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Abstract: The preservation of natural stone heritage is still a major challenge for the scientific
community. This topic assumes a greater importance since it impacts economic and socio-cultural
values. Recent research has indicated that water action and microorganism activity are among the
major contributors to the deterioration of this material. Despite the emergence of new protective
solutions in the market, some constraints still need to be overcome. This study aims to contribute
to unveiling the effectiveness of innovative commercial coatings on the preservation of natural
stone frequently used in built heritage. Four different commercial coatings are assessed regarding
their compatibility with the substrata and effectiveness against UV radiation, water action, and
microbial development under accelerated ageing. The protective solutions are tested on five different
Portuguese lithotypes, including carbonate and silicate-based stones. Colour change is measured to
assess compatibility, while profilometric change of the stones’ surface and antimicrobial potential
are evaluated to determine their effectiveness. Our research demonstrates that the solution that
exhibits the greatest compatibility and effectiveness potential is composed of modified silanes and
siloxanes derivatives.
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1. Introduction

Stone deterioration is a phenomenon that strongly impacts its aesthetics and, con-
sequently, its value as a natural construction material. This issue becomes increasingly
important as stones are used in the construction of historic buildings and in the pro-
duction of artefacts, and their deterioration may hinder the preservation of important
heritage assets.

Intrinsic stone factors [1–3], such as their chemical and mineralogical composition
(e.g., calcium carbonate, which is highly susceptible to reactions with acid solutions, the
presence of sulphide-based minerals, etc.) and their physical properties (e.g., porosity,
commercial finishing), play a key role in the deterioration of natural stone. However,
extrinsic factors [4–9] such as the presence of water and soluble salts, and the action of
microorganisms, are considered to be major inducers of deterioration phenomena occur-
ring in these materials. A considerable number of recent studies have provided a more
comprehensive overview of stone deterioration mechanisms [10–13], the understanding
of which is critical to trigger new avenues of research targeting the preservation and safe-
guarding of both historic and contemporary constructions. However, like any other natural
material, natural stone has an unpredictable deterioration pattern. Commercial companies

Heritage 2023, 6, 6328–6342. https://doi.org/10.3390/heritage6090331 https://www.mdpi.com/journal/heritage

https://doi.org/10.3390/heritage6090331
https://doi.org/10.3390/heritage6090331
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/heritage
https://www.mdpi.com
https://orcid.org/0000-0001-8764-2310
https://orcid.org/0000-0001-5409-6990
https://orcid.org/0000-0003-0103-3448
https://orcid.org/0000-0003-4075-3667
https://doi.org/10.3390/heritage6090331
https://www.mdpi.com/journal/heritage
https://www.mdpi.com/article/10.3390/heritage6090331?type=check_update&version=2


Heritage 2023, 6 6329

dealing with natural stone are, therefore, permanently seeking to develop new effective
solutions to increase their competitiveness by providing robust and long-term certification
of the durability of the material; while conservators-restorers struggle to pursue effective
solutions to preserve historic buildings and artefacts, and guarantee their integrity for
future generations.

The most conventional methods used over the last few decades to preserve natural
stone present several post-application constraints [14–16]. The recently developed innova-
tive hybrid products, on the other hand, exhibit promising potential for their application
in the preservation of natural stone [7,17–19]. However, the long-term effectiveness of
these innovative solutions remains poorly explored. In fact, many criteria must be met
for the successful application of protective coatings in natural stone, such as good adhe-
sion and durability, the reduction of water penetration, transparency, and resistance to
microbial development. Innovative compounds, such as modified silanes and siloxanes, as
well as inorganic nano-oxides to act as photocatalysts (e.g., titanium dioxide), have been
incorporated in the composition of recently created solutions [20,21], also known as smart
hybrid coatings. Smart hybrid coatings are advanced materials that combine different
functionalities [20] within a single coating layer. These coatings are designed to respond
to specific stimuli or environmental conditions, exhibiting adaptive behaviour that can
lead to enhanced performance, durability, and functionality. Smart hybrid coatings are
often composed of a combination of materials, which can include polymers, nanoparticles,
silica, epoxy, and organic-inorganic hybrids [22]. These compounds enable the introduction
of hydrophobic, self-cleaning, and antimicrobial properties [23], making them suitable
for the preservation of natural stone used both in contemporaneous projects and in her-
itage assets. Moreover, the mechanisms they induce, which may involve breaking down
organic matter, dirt, and pollutants, and preventing the absorption of moisture [24], can
limit the conditions that support microbial growth. Nanostructured compounds, such as
nanoparticles of silver, zinc oxide, magnesium oxide, or copper have also shown potential
in imparting biocidal properties [25] to coatings since these nanoparticles release ions that
have antimicrobial properties. However, it is essential to keep in mind that the effectiveness
of these protective treatments can vary based on factors such as the type of stone and its
physical characteristics, the environment it is exposed to, and the specific formulation of
the coating.

This work aims to assess four innovative commercial solutions with potential use for
the preservation of natural stone, establishing their compatibility and effectiveness against
the action of UV radiation, water, and the action of microorganisms on five Portuguese
lithotypes. For this purpose, colour alteration, changes in surface profilometry, and antimi-
crobial properties were evaluated on the stones using non-destructive and non-invasive
methods. The results generated new prospects that will be employed as guidelines for
future research of novel eco-friendly and cost-effective solutions.

2. Materials and Methods

Four innovative commercial coatings were assessed in this work, three of them kindly
provided by Fakolith (coating 1—Fakolith FK-7; coating 2—Fakolith FK3 PLUS N; coating
4—Fakolith FK-7 NanoTane) and a fourth by a second company that would like to remain
anonymous. A deep insight into the four coatings’ substrata compatibility, effectiveness,
and antimicrobial potential was performed. These coatings were selected based on the
emergence of new and promising products on the market targeted at natural stone preser-
vation. The manufacturers provided their composition, main properties, and application
guidelines, all of which can be found in Table 1.
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Table 1. Composition, antimicrobial properties, dilution, and application guidelines recommended
by the manufacturers for the coatings used in this study.

Coating Composition Antimicrobial
Properties Dilution Application Guidelines

1
Microemulsion based on
modified silanes and
siloxanes

Highly resistant to the
action of fungi and
microorganisms

1:14 in tap water
Two or three applications
with the paint roller, without
drying between applications

2
Microemulsion based on
nanosilanes, siloxanes, and
C6 fluorinated compounds

Highly resistant to the
action of fungi and
microorganisms

1:10 in tap water

Two or three applications in
the same direction. After
drying, carry out a similar
application

3
Aqueous suspension of
TiO2 dispersed in an
acrylic polymer

Resistant against the
action of fungi and
microorganisms

1:10 in tap water One single application

4

Waterproofing based on
modified silanes and
siloxanes and C6
fluorinated compounds,
with polyurethane

No information

1:3 1st application;
1:2 2nd application;
1:1 3rd application;
All in tap water

Two to four hours of drying
after the first application;
drying for one day after the
second application

The coatings were applied on five different Portuguese lithotypes, including two limestones
(Azul Mónica—lithotype A, Branco Real—lithotype B), two marbles (Rosa JPL—lithotype C,
Golden Brown—lithotype D), and one slate (Ardósia de Valongo—lithotype E). Their chemical
composition, open porosity, and macroscopic appearance are presented in Table 2. The
selection of the stones was based on their current high demand for construction purposes
and their presence in built and non-built heritage.

Table 2. Description of the lithotypes used to assess coatings’ compatibility, effectiveness, and
antimicrobial potential.

Commercial Name Open Porosity (%) Chemical Composition (*1) Macroscopic Appearance

Azul Mónica
lithotype A
(limestone)

1.4

CaO 53.97%; MgO 1.15%; SiO2 2.37%;
K2O 0.12%; Na2O 0.06; Al2O3 0.35%;

Fe2O3 0.15%; TiO2 0.02%;
LOI (*2) 42.72%
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Table 2. Cont.

Commercial Name Open Porosity (%) Chemical Composition (*1) Macroscopic Appearance

Golden Brown
lithotype D

(marble)
0.3

CaO 55.74%; MgO 1.99%; SiO2 1.59%;
K2O 0.16%; Na2O 0.06; Al2O3 0.14%;

Fe2O3 0.26%; TiO2 0.01%;
LOI 41.32%
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2.1. Experimental Setup and Preparation of the Stone Mock-Ups

The compatibility of the coatings with the substrata and their effectiveness against UV
radiation and water action were assessed in two moments, after the coatings’ application
and after ageing the treated mock-ups. The antimicrobial potential of the coatings against
six microbial strains was individually assessed using the disk diffusion test, and also on
treated and inoculated mock-ups after ageing.

The natural stone mock-ups (1.5 × 1.5 × 1.5 cm) were prepared with a DISPLAN-
TS (Struers, Copenhagen, Dennmark) precision saw. The mock-ups used to assess the
antimicrobial activity were sterilized at 110 ◦C for 25 min to be able to control the further
development of the inoculated cells.

2.2. Preparation of the Cells’ Suspensions

Six distinct microbial strains were selected to assess the antimicrobial potential of
the coatings, including two bacteria, three fungi, and one yeast. Except for the yeast,
all microorganisms were previously obtained and isolated from natural stone exposed
outdoors and exhibiting aesthetic alterations [23], and were previously characterized
and sequenced (Table 3). Some of these strains are well known to act as biodeteriogenic
agents and have been extensively associated with the colonization of stone-constructed
buildings and artefacts [4,13,26–28].

Table 3. Characterization of the microbial isolates used to evaluate the antimicrobial potential of
the coatings.

Macroscopic Features Microscopic Features Closest Related Strain on Basis of
16S and 18S rRNA Genes and ITS Phylum
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application and after ageing the treated mock-ups. The antimicrobial potential of the 
coatings against six microbial strains was individually assessed using the disk diffusion 
test, and also on treated and inoculated mock-ups after ageing. 

The natural stone mock-ups (1.5 × 1.5 × 1.5 cm) were prepared with a DISPLAN-TS 
(Struers, Copenhagen, Dennmark) precision saw. The mock-ups used to assess the 
antimicrobial activity were sterilized at 110 °C for 25 min to be able to control the further 
development of the inoculated cells. 

2.2. Preparation of the Cells’ Suspensions 
Six distinct microbial strains were selected to assess the antimicrobial potential of the 

coatings, including two bacteria, three fungi, and one yeast. Except for the yeast, all 
microorganisms were previously obtained and isolated from natural stone exposed 
outdoors and exhibiting aesthetic alterations [23], and were previously characterized and 
sequenced (Table 3). Some of these strains are well known to act as biodeteriogenic agents 
and have been extensively associated with the colonization of stone-constructed buildings 
and artefacts [4,13,26–28]. 

Table 3. Characterization of the microbial isolates used to evaluate the antimicrobial potential of the 
coatings. 

Macroscopic Features Microscopic Features 

Closest Related Strain 
on Basis of 16S and 

18S rRNA Genes and 
ITS 

Phylum 

 

 
 

 

Bacillus sp. Firmicutes Bacillus sp. Firmicutes
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Macroscopic Features Microscopic Features Closest Related Strain on Basis of
16S and 18S rRNA Genes and ITS Phylum
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growth for 2 days at 30 °C, the Malt Extract Agar (MEA, VWR, Radnor, PA, USA) culture 
medium (malt extract, glucose, and peptone) for fungi growth for 4 days at 28 °C, and the 
Yeast extract-Peptone-Dextrose (YPD, HIMEDIA, Einhausen, Germany) culture medium 
(peptone, yeast extract, and dextrose) for yeast growth for 2 days at 30 °C. After the growth 
procedure, the cells were placed in a sterilized physiological saline medium (Merck, 
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1 × 107 cells/mL. Cell counting was supported by a Neubauer chamber and an optical
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2.3. Compatibility of the Coatings and Their Effectiveness against UV Radiation and Water Action

The compatibility of the coatings with the substrata and their effectiveness against
UV radiation and water action were assessed through the determination of the colour
change and the evaluation of the structural alteration present in the mock-ups, respec-
tively. These physical characteristics were recorded on the mock-ups at three different
stages: (t0) before the application of the coatings, (t1) after the application of the coat-
ings and drying according to the application guides described in Table 1, and (t2)
after the accelerated ageing of the mock-ups for 15 days. The assays were performed
in duplicate.

The colour was established using a CheckPlusII (DataColor, Lucerne, Switzerland)
portable spectrophotometer with a measuring aperture of 5 mm, by determining the
parameters of the CIELAB colour space. The total difference in colour (∆E*) was calculated
in each mock-up using the formula ∆E* = ((∆L)2 + (∆a)2 + (∆b)2)1/2. ∆E* values were
determined after the application of the coatings [∆E*1 (t1 − t0)] and after the ageing of the
coated mock-ups [∆E*2 (t2 − t1)].

The resistance of the protective coatings was determined using a digital microscope
(HR-5000E, Hirox, Tokyo, Japan) and a scanning electron microscope (S-3700N, Hitachi,
Tokyo, Japan) equipped with 3D surface micro-reconstruction software. The scanning
electron microscope was operated at a 20 kV accelerating voltage and a 40 Pa chamber
pressure. The 3D surface micro-reconstructions were performed using the four quadrants
of the backscattered electron (BSE) detector without any sample preparation step. The
3D models were built and processed using the software MountainsMap®7 (Digital Surf,
Besançon, France) to obtain individual surface profiles.

The mock-ups were aged using a QUV-Accelerated Weathering Tester (Q-Lab, West-
lake, OH, USA) following ASTM G154 standard conditions: 30 cycles, where each cycle
was composed of 8 h of UV radiation (at 60 ◦C), followed by 15 min of water spray and 3 h
and 45 min of condensation (at 50 ◦C). One mock-up of each lithotype was aged without
any coating application to function as a control for the experiment.

2.4. Antimicrobial Potential of the Coatings
2.4.1. Assessing the Antimicrobial Potential Using the Disk Diffusion Method

The disk diffusion method was performed following the Committee on Clinical Labo-
ratory Standard Guidelines [29]. First, 100 µL of each cell suspension, previously prepared
as described in Section 2.2., was used to uniformly inoculate MEA, NA, and YPD agar
plates. Sterile filter paper disks (ø = 6.5 mm) (VWR, Radnor, PA, USA) were placed on the
previous inoculated media by slight pressing and then impregnated with 25 µL of each
coating solution. Three different concentrations of the coatings were assessed, using the
recommended dilutions of application by the manufacturers. The assay was performed in
triplicate for each concentration. Sterile water was used as a negative control. The plates
were then incubated for 72 h at 30 ◦C (for bacteria and yeast development) and 28 ◦C (for
fungi development). After the incubation period, the inhibition zones were measured using
a ruler with 1 mm of resolution.

2.4.2. Assessing the Antimicrobial Potential on Stone Mock-Ups

An amount of 1 mL from each cell suspension, previously prepared as described in
Section 2.2., was pooled in one single solution composed of all six microbial strains. A new
set of mock-ups was assembled and the autoclave was sterilized (110 ◦C for 25 min) before
the application of the coatings was performed following the manufacturer’s guidelines in
Table 1. After the drying procedure (Table 1), each mock-up was inoculated with 100 µL of
the solution containing the six different microbial cells. The mock-ups were then placed
in a Fitoclima 600 (Aralab, Sintra, Portugal) climatic chamber for 30 days at a constant
temperature of 28 ◦C and a relative humidity of 90%. One mock-up of each lithotype was
incubated without cell inoculation to function as a control for the experiment. Photographic



Heritage 2023, 6 6334

recording was performed using the digital microscope referred to in Section 2.3. before (t0)
and after (t1) the incubation.

3. Results and Discussion

This study considered the major factors that trigger and contribute to the overall
deterioration processes occurring on natural stone. The major achievements obtained
constitute an important contribution to correlating the chemical composition of coatings
that are currently used for stone protection with their effectiveness. Hydrophobic and
biocidal properties, and also compatibility with different stone substrata, were assessed in
four innovative commercial coatings.

3.1. Compatibility of the Coatings and Their Effectiveness against Water Action and UV Radiation

To constitute effective methodologies for the preservation of heritage assets, com-
mercial coatings have to follow restricted conservation requirements, where colour is
considered a major characteristic to be maintained.

To study the influence of the protective coatings on the colour integrity of the natural
stone lithotypes, the total difference in colour (∆E*) was determined after the treatment
of the stone mock-ups and after their controlled ageing. It should be noted that, except
for coating 4, ∆E* values generally remain below 5 (Figure 1). As ∆E* > 5 is considered
to be the acceptance threshold of colour change when dealing with the conservation and
restoration of historic buildings [30], this illustrates the good compatibility of the other
three protectives with the selected stones. Coating 4 (composed of modified silanes and
siloxanes and C6 fluorinated compounds, with polyurethane) was, therefore, the protective
that induced the highest colour variation in the mock-ups after their treatment. On the
other hand, coating 3 (an aqueous suspension of TiO2 dispersed in an acrylic polymer)
revealed the greatest potential to maintain the original colour of the mock-ups in this step,
exhibiting greater compatibility with the selected lithotypes.

After ageing, the colour of the mock-ups generally changed, most likely due to the
effects of the ageing process itself, since it is known that UV radiation and moisture have a
key role in changing the colour patterns of natural stone [31,32]. The results obtained for
the non-treated mock-ups validate this hypothesis. Nevertheless, coating 3 revealed the
greatest potential to retard this deleterious effect and preserve the original colour of the
lithotypes exposed to atmospheric conditions for a longer period.

The effectiveness of the coatings against UV radiation and water action was assessed by
building a profile of the stone mock-ups’ surface and measuring the roughness parameters
Ra and Rz. The profiles were obtained in two mock-ups of each lithotype, using 3D
surface micro-reconstruction, which enabled the evaluation of the photodegradation and
dissolution processes that occurred on the coated surface of the stones and were enhanced
by accelerated ageing. Considering the deterioration processes, in this specific study, lower
surface irregularities (lower Ra and Rz values) were taken as higher effectiveness of the
coatings. This serves as a significant marker for the study, as all mock-ups were subjected
to similar physical preparation, resulting in uniform flat surfaces across all studied mock-
ups. The results obtained demonstrated that the most effective protectives were coating 1
(microemulsion based on modified silanes and siloxanes) and coating 3, both presenting the
lowest Ra and Rz values. A representative example of the 3D models, profilometry results,
and Ra and Rz values obtained with different protective coatings is shown in Figure 2.
These results sustain the growing general interest in hybrid organic-inorganic coatings as
a potential new effective class for material preservation. These solutions derive from the
combination of different building blocks, which lead to multifunctional properties [7,33–37],
including hydrophobicity and photostability.

On the other hand, coatings 2 (microemulsion based on nanosilanes, siloxanes, and
C6 fluorinated compounds) and 4 exhibited the lowest potential to effectively preserve the
tested lithotypes, presenting higher Ra and Rz values. These coatings have fluorinated
compounds in their composition, which have been indicated and applied as water repel-
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lents for stone conservation since the 1980s [38]. However, some studies have recently
pointed out that the treatment efficacy using these compounds dramatically decreases with
time [39]. Our findings are in agreement with the aforementioned studies, which revealed
that the components of these fluorinated solutions and their chemical bonds are more
vulnerable to photo and oxidative degradation promoted by high UV radiation and tem-
perature [40]. Moreover, coating 4 has polyurethane in its composition, which, in addition
to its hydrophobic properties, is suitable for resistance under humid environments and not
for direct contact with water [41]. The untreated stone mock-ups revealed the highest Ra
and Rz values, which naturally result from greater exposure of the stone matrixes to the
deterioration agents.

Heritage 2023, 6, FOR PEER REVIEW  8 
 

 

 
Figure 1. Visual representation of the colour alteration of the mock-ups after their treatment and 
ageing. (a) lithotype A (limestone); (b) lithotype B (limestone); (c) lithotype C (marble); (d) lithotype 
D (marble); (e) lithotype E (slate). ( ) not coated; ( ) coating 1 (microemulsion based on modified 
silanes and siloxanes); ( ) coating 2 (microemulsion based on nanosilanes, siloxanes, and C6 
fluorinated compounds); ( ) coating 3 (aqueous suspension of TiO2 dispersed in an acrylic 
polymer); ( ) coating 4 (waterproofing based on modified silanes and siloxanes and C6 
fluorinated compounds, with polyurethane). 

The effectiveness of the coatings against UV radiation and water action was assessed 
by building a profile of the stone mock-ups’ surface and measuring the roughness 
parameters Ra and Rz. The profiles were obtained in two mock-ups of each lithotype, 
using 3D surface micro-reconstruction, which enabled the evaluation of the 
photodegradation and dissolution processes that occurred on the coated surface of the 
stones and were enhanced by accelerated ageing. Considering the deterioration processes, 
in this specific study, lower surface irregularities (lower Ra and Rz values) were taken as 
higher effectiveness of the coatings. This serves as a significant marker for the study, as all 
mock-ups were subjected to similar physical preparation, resulting in uniform flat 
surfaces across all studied mock-ups. The results obtained demonstrated that the most 
effective protectives were coating 1 (microemulsion based on modified silanes and 
siloxanes) and coating 3, both presenting the lowest Ra and Rz values. A representative 
example of the 3D models, profilometry results, and Ra and Rz values obtained with 
different protective coatings is shown in Figure 2. These results sustain the growing 
general interest in hybrid organic-inorganic coatings as a potential new effective class for 
material preservation. These solutions derive from the combination of different building 

Figure 1. Visual representation of the colour alteration of the mock-ups after their treatment and
ageing. (a) lithotype A (limestone); (b) lithotype B (limestone); (c) lithotype C (marble); (d) lithotype
D (marble); (e) lithotype E (slate). (

Heritage 2023, 6, FOR PEER REVIEW  7 
 

 

restoration of historic buildings [30], this illustrates the good compatibility of the other 
three protectives with the selected stones. Coating 4 (composed of modified silanes and 
siloxanes and C6 fluorinated compounds, with polyurethane) was, therefore, the 
protective that induced the highest colour variation in the mock-ups after their treatment. 
On the other hand, coating 3 (an aqueous suspension of TiO2 dispersed in an acrylic 
polymer) revealed the greatest potential to maintain the original colour of the mock-ups 
in this step, exhibiting greater compatibility with the selected lithotypes.  

After ageing, the colour of the mock-ups generally changed, most likely due to the 
effects of the ageing process itself, since it is known that UV radiation and moisture have 
a key role in changing the colour patterns of natural stone [31,32]. The results obtained for 
the non-treated mock-ups validate this hypothesis. Nevertheless, coating 3 revealed the 
greatest potential to retard this deleterious effect and preserve the original colour of the 
lithotypes exposed to atmospheric conditions for a longer period. 

 
Figure 1. Visual representation of the colour alteration of the mock-ups after their treatment and 
ageing. (a) lithotype A (limestone); (b) lithotype B (limestone); (c) lithotype C (marble); (d) lithotype 
D (marble); (e) lithotype E (slate). (        ) not coated; (        ) coating 1 (microemulsion 
based on modified silanes and siloxanes); (        ) coating 2 (microemulsion based on 
nanosilanes, siloxanes, and C6 fluorinated compounds); (    ) coating 3 (aqueous suspension of 
TiO2 dispersed in an acrylic polymer); (    ) coating 4 (waterproofing based on modified silanes 
and siloxanes and C6 fluorinated compounds, with polyurethane). 

The effectiveness of the coatings against UV radiation and water action was assessed 
by building a profile of the stone mock-ups’ surface and measuring the roughness 

) not coated; (

Heritage 2023, 6, FOR PEER REVIEW  7 
 

 

restoration of historic buildings [30], this illustrates the good compatibility of the other 
three protectives with the selected stones. Coating 4 (composed of modified silanes and 
siloxanes and C6 fluorinated compounds, with polyurethane) was, therefore, the 
protective that induced the highest colour variation in the mock-ups after their treatment. 
On the other hand, coating 3 (an aqueous suspension of TiO2 dispersed in an acrylic 
polymer) revealed the greatest potential to maintain the original colour of the mock-ups 
in this step, exhibiting greater compatibility with the selected lithotypes.  

After ageing, the colour of the mock-ups generally changed, most likely due to the 
effects of the ageing process itself, since it is known that UV radiation and moisture have 
a key role in changing the colour patterns of natural stone [31,32]. The results obtained for 
the non-treated mock-ups validate this hypothesis. Nevertheless, coating 3 revealed the 
greatest potential to retard this deleterious effect and preserve the original colour of the 
lithotypes exposed to atmospheric conditions for a longer period. 

 
Figure 1. Visual representation of the colour alteration of the mock-ups after their treatment and 
ageing. (a) lithotype A (limestone); (b) lithotype B (limestone); (c) lithotype C (marble); (d) lithotype 
D (marble); (e) lithotype E (slate). (        ) not coated; (        ) coating 1 (microemulsion 
based on modified silanes and siloxanes); (        ) coating 2 (microemulsion based on 
nanosilanes, siloxanes, and C6 fluorinated compounds); (    ) coating 3 (aqueous suspension of 
TiO2 dispersed in an acrylic polymer); (    ) coating 4 (waterproofing based on modified silanes 
and siloxanes and C6 fluorinated compounds, with polyurethane). 

The effectiveness of the coatings against UV radiation and water action was assessed 
by building a profile of the stone mock-ups’ surface and measuring the roughness 

) coating 1 (microemulsion based on
modified silanes and siloxanes); (

Heritage 2023, 6, FOR PEER REVIEW  7 
 

 

restoration of historic buildings [30], this illustrates the good compatibility of the other 
three protectives with the selected stones. Coating 4 (composed of modified silanes and 
siloxanes and C6 fluorinated compounds, with polyurethane) was, therefore, the 
protective that induced the highest colour variation in the mock-ups after their treatment. 
On the other hand, coating 3 (an aqueous suspension of TiO2 dispersed in an acrylic 
polymer) revealed the greatest potential to maintain the original colour of the mock-ups 
in this step, exhibiting greater compatibility with the selected lithotypes.  

After ageing, the colour of the mock-ups generally changed, most likely due to the 
effects of the ageing process itself, since it is known that UV radiation and moisture have 
a key role in changing the colour patterns of natural stone [31,32]. The results obtained for 
the non-treated mock-ups validate this hypothesis. Nevertheless, coating 3 revealed the 
greatest potential to retard this deleterious effect and preserve the original colour of the 
lithotypes exposed to atmospheric conditions for a longer period. 

 
Figure 1. Visual representation of the colour alteration of the mock-ups after their treatment and 
ageing. (a) lithotype A (limestone); (b) lithotype B (limestone); (c) lithotype C (marble); (d) lithotype 
D (marble); (e) lithotype E (slate). (        ) not coated; (        ) coating 1 (microemulsion 
based on modified silanes and siloxanes); (        ) coating 2 (microemulsion based on 
nanosilanes, siloxanes, and C6 fluorinated compounds); (    ) coating 3 (aqueous suspension of 
TiO2 dispersed in an acrylic polymer); (    ) coating 4 (waterproofing based on modified silanes 
and siloxanes and C6 fluorinated compounds, with polyurethane). 

The effectiveness of the coatings against UV radiation and water action was assessed 
by building a profile of the stone mock-ups’ surface and measuring the roughness 

) coating 2 (microemulsion based on nanosilanes, siloxanes, and
C6 fluorinated compounds); (

Heritage 2023, 6, FOR PEER REVIEW  7 
 

 

restoration of historic buildings [30], this illustrates the good compatibility of the other 
three protectives with the selected stones. Coating 4 (composed of modified silanes and 
siloxanes and C6 fluorinated compounds, with polyurethane) was, therefore, the 
protective that induced the highest colour variation in the mock-ups after their treatment. 
On the other hand, coating 3 (an aqueous suspension of TiO2 dispersed in an acrylic 
polymer) revealed the greatest potential to maintain the original colour of the mock-ups 
in this step, exhibiting greater compatibility with the selected lithotypes.  

After ageing, the colour of the mock-ups generally changed, most likely due to the 
effects of the ageing process itself, since it is known that UV radiation and moisture have 
a key role in changing the colour patterns of natural stone [31,32]. The results obtained for 
the non-treated mock-ups validate this hypothesis. Nevertheless, coating 3 revealed the 
greatest potential to retard this deleterious effect and preserve the original colour of the 
lithotypes exposed to atmospheric conditions for a longer period. 

 
Figure 1. Visual representation of the colour alteration of the mock-ups after their treatment and 
ageing. (a) lithotype A (limestone); (b) lithotype B (limestone); (c) lithotype C (marble); (d) lithotype 
D (marble); (e) lithotype E (slate). (        ) not coated; (        ) coating 1 (microemulsion 
based on modified silanes and siloxanes); (        ) coating 2 (microemulsion based on 
nanosilanes, siloxanes, and C6 fluorinated compounds); (    ) coating 3 (aqueous suspension of 
TiO2 dispersed in an acrylic polymer); (    ) coating 4 (waterproofing based on modified silanes 
and siloxanes and C6 fluorinated compounds, with polyurethane). 

The effectiveness of the coatings against UV radiation and water action was assessed 
by building a profile of the stone mock-ups’ surface and measuring the roughness 

) coating 3 (aqueous suspension of TiO2 dispersed in an acrylic
polymer); (

Heritage 2023, 6, FOR PEER REVIEW  7 
 

 

restoration of historic buildings [30], this illustrates the good compatibility of the other 
three protectives with the selected stones. Coating 4 (composed of modified silanes and 
siloxanes and C6 fluorinated compounds, with polyurethane) was, therefore, the 
protective that induced the highest colour variation in the mock-ups after their treatment. 
On the other hand, coating 3 (an aqueous suspension of TiO2 dispersed in an acrylic 
polymer) revealed the greatest potential to maintain the original colour of the mock-ups 
in this step, exhibiting greater compatibility with the selected lithotypes.  

After ageing, the colour of the mock-ups generally changed, most likely due to the 
effects of the ageing process itself, since it is known that UV radiation and moisture have 
a key role in changing the colour patterns of natural stone [31,32]. The results obtained for 
the non-treated mock-ups validate this hypothesis. Nevertheless, coating 3 revealed the 
greatest potential to retard this deleterious effect and preserve the original colour of the 
lithotypes exposed to atmospheric conditions for a longer period. 

 
Figure 1. Visual representation of the colour alteration of the mock-ups after their treatment and 
ageing. (a) lithotype A (limestone); (b) lithotype B (limestone); (c) lithotype C (marble); (d) lithotype 
D (marble); (e) lithotype E (slate). (        ) not coated; (        ) coating 1 (microemulsion 
based on modified silanes and siloxanes); (        ) coating 2 (microemulsion based on 
nanosilanes, siloxanes, and C6 fluorinated compounds); (    ) coating 3 (aqueous suspension of 
TiO2 dispersed in an acrylic polymer); (    ) coating 4 (waterproofing based on modified silanes 
and siloxanes and C6 fluorinated compounds, with polyurethane). 

The effectiveness of the coatings against UV radiation and water action was assessed 
by building a profile of the stone mock-ups’ surface and measuring the roughness 

) coating 4 (waterproofing based on modified silanes and siloxanes and C6 fluorinated
compounds, with polyurethane).



Heritage 2023, 6 6336

Heritage 2023, 6, FOR PEER REVIEW  9 
 

 

blocks, which lead to multifunctional properties [7,33–37], including hydrophobicity and 
photostability.  

 
Figure 2. Determination of the roughness parameters after accelerated ageing of the mock-ups of 
lithotype C, using 3D surface micro-reconstructions. Mean and standard deviation values were 
obtained after nine measurements on each mock-up. 

On the other hand, coatings 2 (microemulsion based on nanosilanes, siloxanes, and 
C6 fluorinated compounds) and 4 exhibited the lowest potential to effectively preserve the 
tested lithotypes, presenting higher Ra and Rz values. These coatings have fluorinated 
compounds in their composition, which have been indicated and applied as water 
repellents for stone conservation since the 1980s [38]. However, some studies have 
recently pointed out that the treatment efficacy using these compounds dramatically 
decreases with time [39]. Our findings are in agreement with the aforementioned studies, 
which revealed that the components of these fluorinated solutions and their chemical 
bonds are more vulnerable to photo and oxidative degradation promoted by high UV 
radiation and temperature [40]. Moreover, coating 4 has polyurethane in its composition, 
which, in addition to its hydrophobic properties, is suitable for resistance under humid 
environments and not for direct contact with water [41]. The untreated stone mock-ups 
revealed the highest Ra and Rz values, which naturally result from greater exposure of 
the stone matrixes to the deterioration agents. 

Figure 2. Determination of the roughness parameters after accelerated ageing of the mock-ups of
lithotype C, using 3D surface micro-reconstructions. Mean and standard deviation values were
obtained after nine measurements on each mock-up.

3.2. Antimicrobial Potential on Agar Plates

One of the methods adopted for the determination of the antimicrobial potential of
the coatings was the disk diffusion test. The inhibition of growth was evaluated using
three different coatings concentrations and microbial strains that typically colonize natural
stone substrata under a Mediterranean climate. The inhibition zone measurements for the
selected microorganisms (Table 4) demonstrate that coating 2 is the protective that exhibits
greater antimicrobial potential. In this solution, the antimicrobial potential is probably
achieved due to the incorporation of fluorinated compounds into its composition, which
are known to possess antimicrobial and anti-biofilm capacities [42].
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Table 4. Measurement of the zone of inhibition (in mm) of the microorganisms’ growth, using
different concentrations of the coatings. The different dilutions used were selected according to the
manufacturers’ recommendations for the application of each protective.

Microorganism
Coating 1 Coating 2 Coating 3 Coating 4

1:5 1:10 1:15 1:5 1:10 1:15 1:5 1:10 1:15 1:1 1:2 1:3

Bacillus sp. 8.8 7.7 8.3 24.2 20.5 15 6.5 6.5 6.5 6.5 6.5 6.5
Arthrobacter sp. 8.8 6.8 8.2 21 17.3 17.3 6.5 6.5 6.5 6.5 6.5 6.5
Phoma sp. 6.5 6.5 6.5 23.2 21.5 21.3 6.5 6.5 6.5 6.5 6.5 6.5
Cladosporium sp. 6.5 6.5 6.5 21.8 21 18 0 6.5 6.5 6.5 0 0
Schizophyllum sp. 6.5 6.5 0 19.8 14 17 0 0 0 0 0 0
Saccharomyces sp. 6.5 6.5 6.5 22.5 21.8 23.7 6.5 6.5 6.5 6.5 6.5 6.5

Coating 1 exhibited strong antibacterial activity, since the observable inhibition zones
were greater for bacterial strains. Coatings 3 did not present significant inhibition of
growth for the microorganisms under study, most likely due to their high hydrophobic
and photostability properties, indicating greater effectiveness for protection against water
action and UV radiation and lower resistance to microorganism growth. The presence
of TiO2 nanoparticles in this protective could lead us to assume this solution has high
antimicrobial potential [43,44], but that has not been confirmed against the selected strains.
This suggests that these nanoparticles may have a photocatalytic function [45,46], but
specific experiments are required to confirm this hypothesis. On the other hand, coating 4
combined its limited effectiveness against water and UV radiation with a low resistance to
microbial growth. The different nature of the C6 fluorinated compounds, which incorporate
coatings 2 and 4, are likely paramount to explain the differences in the results obtained for
these two protectives.

3.3. Antimicrobial Potential on Stone Mock-Ups

The study of the antimicrobial properties of the protective coatings also encompassed
their assessment on natural stone mock-ups to mimic authentic conditions as closely as
possible. For this purpose, two treated mock-ups of the selected lithotypes were inoculated
with a mixture containing the six microbial colonizers and incubated for 30 days at constant
temperature and relative humidity levels. In general, the microemulsion based on modified
silanes and siloxanes (coating 1) presented higher effectiveness in the treatment of the stone
mock-ups against the colonization of the selected microbial strains, which is indicative of
the greatest antimicrobial potential under natural conditions of application. On the other
hand, the aqueous suspension of TiO2 dispersed in an acrylic polymer (coating 3) was
the solution that presented the lowest antimicrobial potential, corroborating the results
obtained on the disk diffusion test. Figure 3 shows exemplificative data obtained in
this section, revealing the different protective effects of the coatings against microbial
development when applied to stone substrata. A visual representation of the antimicrobial
effect of the more effective coating (coating 1) and least effective coating (coating 3) can
be found in the Supplementary Materials. The non-treated stone mock-ups were naturally
the most susceptible to microbial development, validating the results obtained.

The different results obtained in the assessment of the antimicrobial potential of the
coatings may be associated with the interaction of the solutions with the substrata at the
moment of their application and drying. Since each stone lithotype has distinct chemical
and physical characteristics, intrinsic factors such as chemical nature, porosity, and rough-
ness may contribute to divergent absorption patterns of the coating [47–50]. Furthermore,
the viscosity of the coatings may play a key role in this step. Consequently, more absorption
suggests more resistance to endolithic colonization, while less absorption will imply more
resistance to epilithic colonization. Only epilithic colonization was considered in this study.
An overall assessment of microbial colonization on stone mock-ups (including endolithic)
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will be considered in future research to better establish the biocidal properties of each
protective under authentic circumstances.
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4. Conclusions

Natural stone is an attractive material in many aspects, which has led mankind
to use it for building and artistic purposes over time. With the mission to preserve
built and non-built heritage assets for the next generations, researchers are channelling
efforts to develop new effective and sustainable solutions to eliminate or mitigate stone
deterioration. This study intends to contribute to reaching this goal, unveiling the
real effects of some innovative commercial protective coatings that may be employed
on natural stone. As such, four different commercial coatings were applied on five
Portuguese lithotypes and assessed regarding their compatibility with the substrata
and effectiveness against UV radiation, water action, and microbial development under
accelerated ageing.

The results obtained regarding the alteration of the lithotypes’ natural colour patterns
revealed that all of the coatings studied, except for coating 4, exhibited good compatibility
with the selected substrata. However, coating 3 was the protective that revealed the greatest
capacity to maintain the original colour of the stones after the treatment and ageing steps. In
addition to the good resistance against UV radiation and water action provided by all the
solutions, coatings 1 and 3 were the protectives that revealed the greatest capacity to preserve
the stones’ integrity after controlled ageing. On the other hand, coating 2 was the protective
with greater antimicrobial potential using disk diffusion on agar plates. However, when
applied to stone, coating 1 was the protective that provided the greatest resistance to microbial
growth. Therefore, considering the experiments performed in this study, the components
of coating 1 (modified silanes and siloxanes) demonstrated greater potential to mitigate the
deleterious effects promoted by the deterioration agents tested. The inclusion of stones with
different chemical and mineralogical compositions (e.g., granites), the measurement of
contact angles and permeability alterations, and an overall biocolonization assessment
through metabolic activity studies will also be considered in the future to obtain a more
well-rounded perspective on the compatibility and effectiveness of these coatings in
natural stone protection.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/heritage6090331/s1, Figure S1: Visual representa-
tion of the antimicrobial effect of the most effective coating (coating 1) applied on the five
lithotypes. The scale bars represent 5.0 mm; Figure S2: Visual representation of the antimicrobial
effect of the least effective coating (coating 3) applied on the five lithotypes. The scale bars
represent 5.0 mm.
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