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Abstract

Hybrid hydrophobic coatings (HHCs), which combine organic and inorganic materials,
have demonstrated superior weathering resistance compared to conventional organic
coatings in conserving stone heritage structures. Among the inorganic components of
HHCs, nanosilica is especially promising because of its ability to form durable, weathering-
resistant and hydrophobic silane-based structures. This overview examined recent studies,
advances, and emerging trends about nanosilica-based HHCs from 2020 to 2024 using the
“Boolean strategy” and search terms “stone”, “heritage”, “hydrophobic”, and “coating”,
capturing 5244 articles. After screening for titles containing “nanosilica” (470 items re-
mained), excluding works related to “consolidants” and “cement” (171 items remained),
and requiring quantitative data on formulations, methods, and performance of nanosilica-
based HHCs in stone heritage structures, 16 relevant works were identified. China and Italy
dominated research works on nanosilica-based HHC development, which was applied to
stone heritage structures composed of carbonate materials (e.g., limestone, dolomite, and
Palazzolo carbonates) and silica-rich materials (e.g., Qingshi stone, Hedishi stone, and red
sandstone). Key evaluation metrics reported by multiple authors to evaluate HHC efficacy
included water contact angle (WCA), total color difference (TCD), and solution pH. More-
over, ultraviolet light (UV) durability, thermomechanical stability, biocidal efficiency, and
graffiti protection were achieved when nanosilica was combined with other nanomaterials.
Integrating emerging technologies, such as artificial intelligence (AI), internet-of-things
(IoT), and smartphones with colorimeter apps could improve accessibility, real-time moni-
toring and reliability of HHC testing, while adherence to standardized testing protocols
would further enhance comparability and practical application across studies. Overall,
this overview provides valuable insights into nanosilica-based HHCs for researchers and
restorers/conservators of stone heritage structures.
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1. Introduction
Heritage structures hold special historical significance and cultural importance to

human society; however, many of these structures, especially those made of stone, have
been continuously degrading over time due to natural weathering. In recent years, the rate
of degradation of these cultural treasures have accelerated due to pollution, acid rain, van-
dalism, tourism and the changing climate (Figure 1) [1–3]. For example, Trajan’s Column in
Rome has suffered significant damage from acid rain, where sulfur dioxide (SO2) and nitro-
gen oxides (NOx) react with calcium carbonate in the stone to form gypsum (CaSO4·2H2O),
which is more soluble and easily washed away, leading to surface erosion [4–6]. Similarly,
the Taj Mahal of India has faced rapid deterioration, including surface erosion and the
accumulation of surface deposits, mainly from carbonaceous and dust particles linked
to tourism and pollution [7]. Meanwhile, rising sea levels and increased storm intensity
linked to climate change continue to threaten coastal heritage sites like Venice, where
frequent flooding has been shown to accelerate structural damage [8]. Because heritage
structures are priceless treasures, their degradation should be controlled and suppressed,
and strategies for their protection must be employed [9]. Several conservation techniques
have been developed in conserving cultural heritage, including water-repellent products
(e.g., hydrophobic coatings), biocide treatments, surface cleaning, and desalination [10–15].
However, the majority of these strategies suffer from compatibility issues; that is, their
effectiveness is largely dependent on the type of material used in the heritage structure [16].

Figure 1. Photographs of damaged stone heritage structures: gargoyle (left) from Barbieri [17] and
weathered statue (right) from Rafferty [18].

Hydrophobic coatings (HCs) are water-repellent products that are among the most
popular surface protection employed to heritage preservation. Polymers, including acrylic
copolymers, epoxy, polyurethane, and vinyl acetate copolymers, are the commonly used
substances for HCs and serve as protective barriers against moisture, environmental pol-
lutants and weathering agents [19]. The primary mechanism of HCs is the reaction of
molecular alkyl chains with the substrate, resulting in a layer of hydrophobic molecules
physically or chemically sorbed to the substrate surface, lowering its surface energy while
increasing hydrophobicity (i.e., water hating characteristic) [20]. Because of this, the sur-
face properties of heritage materials are altered, making them less prone to wetting and
absorption of water while promoting fluid runoff instead of adsorption [21].
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Although considered an effective protection method for heritage structures, pure
organic coatings, such as acrylic-based polymers, are highly susceptible to photooxidative
reactions. These reactions lead to the formation of oxidized species like γ-lactones, which
cause the “yellowing” of polymer coating on stone surfaces [22]. In addition, pure organic
coatings cause not only significant discoloration (i.e., high ∆E*) but are also prone to surface
cracking after application [23,24]. To address these drawbacks, various additives have been
explored to improve the physical properties and protective performance of HCs, resulting
in the development of hybrid hydrophobic coatings (HHCs).

Among inorganic additives, nanoparticles are particularly interesting because they
promote the synergistic interactions between organic components of HHCs and inorganic
compounds on heritage substrate materials, improving protective capabilities and enhanc-
ing coating performance [25]. Nanosilica (n-SiO2), nano-titanium dioxide (n-TiO2), nano-
zinc oxide (n-ZnO), carbon nanotubes (CNTs), graphene oxide, and nano-aluminum oxide
(n-Al2O3) are the most popular (see Table 1), and HHCs containing one or combinations of
these nanomaterials have been used for stones in heritage structures [26–29]. Shu et al. [27],
for example, applied a TiO2-modified sol coating material (TSCM) onto a stone surface,
which increased its acid resistance by 1.75 times compared with traditional coating mate-
rials such as polymerized siloxane and TiO2 pure-sol. Additionally, Mahmoud et al. [29]
demonstrated a 74.6% reduction in water absorption rate by incorporating n-SiO2 and
n-Al2O3 into a sol–gel system dispersed in a tetraethoxysilane (TEOS) polymer solution.
The results reported by these authors were promising, achieving super-hydrophobicity
with a maximum reported contact angle (CA) of 135◦.

Table 1. Properties imparted by nanomaterials on hybrid hydrophobic coatings (HHCs).

Property Nanomaterials Mode of Action Ref.

High SA 1 n-SiO2, CNTs 2 Ensure smooth dispersion and coverage [30–32]
Durability Al2O3, CNTs 2 Increase wear resistance [33–35]
UV Resistance TiO2, ZnO Prevent degradation from sunlight [36–38]

Chemical Resistance n-SiO2,
graphene oxide Protect against harsh chemicals [39–42]

Thermal Stability n-SiO2, MgO Ensure performance under high temperatures [32,43–45]
Low Color Difference n-SiO2 Suitable for glass and transparent coatings [46,47]
Antimicrobial TiO2, ZnO Inhibit bacterial growth [48,49]
Cost Effectivity n-SiO2 Cheaper cost of production [50,51]

1 SA: Surface area; 2 CNT: Carbon nanotubes; UV: Ultraviolet radiation.

Nanomaterials have enhanced the protective capabilities of HHCs, and each additive
provided distinct benefits in terms of cost-effectiveness, stability, and efficiency (Table 1).
Among them, nanosilica (n-SiO2) is considered the most promising due to its affordability,
wide availability, and broad applications in various sectors, including coatings, composites,
energy generation, environmental remediation, cosmetics, food, agriculture, and cement
fillers [32,52–55]. In particular, nanosilica is widely recognized for its effectiveness as
an additive in coatings and paints for metals, wood, and stone. Although its use in
stone conservation has been less common compared to other substrates, recent studies
have highlighted its growing potential for protecting materials and substrates used in
heritage structures.

The growing popularity of nanosilica-based coatings could be attributed to its ver-
satility; that is, it has the ability to be functionalized to exhibit hydrophobic or even
superhydrophobic behavior [16]. As reported by Artesani et al. [16], the advantage of using
nanosilica is that it can be modified to bond with organosilanes or fluorinated compounds,
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which makes surfaces that repel water while maintaining transparency and minimal vi-
sual impact.

However, nanosilica has limitations, the most significant of which is its lack of intrinsic
photocatalytic and antimicrobial properties (Table 1). This makes it less suitable as a
standalone coating in environments where active degradation of organic pollutants or
retardation of microbial growth is required. Additionally, pure nanosilica coatings showed
lower durability under prolonged exposure against ultraviolet (UV) light without further
reinforcements (e.g., addition of co-nanomaterials like Al2O3) [29]. Despite these challenges,
nanosilica remains useful in heritage conservation due to its chemical inertness, high surface
area, cost-effectiveness, and its ability to enhance the stability and dispersion of functional
additives in HHC formulations [31,32,40,42,50,51,56].

To date, the bulk of review articles on nanosilica has been focused on cement, mortar
and other cementitious materials (Table 2). For coatings, previous review papers published
on nanomaterial-based coatings have focused on the antimicrobial or bactericidal properties
of n-silver, n-copper, n-CuO, n-TiO2 and n-ZnO but did not include detailed discussion on
nanosilica-based coatings (Table 2). To the best of our knowledge, this is the first review
paper exploring the use of nanosilica-based HHCs for stone heritage structures. This
significant gap presents an opportunity for further exploration, particularly in developing
nanosilica-based HHCs tailored specifically to protect stone-type heritage structures.

Table 2. A comparison of previous nanosilica review articles and the present work.

Refs. Study Scope Differentiation with This Work

[57]
Advances in the application of
nanomaterials for natural
stone conservation.

Common nanomaterials with
biocidal properties used in
cleaning, consolidating,
and coating.

Focused on nanomaterials with
biocidal properties like n-silver,
n-copper, n-TiO2 and n-ZnO but
did not include nanosilica,
including its use in HHCs.

[58]

New nanomaterials for
applications in conservation
and restoration of stony
materials: A review.

Nanomaterial-based consolidants,
hybrid polymers nanocomposites,
and self-cleaning coatings.

Discussed n-CuO, n-silver,
n-Ca(OH)2, n-TiO2 and n-ZnO for
antimicrobial coatings but did not
include nanosilica-based HHCs.

[59]

A review of nanotechnology
in self-healing of ancient and
heritage buildings: Heritage
buildings, nanomaterial, nano
architecture, nanotechnology
in construction.

Applications of nanotechnology
in conserving and restoring
inorganic archaeological
materials, particularly stone
artifacts and buildings.

Briefly mentioned nanosilica in
the discussion but did not
provide details and data on its
properties, including its
application in HHCs.

[60]

Nano-silica-modified concrete:
A bibliographic analysis and
comprehensive review of
material properties.

Nanosilica applications in
cementitious materials.

Focused on nanosilica-modified
concrete and did not include
nanosilica HHCs in
heritage structures.

This review seeks to address the research question, “how is nanosilica-based coatings
utilized in the conservation of stone heritage structures from 2020 to 2024?”. Specifically,
the objectives of this review are to (i) examine the recent advances and formulations of
nanosilica-based coatings for stone heritage structures, (ii) investigate the regional trends
and recent applications of nanosilica-based coatings across various cultural, environmental,
and geological contexts, and (iii) determine the performance of different nanosilica-based
coatings based on experimental formulations and key parameters, such as pH stability, water
contact angle, colorimetric changes, and other relevant physical and chemical properties.
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These objectives were achieved through a systematic selection and analysis of peer-
reviewed articles, focusing on studies that evaluated nanosilica-based coating formulations,
methods of application (e.g., sol–gel, spraying and brushing), and performance outcomes
on natural stone substrates. The findings of this work provide insights into both the
versatility and current limitations of nanosilica-based coatings, helping researchers and
practitioners for not only future research but also practical implementation in and strategies
for stone heritage conservation.

2. Literature Review and Conceptual Background
This paper reviewed different materials and mixing procedures to formulate nanosilica-

based HHCs, including their performance when applied to stone heritage substrates.
Evaluation protocols, degradation factors, and performance indicators, including crack-
ing resistance, adhesion and color changes (assessed via colorimetry), were analyzed to
understand the coating performance of nanosilica-based HHCs on stone substrates.

Using Google scholar as the database, a search technique called “Boolean strategy”
was employed involving the use of search terms “stone”, “heritage”, “hydrophobic”, and
“coating”. By setting its advanced search function to “find articles with all of the words”
and limiting the date of publication between 2020 and 2024, 5244 articles were retrieved.
The number of articles were narrowed down to 470 by excluding those without “nanosilica”
in the title. A manual filtering of the title using Microsoft Excel further reduced the
total to 131 by excluding documents related to “consolidants” and “cement”. Finally, the
abstracts of the remaining articles were carefully screened for quantitative data helpful in
explaining the formulations, methods, and performance of nanosilica-based HHCs in stone
heritage structures, a criterion that yielded 16 eligible articles. Although “consolidants” are
important in heritage conservation, we excluded them because consolidant-based studies
focused on strengthening bricks or cementitious materials rather than protective coatings.

The overall discussion flow outline of this review is presented in Figure 2, showing
the progression from stone degradation factors to trends in formulation, methods, and
coating performance.

 

Figure 2. Discussion flow outline of this review paper.

2.1. Brief Background on Organic-Inorganic Framework of Hybrid Hydrophobic Coatings

Hybrid hydrophobic coatings (HHCs) are innovative protective layers applied in the
conservation of heritage stone structures. They combine inorganic nanomaterials with
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organic compounds, creating an integrated framework that enhances water repellency,
durability, and resistance against environmental degradation [25]. This dual composition
leverages the mechanical strength and chemical stability of inorganic particles with the
flexibility and hydrophobicity of organic molecules [19].

One of the most commonly used inorganic nanomaterials in HHCs is nanosilica (n-
SiO2). Nanosilica typically has particle sizes below 100 nanometers and is synthesized
primarily via the sol–gel method [46]. This process involves the hydrolysis and conden-
sation of silica precursors like tetraethyl orthosilicate (TEOS) under controlled pH and
temperature, allowing precise control over particle size and surface functionality [61]. The
surface hydroxyl groups on nanosilica facilitate strong chemical bonding with organic
components, improving coating stability and adhesion [62].

Organic components typically paired with nanosilica in HHCs include alkylalkoxysi-
lanes and methyltrimethoxysilane (MTMOS). These silanes provide hydrophobic alkyl
groups that reduce surface energy and improve water repellency [63]. In addition, poly-
dimethylsiloxane (PDMS) is frequently used due to its flexibility, excellent UV resistance,
and ability to form crosslinked networks with nanosilica particles [64]. Together, these or-
ganic molecules form a continuous, flexible matrix binding the nanosilica chemical surface
groups, improving not only the mechanical strength of the coating but also its thermal
properties [32].

One protective property of HHCs is hydrophobicity (i.e., high WCA), which effectively
prevent moisture absorption of stone materials. HHCs also offer resistance against microbial
colonization, and protection from acid rain [39–42] and UV degradation [36–38], which
are critical factors in slowing the deterioration and weathering of heritage structures. The
choice of application method—such as spraying, brushing, or immersion—will be discussed
in more detail in Section 2.6.

Figure 3 presents a schematic diagram of common application methods, basic com-
position, and key protective capabilities of HHCs. This figure illustrates the synergy
between the organic and inorganic phases in creating multifunctional coatings tailored for
heritage conservation.

Figure 3. Common application methods, protective capabilities, and compositions of hybrid hy-
drophobic coatings (HHCs).
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2.2. Trends in Nanosilica-Based Hybrid Hydrophobic Coatings for Stone Heritage Structures

The data from the Boolean search results was further analyzed for its country index
using a choropleth map created with Datawrapper (https://www.datawrapper.de, accessed
on 1 October 2025) (Figure 4). Different stones were treated with nanosilica-based HHCs
in China, including sandstones, Hedishi stones, Qingshi stones, and Zhouqiao stones in
Xi’an, Yunnan, and Henan, respectively. In Europe, nanosilica-based HHCs were applied
on Comiso Stone, Lecce Stone, Trani Stone, and Carrara Marble in Spain, Portugal, and Italy.
This map highlights the geographical distribution and diversity of research efforts focusing
on nanosilica-based HHCs for stone conservation using the data from 2020 to 2024.

Figure 4. Choropleth map of published journal articles on nanosilica-based hybrid hydrophobic
coatings (HHCs) for stone heritage structures (2020–2024).

2.3. Historical Background of Stone Structures and Extent of Damage

In Italy, heritage structures for religious and imperial use built during the Roman
Empire, especially in the cities of Rome, Venice, and Florence, are composed of various
types of stones [65–67]. A well-known example is the Colosseum in Rome, constructed
primarily from travertine limestone, which has undergone significant degradation due
to historical air pollution (e.g., NOx and SOx) and acid rain [4–6]. Similarly, China’s long
history of dynasties, including the Qin, Han, Tang, and Ming, influenced the development
of enormous stone structures. One prominent example is the Yungang Grottoes, a series
of Buddhist cave temples excavated along the silk road [68]. These grottoes are currently
suffering from severe salt weathering and accelerated deterioration of sandstone walls,
characterized by the formation of epsomite (MgSO4·7H2O), which was promoted by histor-
ical air pollution and mineral weathering [68]. These cases highlighted how ancient stone
heritage structures in both China and Italy have suffered from long-term degradation, and
the urgent need for protective measures to ensure their conservation and preservation.

2.4. Stones in Heritage Structures, Degradation and Conservation Strategies

Stone heritage structures are valued not only for their cultural and historical impor-
tance but also for the natural stone materials from which they were built, which reflect
the geological richness of their regions. Italy, for example, is rich in high-quality stone
materials, such as marble, which has been quarried for centuries to build some of the
world’s most renowned ancient stone heritage structures. Famous quarries in Carrara,
Tuscany, and other regions have provided marble, limestone, and stones for these monu-
mental constructions [56,69]. For instance, the Trajan’s Column in Rome was built using
29 blocks of Luna marble sourced from Carrara, each weighing from 25 to 77 tons [70,71].
Similarly, the Florence Cathedral (Cathedral of Santa Maria del Fiore) featured green ser-
pentine, red marly limestones, and white Carrara marble, reflecting the complex geological
diversity of central Italy [72]. Meanwhile, China has vast deposits of granite, limestone,

https://www.datawrapper.de
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sandstone, and marble, which were used in the construction of temples, tombs, and other
important historical structures [73–75]. The Forbidden City in Beijing, for example, was
built mainly of two kinds of stones: white marble (Hanbaiyu stone) and bluish white stone
(Qingbai stone) [70,71]. Similarly, the Leshan Giant Buddha, carved directly into a cliff of
red sandstone in Sichuan Province, highlighted the regional geological characteristics that
shaped cultural and architectural expressions in ancient China [76]. These previous works
demonstrated how the availability and diversity of natural stone resources significantly
influenced the construction, aesthetics, and conservation needs of stone heritage structures
around the world.

Stone heritage structures are continually threatened by various environmental and
biological factors, including rain-promoted dissolution, biodegradation, and salt crystal-
lization, all of which contribute to their progressive deterioration. For example, acid rain,
generated by the atmospheric interaction of water vapor and gaseous sulfur oxides (SOx),
carbon dioxide (CO2) or nitrogen oxides (NOx) from industries and fossil fuel-fired power-
plants [77,78], has severely degraded the travertine limestone of the Colosseum in Rome,
causing surface erosion and loss of material [4–6]. In recent years, better air pollution
regulations have reduced the impacts of acid rain to stone heritage structures. However,
rainwater is naturally acidic with a pH of 5.8 [79,80], which means that prolonged exposure
to rain of stone heritage structures, especially those made from carbonate minerals, could
enhance acid-promoted dissolution.

Meanwhile, biodegradation was evident in the Leshan Giant Buddha in China, where
the sandstone surface and surrounding mountains have been colonized by algae bacterial
symbionts, lichens, bryophytes, and vascular plants [81]. Chen et al. [81] reported that
nitrogen-containing pollutants enhance this microbial colonization by providing nutrients
on the stone surface, accelerating biodeterioration. This is consistent with the observed
bacterial community shifts highlighted by these authors, where dominant phyla, such
as Cyanobacteria, Proteobacteria, Actinobacteria, and Firmicutes respond strongly to
nitrogen input, suggesting a strong link between environmental nitrogen and microbially
induced stone decay. Meanwhile, salt crystallization has accelerated the weathering of
sandstone walls in the Yungang Grottoes in China due to the formation of salts like
epsomite [68]. To mitigate these impacts, a range of conservation methods have been
developed, including surface cleaning, protective coatings, biocidal treatments, and other
non-destructive techniques.

Acid-promoted dissolution can be minimized by protective coatings (e.g., HHCs) on
the surface of the substrate, maintaining the natural aesthetics of stone heritage structures
while preventing surface deterioration even under harsh environmental conditions [82].
Meanwhile, biodegradation is controlled by utilizing biochemicals or biocides (e.g., car-
vacrol and curcumin [83]) that kill microorganisms present on stone surfaces [84]. Finally,
salt crystallization is mitigated by applying consolidants such as alkoxysilanes [85] to
macro-cracks that form due to freeze–thaw cycles, thereby reinforcing the structure and
limiting further damage [86]. Overall, these techniques present potential mitigation strate-
gies to limit and retard the degradation of stone heritage structures. This review, however,
will only focus on nanosilica-based HHCs developed or adopted in studies published from
2020 to 2024, including their formulations, methods, and performance.

2.5. Formulation of Nanosilica-Based Hybrid Hydrophobic Coatings

Table 3 summarizes different protective coatings using nanosilica, with each for-
mulation tailored for specific stone types and environmental conditions. For instance,
Xu et al. [87] used dodecafluoroheptyl methacrylate (DFMA) and acrylates with nanosilica
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for protective applications, while specialized nanoparticles like n-ZnO and nanosilica were
combined by Yumei et al. [88] to impart additional protective qualities.

In Italy, Sbardella et al. [89] adapted colloidal nanosilica as coatings for local car-
bonate substrates, such as Lecce stone and Carrara marble, to strengthen and protect
their carbonate-based surface structure. In China, innovations include coatings developed
by Xie et al. [63] using n-Al2O3 and perfluoroalkyl polyether (PFPE) to protect calcium
carbonate-rich Yunnan marble. Another formulation, developed by Lettieri et al. [90], used
fluororesin and nanosilica on two porous and compact calcarenite stones (Leece and Trani
stones). Each formulation enhanced the durability of stone substrate and promoted the
conservation of stone heritage structures by utilizing functionalized nanosilica coatings and
applied by varying methods (Table 3). Depending on the type and size of nanoparticles, a
specific mode of application like brushing, spraying, and dipping is required to enhance
dispersion and layering of the coating [91].

Table 3. Applications of nanosilica-based HHCs in stone heritage structures published from 2020
to 2024.

Ref. Substrate Source Substrate Stone Composition Coating Formulation

[26] Xi’an, China Red sandstone Quartz, calcite, feldspar DTMS, n-SiO2, n-TiO2,
Iso-Propanol

[63] Dali Prefecture, Yunnan
Province, China

Yunnan marble Calcium carbonate
Perfluoroalkylpolyether (PFPE),
n-Al2O3, n-SiO2

Qingshi stone Quartz, graphite,
ferric oxidesHedishi stone

[83] Rosales Quarry,
Albacete, Spain

Albamiel
mediterranean
Calcarenite stone

Calcium carbonate
(CaCO3)

ISO-DGE (n-SiO2), APTS, GPTMS,
IBuTMS, Carvacrol/Curcumin,
TEOS

[87] Zhenjiang, Jiangsu,
China Jiaoshan Stones Not Indicated

Dodecafluoroheptyl methacrylate
(DFMA),
acrylates, Nanosilica (TEOS-based)

[88] Not Indicated Glass GB a Nanoparticles (n-ZnO) and
SiO2 nanoparticles (n-SiO2)

[89]
Apulia, Italy Leece stone Calcite limestone

Colloidal n-SiO2Tuscany, Italy Carrara marble Limestone and dolostone
minor (CaCO3 > 90%)

[90] Apulia Region, Italy
Leece stone Porous calcarenite

Fluorine Resin, n-SiO2Trani stone Compact calcarenite

[92] Portugal Natural Portuguese
stones

Calcium carbonate, quartz,
plagioclase, alkali feldspar FAKOLITH FK-7, CN2-SiO2

[93] Tuscany, Italy Carrara marble Calcium carbonate
(CaCO3)

NanoEstel (n-SiO2), Estel
1000, TEOS

[94] Henan Province, China Zhouqiao stone Illite, diopside, and albite
Potassium methyl silicate + n-SiO2
MTH + n-SiO2
MTI-2080 + n-SiO2

[95] Rome, Italy Sperone stone Volcanic scoriae Silo N7 (functionalized n-SiO2)

[96] Not indicated Glass GB a Epoxy-silica Hybrid
nanocomposite

[97] Not indicated Glass GB a Trichloromethylsilane
(TCMS), n-SiO2

[98]
Villa Vela, Italy White Noto Middle—Late Miocene

Palazzolo carbonate
Fluoline HY, Wacker 290, n-SiO2

Contrada Petraro, Italy Comiso Late OligoceneLate
Miocene carbonate

a GB: Glass-based substrates are considered non-ideal in this study, as the coating is intended for application on
real stone materials.



Minerals 2025, 15, 1134 10 of 22

2.6. Evaluation and Methodologies of Nanosilica-Based Hybrid Hydrophobic Coatings

The range of application methods, including brushing, spraying, and dipping, are
selected based on the stone’s characteristics and the specific formulation as presented in
Table 4. For instance, Yumei et al. [88] and Armal et al. [92] applied nanosilica with average
size of around 12 nm through spraying, providing a uniform layer of protection ideal for
delicate surfaces. In comparison, Jokilehto et al. [67] used the brushing method to ensure a
uniform application to the substrate of HHCs composed of water-based or methanol-based
nanosilica (15 nm) solutions, as shown in Table 4.

Table 4. Nanosilica particle sizes, polymerization processes, and application methods used in HHCs
applied to stone heritage structures.

Ref. Nanosilica Size Polymerization Process Application Methods
[26] 7–40 nm Emulsifier-based Not Indicated
[63] 30 nm Emulsifier-based Dipping/Immersion
[83] Not indicated Water/Alcohol-based Not Indicated
[87] Not indicated Alcohol-based Brushing
[88] 12 nm Water-based Spraying

[89] 15 nm Water-based BrushingMethanol-based
[90] 40–50 nm Water-based Brushing
[92] Not indicated Water-based Spraying
[95] 10–20 nm Ethanol-based Brushing
[94] Not indicated Ethanol/Water-based Brushing
[95] Not indicated Water-based Brushing
[96] 5 nm Alcohol-based Not Indicated
[97] 20 nm Solvent-based Spraying
[98] 7 nm Emulsifier-based Brushing

For larger nanosilica particles (40–50 nm), brushing is preferred to form a durable,
water-based coating. Emulsifier-based formulations applied through immersion offered
full coverage for stones that can handle extended liquid contact, as reported with Yunnan
marble [63]. Generally, the method of application strongly controls coating homogeneity.
Spraying, for example, can effectively spread out and produce a uniform layer; however,
according to Antonini et al. [99], the disadvantage of spraying was the production of respi-
ratory hazards. Spraying requires the atomization of particles, inadvertently dispersing
and suspending nanosilica and organic compounds in the air, which when inhaled could
lead to serious health hazards, such as respiratory irritation and lung cancer [93]. Most
importantly, since application methods strongly influence the results of property testing,
values obtained from different approaches should not be directly compared but rather
interpreted within the context of their respective methodologies.

To evaluate HHC performance systematically, several European Norm (EN) standards
are commonly employed. These standards provide quantitative measures of water repel-
lency, water absorption by capillarity, and aesthetic compatibility of treated substrates.
Table 5 summarizes the key EN standards used for stone protection.

These standards collectively provide a comprehensive framework for assessing HHC
effectiveness, ensuring that coatings impart sufficient water repellency, limit water ab-
sorption, maintain substrate breathability, and preserve visual appearance. By following
these standardized tests, researchers can systematically compare different formulations and
application methods, supporting the selection of the most suitable treatments for heritage
stone conservation. Unfortunately, many studies do not follow these standardized methods,
therefore limiting comparability and reproducibility of results.
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Table 5. EN Standards for the Evaluation of Nanosilica-Based Hybrid Hydrophobic Coatings
on Stone.

Standard Title Scope Ref.

EN 16581 Surface Protection for Porous
Inorganic Materials

General framework for testing
water-repellent products on stone and
other porous inorganic substrates

[100]

EN 15802 Determination of static
contact angle (SCA) Measures surface hydrophobicity [101]

EN 15801 Determination of capillary
water absorption Evaluates resistance to water penetration [102]

EN 15803 Determination of water
vapor permeability

Measures the ‘breathability’ of the stone
after treatment [103]

EN 15886 Determination of total color
difference (∆E/TCD) Assesses visual compatibility [104]

3. Performance Evaluation of Nanosilica-Based Hybrid
Hydrophobic Coatings

The effectiveness of nanosilica-based hybrid hydrophobic coatings (HHCs) is com-
monly assessed through a range of measurable properties that reflect their protective
performance on stone heritage materials. These include surface wettability, chemical stabil-
ity, color difference, water uptake, and vapor permeability, as well as other relevant physical
and chemical characteristics. The following subsections present these evaluation methods
to determine coating efficiency and suitability for long-term conservation applications. It
should be noted, however, that some presented studies do not follow standardized EN
protocols; limiting comparability and reproducibility of result.

3.1. Water Contact Angle

The impacts of protective coatings on the water contact angle (WCA), color, and other
properties across various substrates are summarized in Table 6. WCA is determined by
placing a droplet of water on the coated surface and measuring the angle formed between
the droplet’s edge and the surface using a contact angle goniometer [105]. Higher WCA,
often above 90◦ (Figure 5), indicate strong hydrophobicity, a key criterion for minimizing
water adsorption on stone substrates. For instance, the WCA for treated Lecce stone in
the study of Sbardella et al. [92] reached 94.6◦ using nanosilica modified in methanol,
enhancing its drying behavior, reducing water absorption coefficient by capillary action,
and increasing water absorption resistance. In comparison, in the same study, the treated
Carrara marbles with SiO2-free formulation achieved the lowest WCA of 55.0◦. Note that
in Table 6, SCA refers to static contact angle, which is measured at equilibrium. It is similar
to WCA, but WCA specifically uses water as the test liquid, while SCA can use various
liquids depending on the study.

Table 6. Material properties, pH levels, and performance characteristics of nanosilica-based HHCs
published from 2020 to 2024.

Refs. Substrate pH CA TCD CWA WVP Notable Property Tests

[26] Red sandstone − 152.5◦ (SCA) 1.80 − − UV Shielding
performance

[63]
Yunnan marble − 139.3◦ (SCA) − − 26.0 *

Thermal stabilityQingshi stone − 137.0◦ (SCA) − − 53.1 *

Hedishi stone − 133.6◦(SCA) − − 55.5 *



Minerals 2025, 15, 1134 12 of 22

Table 6. Cont.

Refs. Substrate pH CA TCD CWA WVP Notable Property Tests

[83]
Albamiel

Mediterranean
Calcarenite stone

− 101◦–105◦
(WCA) 2.11 − −

Biocidal efficiency,
Thermomechanical

properties

[87] Jiaoshan Stone − 85.77◦ (WCA) − − − Freeze–thaw
aging resistance

[88] Glass − >160◦ (WCA) − − − UV durability

[89]
Leece stone − 94.6◦

(SCA)-MM2 2.40 15,840 g/m2 −
Drying behavior,

Stress–strain
Carrara marble − 75.0◦–94.6◦

(SCA) 2.40 1160 g/m2 −

[90]
Leece stone − 142◦ (WCA) 1.39 − −

Anti-Graffiti action
Trani stone − 139◦ (WCA) 0.54 − −

[92] Natural Portuguese
stones − >100◦ (WCA) 11.0 NDV −

UV-Daylight Weathering,
Washout Test (Seawater

Resistance)

[93] Carrara marble − 79.8◦ (WCA) 2.50 − − UV durability

[94] Zhouqiao stone
10

−
8.80 17.83 * − Salt resistance, air

permeability,
UV durability

7 2.74 19.44 * −
2 3.64 19.87 * −

[95] Sperone stone − 150.70◦ (WCA) 3.07 NDV − Hyperspectral imaging

[96] Glass − 105◦ (WCA) − − − Thermomechanical
property

[97] Glass − − − − − Antifouling property

[98]
White Noto − 90◦ (WCA) 7.00

NDV
−

Capillary efficiency
Comiso − 88◦ (WCA) 6.00

Note: CA—Contact Angle; TCD—Total Color Difference; CWA—Capillarity Water Absorption; SCA—Static
Contact Angle; WVP—Water Vapor Permeability; NDV—No declared value; * Percentage (%) declared value; “−”
means not reported.

 

Figure 5. Different levels of surface hydrophobicity based on water contact angles (WCA).

In China, nanosilica-based treatments (PFPE + nanosilica) on Yunnan, Qingshi, and
Hedishi stones by Xie et al. [63] achieved SCAs between 165.4◦ and 169.6◦, with additional
details that reported the effectivity of the formulation against surface thermal stress, essen-
tial for stability under fluctuating temperatures due to seasonal changes. In addition, the
protection of Trani stone using nanoF (a water-based fluorine resin with 10% nanosilica)
proposed by Lettieri et al. [90] demonstrated strong anti-graffiti properties and resilience
against surface contaminants with a WCA of 139◦. The highest WCA found in this review
was achieved by Peng et al. [26], who utilized Silo N7 (functionalized nanosilica) to protect
red sandstone in Xi’an, China, and the coating exhibited improved protective properties
like UV shielding. It is also interesting to note that other authors have induced hydropho-
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bic behavior on stone substrates like Luci et al. [93] using Estel1000 (CTS srl, Altavilla
Vicentina, Italy) on Carrara marbles and Irizar et al. [83] using amino-functionalized meso-
porous nanosilica mixed with biocidal chemicals like Carvacrol and Curcumin applied on
Mediterranean calcarenite stone, that resulted to WCA of 101◦ and 105◦, respectively.

The total color difference (TCD) test is a fundamental method used to assess surface
changes in the conservation of heritage structures. Generally, the threshold of color differ-
ence in the conservation of cultural heritage is 5.0 [86]. Multiple countries have adopted this
criterion and are pushing efforts to maintain and standardize the usage of non-destructive
methods, promoting conservation while maintaining the natural aesthetics of structures.

In this test, the color difference is measured by a fluorescent whiteness meter wherein
the CIE L*a*b* color space is used, and color changes are evaluated by total color difference
(∆E*). The ∆E* between the samples is calculated using Equation (1)

∆E* =

√
(L * − L*

0

)2
+ (a * − a*

0

)2
+ (b * − b*

0

)2
(1)

where L*
0, a*

0, and b*
0 are the CIELAB coordinates of the uncoated sample and L*, a*, and b*

are the coordinates of the coated sample [106].
As listed in Table 6, Renda et al. [98] applied Fluoline HY, Wacker 290, and nanosilica

to the white Noto of Villa Vela, Italy, and Comiso stone of Contrada Petraro, Italy, yielding
a value of 7.0 for white Noto and 6.0 for Comiso stone. The lowest TCD was reported
with the formulation developed by Lettieri et al. [90] where the value was 0.54. This was
lower than the highest TCD value of 11.0 reported by Armal et al. [92], who noted that
high TCD values made the appearance of the substrate very different from its original
state. In consideration of the threshold limit of TCD value (TCD < 5.0), only the studies of
Peng et al. [26], Sbardella et al. [89], Luci et al. [93], Zhang et al. [94], Lettieri et al. [90], and
Pelosi et al. [95] reported color changes within acceptable limits, each using functionalized
nanosilica in combination with different materials, such as water-based fluorine, DTMS,
carvacrol, or curcumin, resulting in changes below the level perceptible to the human eye.

3.2. Water Absorption by Capillarity

Water absorption by capillarity is an important parameter for evaluating the effec-
tiveness of protective treatments on porous stone. It reflects a coating’s ability to limit the
penetration of water through the stone’s pores, which is crucial for preventing moisture-
related deterioration such as salt crystallization, freeze–thaw damage, and biological
growth [11,68,87].

Among the studies reviewed, Sbardella et al. [89] reported quantitative water ab-
sorption for Leece stone and Carrara marble, with values of 15,840 g/m2 and 1160 g/m2,
respectively (Table 6). Zhang et al. [94] reported absorption as percentages for different
formulations—potassium methyl silicate, waterborne acrylic emulsion, and nano-titanium
dioxide sol (MTI-2080)—with 17.83%, 19.44%, and 19.87%, respectively, without providing
mass per area data. Meanwhile, all formulations reported by Xu et al. [87] demonstrated
promising properties, such as effective salt resistance and waterproof performance; how-
ever, they showed a 23% reduction in air permeability compared to the untreated sample
and exhibited high light transmittance with limited radiation shielding capability. Other
studies, including Armal et al. [92], Renda et al. [98], and Pelosi et al. [95], presented
changes in capillary water absorption (CWA) graphically but did not report numerical
values. These findings highlight the variability in reporting practices and emphasize the
need for standardized measurements, such as EN 15801 [102], to enable consistent compari-
son of coating performance across different stone types and formulations. Overall, while
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many coatings exhibit strong hydrophobicity, a balance between water resistance, vapor
permeability, and optical performance remains essential for long-term stone conservation.

3.3. Water Vapor Permeability

Water vapor permeability (WVP) is a key property in evaluating protective coatings
for porous stone. It reflects the ability of a treated substrate to allow water vapor to pass
through while preventing liquid water penetration, ensuring the stone can “breathe”,
reducing the risk of moisture accumulation.

In this test, the mass of water vapor transmitted through a coated specimen is mea-
sured over time, and WVP is calculated using the formula:

WVP = ∆M/(t × A) (2)

where ∆M is the mass of water vapor transmitted (g), t is the test duration (24 h), and A is
the exposed surface area of the specimen (m2) [107].

Among the studies reviewed, only Xie et al. [63] evaluated water vapor permeabil-
ity (transpirability) on marble, Qingshi, and Hedishi stones treated with 101S, a clear
and transparent liquid coating mainly composed of perfluoroalkylpolyether (PFPE). Dif-
ferent nanoparticle dispersions were incorporated, including 1.5 mg/mL Al2O3 and
0.1–1.0 mg/mL SiO2 [63]. The results showed that the reduction in water vapor permeabil-
ity was slightly higher for Qingshi stone, with 53.1% and 50.5% reduction when treated with
1.5 mg/mL Al2O3 and 1.0 mg/mL SiO2, respectively, while Hedishi exhibited reductions
of 55.5% and 40.2% for 0.5 mg/mL Al2O3 and 1.0 mg/mL SiO2. Marble treated with the
nanosilica colloidal suspension showed a 26% reduction in WVP. These findings indicate
that the addition of nanoparticles enhances the barrier properties of 101S coatings while
maintaining some breathability, ensuring effective protection of stone substrates without
completely restricting moisture transfer.

3.4. pH

The effectiveness of surfactants used in coatings is influenced by the acidity or basicity
of the working environment. Sayan et al. [108] demonstrated that pH significantly affected
the adhesion behavior of sodium oleate on calcium carbonate surfaces. Moreover, these
authors reported improved adsorption of sodium oleate at the pH range of 9 to 11. However,
at pH values higher than 11, the adsorption of sodium oleate decreased sharply, along
with its concentration. As summarized in Table 6, only Zhang et al. [94] reported the pH
of the coating used in treating stone heritage structures. This previous work conducted
experiments at three different pH levels (2, 7, and 10) using various mixtures of nanosilica
and applied to Zhouqiao stones in Henan Province, China. The resulting WCA values
at each pH level was not presented; however, the total color difference showed that the
mixture at pH 7 had the lowest color difference of 1.39. In contrast, HHC at pH 10 exhibited
the highest total color difference of 8.80 (Table 6).

3.5. Other Notable Properties

Different formulations exhibited distinct protective properties depending on the addi-
tives used alongside nanosilica. These properties include UV resistance, chemical resistance,
thermal stability, and antimicrobial activity, which are essential for ensuring the long-term
performance of protective coatings on stone heritage substrates. It should be noted, how-
ever, that the studies do not follow a standardized testing procedure, and the methods used
to evaluate each property vary between articles.

UV resistance refers to a coating’s ability to withstand degradation from prolonged
exposure to UV radiation, thus, preserving surface integrity and appearance [36–38]. Chem-
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ical resistance is the capacity of the coating to resist deterioration or reaction when exposed
to aggressive substances such as acids, alkalis, environmental pollutants or salts [39–42].
Meanwhile, thermal stability is the ability of a material to maintain its structural and
functional integrity under elevated temperatures [32,43–45]. Finally, antimicrobial activity
refers to the inhibition or reduction of microbial growth, which is particularly important in
preventing biodeterioration of porous stone materials [48,49].

As summarized in Table 1, the incorporation of nanosilica with various functional
materials has been shown to impart one or more of these advantageous properties. The
specific characteristics achieved by each formulation are detailed in Table 4. Notably, UV
durability was significantly enhanced when nanosilica was combined with nanoparticles,
such as ZnO, nano-Al2O3, and nano-TiO2, as demonstrated in the studies of Yumei et al. [88],
Xie et al. [63], and Peng et al. [26]. Thermomechanical properties were reported in the
studies of Sbardella et al. [89], Xie et al. [63], and Irizar et al. [83], showing similar protective
stability to UV-resistant coatings but with the added capability of withstanding significantly
higher temperatures without cracking, delamination, or structural failure. In addition,
Lettieri et al. [90] developed a formulation combining fluorine resin with nanosilica that
achieved anti-graffiti performance, effectively protecting compact calcarenite (Trani stone)
in the Apulia region of Italy by preventing pigment penetration and allowing for easy
surface cleaning.

Overall, the nanomaterials determining the unique characteristics of the formulations
emphasized the importance of tailored protective strategies to match stone types and envi-
ronmental needs. Previous works have highlighted the effectiveness of nanosilica-based
HHCs and confirmed their efficacy through WCA measurements and specific property
tests like biocidal efficiency and colorimetry. It should be noted, however, that most studies
do not follow standardized EU protocols (e.g., EN 15802 [101], EN 15801 [102], and EN
15803 [103]), limiting comparability and reproducibility of results. Adopting these stan-
dards would enable more consistent evaluation and provide clearer guidance for practical
conservation applications. Taken together, these findings demonstrate that nanosilica-based
HHCs offer versatile, durable, and effective protection, making them potentially effective
tools for the preservation of stone heritage structures.

4. Future Research Directions
Conserving heritage structures is a complex process because the variable compositions

and types of heritage materials require specific and tailored strategies. Multiple methods are
currently available, most of which are designed to be non-destructive, minimizing physical
or chemical damage while addressing environmental and anthropogenic degradation of
stone substrates. For stone heritage conservation, strict criteria and protocols regarding the
property testing should be implemented. These protocols may need to be adapted for each
type of stone (e.g., tuff, coral rock, limestone, sandstone, and marble) because differences in
composition, mineralogy, porosity, and microstructure influence how coatings interact with
the substrate and how water, vapors, and other environmental factors penetrate the stone.

Although advanced materials, such as nanomaterials offer significant benefits, they
also pose potential risks to human health. Therefore, future research should prioritize
safety regulations and comprehensive risk assessments related to their formulation and
application. For instance, the atomization of nanosilica-based HHCs when applied by
spraying may generate airborne particles that pose respiratory hazards, potentially leading
to illnesses like silicosis [109]. In addition, future research on stone heritage conservation
should explore emerging technologies, such as the integration of artificial intelligence
(AI) and internet-of-things (IoT) for analyzing patterns and trends in risk management
and environmental monitoring of cultural heritage sites [110]. The use of smartphone-
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based colorimeter applications also showed promising potential for on-site monitoring of
surface color changes. Recent studies have demonstrated that apps like Color Grab can
provide accurate CIELAB values comparable to those obtained from portable colorimeters,
offering a cost-effective and accessible tool for field conservation work [111]. These insights
highlight the importance of pursuing future research directions that integrate innovation,
technological advancements, and health safety toward developing next-generation heritage
conservation techniques.

5. Summary
This paper reviewed published journals from 2020 to 2024 utilizing nanosilica as

an additive to formulate hybrid hydrophobic coatings (HHCs). Here are the findings of
this study:

• Research articles related to nanosilica-based hybrid hydrophobic coatings (HHCs) are
increasing annually from 2014 to 2024.

• The majority of research articles on stone heritage structure conservation came from
China and Italy, which could be attributed to the large number of ancient stone heritage
structures in these countries.

• Materials used in stone heritage structures are geological materials available locally,
such as carbonate materials (e.g., limestone, dolomite, and Palazzolo carbonates) and
silica-rich materials (e.g., Qingshi stone, Hedishi stone, and red sandstone).

• The highest water contact angle (WCA) of 150.7◦ with a low total color difference
(TCD) of 3.07 was achieved using Silo N7, a functionalized nanosilica coating applied
to red sandstone.

• Using a combination of nanosilica and fluororesin, the Lecce stone achieved a high
WCA of 142◦ and a low total color difference (TCD) value of 1.39, indicating the
formulation’s suitability for coating calcareous stones.

• Different pH levels in the coating affected the TCD values, with pH 10 yielding a TCD
of 8.80 and pH 2 resulting in a lower TCD of 3.64.

• Color difference analysis is essential in heritage protection to ensure aesthetic preser-
vation, and coatings should maintain a TCD below the perceptible threshold for the
human eye (TCD < 5).

• Notable properties achieved with nanosilica, in combination with other nanomaterials, in-
clude UV durability, thermomechanical stability, biocidal efficiency, and graffiti protection.

• Future research on HHC for heritage structure conservation should address potential
physical and environmental hazards, while integrating emerging technologies such as
AI, IoT, and smartphones to enable accessible heritage conservation testing.

• It should also be emphasized that despite the promising results reported by previous
studies on stone heritage conservation, the lack of standardized testing protocols
limited comparability and reproducibility. Establishing and following standardized
methodologies would enable more consistent evaluation and provide clearer guidance
for practical conservation applications.
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