water, which is the main vehicle for the various degradation
agents of the porous structure of building material [29-32].

Several cleaning procedures (chemical, mechanical, laser, and biological methods)
have been proposed [10,33-37]. Among these, chemical and mechanical methods are the
most used by restorers. Chemical cleaning is based on the reaction between an applied
solvent and the material to be removed, achieving its dissolution and extraction [22]. The
chemicals used are typically organic solvents or alkali caustic removers, not always healthy
for the restorer and the environment [38—-40]. Mechanical cleaning involves an abrasive
process of the surface, which can cause numerous forms of damage to the substrate and
includes the risk of removing part of the original material [10].

Great interest has been directed in recent years towards the study and use of mini-
invasive, efficient and environmentally friendly methods for cleaning surfaces [41-46].
Among the innovative cleaning methods of architectural elements, the use of photocatal-
ysis has been largely investigated [47-54], with the most used photocatalyst being based
on titanium oxide (TiOy). In a heterogeneous photocatalysis system, the photoinduced
transformations occur on the surface of the photocatalyst when light of appropriate wave-
lengths is absorbed (for example, TiO; in the anatase form has a band gap of about 3.2 eV,
corresponding to Apmax ~ 388 nm) with the production of electron-hole pairs. The gen-
erated electrons and holes migrate on the surface of the photocatalyst, where, together
with reactive oxygen species produced via redox reactions, they can decompose several
organic compounds [55,56]. Titanium dioxide, present in nature in three polymorphs, rutile,
anatase and brookite, is one of the most studied photocatalysts because of its easy availabil-
ity, high reactivity and chemical stability: it has been used in several applications, such as
for the purification of environmental pollutants, for the decontamination of water and for
its self-cleaning properties in the conservation of cultural heritage [57-63]. In recent years,
numerous photocatalytic materials associated with superhydrophobic surface coatings
have been developed for protecting exposed buildings and monuments. Superhydrophobic



Appl. Sci. 2024, 14,1261

30f18

materials can significantly limit damage due to water adsorption and contribute to the
cleaning of the stone surfaces, restoring the aesthetic qualities of the artwork [30-32,64-66].

In this work, we present a preliminary investigation on the possibility of using photo-
catalysis on painted stone for cleaning purposes. Firstly, the harmlessness and effectiveness
of a self-cleaning and protective treatment based on TiO, and OrMoSil on a carbonate
stone (Lecce stone) were evaluated. TiO,, used as a photocatalytic agent, was synthesized
via sol-gel, as reported in [63], and its photocatalytic efficiency was compared with the
well-known titanium dioxide P25 (Evonik, Essen, Germany), a mixture of nanocrystalline
anatase and rutile. The OrMoSil hydrophobic coating was prepared by modifying the
procedure described in [32]. The Lecce stone is typical of the Salento area, in the southeastern
end of Italy, and was widely used during the Baroque period for the construction of civil
and religious monuments and for the creation of sculptural works of art. It is character-
ized by a white-cream color, high porosity and excellent workability. Lecce stone consists
predominantly of calcium carbonate (93-97%). From a petrographic point of view, it is a
homogeneous planktonic foraminiferal biomicrite [67]. In the Salento area, there are some
examples of painted Lecce stone. Of particular importance are the votive aedicule dedicated
to Santa Maria Maddalena, entirely stuccoed and decorated, located in Nardo, which has
recently been restored [68]; the Abbey of Santa Maria di Cerrate (Squinzano, Lecce, Italy),
located in the monastic complex founded by the monks of the “Rule of Saint Basil” in the
12th century [69]; and the Basilica of Santa Caterina d’Alessandria in Galatina (Lecce, Italy),
built between 1369 and 1391 [70].

The first part of the experiments was performed on raw Lecce stone, on which we
evaluated the harmlessness of the TiO,/OrMoSil treatment through colorimetric tests,
measurements of water absorption through capillarity and of permeability to water vapor
and its durability by means of artificial ageing and salt crystallization. Then we tested, with
colorimetric methods, the self-cleaning efficacy of the coating in the photodegradation of
methyl orange (MeO) and methylene blue (MB) dyes, commonly used as model pollutants,
under artificial solar irradiation [71-74].

The second part of the experiments was carried out on samples of painted stone
prepared according to ancient recipes using red ochre, one of the most used pigments
by wall painters [75,76]. Firstly, through measurements of the color changes, it was ver-
ified that the TiO,/OrMoSil treatment applied on the painted stone does not alter the
original appearance of the colors. Then, on the painted specimens, the capability of the
TiO, /OrMoSil treatment to remove soiling and to provide preventive hydrophobic and
self-cleaning properties was tested.

All tests were assessed according to the cultural heritage regulations established by
the Italian Standardization Institute (UNI) and the European Standard (EN).

2. Materials and Methods
2.1. Lecce stone Samples: Petrographic Analysis

The petrographic analysis of the Lecce stone was carried out on thin sections (~30 um)
using a Nikon Eclipse E400 POL (Nikon Corporation, Minato-Ku, Tokyo, Japan) polarized
optical microscope to evaluate the compositional and microstructural features (grain size,
matrix, cement and porosity) under transmitted light.

2.2. Synthesis and Application of the Coatings

TiO, water-based sol (0.1 M), hereafter called N-TiA, was synthesized from titanium
(IV) oxysulphate (TiOSO,, Sigma-Aldrich, St. Louis, MO, USA) as a Ti precursor as reported
in Fornasini [63]. Briefly, 1 x 10~2 mol of TiOSOy, hydrolyzed in distilled water at 40 °C,
were subjected to precipitation by slowly dripping ammonium hydroxide (NH4OH, 26%,
Carlo Erba, Milan, Italy) into the solution until the pH ~ 7. The white precipitate was
repeatedly washed with distilled water to eliminate the residual SO42~ ions (as checked by
a BaCl, test). The resulting powder was suspended in distilled water (100 mL), followed by
peptization with nitric acid (HNO3 65% Carlo Erba) until the pH was down to 1.3-1.5. The
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suspension was left under vigorous stirring at room temperature for about 30 min until
it became clear. The sol was then refluxed at 100 °C for 2 h to induce crystallization. The
colorless final sol is slightly opalescent and does not show precipitates.

The organically modified silica coating (hereafter called TP-Hy) was prepared by using
tetraethyl orthosilicate (TEOS, Sigma Aldrich) and hydroxyl-terminated polydimethylsilox-
ane (PDMS, Sigma Aldrich) as starting materials. Ethanol (EtOH, Sigma-Aldrich) and
de-ionized water were used as solvents, while oxalic acid dihydrate (OxA, Sigma-Aldrich)
was used as the catalyst [32]. The procedure was as follows: TEOS was hydrolyzed in
a solution containing EtOH, H,O and OxA in the molar ratio TEOS:EtOH:H;O:OxA of
1:15:15:0.00015 under vigorous stirring at room temperature for 140 min. PDMS in a ratio
of TEOS:PDMS = 1:0.1 (v/v) was then added to the previous solution and refluxed for 24 h.

The compatibility and effectiveness of the innovative self-cleaning surface treatment
were preliminarily verified on samples of raw Lecce stone. Before the application of the
coatings, 5 x 5 x 1 cm® samples were dried at 60 °C in a ventilated oven for 24 h, kept
3 hin a dry atmosphere and then weighed. The procedure was repeated until constant
weight was achieved according to UNI 10921:2001 [77]. Then the TP-Hy hydrophobic
treatment was applied by brush directly on the stone samples, and three layers of N-TiA
or of commercial P25 (for comparison) sols (0.1 M) were added. The P25 (pH =~ 5) was
applied as prepared, while N-TiA, before application, was repeatedly washed until a final
pH ~ 5 and re-suspended in distilled water [63]. The amounts of TP-Hy and TiO, coatings
applied to the stone surface per unit area were held constant as accurately as possible. The
stone samples were then stored in a desiccator at a temperature of 23 + 1 °C.

2.3. Preparation of Painted Lecce stone Samples

The treatment was also tested on samples of painted Lecce stone (Figure 1). The painting
mock-ups were prepared following the procedure described in the literature [78,79]. Red
ochre powder, widely used in wall painting, was chosen as the pigment. It was dispersed
in water and applied to a still wet layer of lime-based mortar. The samples thus prepared
were dried in air for three weeks.

Figure 1. Raw (a) and painted (b) Lecce stone samples.

The painted samples were treated in two different modes for two types of tests:

e To assess the cleaning capacity of the treatment, the painted samples were prelimi-
narily soiled with MB and MeO and subsequently coated with the TP-Hy/N-TiA or
TP-Hy /P25 treatments. The test was done by measuring the disappearance of the
stains under artificial solar radiation with the usual colorimetric methods.

e To evaluate the hydrophobic and self-cleaning properties, the TP-Hy/N-TiA or
TP-Hy /P25 treatments were applied by brush directly on painted stones. Static contact
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angle measurements were performed on the samples as prepared, and, subsequently,
photocatalytic degradation of MB and MeO stains was assessed.

2.4. Characterization of the Applied Coatings

Raman measurements were carried out in a backscattered geometry with a LabRAM
micro-spectrometer (Jobin Yvon Horiba, Kyoto, Japan) equipped with an Olympus BX40
microscope (Olympus Corporation, Tokyo, Japan). The 632.8 nm line of a 15 mW He-Ne
laser was used, and the spectra were collected, at room temperature, by a long working
distance x50 microscope objective lens.

XRD patterns were collected using a Thermo ARL X'TRA X-ray diffractometer equipped
with Si-Li detector (Thermo Fisher Scientific Inc., Waltham, MA, USA). Cu-K« radiation
(40 kV and 40 mA) at a 0.2° scan rate (in 26) in the range of 10-60° was used. Powdered
silicon was used for 26 calibration.

Morphological observations before and after the treatments and elemental analysis to
study the distribution of the coatings on the raw stone surface were performed by means
of a SEM-EDS system: a scanning electron microscope Jeol 6400 (Jeol Ltd.; Tokyo, Japan)
equipped with an Oxford Instruments (Abingdon-on-Thames, UK) Analytical Link Si(Li)
Energy Dispersive System Detector, with INCA V7.2 software.

The chromatic changes in the stone surface’s appearance due to the TP-Hy and N-TiA
treatments were evaluated according to UNI EN 15886:2010 rules [80] by colorimetric
analysis performed by a Spectrodens colorimeter (Techkon GmbH, Kénigstein, Germany)
on nine small zones. The results were averaged on three samples for each case. The color
difference (AE*) due to the coating was measured as

AE" = \/ AL? + Aa™? + Ab? 1)

with AL* being the change in lightness and Aa* and Ab* being the changes of the colorimetric
coordinates a* (red/green) and b* (yellow /blue) in the CIELAB space.

The water absorption by capillarity was estimated on five samples before and after
the treatments, according to UNI EN 15801:2010 [81]. The dried samples were placed on
a Whatman multilayer paper (1 cm thick) saturated with deionized water. Samples were
weighed at times t; =10 min, 20 min, 30 min, 60 min, 2 h, 4 h and 6 h and at following
24 h intervals until the difference between two successive weighings was <1% of the initial
weight of the samples. The amount of absorbed water per unit area Q; (kg/ m?) was reported
as a function of the square root of time (t;'/2), as, according to a well-known capillarity
absorption model [82], there should be a linear relationship between the adsorbed water
and the square root of time in short times. The value of the capillary water absorption
coefficient AC (kg/ (m? s1/2)) has been obtained from the slope of the linear fit in the first
part (up to 60 min) of the capillarity graph (Q;).

The water vapor permeability test was performed first on untreated stone and then
after treatments, following the method proposed by Raneri et al. [16]: the 5 x 5 x 1 cm?
samples were fixed on top of PVC containers, partially filled (one half) with water, and
then the sealed containers were placed in a climatic chamber (RH 25% and T = 25 + 0.5 °C)
and weighed every 24 h until constant vapor flow through the stone (i.e., the condition
((AM; — AM;_1)/AM;) x 100 < 5 was reached). The vapor permeability reduction (VPR)
was estimated as the mass of water vapor passing though the surface unit (cm?) in 24 h by
VPR% = (Muy — M)/ Myp) x 100, where M, and My, are the mass of water vapor through
the untreated and treated stone, respectively, measured at the steady state [83].

To evaluate the hydrophobic properties of the TP-Hy/N-TiA coating, static contact
angle measurements were taken by the OCA25 OCA 25 device (DataPhysics Instruments,
Filderstadt, Germany), using the sessile drop method, with 5 uL drops applied via a needle
to the stone surface before and after treatment, according to UNI 11207:2007 [84].

The artificial ageing test was performed on untreated and TP-Hy/N-TiA- and
TP-Hy /P25-treated Lecce stone (three samples for each case). Four cycles of exposure
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to rain and artificial solar radiation were made. Each 24 h cycle consists of 620 mm of
water (i.e., the average annual rainfall in Salento) dropped on the samples, for 6 h, in
the form of water mist, followed by 16 h of artificial solar irradiation under an Osram
Ultra Vitalux lamp (300 W) (in UVA + B ~5.5 mW/cm? and in the 300-800 nm range
~56 mW/cm? [85]) and 2 h of dark at room conditions. The test was carried out in a closed
container (45 x 35 x 30 cm®) equipped with a 45° inclined plane for housing the samples
and with a lateral nebulization system with two nozzles. The hydrophobic properties of
the coatings after ageing were tested by measuring the static contact angle at the end of
each cycle.

Resistance to salt crystallization was assessed by adapting the procedure described
in the standard UNI-EN 12370-2001 [86] on three Lecce stone samples (5 x 5 x 1 cm3) for
each case. The samples, previously dried in an oven at 105 °C until a constant weight is
reached, were weighed and then immersed in a 14% water solution of Na;SO;-10H,O
for 2 h at 20 °C. Then, the samples were dried in an oven at 105 °C for 16 h, cooled at
room temperature in a desiccator for 2 h and weighed. The mass variation percentage
with respect to the initial dry mass at the end of the cycles was calculated. The cycle was
repeated five times.

2.5. Photocatalytic Tests

The photocatalytic efficiency of the TP-Hy/N-TiA and the TP-Hy /P25 coatings was
tested by the colorimetric method using the Techkon Spectrodens colorimeter. The pho-
todegradation of methyl orange (MeO, 0.1 mM) and methylene blue (MB, 0.1 mM), usually
used as pollutant simulants in photocatalytic experiments, was monitored under artificial
solar irradiation of a 300 W Ultra Vitalux lamp (Osram, GmbH, Munich, Germany). Stained
samples were placed 14 cm from the lamp: the irradiance on the samples was ~56 mW /cm?
in the 300-800 nm range and ~5.5 mW /cm? in the UVA + B range, as reported in [86]. To
estimate the photocatalytic discoloration of MeO and MB stains over time, the normalized
chroma change AC* at different exposure times t, was used:

Acy%):J(wa>—fw»2+w%w—b%mfxlm) o

(a, —a"(0))* + (b, — b"(0))°

where a*(t) and b*(t) and a*(0) and b*(0) are the CIELAB space colorimetric coordinates at
time f and t = 0, respectively, whereas a.* and b.* are the coordinates measured on clean
stones [87]. At least nine regions of a few mm? areas were examined, and the results were
averaged for three samples for each case.

Two different photocatalytic experiments were performed. In one experiment, the
TP-Hy/N-TiA and the TP-Hy /P25 treatments were applied directly to the Lecce stone with
and without the paint layer, and the organic pollutants, MeO and MB, were spread by
brush on the treated stone. In this way, the coating’s ability to prevent degradation due to
dirt deposits was tested. In the other experiment, carried out only on painted stone, the
organic pollutants were spread directly on the stone, and the treatments were applied on
the stains only subsequently. In this way, the cleaning capacity of the coating was assessed.

3. Results
3.1. Petrographic Analysis

Petrographic analysis by means of a transmitted light polarizing microscope displays
the features of the structure and texture of Lecce stone (Figure 2).

Lecce stone is a fine-grained biocalcarenite, consisting mainly of micritic matrix, mixed
with bioclasts and cryptocrystalline calcite cement. Chemically, it is composed of ap-
proximately 90% calcium carbonate. The insoluble fraction consists of clay minerals and
glauconite [66]. Characteristic fossils such as planktonic foraminifera and calcareous nan-
nofossils immersed in the matrix are clearly recognizable [88]. According to the Folk
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classification, it can be classified as biomicrite [67]. The porosity (about 40%) is mainly due
to open pores with radii between 0.5 and 4 pm [89].

Figure 2. Polarized transmitted light optical microscope photomicrographs of Lecce stone. Several
microfossils are recognizable: planktonic Foraminifera, Globigerina-like (e.g., red arrow and red
ellipse), fragments of Bivalves (e.g., yellow arrow) and Ostracods (e.g., blue ellipse) in (a); Bivalves
(e.g., green ellipse), Foraminifera (e.g., red ellipse) and Echinoderms (e.g., blue ellipse) in (b).

3.2. Raman and XRD Characterization of the Synthesized TiO;

Raman investigations were carried out to discriminate the crystalline nature, phase
purity and size of synthesized TiO, particles. In Figure 3a, the Raman spectrum of N-TiA
powder, obtained by drying the sol, is reported: the characteristic Raman peaks of crys-
talline TiO, with an anatase structure and a small contribution of brookite (marked B in the
figure) are observed. Raman spectroscopy is very sensitive to the local order of TiO;: the
Raman peaks, as the particle size decreases, show asymmetric broadening and a large blue
shift with respect to crystalline (bulk) anatase [90]. The main peak of anatase at 144 cm ™!
is shifted to 151-155 cm ™! in N-TiA, and its width (FWHM) increases from 12 to 22 cm ™.
This is compatible with anatase nanocrystals in N-TiA of 5-10 nm size [91].

The XRD pattern of the TiO, powder, obtained by drying the synthesized nanosol at
60 °C, is shown in Figure 3b. The anatase and brookite phases in the diffractogram are
clearly identified, in agreement with Raman results. The main diffraction peak of anatase
(101) overlaps with the (120) and (111) reflections of brookite. The crystallite size of the
N-TiA nanoparticles was determined by the line broadening of the main diffraction peak
(101) of anatase by the Scherrer equation [63]: the result gives 4.5 + 1.0 nm.

144
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Intensity
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Figure 3. Cont.
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Figure 3. (a) Raman spectra of crystalline anatase and N-TiA nanopowder. The FWHM of the
main peak is indicated by arrows; (b) XRD pattern of N-TiA nanopowder and crystalline anatase:
(A) anatase; (B) brookite. In the N-TiA XRD, the fit (red line) to the main peak (at about 26°) is
obtained by overlapping of contributions from A(101) (cyan line), B(120) (blue line), B(111) (pink line)
and B(121) (green line) reflection planes.

3.3. Characterizations of the Coatings Applied on Raw Lecce stone

Ten stones were coated by brushing them with the hydrophobic TP-Hy treatment;
five of these were successively coated with the photocatalytic treatment N-TiA and five
with P25. The amount of one application of TP-Hy hydrophobic and three applications of
photocatalytic N-TiA or P25 was calculated from the weight difference after and before the
applications: 2.2 + 0.5 mg/cm?, 0.45 4 0.03 mg/cm? and 0.49 + 0.01 mg/cm? for TP-Hy,
N-TiA and P25, respectively.

SEM-EDS allowed us to investigate the surface microstructure and the elemental
composition of Lecce stone before and after the application of the TP-Hy/N-TiA and
TP-Hy /P25 coatings.

In Figure 4a, a secondary electron image of an untreated sample is reported. Lecce
stone is an organogenic carbonate stone, quite compact and characterized by a fine-grained
structure. The granular stone structure made by clasts of micrometric size and by inter-
granular porosity is evident. Figure 4b—e shows the SEM measurements performed on
treated stones. The EDS maps of Si and Ti show that the distribution of the coating is quite
homogeneous, with small and rare aggregates of TiO, (Figure 4c,e) for both sols.

Table 1 reports the elemental composition determined for the areas displayed in
Figure 4a—c. The standards employed by the instrument are SiO; for Si, CaF; for Ca,
SrTiO; for Ti, apatite for P and Fe,Os for Fe. The program automatically converts cation
concentration to oxide concentration. All concentrations are expressed in oxide wt%. The
abbreviation b.d.l. stands for below detection limit (approximately 0.1% wt). Because of
the less-constrained geometry in analyzing areas, the obtained concentrations have to be
considered semi-quantitative and are normalized to 100% for comparison among them.

To verify that the treatments do not alter the original appearance of the stone, the total
colorimetric variation AE* due to the application of TP-Hy/N-TiA and TP-Hy /P25 coatings
was measured on the surface of the samples before and after the treatments.

The results are summarized in Table 2, where the average colorimetric coordinates L*,
a*, b* taken at 27 points and the calculated AE* are reported.
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Figure 4. SEM image of untreated Lecce stone (a), TP-Hy/N-TiA (b) and TP-Hy /P25 (c) Lecce stone, Si
(d,f) and Ti (e,g) EDS maps.
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Table 1. Semi-quantitative composition of uncoated and coated Lecce stone samples obtained by EDS
analysis on the areas of Figure 4. wt% = concentration of the oxide; b.d.1. = below detection limit.

Oxide Uncoated TP-Hy/N-TiA TP-Hy/P25
(wt%) (wWt%) (wt%)
Si0, 441 28.56 31.68
P,05 3.17 b.d.L b.d.L
CaO 89.78 62.76 46.17
TiO, b.d.1. 7.83 21.60
FeO 2.64 0.85 0.54

Table 2. Colorimetric data of coated and uncoated Lecce stones. In brackets is the standard deviation.

Lecce stone L* a* b* AE*
Uncoated 80.9 (5) 1.5 (4) 14.3 (7) -
Coated TP-Hy/N-TiA 79.9 (8) 2.1 (4) 15.3 (9) 1.5 (9)
Uncoated 82.3 (6) 1.8 (3) 14.6 (5) -
Coated TP-Hy /P25 80.6 (3) 2.5 (5) 16.7 (4) 2.8 (6)

There are no evident changes in the aesthetic appearance of the coated stone surfaces.
The color difference induced by both treatments is very low and lower for N-TiA than for
P25. A slight yellowing (increase in the chroma coordinate b*) associated with a negligible
decrease in luminance can be noted for the stones treated with P25. The values of the total
color difference AE* after the application of the TP-Hy/N-TiA and TP-Hy /P25 treatments
are at the limit of the human eye perceptibility threshold, usually reported as AE* ~ 3 [7,92].

Capillary rising is one of the most important mechanisms for water penetration into
natural or artificial building materials and is the main cause of building degradation. The
influence of the coatings on the behavior of raw stones against water was investigated
through measurements of water capillary absorption before and after coating. The curves
of the amount of water capillary absorbed by the samples per unit area Q; (kg/m?) at time t;
plotted as a function of the square root of time (in seconds) are shown in Figure 5. The data
are averaged on five samples for each type of coating. The slope of the linear fit to the curve
in Figure 5 in the first 60 min gives the absorption coefficient ACgg, reported in Table 3. No
significant differences in the absorption behavior are observed in the coated samples.

3.0

3.0 M
L
. ﬁ 2
25 i -
* "
[ 25 -
" L s T
i 1
2.0 - iﬁ* 1l
§ 204 =+
NA i NA 7;
E 154 =
E = 1.5 L § § §
e @ oo <
< 10 o L]
: ° 1.0 -
® [ ]
0.5+ 0.5 -
1 !. m  Uncoated 1 ° B Uncoated
0.0 _y#® ® TP-Hy/N-TiA 0.0 @ ® TP-Hy/P25
T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
12 172,
t(s
a (s) b t1/z (SI/Z)

Figure 5. Capillarity water absorption tests carried out on Lecce stone before and after treatments:
(a) uncoated and TP-Hy/N-TiA; (b) uncoated and TP-Hy/P25.



Appl. Sci. 2024, 14,1261

11 0f 18

Table 3. Values of the absorption coefficient ACg4y obtained by the slope of the linear fit to the curve
in Figure 5 in the first 60 min. Standard deviations are in brackets.

ACg (kg/(m? s2)) ACg (kg/(m? s12))
Treatments before Coating after Coating
TP-Hy/N-TiA 0.041 (3) 0.0013 (1)
TP-Hy/P25 0.042 (1) 0.0012 (2)

As expected, the untreated Lecce stone, being characterized by high porosity, absorbs
large amounts of water: in the first ten minutes, it reaches approximately half of the total
absorbed water and continues to absorb water for the entire duration of the test (five days)
without reaching a constant value. On the contrary, the two treatments show high effective-
ness in reducing water absorption by capillarity. At the end of the test, the Q; values of the
coated samples are approximately 50% lower than those of the untreated stones.

Lecce stone is characterized by high permeability to water vapor. The results of the
reduction of vapor permeability on coated samples are reported as the variation in the mass
of water vapor through the stone as a function of time measured at the steady state. Steady
state was reached in 96 h for both treated and untreated samples. The two coatings show
similar behavior: the reduction in vapor permeability is significant, about 40%, for both
treatments. It is not unusual that hydrophobic coatings can result in a strong reduction in
water permeability when used on porous substrates [16,93].

Static contact angle (CA) measurements were carried out on uncoated and TP-Hy/N-
TiA- and TP-Hy/P25-coated samples. On uncoated Lecce stone, due to its large porosity, the
drop is immediately absorbed, making it impossible to measure the CA. On the contrary,
the surface of the treated samples shows a high water-repellency, as evident from the
photos of the water drops shown in Figure 6.

Figure 6. Water drops deposited on treated samples, TP-Hy/N-TiA (a) and TP-Hy /P25 (b), for the
static contact angle measurement.

Water repellence is a desirable property of the surface to reduce water-induced degra-
dation in natural stone. Therefore, several studies are aimed at giving stone surfaces greater
hydrophobicity (120° < CA < 150°) [30-32,49,93] or, even better, super-hydrophobicity
(CA >150°) [53,85,94].

Hydrophobic treatment is clearly very efficient in the protection of the stone by
water. Both treatments show very high CA values, suggesting super hydrophobicity:
for TP-Hy/N-TiA, CA = 150 + 3°, and it is slightly lower in the case of the TP-Hy /P25
treatment (CA = 147 4 5°).

Since rain and solar irradiation are among the main degradation agents, accelerated
ageing tests were performed on untreated and treated Lecce stone. The hydrophobic proper-
ties of the coatings measured by means of the static contact angle at the end of each rain
and artificial solar irradiation cycle do not change after ageing: the static contact angle after
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the fourth ageing cycle is approximately 145 + 3° for TP-Hy/N-TiA and approximately
140 £ 3° for TP-Hy /P25 (Figure S1).

Regarding the resistance to salt crystallization, both treatments improve the resistance
of the Lecce stone: a decrease in mass loss after five cycles (Figure 7) from —16.6% (untreated)
to —2.7% (TP-Hy/N-TiA) and —0.2% (TP-Hy/P25) is observed. As can be seen from the
images in Figure 7, the uncoated Lecce stone is completely fractured, whereas the coated
samples show superficial erosion with evident salt efflorescence. By Raman spectroscopy
measurement (Figure S2), the crystallized salt is identified as thenardite.
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Figure 7. Photographs of the Lecce stone samples at the end of the salt crystallization test and mass
difference (%) during the crystallization cycles.

3.4. Photocatalytic Cleaning Tests on Raw Lecce stone

To assess the photocatalytic efficiency of the proposed TiO, coatings, TP-Hy /N-TiA-
and TP-Hy/P25-treated and untreated raw Lecce stones were stained with MeO and MB
and subjected to artificial solar irradiation, as detailed in the experimental section. The
colorimetric measurements were carried out at defined time intervals.

In Figure 8a,b, the normalized colorimetric variations of the chroma, as defined in
Equation (2), are displayed as a function of the irradiation time. The coated Lecce stone
samples show, for both treatments, good degradation of MeO (Figure 8a): TP-Hy/N-TiA
degrades the stain mainly in the first hours of exposure, reaching about 80% stain discol-
oration in six hours, whereas TP-Hy /P25 shows a slightly lower efficiency, reaching in the
same amount of time about 70% photodegradation.
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Figure 8. AC* (%) of MeO-stained (a) and MB-stained (b) Lecce stone as a function of the irradia-

tion time.
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The photodegradation of MB (Figure 8b) is slightly lower than methyl orange. In this
case too, N-TiA proved to be more efficient than P25: in the same time (360 min), N-TiA
reaches more than 50% discoloration, whereas P25 reaches approximately 40%.

The photochemical degradation percentages of the Meo and MB dyes on the untreated
Lecce stone, in the 6 h of irradiation, are about 15% and 10%, respectively.

3.5. Characterizations of the Coatings Applied on Painted Lecce stone

As on the raw Lecce stone, it has also been verified that the treatments on the painted
stone do not induce chromatic alterations on the painted surfaces. The total colorimetric
variation AE* due to the application of the TP-Hy/N-TiA and TP-Hy /P25 coatings was
measured using equation 1. The results are summarized in Table 4, where the average
colorimetric coordinates L*, a*, b* detected at 27 points and the calculated AE* are reported.
The treatments do not induce significant chromatic alterations on Lecce stone painted
mock-ups. The color difference AE* induced by the coatings is much lower than the eye’s
perceptibility limit: AE* ~ 1.0 and AE* ~ 1.9 for N-TiA and P25, respectively.

Table 4. Colorimetric data and static contact angle CA of the painted Lecce stone model samples. The
standard deviation is in brackets.

Painted Lecce stone L* a* b* AE* CA (°)
Uncoated 85.5(9) 4.4(7) 5.9 (8) - -

Coated TP-Hy/N-TiA 84.4(9) 4.7 (6) 6.1 (5) 1.0 (5) 147 (2)
Uncoated 85.7 (9) 3.6 (9) 5.3 (7) - -

Coated TP-Hy /P25 86.8 (9) 3.2 (5) 3.8(9) 1.9 (8) 141(2)

In addition, on painted stone, the hydrophobic treatments provide high levels of
protection against water. The measured static contact angles are 147 & 2° and 141 =+ 2° for
TP-Hy/N-TiA and TP-Hy /P25, respectively.

3.6. Photocatalytic Cleaning Test on Painted Lecce stone

As explained in the experimental section, two different tests were performed.

In one of them, the cleaning capacity of the coatings was tested: the organic pollu-
tants were spread directly on the surface of the stone, and the photocatalytic treatments
(TP-Hy/N-TiA and TP-Hy/P25) were applied on the stains only subsequently. Figure 9
shows the results of the cleaning effectiveness of the treatments carried out on the painted
stones up to 6 h of irradiation. TiO; is able to remove the pollutants deposited on the
surface: in the case of MeO, the removal percentage, measured by chroma changes, is about
80% for both treatments, while AC* in the case of MB is slightly lower (approximately 50%).
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Figure 9. Cleaning treatment effectiveness on painted Lecce stone mock-ups. The discoloration of the
MeO (a) and MB (b) stains is determined by AC* (%), reported as a function of the irradiation time.

In the other experiment, self-cleaning and protective effectiveness of the coatings
against a vandal attack or air pollution deposits were verified by applying the TP-Hy /N-TiA
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and the TP-Hy /P25 treatments directly to the painted Lecce stone mock-up before staining
by brush with the organic pollutants, MeO and MB.

Both treatments were able to remove the organic pollutants present on the surface
(Figure 10), confirming the results obtained on the raw Lecce stone (see Figure 8). N-TiA
proved to be very active in the photodegradation of both pollutants, comparable to or better
than commercial P25: the AC* measured at the end of the experiment (360 min) for N-TiA
treatment is about 10-15% greater than for P25 for both MeO and MB dyes.
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Figure 10. Self-cleaning and protective effectiveness of the coatings applied on painted Lecce stone
mock-ups. The photodegradation of MeO (a) and MB (b), AC* (%), is reported as a function of the
irradiation time.

4. Conclusions

TiO;-based nanomaterials have been widely studied in recent years as protective and
self-cleaning treatments for stone artefacts. However, as far as we know, only very few
authors have studied these photocatalytic coatings as cleaning methods for painted stones.
In this preliminary work, we investigated the possibility of using water dispersion of TiO,
nanoparticles and organically modified silica (OrMoSil) on painted stone for cleaning and
protection purposes.

The harmlessness of the treatments was tested on raw Lecce stone: they did not alter
the aesthetic appearance of the stone, and the water vapor permeability slightly decreased.
These hydrophobic coatings are very effective in the reduction of water absorption by
capillarity, by more than 50% with respect to the uncoated stone. The hydrophobic prop-
erties of the coatings measured by means of the static contact angle did not change after
artificial ageing. Both treatments improved the Lecce stone’s resistance to salt crystallization.
The self-cleaning effectiveness was verified on both raw and painted stone by staining
the samples with organic dyes. The photodegradation efficiency of the synthesized TiO,
was compared with that of the commercial P25. The results show high efficiency in the
removal of stain from the stone surface coated with the Tp-Hy/N-TiA treatment. The water
repellence of the treatment, verified by the contact angle on both the raw and painted
Lecce stone, is very high, slightly higher for coating with synthesized N-TiA than with
commercial P25.

In addition, the Tp-Hy/N-TiA treatment was effective in cleaning the painted sam-
ples without damaging their original appearance. The stains on the painted stones were
removed by the cleaning treatment in 6 h simply by leaving the samples under artificial
solar radiation. The synthesized N-TiA photocatalyst was found to be comparable to or
better than the commercial P25.

The photocatalytic process can be proposed not only for protective and self-cleaning
applications but also as an effective cleaning method for painted stones.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /app14031261/s1, Figure S1: Water drop deposited on treated
samples TP-Hy/N-TiA (a) and TP-Hy /P25 (b) after artificial ageing, for the static contact angle
measurements. Figure S2: Raman spectra of crystallized salt and thenardite standard.
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