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Abstract: External and internal microclimatic conditions, biodeterioration, anthropogenic factors, etc,
influence the natural stone support for artifacts and built heritage. Based on this fact, the present
study explores the effectiveness of nano-TiO; in preserving and enhancing the durability of natural
stone used in the facades of heritage buildings, focusing on the Markovits-Mathéser House in Oradea
Municipality, Romania. The investigation involved treating rock samples (fossiliferous limestone)
with 2% and 5% nano-TiO, solutions and subjecting them to simulated extreme climatic conditions for
the analyzed area in a controlled climatic chamber for six months. The treated samples demonstrated
a significantly higher compressive strength than untreated benchmarks. SEM analyses confirmed
that nano-TiO, formed a protective layer, filling micro-cracks and pores, thereby enhancing the
stone’s resistance to environmental stressors. The study also found that the nanoparticle coating
maintained its integrity under extreme temperature and humidity variations, with only a slight
decrease in surface coverage. These findings suggest that nano-TiO, coatings significantly improve
heritage building materials” mechanical properties and longevity. However, the study highlights
the importance of careful application and long-term evaluation to ensure environmental and health
safety. Overall, nano-TiO; presents a promising solution for the conservation of cultural heritage,
offering enhanced durability and protection against climatic and environmental challenges. Further
research is recommended to optimize application workflow and formulations for broader and more
effective use in heritage conservation.
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1. Introduction

The degradation of the natural stone found in the constitution of heritage buildings
or support for indoor or outdoor artifacts occurs due to external and internal climatic
conditions (temperature, humidity, various atmospheric pollutants, etc.), various types of
damage (including biodeterioration), the anthropogenic factors, etc. These factors come into
direct or indirect interaction with the rock, which shows susceptibility to various processes
and phenomena conditioned by mineralogical-petrographic composition, structure, texture,
porosity, and resistance, ultimately leading to its degradation. Among the factors listed
previously, climate is recognized as one of the main factors that induce significant risks for
heritage elements [1]. Therefore, the preservation and management of the material cultural
heritage (CH) [2—4] must also be seen through the spectrum of climate variability that can
accelerate or sometimes diminish the processes of decay of the buildings; therefore, the
type of approach should be a climate-smart CH type [5,6]. In the cases of built heritage
edifices with no control over the internal microclimatic conditions, the indoor climate is
predominantly influenced by the external one.

Nowadays, a significant risk for CH is the urban heat island (UHI) phenomenon,
which contributes to its degradation through multiple mechanisms. This phenomenon
occurs when urban areas register higher temperatures (Ts) than surrounding rural areas
due to human activities and changes to the urban environment [7]. First, UHI intensifies
thermal stress on building materials, accelerating their deterioration. Increasing Ts can
lead to repeated expansion and contraction of materials, causing cracks, structural integrity
loss, and chemical deterioration. Studies show that this effect is particularly pronounced
in historic buildings in densely populated areas, where the combined impact of UHI and
heat waves can triple cooling energy consumption and increase the average operational T
by up to 5 °C [8]. Second, UHI contributes to increased relative humidity (RH) through
the contribution of anthropogenic sources that emit water vapor, evaporation and evap-
otranspiration, and impermeable surfaces, thus favoring biodeterioration. High RH can
accelerate the growth of molds and other microorganisms that attack building materials,
especially stone and wood materials used in heritage buildings [9]. UHI can also intensify
the effects of air pollution on historic buildings by increasing the concentration of pollutants,
acidifying surfaces, accelerating the deposition of particles, etc. Atmospheric pollutants,
such as N and SO, can combine with moisture and form acids that attack building surfaces,
accelerating their decay [10]. Studies indicate that to combat the adverse effects of UHI,
it is essential to integrate urban planning strategies that include green infrastructure and
appropriate building materials capable of reducing heat absorption and emission [11].

Based on these considerations, the specialized literature proved that using nanomate-
rials could help eliminate the risks associated with CH degradation as much as possible.
Nanomaterials offer advanced conservation solutions, including strengthening, protec-
tion against pollutants, and prevention of biological deterioration, ensuring sustainable
protection of heritage elements against environmental factors [12-16].

The application of titanium dioxide nanoparticles (nano-TiO,) represents a promising
way to preserve built heritage and heritage objects, considering its ability to protect against
deterioration caused by climatic and environmental factors. Munafo et al. [17], Ruffolo
et al. [18], and Speziale et al. [19] investigate the effectiveness of organic biocides and nano-
TiO; in reducing microbial colonization on architectural heritage stone surfaces, providing
a practical understanding of the applicability of these treatments in the real world. The
UHI phenomenon could lead in the coming years to an increase in the concentration
of atmospheric NOy [20], leading to an acidic environment with stone degradation by
intensifying the chemical processes specific to this type of environment [21].
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In the specialized literature, numerous studies explore the benefits and possible
disadvantages of the use of nano-TiO; in the protection and preservation of various types
of natural stone from building facades and heritage objects, highlighting its photocatalytic
and self-cleaning factors, and protection against UV radiation [22]. Nano-TiO, is used to
clean, protect, and preserve natural stone, thanks to its photocatalytic properties, which
break down organic pollutants and prevent degradation by conferring self-purifying and
antimicrobial properties, improving durability and aesthetic appearance [12,23-25].

The benefits of applying TiO, on marble surfaces used in building fagades include
the significant reduction of the penetration of organic substances, the growth of algae and
lichens on the surface of the marble, and maintenance of the natural aesthetic appearance
of the stone over time [26]. The effectiveness of treatments can vary depending on the
marble’s physical properties, chemical composition, and porosity under various climatic
and environmental conditions [27,28]. Treatments with nano-TiO, have been associated
with increased weather resistance and decreased dirt build-up, helping maintain granite’s
structural and aesthetic integrity. These treatments can reduce the need for maintenance
and damage to granite monuments and facades in polluted environments in urban areas,
extending their lifespan [29]. The study by Pozo-Antonio et al. [30] explores the aesthetic
effects of adding nano-TiO; to silica-based consolidants for better granite preservation.

On ornamental limestone and sandstone surfaces, the use of TiO; brings numerous
benefits, including reducing the penetration of pollutants and microorganisms. TiO,
treatments can improve the resistance of these stones to environmental factors such as acid
rain and urban pollution. Recent studies have investigated the use of nano-TiO, to protect
and preserve limestone and sandstone fagades, increasing their durability [31,32].

The nanotechnology-based approach for conserving and restoring historical monu-
ment buildings made of natural stone provides solutions by developing targeted treatments
specifically designed for these materials. Kanth and Soni [33] explore the benefits of nano-
TiO; in the preservation of various materials (stone, ceramics, glass, and pigments), namely
protection against climatic and environmental factors, biodeterioration, and UV radiation,
while preserving the aesthetics of the stone. The paper by La Russa et al. [34] examines
the use of nano-TiO, coatings for CH protection, focusing on the role of bonding in hy-
drophobic and self-cleaning efficacy, influencing the long-term performance of preservation
materials.

The application of nano-TiO, on outdoor heritage monuments with natural stone
support demonstrated the effectiveness and impact on historical monuments from various
regions and historical periods [35], with the significant mitigation of deterioration caused
by climatic and environmental factors improving the aesthetic aspect of stone monuments
from Italy, Romania, Greece, or Mexico [36-38]. Nano-TiO; coatings on stone artifacts
inside buildings help maintain cleanliness and reduce the need for frequent maintenance.
This is particularly important for delicate objects where mechanical cleaning could cause
damage [39]. The work of Ben Chobba et al. [40] reviews recent advances in the use of
metal oxide nanomaterials to preserve stone artifacts. Other studies [41] have shown that
the photocatalytic effect of nano-TiO; plays a crucial role in degrading organic pollutants
and inhibiting the growth of microorganisms on treated surfaces, thus enhancing the
self-cleaning properties and durability of heritage stone materials exposed to outdoor
environments.

In addition to the numerous advantages that the application of nano-TiO, has, some
studies in the field also indicate its shortcomings. Applying this type of solution can induce
significant changes in the physical and chemical properties of stone surfaces, including
increased erosion and corrosion resistance, reduced pollutant adhesion, microparticles,
and limiting the growth and development of microorganisms [42—44]. The application of
nano-TiO, can have effects on the aesthetic appearance of stone surfaces, including their
gloss and color. According to studies by Pinna et al. [45], Smith et al. [46], and Liu et al. [47],
nano-TiO, coatings can sometimes produce a slight bleaching effect on the stone, which
may or may not be desirable in the context of conservation. Using nano-TiO, also raises
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concerns about the impact on the environment and human health. According to the studies
of Keller et al. [48], Li et al. [49], Cho et al. [50], Gomez-Villalb et al. [12], and Ben Chobba
et al. [40], the release of TiO, nanoparticles into the environment can negatively affect
human health (through inhalation of nanoparticles) as well as the environment.

Based on the previously indicated, the objective of the present study is to evaluate
the use of nano-TiO; in the conservation of the built heritage of an urban area (Oradea
Municipality, Romania), where the external pavement is made of natural stone, and the
control of internal microclimatic conditions is limited; the influence of external factors is
in this case significant. The analyses were carried out in the context of the phenomenon
of UHI in which the object of study is located, considering the potential expansion of this
phenomenon against the background of the growth of the city, the use of construction
materials, the decline of green spaces, and the upward trend of T in recent years [49-51].
The study is particularly relevant for Oradea, where a significant built CH is mostly paved
with natural stone (mainly limestone). In this context, the research can serve as a starting
model of best practices for the conservation of these structures. The study’s specific
objective is to determine whether limestone suits the nano-TiO, application. The efficiency
of nanomaterials has been explored, given their ability to protect against damage caused
by variability in climate and environmental factors. This evaluation was conducted by
simulating extreme climatic conditions for the Romania and Oradea area in the climate
chamber (CC).

Thus, our study aims to demonstrate the potential of nano-TiO, in protecting the
natural stone used in Oradea’s built heritage and provide a reference framework for other
cities with similar conditions. Although there are numerous studies on the use of nano-TiO,
in various applications, the present research is distinguished by the fact that it explores a
relatively new field, namely the application of this solution on fossiliferous limestone used
in heritage buildings. Thus, our study provides new insights by testing the efficiency of
nano-TiO, under simulated extreme climatic conditions, relevant to the urban environment
subject to the UHI phenomenon. This approach not only expands current knowledge on the
protection of heritage materials, but also highlights the potential of nano-TiO, in preserving
this specific type of stone in the face of climatic and environmental stressors.

2. Materials and Methods

The present case study is represented by the Markovits-Mathéser House, located in
the historical center of the Municipality of Oradea, Romania. Due to its central location
and the limited knowledge about its construction history, many tourists and residents often
overlook and fail to discover it, even though the house is steeped in history and architectural
beauty. It was built in the Secession style in 1911, on two levels and with a triangular plan,
positioned at the intersection of Libertatii Street and Aurel Lazar Street [52,53] (Figure 1).
As is the case with several heritage buildings in the Municipality of Oradea, part of the
facade of the Markovits-Mathéser House is covered with fossiliferous limestone up to a
height of 1.5 m. Thus, 14 rock samples from the main fagade were considered for future
analyses, evenly distributed to cover the entire facade (Figure 2). It should be mentioned
that the collection of samples was non-invasive, the collected samples being part of larger
fragments detached from the plinth of the building in the type of renovation works that
took place between 2023 and 2024. The collected samples were subjected to a mechanical
cleaning process to remove impurities and contaminants from the surface. Afterward, they
were washed with distilled water and dried at room temperature for 24 h to ensure optimal
adhesion of the nano-TiO, during the treatment.
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Figure 1. The location of Markovits-Mathéser House at the level of Romania and Bihor County.
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Figure 2. Markovits-Mathéser House after renovation and the places where the 14 samples of
fossiliferous limestone were collected.

The 14 selected samples followed a detailed workflow, which included several essential
steps for determining the mineralogical and petrographic characteristics of the bedrock
and evaluating the physical and chemical properties, such as Transmitted Light Polarized
Microscopy (TLPM) and Raman Spectra (RS) (Figure 3). These methods allowed the
identification of the mineral phases present and the determination of the crystal structure.
In the next step, nano-TiO, was applied to the surface of all the samples, using specific
deposition methods to increase the strength of the material. All samples were then subjected
to compression tests (CTs) and Scanning Electron Microscope (SEM) analyses to identify
their structural characteristics. The samples were then introduced into the CC and subjected
to a controlled climate for a period of six months. Climatic parameters such as T and RH
were varied to simulate the extreme environmental conditions to which the materials could
be exposed in reality in Oradea Municipality due to UHI. This stage aimed to evaluate the
effectiveness of interventions with nano-TiO, under rigorous testing conditions, following
the hypothesis that UHI has the potential to intensify its action in the future [54,55]. In
order to evaluate the effect of nano-TiO, on fossiliferous limestone, the standard samples
and those introduced in CC were comparatively analyzed using SEM, the degree of nano-
TiO; coverage (TiO,-CA), and X-ray Powder Diffraction (XRPD). These analyses aimed
to identify the potential differences between the two types of samples in order to draw a
conclusion on the applicability of nano-TiO, on such fragile samples. At the same time,
all samples were analyzed in terms of weight and volume before and after nano-TiO,
application, respectively, before and after exposure in CC.
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Figure 3. The methodology for implementing the techniques and methods of sample analysis to
obtain the results.

All these interventions were aimed at testing a methodology to enhance the durability
of materials for future applications and, ultimately, the preservation of CH built with
natural stone in the Municipality of Oradea.

2.1. Mineralogical and Petrographical Analyses

Four methods were implemented for the petrographic and mineralogical analysis of
the rock samples. These methods determined the mineralogical composition and physical
properties of the rock to provide a superior knowledge of the material from which the CH
building is made.

Thus, to identify the minerals that make up the rock, TLPM (BX51 Olympus, Tokyo,
Japan) equipped with UMPlanFl objectives (5x, 10x, and 20 x) was used. A stitch proce-
dure was followed on the entire thin section. TLPM helps identify the different minerals
present in the rock sample. Specific minerals can be accurately identified by analyzing
the optical properties such as birefringence, pleochroism, and interference colors. TPLM
also allows for detailed observation of the rock’s texture, including the size, shape, and
arrangement of grains and minerals. At the same time, the technique provides insights into
microstructural features such as grain boundaries, inclusion patterns, and crystallographic
orientations. The comprehensive, high-resolution images obtained through the stitching
procedure are valuable for documentation, reporting, and further analysis [56].

A complementary technique to the one previously indicated is the RS, which aims to
identify the minerals that make up the rock (it has better accuracy than other techniques),
the chemical composition (it can detect the presence of specific molecular bonds and func-
tional groups, helping to determine the chemical make-up of the rock), organic components
(it can detect organic compounds within rock samples, which is helpful in studying sed-
imentary rocks and fossil-containing rocks), mapping, and imaging [57]. The results of
this technique were obtained at room T with a Raman Spectrograph Horiba Jobin-Yvon
RPA-HE 532 (Horiba Ltd., Kyoto, Japan) with a multichannel air-cooled (—70 °C) CCD
detector, using a Nd-Yag laser 532 nm (Horiba Ltd., Kyoto, Japan) excitation source and a
nominal power of 100 mW. Spectra were obtained in the spectral range between 210 and
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3400 cm~! with a spectral resolution of 3 cm~!. The RS system includes a superhead fiber
optic Raman probe for non-contact measurements with a 50x LWD Olympus objective,
NA = 0.50, WD = 10.6 mm, and FIB50/10M optical fiber (Newport Corporation, Irvine,
CA, USA). The laser spot diameter on the sample surface was approximately 2-3 pm
(the minimum theoretical spot diameter is 1.3 um). Sulfur and cyclohexane were used
for the calibration. Data acquisition was performed at a 1-53.6 mW laser power on the
sample’s surface. Furthermore, the laser power was gradually increased by 1% until any
photochemical degradation was observed. Spectra manipulations include essential data
treatment, such as smoothing adjustments and peak fitting.

The determination of the geomechanical properties of the stone was made using
specific test methods provided in the European and Romanian standards in force regarding
various types of rocks, but also taking into account other current research in the field,
such as that presented in Burdalo-Salcedo et al. [58]. In this case, the water absorption
test regarding stones covered with a hydrophilic protective layer. The influence of the
application method and the number of protective applications on the effectiveness of the
treatments is presented in Otero et al. [59].

2.2. Analysis of the Resistance of the Samples

For this case study, a nano-TiO;, with a size distribution in the 10-30 nm range was
selected. The solutions of nano-TiO; in concentrations of 2% and 5% were prepared using
0.5 g nano-TiO, with 25 mL distilled water (Group A samples) and 1.25 g nano TiO,
with 25 mL distilled water (Group B samples). These solutions were then applied in the
laboratory to rock samples from categories A and B, respectively. The standardized method
of applying the solutions was carried out with a brush, ensuring uniformity of treatment.
This method involves manual application of the solution with a brush, allowing precise
control over the amount of material applied and ensuring adequate coverage of porous
surfaces and micro-cracks. Through this technique, nano-TiO, forms a homogeneous
protective layer, able to fill the interstices and increase the mechanical resistance and
durability of the stone in the face of climatic and environmental factors.

To test the hypothesis that materials impregnated with nano-TiO, have a higher
resistance, a CT was performed on group A and B materials and benchmark samples. The
samples for the compression test were prepared by cutting into regular cubes of 50 mm
per the UNE standard EN 1926:2007 [60]. Due to the impossibility of taking a sufficient
amount of material, which would allow the processing of the samples to the desired size,
only five samples were prepared. Three of the five samples were represented by benchmark
samples, and two after coating with nanoparticles, in a concentration of 2% nano-TiO, and
5% nano-TiO,, respectively. We mention that the material’s structure did not allow the
identification of any planes of anisotropy. The determination of the compressive strength
was carried out on a 2012 Controls Pilot 4 automatic testing machine, model 50-C5642
(Controls Group, Milan, Italy), which had a maximum compressive capacity of 2000 kN,
used for CT of various types of construction materials. Within the device, the precise test
parameters were set, namely the dimensions, area, and mass of the samples, including the
loading rate, and then the tests were carried out. The loading of the samples was applied
continuously, with a constant pressing speed of 0.5 MPa/s.

After applying the solution with nano-TiO,, all the samples (those with the applied
solution and the reference ones) were introduced into the CC. The stability was evaluated
using the Memmert Humidity chamber HCP105 (Memmert GmbH + Co., Schwabach,
Germany), which is equipped with a controller for RH (1% accuracy of rh) and T (0.1 °C
accuracy of T). All the samples were analyzed before their exposure in the CC and upon
their exposure for six months at a constant T and RH. The values of the indicators were
established following the analysis of T and RH values in the Municipality of Oradea in
the period 2011-2024, based on the data acquired from the Oradea Meteorological Station.
Thus, Figure 4 shows the values of the two parameters, which recorded multi-year averages
of 10.2 °C and 70.5%. Regarding T, the maximum values recorded were 38.8 °C, and the
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Figure 4. The variation of T and RH values in 2011-2024 in the Municipality of Oradea, Romania.
Values based on the parameters to which the samples were subjected in the CC were established.

To establish the values to which the rocks were subjected in CC, it was assumed that
they are mainly affected by weathering (the more-or-less sudden change in T and RH) and
extreme values. At the same time, based on the trend of increasing T and decreasing RH
that can be seen in Figure 4, it was decided to simulate a warmer and drier environment
than at present [61] to identify if it can induce damage to the rock and if nano-TiO, can
slow down or eliminate this risk. In the case of T, the samples were exposed to maximum
values of 40.8 °C (+2 °C compared to the maximum from the period 2011-2024) and
minimum values of —20.9 °C (-2 °C compared to the minimum from the period 2011-
2024). The set values varied more-or-less suddenly, the average for the entire six-month
period being 11.2 °C (+1 °C compared to the multi-year average recorded in Oradea
during 2011-2024). The Clausius—Clapeyron principle indicates that the capacity of air
to retain water vapor increases exponentially with T. On average, for each additional
degree Celsius, RH decreases by approximately 5% if the absolute water vapor content
remains constant [62]; RH was set to vary significantly between a minimum of 60.5%
and a maximum of 80.5% (£10% compared to the multi-year average of RH in Oradea).
At the same time, sudden variations of RH were considered, which would follow the
trend of extreme situations identified in Oradea in the period 2011-2024. Specifically, the
experimental cycles involved exposure of rock samples to low T and high RH for short
periods of time (2-3 h), followed by abrupt transitions to high T and low RH for similar
durations. In addition to these short-term variations, long-term variation cycles with
exposure durations between 2 and 3 days were also implemented, maintaining similar
climate characteristics within the CC. These cycles were systematically repeated during
the six months of testing in order to evaluate the resistance of nano-TiO; to climatic
fluctuations of variable intensity and to determine their effectiveness in reducing the
impact of weathering and degradation of rocks in urban environments. Repetition of
these simulated exposures aims to provide detailed insight into the protective potential of
nano-TiO, under enhanced climate conditions. In these experiments, we wanted a deeper
understanding of the behavior of rocks in boosted climate conditions and the identification
of effective conservation solutions using nano-TiO,.

Before introducing the samples into the CC to carry out the simulations, but also after
the completion of the climatic cycle, the rock samples were analyzed with the environmental
electron microscope to obtain detailed SEM images to indicate how the surfaces were
covered with nano-TiO,, as well as whether or not they have withstood the boosted climate
parameters of CC. For this, the Phenom ProX scanning electron microscope was used,
which is particularly useful in studying nanomaterials and structural changes at the micro
and nano levels.

The SEM images thus acquired were processed to determine TiO,—CA before in-
troducing the samples into the CC and after the climatic cycle. This analysis aimed to
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highlight whether nano-TiO; resists the weather and extreme climate in order to conclude
its effectiveness. The SEM images were imported into the Image] software (v. 1.54j), where
their processing was based on contrast and shape. To enhance the differentiation between
nanoparticles and constituent minerals, the image contrast was adjusted using dedicated
features; the optimal values were established empirically to clearly highlight the nano-TiO;.
The grayscale images were binarized to create a black-and-white image using the optimal
contrast threshold. Threshold values were manually adjusted for each image to clarify
the separation between nanoparticles (white) and constituent minerals (black). To remove
noise and small particles that do not represent nano-TiO;, the median filter with a radius of
2 pixels was used.

The surfaces covered with nano-TiO, were calculated using the particle analysis
function. Analysis parameters were set to include particles between 0.5 um? and 50 um? in
size and to exclude image edges. Thus, the total percentage of coverage with nano-TiO,
was calculated based on the formula:

oA
Stio, = (leAtTlOZ") % 100 (1)

where S7;0, represents the total surface covered with nano-TiO,, I, Arip, ; is the sum of
the surfaces of the identified nano-TiO,, A; is the total surface of the image, and # is the
total number of identified particles.

The coverage percentage was determined as the ratio of the total area covered by
nano-TiO; to the total image area. The software automatically calculated this ratio and
saved it in the result table generated by Image].

Finally, XRPD was used to extract valuable structural information regarding the min-
eralogical composition of the studied samples before and after their CC exposure. This
analysis highlights the possible changes in the mineralogical structure suffered by the
samples treated with nano-TiO, after exposure to the CC conditions. Diffraction data were
collected with a Bruker D8 Advance diffractometer (Bruker Corporation, Billerica, MA,
USA), operated with the X-ray tube at 40 kV and 40 mA. The diffractometer is equipped
with a LYNXEYE detector (Bruker Corporation, Billerica, MA, USA), and a Ge (11 1)
monochromator was used in order to obtain only the CuK«l radiation. Among other
things, XRPD can accurately reproduce the mineralogical composition and generate semi-
quantitative phase analysis, detailed crystallographic information, detection of amorphous
content, identification of minor and trace phases, the study of phase transitions and stabil-
ity, analysis of texture and preferred orientation, grain size and microstrain measurement,
detection of polymorphs, correlation with geochemical data, accurate petrographic classifi-
cation, and non-destructive analysis [63].

3. Results
3.1. Mineralogical-Petrographical Analyses

Thin sections exhibit a biosparite texture, characterized by sparse fossil fragments
within a sparite matrix. The sample originates from a carbonate-dominated sedimentary
environment, suggesting a depositional history influenced by biological processes and
subsequent mineral precipitation. The dominant component observed in this thin section
is a bioclastic aggregate consisting of fragmented skeletal remains of marine organisms.
While the fossil fragments are not abundant, they are still present and show varying degrees
of preservation, ranging from well-preserved to partially dissolved. The most common
fossils present include fragments of rotaliids, miliolids, gastropods, and algae, indicating a
modest assemblage of marine organisms (Figure 5).
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Figure 5. Photomicrographs of thin-sectioned biosparite under crossed polarizers (a—f). Mineral
abbreviation: Qz—Quartz; Ms—Muscovite; Pl—Plagioclase; ff—fossil fragment(s). Scale bars on the
photomicrographs are 100 um.

The matrix of this thin biosparite section is predominantly sparite and composed of
fine-to-medium crystalline carbonate minerals. The mineralogy of the sample is completed
by anhedral-subhedral quartz crystals, muscovite, and very rare plagioclase feldspar. The
carbonate was identified as calcite using RS. The RS of calcite has the characteristic Raman
peak located at 1087 cm~! (Figure 6), which is attributed to the v; symmetric stretching
vibration of the CO3 group [22]. The sparite matrix forms a framework that encases
and supports the bioclastic fragments. It displays a crystalline texture, with interlocking
carbonate crystals of varying sizes, providing a solid framework for the fossils. Within the
sparite matrix, the bioclasts are dispersed irregularly throughout the thin section. These
bioclasts exhibit a range of sizes, shapes, and orientations. Some may appear angular,
indicating minimal transport or alteration, while others may show signs of rounding and
abrasion, suggesting reworking and transportation during deposition.

Raman intensity (arbitrary units)

T T T T T T
200 400 600 800 1000 1200 1400
Wavenumber (cm™")

Figure 6. The RS of calcite with the characteristic Raman peak is located at 1087 cm~!. The spectra
show high fluorescence due to the laser wavelength of the Raman spectrometer (i.e., 532 nm).
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In addition to the bioclasts, small amounts of micritic material are observed within
the sparite matrix. These micritic particles likely represent a combination of fine-grained
carbonate mud and precipitated carbonate particles. They appear as microcrystalline
material interspersed among the broken crystals. Overall, the biosparite thin section
represents a carbonate-dominated sedimentary rock characterized by a biosparite texture.

In conclusion, the biosparite thin section, with its sparite matrix and bioclastic frag-
ments, illustrates a carbonate-dominated sedimentary rock formed through biological
activity and mineral precipitation in a marine environment.

3.2. Analysis of the Resistance of the Samples

After applying the nano-TiO, solutions, the weight of each sample was carefully
measured, and a generalized increase in weight was recorded. Data analysis revealed
that after application, the weight of each sample increased, indicating the added amount
of nano-TiO,, which varied between 0.04 and 0.13 g (Table 1), depending on the sample
and the concentration of the solution used. These data provided details on the amount of
nano-TiO, involved in the process, thus providing important information for evaluating
the impact of nano-TiO; solutions on the tested samples.

Table 1. The size and weight of the rock samples before and after the application of nano-TiO;.

ope Quantity of . . Quantity of
S(:I(:lplle Sample Code wiriu;::l( ) Nano-TiO, Fmal(\/\)lelght Nano-TiO,
P ghtis Applied 8 Retained (g)
Al 5.42 5.47 0.05
A2 5.47 5.54 0.07
A3 4.88 29, 493 0.05
Group A .
A4 4.39 nano-TiO, 4.46 0.07
A5 4.48 453 0.05
A6 5.57 5.62 0.05
Bl 4.78 4.85 0.07
B2 4.84 497 0.13
B3 5.54 o 5.59 0.05
Group B 5%
B4 5.91 nano-TiO, 5.97 0.06
B5 4.19 4.24 0.05
B6 4.16 4.25 0.09
Benchmark R1 3.31 0% - _
samples R2 4.67 nano-TiO, - _

Regarding CT, the first two reference samples yielded compressive forces of 23.9 kN
and 23.5 kN, corresponding to 9.55 MPa and 9.36 MPa compressive strengths. The third
standard sample yielded at 12 kN, having a strength of 6.38 MPa, approximately one-
third of the values of the other standard samples. Sample 4, coated with 2% nano-TiO,,
yielded 36.4 kN, equivalent to a compressive strength of 14.57 MPa. Sample 5, covered
with 5% nano-TiO,, yielded 49 kN, corresponding to a strength of 19.59 MPa (Figure 7).
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® Compressive strenght (MPa)

Sample 1 (R1) Sample 2 (-) Sample 3 (-) Sample 4 (A4 - Sample 5 (B2 -
TiO2) TiO2)

Figure 7. The results obtained for the compression test for the five analyzed rock samples.

The CT results reveal significant differences between the reference samples and those
treated with nano-TiO,, suggesting a positive impact of nanoparticles on the compressive
strength of rocks. The samples treated with nano-TiO, demonstrated considerably higher
compressive strength than the reference ones, with the sample coated with 2% nano-TiO,
showing strength almost 50% higher (14.57 MPa) and the sample coated with 5% nano-TiO,
showing strength two times higher (19.59 MPa) compared to the maximum values of the
reference samples. The natural variability in the base material is evident, but even the
strongest reference sample (9.55 MPa) is well below the strength of the nano-TiO,-treated
samples.

Compared to other studies, the values obtained for CT in this research are lower.
Martinez-Garcia et al. [64] reported that 38.5% of uncoated dolostone specimens resisted
compressive forces of 200 kN (80 MPa), with strengths increasing with nanoparticle coating
of higher concentrations. Dorobat et al. [65] measured average compressive strengths for
limestone and crystalline shale of 35 MPa and 43 MPa (parallel to the plane of anisotropy)
and 55.4 MPa (perpendicular to the plane of anisotropy) in the dry state, 29 MPa, 33.6 MPa,
and 44 MPa, respectively, after 15 freeze-thaw cycles.

The findings demonstrate a significant reduction in the compressive strength of rocks
subjected to freeze-thaw cycles. Nevertheless, the application of protective coatings en-
hances the mechanical strength of the rocks, even under prolonged and severe climatic
conditions. This observation accounts for the lower compressive strength values recorded
for the fossiliferous limestone specimens evaluated in this study, considering their geologi-
cal characteristics and historical context. Specifically, these rocks were sourced from slabs at
the base of buildings constructed in the 1910s, which have been exposed to environmental
weathering for over a century as part of extensive exterior restoration efforts. Based on this
last idea, we can say that interventions with nano-TiO, are all the more important for the
current study, considering the age and the need to preserve the rock.

The analyses aimed at the morphological aspects of the surface of the analyzed fos-
siliferous limestone; the SEM images show that nano-TiO; are capable of uniformizing
the surfaces (Figure 8), filling the micro-cracks, interstices, and pores on the surface of
the stone, forming a protective layer that can contribute to increasing rock resistance and
reducing the impact of climatic and environmental factors [66]. The back-scattered electron
images reveal that the particle sizes of nano-TiO; range from 0.3 to 0.5 um, suggesting
a consistent and even distribution of sizes. The uniform particle size remains constant
regardless of the concentration of nano-TiO, or the conditions in the CC. The analyses show
that the homogeneity of the coating varies with the concentration of the solution and the
storage conditions in the CC. The SEM images provide a visual comparison of the coating’s
consistency and uniformity before and after exposure to the controlled environment of the
CC (Figure 8).
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Figure 8. The SEM analyses performed on the rock fragments ((a)—2% nano-TiO, solution before
introduction into CC; (b)—2% nano-TiO; solution after extraction from CC; (c)—reference sample
after extraction from CC; (d)—5% nano-TiO, solution before introduction into CC; (€)—5% nano-TiO,
solution, after extraction from CC).

Following the analysis of the SEM images of the samples coated with nano-TiO;
before and after their exposure in CC, slight differences were highlighted within the Image]J
software. So, on average, the degree of coverage of the surfaces with nano-TiO, was 91.8%
in the case of samples not introduced in the CC, and the degree of coverage decreased to
88.2% after exposure to the preset conditions within the CC. A loss of only 3.6% is minimal,
which indicates that the nano-TiO; solution is very resistant to the weather and the action
of boosted environmental factors (T and RH). In Figure 9, it can be seen that sample B3
lost only 3.66% coverage with nano-TiO; particles (from 90.16% initially to 87.50% after
CC). The rock must be covered as much as possible with nano-TiO,, but at the same time, it
must not be completely covered to let the base surface breathe. This observation further
underscores the efficacy and short-term durability of the nano-TiO; coating, highlighting
its consistent performance under varying environmental conditions.

below: 90.16 %, above: 9.55 % below: 87.50 %, above: 12.12%

Figure 9. The results of the TiO,—CA analysis indicating the degree of coverage of the rock with
nano-TiO, nanoparticles before CC (a) and after exposure for six months in CC (b) (green color—base
rock; blue color—nano-TiO; nanoparticles).
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It is observed that from a crystallographic point of view, the dominant phase is
represented by calcite with a trigonal crystal lattice, which is the most stable polymorphic
form and is found in limestone rocks. The second identified crystallographic phase is silica,
found in the form of quartz (Figure 10a). A comparison of the diffraction patterns upon
the application of 2% nano-TiO, after the exposure in the CC is presented in Figure 10b.
Nano-TiO; is found in the tetragonal polymorphic form of rutile, characterized by slightly
broader diffraction peaks compared to calcite ones. Small quartz traces are also found in
both patterns.
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Figure 10. X-ray diffraction patterns of investigated samples ((a)—before exposure to CC; (b)—after
exposure to CC—2% nano-TiO,; (c)—after exposure to CC—5% nano-TiOy).

The comparison of the diffraction patterns with a 5% nano-TiO, solution is presented
in Figure 10c. With the increase in the concentration of the solution, a significant increase
in the diffraction intensities specific to rutile is observed, and due to the consistency of
the applied layer, the peaks corresponding to quartz disappear. In conclusion, with the
exposure of the samples in CC with both 2% and 5% solutions, no structural changes are
recorded; in other words, the nano-TiO; acts as a protective layer.

4. Conclusions

Nano-TiO; offers significant benefits for the preservation and protection of natural
stone materials used for the facades of buildings and heritage objects located in the external
or internal environment against climatic and environmental factors. Thus, regarding
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the morphological surfaces of the fossiliferous limestone surface, nano-TiO, tends to
be distributed on the surface, filling the interior of micro-cracks, interstices, and pores,
forming a protective layer that increases georesistance. The rock samples treated with
nano-TiO, solutions (2% and 5%) showed a significantly higher compressive strength
than the reference samples. The sample coated with 2% nano-TiO, showed a strength of
14.57 MPa, and the one coated with 5% nano-TiO; recorded 19.59 MPa. Comparatively,
the reference samples showed values of approximately 9.55 MPa and 9.36 MPa, except for
one sample that yielded 6.38 MPa. These results suggest that nano-TiO, can increase the
mechanical strength of rocks, thus prolonging the life of construction materials, even in the
case of a fossiliferous limestone like the one in the present study. Tests performed in the CC
simulated extreme T and RH conditions similar to those that have the potential to occur in
a UHL The results showed that the nano-TiO; withstood these conditions well, maintaining
their protective properties. Before and after exposure to the climatic conditions, the samples
were analyzed using an electron microscope to assess the integrity of the nanoparticle layer.
These analyses confirmed that the nano-TiO, remained well distributed and uniformly
covered the rock surfaces, reducing micro-cracks and pores. The degree of nanoparticle
surface coverage was 91.8% before CC exposure and slightly decreased to 88.2% after
exposure to boosted climate conditions. This small loss indicates excellent weathering
stability of the rock covered with nano-TiO,.

The analysis of the samples with XRPD demonstrated that CC exposure did not change
the composition of nano-TiO,-treated rock, regardless of the concentration, whether 2%
or 5%. These results confirm the chemical stability of the nano-TiO, treatment under
varied climatic conditions, highlighting that both 2% and 5% concentrations maintain the
mineralogical integrity of the rock without significant changes in composition.

The obtained results suggest that in the future, the management of natural stones for
outdoor and indoor construction should include the usual expertise, including periodic
visual inspections for the identification and monitoring of degradation and damage, up
to more laborious analyses, in situ and ex situ, such as mineralogical-petrographic, RS
analyses, diffractometry, and imaging. Also, the application of nanotechnology must be
managed to evaluate and calibrate the objectives of preservation and conservation with
the potential environmental and health risks (e.g., the emission of nano-TiO; particles into
the air when applying the nano solution, as well as later in time). Their application can
significantly reduce the need for frequent maintenance and help preserve the aesthetic
appearance of heritage building facades. Although nano-TiO; offers multiple benefits for
heritage conservation, it is important to manage its impact on the environment and human
health. Inhalation of nanoparticles can pose risks, and their release into the environment
must be monitored and controlled in situ.

5. Limitations and Future Works

Future research should explore optimized application methods to maximize these
treatments’ efficacy and durability. Long-term evaluation of the effectiveness of nano-TiO,
is essential to ensure the chemical and aesthetic compatibility of these treatments with CH
materials. Research should continue to explore new formulations and combinations of
nanomaterials that can further improve the protection provided by nano-TiO,. The use of
nano-TiO; represents a promising solution for the conservation and protection of built CH,
offering significant benefits in terms of compressive strength and durability in the face of
climatic and environmental factors. However, careful application and long-term evaluation
management is required to ensure these treatments’ safety and efficacy.

In this study, the treatment with nano-TiO; was designed to form a protective layer
on the surface of the fossiliferous limestone, which works by filling micro-cracks and
reducing the porosity of the stone. This layer can limit the access of moisture and, implicitly,
the transport of salt ions inside the material. Further testing may include exposing the
treated samples to salt crystallization—dissolution cycles to determine to what extent the
nano-TiO; can prevent or reduce the destructive effects of this phenomenon. This approach
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can provide a more complete understanding of the potential of these nanomaterials in the
conservation of natural stone exposed to aggressive conditions. This is important for future
applications, even if salt crystals were not observed in the analyses on the investigated
samples.

The limitations of the present study include the analysis equipment with limited
resolution and the experimental design, which did not allow a complete evaluation of the
long-term effects of nano-TiO, on natural stone under real environmental conditions. At
the same time, the fact that samples cannot be taken for better laboratory analyses due to
the status of the building was an impediment.
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Abbreviations

T Temperatures

RH Relative humidity

UHI Urban heat island

RS Raman Spectra

CT Compression test

SEM Scanning electron microscope
CcC Climatic chamber

XRPD X-ray Powder Diffraction
CH Cultural heritage

TiO, Titanium dioxide

TiO,-CA Titanium dioxide coverage analysis
nano-TiO,  Titanium dioxide nanoparticles (<100 nm)
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