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Abstract: Considering that consolidant products are commonly used in the cultural heritage field
and the titanium oxide nanoparticles (TiO;) have been used to develop photocatalyst films to induce
self-cleaning property, the scientific research on consolidants doped with TiO; is justified. However,
the addition of TiO, can affect to the physical properties of the cultural heritage object, questioning the
adequacy of the procedure. In this paper, we evaluated the influence of nanoparticle TiO, addition to
two different commercial consolidant products (ethyl silicate or nano-sized silica) on the appearance
and the color of a granite and the penetration through its fissure system. The stone was previously
subjected to high temperature simulating the effect of a fire and the subsequent tap water jet to
cool down. Therefore, different concentrations of nanocrystalline TiO, (0.5, 1, and 3 wt %) were
considered. The different compositions were also studied considering the compactness, the extent
and the thickness of the superficial xerogel coating, and as well the penetration of the consolidant.
The minimal TiO, concentration tested (0.5 wt %) implied a low-medium risk of incompatibility as an
intervention in cultural heritage field, because its low-medium potential as inducer of visible color
changes of the granite surface. Regardless of the TiO, content, the nano-sized silica induced surface
xerogel coatings more compact and continue than those formed in the ethyl silicate coated surfaces.
Higher penetration rates were identified in the granite treated with nano-sized silica colloidal solution,
while ethyl silicate was only found in the first few pm. It was found that penetration could depend
on the application procedure, the solvent of the consolidant and the silica particle size. The TiO,
addition reduced the penetration of the nano-sized silica consolidant.

Keywords: titanium oxide; nanoparticle; conservation; cleaning; photocatalysis; nanoparticle
concentration; physical change

1. Introduction

In the conservation of the cultural heritage field, the application of consolidant products seeks
the strengthening of the deteriorated surfaces with historic and artistic value and subsequently the
mitigation of their disintegration. In stones belonging to cultural heritage, deterioration forms—such
as sanding, splintering, flaking, etc.—are due to different processes (e.g., fire, abrasion, soluble salts
crystallization, etc.) that in many cases cannot be avoided [1]. Considering that consolidation is an
irreversible treatment, scientific research is justified to improve the cohesion of the stone surface and slow
down its natural deterioration. Commonly, alkoxysilanes, such as tetraethoxysilane (TEOS) products
are applied due to their low viscosity and their ability to form siloxane bonds [2]. These products
polymerize inside the pore through a sol-gel process obtaining a xerogel, increasing the cohesion
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of the deteriorated surface. Cracking occurs as result of the occurred capillary pressure within the
gel inside the stone pores [3-5] and the evaporation of the solvent during the drying step upon the
gelation process on the outer surface of the capillary network, since the drying front is exposed to
ambient atmosphere [6]. Shrinking results from stress due to a meniscus at the liquid—-vapor interface,
which generates a differential capillary pressure within the gel as the solvent tends to evaporate. In the
case of TEOS-based products, cracking also occurred due to the TEOS/organometallic catalyst ratio [7,8].
As one of the most important drawbacks of alkoxysilanes is the trend to form superficial cracking
layers and the lack of penetration through the fissure system of the stone [3-5], different strategies have
been adopted in the recent years in order to obtain the highest product penetration avoiding surface
accumulation, such as the application of nanotechnology to the consolidants’ manufacturing [9].

Nanotechnology allows the incorporation of silicon dioxide nanoparticles to consolidants to
enhance the dispersion stability and the penetration through fissures [9-11]. Zendri et al. [11] working
with a colloidal suspension of silica nanoparticles of 10-15 nm, sodium silicate and ethyl silicate with
calcium carbonate and quartz, found that these consolidants constitute gels of amorphous silica that
after the evaporation of the solvent were transformed into xerogels. These xerogels are made by a
disorderly and continuous lattice of silica tetra-coordinated tetrahedrons that constitute rings with 3 at
8 atoms of silicium. Zendri et al. [11] reported that the ethyl silicate has less of a cohesion effect on
mortars than sodium silicate and colloidal silica. They found a greater penetration of the colloidal
silica which shows lesser dimensions of the particles than those composing the sodium silicate and the
ethyl silicate.

Moreover, water-based silica nanoparticles with radius from 55 to 9 nm-dispersions were used by
Falchi et al. [12] achieving a penetration depth of 2 mm on Lecce stone. Calcarenites coated with the
commercial product Nano Estel from CTS S.L. cured at low relative humidity (40%) showed better
effectiveness than those subjected to higher humidity [10]. Nano Estel is an aqueous colloidal solution
of nano-size silica particles (10-30 nm). The nano-size silica particles bind among themselves forming
a silica gel, similarly to that obtained for ethyl silicate consolidants. La Russa et al. [13] working on
the consolidation of Cappadocian ignimbrite cave churches found that Nano Estel induced a lower
penetration than the solvent-based tetraethoxysilane (TEOS) products (Estel 1000 and Estel 1100).
However, Nano Estel left the stone porous structure unaltered [10].

In addition, nanoparticles have been used to achieve layers on stones, mortars, glasses, etc.
favoring the self-cleaning and water-repelling [9,14-16]. Among these nanoparticles, TiO; is widely
used for the destruction of organic pollutants and to avoid biological colonization [17-19]. TiO, shows
the following characteristics: high photoactivity, good stability, low cost, and low toxicity [20,21].
TiO, absorbs UV radiation producing free radicals that react with organic matter on the surfaces through
oxidation into H,O and CO; [16,22]. TiO, is shown as three crystalline structures: rutile, anatase,
and brookite, being the first two forms as the most suitable for photocatalysis [23]. The photooxidation
of organic matter has been evaluated in different construction materials such as bricks [24], stone [18,25],
and mortars based in different binders [19,26,27]. Most of the research focused on self-cleaning has
been made using the TiO, product as a coating [21,26].

Therefore, nowadays, the scientific research on the achievement of products inducing
simultaneously consolidation, self-cleaning, and water-repelling of stones belonging to cultural
heritage is plenty justified. The addition of TiO, nanoparticles to commercial consolidant products
could be a possibility in order to reach together the advantages of both products; however, an excessive
nanoparticle content could induce by-effects such as color modifications that can jeopardize the effect
of the consolidant applied on cultural heritage surfaces. As was stated by the deontological code of
cultural heritage conservation expressed in the Venice charter [28], a conservation treatment should
not modify the properties of the treated materials, such as the color. Spectrophotometry plays an
important role in the field of architectural heritage conservation. In the specific case of the application
of a consolidant product for strengthening and protecting building stones, a colorimetric study of its
effects can quantify the degree to which the chromaticity and lightness of the material has changed,
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and whether this change is aesthetically significant. Thus, this research is focused on the influence of
the introduction of different concentration of TiO; nanoparticles (0.5, 1, and 3 wt %) in commercial
consolidants on the appearance and the color of a granitic surface coated in order to determine
the suitable TiO, content for each consolidant product. Moreover, two different compositions of
consolidant products (ethyl silicate or nano-sized silica dispersion) were studied in order to identify
the composition most suitable to be used. The microtexture of the consolidant layer on the surface was
studied by scanning electron microscopy with energy dispersive X-ray spectrometry. Previously to the
consolidant application, samples were subjected to three heating cycles composed each one by 12 h
at 500 °C and cooled down to room temperature using tap water jet, simulating the effect caused by
firefighters” intervention in a fire.

2. Materials and Methods

2.1. Stone

The selected stone was the commercially called granite, Rodas (Figure 1a). Mineralogically, it shows
25.60% quartz, 30.73% albite, 26.43% microcline, 11.65% muscovite, 5.70% biotite, and 0.20% accessory
minerals (apatite, zircon, rutile, sillimanite, chlorite, and opaque minerals) [29]. This yellowish granite
belonging to the alkaline granites from the Variscan age sometimes shows flow orientations due
to the existence of oxyhydroxylated iron forms of low or no crystallinity filling the fissures [29-32].
The porosity accessible to water of Rodas granite is 6.50 + 0.2 % following [33]. The high open porosity
allows an easy carving and therefore it is usually found in ancient architectural constructions in the
NW Iberian Peninsula. Following [34] the pore size distribution by mercury intrusion porosimetry
(MIP) with a Fison Instruments Pascal Porosimeter, reported that this granite had four pores families:
(i) the main one pore family corresponds to that with diameters between 0.1-5 um; (ii) coarser pores
with diameters 300-100 pm; (iii) pores with diameters between 10-50 um; and (iv) finer pores with
diameters 0.1-0.06 um. In addition, 80% of the porous volume corresponds to pore diameters greater
than 1 pm. It is also obtained that the volume of pores in the capillary absorption range (0.1-100 pm
according to [35]) constitutes 97% of the total porous volume, mostly in the diameter range between
1-100 pm.

In order to start with the experiment, 27 4 cm X 4 cm X 4 cm cubes with dish cutting finish were
cut. Three of these cubes were reserved as reference samples.

Prior to the consolidant application, samples were subjected to 500 °C during 12 h and subsequently,
they were cooled by tap water jet and placed at laboratory conditions (15 + 5 °C and RH 60 + 10%)
during two days. This cycle was repeated three times. After the heating cycles, the surface of the
granite showed a slight reddening mainly of the leucocratic minerals (K-feldspar and plagioclase)
(Figure 1b) comparatively to the stone without heating due to the transformation to hematite of the
Fe oxyhydroxides present into the granite fissures, as was reported in [36], working in a petroglyph
site with similar mineralogy and texture to this Rodas granite. In addition, typical appearance of the
granite forming minerals was observed (Figure 1b): conchoidal fracture of translucid quartz grains,
black exfoliation planes of biotite and whitish coloration of feldspar grains despite as was reported,
areas of the leucocratic minerals showed a reddish coloration due to the hematite filling fissures as a
consequence of the heating.

A surface fragments (approximately 1 cm X 1 cm X 1 cm) of the granite surfaces subjected to 500 °C
was embedded in resin and the polished cross section was observed by Scanning Electron Microscopy
(SEM) using a Philips XL30 (Amsterdam, The Netherland) coupled with an energy dispersive X-ray
spectrometry (EDS) (Oxford Inca Energy 300 SEM, Oxfordshire, UK) in secondary electrons (SE)
and backscattered electrons (BSE) modes. Carbon-coated sample were visualized at an accelerating
potential of 15-20 kV, a working distance of 9-11 mm and specimen current of 60 mA. In Figure 1c,d
are shown micrographs taken by SEM with the corresponding EDS spectra. In addition to the main
forming minerals (biotite: EDS1; K-feldspar: EDS2; quartz: EDS3; Na-plagioclase: EDS4) and the
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accessory mineral apatite (EDS5). Moreover, Al and Si-rich deposits filling fissures were also detected
(EDS6). These deposits can be kaolinite precursors that are usually found in Variscan granite used
in heritage construction [37] and they are result from chemical weathering, specifically hydrolysis of
feldspar and micas [31,32,38,39].

Figure 1. Rodas granite. (a) Digital photograph; (b) Micrograph taken with stereomicroscopy. (c,d) SEM
micrographs of a polished cross section of the reference granite and EDS spectra of the granite. EDS1:
biotite, EDS2: K feldspar, EDS3: quartz, EDS4: Na plagioclase, EDS5: apatite, EDS6: Al-, Si-, and Fe-rich
deposits filling fissures.
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2.2. Consolidants
The commercial consolidant products provided by CTS Espafia S.L [40] were:

e  Estel 1000%® (hereinafter E) is composed of 75 wt % ethyl silicate oligomers (also containing 1%
dibutyltin dilaurate as catalyst) and 25 wt % White Spirit D40 (a mixture of aliphatic hydrocarbons
having a boiling point of 145-250 °C). SiO, content of 30 wt %. It was applied undiluted.

e Nano Estel® (hereinafter N) is an aqueous colloidal solution of nano-size silica particles (10-30 nm).
By the manufacturer it is recommended to apply it directly for ruined substrates or at 30 vol % in
water for less deteriorated surfaces. Considering the granite was exposed to 500 °C (three cycles),
it was directly applied.

2.3. Sample Preparation

The titanium dioxide (TiO,) used was the same photocatalyst additive used in [41]. It was the
product Aeroxide P-25 from Evonik Resource Efficiency GmbH [42]. It consists of nanocrystalline
anatase with specific surface area of 50 m?-g~!. As was reported in [41] nanoparticles were hexagonally
shaped rounded with a size about 30 nm.

Commercial consolidants were directly mixed with three different TiO, concentrations (0.5, 1,
and 3 wt %). Moreover, a condition without TiO, addition (0 wt %) was also considered. For each
composition, three cubes were coated. Table 1 shows the composition and the acronyms used in the
experiment. Before the consolidant application, following [12], ethanol by brushing through a single
application was applied on the stone surface in order to reduce the superficial tensions to enhance the
penetration. As was reported in [12], the stone surface was covered with Japanese paper.

The products were applied by brushing on the samples through 4 applications. After each
application, samples were left to laboratory conditions (18 + 5 °C and 50% + 10% RH) during 48 h.
After the fourth application, samples were kept air dry (18 + 5 °C and 50% + 10% RH) until constant
weight (approximately 30 days) in order to ensure the polymerization of the products. However,
note that color changes can be observed over longer periods of time and dramatic darkening effects,
after five years, can be almost imperceptible. Wheeler [2] reported some researchers focused on
TEOS-based products where the turning to the original color in time or after artificial weathering
was found.

Three cubes without consolidants (hereinafter ‘reference’) were also included in the study in order
to compare the results of the consolidated samples with those without.

Table 1. Conditions used in the experiment. Acronyms are also depicted.

TiO, (wt %) Estel 1000 Nano Estel
0 E N
0.5 E0.5% NO0.5%
1 E1% N1%
3 E3% N3%

2.4. Analytical Techniques

The coated samples were evaluated by means of stereomicroscopy and color spectrophotometry in
order to identify the influence of the addition of TiO, nanoparticles in the two commercial consolidants
on the appearance and the color of the surface of the coated stone.

Firstly, an initial macroscopic characterization with a stereomicroscope (Nikon SMZ800, Tokyo,
Japan) was carried out for all the samples to characterize the consolidant layers doped with TiO,
nanoparticles in comparison to those without TiO, and with the reference granite.

Color characterization of the reference surface and the coated samples using a Minolta portable
spectrophotometer model CM-700 (KONICA MINOLTA, Osaka, Japan) equipped with CM-5100w
(SpectraMagic™ NX, Osaka, Japan) software. Color was expressed in the CIELAB and CIELCH color
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spaces [43]. Therefore, the measured parameters were: lightness (L*) which varies from 0 (absolute
black) to 100 (absolute white); a*, representing the redness—greenness range (positive a*: red and
negative a*: green); b*, associated with yellowness-blueness spectrum (positive b*: yellow and negative
b*: blue). The chroma which is the saturation (C*,;,) was calculated based on a* and b* values as

Cp = (@* + b2)12 ey
Moreover, the hue (h,p) was computed as
hp = tan™" (b*/a*) 2)

Color measurements were made in specular component included (SCI) mode, for a spot diameter
of 8 mm with diffuse illumination by means of xenon flash arc lamp and 10 nm diffuse bandwidth,
using illuminant D65 at observer angle 10°. Following [44] a total of 20 random readings were made
for each surface (n = 60 measurements).

Afterwards, partial AL¥, Aa*, Ab*, AC*,},, and AH* color coordinates differences and the global
color change (AE*,,) were calculated following [43], taking as reference the color of the reference
granite. The global color change (AE*,,) was computed as

AE*;, = (AL* + Aa*? + Ab*?)1/2 €)

Moreover, in order to study the microtexture and compactness of the consolidant layer, 1 cm
x 1 cm X 1 cm fragments of the coated surfaces were C-sputtered and were observed by SEM-EDS
using a FEI Quanta 200 (Eindhoven, The Netherlands) with secondary electron (SE) and backscattered
electrons (BSE) detectors. After observation, the same samples were embedded with an epoxy resin
(EpoThin 2 Epoxy Resin and EpoThin 2 Epoxy Hardener) to which was added a conductive filler rich
in Ni in rounded molds (3.5 cm diameter). Once hard, a transversal cut was performed to obtain
specimens with 1 cm-width. These specimens were polished and C-coated to be visualized using
SEM-EDS. Applied as optimum conditions of observation were an accelerating potential of 20 kV,
a working distance of 10 mm and a specimen current of ~60 mA.

3. Results

Stereomicroscopy allowed the characterization of the appearance of the surfaces coated with
the different consolidants by themselves (0% TiO;) and mixed with the different TiO, nanoparticles
concentration (0.5%, 1%, and 3%) in order to identify the aesthetical changes (Estel 1000 coating;:
Figure 2 and Nano Estel coatings: Figure 3). For the surfaces coated with the consolidants without
TiO,, at naked eye it was possible to identify a darkening of the surface (Figure 2a and Figure 3a).
In general terms, as the higher the TiO, concentration, the higher the aesthetical effect, because white
deposits in the superficial fissures and voids were found (Figures 2 and 3). The white deposits
showed the typical cracks identified by scanning electron microscopy in the commercial products
containing tetraethoxysilane [4]. Comparing between consolidants, for the higher TiO, nanoparticles
concentration (1% and 3%), the surfaces showed similar appearance (Figure 2¢c,d and Figure 3c,d).
However, the most notable difference was found on the surfaces coated with 0.5% TiO,, because,
despite cracks also being found on the coatings, a more continuous layer was detected on the surface
when Nano Estel was used as consolidant (Figure 3b) while on the surface coated with Estel 1000,
accumulation of product was found in fissures and voids of the surfaces (Figure 2b).
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Figure 2. Micrographs taken with stereomicroscopy of the surfaces covered with the ethyl silicate-based
consolidant Estel 1000 and the different TiO, nanoparticles concentration (a: 0%; b: 0.5%, c¢: 1%,
and d: 3%). Check Table 1 to understand the acronyms.

Figure 3. Micrographs taken with stereomicroscopy of the surfaces covered with the nano-sized
silica-based consolidant Nano Estel and the different TiO, nanoparticles concentration (a: 0%; b: 0.5%,
c: 1%, and d: 3%). Check Table 1 to understand the acronym.
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Considering the scatter L*-C*,}, plots (Figure 4), the coated samples regardless of the consolidant
composition and the TiO; concentration showed a color with higher dispersion than the uncoated
surfaces. The consolidants (without TiO,) induced a C*,}, increase and a slight L* reduction. Addition
of the 0.5% and 1% TiO, to the consolidants also caused a reduction of the L* and a slight increase
of the C*,, (less intense than those found for the samples coated without TiO; addition). However,
the application of the highest TiO, concentration tested (3%) caused a L* increase and a C*,;, decrease.
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Figure 4. L* and C*,,—scatter plots of the surfaces treated with the two consolidants and different
nanoparticles TiO, concentrations. Measurements for the reference uncoated granite (Ref) and the
coated surface only with the consolidant are also shown. (a) Estel 1000 samples; (b) Nano Estel samples.
Check Table 1 to understand the acronyms.

The most affected parameter was L* for the surfaces coated only with Estel 1000 (E) and for the
conditions E0.5%, E1% (Table 2). Considering the rest of the conditions, b* was clearly the parameter
most affected by the color change in the samples with the highest TiO, concentrations (E3% and
N3%), while the other conditions, showed changes of L* and b* very close (less than 1 CIELAB unit).
Attending to the trend of each parameter, L* showed decreases with exception of the surfaces with
the highest TiO, concentration: L* decreases reflects a darkening of the surface. The b* parameter
in the surfaces coated with the consolidant without TiO; exhibited increases suggesting a yellowing
of the surface due to the consolidant application. However, in the coated surfaces with TiO,, except
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for E0.5%, b* showed decreases; the higher the TiO, concentration, the higher the reduction of b*.
This change shows a loss of the yellow coloration, which is a typical feature of this granite. Although
the changes were less intense than for the b*, a* also showed variations; a* increases were detected
in the surfaces of E, E0.5%, E1%, N and N0.5%. These increases represent a reddening in coloration.
However, for the surfaces coated with the higher TiO; concentrations, a* showed decreases due to the
loss of the red color. As result of these changes, C*,}, experimented increases for the E, E0.5% and the
N, while the rest of the samples showed decreases, which are related to a paling effect. Regarding the
hue, only the surfaces coated with 3% TiO, mixed with Nano Estel (N3%) showed higher values of
three CIELAB units.

Attending to the global color change (AE*,), only the sample with Nano Estel (N) showed a
value lower than 3.5 CIELAB unit (Figure 5) which is the threshold from which a color change is
visible to a non-expert observer [45]. Unexpectedly, Estel1000 (E) caused the highest global color
change (AE*,, = 7.46 CIELAB units). Considering the samples with TiO,, for those with 0.5% and
1% TiO,, the mixture with Estel 1000 (E0.5% and E1%) showed higher global color changes than
their counterparts with Nano Estel. However, for the sample of Nano Estel with the highest TiO,
concentration (N3%), the AE*,, was higher than that computed for E3% in almost two CIELAB units.
In order to evaluate the potential of these products as inducers of harmful effects, the incompatibility
assessment rate proposed in [46] in three levels of risk was used: low risk (AE*,;, < 3), medium risk
(8 < AE*;p, < 5) and high risk (AE*,, > 5). Therefore, the application of Nano Estel by itself and the
mixture of both consolidants with 0.5% TiO, induced medium risks (3 < AE*,, < 5), while the rest of
interventions all induced high risk (AE*,, > 5).

Table 2. Colorimetric variations AL*, Aa*, Ab*, AC*,,,, and AH* (CIELAB units) of the treated surfaces
considering the color of the surface before to be treated as the reference, N = 60.

AL* Aa* Ab* AC*;p AH*

E -7.33 0.01 1.37 1.28 0.51
E0.5%  -3.77 1.20 1.12 1.53 -0.70
E1% -5.16 0.43 —-0.85 -0.58  -0.74
E3% 0.55 -1.10  -5.69 -5.10 1.97
N -2.13 1.03 2.15 243 0.08
NO05% =271 0.16 -2.71 -224  -1.60
N1% -332 -018 -390 -325 -1.90
N3% 0.05 -0.95 -7.31 -5.21 7.55

N3% . 7.37
N1% I s.12
NO.5% I 3,83

E3% M .82
E1% I, 5.24
E0.5% N, 212

AE*_, (CIELAB units)

Figure 5. Global color change (AE*,;,) of the treated surfaces considering the color of the surface before
to be treated as the reference.
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SEM observation of the surfaces allowed the identification of xerogel coatings (Figures 6 and 7).
Those found on the Nano Estel samples, regardless the TiO, content, showed higher extent and
compactness (Figures 6b and 7b,d) comparatively to those on the Estel 1000 treated surfaces Figures
6a and 7a,c). Attending the consolidants without nanoparticles (Figure 6), despite both consolidants
showed crack xerogel coatings on the surfaces, the distribution and morphology of this layer was
different considering the consolidant applied. Estel 1000 created a discontinuous less cracked coating
on the surface (Figure 6a,c). However, for the sample coated with Nano Estel a more continuous layer
was identified (Figure 6b,d).

Figure 6. SEM micrographs of the surfaces treated only with the consolidant products. (a,c) Estel 1000.
(b,d) Nano Estel.

Attending to the TiO, addition, SEM-EDS allowed the identification of the Ti-rich nanoparticles
embedded in the Si-rich matrix belonging to the consolidant products (Figure 7a,b and EDS1). In terms
of compactness, a notable difference was observed considering the consolidant used: Estel 1000
consolidant with TiO; showed a less compact layer on the granite surface than those detected on the
samples coated with Nano Estel (Figure 7).

SEM observations of the polished cross sections of the samples coated with the consolidants
without TiO; addition allowed the identification of the penetration rate for both products in the
Rodas granite; consolidant products filling fissures were identified through their Si-rich composition
(Figure 8): in Figure 8b, EDS spectra allowed the identification of Estel 1000 (Figure 8, EDS 1) on a
Na plagioclase (Figure 8, EDS 2) surface. Moreover, compositional maps (Figure 8d,e) showed the
penetration of the consolidant into the fissures distinguishing between fissures filled with Si-rich
consolidant (Figure 8d) and the C rich resin used in the sample preparation (Figure 8e). Higher
penetration rates were identified on the samples coated with Nano Estel (Figure 8c,e) than those found
on the sample coated with Estel 1000 (Figure 8a,b). In the Nano Estel-treated sample, consolidant was
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found up 200 um in depth, while on the Estel 1000-treated surface, the consolidating effect was only
found in a few um in depth.

Figure 7. SEM micrographs of the surfaces treated the consolidant products and 3 wt % of TiO,

nanoparticles concentration. (a,c) Estel 1000. (b,d) Nano Estel.
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SEM micrographs of the polished cross sections from the surfaces with TiO, doped consolidants,
suggested that the addition of nanoparticles TiO, to the Estel 1000 did not induce any change in
the penetration rate (Figure 9a,b) since this consolidant without TiO, did not show already a clear
penetration. However, the TiO, addition to Nano Estel affected its penetration rate (Figure 9¢,d). In fact,
the doped Nano Estel consolidant with the highest wt % TiO, showed a penetration reduction of 90%
(Figure 9¢,d). The highest penetration reduction was detected in the sample coated with the highest
TiO, concentration (N3%). However, it should be mentioned that the absence of Ti in the EDS spectra
of the consolidant into the stone fissures suggested that the TiO, nanoparticles were retained on the
superficial coating (Figure 9d, EDS 1-3).

Figure 8. SEM micrographs of the polished cross sections from the surfaces treated with consolidant
products without TiO, nanoparticles. (a,b): Estel 1000-treated surface, (b) is accompanied with the EDS
spectra. (c—e): Nano Estel-treated surface. (d) Si compositional map. (e) C compositional map.

The Ti-rich consolidant coatings formed by agglomerates on the surfaces were thicker on the Nano
Estel treated surfaces (Figure 9¢) than those found on their counterparts with Estel 1000 (Figure 9a).
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Figure 9. SEM micrographs of the polished cross sections from the surfaces treated with consolidant
doped with 3 wt % of TiO, nanoparticles. (a) Estel 1000 treated surface. (b) Ti compositional map.
(c,d): Nano Estel-treated surface, (d) is accompanied with the EDS spectra.

4. Discussion

In this manuscript the result of a comparative study between two different consolidants products
applied on the Rodas granite commonly found in the heritage architecture from the NW Iberian
Peninsula were shown. Considering the self-cleaning inferred by TiO, nanoparticles [16,47,48],
they were added to consolidants with different compositions (Estel 1000: ethyl silicate and Nano Estel:
nano-sized silica colloidal solution). However, as consolidants are commonly used in objects with
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historic and artistic values, their application cannot infer aesthetic modifications, such as colorimetric
changes [28]. In this sense, the influence of the TiO, nanoparticles content mixed with both consolidants
on the appearance and the color of the granite was evaluated working with different nanoparticles
concentration (0.5, 1, and 3 wt %). Therefore, the concentration thresholds for the TiO, addition without
compromising the artistic historical value of each object were identified, i.e., the TiO, addition to the
consolidant which did not induce changes in the appearance and color of the granite.

Considering the results obtained through spectrophotometry, only the nano-sized silica colloidal
solution without TiO, nanoparticles did not induce a visible color change on the granite because
for the rest of the samples, the global color changes (AE*,;,) were higher than 3.5 CIELAB units,
which is following [45], the threshold from which a color change is visible to a non-expert observer.
La Russa et al. [13] applying the same consolidants on an ignimbrite detected also lower values of
global color change on the Nano Estel coated surfaces than those for the Estel 1000 coated samples;
specifically, they reported just negligible color modifications for the Nano Estel coated surfaces.
Considering the consolidants without nanoparticles TiO,, the ethyl silicate induced the highest global
change (even in comparison with the consolidants doped with TiO,) showing a AE*,, = 7.46 CIELAB
units. This value was in agreement with the global color change found by Mosquera et al. [4]
applying another tetraethoxysilane (Tegovakon V100 from Goldschmidt) in a similar granite. Moreover,
de Rosario et al. [49] also applying Estel 1000 in a granitic sample found similar color changes. As a
common trend due to the consolidant application on stones, bricks, etc. [2,49-52], in the samples
coated without TiO; addition, a darkening and a yellowing were detected. Costa and Rodrigues [50]
showed that dark minerals (biotite and iron forms mainly) in granite became darker and feldspar and
plagioclase grains became more yellow with the ethyl silicate consolidant Wacker OH. In the current
research, a notable darkening (AL* > —7 CIELAB units) and a slight increase of the yellowish coloration
was detected on the surface coated with ethyl silicate; these changes were the responsible variations
for the most intense global color change detected in this research. In the sample with nano-sized silica
consolidant (without TiO;), the darkening was less intense than that found in the ethyl silicate-coated
sample; however, the yellowish increase was slightly higher. Despite the xerogel coating on the surface
treated with ethyl silicate without TiO, was less extent (detected by SEM-EDS) than that found on
the sample with the nano-silica suspension, the impact on the granite color of the former was more
intense than that found on the surface coated with the ethyl silicate. This trend was also reported in
other works [13,49]. It is important to highlight that several authors found that the darkening (—AL¥)
in volcanic rocks after the application of ethyl silicate consolidants often reverted to its original color in
time or after artificial weathering [53,54]. Therefore, further studies about the tendency of the color of
coated samples with TEOS in time should be performed.

SEM allowed the identification of a denser cracked xerogel coating on the surfaces with the
nano-sized silica solution than that found on the ethyl silicate coated surfaces. Despite showing different
extent degrees, both consolidants achieved superficial xerogel layers with fissures as commonly found
in tetraethoxysilane products (TEOS) [49,55]. SEM observations of the cross sections confirmed: (i) a
less compact layer on the surfaces treated with ethyl silicate comparatively to those with nano-silica
solution; and (ii) a lower penetration rate through the fissures was detected in the surfaces with ethyl
silicate. Zendri et al. [11] working with a colloidal silica consolidant and an ethyl silicate product
on mortars also reported a greater penetration capacity of the colloidal silica, characterized by little
particles comparatively to the ethyl silicate. Indeed, they measured that the superficial area of the
nano-sized silica was about 150 m?/g, while from ethyl silicate, the particle showed a superficial area
about 10 m?/g. As was reported in [41] the used nanoparticles showed a size of 30 nm. As consequence
Zendri et al. [11] reported less cohesion effect of the ethyl silicate than that for the colloidal silica solution.
In the current research, despite the same number of applications were performed regardless of the
consolidant, the lower extent of the xerogel layer found on the Estel 1000 treated surface comparatively
to that found on the Nano Estel treated surface, it might be related to the application procedure.
Nano Estel (concentrated aqueous colloidal solution of nanoparticles silica) which is recommended
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by the manufacturer to use at 30 vol % in water, considering the ruined substrates, it was applied
directly on the granite, as was made by the Estel 1000 which is diluted in white spirit D40 (SiO, content
of 30 wt %). It is important to indicate that the existence of the xerogel coatings could hinder the
consolidation effectiveness because they could act as clogging layers. Although the consolidating effect
has to be assessed in terms of penetration depths and variations on microstructural and mechanical
properties [56], since the aim of this research was to determine the suitable TiO, concentrations added
to the selected consolidants in order to inferred a self-cleaning property, further studies should be done
on the consolidant effectiveness and self-cleaning of these surface xerogel coatings.

Different penetration rates for the consolidants without TiO, were detected by SEM using the
polished cross sections: ~200 um were detected in the Nano Estel treated surfaces while the penetration
on the surface with Estel 1000 was almost negligible. Considering that the same number of applications
was made for both consolidants, the different penetration rate might be dependent on: i) the application
procedure, ii) the particle size of the silica particles, and iii) the solvent of the consolidant. As was
reported previously, Nano Estel is a concentrated aqueous colloidal solution of nano-size silica particles
that despite the manufacturer recommends its application at 30 vol % in distilled water, considering
the ruined state of the heated granite, it was directly applied on the stone. Regarding the particle
size, the nano-size silica particles (10-30 nm) might have allowed a better penetration into the finer
pore structure of the granite (100-60 nm) than the TEOS. Considering the solvent of each consolidant,
it should be considered that consolidant penetrates as far as the solvent [12]. The TEOS is diluted in
white spirit (25 wt %) and nanosilica consolidant is based on an aqueous colloidal solution. Therefore,
the faster solvent evaporation in the TEOS comparatively to the nano-silica suspension, will induce
the low penetration. Franzoni et al. [56] working also with Estel 1000 on a limestone found that the
amount of solvent evaporated between brush stroke was not negligible and therefore, the solvent
evaporation conditions the final penetration and redistribution of the consolidant into the fissures.

The TiO, addition induced a reduction of the consolidant penetration, because regardless of the
consolidant used, the TiO; nanoparticles were retained on the surface forming agglomerates with a
length of about 60 um, preventing their entry into fissures. In the samples with Estel 1000 and TiO,,
penetration was not detected, while in the Nano Estel coated surfaces, a penetration reduction of 90%
was found comparatively to the surface coated without TiO, addition.

Attending to the aesthetical effect of the TiO, addition, regardless of the consolidant, the color data
for the samples showed that the higher the TiO, content the higher the global color change. Comparing
with the global color change detected on the coated samples without TiO,, two different trends were
found:

e  Ontheonehand, in the samples coated with the ethyl silicate, the addition of the TiO, nanoparticles
induced a reduction of the color change; the color of the coated samples with TiO, would be more
similar to the coated stone without TiO, addition. However, using stereomicroscopy, it was found
cracked white deposits into the superficial fissures of the granite; the higher the TiO, content,
the higher the deposit extent on the surface. Therefore, as was reported in a previous article based
on the use of the CIELAB parameters (as AE*,},) as indicator of the cleaning effectiveness [57],
they have to be used with caution. In the current research, it has to be considered that the ethyl
silicate by itself already generated an intense impact on the color of the stone. Therefore, it is
important to study the quantitative results with the L-C*,, scatter plots.

e  On the other hand, for surfaces coated with nano-sized silica suspension, the least TiO; content
already induced a global color change higher than that found on the surface coated only with
the consolidant. As was reported for the ethyl silicate samples, the higher the TiO;, content,
the broader the cracked white deposits.

Considering that for the low TiO, addition (0.5 wt %) the surface layers showed different texture,
because in the samples with nano-silica consolidant, the sample showed a layer with an homogeneous
nanoparticles distribution, while the mixture with ethyl silicate, white cracked deposits were found
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again into the fissures and voids of the surface, different consolidant-TiO, nanoparticles interaction
was found for lower TiO, concentrations.

In order to identify TiO, nanoparticle content thresholds for each consolidant in terms of an
aesthetic point of view, it was identified that the addition of 0.5% TiO; in both consolidants already
induced global color changes detected by an unexperienced observer [45], however it is necessary to
interpret color results also from a conservation point of view [46]. Therefore, in the mixture of both
consolidants with 0.5% TiO,, as the AE*,,, were lower than 5 CIELAB units, these changes imply a
low to medium risk of incompatibility; i.e. these products can be considered as inducers of low to
medium harmful effects of heritage elements. The rest of the compositions already induced high risks
of incompatibility as products to be used in the conservation of cultural heritage elements, because
their AE*,, were higher than five CIELAB units.

5. Conclusions

Appearance and colorimetric changes of the granite surfaces when consolidant products (Estel
1000: ethyl silicate and Nano Estel: nano-sized silica colloidal solution) were mixed with nanoparticles
TiO, comparatively to the uncoated stone, were evaluated in this research. These variations suggested
that the mixture of both consolidants with the minimal TiO, concentration tested (0.5 wt %), implied a
low to medium risk of incompatibility, i.e., these products could induce low to medium harmful effects
to heritage elements.

Attending to the effect on the surface, although high concentration of TiO, mixed with both
consolidants induced cracked white deposits in fissures and voids detected on the surface, at the lower
concentration (0.5% TiOy) different patterns were detected: i) in the nano-sized silica consolidant,
the nanoparticles TiO, were kept as a suspension after the polymerization (showing narrower fissures
than those found in the superficial coatings with higher TiO, concentrations); and ii) in ethyl silicate
consolidant, the nanoparticles TiO, induced cracked white deposits filling the fissures and voids as
was identified for the consolidant layers with higher TiO, contents. The higher the concentration,
the more visible the nanoparticle accumulation on the surface of the stone.

Considering the penetration depth achieved by the different products, higher penetration rates
were identified in the granite coated with nano-sized silica colloidal solution, while ethyl silicate
was only found in the few first um. Therefore, penetration depends on the application procedure,
the solvent of the consolidant and the silica particle size. The TiO, addition seemed to reduce the
penetration of the nano-sized silica consolidant. TiO, nanoparticles were kept on the surface forming
agglomerates while consolidant product without TiO, was found covering mineral grains in the first
um of the stone coated with the nano-sized silica consolidant.

The trend of the color change due to the mixture of the product with the TiO, nanoparticles was
different considering the consolidant compositions. TiO, addition to ethyl silicate induced an increase
of the color changes comparatively to the effect of the consolidant without TiO, nanoparticles on the
stone, while the nano-sized silica suspension caused a reduction of the color changes comparatively to
that found in the surface coated without TiO,. In this sense, it seems suitable to perform a study on the
color evolution of these consolidants in time.

For further researchers, two different research lines might be designed. On the one hand, it seems
necessary to study the influence of the TiO, addition on the consolidating effect of the product
considering the superficial adherence and the distribution of the product through the fissure system of
the granite. On the other hand, further research should be based on: i) the self-cleaning property of the
coated surfaces in order to decompose real engine soot; and ii) the biocidal effect due to the addition of
TiO, nanoparticles to the consolidant products.
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