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Abstract: The conservation of stone monuments is a constant concern due to their continuous
weathering, in which biofouling plays a relevant role. To enhance the effectiveness of biocidal
treatments and to avoid environmental issues related to their possible toxicity, this research aims
at formulating and characterizing a coating charged with an eco-friendly biocide and showing
hydrophobic properties. For this purpose, zosteric sodium salt—a natural biocide product—has been
encapsulated into two silica nanocontainers and dispersed into a tetraethoxysilane-based (TEOS)
coating also containing TiO2 nanoparticles. The coatings were applied on four different types of stone:
brick, mortar, travertine, and Carrara marble. The effectiveness of the coating formulations and their
compatibility concerning the properties of coated stones were assessed. The results showed that all
coatings conferred a hydrophobic character to the substrate, as demonstrated by the increase of the
static contact angle and the reduction in the capillary water absorption coefficient. The transmission
of water vapor of the natural stones was preserved as well as their natural aspect. Furthermore, the
coatings were homogeneously distributed on the surface and crack-free. Therefore, the protective
capability of the coatings was successfully demonstrated.

Keywords: stone protection; monument biodeterioration; Si nanocontainers; antifouling; zosteric
sodium salt; TiO2 nanoparticles

1. Introduction

Stone materials are widely used in architecture and artistic objects due to their dura-
bility, esthetics, availability, and easy manufacturing. Nevertheless, weathering processes
may determine mechanical and esthetical concerns over time.

The most important weathering processes are connected to water penetrating the
stone by the capillary rise or rainfall [1–4]. In particular, the presence of water may promote
microorganism proliferation. This phenomenon is known as biodeterioration in the field of
cultural heritage [4,5] and more widely as fouling. Its incidence depends on the structural
and textural features of the stones, as well as on environmental factors [5–9].

Biodeterioration phenomena are usually treated by applying biocidal solutions on
the stone, which can be potentially harmful since they often involve toxic or polluting
substances [8,10]. The research on less toxic compounds and natural biocides has been
widely developed in the last few years [11–15]. A common approach is the preservation of
the artifacts by applying a coating that inhibits the microorganism colonization. Several
biocides have been tested so far after dispersion into coating formulations. However, the
main issue of these attempts is their short-lived antifouling action due to quick release and
possible deterioration of the active compound. Furthermore, the use of a large amount
of biocide, required to preserve the biocide function for longer time, is dangerous for the
environment and human health. To overcome these issues, we studied the formulation
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of a novel coating based on the encapsulation of an eco-friendly biocide into proper
nanocontainers. This strategy helped to reduce the biocide quantity and protracting
its efficacy over time, thanks to a controlled release. The proposed coating combined
hydrophobic and biocide properties. This was achieved by adopting a natural biocide
product—the zosteric sodium salt (ZS) in order to increase the coating eco-compatibility—
and dispersing it into a water repellent coating [16–18].

The zosteric acid or p-(sulfo-oxy) cinnamic acid (ZS, Figure 1), naturally found in
Zostera marina, or eelgrass, presents an antifouling capability due to the sulfate ester
group [19–24]. This antifoulant does not kill microorganisms but avoids their adhesion on
cell surfaces at non-toxic concentrations.

Figure 1. Structure formula of zosteric acid.

In our previous work, we encapsulated ZS into two different silica nanocontainers and
we studied their release properties [25,26]. A preliminary in-vitro efficacy of encapsulated
ZS against some common biodeteriogens has already been evaluated [26,27] and other
experiments are currently ongoing, directly on site. Afterward, we dispersed the loaded
nanodevices in a multifunctional TEOS-based coating also containing TiO2 nanoparticles
as photocatalytic agents. This formulation was based on our previous experience, where
a commercial biocide, 2-mercaptobenzothiazole, was employed. We designed and char-
acterized the composite coating on a glass slide, to evaluate its best composition in terms
of optical properties and lack of cracking [28]. Subsequently, we applied this coating on
stone supports [29]. In the present paper, we report laboratory tests on the same coating
formulation, loaded with a different green biocide, to investigate its influence on the mi-
crostructural properties and visual aspect of brick, mortar, travertine, and Carrara marble,
which are widely used in the Cultural Heritage field.

2. Materials and Methods
2.1. Substrates

Experiments were carried out on both natural and man-made stones used in buildings
and monuments; namely, red fired brick, a natural hydraulic lime-based mortar, travertine,
and Carrara marble. All samples were obtained with the dimensions of 5 × 5 × 1 cm3.
The red-fired brick (BR) was acquired from a local wholesale, which uses traditional
methods. The lime-based mortar (MO) was obtained from the same local wholesale by
using a mixture of 1:2 of natural hydraulic lime, NHL 5 (Saint Astier), and standard river
sand as aggregate (size < 4 mm). Water was added in a proper quantity to obtain a good
workability of the mixture. The mortar samples were cured for 28 days at room conditions
(RH% = 50%, 20 ◦C). Carrara marble (MA) and travertine (TR)—extracted in quarries
located in Carrara and Tivoli, respectively—underwent an aging process to increase their
porosity. The adopted procedure [30] required two heating-cooling cycles: heating to
600 ◦C, followed by storage in water overnight at room conditions (RH% = 50%, 20 ◦C).

2.2. Composition and Application of Coatings

Two different silica nanocontainers, namely silica nanocapsules (NC) and silica meso-
porous nanoparticles (MNP) loaded with ZS, were synthesized according to the procedure
reported in [31]. Acetyltrimethylammonium bromide (CTAB, Aldrich, St. Louis, MO,
USA), ammonia solution (NH3 aq. 30%, Aldrich, St. Louis, MO, USA), diethyl ether (Et2O,
Aldrich, St. Louis, MO, USA), tetraethoxysilane (TEOS, Aldrich, St. Louis, MO, USA) were
used without any further purification. ZS was synthesized from trans-4-hydroxycinnamic
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and the sulfur trioxide pyridine complex, according to the procedure reported in [22]. Some
properties of the obtained loaded nanocontainers are reported in Table 1.

Table 1. Properties of silica nanocontainers loaded with ZS.

Nanocontainer Morphology Size (nm) Loading Capability
(Weight %)

NC Spherical 170 ± 20 (diameter) 2.1
MNP Rods 100–1000 (length) 7.8

These nanoparticles were dispersed in a coating, prepared following [32] and [28] by using
TEOS, ethanol (Carlo Erba Reagents S.r.l., Cornaredo, Italy), poly(dimethylsiloxane) hydroxyl-
terminated (PDMS-OH, Sigma-Aldrich, St. Louis, MO, USA), and n-octylamine (Sigma-Aldrich,
St. Louis, MO, USA) as a non-ionic surfactant, without any further purification. The synthesis
protocol required the following mole ratio: 1TEOS/16Ethanol/10H2O/0.04PDMS-OH/0.004 n-
octylamine. The addition of PDMS-OH and n-octylamine to the original recipe reduced coating
cracking and improved its adhesion to the stone surface as previously reported [28,29,33–35].
In fact, since TEOS is a silicate product, it is mostly compatible with silicate stones (brick in the
present study) since it converts into amorphous silica once the polymerization process has been
completed. In the case of carbonate stones (mortar, travertine and Carrara marble), the bonding
between the carbonate stone and the silica gel is only physical [36,37].

In addition to the biocide-loaded nanocontainers, TiO2 nanoparticles (anatase, Sigma-
Aldrich) were also added. A total nanoparticle concentration of 0.1% w/w was used to
obtain optimal results in terms of optical properties and lack of cracking, according to
previous studies [28].

A coating without nanoparticles (Si_Control) was also applied as control, in addition
to the investigated TEOS-based coatings containing TiO2 nanoparticles and loaded with
silica nanocapsules (Si_TiO2–NC) or mesoporous nanoparticles (Si_TiO2–MNP).

An overview of the analyzed samples and the relative characterization techniques is
reported in Table 2.

Table 2. Analyzed samples and applied characterization techniques.

Sample Description Techniques

NT Untreated samples SCA, CM, WAC, WVP, OSR, SEM, PT
Si_Control Coating without nanoparticles SCA, CM, WAC, WVP, OSR, SEM, PT

Si_TiO2–NC Coating with TiO2 nanoparticles and loaded silica nanocapsules SCA, CM, WAC, WVP, OSR, SEM, PT

Si_TiO2–MNP Coating with TiO2 nanoparticles and loaded silica mesoporous
nanoparticles SCA, CM, WAC, WVP, OSR, SEM, PT

Si_TiO2 Coating with only titanium nanoparticles PT

The coatings were applied by brush until saturation, i.e., the condition for which the
stone surface remains wet for more than 1 min, to replicate a real application procedure on
monuments. A total of 16 brushes were adopted for bricks and mortars, 4 for travertine,
and 6 for Carrara marble, due to their different porosity and consequent absorption rate.
The coatings were applied on the largest surface (5 × 5 cm2) for all laboratory tests except
absorption of water through capillarity, for which a smaller surface was treated (5 × 1
cm2). About 1 week was required for coating solidification through polymerization and
water evaporation, leaving the samples at laboratory conditions (RH% = 50%, 20 ◦C). For
all stones and treatments, the amount of the applied product—that is, the sample weight
difference before and right after the coating application—and the amount of retained
product—that is, the sample weight difference before the coating application and one week
after—are reported in Tables S1 and S2 in Supplementary Materials, respectively.
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2.3. Assessment of Coated Stone Performance and Compatibility
2.3.1. Static Contact Angle (SCA)

The wettability of the stone surface, as well as the hydrophobic effect of coatings,
were evaluated by measuring the static contact angle before and after the application of
the coating on the same sample. A total of 10 water droplets (~5 µL each) were deposited
on the stone surface at room temperature. The right and left angles observed between
the water droplets and the stone surface after 10 s were captured by a high-resolution
camera and then elaborated by computer analysis by using the AnalySIS Pro® 32 software
(Soft Imaging System GmbH, Münster, Germany). The results are expressed as the average
of all droplets on each surface.

2.3.2. Colorimetric Measurements (CM)

The color of the selected stone specimen before and after the application of the coatings
was measured by using an Eoptis CLM-194 portable colorimeter (Trento, Italy) following
NORMAL 43/93 [38]. The obtained values are expressed in the CIEL*a*b* color space,
where three parameters determine the color location: L* indicates the lightness (0 = absolute
black, 100 = absolute white), and a* and b* are the red/green and yellow/blue coordinates,
respectively, with a* < 0 red and a* > 0 green, b* < 0 blue and b* > 0 yellow. The total
color difference (∆E*) between untreated and treated samples was calculated according to
the Equation (1):

∆E =
√

∆L∗2 + ∆a∗2 + ∆b∗2 (1)

For each stone, three samples were analyzed before and after the application of the
coatings. Three points for each specimen were measured.

2.3.3. Water Absorption through Capillarity (WAC)

The water absorption through capillarity was measured by following the norma-
tive UNI EN 15801:2010 [39]. The studied samples were previously dried at 60 ◦C un-
til a constant mass, m0, was observed. Then, they were placed on a filter paper satu-
rated with distilled water and their weight, mi, was monitored at specific time intervals.
Both the amount of absorbed water (Q) and the capillary water absorption coefficient
(CWAC) were calculated. The first parameter, expressed as (kg/m2), was obtained by the
following Equation (2):

Q = [(mi − m0)/A] (2)

where A is the surface in contact with the filter paper. The CWAC was calculated by linear
fitting on the initial slope of Q versus the square root of time. The analysis was performed
on the same sample before and after treatment. Three samples were used for each stone.

2.3.4. Water Vapor Permeability (WVP)

The water vapor permeability, expressed as the water vapor permeability coefficient
(g), was measured by following the standard DIN 52615 [40]. Stone specimens were placed
on a metal cup containing a saturated aqueous solution of KNO3 in order to reach an
internal humidity of 93% [41], and weighted every 24 h, until weight stabilization. The test
was performed on the same sample, treated and untreated. Triplicates of specimens were
used for all types of stone, and the average results are reported.

2.3.5. Optical Surface Roughness (OSR)

Measurements of optical surface roughness were performed to evaluate changes in the sur-
face morphology by using a confocal Leica DCM 3D optical profilometer (Leica Microsystems,
Wetzlar, Germany). For this analysis, the roughness parameter Rz was considered; it refers to
the average differences, within a sample length, between the largest peak height and the largest
peak valley depth [42,43]. For each sample, three datasets were analyzed on both treated and
untreated surfaces. A total of 500 profiles were acquired in the Z direction within an analyzed
area of 5 × 5 mm2 with a resolution along the axis of 2.5 µm.
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2.3.6. Scanning Electron Microscopy (SEM) Combined to Energy Dispersive
Spectroscopy (SEM-EDS)

A Zeiss Sigma 300 SEM (Oberkochen, Germany) coupled with an ETSE (Everhart-
Thornley secondary electron) detector were used to acquire SEM images from fragments of
1 × 1 × 1 cm3 from both untreated and treated samples. Combined with OSR, this analysis
allows us to evaluate changes in the morphology of the surface and also the distribution of
the coating, both on the surface and in-depth. All specimens were previously sputter-coated
with gold and placed on a double-sided adhesive carbon tape. The operating voltages and
working distances were set according to the analyzed samples. To evaluate the distribution
of the coating both on the surface and in-depth, X-ray fluorescence chemical maps of Ti for
brick and mortar, and Si for travertine and Carrara marble, were acquired with a 60 mm2

Bruker high-resolution EDS detector (energy dispersive X-ray, Berlin, Germany). The
investigated area was ~2400 m2. Since the matrix of brick and mortar is rich in Si, this
element was not investigated for these two materials.

2.3.7. Photocatalysis Testing (PT)

The photocatalytic activity of the TiO2 nanoparticles inserted in the coatings was eval-
uated under laboratory conditions. Stone samples were covered with a solution of 1 mM
of methyl orange (Riedel-de Haën, Seelze, Germany) used as a staining compound, which
was diluted in ethanol to allow quick evaporation of the liquid once applied on the stones.
Due to the different absorption of the stones, 750 µL were used for brick and mortar and
500 µL for travertine and Carrara marble. Moreover, also untreated samples (NT) and those
treated with the coating loaded with only titanium nanoparticles (Si_TiO2) were investigated
as control. The stone specimens were placed in a ventilated chamber under a 365 nm UV
light (Osram vitalux, Berlin, Germany), located at a distance of 20 cm, for 72 h [35]. The same
colorimeter adopted to evaluate colorimetric changes on the surface due to the application
of the coatings was used to estimate the photocatalytic degradation of methyl orange. The
reference at time zero for the discoloration curves corresponds with the surfaces without
methyl orange. The obtained data are reported after normalization to 100.

3. Results and Discussion

To assess the protective capability of the treatment, we first evaluated its hydrophobic-
ity and possible color changes of the stone surface after application.

Information on the hydrophobicity of the coated stone surface was obtained by the
SCA evaluation. The minimum acceptable SCA for stone protection is 90◦ [44]; the mea-
sured values for our treatments are reported in Table 3. The results concerning untreated
stones are not reported, since the drops were absorbed too fast by the stone surfaces, due
to their hydrophilic behavior. The obtained data demonstrate a good hydrophobization of
the surfaces after treatment with all coatings. This confirms the hydrophobic behavior of
the formulation, also shown in our previous work [29]. The addition of TiO2 nanoparticles
and silica nanocontainers lightly increased the hydrophobic effect for all stones, except for
mortar. Indeed, in the latter case, the SCA did not sensibly change within the standard
deviation. No relevant differences were recorded between the coatings charged with NC
and MNP applied on all stones.

Colorimetric measurements must be performed to verify that no visible color change
is observed after the application of coatings and that the natural aspect of the stone is
preserved [45]. This means that the total color variation ∆E* should not be >5 [46]. Data
registered after coatings application are shown in Figure 2, while the results concerning
the individual parameters, namely brightness L*, red–green chromatic component a*, and
yellow–blue chromatic component b* are reported in Table S3, in Supplementary Materials.
All the investigated coatings showed a ∆E* < 5, with no relevant differences among empty
coatings and charged ones. The presence of MNP caused a higher color change of the
surface with respect to NC for brick and mortar. However, since the obtained values
remained below the limit of ∆E* = 5, this difference can be considered irrelevant. Therefore,
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we can assume that the presence of nanoparticles did not influence the visual aspect of the
treated stones.

Table 3. SCA values for all treated stones.

Sample Average SCA (◦)

Si_Control Si_TiO2-NC Si_TiO2-MNP

Brick 125.7 ± 4.7 138.2 ± 5.1 137.6 ± 4.5
Mortar 127.7 ± 3.5 130.1 ± 5.5 124.1 ± 4.3

Travertine 118.9 ± 5.1 120.2 ± 5.1 130.3 ± 1.9
Carrara Marble 125.5 ± 4.2 142.1 ± 3.3 134.2 ± 5.1

Figure 2. Mean global color variation ∆E* between treated and untreated specimens in the CIEL*a*b*
color space. The thin vertical bars represent the mean standard deviation.

Transfer properties of liquid water and vapor were assessed by capillarity and water
vapor permeability measurements, to investigate efficacy and harmlessness of the treat-
ments. In fact, a proper protective coating should reduce the penetration of liquid water
from outside and, likewise, should not prevent the outflow of water vapor towards the
external side of the stone [47]. The capillary absorption kinetics of the stones, reported as a
function of the square root of time (s1/2), before and after the application of the coatings, are
displayed in Figure 3. The slope of the first part of each curve refers to the capillary water
absorption coefficient (CWAC), while the second part measures the reached saturation. The
reduction in CWAC with respect to untreated stones is reported in Table 4. All untreated
stones reached a different level of water saturation, within a distinctive time interval,
according to their different porosity. In fact, the quantity of water absorbed by brick was
higher (~17 Kg/m2) than mortar (~10 Kg/m2). At the same time, travertine and Carrara
marble absorbed a similar amount of water (~2.3 Kg/m2 and ~1.7 Kg/m2, respectively),
which is lower with respect to the previous supports. Moving to the treated samples, all
coatings showed a considerable reduction in water absorption with respect to the bare
stones. Notice that, in the case of brick and mortar, data for the treated samples refer to
the right vertical scale in Figure 3a–d, as Q changes by about one order of magnitude after
treatment. For brick, a higher reduction of the initial slope of the curve is visible with
Si_TiO2-MNP and Si_TiO2-NC compared with the Si_Control (Figure 3b). No differences
are visible in the case of mortar (Figure 3d).
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Figure 3. Plot of water absorption by capillarity test as a function of time: (a) brick, (b) brick (focus 0–35 s1/2), (c) mortar,
(d) mortar (focus 0–35 s1/2), (e) travertine and (f) Carrara marble.

Table 4. Reduction (%) of the capillary water absorption coefficient (CWAC), due to the coating.

Sample
Reduction in CWAC (%)

Si_Control Si_TiO2–NC Si_TiO2–MNP

Brick 96.49 97.8 99.1
Mortar 98.97 98.9 99.5

Travertine 10.52 70.0 52.5
Carrara marble 46.25 47.8 68.8

In the case of brick and mortar, the relative reduction of CWAC was higher than 95%
when compared to the untreated specimens (Table 4). A lower reduction was observed in
the case of travertine and Carrara marble, possibly due to the lower number of applications
(4 and 6, respectively). For travertine, the presence of nanoparticles had a higher effect on
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the reduction of CWAC. This may have been due to the size ratio between nanoparticles
and stone porosity.

The measured water vapor permeability coefficient (g) for all treated specimens did
not sensibly change with respect to the case of the untreated samples, within the standard
deviation (Figure 4). No relevant differences were registered between the presence of NC
and MNP. Therefore, our results indicate that the tested coatings preserved the original
water permeability of the materials.

Figure 4. Mean water vapor permeability coefficient (g) shown for each stone before (black line
on the left) and after (colored lines on the right) coatings application. The thin vertical black bar
represents the mean standard deviation.

Roughness evaluations are reported in Figure S1, in Supplementary Materials. The
results did not evidence particular trends of the roughness values after the application of
the protective coatings, taking into account the significant standard deviations of Rz.

SEM observations on coated stones showed compact films and no cracks for both
empty coatings (Figure S2b,d,f,h, in Supplementary Materials) and nanoparticles loaded
ones (Figure 5). The behavior concerning the presence of NC and MNP was similar, thus
confirming the results obtained in our previous work [29]. To evaluate the distribution
of the coating preparation and their depth of penetration, we acquired Ti distribution
maps from brick and mortar, and Si ones from travertine and Carrara marble. These maps
(Figures S3 and S4, in Supplementary Materials) demonstrated a homogeneous distribution
of the coatings on all stone surfaces. Moreover, the protective characteristic of the coatings
was demonstrated by the lack of penetration in depth evidenced by the absence of Ti and
Si in cross-section measurements.
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Figure 5. SEM images (1000×) of coated stones treated with Si-TiO2-NC and Si-TiO2-MNP:
(a,b) brick (BR), (c,d), mortar (MO), (e,f) travertine (TR) and (g,h) Carrara marble (MA).

Aiming at evaluating the photocatalytic property of the TiO2 dispersed in the coating
formulation, the degradation of methyl orange over time was examined under laboratory
conditions. The discoloration of stones was reported as ∆E* variation (Figure 6). In the
case of brick, the color of the used stained compound was very similar to that of substrate.
For this reason, the color differences among the consecutive measurements had larger
uncertainties compared to those performed on the other supports.
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Figure 6. ∆E* variation connected to the discoloration of treated and untreated stones previously stained with methyl
orange and then irradiated with UV light for 72 h: (a) brick, (b) mortar, (c) travertine and (d) Carrara marble.

The results show that only for travertine, for which a lower number of coating appli-
cation was performed, there was a higher photocatalytic activity of Si_TiO2 with respect
to untreated samples and Si_Control. Both samples treated with Si-TiO2-NC and Si-TiO2-
MNP showed worst results with respect to Si_TiO2, possibly because the presence of silica
nanocontainers caused an entrapment of TiO2 nanoparticles, avoiding their correct contact
with methyl orange. We noticed that the time evolution of ∆E* was not exponential.

Such results indicate that the coatings presented in this work had mechanical and
optical properties comparable between them and with the previous formulations containing
a commercial harmful biocide [29]. These results were achieved despite the different particle
dimensions and shape, and were consequent to the size and chemical properties of the
encapsulated molecule. Further evaluation on a broad spectrum of activity against the
potential occurring biodeteriogen are in progress.

4. Conclusions

The application of four different TEOS-based multifunctional coatings, containing
silica nanocontainers loaded with an eco-friendly biocide ZS and TiO2 nanoparticle, con-
firmed their compatibility and effectiveness on the four tested stones, both natural and
artificial. The presence of loaded-nanocontainers did not significantly alter the tested
coating performances, while providing additional biocide efficacy. The presence of the
coatings enhanced the stones’ hydrophobicity and reduced water absorption through
capillarity, with no evident difference between the two loaded nanocontainers. Importantly,
our formulations did not significantly influence water vapor permeability and optical
appearance of the stones. Thus, all fundamental requirements recommended to establish
the effectiveness of a protective product for monument conservation were fulfilled by
all presented coatings. We can, therefore, assume that these formulations are promising
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protective coatings even when stones with different mechanical and structural properties,
as those tested here, are considered.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11091109/s1, Table S1. Amount of product applied—the difference of sample weight
before and right after coating application, Table S2. Amount of product retained—the difference
of sample weight before and 1 week after coating application, Table S3. Brightness L*, red–green
chromatic component a* and yellow–blue chromatic component b* acquired before and after the
coatings application on all stones, Figure S1. The roughness Rz estimated for both treated and
untreated stones (NT), Figure S2. SEM images (500×) of untreated samples and treated with empty
coating: brick (BR) (a,b), mortar (MO) (c,d), travertine (TR) (e,f) and Carrara marble (MA) (g,h). NT:
untreated; Si_Control, coating without nanoparticles, Figure S3. EDS-XFR Ti mapping acquired from
brick and mortar: (a) brick treated with Si_TiO2-NC, (b) brick treated with Si_TiO2-MNP, (c) mortar
treated with Si_TiO2-NC and (d) mortar treated with Si-TiO2-MNP, Figure S4. EDS-XFR Si mapping
acquired from travertine and Carrara marble: (a) travertine treated with Si_TiO2-NC, (b) travertine
treated with Si_TiO2-MNP, (c) Carrara Marble treated with Si_TiO2-NC and (d) Carrara marble
treated with Si-TiO2-MNP.
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