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Abstract
The preservation of built and cultural heritage poses numerous challenges globally, given its intrinsic value and historical 
significance. This study assesses the performance of two surface treatments, comprising a dispersion of functionalized 
silicon-based nanoparticles at a concentration of 0.1% in water. Two different variants were examined: the first being 
simple functionalized (NS) "T1" and the second being dehydrated functionalized (NF) "T2" nanoparticles. The application 
of both treatments, T1 and T2, was carried out on specimens of fired clay tile using a sponge brush in two layers, with 
30 min between each layer. These treatments were compared with the application of three commercial products: a 90% 
siloxane-based reactive grade compound (SX), a solvent-based silicone resin active (C1), and silicone-based active and 
water-conveyed additives (C2). After application, the specimens were evaluated simultaneously to determine the behavior 
and effectiveness of the treatments in two different exposure environments (in a natural urban/industrial environment for 
24 months and a controlled environment in a QUV chamber for 2000 h). The performance of the treatment was assessed 
through the measurement of static contact angle, capillary water absorption, and optical appearance in accordance 
with colorimetric and FTIR standards. It was established that the application of the T2 treatment yields comprehensive 
outcomes in fired clay tiles as a hydrophobic treatment, imparting advantageous properties. Urban and industrial settings 
significantly impact visual aesthetics, as reflected in high ΔE* values. Functionalized nanoparticles demonstrate enhanced 
performance even at low concentrations, making them ideal for preserving the aesthetics and structural integrity of walls 
and roof tiles in heritage buildings.

Article Highlights

•	 Dehydration of the nanoparticle favors the delay of hydroxylation.
•	 T2 presents a high resistance to weathering and stability to the substrate.
•	 T2 reduced the absorption rate to two orders of magnitude, increasing its durability.
•	 The effectiveness of T2 is guaranteed with a contact angle > 90º and ΔE* < 5.
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1  Introduction

The preservation of modern and ancient architectural heritage is crucial for maintaining social and cultural roots. It 
is the responsibility of each country to protect and maintain its heritage from deterioration [1]. Heritage includes 
both contemporary and historical elements, and it serves as an important and tangible resource for nations [2, 3]. 
Therefore, agencies responsible for heritage management and preservation are highly interested in its conservation 
and durability [4]. On the other hand, the combined effects of pollution and global climate change have consistently 
damaged clay, limestone, and other stone-based constructions materials, whether contemporary or historical. The 
main deterioration mechanisms typically start with the interaction of the medium with the surface of materials, also 
known as substrates [5–8]. While various methods have been utilized to conserve these materials, they often lack 
durability and efficiency [9]. In recent decades, the focus has shifted towards developing alternative conservation 
methods for clay tiles and materials, particularly in European and Asian countries. This is especially pertinent as 
approximately 90% of the historical heritage in these regions is comprised of clay tiles [8, 9]. Mexico holds a significant 
architectural legacy, with 35 UNESCO World Heritage Sites, including over 10 historic centers of vice-regal cities. These 
cities are characterized by extensive infrastructure adorned with clay tiles, commonly known as Spanish tiles. Thus, a 
key objective of this research is to develop a treatment for creating durable clay tile surfaces for ancient and modern 
heritage and new construction conservation. Most of the technologies currently available for the conservation and 
restoration of heritage are complex and rely on biological, chemical, and physical treatments [10]. It is crucial to 
carefully manage environmental parameters such as physical conditions, temperature, and humidity, as sudden 
changes can have a detrimental impact on the durability of materials [4, 11]. Such changes have the potential to 
cause deterioration, which may result in the partial or complete loss of important historical and cultural heritage. 
These alterations have the potential to result in the degradation of both modern and ancient architectural heritage, 
potentially leading to their partial or complete loss. Furthermore, it is anticipated that heritage sites of all kinds will 
be at risk in a shifting climate, facing numerous unforeseen challenges. As a result, innovative solutions are being 
devised to ensure their protection [12]. A wide range of surface treatments are currently used to provide hydrophobic 
and biocidal properties, offering commercial protective effects [11, 13]. However, these products are mainly designed 
to preserve cement and stone-based materials, resulting in limited performance due to the disadvantages associated 
with the substrate they are applied to, such as porosity, surface roughness, and pH. As a result, the most common 
solutions involve creating physical and chemical barriers through specific treatments based on binders or crystallizers. 
All forms of built heritage are susceptible to gradual deterioration in their component materials (such as stones, 
mortars, and clays) due to environmental factors. These factors include the accumulation of salts and metals, the 
presence of water vapor, and the cyclical impact of high temperatures and humidity [1, 12, 14].

All built heritage faces problems of progressive deterioration in its constituent materials (rocks, mortars, clays, 
among others) that are caused by environmental factors such as the concentration of salts, metals, water vapor, 
cyclical effects of high temperature and humidity, etc. [1, 12, 14]. The literature reports various degradation factors 
and alterations that can damage clay tiles. For instance, a study by Hosseini et al., 2018, identified water as the 
primary factor contributing to degradation in ornamental masonry. Water serves as a transport medium for biological, 
physical, and chemical agents, which can have a combined and synergistic effect on the material [15]. There are 
different types of deterioration, such as biodeterioration caused by living organisms. When porous materials are 
in contact with water or saturated soil, various ions can easily enter the material, leading to unwanted changes 
in its physical and chemical properties. Additionally, chemicals like acids, alkalis, gases, oils, fats, and sugars can 
cause chemical corrosion. The accumulation of biogenic substances due to the intensive growth of microorganisms 
further contributes to deterioration. Thermal factors also play a role, with water acting as a thermal conductor that 
accumulates and wets masonry units, thereby increasing thermal dispersion.

The rise in temperature from solar radiation can hasten the breakdown of materials by accelerating chemical 
reactions, especially when combined with humidity. This acceleration can lead to increased solubility and dissociation 
of salts, acids, and bases, as well as a decrease in viscosity and an increase in ion mobility within the materials. For 
instance, aggressive atmospheric agents like sulfur dioxide or carbonic acid can interact with calcareous binders, such 
as lime and calcium carbonate, making them more soluble and leading to the rapid deterioration of masonry [16]. 
Additionally, temperature fluctuations, whether gradual or sudden, can induce stress through differential thermal 
expansion, resulting in cracking. Fired clay tiles, for example, may expand when wet, depending on their porosity 
and surface characteristics, affecting the extent of water penetration. UV light also has a significant impact on the 
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degradation of materials. Sunlight contains photons with energies ranging from 0.5 eV to 4 eV, with about 5% of 
the energy in the form of ultraviolet photons exceeding 3 eV. These high-energy photons have the ability to break 
chemical bonds, contributing to material deterioration. Additionally, the increase in temperature on roofs resulting 
from solar radiation absorption is detrimental to the longevity of materials. Furthermore, air pollution introduces 
salts that lead to efflorescence, manifesting as a soluble white powder on the surface of coatings [17]. Over time, 
these salts accumulate within porous materials and, when combined with water, migrate in various directions within 
the material. Ultimately, crystallized salts tend to accumulate in areas where water evaporates [18]. Gases, combined 
with rainwater, condensation, temperature, humidity, aerosols, and environmental agents, play a significant role 
in the dispersion and deposition of pollutants [19]. The level of relative humidity then influences the adsorption 
of substances and their interaction with material components. Additionally, the physical structure can undergo 
changes due to growth within the material, leading to cracking, disaggregation, or increased volume. Furthermore, 
contamination is a key source of deposition films that result in dirt stains on building facades [20]. As a result, the 
current focus in addressing these issues in clay-based masonry involves developing innovative treatments to mitigate 
deterioration and transform them into advanced materials.

The treatments in this context must adhere to the requirements set by management and preservation agencies, 
while also meeting the current market demands for unique products with multifunctional properties. It has been 
observed that surface treatments incorporating nanomaterials can effectively reduce degradation through physical, 
chemical, and biological means, as they offer multiple properties such as self-cleaning [20, 21], bactericidal effects [22, 
23], superhydrophobicity [24, 25], anti-fog properties [25, 26], omniphobic characteristics [27, 28], and more.

In order to minimize changes to the aesthetic appearance of historical or current heritage substrates, interventions 
on materials must adhere to specific criteria. These criteria dictate that the total color differential (ΔE*) of the substrate 
should be minimal, with a specified limit of ΔE* < 2, or where appropriate, ΔE* < 10, as outlined in EN 16581:2016 and ISO 
12647–4 [29]. Numerous studies have explored the use of TiO2, SiO2, and Al2O3-based nanomaterials for this purpose. 
For instance, S. Borhani-Esfahani et al. [30] have developed silicon-based nanoparticles utilizing organically modified 
silicate (ormosil) as a matrix and titanium-silica nanoparticles as a reinforcing phase to protect the tile facades of historical 
buildings. These efforts aim to balance the need for conservation and maintenance with the imperative to minimize 
visual alterations to the heritage substrates.

The study findings demonstrate that a clear hydrophobic coating can be attained by incorporating up to 20% by weight 
of PDMS-OH into the initial sols, without the need for additional solvents or highly toxic catalysts. For an environmentally 
friendly, transparent, hydrophobic, and UV-absorbing nanocomposite coating, the ideal composition may consist of 20% 
by weight of PDMS-OH and approximately 0.025% by weight of silica-titanium core–shell nanoparticles. In a related study, 
Maria Kouroutzi et al. [31] investigated the use of TiO2 nanoparticles in the production of clay tiles. Their experiments 
involved three types of TiO2 nanoparticles, with and without polyethylene glycol (PEG). These ceramic tiles underwent a 
dip coating process to achieve the desired photocatalytic surface, leading to an increase in surface areas and potentially 
enhancing the photocatalytic efficiency.

The use of nanoparticles in this context offers several benefits, such as reducing cracking, improving hydrophobicity 
through increased surface roughness, enhancing resistance to weathering, and providing good stability and interaction 
with the substrate [31]. Ferri et al. studied the wide-ranging potential of titanium nanoparticles in architectural 
preservation, thanks to their photocatalytic activity that aids in breaking down organic pollutants and creating self-
cleaning properties on surfaces [32]. Furthermore, Kapridaki et al. developed a SiO2-TiO2 nanocomposite coating using 
TEOS, PDMS-OH, and titanium isopropoxide (TTIP) as a precursor for monument conservation [33]. Liu et al. have 
successfully developed a hydrophobic and transparent nanocomposite coating that possesses self-cleaning capabilities 
[34]. Their research has inspired further exploration into the use of silicon nanoparticles to improve the longevity of 
clay roof tiles in Mexican viceregal heritage. Traditional surface treatments, such as siloxanes, silanes, acrylics, and 
resins, have been found to struggle with maintaining stability in cement-based matrices due to their high alkalinity 
and susceptibility to weathering. As a solution, hybridization or functionalization of existing materials has emerged as 
a promising approach to enhance or restore hydrophobic properties, providing excellent thermal stability, resistance 
to weathering, low surface energies, and prolonged durability [35–37]. The exceptional thermal stability, resistance to 
weathering, and low surface energies of these materials contribute to their prolonged durability. However, the stability 
and durability of functionalized nanoparticles rely heavily on the type of surface modifier (organic or inorganic) used 
for their functionalization, as well as the nature of the modification, whether it is physical or chemical. Current products 
are constrained by the combined effects of physical, chemical, and environmental factors, prompting the exploration of 
sustainable and effective alternatives to enhance protection [8]. Other articles found in the literature as a protective tool 
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for cultural heritage application has developing a simple and low-cost synthesis route for creating superhydrophobic 
surfaces on stones and other building materials [38–41].

Therefore, it is essential to thoroughly analyze the physical and chemical characteristics of both the functionalized 
nanoparticles and the substrate in order to develop a surface treatment that can effectively withstand weathering. 
Understanding their combined interaction and the stability-durability relationship is crucial. This approach not only 
extends the service life of the substrate but also reduces the necessity for premature intervention, ultimately promoting 
sustainable consumption and minimizing environmental impact.

This study evaluates two treatment alternatives using functionalized nanoparticles to modify the surface of fired clay 
tiles, aiming to provide multifunctional properties for the conservation of heritage buildings. These methods offer easily 
applicable solutions to preserve architectural and historical details, while also enhancing resistance to deterioration. The 
research aims to address the current challenge of conserving Mexican architectural heritage, particularly the widespread 
use of clay tiles in roofing infrastructure across the country, including areas of historical significance and numerous towns.

2 � Materials and methods

2.1 � Nanoparticle synthesis

Two types of nanoparticles were assessed: "T1" and "T2". The "T1" nanoparticles were functionalized in a simple manner, 
while the "T2" nanoparticles were functionalized after dehydration. These correspond to NS and NF, respectively, and 
were produced using the sol–gel method, following the synthesis procedure outlined in a previous study [35, 42].

The synthesis process involved the use of tetraethyl orthosilicate (TEOS) as the silica precursor, with ethyl alcohol as the 
solvent, deionized water, and ammonium hydroxide as the catalyst. To functionalize the NS, 1,1,3,3-tetramethyldisiloxane 
was used as the surface modifier, while nitric acid acted as the dehydrating agent. Initially, ethyl alcohol was vigorously 
stirred at 70 °C, and then TEOS was added while maintaining the temperature and stirring for 30 min. Subsequently, 
ammonium hydroxide was introduced and allowed to react for another 30 min before slowly adding water and continuing 
the reaction for an additional 60 min. Excess ammonium hydroxide was added dropwise until a clear gel formed, which 
was then placed in an oven at 110 °C for 24 h to evaporate excess solvent and water.

During the synthesis of NF, the functionalization process commenced with the addition of distilled water during 
the NS sol–gel synthesis, and continued for a 60-min reaction period. Subsequently, 1,1,3,3-tetramethyldisiloxane was 
introduced and allowed to react for 120 min. Nitric acid was then added for dehydration and surface modification. Finally, 
carefully adding dropwise, ammonium hydroxide was allowed to react for 24 h before placing the product in an oven 
at 110 °C for another 24 h.

2.2 � Preparation of specimens

In this study, we utilized commercial Portuguese tiles made entirely of fired clay, with dimensions of 40.5 × 25 cm (refer 
to Fig. 1a). The flat part of the tiles was sectioned into specimens measuring 4 × 4 cm, and a study area of 2.7 × 2.7 cm 
was delimited within this section (see Fig. 1b). The remaining part of the tile was covered with commercial waterproofing 
and sealant products. The specimens under study were subjected to the weather conditions of the Monterrey, Mex., 
metropolitan area beginning on November 17, 2017. The specimens samples were placed in an aluminum structure at a 
45° angle facing south, in accordance with the ASTM D1435 – 13 standard (see Fig. 1c). About 6 specimens were prepared 
for each group under evaluation. This angle closely approximated the typical 35° inclination for roof placement.

2.3 � Surface preparation of specimens

The specimens have been subjected to a surface area cleaning in accordance with the procedure outlined in the technical 
data sheet for the relevant commercial surface products. The cleaning process involved the use of tap water, a soft bristle 
brush, and absorbent paper. It is important to note that the samples used are from newly acquired tiles and do not exhibit 
any pathological issues resulting from weathering.
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2.4 � Application of surface treatment

Table 1 provides a description of various surface treatments and their corresponding identification (ID) nomenclature. 
The commercial products (C1, C2, and SX) were administered to the clay samples using a polyurethane foam brush in 
two layers, in accordance with the technical sheet of manufacturers. It is important to note that for the nanoparticle-
based products (T1 and T2), the application involved two layers, fully saturating the surface with a 30-min interval 
between each layer’s application.

After the surface treatments were applied, the samples were carefully protected from the weather for a period of 
48 h before being exposed to various media.

Fig. 1   a Commercial tiles, 
b specimens obtained for 
evaluation and c set-up for 
exposure

Table 1   Description of the surface treatments applied

ID Description of the treatment

REF Reference or specimen without treatment
C1 Commercial product with an active base of silicone resin, conveyed in a solvent, applied with a brush in two layers (as recommended 

in the technical sheet). C1 presented a colorless liquid consistency with a yield of 0.5 to 0.7 L/m2 for two layers
C2 Commercial product with silicone-based actives and additives, conveyed in water, applied with a brush in two layers (recommended 

in the technical sheet). C2 presented a slightly milky liquid consistency with a yield between 0.5 to 0.6 in two layers
SX The reagent consists of 90% siloxane base actives, specifically [(CH3)2SiH]2O from Sigma-Aldrich with a purity of 97%. It should be 

applied using a brush in two layers, with a 30-min interval between each layer for optimal results. SX presented a milky liquid 
consistency with a yield between 1.0 to 1.1 in two layers.

T1 Surface treatment is based on functionalized nanoparticles dispersed in water and applied with a brush in two layers, with a 30-min 
interval between each layer. T1 presented a slightly milky liquid consistency with a yield between 0.6 to 0.7 in two layers

T2 Surface treatment is based on dehydrated functionalized nanoparticles in water and applied with a brush in two layers, with a 30-min 
interval between each layer. T2 presented a slightly milky liquid consistency with a yield between 0.6 to 0.7 in two layers
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2.5 � Aging procedure

In order to assess the performance of surface treatments in different environments, two weathering methods were 
employed. The first method involved exposure to natural environmental conditions, allowing for the evaluation 
of the treatments’ behavior in real-world scenarios. The second method consisted of subjecting the treatments to 
controlled artificial conditions in a laboratory setting, known as accelerated weathering.

2.5.1 � Urban/industrial environment

The durability and stability of various surface treatments in the presence of atmospheric pollutants were evaluated 
through natural exposure in an urban/industrial environment. Following the procedure outlined in ASTM D1435, a 
series of specimens were placed outdoors and marked with identifying numbers or symbols for easy identification 
after exposure. The specimens were marked on the non-exposed side to ensure visibility after advanced weathering. 
Initial appearance and physical-property data relevant to the evaluation method were recorded. The exposure area 
was located on the outer roof of the Institute of Civil Engineering (IIC-UANL) of the UANL in San Nicolás de Los Garza, 
Nuevo León, Mexico over a period of 24 months.

2.5.2 � Accelerated weathering in UV chamber

The stability of the hydrophobic properties was assessed by subjecting the samples to accelerated aging cycles in 
an Accelerated Weathering Tester model QUV chamber, following the guidelines of ASTM G 151. The cycles involved 
alternating periods of 8 h at 60 °C with an irradiance of 1.55 W/m2 (dry cycle) and 4 h at 50 °C with humidity (wet 
cycle), totaling 2000 h. This simulation aimed to replicate the effects of UV rays from sunlight on surface treatments 
in a laboratory setting.

2.6 � Evaluation of treatment performance

An assessment of the performance and stability of the applied treatments was conducted through a physicochemical 
evaluation of the surface of the clay tile samples. It is important to note that samples were collected at various time 
points, including 3, 6, and 24 months for urban/industrial environment, as well as at 500 h, 1000 h, and 2000 h for an 
accelerated weathering. This approach allowed for a comprehensive understanding of the effects of the treatments 
over time, both in real-world conditions and under accelerated testing.

2.6.1 � Visual appearance according to colorimetric standards

The evaluation of the optical appearance was conducted using the total color difference (ΔE*) technique, as per Eq. 1. 
The Datacolor CHECK equipment was utilized for this purpose, following the procedure outlined in ASTM D2244. The 
interpretation of results was carried out in accordance with standards EN 16581:2016 and ISO 12647–4.

where:
ΔE* = total color difference.
ΔL* = difference in light and dark (+ = brighter, − = darker).
Δa* = difference in red and green (+ = redder, − = greener).
Δb* = difference in yellow and blue (+ = more yellow, − = bluer).
L*, a*, and b* are the standard coordinates of the CIELab color space 1976 scale.

(1)ΔE
∗
=

√

ΔL∗2 + Δa∗2 + Δb∗2
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In order to illustrate the color differences, a simulation utilizing color modeling was carried out by inputting the 
color coordinates (L*, a*, and b*) into the NIX Color Sensor computer program. The input and output parameters 
were configured to correspond with the reference angle and illumination at D65/10° (values specified in CIELab).

2.6.2 � Determination of hydrophobicity

The hydrophobic properties of the sample surfaces were evaluated using a goniometer model DSA25 (Drop Shape 
Analyzer) KRÜSS, in accordance with the ASTM D7334 standard. The measurements were conducted at 23 ± 2 °C and 
with a RH of ≥ 50%, using a drop volume of 6 μL. The contact angle between the liquid and the specimen surface was 
determined using the ADVANCE software version 1.9.2.3.

2.6.3 � Measurement of capillary water absorption

The water absorption rate was determined in accordance with the procedure outlined in ASTM C 1585. Three specimens 
were chosen for each treatment and were initially dried before being coated with a waterproofing agent and an acrylic 
sealant to define the study area.

2.6.4 � Fourier transform infrared spectrometry (FTIR)

The determination of the functional groups responsible for imparting hydrophobic properties to the surface of the 
exposed tiles during the experimental procedure was carried out using a Thermo Electron Nicolet 380 equipment, which 
operates within a frequency range of 500–4000 cm−1. To achieve this, the treated section of the tile underwent mechanical 
roughening, and the resulting powders were subsequently dried at 60 °C for a period of 24 h.

2.7 � Climatic data

In Mexico, the climate provides ideal conditions for the deterioration of ornamental masonry, particularly in warm humid 
and warm subhumid areas. These climates facilitate the access of pollutants and the growth of microorganisms, leading to 
accelerated deterioration of construction materials. The hot humid climate, covering 4.7% of the territory, is characterized 
by average annual temperatures between 22° and 26 °C, and annual rainfall between 2,000 and 4,000 mm. Meanwhile, 
the warm subhumid climate, covering 23% of the country, experiences annual rainfall between 1,000 and 2,000 mm and 
temperatures ranging from 22° to 26 °C, occasionally exceeding 26 °C in certain areas (data sourced from INEGI 2018) 
(Fig. 2).

The solar irradiation map of Mexico, as depicted in Fig. 3, indicates an annual average of 5.3 kWh/m2 (5300 Wh/m2) 
per day. In order to accelerate the degradation of the material, an accelerated exposure at 1.55 W/m2 (0.0016 kW/m2) 
was employed, surpassing the natural radiation levels.

The average variation of temperature, RH, rainfall, and UV index during the exposure period of the specimens is 
depicted in Fig. 4.

Fig. 2   Rainfall distribution in 
Mexico (INEGI; https://​www.​
inegi.​org.​mx/​temas/​clima​
tolog​ia/)

https://www.inegi.org.mx/temas/climatologia/
https://www.inegi.org.mx/temas/climatologia/
https://www.inegi.org.mx/temas/climatologia/
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3 � Results and discussion

The X-ray diffraction pattern (X-RD) of the clay tiles utilized in this study is depicted in Fig. 5. Analysis of the pattern 
reveals the presence of several crystalline phases, including quartz mineral, hematite, and calcium aluminosilicate.

Fig. 3   Solar irradiance in 
Mexico (https://​www.​gob.​mx/​
conag​ua)

Fig. 4   Top: Average temperature and RH, and bottom: Average of rainfall and UV radiation

https://www.gob.mx/conagua
https://www.gob.mx/conagua
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As can be seen, there is a high presence of crystallinity in the material, resulting from the transformation of the 
compounds due to the firing of the clay. The high presence of quartz (SiO2) promotes a high compatibility with the 
nanoparticles resulting from the applied treatment.

The morphology of the functionalized nanoparticles, T1 and T2, was evaluated using TEM analysis. As the T1 and 
T2 nanoparticles exhibited similar morphological characteristics, a single representative image was utilized for the 
assessment. Figure 6 illustrates that the particles are amorphous in nature, with diameters ranging from approximately 
20 to 30 nm. Additionally, it was observed that these nanoparticles tend to form agglomerates in their solid state.

These results confirm the successful synthesis of nanoparticles with sizes below 100 nm. Furthermore, electron 
diffraction patterns verified the amorphous structure of the synthesized material [35, 43, 44].

The results obtained using the total color differential (ΔE*) technique in the treated and exposed samples are presented 
in Fig. 7. Two tolerance thresholds for ΔE* are included, as established by ISO 12647–4 and EN 15886:2010 standards. The 
first threshold is indicated by a dotted line at 3.5, which is considered acceptable or as a minimum perceptible change 
to the human eye. The second threshold is set at ΔE* > 2 (short dash), indicating an unacceptable and evident change to 
the human eye. For this study, a change of ΔE* in the range of 2–3 was selected, which could be considered acceptable 
in materials of historical interest as per EN 16581:2016.

The initial measurements, recorded at 0 M and 0 h, represent the data collected 48 h post-treatment application (REF) 
and immediately prior to exposure in both media. As illustrated in the graphs presented in Fig. 7, the ΔE* values exhibit 

Fig. 5   X-RD pattern for clay 
tiles
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close similarity across all treatments at this stage. Notably, treatments T2 and C2 demonstrate a significant alteration in 
the visual appearance of the samples, surpassing the threshold at which changes become perceptible to the human eye. 
The differences observed at this stage can be explained by a temporary damp appearance effect. This effect caused the 
treated sample surfaces to exhibit an opaque appearance immediately after application. Over time, this opacity lessened 
and became almost imperceptible to the human eye within a few days. Consequently, subsequent measurements taken 
at 3 months (3 M) and 500 h (500 h) showed a slight reduction in ΔE* for both treatments under both exposure conditions.

In the case of samples placed in an urban/industrial environment (Fig. 7a), it was observed that there was a consistent 
trend towards an increase in ΔE* with prolonged exposure time. Specifically, samples without treatment exhibited a 
change exceeding the threshold for materials of historical significance after 3 months, and after 6 months, the change 
became perceptible to the human eye for REF, C1, and C2 samples. Interestingly, at 24 months of exposure, samples C1 
and C2 displayed a decrease in the value of ΔE*, while SX showed an increase above 2. This behavior may be attributed to 
the deposition of contaminant particles such as dust and volatile organic compounds on the substrate surface, leading 
to a color change due to a combination of natural weathering and a decrease in surface hydrophobicity [45]. It is worth 
noting that samples T1 and T2 exhibited only a slight change in appearance, remaining within the maximum threshold 
ΔE* allowed for buildings of historical significance.

The substantial color variation observed on the surface treated with SX can be attributed to the higher concentration of 
the active agent (90% siloxanes) in comparison to T1 and T2, where only 20% of this agent was utilized in the production 
of the functionalized nanoparticles. Previous studies on siloxane-based treatments have indicated that color alterations 
are noticeable as a result of polymer structure degradation [46]. This deterioration may be induced by biological growth, 
particle deposition, and the development of crust or light films on surfaces. Consequently, a gradual darkening and 
significant changes in optical appearance are evident [10, 35, 47].

The impact of artificial weathering on the samples, as depicted in Fig. 7b, revealed minimal changes in the ΔE* values 
compared to those exposed to the natural environment. It is evident that the majority of the samples remained within 
the threshold of 2 after 2000 h of exposure. This behavior can be attributed to the fact that the samples were only 
subjected to UV radiation, temperature, and humidity. Consequently, the decline in hydrophobic properties or aging of 
these treatments is primarily a result of the dissociation of methyl bonds due to continuous interaction with UV radiation 
[48, 49]. These findings suggest that particles present in the natural environment, such as volatile particles, suspended 
solids, NOx, and/or SOx, have a more pronounced impact on the optical properties of the substrates developed through 
different treatments.

The CIELab colorimetry coordinates obtained through Eq. 1 were utilized to digitally simulate the color change in 
the samples using the Nix Color Sensor software, enabling visualization of the resulting colors. Figure 8 displays the 
colorimetry data for the specimens both before and after exposure to the environmental conditions outlined in this study.

The results indicate that tiles exposed to an industrial environment display a darker shade, as illustrated in Fig. 8c, with 
a color difference (ΔE*) greater than 2. This change in color is attributed to the deposition of various particles present 
in urban and industrial settings. Conversely, minimal color change was observed in samples exposed to a controlled 
environment, as shown in Fig. 8b, with color measurements closely resembling those of unexposed samples (Fig. 8a). 
Therefore, it can be confirmed that the color variation in exposed samples is primarily the result of direct contamination 
from substances such as dust, soot, and other pollutants.

Fig. 7   Total color difference, ΔE*, of fired clay samples exposed to: a urban/industrial environment and b accelerated QUV
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The primary cause of aging and subsequent degradation of hydrophobic polymeric surface treatments is the joint 
interaction between particles present in the atmosphere and weathering. As a result, most of these treatments are 
unsuitable for outdoor use [45]. It is widely known that organic compounds are susceptible to the dissociation of the base 
agent polymer chains utilized in the treatments under analysis [48]. In order to evaluate the resistance of these treatments 
to weathering, the surface of the tiles was examined before and after exposure in different environments using FTIR.

The FTIR spectra obtained in the range of 600–3600 cm−1 for samples exposed to an urban/industrial environment 
were compared to the reference samples (see Fig. 9). The analysis specifically focused on treatments involving the use 
of water as a dispersant or placement vehicle.

Fig. 8   Colorimetry obtained 
by digital simulation of clay 
tiles treated and exposed 
to: a without exposure, b 
2000 h in a QUV chamber and 
c 24 months in an industrial 
environment

Fig. 9   Infrared spectra of tile samples treated with C2, SX, T1, and T2
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The predominant functional groups of tiles are primarily located within the spectral range of 600–1500 cm−1, which 
signifies the inherent composition or characteristic features of the base material. This range encompasses polycrystalline 
and crystalline materials, mainly associated with Si–O and Al-O groups. The broad peaks observed between 1100 and 
810 cm−1 are linked to the symmetric stretching vibration absorption of Si − O–Si, while the peaks at 780 cm−1 correspond 
to the bending vibrations of Si–O. These findings provide insight into the composition of the clay tile itself or may be a 
result of initial surface treatments [50]. Furthermore, it is important to note that the characteristic absorption peaks of 
Al-O are typically found around 625 and 850 cm⁻1 [50, 51]. Based on the analysis, it is evident that secondary signals or 
those derived from surface treatments may exhibit a lower intensity.

The stretching vibrations observed in the characteristic peaks of the -CH3 functional groups, which occur at 
1210–1255 cm−1 and 2950–2970 cm−1, as well as the C-H functional group peak at 810 cm−1, suggest the presence 
of hydrophobic properties resulting from surface treatment. It is noteworthy that treatments SX and T2 display a more 
pronounced peak in the 1250–1260 cm−1 range, with the 1255 cm−1 signal indicating the stable position of -CH3. This 
observation supports the sustained hydrophobicity as indicated by contact angle measurements (refer to Fig. 11b).

In contrast, treatments C2 and T1 exhibit a decrease in peaks within the 1250–1260 cm−1 and 2960 cm−1 ranges, 
indicating a potential breakdown of -CH3 bonds and a subsequent decline in hydrophobicity. This reduction is 
further supported by the early loss of hydrophobicity observed in urban/industrial settings for these treatments, 
likely attributed to the polar-non-polar interactions between OH− and -CH3 functional groups. In order to conduct 
a more thorough chemical analysis in future studies, it is advisable to cross-reference these findings with additional 
techniques, including X-ray diffraction, as mentioned elsewhere [52].

The results from the contact angle measurements conducted on specimens that were unexposed and those 
exposed in both urban/industrial and accelerated QUV environments are outlined in Fig. 10a, as well as Fig. 10b, 
respectively. In this study, the initial contact angles of the samples were measured and established as the baseline 
values. Subsequently, samples were collected at specific intervals during the exposure period, including natural 
environmental conditions over 3 months (M), 6 months, and 24 months, as well as accelerated environmental 
conditions over 500 h, 1000 h, and 2000 h. It is important to note that the boundary between hydrophilic (contact 
angle < 90°) and hydrophobic (contact angle > 90°) is represented by the dotted line in the graphs.

The initial results from groups 0 M and 0 h indicate the presence of a hydrophobic surface, with variations of 
approximately ± 4° for C1, SX, and T4. Additionally, the contact angle resulting from treatments C2 and T1 exhibited 
fluctuations of around ± 18° for T1 and ± 24° for C2 within the initial 48-h period. These observations can be attributed 
to the initial interaction of the active agent of treatments with the surface, which subsequently stabilizes over time. 
Conversely, it was noted that treatments C2, T1, and T2 demonstrated an increasing angle with prolonged exposure 
time.

The impact of exposure environment on surface treatments is evident in the significant reduction of contact angle 
observed in samples exposed to urban/industrial settings. This phenomenon is attributed to the combined effect of 
atmospheric deposition, which interferes with surface hydrophobicity, as noted by Borsoi et al. [53]. Furthermore, 
ultraviolet radiation-induced photooxidation and degradation of O-CH3 bonds contribute to adhesion loss, cracking, 

Fig. 10   Contact angle of specimens exposed to: a urban/industrial environment and b Accelerated QUV
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yellowing, and diminished surface brightness. Consequently, the deterioration of this property exposes the substrate 
to various forms of degradation facilitated by water and external agents.

In contrast, the samples subjected to exposure in a QUV climatic chamber (Fig. 10b) demonstrated superior stability 
of the contact angle in treatments C1, C2, T1, and T2, when compared to treatment SX, which displayed a significant 
decrease after 500 h of exposure. Treatment SX comprises 90% siloxane, whereas C1 and C2 consist of a combination of 
siloxanes and silanes, and T1 and T2 contain modified nanoparticles.

Surface treatments with contact angles greater than 90⁰ have been widely demonstrated to provide protection for 
materials against the ingress of water and harmful agents, including dissolved salts, volatile organic compounds, and 
biodecay. This protection is achieved by minimizing the entry of moisture [35, 47, 54, 55]. It is important to note that the 
effectiveness and stability of these treatments are contingent upon the type and quantity of the agent, as well as the 
specific characteristics of the chain involved. Therefore, the selection of the appropriate treatment is crucial in ensuring 
the desired level of protection for the material in question.

The permanence of hydrophobicity and the color change of the substrate surface are crucial factors in determining 
the suitability of surface treatments. In Fig. 11, the relationship between these two parameters is depicted, showing the 
behavior of the treatments before (Fig. 11a) and after the maximum exposure time (Fig. 11b for exposure in a natural 
environment, and Fig. 11c in a controlled QUV environment). The bars in the figure represent the contact angle data 
obtained, while the circle markers indicate the differential color change recorded.

In the specimens without exposure (as shown in Fig. 8a), the ΔE* values ranged from 1 to 3, with C2 and T1 exhibiting 
the highest values. However, these values were below the threshold perceptible to the human eye (ΔE* < 3.5). These 
variations can be directly attributed to the formation of a polymeric film by the active ingredients of each treatment, 
which alters the luminosity (L*) of the substrate and results in a color change that is considered imperceptible to the 
human eye. Based on the hydrophobic property, only treatments C1, SX, and T2 meet the two acceptance criteria. It is 
worth noting that the REF specimens (i.e., without treatment) initially exhibited surface hydrophobicity, possibly due 
to a product applied during the manufacturing process of these tiles. However, this initial behavior changed during 
exposure, as detailed below.

The impact of natural weathering on color alteration (ΔE*) and contact angle modification is depicted in Fig. 11b. 
Despite the type of treatment, exposure to weathering resulted in a color change exceeding 3.5 and a decrease in 

Fig. 11   Contact angle vs colorimetry of specimens: a unexposed; and after, b 24 months of atmospheric exposure and c 2000 h of exposure 
in QUV
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contact angle for treatments C1, C2, and T1. Conversely, treatments SX and T2 exhibited an increase in contact angle to 
approximately 140°. In this context, only treatment T2 would be considered acceptable as it aligns with the specified 
criteria.

After exposure, it was observed that the initial hydrophobicity of the remaining treatments was not preserved on the 
surface of the specimens. The ΔE* value, which indicates color change, was.

significantly affected by the deposition and adhesion of atmospheric particles on the surface tiles. Specifically, 
treatment SX exhibited a ΔE* value of 6.5, which is visibly perceptible and considered undesirable for treatments 
intended for use in historical heritage. Conversely, treatment T2 demonstrated a lower ΔE* value of 4.5, indicating 
better maintenance of hydrophobic properties and a resulting surface cleaning effect due to a higher contact angle. The 
presence of these treatments can lead to two potential outcomes. On one hand, the impact of water droplets during rain 
can result in a self-cleaning effect as it washes away particles from the surface of the tiles. However, on the other hand, 
non-hydrophobic surfaces may experience an adhesion effect during precipitation, where water droplets interact with 
any film formed by treatments, leading to a wet appearance effect on the surface. These opposing outcomes highlight the 
complex interplay between surface properties and environmental factors, emphasizing the importance of considering 
these dynamics in surface treatment and maintenance strategies.

Upon analysis, it was noted that treatments C2, T1, and T2 exhibited a notably high contact angle in a controlled 
environment (Fig. 11c), indicating the sustained hydrophobic nature of the specimens surfaces. Additionally, there was 
a slight increase in color change in these treatments, with the exception of commercial treatment C2 (ΔE* = 4.2). In the 
specific conditions of the weathering method employed, all treatments satisfied the designated criteria, thus warranting 
their consideration for application in historical materials. It is important to note, however, that the closed chamber setting 
with indoor UV radiation, controlled temperature, and elevated humidity did not encompass other environmental factors 
such as particles or compounds that could potentially interact with the sample surfaces, as would occur in the case of 
atmospheric exposure.

Based on the results from the two environments utilized in this study, it is evident that a thorough review of the 
procedures and standards for evaluating various treatments, including the application and types of compounds used, 
is necessary for materials of historical significance. This review will be crucial in ensuring the appropriate preservation 
and treatment of such materials in the future.

Upon completion of the exposure period in both controlled and natural environments, noticeable alterations in the 
hydrophobic properties of the treated specimen surfaces were detected. To assess the efficacy of the treatments in 
preventing the infiltration of detrimental substances into the matrix of the tiles, the initial water absorption rate of the 
specimens was determined. This assessment was conducted following 2000 h of exposure in a controlled environment 
(QUV) and after an approximate equivalent of 6 months (6 M) of natural exposure. It is worth noting that the 2000 h 
duration corresponds to 4000 h of natural weathering. Table 2 displays the average initial and secondary absorption 
rates (10–4 mm/s1/2) for samples subjected to various hydrophobic treatments and exposed to both an accelerated QUV 
environment (2000 h) and a natural urban/industrial environment (6 M).

A significant reduction in initial absorption rates, ranging from 80 to 90%, was observed across all treatments 
compared to the reference (REF) in both environments, except for treatment SX. Notably, treatment T2 exhibited 
an initial absorption rate of 9.1 × 10–4 mm/s1/2, representing a substantial decrease of up to 32 times. This behavior 
is likely attributed to the presence of a protective coating on the sample surface, which effectively maintains its 
hydrophobic functionality in the exposed environment or results in a reduction of water absorption by over 95%. 

Table 2   Average values of initial and secondary absorption rates

Accelerated weathering 
(2000 h)

Absorption rate, × 10–4 mm/s1/2

REF C1 C2 SX T1 T2

Initial 299.9 22.1 15.6 250.5 35.1 9.1
Secondary 14.6 24.1 25.9 11.6 9.0 22.4

Natural weathering (6 M) Absorption rate, × 10–4 mm/s1/2

REF C1 C2 SX T1 T2

Initial 297.9 27.8 12.3 168.0 28.4 16.4
Secondary 15.2 25.6 21.8 10.6 26.3 35.7
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In addition, it is noteworthy that the initial absorption of the samples subjected to SX treatment closely resembled 
that of the untreated samples, indicating a reduction of 9%. This observation is consistent with existing literature, 
which suggests that water-repellent treatments, such as siloxane, may not be fully effective for surfaces submerged 
in water [47].

Based on the results presented in Table 2, certain images have been captured as proof of the exposure to an 
urban/industrial environment for a period of six months following rainfall (refer to Fig. 12). In order to measure the 
extent of wetting using ImageJ software, a deliberate dotted white line was applied to the surface to demarcate the 
boundary between the dry and wet areas. The images indicate a correlation between the observed results and the 
water absorption rate. Notably, samples REF and SX exhibited a wetting of over 70% of the surface area, while sample 
C1 showed a wetting of 60%. In contrast, samples C2 and T1 displayed a wetting of approximately 25–30% in the 
study area. Interestingly, sample T2 demonstrated water droplets adhering to the surface, yet without penetrating 
the material due to the continued presence of hydrophobic properties.

Based on the findings, it is evident that treatment T2 has demonstrated superior performance across both 
environmental conditions and weathering methods. In contrast, the other treatments have exhibited a decline in 
the functionality and longevity of the hydrophobic surface following 6 months of outdoor exposure. Consequently, 
with regard to their performance, it is advisable to refrain from recommending all treatments except for T2 for 
current infrastructure or those of historical significance. This recommendation is further underscored by the fact 
that a substantial portion of the baked clay masonry is utilized for ornamental purposes, with approximately 90% 
of historically significant infrastructure being constructed using tiles [8]. Therefore, any aesthetically or visibly 
perceptible alterations would be deemed undesirable for this type of infrastructure.

The application of surface treatments has led to an enhancement in the properties of the tiles, primarily through 
the reduction of wettability resulting from increased hydrophobicity. This has effectively contributed to the 
preservation of the original appearance of the tiles. It is important to acknowledge that the effectiveness of these 
qualities can be compromised by the choice of surface modifier or the quantity of active ingredient applied. Excessive 
use of such materials can lead to adverse effects, particularly when exposed to weather conditions, resulting in 
significant color changes due to degradation and/or deterioration. The results suggest that treatment T2 effectively 
protects this clay material by maintaining its hydrophobic properties against environmental conditions, making it a 
practical preservation solution. In addition, the application of this hydrophobic surface treatment has the potential 
to effectively postpone, and in some cases, halt the impact of environmental elements on material substrates. This 
in turn prolongs their operational lifespan and mitigates the need for premature interventions which may incur 
unforeseen expenses. Such treatment offers a viable solution to counteract the depreciation of constructed (and/
or historical) assets, while simultaneously reducing the excessive use of raw materials needed for the maintenance, 
repair, or replacement of deteriorated materials. Consequently, it plays a crucial role in fostering a positive attitude 
towards conservation and promoting sustainable consumption practices.

Fig. 12   Images of the 
specimens of clay tiles in 
natural exposure after a rainy 
event
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4 � Conclusions

The application and evaluation of various surface treatments on baked clay substrates, following the experimental 
conditions described in this work, allow us to conclude the following:

1.	 The exposure to urban/industrial environments resulted in a noticeable darkening and alteration in visual appearance, 
as indicated by the ΔE* values. This transformation is attributed to the interaction between the water-repellent film 
and atmospheric agents, leading to surface darkening due to the deposition of atmospheric particles. Notably, 
treatment SX exhibited the most pronounced visual impact, surpassing the ΔE* threshold of > 2.

2.	 Despite visual changes, the static contact angle results demonstrated that the hydrophobic properties were retained, 
with contact angles exceeding 140° for treatments SX and T2. Treatment T2, in particular, showcased a contact angle 
exceeding 145°, facilitating a self-cleaning effect and significantly reducing water absorption rates, thereby delaying 
substrate deterioration. Conversely, samples C1, C2, and T1 displayed contact angles below 90°, attributed to the 
combined effects of atmospheric agents and photo-oxidation.

3.	 The degradation of O-CH3 bonds in natural environments has resulted in a loss of adhesion and noticeable color 
changes on exposed substrates. Analysis using Fourier-transform infrared spectroscopy (FTIR) has confirmed the 
conversion of -CH3 groups into C-H or -OH radicals. These chemical changes have been correlated with shifts in 
colorimetric properties, providing valuable insight into the mechanisms underlying the observed alterations.

4.	 The performance of surface treatments depends on the affinity and interaction that develops between the substrate 
and the active ingredient (such as siloxanes, silanes, among others). Therefore, it is important to understand its nature 
before application on current and/or historical heritage, since the efficiency is based on obtaining and maintaining 
a contact angle > 90º and ΔE* values < 2, as required for this type of construction material.

Finally, treatment T2 has proven to be a highly effective option for preserving clay materials in both contemporary 
and historical constructions. Its ability to resist weathering and its stable interaction with the substrate make it a 
valuable choice for conservation efforts. The hydrophobic properties of T2 are attributed to the surface modification 
of T1 nanoparticles during synthesis, which results in a composition featuring a mix of OH− and -CH3 groups. This 
composition effectively delays the hydroxylation effect typically observed in hydrophobic treatments, leading to a 
significant reduction in the rate of water absorption. As a result, harmful agents are prevented from penetrating clay 
tiles or other clay materials, thereby safeguarding them against physical, chemical, and biological damage. Ultimately, 
the application of treatment T2 extends the service life of the treated substrate, reducing the need for frequent repairs 
and interventions in preserved structures.
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