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A B S T R A C T

Hydrophobic polymers applied on hydroxylated surfaces increase their durability against undesired weathering
processes. The achievement of a certain degree of surface hydrophobicity (reducing the water permeation) con-
stitutes one of the main research focuses. Herein, two commercial Si-based resins (e.g. Alpha®SI30 and Blue-
sil®BP9710), directly applied on both glass and Carrara marble substrates, and a silanization process by using
trichloromethylsilane (TCMS) were adopted. Contact angle measurements together with hysteresis determination
and Surface Free Energy (SFE) were carried out to evaluate the hydrophobic features. Hence, since only in the
case of TCMS a good hydrophobicity was achieved (θ around 150°), two commercial polysiloxane-based additives
(e.g. TegoPhobe 1500N and TegoPhobe 1650) were added respectively to Alpha®SI30 and Bluesil®BP9710, ac-
cording to their chemical compatibility. These auxiliary substances allowed to decrease the wettability features
of either glass or marble. Furthermore, since all the investigated coatings could be used as stone materials pro-
tective agents, water capillary absorption and vapor permeability tests were performed. Also in this case, TCMS
revealed to be the most performing one among the adopted silane-based resins, thanks to the drastic reduction of
absorbed water and the decrease of vapor permeability within the threshold value of 50%. Finally, the coatings
stability was evaluated by accelerated ageing tests.

1. Introduction

Over the past decades, the achievement of surface hydrophobicity
has been one of the main challenging issues to deal with by the con-
temporary scientists [1–4]. In particular, it is widely reported that hy-
drophobic surfaces can be obtained by both their modification using
low-surface-energy coatings and by increasing the relative surface area
(e.g. introducing surface roughness) [5].

Among the numerous research fields in which the hydrophobicity is
very desirable, the protection of monuments of the Cultural Heritage de-
serves attention [6–10]. Indeed, both natural and artificial stone mate-
rials suffer from salts [11,12] and biological [13–15] attacks that can
lead to their rapid degradation. The main cause is the presence of wa-
ter, due to rain and humidity, which vehiculates salts and bacteria in-
side the stones, thus provoking either their break or the molds growth.
In order to block these degradative processes, a highly hydrophobic
protective coating must be applied on the surface of the stone [2,12].

Furthermore, an ideal resin has to be not only a good water repel-
lent agent, but it should also guarantee transparency, durability over
time, easiness to remove and resistance both to UV and bacterial at-
tacks [16–19]. Hence, quite a few polymers have been already inves-
tigated, such as acrylic [20–22], alkyl [23], silane and siloxane-based
ones [24–28]. Among them, Si-based resins are particularly interest-
ing thanks to the possibility of creating tailored coatings, by changing
the chain length, molecular weight and functional groups. Tsakalof et
al. [29] evaluated the performances of four synthetic coatings (silox-
ane-, siloxane/acrylic-, perfluoro ether- and fluoro-organosilane-based
ones) for the protection of petrologically different stone substrates,
such as marble, travertine, sandstone, etc. From water contact angles,
water vapor permeability and water absorption by capillarity tests,
they concluded that the most suitable coatings for all the investigated
stone substrates seem to be the siloxane/acrylic copolymer and the
polymethylsiloxane. Moreover, a fundamental requirement of any kind
of hydrophobic polymer for stone protection is the chemical stabil-
ity under ambient exposure. Eyssautier-Chuine et al. [2] studied the
development of an
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eco-friendly coating with both hydrophobic and biocide properties,
based on a silane/siloxane emulsion as a water repellent. The artificial
ageing test revealed a moderate color variation on coated stones and,
notwithstanding the simulation of rainfall caused the enlargement of
pores and eroded the films in patches, the hydrophobic effect was pre-
served.

Moreover, glasses for architecture must have many functions in ad-
dition to their transparency. For example, hydrophobic modified-glasses
with the functions of self-cleaning, UV reduction, anti-bacterial, en-
ergy conversion, and so on, will be used in buildings in the near fu-
ture. Recently, reactive organo-silicon compounds have been exploited
to modify the surface properties of inorganic materials, particularly
for hydroxylated substrates such as silicon wafers and glass substrates
[5,30,31]. Gao and McCarthy [32] obtained well-defined covalently at-
tached monolayers by reacting alkylmethyldichlorosilanes and alkyl-
trichlorosilanes with silicon wafers in toluene, leading to superhy-
drophobic surfaces with both advancing and receding water contact an-
gles approaching 180°. Furthermore, depending on reaction conditions
(temperature, solvent and catalyst), chemistry of the organosilane (i.e.
mono-, di- and tri-chlorosilanes together with their alkyl chain length),
and surface texture, different structures (covalent attachment, self-as-
sembly, vertical and horizontal polymerization) can be produced on the
surface. Wong et al. [30] fabricated transparent superhydrophobic glass,
by treating standard microscope slides with diluted methyltrichlorosi-
lane in a simplified one-pot sol-gel process, at ambient conditions.

Therefore, herein a detailed study about the achievement of surface
hydrophobicity of either glass or marble substrates has been investi-
gated, by changing the kind of Si-based coatings. In our previous papers,
two different commercial resins (i.e. Alpha®SI30 and Bluesil®BP9710)
have been deeply studied in terms of achieved hydrophobic degree,
when applied on both glass and stone materials [33–35]. Moreover, a
detailed investigation on the resins/hydroxylated substrate interactions
was carried out in order to hypothesize the possible reaction mechanism
[8]. Hence, starting from these recent results [8,33–35], herein an in-
crease of the water repellency features of two different substrates, i.e.
glass and marble (Carrara type), has been successfully achieved, by sim-
ply adding ad hoc siloxane-based compatible additives, that has led to
a higher hydrophobic degree. Finally, an optimized silanization process
has been performed on both the two materials by using trichloromethyl-
silane (TCMS) as the starting reagent, obtaining very promising and
novel results. Actually, up to now, there are no available data about the
use of this treatment on natural stone materials.

2. Material and methods

Two different substrates, i.e. glass and Carrara marble (commonly
adopted in artifacts of Cultural Heritage), were used. For the former,
pieces of standard microscope glass slide (40mm×40mm×1mm)
were pretreated by immersion in Piranha solution (3:1 mixture of con-
centrated H2SO4 and 30%wt H2O2) at 90 °C for 1h to remove all the
impurities present on the surface. Subsequently, glass pieces were son-
icated in MilliQ water for 10min and dried in a vacuum oven at
fixed pressure and temperature (40mbar and 40 °C, respectively) for
1h. Warning: piranha solution reacts strongly with organic compounds and
should be handled with extreme caution.

In the case of the natural stone, small blocks (about
1cm×1cm×1cm or 5cm×5cm×1cm) were polished with com-
mercial grade diamond abrasive disks before any hydrophobizing treat-
ment [34]. After the polishing procedure, they were rinsed in dis

tilled water to remove any impurities and dried in oven at 60 °C for 24h.
The substrates were labelled as G and C for glass and Carrara mar-

ble, respectively.
All the used chemicals were of reagent-grade purity and were used

without further purification.

2.1. Hydrophobic commercial coatings and water repellent additives

Two commercially available resins were used to modify the wettabil-
ity features of the bare substrates. The silicon-based solvent-borne resin
Alpha®SI30 (purchased by Sikkens, labelled as Alpha) has been already
widely characterized in our previous works [8,34]. It is composed by a
mixture of a trimethoxysilane, with a quite long chain (i.e. iso-octyl) and
a polydimethylsiloxane (PDMS). The present resin was applied as it is
without any further dilution. Alpha®SI30 could give reticulation thanks
to the presence of −OCH3 groups whose oxygen can act as a bridge be-
tween two Si atoms. Whereas, Bluesil®BP9710 (by Bluestar Silicones,
labelled as Bluesil) is a concentrated Oil-in-Water emulsion (phase vol-
ume, φ=0.44) with an alkylpolysiloxane oligomer base and it is stabi-
lized by exploiting a non-ionic emulsifier at alkaline pH (around 10). It
was applied after a 1 : 11 dilution in water [33].

In order to enhance the hydrophobicity features given by the two
commercial resins, two additives by Evonik Industries AG (TegoPhobe
1500N and TegoPhobe 1650) were added as received in a relatively low
amount (5%wt with respect to the quantity of the commercial resins).
In accordance to their chemical compatibility and solubility, TegoPhobe
1500N (an amino functional polysiloxane in ether/isoparaffin solvent)
was added to Alpha®SI30 (samples called as Alpha + 1500N). Instead,
TegoPhobe 1650 (an emulsion of a modified polysiloxane resin in wa-
ter-based medium) was combined to Bluesil®BP9710 (samples labelled
as Bluesil + 1650). Indeed, both these two additives are reported to
guarantee either excellent water-repellency or good resistance to rain.

The application of all the investigated coatings on glass or marble
surfaces was carried out by using an air-brush system (Asturo airbrush,
700μm nozzle). The quantity of sprayed coatings was kept constant by
controlling both spray pressure (2.5bar) and the application time (3 s).
All the samples were dried for 24h in an oven at constant temperature
(50 °C).

2.2. Trichloromethylsilane-based coating

Silanization by trichloromethylsilane (TCMS) on glass substrates
have been widely reported in the literature [5,27,30]. This procedure is
mainly based on the adoption of toluene as the reaction solvent and only
Zhang et al. have deeply investigated the role of the solvent in modi-
fying the final hydrophobic features [36]. Furthermore, up to now, no
studies concerning the present synthetic process on marble surfaces are
available. Hence, herein, an optimized silanization procedure (in terms
of reaction solvent, TCMS concentration and reaction duration) is re-
ported, for both glass and Carrara materials.

Substrates silanization was carried out in closed glass vials by cov-
ering the surface with a suitable amount of cyclohexane (ACS Reagent
grade, Sigma-Aldrich), instead of toluene. Indeed, the former can guar-
antee the same hydrophobic performances of the latter, but being less
toxic [36]. Then, the correct volume of pure TCMS (99%, purchased
from Sigma-Aldrich) was added by using a micropipette in order to
have a final concentration of TCMS equal to 0.08M or 0.12M for glass
and marble, respectively. The reaction was performed at room temper-
ature, for 60min in the case of glass and 90min for Carrara samples.
Subsequently, the substrates were rinsed with cyclohexane, ethanol,
ethanol:water (1:1) and water (10mL for each step). The samples were
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then dried in oven at 60 °C for 1h, in order to remove any solvent traces.

2.3. Samples characterization

Water Contact Angle (WCA) measurements on bare and coated sub-
strates were performed using a Krüss Easy instrument. A drop of 7μL
was gently placed on the surface; the drop profile was extrapolated us-
ing appropriate fitting functions (Circle and Tangent fitting methods)
depending on the drop shapes. Measurements were repeated several
times (> 20) to obtain a statistical population.

Dynamic contact angle (advancing and receding) measurements
were performed to calculate the hysteresis value (θi) [37].

Surface Free Energy (SFE) and the relative polar (γ p) and disperse (γ
d) components were evaluated by using the Owens–Wendt–Rabel–Kael-
ble (OWRK) method [38,39] by using different high purity solvents (i.e.
diiodomethane, diethylene glycol, ethylene glycol, ethylene glycol:wa-
ter=50:50 v/v and water). Wetting Envelopes (WEs) were elaborated
starting from the previous data, as reported in our previous work [39].

Capillary water absorption measurements were performed on both
bare and coated materials following the standard protocol UNI EN
15,801 “Conservation of cultural property—test methods—determina-
tion of water absorption by capillarity” [33,40,41]. The total amount of
water absorbed (Qtf) and the Capillary Absorption (CA) coefficient were
determined, accordingly.

The Water Vapor Permeability (WVP) tests were performed by
means of a methodology described in the European Standard Norma EN
15,803 [33,42,43] and the Reduction of Vapor Permeability (RPV) were
evaluated.

In order to verify the color modification of the coatings, after both
their deposition and the ageing test (see in the following), transmittance
spectra and colorimetric measurements were carried out, for glass and
marble respectively. Transmittance analysis was performed between
300 and 800nm, by using a JASCO/UV–Vis/NIR spectrophotometer
(model V-570 instrument). Instead, the chromatic coordinates were cal-
culated according to the Commission Internationale d’Eclairage (CIELab
method) [33,41], starting from diffuse reflectance spectra acquired in
the UV–Vis spectral range from 800 to 350nm. According to the litera-
ture, no significant variation occurs when ΔE* < 3 [44].

To evaluate both the homogeneity of the coated samples and the
coatings thickness, the profile of the substrates surface was investigated
by means of a contact profilometer (Bruker DektakXT), by repeating the
measurements at least five times, on different areas of the same sample.

Scanning Electron Microscopy (SEM) analyses ware carried out both
in Variable Pressure (VP) and Back-Scattering (BS) modes, by using
Zeiss Evo 50EP (pressure of 50Pa and accelerated electrons tension of
20kV) equipped with an EDS Inca Energy 200 spectrophotometer.

2.4. Ageing test

Accelerated ageing test was performed to evaluate the stability of the
hydrophobic coatings. Thus, samples were exposed to UV irradiations
(500W halide lamp, 215–365nm, irradiance specific power of 45.5mW
cm−2) for 50h. At the end of the test, the variations of both contact an-
gle values and transmittance (for glass substrates) or ΔE* parameter (for
marble) were evaluated.

3. Results and discussion

3.1. Enhancing the hydrophobicity by different Si-based coatings

Apparent water contact angles along with the relative hysteresis val-
ues and the subsequent surface free energy calculation (the latter only
in the case of glass substrates) were performed to evaluate the effi-
cacy of the polymeric coatings in imposing the surfaces hydrophobicity.
Fig. 1 well shows the increasing of the hydrophobic features for both
the two studied materials. Indeed, from bare hydrophilic substrates (θ
around 40-50°, droplet fitting profiles in Fig. S1a and b), an increase of
water contact angle values was observed after the application of every
tested coating. In detail, Bluesil resin seems to be the less performing
one (θ up to a value of around 90° for marble and 65° for glass), fol-
lowed by Alpha (for which θ is around 115° and 100° in the case of
marble and glass, respectively). Two interesting observations could be
made: i) the coatings behavior strongly depends on the substrates ma-
terial and, thus, on its surface characteristics (see the profilometry re-
sults in the following); ii) for either Bluesil or Alpha, the addition of
polysiloxane-based additives effectively enhances the hydrophobic fea-
tures (an increase from ˜15° to 25° for marble and ˜5° for glass ma-
terials). Nevertheless, contact angle values higher than 130° were not
achieved in any case. Therefore, a silanization process, in which the
polymeric resin (TCMS) was directly synthesized on the materials sur-
faces, was investigated. In this case, a high hydrophobic degree (reach-
ing almost the superhydrophobic condition) was successfully obtained
for both the two substrates (θ equal to 149° for marble and 140° for
glass, Fig. S1c and d). In the case of glass, the present results are fully
in accordance with the ones reported in the previous literature. Yu et
al. [30] reported that hydrophobic glass slides (θ around 140°) could
be obtained by means of diluted methyltrichlorosilane under similar
experimental conditions (T=25°C, reaction time of 1h, final concen-
tration of TCMS equal to 0.08M). Seeger et al. [18,36] studied the
solvent-controlled growth of Silane NanoFilaments (SNF) on the sur-
face of glass slides, by simply regulating the type and ratio of sol-
vents during hydrolysis and condensation of TCMS. High contact an-
gles (θ > 150°) were achieved only by using toluene or its homo-
logues, being ideal solvents for the growth of the SNFs. Moreover, Khoo
et al. [45] followed the temporal development of the TMTS nano-ar-
chitectures on glass surfaces (the chamber temperature and humidity

Fig. 1. Water contact angle (WCA) trend for both glass (dark grey) and Carrara marble
(light grey) by varying the hydrophobic coating.
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remained constant at 21±1°C and 60±1%RH, respectively; with a
silane concentration of 0.014M): the contact angle continued to in-
crease from 120° to 160° after 30min of reaction, remaining the same
after 60min. On the contrary, to the authors' best knowledge, no similar
data are reported in the case of marble substrates, representing the real
novelty of the present work.

In order to explain the coatings hydrophobic behavior, the evalu-
ation of the surface texture and the relative roughness characteristics
is strictly required. Hence, SEM images have been acquired for Blue-
sil + 1650, Alpha + 1500N and TCMS coated glasses (Fig. 2a, c and
e). Both the two sprayed resins (e.g. Bluesil and Alpha) do not seem to
homogeneously cover the substrate surfaces, since polymeric agglomer-
ates can be observed (Fig. 2a and c). On the contrary, a well-defined
and homogeneous coverage is typical of TCMS (Fig. 2e). Indeed, as re-
ported by Fan-Gang et al. [45], trichloromethylsilane (at the same con

centration of the present work) can form interconnected ‘ball-like’ par-
ticles making discrete short fibers of a 3D quasi-network (clearly visible
in the magnification shown in Fig. 2f). Furthermore, for all the protec-
tive coatings, the formation of resin/substrate bonds (schematic repre-
sentations of Fig. 2b, d and g) takes place through the interaction be-
tween the hydrolysable substituents of silane and the hydroxyl groups
of the substrates [8,45]. Thus, the very rough surface texture given by
TCMS can guarantee high hydrophobic features, although character-
ized by an abrupt rise of the contact angle hysteresis [45,46]. To ex-
plain the latter phenomenon, a mixed wetting mode, in which a part
of the apparent surface has transitioned to the Wenzel wetting mode
whereas the remaining part is still Cassie–Baxter, has been proposed.
Actually, rough surfaces show a different wetting behavior with respect
to the ideal Young wettability, which comes from the combined effect
between the surface chemistry and its texture [37]. Hence, two differ

Fig. 2. Top-view back-scattering SEM images of a) Bluesil + 1650, c) Alpha + 1500N and e) TCMS (inset: corresponding Variable Pressure SEM images). In the last case, f) a magnifica-
tion has been shown, accordingly. Schematic representation of the different linkage between the investigated resins and the adopted substrates, in the case of b) Bluesil + 1650, d) Alpha
+ 1500N and g) TCMS. Photos of a water droplet on the surface of h) C_TCMS and i) G_TCMS, respectively.
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ent situations can occur: i) the liquid follows the actual surface pro-
file (i.e. Wenzel model); ii) the liquid leaves air inside the texture, thus
contacting the solid through the top of the asperities (i.e. Cassie-Baxter
model). In the former case, the increase in the surface area provokes a
rise in the material hydrophobicity and an increase in the correspond-
ing hysteresis value; whereas, in the second situation, the hysteresis is
very low, since the liquid has scarce interactions with the solid [37].
Another factor which contributes to the high contact angle hysteresis is

Table 1
Surface Free Energy (SFE), the relative polar (γ p) and disperse (γ d) components and hys-
teresis values (θi) for all the investigated glass-coated samples. For G_TCMS the relative
SFE could not be calculated due to the high surface hydrophobicity (θwater > 120°).

Sample γ p / mN m−1 γ d / mN m−1 SFE / mN m−1 θi / °

G 24±5 21±5 45±10 ―
G_Alpha 2±1 18±3 20±4 30
G_Alpha+1500N < 2 16±2 < 18 35
G_Bluesil 10±2 24±4 34±6 33
G_Bluesil+1650 8±2 20±3 28±4 40
G_TCMS ― ― ― 71

the pinning effect caused by some hydrophilic defects. These defects can
cause penetration of the water droplet between the surface asperities on
a rough substrate, resulting in extremely high θi values [45,46]. In the
present work, a corroboration of the growth of this fibrous network by
either SEM images (Fig. 2f) and θi values (i.e. around 70°; Table 1, 5th
column) is reported. Conversely, as concerns Bluesil- and Alpha-based
coatings, hysteresis values are smaller (about 30-40°; Table 1) as ex-
pected for substrates obeying the Wenzel wetting mode [37]. Thus, only
in the case of TCMS a water droplet rolls away (for both glass and mar-
ble samples, Videos S1 and S2), confirming the superhydrophobicity of
the polymeric layer (Fig. 2h and i).

Moreover, profilometric measurements were also carried out in the
case of bare and silane treated substrates: indeed, only Alpha + 1500N
and TCMS were studied due to the higher hydrophobicity degree (Fig.
1). As concern the glass material, the bare surface is almost flattened,
with an average roughness (R) value of about (5±1) nm (Fig. 3a).
The treatment with both the Alpha + 1500N and TCMS has led to
a slight increase of R (up to (30±3) and (50±2) nm, respectively).
Instead, in the case of Carrara marble (Fig. 3b), the bare surface is
much rougher (R ˜ 800nm) than the glass one. The Alpha +

Fig. 3. Profilometry results for both bare and treated a) glass and b) Carrara substrates.
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1500N coating seems to preserve the roughness of the bare sample (R ˜
700nm), whereas the TCMS one led to a slight increase of R, probably
thanks to the formation of the nano-/micro-texture as previously men-
tioned (R up to 2–3μm) [36,47]. The coatings thicknesses have been
also evaluated by profilometric measurements. Particularly, films have
been scratched by using a metallic pin in the case of Alpha and Blue-
sil-based coatings and with a stylus, previously immersed in toluene, for
TCMS films. Indeed, the latter is much more difficult to be mechanically
removed. Hence, in the case of glass substrate, Alpha + 1500N and
Bluesil + 1650 are around 400–500nm thick (Fig. S2a); whereas TCMS
forms a thinner film (˜10-20nm, Fig. S2b). On the contrary, on marble
surface, Alpha + 1500N and Bluesil + 1650 coatings have a thickness
of around 1μm, which decreases for TCMS-treated marble (˜50-60nm).

After having evaluated both the surface characteristics and the rela-
tive wettability features, the Surface Free Energy measurements of the
coated glass materials were determined along with the relative polar
and disperse components (Table 1 and Fig. 4). No data were reported

for bare and silane-clad marbles since the OWRK equation can be ap-
plied only for smooth surface and not for rough ones [38].

Fig. 4a shows the linear trends of the data relative to both bare and
coated glass samples, corroborating the previous results concerning the
contact angle values. Indeed, the decrease of the total surface energy
values and particularly of the polar part (Table 1 and the slopes in Fig.
4) after the treatment confirms the hydrophobic features of the treated
surfaces. In the case of C_TCMS, the OWRK method was not applica-
ble because of the high surface hydrophobicity (θ values higher than
120°). Once evaluated the SFE components, Wetting Envelopes (WEs)
were drawn (Fig. 4b). Each curved profile points out the hydrophilic/
hydrophobic border (i.e. θ=90°) of the corresponding substrate. Thus,
if water solvent (highlighted by a black dot in Fig. 4b) easily wets a sur-
face (θ < 90°), its position in the graph lies in the area underlying the
relative wetting envelope. Therefore, the previous results were corrobo-
rated as well, since for G_Alpha and G_Alpha + 1500N the curves are
much more flattened, so that the water dot remains outside the corre-
sponding curves (i.e. contact angle higher than 90°).

Fig. 4. a) OWRK plot to calculate the Surface Free Energy (SFE) and b) the corresponding wetting envelopes for bare and treated glass surfaces. The point represents the water solvent
and each contour was drawn considering θ equal to 90°.
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Furthermore, all the coatings should guarantee the substrate color
preservation. Hence, transmittance measurements for glass samples
(Fig. S3a) and CIELab analysis (Table 2, 2nd column) for marble ones
were performed. In both cases, all the protective coatings are invisible to
naked eye (i.e. transmittance percentages between 92–94% in the range
400–800nm and ΔE* < 3 for all the substrates).

Table 2
Color variation (ΔE*), water capillarity parameters (amount of water absorbed at final
time, Qtf and water Capillary Absorption coefficient, CA) and Reduction of Vapor Perme-
ability percentage (%RPV) for Carrara marble.

Sample ΔE* Qtf / mg cm−2 CA / mg cm −2 s-1/2 %RVP

C ― 8.93 0.178 ―
C_Alpha 1.5 5.57 0.016 9
C_Alpha+1500N 1.0 6.35 0.021 14
C_Bluesil 2.3 2.48 0.012 19
C_Bluesil+1650 2.1 2.67 0.015 30
C_TCMS 2.2 2.76 0.017 48

Fig. 5. Water capillary absorption curves for pure and coated Carrara marbles.

3.2. Water capillary absorption and vapor permeability

As concerns Carrara marble, an ideal hydrophobic and protective
coating should hinder the water capillary absorption, whilst it should
preserve vapor permeability to avoid the mold growth. Hence, either
water capillary or vapor permeability tests were carried out.

Fig. 5 shows the amount of absorbed water per unit area (Qi / mg
cm−2) over time for both bare and Si-treated marble samples. For the
untreated Carrara, high amount of water was absorbed (Qtf equal to
8.93mgcm−2; Table 2, 3rd column) especially at the beginning of the
analysis (greater slope of the absorption curve, CA =0.178mg cm−2

s−1/2; Table 2, 4th column). When Alpha and Alpha + 1500N resins
were deposited, a slight decrease in the water absorbed amount oc-
curred (Table 2, 3rd column and Fig. 5). On the contrary, for Blue-
sil, Bluesil + 1650 and TCMS a dramatic reduction of Qtf was noticed.
Moreover, for all the coatings a drastic decrease (of about one order of
magnitude) of the CA parameter was registered, thus confirming their
hydrophobic features.

Alongside a great reduction of water absorption by capillarity, the
permeability of water vapor through the marble pores should be en-
sured [43]. Of course, as already reported, a silane- or silicone-based
coating slightly decreases the stone transpiration [48]. However, as
stated by Rodrigues and Grossi [49], the reduction of the vapor per-
meability can be considered negligible up to 50%. Fig. 6 shows the cu-
mulative mass change per unit area (Δm) versus time for all the treated
samples. Both Alpha-based resins have a good behavior in allowing
the vapor flow (%RPV<15%). On the contrary, a higher reduction of
materials transpiration was observed for Bluesil and Bluesil + 1650
(%RPV<30%), and a more drastic decrease has been obtained for
TCMS (Table 2, 5th column), caused by the compact and dense poly-
meric network.

Notwithstanding this fact, the vapor reduction is still within the ac-
cepted limit of 50% [49].

3.3. Si-based coating resistance to ageing test

In order to evaluate the coatings stability, all the samples were
treated under direct UV lamp irradiations for 50h, as an accelerated
ageing test. For both glass and Carrara substrates, the possible hy-
drophobicity and color variations were determined. In Table 3 (2nd

Fig. 6. Water vapor permeability curves for all the marble samples.
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Table 3
Contact angle and color variations after the ageing test (50h, under UV light).

Sample Carrara Glass

Δθ / ° ΔE* Δθ / °

Alpha 17 0.7 2
Alpha+1500N 6 1.7 4
Bluesil −18 1.1 34
Bluesil+1650 −2 0.6 19
TCMS 7 1.2 −7

and 4th columns), Δθ values have been reported. A good stability could
be observed for Alpha-based resins (especially in the case of marble ma-
terial, Δθ = +17° and +6° for Alpha and Alpha + 1500N, respec-
tively). On the contrary, by comparing Carrara and glass substrates a
huge difference in the hydrophobicity preservation was seen for Blue-
sil-based coatings. Indeed, in the case of stone material the hydrophobic
features were slightly lost (Δθ = -18° and -2° for Bluesil and Bluesil +
1650, respectively); whereas, with coated-glass samples an increment of
θ values was obtained (Δθ = +34° and +19°), probably caused by the
faster evaporation of water residues (Bluesil is an O/W emulsion) inside
the coatings due to the lower water/glass affinity with respect to the
water/marble one. Moreover, the presence of the additives improves the
resins stability for all the adopted substrates; nevertheless, also in this
case, Alpha + 1500N seems to be the most stable one either on glass or
marble materials (Fig. S3c, d, f and g).

Finally, TCMS seems to preserve the starting hydrophobic behavior
when applied on marble surface (Fig. S3h), but unfortunately it is not
still so performing on glass material, after the ageing test (Fig. S3e).
This is probably due to the concentration of the hydroxyl groups on
the different surface substrates (higher in the case of marble species)
that strongly determines the density of the polymerized nanostructures
during the initial growth [45]. Hence, UV prolonged irradiation could
remove the entrapped solvent molecules, thus provoking a partial re-
arrangement of the tridimensional network especially in the case of less
compact film on glass. Actually, Zimmermann et al. [47] affirmed that a
further annealing treatment significantly improves either coatings dura-
bility or hydrophobicity (an increase of 4-6° of water contact angle).
Then, the higher standard deviation of the WCA (e.g. ± 7°, Fig. 1) for
this substrate corroborates the previous hypothesis.

Instead, as regard the possible color variation, neither for Carrara
treated samples (ΔE* values; Table 3, 3rd column) nor for glass ones
(Fig. S3b), the substrates color modification is visible to naked-eye (see
Fig. S3c–h).

4. Conclusions

Herein, a deep investigation on the hydrophobizing features of sev-
eral commercial and in situ silane-based resins was made. Thinner films
(around 20–60nm) were obtained by direct growth of TCMS on the sub-
strates surface, whereas much higher values (up to 1μm) were reached
by Alpha + 1500N and Bluesil + 1650 resin deposition via air-brush.
Among the adopted hydrophobizing agents, the trichloromethylsilane
(TCMS) coating gives the highest WCAs (θ > 140°) on both substrates,
reaching almost the superhydrophobic conditions, due to intercon-
nected ‘ball-like’ particles resulting in a 3D quasi-network. Particu-
larly, the formation of this nano-/micro texture led to a slight increase
of the surface roughness, in the case of both the adopted substrates.
Moreover, a negligible water absorption and a good degree of trans-
parency also occur for either Carrara marble or glass materials, re-
spectively. Alongside, the addition of commercial additives to Alpha
and Bluesil coatings improves the final water repellency (i.e. low SFE
polar component values), although without reaching the TCMS per-
formances (contact angle up to 140°). Eventually, the stability of all

the adopted coatings towards UV light (performed by accelerated age-
ing tests) was assessed. However, further studies will be necessary to
enhance their durability, especially in the case of TCMS-clad glass ma-
terial.

Thus, thanks to i) the achieved high degree of hydrophobicity fea-
tures, ii) the hindering of water capillary absorption, and iii) the re-
duction of water permeability within the acceptable limit (%RPV below
50%), TCMS reveals to be a novel optimal silane-based hydrophobizing
agent for both glass and marble substrates.
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