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Abstract: Silane-based materials are used for the protection of heritage and modern buildings. A
versatile method is developed to tune the wetting properties of a typical silane-based material from
hydrophobicity to superamphiphobicity, thus enhancing the protective efficacy against rainwater
and organic pollutants. A commercially available silane product is blended with a fluoropolymer
to lower the surface energy and silica (SiO2) nanoparticles to affect the surface morphologies of the
produced coatings on marble. Contact angles of water and oil drops are measured on the coating
surfaces which were prepared using 16 different combinations of fluoropolymer and nanoparticle
concentrations. It is shown that the synergistic effect of surface structure and chemistry can lead to
the production of coatings that possess superamphiphobic properties. The wetting properties of a
selected non-wettable coating are further characterised using a custom-made, fully-automated device
(Kerberos) which monitors simultaneously the deformation of the liquid interface, spreading and
sliding of the drop along the sample surface during tilting. Several tests are carried out to evaluate
the durability of the selected superamphiphobic coating, offering overall promising results. The
versatile method can be used to impart superamphiphobicity to the surfaces of various materials.
The method developed herein can be adopted to tune the wetting properties of other silane-based
commercial products which are used for the protection of buildings.

Keywords: superhydrophobic; superoleophobic; superamphiphobic; stone; heritage

1. Introduction

Silane/siloxane-based products are commonly used for the conservation of natural
stone and stone-built cultural heritage, because they possess three important properties:
high depth of penetration, stability, and hydrophobicity [1,2]. Polysiloxane networks
originate from small precursor molecules of silanes and siloxanes which can penetrate deep
into the stone network before they become highly viscous gels (i.e., polysiloxanes) through
the sol-gel process [3]. Consequently, higher depths of penetrations are achieved by the
silane-based consolidants, compared with the high molecular weight organic polymers
which correspond to high viscosity and were used in the past for stone consolidation [4–7].
Polysiloxane materials are often considered as hybrid materials because their backbone
chains are formed by the siloxane (Si-O) bond which is of “inorganic” nature, while the
substituents attached to the Si atom are generally “organic” radicals [8]. Due to their dual
nature, polysiloxane compounds possess stability and hydrophobicity. Stability originates
from the high strength of the Si-O bond compared with the C-C bond which forms the
backbones of organic polymers. In particular, the strengths of the Si-O and C-C bonds
correspond to 108 and 83 kcal/mol, respectively [1]. High Si-O bond strength offers
siloxane-based materials with considerable thermal stability as well as good corrosion and
UV resistance [1,9,10].

Hydrophobization of natural stone surfaces is a practical method to impede water-
induced degradation of buildings of cultural heritage. Typical organic polymers used in
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the past [11–13] possess hydrophobicity but they fall short either on stability or the desired
depth of penetration. The inherent hydrophobic character of the siloxane-based materials
originates from the organic groups which are attached to the Si atoms of the backbone
chain. The contact angle of a water drop (WCA) on a very smooth polysiloxane surface,
produced for instance by spin coating on a smooth glass substrate, is typically on the
order of 100◦. This value, however, can be highly increased if the polysiloxane coating is
produced and deposited on the surface of a rough stone substrate. Because the surface of
the underlying stone substrate is rough, the surface of the deposited polysiloxane coating
becomes also rough. [14]. As the surface roughness of an inherently hydrophobic material
increases, so does the WCA according to the Wenzel [15] and Cassie-Baxter [16] models.
Hence, poly(alkyl siloxane) coatings which were produced using Rhodorsil 224 and were
deposited on smooth glass, slightly rougher marble, and very rough sandstone, gave WCAs
of 103◦, 108◦, and 141◦, respectively [14,17].

Roughness induced by the substrate morphology to the surface of a typical polysilox-
ane is not capable to achieve the extreme threshold of superhydrophobicity (WCA > 150◦).
Carefully designed synthetic routes should be implemented to produce a highly rough to-
pography on the coating surface. For example, a superhydrophobic coating was produced
on marble, sandstone, granite, and travertine using a sol of methyltrimethoxysilane and
appropriate reagent concentrations to control the sol-gel process which led to the formation
of a micro/nano-structured coating surface [18]. Following the example of the famous
lotus leaf [19], the synergistic effect of high roughness and low surface energy agent (e.g., a
fluoropolymer) can be effective to achieve non-wetting properties on the surfaces of treated
stones. Aslanidou et al. produced a coating using an emulsion of alkoxy silanes and organic
fluoropolymer (Silres BS29A) [20]. The coating possessed superhydrophobic properties
when it was deposited on rough sandstone but not on smooth marble [20]. Adamopoulos
et al. [21] deposited a sol of co-hydrolysed TEOS and a fluorinated agent on marble and
other materials which obtained superhydrophobicity.

In another, more flexible method which was devised to produce superhydrophobic
coatings on natural stone, engineering nanoparticles (NPs) are added to the silane/siloxane
sol [22]. The composite (polysiloxane + NPs) coating which is produced on the stone
surface after sol deposition is very rough because the presence of the NPs leads to the
formation of surface protrusions [22]. As the effect of the high surface roughness on the
wetting properties is dominant, the use of a low surface energy agent is not necessary to
achieve superhydrophobicity. Following this method, the wetting properties of several
commercially available silane/siloxane conservation products such as Porosil VV Plus [14],
Rhodorsil 224 [14,17,23,24], Silres BS 4004 [25], TES 40 WN [26,27], Silres BS29A [20,28],
Dynasylan F8815 [29], ESTEL1100 [30], Alpha®SI30 [31], Dynasylan 40 [32] and Silres
BS38 [33] were tuned to enhance their hydrophobic character, achieving in most cases
superhydrophobicity [14,17,23–25,27–31].

The combined oleophobization and hydrophobization of natural stone surfaces are
highly desirable to protect buildings of cultural heritage that are threatened by oil-based
pollutants, particularly in urban areas. This combination is realized on superamphiphobic
surfaces which have the ability to repel both water and oil i.e., both water (WCA) and
oil (OCA) contact angles are >150◦. Producing a superamphiphobic silane-based coating
is a challenging task. Typically, silane-based materials can lead to superhydrophobicity
when they are mixed with NPs, as described above, but they cannot resist the wetting of
organic liquids. Hence, the production of superamphiphobic coatings on natural stone was
achieved in very few studies. In particular, Silres BS29A + NPs [20,28] and 3-perfluroether-
amidopropylsilane [34] exhibited superamphiphobicity when they were deposited on
natural stone.

A method that can be used to tune the wetting properties of a typical silane-based
material from hydrophobic to superamphiphobic is presented herein. The polysiloxane
network originates from a commercially available aqueous silane solution (Protectosil SC
Concentrate). The silane product is blended with a fluoropolymer to lower the surface
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energy and silica (SiO2) nanoparticles (NPs) to induce surface roughness. Composite
coatings are deposited on marble specimens. The latter was selected as substrates because
the marble surface is relatively smooth (compared with other natural stones) and therefore
its effect on the morphology of the coating surface is negligible. It is shown that careful
selection of the appropriate fluoropolymer and NP concentration leads to surfaces of
extreme wetting properties with both WCA and OCA being >150◦. A superamphiphobic
surface is selected and studied further using a custom-made, fully-automated device
that monitors simultaneously the deformation of the liquid interface, the spreading and
sliding of the drop along the sample surface during tilting. A number of different tests
are carried out to evaluate the durability of the selected superamphiphobic surface. The
developed method can be used as a roadmap to improve the wetting properties of other
silane-based materials which are provided for the protection of building materials. These
commercial silane-based products exhibit typically hydrophobic properties. We show that
when such a product is blended with a low surface energy agent (fluoropolymer) to affect
surface chemistry and NPs to affect surface morphology, the resulting coating obtains
superamphiphobic properties, thus offering superior protection compared with the typical
hydrophobic materials.

2. Materials and Methods

According to the manufacturer (Evonik, Essen, Germany), Protectosil SC Concentrate
(P) is an aqueous solution based on silane chemistry that is recommended for the treatment
of mineral substrates, including marble. The product was diluted in demineralized water
to prepare two solutions with concentrations 6% w/w (6P) and 1% w/w (1P). A water-based
fluoropolymer (Ruco-Guard Air 6, Rudolf, Germany, C6 fluorocarbon polymer, cationic)
emulsion (F) was provided by Lysis Consulting (Pylaia, Greece) and was added to the 6P
and 1P solutions. Three sols were produced using different concentrations of the two, P
and F, products as described in Table 1. The 6P solution was included in the study (Table 1).

Table 1. Aqueous sols which were prepared and used in the study to treat marble.

Abbreviation Sols & Concentrations

6P 6% w/w Protectosil
6P/1F 6% w/w Protectosil & 1% w/w Fluoropolymer
6P/6F 6% w/w Protectosil & 6% w/w Fluoropolymer
1P/6F 1% w/w Protectosil & 6% w/w Fluoropolymer

Fumed silica (SiO2) nanoparticles (Aldrich) with a 7 nm mean diameter were dispersed
in the four sols of Table 1, at three different concentrations: 1, 2, and 3% w/w. Therefore,
twelve dispersions were produced in total using different relative concentrations of P,
F, and SiO2. Dispersions are named using the abbreviations of the sols followed by the
% w/w concentration of the SiO2 NPs which are designated by “Si”. For example, the
6P/1F/2Si dispersion was prepared using 6% w/w P, 1% w/w F and 2% w/w SiO2 NPs.
The abbreviations of the twelve dispersions are described in detail in Table S1 of the
Supplementary Materials. In sum, sixteen coatings were produced in total on marble, by
varying the relative concentrations of SiO2 NPs which were added to the sols of Table 1.

The deposition of the dispersions onto smooth marble surfaces was carried out using
an airbrush system (Paasche Airbrush) with a nozzle diameter of 733 µm, which was held at
a distance of 20 cm from the marble surface. Immediately after preparation, the dispersions
were stirred vigorously for 30 min and were then sprayed for 2 s onto the marble specimens.
Samples were left to cure and dry at 70−80 ◦C for 1 h and then at room temperature for
24 h. The sample preparation process is shown in Figure 1.
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Figure 1. Schematic presentation of the method which was applied to produce superamphiphobic
coatings on marble.

Drops (8 µL) of distilled water and olive oil (purchased from the local market) were
placed onto coated marble samples and contact angles were measured using the ImageJ
software. The reported static contact angles of water (WCA) and oil (OCA) drops as well as
the reported contact angle hysteresis are averages of five measurements. Scanning electron
microscopy (SEM; TM3000, HITACHI; Tokyo, Japan) was employed to study the surface
structures of the treated marble samples at the micrometer scale. SEM (Jeol JSM-IT500;
Tokyo, Japan) was used to collect high magnification SEM images and to characterise the
two additives which were used to affect the wetting properties of the silane product (P),
which are the fluoropolymer (F) and the SiO2 NPs. Characterisation was completed using
an energy-dispersive X-ray (EDS) microanalytical system and the results are shown in
Figures S1 and S2 of the Supplementary Materials.

The dynamic behaviour of water drops on 6P/1F and 6P/1F/2Si during titling, has
been recorded using a custom-made, fully-automated device, called Kerberos. The instru-
ment uses synchronized Wi-Fi cameras to monitor the deformation of the liquid interface,
the spreading and sliding of the drop along the sample surface during tilting. Obtained
videos were post-processed by means of a custom image processing software to extract
a number of 2-dimensional drop geometrical features (i.e., contact angles, drop length,
height, width, etc.), as well as the 3-dimensional reconstruction of the drop shape. More
information on the Kerberos device can be found in previous studies that presented in detail
the working principles and the technical specifications of both hardware and software,
along with results obtained using reference solid surfaces such as glass and PTFE [35–37].
In the present study, experiments were conducted for sample tilting from 0◦ to 50◦ with a
constantly increasing rate of 0.25◦/s, at a temperature of 25 ± 2 ◦C and relative humidity
of 50 ± 5%.

The 6P/1F and 6P/1F/2Si surfaces were subjected to several tests to evaluate their
stability on a comparative basis. In particular, drops of solutions, which were prepared
using hydrochloric acid (HCl, ChemLab) and sodium hydroxide (NaOH, ChemLab) and
corresponded to a pH range from 0 to 14, were placed on the surfaces and contact angles
were measured. For the artificial ageing under UV radiation, samples were placed inside
a chamber, equipped with UV source (Osram Dulux S Blue, 9W/78V, UVA 300–400 nm).
The temperature in the chamber was kept at 27.7 ◦C, the radiation intensity was 1.064
W/m2 and the distance between the sample surface and the UV lamp was 32 cm. Contact
angles were measured periodically during the 18-week period of treatment. For the rain
simulation test, samples were placed under a container filled with distilled water. The
container had four small holes at the bottom, allowing small drops to fall and hit the sample
surface. The distance between the bottom of the container and the sample surface was
50 cm, while a total amount of 2 L of water dropped on the sample surface at a rate of 1 L/h.
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Samples were then dried at 60 ◦C in an oven for 2 h and contact angles were measured.
The same test protocol was followed to simulate acid rain which was realized using a water
solution with a pH of 4.3. For the freeze-thaw test, coated marbles were subjected to a
freezing temperature of −22 ◦C for 15 min and then thawed inside a silica desiccator to
room temperature [38]. The procedure was repeated 15 times (cycles). Finally, the tape
peeling test was carried out using a Scotch Tape 600 (3M) according to the ASTM D3359
97 standard test (method A). Thirty (30) cycles were applied in total. The aforementioned
measurements were carried out in triplicate in three different areas of sample surfaces.

3. Results
3.1. Discrete Effects of Surface Structure and Surface Chemistry on Wettability

The WCAs and OCAs, measured on the surfaces of the coatings which were prepared
using the silane product (P), enriched only with NPs are shown in Figure 2a. Fluoropolymer
(F) was not included in the surfaces of Figure 2a. The WCAs and OCAs, measured on the
surfaces of the coatings which were prepared using P enriched only with F, are shown in
Figure 2b. NPs were not included in the surfaces of Figure 2b. In the following, attention
focuses first on Figure 2a whereas the results of Figure 2b are discussed later.
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Figure 2. (a) WCA and OCA vs. SiO2 NP concentration for the 6P-based coatings (F was not used).
(b) WCA and OCA on surfaces of which were prepared by blending P and F in different ratios (NPs
were not used).

The 6P coating which was produced using only the silane product showed an enhanced
hydrophobicity (WCA = 131.0◦) and weak oleophobicity (OCA = 103.0◦). According to
the results of Figure 2a, the hydrophobic character of the coating was promoted with the
addition of the NPs, reaching barely the threshold of superhydrophobicity. Considering
the variations reported in Figure 2a, the WCAs on the 6P/1Si, 6P/2Si, and 6P/3Si surfaces
were roughly the same and on the order of ~150◦. The corresponding variation of OCA is
more complicated. Initially, OCA increased from 103.0◦ (on 6P surface) to 139.5◦ (on 6P/1Si
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surface). Further increase in the NP concentration leads to a rapid decrease in OCA to
123.2◦ (on 6P/2Si surface) and 61.2◦ (on 6P/3Si surface). Interestingly, the same variations
of WCA and OCA with NP concentration were observed by Aslanidou et al. [20] who
produced composite coatings using Silres BS29A and SiO2 NPs [20]. These variations are
discussed next in light of the SEM images of Figure 3 which reveal the effect of the NPs on
the surface structures of the produced coatings.
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Figure 3. Surface structures of the 6P-based coatings, which were prepared using (a) no NPs (b) 1,
(c) 2 and (d) 3% w/w NP concentration. Fluoropolymer F was not included.

The 6P surface, which was produced without using NPs, was relatively smooth with
some features originating from the substrate roughness (Figure 3a). A small number of NPs
(1% w/w) resulted in the formation of a rough surface 6P/1Si (Figure 3b) which gave rise
to both WCA and OCA (Figure 2a). This increase in contact angles with surface roughness
is supported by the Cassie-Baxter model [16]:

cosCA = −1 + fS(cosCAS + 1) (1)

where CAS is defined for an atomically smooth surface, CA is the contact angle on the rough
surface and fS is the solid fraction contacted by the liquid. As roughness increases, the fS
factor decreases, giving rise to the apparent CA. According to the SEM image of Figure 3c,
a network of large protrusions separated by grooves was formed in the composite coating
when the NP concentration became 2% w/w (6P/2Si surface) followed by a reduced OCA
(Figure 2a). Combining the data of OCAs (Figure 2a) and surface structures (Figure 3b,c)
it is suggested that the oil drops sank into the grooves which were formed on the 6P/2Si
surface, resulting in a decreased OCA. Further increase in the NP concentration (6P/3Si
surface) resulted in larger grooves (Figure 3d), thus making the oil drop collapse more
dramatic which led to a further decrease in OCA (Figure 2a). Water has a much higher
surface tension (=72 mN/m) than oil (=32 mN/m). Consequently, the drops of water did
not collapse because of the elevated Laplace pressure. Water drops could stay suspended
on the protrusions and therefore the effect of the grooves on WCA was practically negligible
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(Figure 2a) although a very slight reduction of the reported WCAs can be noticed as the NP
concentration increases from 1 to 3% w/w.

According to the results reported in Figure 2b, F had practically no effect on the
WCA of the P-based coatings. In particular, the WCAs on the 6P, 6P/1F 6P/6F, and 1P/6F
surfaces were comparable and varied slightly around the value of ~130◦. In sum, the
WCAs on 6P and 6F surfaces were not significantly different and therefore the coatings
which were prepared using different mass ratios of P and F showed similar WCAs. F
had a slight but statistically noticeable effect on the OCA of the P-based coatings. As
shown in Figure 2b, OCA increased with the amount of F, which was added to the coat-
ings, from 103.0◦ (6P surface with no F) to 107.5◦ (1P/6F surface which corresponds to
the maximum amount of F). While the OCA on marble specimens coated with 6P was
103.0 ± 3.5◦ (Figure 2b), the OCA on marble specimens coated with 6F was 109.8 ± 3.7◦ (not
included in Figure 2b). Consequently, the oleophobic characters of the P and F materials
are not very much different, but according to the results of Figure 2b, this led to a slight but
noticeable effect on the reported values of OCA.

Summarising the aforementioned discussion and results, it is reported that roughening
the surface of the silane product using NPs led to (i) weak and delicate superhydrophobicity
which can be easily lost if the NP concentration is not selected carefully and (ii) enhanced
oleophobicity without, however, reaching the demanding threshold for superoleophobicity
(OCA > 150◦). On the other hand, lowering the surface energy of the produced coating by
adding a fluoropolymer into the silane product (i) had practically no effect on WCA which,
however, was kept at the elevated value of around 130◦ and (ii) led to a very slight, but
noticeable, increase in OCA. It is stressed that these results are reported for the relative
concentrations of the P and F products (Table 1) which were investigated in this study.
In the following, it is shown that the synergistic effect of surface structure and surface
chemistry can lead to the production of coatings that possess superamphiphobic properties.

3.2. Synergistic Effect of Surface Structure and Surface Chemistry on Wettability

The synergistic effect of surface topography and chemistry is necessary to achieve
superamphiphobicity, as discussed in a recently published review [39]. The cross-influence
effects of surface chemistry and morphology on WCA and OCA are revealed in Figure 4a,b,
respectively. In Figure 4 only the mean values of WCA and OCA are shown whereas the
corresponding variations are included in Tables S2 and S3 of the Supplementary Materials.
Furthermore, the results reported in Figure 2 are reproduced in Figure 4. The latter shows
that the addition of a small amount (1% w/w) of SiO2 NPs to any of the four sols of Table 1
leads to an increase in WCA, compared with the results reported for the corresponding
surfaces which were prepared without using SiO2 NPs. The WCA on the four coatings
which were enriched with 1% w/w NPs ranged between 151.0–153.8◦, thus suggesting that
superhydrophobicity was achieved. For the same four coatings (with 1% w/w NPs), OCA
corresponded to elevated values, ranging from 139.5◦ (6P/1Si surface) to 145.6◦ (either
6P/6F/1Si or 1P/6F/1Si surfaces). Moreover, the results of Figure 4 show that the elevation
of the NP concentration to 2% w/w, increased both WCA and OCA (>150◦) on the surfaces
which contained the low surface energy agent, F. Therefore, superamphiphobicity was
achieved on the 6P/1F/2Si, 6P/6F/2Si and 1P/6F/2Si surfaces. However, as described in
the previous chapter, the 2% w/w concentration of NPs did not promote hydrophobicity
and suppressed the oleophobic properties of the 6P-based coating which was produced
without using F (i.e., 6P/2Si surface). In sum, superamphiphobic coatings were produced
only when the effects of surface morphology, affected by the NP concentration, and surface
chemistry, affected by F, were combined appropriately.
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Figure 4. (a) WCA and (b) OCA on the sixteen coatings which were prepared using different P and F
ratios and SiO2 NP concentrations.

The surface structures of the 2Si-based coatings, which were prepared using 2% w/w
SiO2 NPs, are revealed in the SEM images of Figure 5. The morphologies of the four surfaces
are similarly showing large grooves formed between large protrusions. Consequently, the
increase in WCA from 148.8◦ (6P/2Si surface) to augmented values (158.0–159.5◦) which
were measured on the fluorinated surfaces (6P/1F/2Si, 6P/6F/2Si, and 1P/6F/2Si) was
raised by the presence of the low surface energy agent, F (Figure 4). The effect of F
on OCA was more pronounced. As described in the previous chapter, oil drops on the
6P/2Si surface sank into the large grooves, resulting in a reduced OCA (=123.2◦). On
the contrary elevated OCAs (>150◦) were measured on the 6P/1F/2Si, 6P/6F/2Si, and
1P/6F/2Si surfaces, suggesting that oil drops could stay suspended on the protrusions of
these fluorinated surfaces, water drops did on the 2Si-based surfaces, which were prepared
with or without F. Consequently, lowering the surface energy of the 2Si-based coatings by
adding F, made the oil drops capable to behave in the same way as the water drops did
on the high surface energy 6P/2Si surface. Furthermore, the results of Figure 4 show that
the relative concentrations of P and F which were used to prepare the three fluorinated
2Si-based coatings did not have any effect on their surface wettabilities. WCA and OCA on
the 6P/1F/2Si, 6P/6F/2Si, and 1P/6F/2Si surfaces, varied within very short ranges from
158.0 to 159.5◦ and from 152.2 to 152.8◦, respectively.
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Figure 5. Surface structures of the 2Si-based coatings, which were prepared using 2% w/w NP
concentration and different P and F ratios.

According to Figure 4, a further increase in the NP concentration to 3% w/w led
to slight reductions of WCA and OCA on the fluorinated surfaces, compared with the
results reported for the corresponding surfaces which were prepared using 2% w/w NPs.
Superhydrophobicity was maintained on these 3Si-based fluorinated surfaces whereas
superoleophobicity was almost evidenced, as OCA on the 6P/1F/3Si, 6P/6F/3Si, and
1P/6F/3Si surfaces ranged within 147.5◦–149.0◦. The wettability of the non-fluorinated
6P/3Si surface was discussed in the previous chapter.

Figure 6 shows high magnification SEM images of the 6P/1F/2Si surface which
were taken from protruding microstructures, discussed in Figure 5. It is shown that
the protrusions, which are formed at the micrometer scale, consist of nanostructures.
Consequently, a two-length-scale hierarchical structure is formed on the 6P/1F/2Si surface,
similar to the structure observed in the lotus leaves. Finally, a photograph showing a water
and oil drop on the superamphiphobic 6P/1F/2Si surface is included in Figure 6.
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3.3. Dynamic Behaviour of Water Drops

The 6P/1F/2Si surface was selected as a typical superhydrophobic surface to study
the dynamic behaviour of water drops upon titling using the custom-made Kerberos device.
For comparison, the hydrophobic 6P/1F surface was included in the study. Figure 7a,b
show the results for the 6P/1F surface and present the evolution of water drop contour
and contact line length as a function of sample tilting. The right (rear) contact point of
the drop is constantly pinned in place, as the sample inclination increases from 0 to 50◦.
On the contrary, the left (front) contact point moves towards the direction of the applied
force leading to a clear drop-shape deformation (Figure 7a). This behaviour implies that
sample tilting provokes solely spreading (and not sliding) of the drop. Moreover, the
drop contact line length is almost constant up to a sample tilting of ~17◦ and then starts
to increase progressively, indicating that drop spreading initiates around this inclination
value (Figure 7b).

Coatings 2023, 13, x FOR PEER REVIEW 10 of 16 
 

 

device. For comparison, the hydrophobic 6P/1F surface was included in the study. Figure 

7a,b show the results for the 6P/1F surface and present the evolution of water drop contour 

and contact line length as a function of sample tilting. The right (rear) contact point of the 

drop is constantly pinned in place, as the sample inclination increases from 0 to 50°. On 

the contrary, the left (front) contact point moves towards the direction of the applied force 

leading to a clear drop-shape deformation (Figure 7a). This behaviour implies that sample 

tilting provokes solely spreading (and not sliding) of the drop. Moreover, the drop contact 

line length is almost constant up to a sample tilting of ~17° and then starts to increase 

progressively, indicating that drop spreading initiates around this inclination value (Fig-

ure 7b). 

 

Figure 7. Evolution of water drop (a) contour and (b) contact line length as a function of tilting angle 

for the hydrophobic 6P/1F surface. Evolution of water drop (c) contour and (d) contact line length 

as a function of tilting angle for the superhydrophobic 6P/1F/2Si surface. 

The results for 6P/1F/2Si surface, presented in Figure 7c,d, show the advancement of 

drop contour and contact line length with sample tilting increase. The addition of SiO2 

NPs provides superhydrophobic properties to the polymeric coating and, as a result, static 

(sample tilting: 0°) contact angle and drop height clearly increase (Figure 7a vs. Figure 7c) 

and initial contact line length (sample tilting: 0°) decreases in a great extent (Figure 7b vs. 

Figure 7d). Figure 7c shows that even a slight sample tilting, ~3°, is enough to make drop 

Figure 7. Evolution of water drop (a) contour and (b) contact line length as a function of tilting angle
for the hydrophobic 6P/1F surface. Evolution of water drop (c) contour and (d) contact line length as
a function of tilting angle for the superhydrophobic 6P/1F/2Si surface.

The results for 6P/1F/2Si surface, presented in Figure 7c,d, show the advancement
of drop contour and contact line length with sample tilting increase. The addition of
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SiO2 NPs provides superhydrophobic properties to the polymeric coating and, as a result,
static (sample tilting: 0◦) contact angle and drop height clearly increase (Figure 7a vs.
Figure 7c) and initial contact line length (sample tilting: 0◦) decreases in a great extent
(Figure 7b vs. Figure 7d). Figure 7c shows that even a slight sample tilting, ~3◦, is enough
to make drop sliding on the 6P/1F/2Si surface; both drop contact points move towards the
direction of the employed force, while the drop shape does not change. In addition, the
drop contact line length remains roughly constant indicating that no drop spreading takes
place (Figure 7d). In sum, the results of Figure 7c,d reveal the water-repellent property of
the 6P/1F/2Si surface which is evidenced in the lotus leaf-like surfaces [19]. To further
demonstrate the water-repellent character of the 6P/1F/2Si surface, the self-cleaning
scenario, which is typically observed in the lotus leaf-like surfaces, is shown in Figure S3 of
the Supplementary Materials.

3.4. Durability Tests

The durability of the structured 6P/1F/2Si surfaces is demonstrated in Figures 8 and 9,
which summarise the results of several relevant tests. The 6P/1F was included in these
studies for comparison. In particular, Figure 8a shows that WCA is not affected by the pH
of the drop. This result is reported for both 6P/1F/2Si and 6P/1F surfaces. Consequently,
the superhydrophobic character of the 6P/1F/2Si surface is maintained over a wide range
of pH, from 0 to 14. A comparable chemical stability was reported by Aslanidou et al.
who produced a superamphiphobic coating on the stone using Silres BS29A and SiO2
NPs [20]. The results of Figure 8b show that both surfaces were highly hydrophobic (WCA
> 130◦) after 18 weeks of accelerated ageing in the UV chamber. Superhydrophobicity of
the 6P/1F/2Si surface was maintained for 2 weeks of treatment and switched to enhanced
hydrophobicity for longer treatment periods. The wetting properties of the 6P/1F surface
remained practically unchanged, showing the stability of silane-based materials [40] and
fluorinated molecules [41].
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Figure 9. Results for 6P/1F/2Si and 6P/1F surfaces are shown as follows. (a) WCA before and after
the rain and the acid rain simulation test. (b) WCA for several freezing and thawing cycles. (c) WCA
for several tape peeling cycles.

According to the results of Figure 9a, superhydrophobicity was roughly maintained
for the 6P/1F/2Si surface after the application of the simulated rainfall test, whereas WCA
on the 6P/1F surface showed only a very slight reduction. Likewise, a superhydrophobic
coating that was produced using a water-soluble fluoroalkylsilane product (Dynasylan
F8815) and SiO2 NPs showed good resistivity against water impact [29]. Superhydropho-
bicity was maintained after placing the sample under a water column which dropped
2500 Lm-2 of water from a height of 50 cm [29] i.e., treatment conditions were similar to
those applied herein. The wetting properties of the 6P/1F surface were practically not
affected by acid rain (Figure 9a). However, the results of the same Figure 9a show that
the effect of acid rain on the wetting properties of the 6P/1F/2Si surface was pronounced.
In particular, WCA reduced from its initial value of 156.7◦ to 137.0◦, after exposing the
6P/1F/2Si surface to acid rain. It is interesting to note that the 137.0◦ mean value is ac-
companied by a large variety that is depicted as a long error bar in Figure 9a, indicating
that the surface became highly non-uniform. Figure 9b shows that after exposing the two
surfaces to 15 harsh freezing and thawing cycles their wetting properties were affected, as
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WCAs reduced to 129.2◦ and 121.2◦ for the 6P/1F/2Si and 6P/1F surfaces, respectively.
The superhydrophobic character of the 6P/1F/2Si was maintained for 8 cycles. It should
be noted that the temperature variation applied within the cycle was quite large as the
samples were cooled down to the very low temperature of −22 ◦C and then thawed to
room temperature. Despite the harsh conditions, enhanced hydrophobicity (WCA > 120◦)
was evidenced on both surfaces, after 15 cycles of treatment. In another study, a super-
amphiphobic (3-perfluroether-amidopropylsilane) coating designed for the protection of
stone was exposed to an artificial environment with fluctuating temperature −5/40 ◦C and
humidity 40/90% [34]. In this study, superhydrophobicity remained practically unchanged
after 20 cycles [34]. Figure 9c shows the results of the tape peeling test. Elevated WCA
on the 6P/1F/2Si surface was maintained after 15 cycles whereas superhydrophobicity
was lost after 5 peeling cycles. WCA dropped substantially after 20 peeling cycles. In
another study, good durability of a superhydrophobic nanocomposite coating produced
for the protection of stone was reported for 20 attachment-detachment cycles tested [29].
According to Figure 9c, the WCA measurements which were taken after multiple peelings
(≥20 cycles) on the 6P/1F/2Si surface were accompanied by large variations, revealing
the non-uniform damaging effects of peeling. According to the results of Figure 9c, a less
dramatic reduction of WCA with peeling cycles is observed for the 6P/1F surface, which
showed better performance (i.e., higher hydrophobicity) compared with the 6P/1F/2Si
surface after multiple (≥20) peeling cycles.

3.5. Various Substrates

6P/1F/2Si coatings were applied onto various materials which are used in heritage
and modern buildings and constructions, such as sandstone, granite, steel, and copper.
Contact angles were measured and the results are summarised in Table 2. Results on
coated marble are included in Table 2 which shows that superhydrophobicity and water
repellency were achieved on any treated substrate, as evidenced by the large WCA and low
contact angle hysteresis of water drops. Coated marble, granite, and steel passed clearly
the threshold for superoleophobicity (OCA > 150◦) which was almost achieved on coated
sandstone and copper. Low contact hystereses of oil drops were measured on the coated
materials whereas extreme oil repellency was observed on coated granite and steel. The
results of Table 2 show that the developed method is versatile and can be used to impart
superamphiphobicity to a wide range of different materials.

Table 2. Contact angle measurements of water and oil drops on various materials coated with
6P/1F/2Si.

Substrate
Water Drop Oil Drop

WCA (◦) Hysteresis (◦) OCA (◦) Hysteresis (◦)

Marble 158.0 ± 2.5 * 5.7 ± 0.5 152.2 ± 0.7 * 15.8 ± 1.7
Sandstone 159.6 ± 3.1 3.1 ± 0.6 145.6 ± 6.7 8.9 ± 2.1

Granite 163.2 ± 0.5 2.5 ± 0.6 158.0 ± 2.3 5.6 ± 1.0
Steel 158.1 ± 2.7 3.1 ± 1.1 157.6 ± 6.0 4.6 ± 2.0

Copper 164.0 ± 3.4 2.6 ± 0.7 147.0 ± 1.8 14.5 ± 2.3
* Reproduced from Tables S2 and S3.

4. Conclusions

The main message of this work is that the wetting properties of inherent hydrophobic
silane-based materials can obtain superamphiphobic properties when they are mixed
with fluoropolymers and silica (SiO2) nanoparticles to affect simultaneously both surface
chemistry and surface morphology. Superamphiphobicity is a highly desirable property
for silane-based products, as these are extensively used for the protection of heritage
and modern buildings which are threatened by rainwater and oil-based pollutants. It is
stressed that these results are reported for the relative concentrations of materials (silane,
fluoropolymer, and nanoparticles) which were investigated in this study. As the resulting
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coating is highly non-uniform, it is impossible to provide general guidelines to obtain
superamphiphobicity which could be applied on any polysiloxane coating blended with a
low-surface energy agent and nanoparticles.

In the present study, an aqueous silane solution (Protectosil SC Concentrate) was
enriched with a water-based fluoropolymer (C6 fluorocarbon polymer, cationic) emulsion
and SiO2 nanoparticles (7 nm in mean diameter) in various concentrations. The dispersions
were sprayed on marble specimens. At appropriate fluoropolymer and nanoparticle con-
centrations, the produced coatings obtained superamphiphobic properties, as evidenced
by the large (>150◦) contact angles of water and oil drops. Water and oil repellency was
evidenced by the low contact angle hysteresis of both water and oil drops, and moreover,
by the results offered by a custom-made device (Kerberos) which monitors simultaneously
deformation of the liquid interface, spreading and sliding of the droplet along the sample
surface during tilting.

A selected superamphiphobic coating, which was prepared using a sol with 6% w/w
Protectosil, 1% w/w Fluoropolymer, and 2% w/w SiO2 (6P/1F/2Si), was subjected to sev-
eral durability tests in comparison with its hydrophobic counterpart material, prepared
without SiO2 (6P/1F). In particular, contact angles of drops of different pHs, ranging from
0 to 14 were measured on coated marble samples, which were furthermore subjected to
freezing-thawing cycles, rain simulation, and acid rain simulation tests and were exposed to
artificially accelerated UV ageing. Overall, the 6P/1F/2Si coating showed good resistance
against the effects of the harsh conditions of the aforementioned tests. However, the 6P/1F
coating showed better performance compared with the 6P/1F/2Si coating after multiple cy-
cles (≥20) of tape peeling. The versatile method can be used to impart superamphiphobicity
to various materials, as shown in Table 2.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings13040700/s1, Table S1: aqueous dispersions which were
prepared and used in the study to treat marble; Table S2: water contact angle (WCA) measurements;
Table S3: oil contact angle (OCA) measurements; Figure S1: SEM-EDX spectrum of fluoropolymer;
Figure S2: SEM-EDX spectrum of SiO2 NPs; Figure S3: self-cleaning scenario.
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