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In the last two decades, materials of extreme wetting properties have received significant attention,
as they offer new perspectives providing numerous potential applications. Water- and oil-repellent
surfaces can be used, for instance, in the automobile, microelectronics, textile and biomedical industries,
in the protection and preservation of constructions, buildings and cultural heritage and in several
other applications relevant to self-cleaning, biocide treatments, oil–water separation and anti-corrosion,
just to name a few.

The papers included in the Special Issue “Water- and Oil-Repellent Surfaces” present innovative
production methods of advanced materials with extreme wetting properties which are designed to
serve some of the abovementioned applications. Moreover, the papers explore the scientific principles
behind these advanced materials and discuss their applications to different areas of coating technology.
In particular:

Kapica et al. developed a two-step plasma modification process to create an artificial
superhydrophobic surface on goose down. Two types of precursors for plasma-enhanced chemical
vapor deposition (PECVD) were applied. The effects of the precursors on the wetting properties,
surface morphology and chemical structure on the produced surfaces were investigated using a
variety of different microscopic and spectroscopic techniques. The surface of the goose down became
superhydrophobic after the plasma process and revealed a very high resistance to fungi.

Ma and Liu studied the effect of sodium methyl silicate (SMS) on the capillary water rise in silt.
It was shown that SMS can effectively inhibit the rise of capillary water in silt: the maximum height of
capillary rise can be reduced to 0 cm, provided that an appropriate concentration of SMS is used. SMS
forms a water-repellent membrane by reacting with water and carbon dioxide, resulting in a large
(120◦) contact angle of water drops on treated silt. The membrane reduces the apparent surface energy
of the treated silt and, moreover, it is combined with small particles of the soil, thus affecting the pores
and inhibiting the rise of capillary water.

Chatzigrigoriou et al. produced calcium hydroxide nanoparticles (Ca(OH)2) which were dispersed
in an aqueous emulsion of silanes/siloxanes. The dispersion was deposited on marble surfaces,
which obtained water repellent properties. Moreover, it was shown that the siloxane + Ca(OH)2

composite coating offers good protection against water penetration by capillarity and has a small effect
on the aesthetic appearance of marble. Because Ca(OH)2 is chemically compatible with limestone-like
rocks, which are the most common stones found in buildings and objects of tcultural heritage,
the produced composite coatings have the potential to be used for conservation purposes.

Lettieri et al. produced a highly hydrophobic and oleophobic nano-filled coating using fluorine
resin and silica (SiO2) nanoparticles. The anti-graffiti performance of the coating on calcareous stones,
which have been used in buildings of cultural heritage, was evaluated. For comparison, two commercial
coatings were included. It was found that the protective coatings facilitated the removal of an acrylic
spray paint, but high oleophobicity or paint repellence did not guarantee a complete cleaning. The stain
from a felt-tip marker was difficult to remove. The cleaning with a solvent promoted the movement of
the applied polymers and paint in the porous structure of the stone substrate.

Coatings 2020, 10, 920; doi:10.3390/coatings10100920 www.mdpi.com/journal/coatings1
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Lei et al. produced a superhydrophobic copper oxide (Cu2O) mesh through a facile chemical
reaction between copper mesh and hydrogen peroxide solution without any low surface reagents
treatment. The new material was designed to be used for oil–water separation. With the advantages of
simple operation, short reaction time, and low cost, the produced superhydrophobic mesh showed
excellent oil–water selectivity for many organic solvents. Furthermore, the Cu2O mesh showed
excellent durability, as it can be reused for oil–water separation with a high separation ability of
above 95%.

Kim et al. prepared functionalized silica (SiO2) nanoparticle dispersions which were sprayed
onto acrylate-polyurethane (PU) on solid substrates. PU played the role of the binder between the
thin SiO2 layer and the substrate. The influence of the SiO2/PU ratio on the wetting properties and the
robustness of the developed surface was systematically analyzed. The best SiO2/PU ratio to achieve
durable superhydrophobicity was found to vary within 0.9 and 1.2. The evolution of the morphology
of the surface with respect to the wetting properties was investigated in detail using different weight
ratios of the particles to the binder. Moreover, it was concluded that the binder plays a key role in
controlling the surface roughness and superhydrophobicity through the capillary mechanism.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Abstract: Plasma treatment, especially cold plasma generated under low pressure, is currently the
subject of many studies. An important area using this technique is the deposition of thin layers (films)
on the surfaces of different types of materials, e.g., textiles, polymers, metals. In this study, the goose
down was coated with a thin layer, in a two-step plasma modification process, to create an artificial
superhydrophobic surface similar to that observed on lotus leaves. This layer also exhibited antifungal
properties. Two types of precursors for plasma enhanced chemical vapor deposition (PECVD) were
applied: hexamethyldisiloxane (HMDSO) and hexamethyldisilazane (HMDSN). The changes in the
contact angle, surface morphology, chemical structure, and composition in terms of the applied
precursors and modification conditions were investigated based on goniometry (CA), scanning
electron microscopy (SEM), Fourier-transform infrared spectroscopy in attenuated total reflectance
mode (FTIR-ATR), and X-ray photoelectron spectroscopy (XPS). The microbiological analyses were
also performed using various fungal strains. The obtained results showed that the surface of the goose
down became superhydrophobic after the plasma process, with contact angles as high as 161◦ ± 2◦,
and revealed a very high resistance to fungi.

Keywords: plasma deposition; organosilicon thin layers; morphology analysis; surface molecular
structure; goose down; wettability; fungus resistance

1. Introduction

Plasma-enhanced chemical vapor deposition (PECVD) is a coating process widely used to produce
thin layers on the surfaces of various types of materials from a broad range of precursors [1,2].
The wide application possibilities of such layers result from the fact that this method is environmentally
clean, cost-effective, flexible, and the most insensitive to the shape and chemical composition of the
substrate [3]. Particular attention should be paid to the layers plasma deposited from organosilicon
precursors—which, due to their unique properties—have been applied in such areas as protective
coatings [4,5], hydrophobic layers [6], optical coatings [7], or biocompatible films [8]. In the group of
organosilicon precursors, hexamethyldisiloxane (HMDSO) and hexamethyldisilazane (HMDSN) are
often preferred for the PECVD process due to their low cost, high vapor pressure, as well as obtaining
stable and well-adherent layers.

There are many reports of hydrophobic or superhydrophobic layers formed on relatively flat
surfaces using low-temperature non-equilibrium (cold) plasma and organosilicon precursors [9–14].

Coatings 2020, 10, 904; doi:10.3390/coatings10090904 www.mdpi.com/journal/coatings3
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However, this type of plasma has only occasionally been reported for use in modifying natural, fluffy
materials such as goose down [15,16]. Since the goose down is considered as the best filling material in
textile products [17], due to the excellent thermal insulation and fill power (loft) [18–20], research has
begun towards the elimination of the main drawbacks of down, i.e., moisture absorption and mold
growth. These drawbacks lead to an almost complete loss of the thermal insulation properties of down
with a loss of loft and a significant deterioration of its suitability, as well as environmental health risk
by opening the way for the growth and development of allergenic (harmful) fungi [21–23]. This is due
to the removal of waxes and oils from down in the purification process, which secures it naturally [24].

It seems that the best solution, in this case, would be to deposit a thin, highly hydrophobic layer
on the down feathers, which would protect them against wettability. Presumably, such a coating could
also be antifungal and antibacterial [25,26]. Recent reports show that the surface hydrophobicity for a
given coating is crucial for these properties [27,28].

In this study, we have attempted to produce an effective superhydrophobic and antifungal coating
on the surface of goose down feathers by the PECVD method using organosilicon precursors, such as
HMDSO and HMDSN.

2. Materials and Methods

2.1. Materials

The base material for the research was the white goose down, designated as type: 90/10 (approx.
90% of plumes and the rest, approx. 10%, of down feathers), 750 CUIN (down elasticity, indicating the
volume in cubic inches that one ounce of down occupies), and 1000 mm (translucency, i.e., the height of
the water column in which an ounce of fluff was shaken, through which the bottom of the measuring
vessel can be seen), provided by Animex Foods Comp. (Dobczyce, Poland). For investigations,
the down was used in the native form or as pellets produced by its grinding in a mill (Vertical
Laboratory Planetary Ball Mill model XQM-16A: 2.0 L jar, alumina balls with a diameter of 5–15 mm
and a total weight of 0.5 kg, down load of 3 g per run; TENCAN, Changsha, China) followed by
pressing in a hydraulic press (Atlas 15T model, SPECAC, Orpington, UK) using 0.17 g of ground down
for each pellet and a pressure of 15 bar for 5 min at room temperature. In this way, down pellets
with a diameter of 13.0 mm, a thickness of 2.0 mm, and a weight of 0.15 g were formed. Due to the
much greater uniformity of the surface and therefore much easier measurement of the contact and
tilt angles, the pellets were used as a reference substrate to optimize plasma processes in terms of
obtaining the best hydrophobic properties of the down material surface. Figure 1 shows different
forms of the tested down.

 

Figure 1. Forms of the tested down: (a) plume; (b) down feather; (c) pellet.
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For study of the molecular structure of the plasma deposited layers and its influence on the
hydrophobicity of the surface of these layers, while minimizing the contribution of the surface
morphology in this effect, ultra-smooth silicon wafers (Institute of Electronic Materials Technology,
Warsaw, Poland) were used as a substrate. The silicon wafers with thickness >2 mm and orientation
<100>were characterized by a tolerance of thickness, flatness, and total thickness variation (TTV)<5 μm
and surface roughness of <0.5 nm.

2.2. Thin Layer Deposition

A laboratory capacitively coupled RF glow discharge (13.56 MHz) plasma reactor was used to
perform both surface activation of the samples and the deposition of thin layers. Two electrodes with
an area of 64 cm2 each and a 3 cm gap between them were placed in parallel in the reactor chamber
connected to a pumping system. The bottom powered electrode also supported the substrates in
the form of pellets and silicon wafers. In the case of native down, to ensure complete and uniform
coverage of all down elements, the material was stirred with a suitable agitator inside the plasma
reactor. Reaction gases (in flow) were introduced through the upper perforated grounded electrode.
First, the samples were activated with argon plasma generated in Ar (99.999% purity, Linde Gas,
Cracow, Poland) with a flow of 4 sccm, which was stabilized by a mass flow controller SLA 5850
(Brooks Instrument BV, Veenendaal, The Netherlands). The initial pressure in the reactor chamber was
approx. 8 Pa. Then, the deposition process was carried out with HMDSO (≥98% purity, Merck KGaA,
Darmstadt, Germany) or HMDSN (≥98% purity, Merck KGaA, Darmstadt, Germany) as precursors.
Their flow rates (approx. 0.35 sccm at the initial pressure in the chamber of 3.2 Pa) were controlled by
thermal stabilization of precursor containers at 0 ◦C and precision leak valves. The applied discharge
power was 25–80 W. The Ar plasma treatment time was 30–60 s, while the deposition time was 60–240 s.
The selected parameters ensured stable plasma discharge conditions throughout the process. The layer
thicknesses were determined for the layers deposited on the silicon wafers by the interference method
using an interference microscope Nikon Eclipse LV 150N (Nikon, Tokyo, Japan).

Hereinafter, the plasma-deposited layers from HMDSO and HMDSN will be referred to as
pp-HMDSO and pp-HMDSN layers, respectively.

2.3. Hydrophobicity Measurements

The hydrophobicity was determined by measuring the water contact angle (CA) at room
temperature (25 ◦C) and using deionized water (Millipore Direct-Q 3 UV system, Millipore SAS,
Molsheim, France). The analysis was carried out by an optical goniometer Theta 2000 (KSV Instruments
Ltd., Helsinki, Finland) equipped with an automated table and liquid dispenser, ensuring high
repeatability of measurements. A drop of water (4 μL) was placed on the surface of a given sample
and the static contact angle was measured. The procedure was repeated for a minimum of 10 samples
prepared under the same conditions to determine the average CA value. Figure 2 shows an example of
photographs of water droplets placed on the surface of the down pellet and plume after coating by
plasma-deposited HMDSN, with determined contact angles. The tilt angle was also determined by
running at least 10 trials for a given sample using a 4 μL water drop.

For the visual analysis of the down hydrophobicity before and after the plasma deposition process,
the water shake test was used [29]. The behavior of the down was observed after its vigorous shaking
with water for 10 s.

2.4. Molecular Structure Analysis

Two spectroscopic techniques were employed to study the chemical structure of the plasma
deposited layers, namely Fourier transform infrared-attenuated total reflectance spectroscopy
(FTIR-ATR) and X-ray photoelectron spectroscopy (XPS).

5
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Figure 2. Photographs of water droplets on surfaces covered with pp-HMDSN, with designated contact
angles: (a) down pellet; (b) plume.

A Jasco FTIR 4200 spectrometer equipped with an ATR sampling accessory (Multi-Reflection ATR
PRO410-M, angle of incidence 45◦ and ZnSe prism) (Jasco Inter. Co., Ltd., Tokyo, Japan) was used for
FTIR-ATR studies that were performed on the samples prepared on the silicon wafers. To eliminate
disturbances caused by water vapor and carbon dioxide from the air, the measuring system was purged
with dry nitrogen (99.999% purity; Linde Gas, Cracow, Poland). Spectra were recorded in the range of
4000–700 cm−1 with a resolution of 4 cm−1. The scanning rate was set at 1 cm/s. As standard, 50 scans
for each spectrum were collected and averaged. As-recorded spectra were calibrated by subtraction of
the substrate response and taking into account the thickness of the layers.

For XPS investigations, an AXIS Ultra DLD (Kratos Analytical Ltd., Manchester, UK) spectrometer
was utilized, equipped with a monochromatic Al-Kα X-ray source (150 W, 1486.6 eV) with the spot
size 300 × 700 μm. The base pressure in the analytical chamber was approx. 5 × 10−8 Pa; the pass
energy and step size were set to 20 and 0.1 eV, respectively, for all high-resolution measurements.
The XPS spectra were calibrated against the C 1s peak assigned to the C−C/C−H bonds and positioned
at 284.8 eV. Due to the insulating nature of the deposited layers, which were prepared both on the
native down and silicon wafers, charge neutralization was used when recording the XPS spectra.

2.5. Surface Morphology Studies

The surface morphology of the down pellets, plumes, and silicon wafers before and after the
plasma deposition process was investigated by scanning electron microscopy (SEM) using an FEI
Quanta 200F microscope (Thermo Fisher Scientific, Hillsboro, OR, USA), equipped with a field emission
gun (FEG). Due to the insulating nature of samples, all SEM analyses were performed under a nitrogen
atmosphere at a pressure of 100 Pa (low vacuum operating mode). This mode avoids coating the
sample with a thin conductive layer, such as carbon or gold, which is important in order not to distort
the surface topography. ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA) was
used to determine the size of globular structures present on the surface of down pellets and plumes
with deposited plasma layers.

2.6. Microbiological Testing

The microbiological tests consisted of two stages. In the first stage, the down obtained from worn
and dirty down products (down jackets, sleeping bags) was investigated. The down was cultured
on Sabouraud liquid and solid media with chloramphenicol and gentamicin (both from bioMérieux
Polska, Warsaw, Poland) for isolation and cultivation of fungi. The tested material was incubated for
24 h at 35 ◦C, and then 7–14 days at 25 ◦C. In turn, single colonies were picked from the axenic strains
of the isolated fungi and cultured on the Czapek-Dox medium (Sigma-Aldrich, Poznan, Poland) for

6
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the identification. The strains of isolated fungi were determined based on the macroscopic image of
the grown colonies, as well as direct and colored microscopic preparations.

In the second stage, the possibility of fungal infection in fresh and clean goose down was tested.
The down samples, both without plasma treatment and with the deposited layer from HMDSO or
HMDSN, were placed on Petri dishes moistened with phosphate buffer solution (PBS) and the cells
of the selected fungi—such as Aspergillus fumigatus, Aspergillus flavus, and Aspergillus niger—were
introduced there in the form of a suspension in PBS solution with a concentration of 5 × 107 cells/mL
(densitometric evaluated). The infected down was incubated for 24 h at 35 ◦C, and then 7 days at
25 ◦C, maintaining a constant high humidity. The degree of infection was assessed by macroscopic
observation scores.

3. Results and Discussion

3.1. Superhydrophobicity

To determine the most favorable parameters for the deposition of the layers in terms of their
hydrophobicity, tests of the contact angle were carried out for the layers deposited on down pellets,
as a reference substrate, under various conditions of the plasma process. Two types of precursors were
used, i.e., HMDSO and HMDSN, and parameters such as discharge power and treatment time were
changed for both the activation and deposition processes. The representative results are presented
in Table 1. The most optimal parameters (red dots), regardless of the type of precursor, turned out
to be the discharge power of 40 W and the treatment time of 30 s in the activation process and 25 W
and 240 s in the deposition process, respectively, although the contact angle for the plasma deposit of
HMDSN was slightly greater than that of HMDSO. The thickness of the layers produced from both
HMDSO and HMDSN was 400–500 nm. The down pellets, which were plasma modified with these
parameters, were visually indistinguishable from the unmodified ones. It should be noted, however,
that the discharge power of 80 W in the activation process changes the color of the pellet surface.
Also, a deposition time of 60 s is too short because water droplets on the pellet surface during CA
measurements start to soak after about 90 s, even at initially high contact angles.

Table 1. Optimization of plasma process parameters in search of the best surface hydrophobicity on
down pellets.

Sample No.

Plasma Activation Plasma Deposition
Contact Angle

Power Time Power Time

(W) (s) (W) (s) (deg)

pp-HMDSO

1 80 30 40 120 138 ± 1
2 80 60 40 120 133 ± 2
3 40 30 40 120 142 ± 2
4 40 60 40 120 139 ± 3
5 25 30 40 120 136 ± 4
6 25 60 40 120 138 ± 3
7 40 30 40 60 137 ± 5
8 40 30 40 240 143 ± 2
9 40 30 25 60 141 ± 4
10 40 30 25 120 143 ± 3
11 40 30 25 240 144 ± 5

pp-HMDSN

12 40 30 25 60 143 ± 5
13 40 30 25 120 147 ± 1
14 40 30 25 240 152 ± 3

7
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Taking the determined optimal parameters of the plasma process, the layers were deposited on
the native down. The result of the water shake test is shown in Figure 3. It is evident that the plasma
treatment made the down surface very hydrophobic. The untreated down is completely wetted, while
the plasma coated down repels water effectively. The water shake test repeated many times does
not completely change the properties of the plasma-treated down. The measured contact and tilt
angles for this case and those for the down pellets treated with the same parameters of the plasma
process (from Table 1) are compared in Table 2. As can be seen, the native down achieved even better
hydrophobicity than down pellets. Besides the fact that the contact angles are higher, the tilt angles
are close to zero. Water droplets placed on the surface of the down samples with plasma deposited
layers roll down with the smallest inclination of the sample plane. The obtained results classify
such a plasma-modified down as superhydrophobic. According to the currently accepted definition,
superhydrophobic surfaces are those for which the water contact angle is ≥150◦, and the tilt angle is
≤10◦ [30–32].

 

Figure 3. Photographs of down feathers after the water shake test: (a) without plasm treatment;
(b) with thin layer of pp-HMDSN.

Table 2. Contact angles, tilt angles, and the average size of globular structures on the deposited layers
surface for the plasma process optimal parameters

Sample Name Contact Angle (deg) Tilt Angle (deg) Globules (nm)

pellet pp-HMDSO No. 11 144 ± 5 9 ± 1 400 ± 100
pellet pp-HMDSN No. 14 152 ± 3 6.5 ± 0.5 190 ± 70

down pp-HMDSO 150 ± 2 ≈0 70 ± 20
down pp-HMDSN 161 ± 2 ≈0 50 ± 20

Si wafer pp-HMDSO 100 ± 2 20 ± 1 0
Si wafer pp-HMDSN 95 ± 4 25 ± 1 0

Table 2 also includes the results for the layers deposited on silicon wafers, which in turn exhibit a
lower hydrophobicity than the native down and down pellets. The CA values measured for these
samples showed good agreement with the literature reports for such materials obtained under similar
conditions [33–36].

3.2. Surface Morphology

Based on Table 2, it can be concluded that despite the deposition of layers from the same material
(the same precursor and the same parameters of the plasma process), differences in the hydrophobicity
appear, which could be associated with a different surface morphology of the formed plasma layers.
Indeed, as shown in Figure 4, the SEM investigations revealed a globular morphology in the case
of the down pellets and the native down samples. On the other hand, the deposited layers on the
silicon wafers are completely smooth at the nanoscale. The determined average size and its standard
deviation for the globular structures occurring on the surface of the tested samples are given in Table 2.

8
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Generally, it can be stated that reducing the size of globular structures increases the hydrophobicity
of the surface (taking into account both the contact and tilt angle). On the other hand, a significant
reduction in contact angles and an increase in tilt angles, when there is a complete lack of surface
globular morphology, as in the case of layers deposited on silicon wafers, indicates a very important role
of the globular structure in creating superhydrophobicity of the native down surface. This observation
is in line with an already well-established understanding of superhydrophobicity. Since the research
on the lotus effect, it is known that two factors—namely micro- and nanoscale hierarchical surface
morphology such as those found on lotus leaves, as well as the molecular structure of the surface—
are critically important for this effect [37,38].

 

Figure 4. SEM images of the surface of various samples before and after the plasma deposition of thin
layers from HMDSO and HMDSN.

3.3. Molecular Structure

The comparison of the contact and tilt angles for the pp-HMDSO and pp-HMDSN layers deposited
on silicon wafers—i.e., layers without a globular structure (Table 2)—shows that their molecular
structure, as already mentioned above, also influences the hydrophobic properties of the surface.
To determine the basic molecular structure of the layers, mainly by identifying the functional groups
that are present there, studies by FTIR-ATR spectroscopy were performed. Figure 5 shows the FTIR-ATR
spectra in the representative ranges of 700–1450 and 2750–4000 cm−1 for the plasma-deposited layers
from HMDSO and HMDSN precursors. The assignment of individual IR absorption bands to the
respective chemical bonds and vibration modes, referring to the cited literature, is given in Table 3.
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Figure 5. FTIR-ATR spectra for the pp-HMDSO and pp-HMDSN deposited on silicon wafers.

Table 3. Assignments of bands detected in FTIR-ATR spectra of pp-HMDSO and pp-HMDSN thin layers.

Layer Band (cm−1) Vibrational Mode References

pp-HMDSO

1399 CH3 asymmetric bending in Si–(CH3)x, (x = 1, 2, 3) [34,38,39]
1350 CH2 scissor vibration in Si–CH2–Si [40]
1253 CH3 symmetric bending in Si–(CH3)x, (x = 1, 2, 3) [33,34,39–42]
1022 Si–O–Si asymmetric stretching; Si–O–C stretching [33,34,39–42]
896 CH3 rocking in Si–(CH3)2 [40]
834 CH3 rocking in Si–(CH3)3 [33,34,39–41]
781 CH3 rocking in Si–(CH3)2, Si–O–Si bending [33,34,39–42]
720 CH3 rocking in Si–(CH3)3 [40,41]

pp-HMDSN

1405 CH3 asymmetric bending in Si–(CH3)x, (x = 1, 2, 3) [39,43,44]
1352 CH2 asymmetric bending in Si–CH2–Si [43]
1251 CH3 symmetric bending in Si–(CH3)x, (x = 1, 2, 3) [39,43–46]
1176 N–H bending [35,44]
1031 Si–O–Si asymmetric stretching; Si–O–C stretching [43,44,46]
908 Si–N asymmetric stretching in Si–NH–Si [39,43–46]
835 CH3 rocking in Si–(CH3)3 [39,43–46]
763 Si-C stretching in Si–(CH3)x, (x = 1, 2, 3) [43–45]

The spectra show a clear similarity in the molecular structure of both layers, especially in the
area of Si−C bonds. Small shifts in the position of the bands for the same functional groups in these
layers probably result from the difference in the chemical structure of the precursors and, consequently,
some differences in, for example, the layer density, molecular environment of these functional groups,
and cross-linking structure [35,42,47]. It is worth noting that despite the lack of oxygen atoms in the
HMDSN precursor molecule, the IR spectrum of the layer contains a band assigned to the Si-O-Si and
Si-O-C groups. This is most likely due to the oxidation reactions that take place after removing the
layer from the plasma reactor chamber and contacting with air [39,43,44,46].

What is particularly important, however, is the lack of hydroxyl groups in both cases, which should
be visible in the range of 3400–3650 cm−1. The absence of these polar groups undoubtedly improves the
hydrophobicity of the material surface. In turn, the presence of polar N-H groups in the pp-HMDSN
layers, as indicated by the weak band at 1176 cm−1, should act towards hydrophilicity. According
to the well-established view [34,36,48], the organic fraction in the form of methyl groups derived
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from precursor molecules, which are retained in the deposited layers, is essential for the hydrophobic
properties of these layers. As shown in Figure 5, the content of methyl groups in both materials is
similar. Thus, it is not surprising that the contact angles are also close to each other (Table 2), and the
slight difference can be blamed on, for example, the presence of N-H groups in the pp-HMDSN layers.
However, much higher values of the contact angle and a greater difference between them were obtained
when the native down was used as the substrate (Table 2). This indicates that, in this case, the surface
morphology of the layers plays a critical role in the hydrophobicity and makes it possible to achieve
superhydrophobic properties.

The investigations carried out by FTIR-ATR spectroscopy provided information on the average
molecular structure of the entire layer because this technique analyzes the sample with a penetration
depth of about 2 μm [49]. However, for hydrophobic properties, only the real molecular structure
of the surface itself is important, therefore investigations were carried out using XPS spectroscopy,
for which the penetration depth does not exceed 10 nm. As samples, the pp-HMDSO and pp-HMDSN
layers deposited on silicon wafers were used. Typical XPS survey (wide) scans for the samples are
shown in Figure 6.

 
Figure 6. XPS wide scan spectra for the pp-HMDSO and pp-HMDSN deposited on silicon wafers.

The main peaks of the spectra in Figure 6 are assigned, based on the binding energy, to the core
levels of the O, N, C, and Si elements. On this basis, the elemental atomic composition was determined,
which is presented in Table 4. What is particularly important is the fact that the XPS analysis confirmed
the presence of oxygen in the pp-HMDSN layers; however, the oxygen content in this case is much
higher than the FTIR investigations showed. From the XPS (Table 4), the ratio between the oxygen
content in the layers from HMDSO and HMDSN is about 1.6 (0.34/0.21), whereas from the FTIR (taking
the band assigned to the Si-O-Si and Si-O-C groups in Figure 5), it is higher than 3. This indicates that
oxygen is present mainly on the surface of the layers from HMDSN, which confirms its origin from
oxidation (aging) processes after the layers are removed from the plasma reactor chamber.

Table 4. Elemental atomic composition of the pp-HMDSO and pp-HMDSN determined based on
XPS analysis

Sample Number
Surface Composition (at %)

O/(Si + C)
Si C N O

Si wafer pp-HMDSO 22.20 52.19 0 25.61 0.34
Si wafer pp-HMDSN 21.53 54.07 8.45 15.95 0.21
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To accurately identify the chemical bonds present in the deposited layers, narrow scans of
the O 1s, N 1s, C 1s, and Si 2p regions were analyzed. These core level spectra were fitted using
a Gaussian convolution with a Shirley-type background. The revealed bands were assigned to
the appropriate species based on the literature data concerning the XPS analysis of amorphous
hydrogenated organosilicon layers deposited by the PECVD method [39,44,50–52]. Figures 7 and 8
present the developed core level spectra for the pp-HMDSO and pp-HMDSN layers, respectively.

 
Figure 7. XPS core-level spectra of O 1s, C 1s, and Si 2p for the pp-HMDSO layer.

Figure 8. XPS core-level spectra of O 1s, C 1s, Si 2p, and N 1s for the pp-HMDSN layer.

The O 1s spectra were deconvoluted into two bands, regardless of the type of precursor used.
The first band at 532.5 eV is attributed to the C−O bonds, and the second band at 533.6 eV is assigned
to Si−O bonds and a small amount of N−O bonds for the pp-HMDSN layers. These results once
again fully confirm the significant presence of oxygen bonds on the surface of the layers deposited
from HMDSN. In turn, the C 1s spectra were fitted with three components for the pp-HMDSO layer
and five components for the pp-HMDSN layer. Bands at 283.9 and 284.8 eV are assigned to the C−Si
and C−C/C−H groups, respectively, for both types of layers. The next band at 286.0 eV occurring for
pp-HMDSO corresponds to C−O bonds, and in the case of pp-HMDSN, it can be assigned to both
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C−O and predicted C−N bonds. The last two very weak bands observed only for pp-HMDSN, at 287.7
and 289.6 eV, can be attributed sequentially to the C=O and O=C−O moieties, which are the result
of the aforementioned oxidation (aging) processes taking place on the surface of the pp-HMDSN
layers [39,44].

In the case of the Si 2p spectra, three-component bands were applied to fit it regardless of the
precursor used. For the pp-HMDSN layer (Figure 8), the main band at 101.9 eV is assigned to the
Si−N groups [44]. However, at the same binding energy, the (-C-)2Si(-O-)2 configuration can also be
present [50,52]. The second band at 103.1 eV is associated with Si atoms bonded to four adjacent oxygen
atoms (Si(-O-)4), and the last band at 100.9 eV comes from silicon bonded to three carbon atoms and one
oxygen atom, denoted as (-C-)3Si(-O-). In the case of the pp-HMDSO layer (Figure 7), all three bands
correspond to silicon oxycarbide species [53]. The band centered at 101.1 eV is related to (-C-)3Si(-O-).
The next band at 102.1 eV is assigned to (-C-)2Si(-O-)2, and the last band (103.1 eV) is attributed to
the Si(-O-)4 chemical structure, which is originated from silica in the form of SiO2. Based on the Si
2p spectra, it can be concluded that for both types of layers, cross-linking structures in the form of
Si-O and Si-C were formed, which play an important role in the superhydrophobic nature of the layer
surfaces. It should be added that, in the case of pp-HMDSN, some of the cross-linking structures are
also created with the participation of nitrogen atoms. The N 1s spectrum (Figure 8), fitted by three
bands, complements the results presented above. The most intense band at 398.1 eV is attributed to the
Si−N bond and confirms that nitrogen is mainly bonded to the Si-containing cross-linked structure.
The second band associated with the C−N groups, located at 399.3 eV, shows the bond not present in
the precursor molecule, indicating a high degree of fragmentation despite the low power of plasma
discharge [44]. The weakest band assigned to N-O bonds (at 400.4 eV) should naturally be associated
with the oxidation (aging) processes already discussed above, which occur after the sample comes into
contact with air.

The XPS investigations were also carried out on samples of pp-HMDSO and pp-HMDSN layers
prepared on the native down with the optimal plasma process parameters. The surface molecular
structure of the samples produced in this way was practically the same as for the layers deposited on
silicon wafers. An interesting conclusion, however, can be drawn from these studies when we compare
the XPS wide scan spectra for plasma untreated down and down covered with the pp-HMDSO layer
(Figure 9). A small amount of silicon on the uncoated surface of the down is most likely related to the
contamination remaining after cleaning in the manufacturing process. What is important, however,
is that the N 1s band associated with the chemical structure of down is completely absent in the sample
with the pp-HMDSO layer. This indicates a homogeneous and uniform coverage of the down surface
by the plasma-deposited layer.

3.4. Antifungal Properties

To determine the usefulness of down covered with the plasma-produced layer, apart from its
superhydrophobicity, the influence of this layer on the antifungal properties was also examined.
For this purpose, first, the down obtained from worn and dirty down products (down jackets, sleeping
bags) was tested to assess the scale of the fungal problem. It was found, like Woodcock et al. [23],
who had studied fungal contamination of synthetic and feather pillows, that the main strains isolated
were Aspergillus fumigatus, Aspergillus flavus, and Aspergillus niger. Besides, we also isolated Alternaria
chlamydospora, Alternaria tenuissima, as well as Penicillium chryzogenum, Penicillium brevicompactum,
and Chaetomium spp.

Then, the susceptibility to fungal infection of fresh and clean native down, which was the subject
of this paper, was investigated. The three most common strains isolated by us were selected as model
fungi, namely A. fumigatus, A. flavus, and A. niger. Down samples, both without plasma coating and
with the deposited layer from HMDSO or HMDSN, were contaminated with these fungi. Figure 10
shows, as an example, the growth of the selected fungi on samples of native down and covered with
the pp-HMDSO layer. The same results were obtained for the pp-HMDSN coating. As can be seen,
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the uncovered down is susceptible to fungal attacks, while the down with plasma coating shows
considerable resistance to fungi. More detailed studies have shown that damage spots on down
feathers are particularly susceptible to fungal growth. The finely cut feathers are much more likely to
be attacked by the tested fungi than the undamaged ones. Thus, the deposition of the plasma layer
protects them against such infection. The second important factor is the superhydrophobicity obtained
as a result of plasma layer deposition. Water repulsion and maintaining the feathers in a non-wetted
state also effectively prevents the development of fungi.

 
Figure 9. XPS wide scan spectra for the native down and the pp-HMDSO layer deposited on this down.

 

Figure 10. Microbiological examination of goose down with selected strains of fungi: (a) native
down without plasma treatment (red arrows indicate places of fungal growth); (b) down coated with
pp-HMDSO (no fungal growth).
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4. Conclusions

The results obtained in this work have proved that cold plasma is an excellent tool in modern
technology. The use of this method in a two-step process consisting of plasma activation of a surface,
followed by depositing a thin layer from precursors such as HMDSO or HMDSN, has allowed creating
artificial superhydrophobicity on the surface of goose down. Very high contact angles (up to 161◦) and
very low tilt angles (close to 0◦) have been achieved. This means that the down becomes completely
waterproof and repels water effectively. The superhydrophobic surface also reveals very high resistance
to fungi. The deposited layers are homogeneous and uniformly cover the entire surface of the down,
at the same time showing high stability, which is a consequence of the chemical bonding of the layer to
the down surface as a result of the plasma process. It should also be added that the measurements of
the wettability repeated several times after longer periods of time (months) did not show any changes
in the hydrophobic properties of the plasma treated down.

The studies conducted on the plasma-deposited layers from HMDSO and HMDSN confirm
that both the molecular structure and the surface morphology have a significant influence on
superhydrophobicity. Both of these factors can be controlled in a wide range by choice of precursors and
parameters of plasma processes, which strengthens the view of high usefulness of the PECVD method
and should ensure its permanent strong position among the methods used to create superhydrophobic
surfaces [54].

The superhydrophobic down produced in the two-stage plasma process has great potential
for practical application. This is confirmed by successful tests, for example, conducted by the
K2 − Polish National Winter Expedition in 2017/18, which used down equipment made of our
superhydrophobic down.

5. Patents

Some parts of the technology for producing a superhydrophobic and antifungal artificial surface
on goose down presented in this paper have already been patented [16].
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Abstract: Silt has the characteristics of developed capillary pores and strong water sensitivity, and
capillary water is an important factor inducing the erosion and slumping of silt sites. Therefore,
in order to suppress the effect of capillary water, this article discusses the improvement effect of
sodium methyl silicate (SMS) on silt. The effect was investigated by capillary water rise testing and
contact angle measurement, and the inhibition mechanism is discussed from the microscopic view
by X-ray diffraction (XRD) testing, X-ray fluorescence (XRF) testing, scanning electron microscope
(SEM) testing and mercury intrusion porosimetry (MIP) testing. The results show that SMS can
effectively inhibit the rise of capillary water in silt, the maximum height of capillary rise can be
reduced to 0 cm when the ratio of SMS (g) to silt (g) increases to 0.5%, and its contact angle is 120.2◦.
In addition, considering also the XRD, XRF, SEM and MIP test results, it is considered that SMS forms
a water-repellent membrane by reacting with water and carbon dioxide, which evenly distribute
on the surface of silt particles. The membrane reduces the surface energy and enhances the water
repellence of silt, and combines with small particles in the soil, reduces the number of 2.5 μm pores
and inhibits the rise of capillary water.

Keywords: sodium methyl silicone; earth site; silt; the height of capillary rise; microscopic mechanism
analysis; XRD; XRF; SEM; MIP

1. Introduction

Earth constructions are the remains of human history and culture in a certain environment, which
is scientific, historic, artistic and non-renewable. However, a site with silty soil as the main material,
because of its special grading characteristics, often has the characteristics of poor stability of the
granular skeleton structure, developed capillary pores and strong water sensitivity, so the influence of
capillary water on the silt buildings is particularly remarkable [1,2]. Usually, the height of capillary rise
in the silt can reach 0.5–1.5 m, or even more than 4 m [3–7]. The moisture content, strength, soluble salt
content and microstructure of the soil under the long-term action of the capillary water are all seriously
affected, which leads to a decrease in the structural stability and weakening of the foundation [8–11].
Therefore, it is necessary to study methods to control capillary rise in the silt sites.

In recent years, many researchers have improved silt by weakening the capillary rise of the silt.
Raw materials such as glutinous rice flour, straw and tung oil were widely applied from the beginning
of the Northern and Southern Dynasties (about 420 BC), which obviously changes the impermeability
of a building, especially the impermeability of earthen buildings [12,13]; the conventional materials
such as cement, fiber-cement, recycled bassanite and the like have also often been applied to improve
the soil, and the improved silt is improved not only in strength, but also impermeability, and the rising
height of capillary water is also decreased [14–16]. As a new type of material, high-molecular-weight
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polymer is also often applied to the modification of the silt, in which the detergents, polyalicyclic
amine and simplot and the like have been proved to be effective [17–20]. However, earth constructions
are not ordinary buildings—they are artistic, scientific, and historic, and cultural relics or cultural
heritage is their primary attribute, so it is not suitable to apply the modified methods in the general
construction process directly to the earth sites [21].

In order to suppress the capillary rise of the building body, many researchers have used some
surfactants in building protection. Potassium methyl silicate showed obvious effects in the tests of
inhibiting the hydration swelling and pulp making of mud shale. This prevented water from entering
the shale by a hydrophobic membrane formed by organosilicate and the adsorption of potassium
ions [22,23]. Sodium methyl silicate (SMS) also performed well in inhibiting the strength and water
absorption of concrete. The test results showed that the microstructure of the sample with added
sodium methyl silicate was more dense, and insoluble crystals in various shapes were inserted into the
crack of concrete; this fully clogged the pores and cracks of the concrete, thus improving the macroscopic
properties of concrete, including its waterproofing and impermeability [24–26]. Aiming to address the
problem of high moisture absorption of microwave-hardened waterglass sand, some researchers have
improved this moisture absorption by using sodium methyl silicate [27,28]. Sodium methyl silicate has
also been applied to improve sand in yellow-flooding areas, and it was confirmed that the mechanical
properties and the impermeability of the sand can be obviously improved by sodium methyl silicate,
as shown by the compaction testing, the strength testing, and permeability testing [29].

Existing research verifies the good effect of SMS on inhibiting the water absorption of concrete,
water glass, and other materials, and has a preliminary discussion about the mechanism. However,
the use of SMS in the inhibition of capillary water in silt-based sites is rare, and study of the mechanism
is insufficient. In order to verify the effect of SMS on capillary water absorption and provide a feasible
method for the treatment of capillary water diseases, in this article we investigated the improvement
effect of SMS on silt by a capillary water rise experiment and contact angle measurement, and we
studied the inhibition mechanism by X-ray diffraction (XRD) testing, X-ray fluorescence (XRF) testing,
scanning electron microscope (SEM) testing, and mercury intrusion porosimetry (MIP) testing.

2. Materials and Methods

2.1. Materials and Sample Preparation

Zhengzhou Shang city is the ruins of the capital city the Shang Dynasty (about 1600 BC–1046 BC),
located in Guancheng District, Zhengzhou, China. Zhengzhou Shang city is 25 square kilometers
and is the largest capital city ruins after the Yin Ruins in the Shang Dynasty. It is of great value for
studying the history of the Shang Dynasty and the history of ancient city development. The materials
used in the tests were taken from the site of Zhengzhou Shang city, and the soil samples were taken as
brownish-yellow silt between 0 and 20 cm from the surface of the ground. Soil samples were taken to
the laboratory, and their physical properties were analyzed according to the Highway Geotechnical
Test Code (JTG E40-2007) [30]. The results are shown in Table 1. After removing the obvious debris
from the soil, the soil was ground and passed through a 2 mm sieve; then we took the required amount
of soil samples after screening and dried them in an oven at 105 ◦C for 12 h to make pretreated dry silt.

Table 1. Basic physical properties of the soil samples.

Soil Type Density/g·cm−3
Initial Moisture

Content/%
Porosity/%

Liquid
Limit/%

Plastic
Limit/%

Plasticity
Index

Silt 1.7 6.8 33.8 23.4 18.1 8.9

According to the test results based on previous preliminary tests and references, the proportions of
SMS (g)/dry silt (g) were initially selected as 0%, 0.15%, 0.2%, 0.3%, 0.4%, and 0.5%, and we numbered
them sequentially as Sample 0, Sample 1, Sample 2, Sample 3, Sample 4, Sample 5 [22,23,29]. In order

20



Coatings 2020, 10, 724

to avoid affecting the test results due to different moisture content, the moisture contents of all samples
were controlled at 10%, that is, each sample contained 2 kg of dry silt and 0.05 kg of water.

Taking the preparation of Sample 1 as an example, the preparation process can be summarized as
follows: first, weigh 2 kg of dry soil, 0.05 kg of water and 3 g of SMS into different containers; secondly,
add 0.05 kg of water to the SMS container in small quantities many times, and slowly stir the samples
using a glass rod; finally, slowly add the SMS solution to the dry soil, stir the soil thoroughly and place
it in a sealed bag for 12 h, so that the solution is evenly distributed throughout the soil. The layered
compaction method was used to pour into the capillary water pipe for sample preparation.

2.2. Capillary Water Rise Testing

In order to study the effectiveness of SMS in inhibiting silt capillary water absorption, the above
six soil samples were subjected to capillary water rise testing in turn. The specific test equipment
and test steps were in accordance with the “Highway Geotechnical Test Code” JTGE40-2007 [30], and
we measured the capillary water rising height after the opening of the lock until the rise was stable.
Because the maximum height of the test tube was 100 cm, measurements were stopped when they
reached 100 cm.

2.3. Contact Angle Measurement

The contact angle is the angle, conventionally measured through the liquid, where a liquid–vapor
interface meets a solid surface, and it is written as ω. This value can accurately quantify the degree of
soil surface wetting. We observed the water repellency by dropping water first, then used a contact
angle instrument to measure the contact angle.

2.4. X-ray Diffraction (XRD) and X-ray Fluorescence (XRF) Testing

XRD (D8 ADVANCE, Brooke, Germany) can determine the main phase of the sample, and XRF
can determine the constituent elements of the sample. By combining the results of XRD and XRF,
the composition and elements of soil before and after adding SMS can be discussed.

2.5. Scanning Electron Microscopy (SEM) Testing

The principle of a scanning electron microscope (SEM) (Quanta 650, Portland, OR, USA) is to scan
a sample with a high-energy electron beam to produce a variety of physical information. By receiving,
magnifying and displaying this information, the contact relationship between particles and pores
can be reflected directly [31,32]. In order to study the improvement mechanism of SMS from the
perspective of microstructure and morphology, it was necessary to observe the microstructure of soil
samples before and after adding SMS solution.

2.6. Mercury Intrusion Porosimetry (MIP) Testing

MIP testing can measure the pore size from hundreds of microns to several nanometers, and the
equivalent volume of pores can be evaluated by measuring the quantity of mercury entering pores
under different external pressure, which can accurately quantify the internal pore morphology of
porous materials. MIP has been widely used in different fields [33]. We used MIP in order to better
study the mechanism by which methyl sodium silicate inhibits silt capillary water absorption, especially
the optimization of the pore distribution.

3. Results and Discussion

3.1. Observations on the Speed of Soil Capillary Water Absorption

The capillary water rising trends of the six soil samples over time are shown in Figure 1. As can
be seen from the figure, as time went by, the rising trends of capillary water in the six soil samples
were roughly the same. Within the first 8 h of the rise of capillary water, the increasing speed was the
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fastest in unit time, and then became flat gradually. Sample 0 had the fastest rising speed and took
10 days to reach the maximum rise height. Figure 1 shows that Sample 0 rose rapidly to 100 cm within
120 h, while capillary water in Sample 1 tended to rise steadily and slowly after 48 h until reaching the
highest height of 70 cm; Sample 2 tended to rise slowly after 48 h and became stable at about 35 cm;
the capillary water in Samples 3 and 4 rose slowly to maximum height and remained stable within
24 h; Sample 5 did not even show any rise of capillary water.

Figure 1. The relationship of the rise height of capillary water with time.

The six test results show that the capillary water rises rapidly in the original soil sample and the
rising height can reach more than one meter because of the inferior silt, while the addition of SMS
effectively weakens the rise of capillary water in soil. When the ratio of SMS (g) to dry silty soil (g)
increases to 0.5%, the capillary rise phenomenon no longer occurs in the test tube.

3.2. Contact Angle Measurement and Analysis

Figure 2 shows the different water droplet forms on the surface of different soil samples. Figure 3
shows contact angle images of Sample 5. As shown in Figure 2, when the droplets were dropped on
the surface of the Sample 0, the droplets immediately infiltrated into the soil, and the contact angle was
recorded as 0◦. Meanwhile the water droplets dropped on the Sample 5 formed an obvious ellipsoid
shape, and the contact angle was 120.2◦. A material is generally considered to be hydrophobic when
the contact angle ω is greater than 90◦.

According to the physical and chemical theory of the surface, when the liquid comes into contact
with the solid, the liquid will tend to spread. For the liquid phase, there are two main forces: cohesion
and adhesion. Cohesion Wc is the attraction between each part of the water molecules, while adhesion
Wa is the attraction between the liquid- and solid-phase molecules. The formulas of cohesion and
adhesion are Equations (1) and (2), respectively.

Wc = 2σLG (1)

Wa = σLG + σSG − σSL (2)

Here, σLG is the liquid–gas interface attraction; σSL is the liquid–solid interface attraction; σSG is
the solid–gas interface attraction.
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The expression of Gibbs surface free energy is shown in Equation (3).

ΔG/AS = σSL + σLG − σSG (3)

We can substitute Formulas (1) and (2) into Formula (3) to obtain Formula (4).

ΔG/AS = Wa −Wc (4)

According to the second law of thermodynamics, when the reaction is a spontaneous process,
we have ΔG < 0. That is, when the cohesion is less than the adhesion, the water will spread and deepen
on the surface of the material; when the adhesion is less than the cohesion, water will self-gather on
the surface of the material, forming an ellipsoid shape as shown in Figure 2.

  
(a) (b) 

Figure 2. Water droplets on the surface of different soil samples: (a) Water droplets on the surface of
Sample 0; (b) Water droplets on the surface of Sample 5.

 
Figure 3. A contact angle image of Sample 5.

3.3. XRD/XRF Test Results and Analysis

Figure 4 presents the XRD diffraction pattern of Sample 0 and Sample 5, where label (1) indicates
the XRD pattern of Sample 0, and label (2) indicates the XRD pattern of Sample 5. Table 2 lists the main
elements tested by XRF in the different soils.
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Figure 4. X-ray diffraction (XRD) diffraction patterns of different samples.

Table 2. X-ray fluorescence (XRF) results of Samples 0 and 5.

Na2O MgO Al2O3 SiO2 Cl K2O CaO TiO2 MnO Fe2O3

Sample 0 1.01 3.44 15.3 62.6 - 3.00 5.04 0.832 0.103 5.25
Sample 5 2.37 3.40 15.0 65.7 0.123 2.81 4.65 0.769 - 4.72

The peak curves in the figures show the following: The main crystal phase of the original soil
sample is SiO2, K2Mg6(Al2Si6O20)(OH)4, Al2O3, K0.77Al1.93(Al0.5Si3.5O10)(OH)2, Al2Mg5(Si3O10)(OH)8,
which means that the soil sample is mainly composed of quartz, mica, montmorillonite, and so on.
The X-ray diffraction patterns of the two samples are basically coincident, and the diffraction peaks and
diffraction characteristic values only show a slight change. Combined with the results in Table 2, these
results indicate that SMS added small amounts of Na and Si to the soil, which are actually Na2CO3

and methyl silicate.

3.4. SEM Testing Results and Analysis

Figures 5 and 6 present SEM images of Samples 0 and 5, respectively. By comparing the scanning
electron microscopy pictures of the two, it is obvious that the contact method of soil particles changed
significantly after the addition of SMS. The surface of the soil particles before adding SMS was rough,
the number of pores was large, and the pore size was big. After adding SMS, the surface edges of the
soil particles became relatively smooth and the pore size was greatly reduced.

According to relevant literature, SMS can be decomposed easily by weak acid. When it encounters
water and carbon dioxide in the air, it will be decomposed into methyl silicic acid, and then a
polymethylsiloxane membrane with waterproof properties will be quickly formed [34]. The chemical
process is as follows:

2CH3Si(OH)2ONa + CO2 + H2O→ 2
[
CH3Si(OH)3

]
+ Na2CO3n[CH3Si(OH)3]

→ [CH3SiO3/2]n + 3/2H2O
(5)

During the preparation of Sample 5, SMS reacted with carbon dioxide and water in the air, and the
resulting waterproofing membrane evenly attached to the surface of the soil particles. On the one
hand, the water repellency of the membrane makes the soil exhibit strong water repellency. On the
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other hand, the membrane adheres small particles during the stirring process, changing the way in
which the soil particles are combined and narrowing the channels required for water circulation.

 
(a)  

 
(b)  

 
(c)  

Figure 5. Micromorphology of Sample 0: (a) The magnification is 400; (b) The magnification is 1000;
(c) The magnification is 3000.
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(a)  

 
(b)  

 
(c)  

Figure 6. Micromorphology of Sample 5: (a) The magnification is 400; (b) The magnification is 1000;
(c) The magnification is 3000.

3.5. MIP Testing Results and Analysis

Cumulative distribution characteristics of pore volume: Mercury injection testing of Samples 0
and 5 was carried out, and the mercury intrusion–extrusion curves of the two samples are given in
Figure 7. The mercury intrusion–extrusion curve reflects the changing trend of the total amount of
mercury pressed into the pores as the pressure increases. It can be seen that the curves of the two
samples are similar in shape, and with increasing pressure, the two cumulative mercury intrusion
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curves are characterized by a progressive relationship of “sharp rise–slow rise–sharp rise–slow rise”.
However, with increasing pressure, the mercury injection rate of Sample 0 was significantly lower than
that of Sample 5, while when the pressure increased to 20 Pa, the mercury injection rate of Sample 0
increased rapidly and gradually stabilized. Such a rapid change indicated that the number of pores
corresponding to the pressure at this time rose substantially. The cumulative total amount of mercury
intrusion of Sample 0 was slightly higher than that of Sample 5 in the end, indicating the total porosity
of Sample 0 is higher than Sample 5.

Figure 7. Mercury intrusion-extrusion curve.

Characteristics of pore distribution: during the MIP testing, the pore analysis software can
automatically record the mercury intake of each level of pressure, convert them into the corresponding
pore diameter, and output the pore size distribution results. After logarithmic processing of the aperture
data, the relationship curve of aperture distribution density was obtained. Figure 8 shows that the
proportion of small pores and medium pores in the silt was much larger than that of other pores in both
soil samples. However, it can be clearly seen that the pores with a diameter of 1–10 μm of the Sample 0
have a sudden and large increase, which is consistent with the results in Figure 7. At the same time,
compared with Sample 0, the pore size distribution of Sample 5 was relatively uniform; the percentage
of large pores increased, the percentage of medium pores decreased significantly, the percentage of
small pores increased, and the percentage of micropores and ultrafine pores remained almost the same.

Professor Shear gives the following pore divisions [35]: large pores (>10 μm), mainly intergranular
pores; medium pores (2.5–10 μm), mainly intraparticle pores; small pores (0.4–2.5 μm), mainly
intergranular and partially intragranular pores; micropore (0.03–0.4 μm), belonging to intergranular
pores; ultrafine pores (<0.03 μm), mainly intraparticle pores.

The absorption of capillary water mainly depends on the medium pores and large pores inside
the material; that is, pores with a pore diameter of more than 2.5 μm. Table 3 shows that the pore ratio
of Sample 5 increased slightly and the specific surface area increased greatly, which indicates that the
medium pores decreased and the small pores increased in number in Sample 5. This can reasonably
explain the decrease of the rising height of capillary water in Sample 5.
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Figure 8. Density curve of pore size distribution.

Table 3. Intrusion data summary.

Total Intrusion Volume (mL/g) Total Pore Area (m2/g) Porosity (%)

Soil sample 0 0.2253 0.878 33.8093
Soil sample 5 0.2224 1.544 36.3578

4. Conclusions

As the SMS content increased, the maximum height of capillary rise gradually decreased from
121.2 cm to 0 cm, verifying the good effect of SMS in inhibiting the capillary water rise. Contact angle
exceeded 120◦, proving that the soil has good water repellency. From the combined XRD results,
SEM images, and MIP results, it can be seen that after entering the soil, SMS solution was evenly
dispersed with water and penetrated into the porous surfaces to form a waterproof and breathable
polymethylsiloxane membrane on the surface of silty particles. The membrane had two effects on silt
particles: it enclosed silt particles, and it bound adjacent silt particles together.

SMS can effectively suppress the absorption of capillary water without changing the appearance
of the soil or reacting with the soil; therefore, the treatment of capillary water disease in silty sites can
be achieved by using SMS added to silt as a repair material or by applying SMS solution on the site
surface. The results of this study can provide an engineering basis for the treatment of capillary water
disease in silty soil sites, given the insufficient existing data on the treatment of capillary water diseases.
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Abstract: Calcium hydroxide (Ca(OH2)) nanoparticles are produced following an easy, ion exchange
process. The produced nanoparticles are characterized using transmission electron microscopy
(TEM) and Fourier- transform infrared spectroscopy (FTIR) and are then dispersed in an aqueous
emulsion of silanes/siloxanes. The dispersions are sprayed on marble and the surface structures
of the deposited coatings are revealed using scanning electron microscopy (SEM). By adjusting
the nanoparticle concentration, the coated marble obtains superhydrophobic and water repellent
properties, as evidenced by the high static contact angles of water drops (> 150◦) and the low sliding
angles (< 10◦). Because Ca(OH)2 is chemically compatible with limestone-like rocks, which are the
most common stones found in buildings and objects of the cultural heritage, the produced composite
coatings have the potential to be used for conservation purposes. For comparison, the wetting
properties of another superhydrophobic and water repellent coating composed of the same siloxane
material and silica (SiO2) nanoparticles, which were commonly used in several previously published
reports, were investigated. The suggested siloxane+Ca(OH)2 composite coating offers good protection
against water penetration by capillarity and has a small effect on the aesthetic appearance of marble,
according to colorimetric measurements.

Keywords: superhydrophobic; water repellency; calcium hydroxide; siloxane; marble; cultural
heritage; conservation

1. Introduction

Recent advances in coating materials may offer novel routes for effective and sustainable protection
and preservation of natural stone used in cultural heritage [1]. For example, superhydrophobic and
water repellent coating materials can offer protection against the deteriorative effects of rainwater,
as they can reduce the penetration of atmospheric liquid water into the pore network of natural stone.

The static contact angle (CA) of a water drop on a superhydrophobic surface is CA > 150◦, whereas
the sliding angle (SA) of a water drop on a water repellent surface is SA < 10◦. Superhydrophobicity
is usually (e.g., lotus leaf [2]), but not always (e.g., rose petal [3]), accompanied by water repellency.
Therefore, both CA and SA are important to actually characterize the wetting properties of a material.

Research results of the last fifteen years have shown that an easy and effective strategy to produce
superhydrophobic and water repellent coatings is the integration (addition) of nanoparticles into
a low surface energy polymer matrix [4,5]. Nanoparticles enhance surface roughness, which is
the key parameter to achieve extreme wetting properties. This method was suggested to produce
polymer+nanoparticle composite coatings for the protection of natural stone in 2007 [6] and was
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established through relevant detailed studies in 2009 [7,8]. In these early works, silica (SiO2)
nanoparticles were used as additives to roughen the surface of siloxane, acrylic, and perfluorinated
polymer coatings [6–8]. Since then, SiO2 nanoparticles have become the standard additives for
the production of superhydrophobic polymer+nanoparticle composite coatings for natural stone
protection [9–17]. Other nanoparticles, selected for the same purpose, are aluminum oxide (Al2O3) [8]
and tin oxide (SnO2) [8], as well as photo-catalytic and biocidal nanomaterials, such as titanium oxide
(TiO2) [8,13,18–21], zinc oxide (ZnO) [12,19], and silver (Ag) [22].

The goal of the present short study is to produce a superhydrophobic and water repellent
siloxane-based composite coating by adding calcium hydroxide (Ca(OH)2) nanoparticles. Unlike the
nanoparticles described above and those used in the past, Ca(OH)2 is chemically compatible with
limestone and limestone-like rocks (marble, travertine), which are undoubtfully the most common stones
that have been used in the past [1]. Nanoparticles of Ca(OH)2 are produced, characterized, mixed with
a siloxane-based precursor in various concentrations, and sprayed onto marble specimens to evaluate
the wettabilities of the produced composite coatings. For comparative purposes, other composite
coatings were prepared using the standard SiO2 nanoparticles that were utilized in the past to achieve
extreme wetting properties [6–17].

2. Materials and Methods

2.1. Materials

Materials used for the production of the Ca(OH)2 nanoparticles were calcium chloride dihydrate
(≥ 99%, CaCl2·2H2O), which was obtained from Chem-Lab (Zedelgem Belgium) and an anion
exchange resin, Dowex Monosphere-550A-OH (Delfgauw, The Netherlands). Silica (SiO2) nanoparticles
of 7 nm in mean diameter were purchased from Sigma-Aldrich (St. Louis, MO, USA). Our group
has used these purchased SiO2 nanoparticles in the past to produce superhydrophobic coatings in
several investigations, as described in a review book chapter [4]. A water based emulsion composed of
amino-modified silanes and fluoro-modified siloxanes was used for the preparation of the dispersions.
The ratio of (silanes+siloxanes):water in the emulsion was 1:6 (v/v). Finally, specimens of dolomitic
marble, from Thassos, Greece [7], were used in the study.

2.2. Synthesis and Characterization of Ca(OH)2 Nanoparticles

Ca(OH)2 nanoparticles were produced according to a recently devised method, which is based
on an ion exchange process between an anionic resin and a calcium chloride aqueous solution at
room temperature (r.t.) [23]. In particular, an aqueous solution containing 0.1 M of CaCl2•2H2O was
prepared and mixed with 75 mL of anion exchange resin, at r.t. and under moderate stirring for
15 min. The resin was then separated from the suspension using a sieve with mesh size of 200 μm.
The separated suspension was mixed with 75 ml of fresh resin at r.t. and under moderate stirring for
30 min. The resin was removed again by sieving and the suspension was subjected to centrifugation
for 15 min at 6000 rpm. The precipitated nanoparticles were dried in a vacuum at 50 ◦C for 12 h.

The produced Ca(OH)2 nanoparticles were characterized using transmission electron microscopy
(TEM; JEOL, 2000FX, Tokyo, Japan) and Fourier-transform infrared spectroscopy (FTIR), which was
employed using a Spectrum Spotlight 400 PerkinElmer spectrometer (Waltham, MA, USA).

2.3. Production and Characterisation of Siloxane+Nanoparticle Coatings

The produced Ca(OH)2 nanoparticles were dispersed in the silane/siloxane emulsion in various
concentrations. The dispersions were stirred mechanically and sprayed onto marble specimens using an
airbrush system with a nozzle of 660 μm in diameter (Paasche Airbrush, Chicago, IL, USA). Another set
of coated marbles were prepared using the silane/siloxane emulsion and SiO2 nanoparticles. Moreover,
pure silane/siloxane emulsion (without nanoparticles) was also sprayed onto marble. The morphologies
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of the deposited coatings were investigated using scanning electron microscopy (SEM; JEOL, JSM-6510,
Tokyo, Japan).

Static contact angle (CA) and sliding angle (SA) were measured using an optical tensiometer
apparatus (Attension Theta, Gothenburg, Sweden). For the measurements of the SAs, the tilt rate
was adjusted to 1◦/s. The reported angles are averages of five measurements. Variations for the
measurements of CAs are provided, and the SAs varied within ± 1◦.

The measurements of water capillary absorption were performed by the gravimetric sorption
technique. Dried weighted coated and uncoated marble blocks were placed on a filter paper pad
(Whatman paper, No. 4, Little Chalfont, UK) partially immersed in distilled water. Samples were
weighted periodically for a period of 15 h in total to measure the amount of water absorbed by
the specimens. Finally, colorimetric measurements were carried out using a Miniscan XE Plus
spectrophotometer (HunterLab, Reston, VA, USA). The reported results are averages of three
measurements, and variations are reported.

3. Results

The produced nanoparticles were characterized using TEM and FTIR, as shown in Figure 1.
According to the TEM image, the sizes of the produced particles were lower than 100 nm, indicating that
particles at the nanometer scale were successfully produced. The FTIR spectrum shows characteristic
peaks which lead to the identifications of the carbonate (CaCO3) and hydroxide (Ca(OH)2) compounds
of Ca [24,25]. In particular, the bands at 1444, 877, and 714 cm−1 correspond to the three different
elongation modes of C–O bonds, while the bands at 2983, 2875, and 2513 cm−1 are harmonic vibration
of these elongation modes. The thin band at 1795 cm-1 is associated to the carbonate C=O bonds.
The strong band at 3643 cm−1 is related to the O–H bonds from hydroxides [24,25].

Figure 1. Photograph, TEM image, and FTIR spectrum of the produced nanoparticles.

The surfaces of the siloxane+Ca(OH)2 coatings were characterized using SEM. Indicative images
are provided in Figure 2. Adding nanoparticles to the coating’s composition results in the formation of
surface structures-protrusions that consist of siloxane material mixed with particle agglomerations.
As the nanoparticle concentration increases, the surface protrusions become denser, thus promoting
surface roughness. The latter is responsible for the extreme wetting properties, which are discussed in
the next paragraphs. The scenario revealed in Figure 2 for the siloxane+Ca(OH)2 coatings follows the
results reported previously for the effect of SiO2 nanoparticles on the surface structure of siloxane-based
composite coatings [6–17]. Surface structures reported for siloxane+SiO2 coatings on marble [6–17] are
similar to those shown in Figure 2 for the siloxane+Ca(OH) 2 coatings.
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Figure 2. Evolution of the surface structures of the siloxane+Ca(OH)2 coatings. The concentrations
(w/w) of the Ca(OH)2 nanoparticles in the dispersions that were deposited on marble are shown in the
upper right corner of each image.

Figure 3 shows the results of the CA and SA measurements of water drops placed on the surfaces
of the composite coatings on marble. Two sets of data are included corresponding to the coatings
that were prepared using the produced Ca(OH)2 and the purchased SiO2 nanoparticles. According to
Figure 3a, the CA of water drops on the surface of pure siloxane (without nanoparticles) is 113◦ ± 3◦,
indicating that the application of the water-based emulsion results in the formation of a coating,
which shows hydrophobicity [5]. The results in Figure 3a show that CA increases with nanoparticle
concentration and eventually becomes very large. Superhydrophobicity (CA > 150◦) is evidenced
for coatings that were prepared using concentrations of Ca(OH)2 > 1.5 % w/w and SiO2 > 1 % w/w.
Overall, siloxane+SiO2 coatings gave larger CAs, compared to the results reported in Figure 3a for the
siloxane+Ca(OH)2 coatings. This difference is within the experimental error for the coatings, which
were prepared using the maximum nanoparticle concentration tested herein (3 % w/w), i.e., the error
bars of CAs for the two coatings prepared with SiO2 and Ca(OH)2 nanoparticles overlap. The results
in Figure 3a are in agreement with previously published reports that revealed the cross influence
effects of particle size and concentration on the wettability of siloxane+nanoparticle composite films.
In particular, it was shown that hydrophobicity is enhanced with (i) nanoparticle concentration up to a
saturation point [6–9] and (ii) decreasing particle size [26,27]. In the results of Figure 3a, it is seen that
CA increases with nanoparticle concentration reaching a plateau (saturation), which is clearer in the
case of the SiO2 nanoparticles. Moreover, larger CAs are obtained with the siloxane+SiO2 coatings,
as the SiO2 nanoparticles are one to two orders of magnitude smaller than the Ca(OH)2 nanoparticles.

(a) (b)

Figure 3. (a) Static contact angle (CA) and (b) sliding angle (SA) vs the nanoparticle concentration.
Data points were (a) fitted with polynomial functions and (b) connected with lines to guide the eye.
Coatings prepared using < 0.5 % w/w SiO2 and < 1.5 % w/w Ca(OH)2 were pinned on the surfaces;
therefore, they correspond to a theoretical SA of 90◦. Photographs showing (a) resting drops and (b)
the self-cleaning process were taken for marble specimens that were coated with superhydrophobic
and water repellent composite coatings. The latter were prepared using siloxane and 3 % w/w
Ca(OH)2 nanoparticles.

Figure 3b shows the measurements of SA of water drops on coated marble specimens. Coatings that
were prepared using < 0.5 % w/w SiO2 and < 1.5 % w/w Ca(OH)2 showed water adhesion, as the water
drops were pinned on these surfaces even when they were tilted by 90◦. Therefore, it was not possible
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to actually measure SAs on these surfaces which correspond to a theoretical SA = 90◦. The SA of water
drops on the siloxane+SiO2 surfaces decreased rapidly with nanoparticle concentration and eventually
became very small (SA < 10◦) and stable when the nanoparticle concentration became > 1 % w/w.
For the coatings that were prepared using the bigger Ca(OH) 2 nanoparticles, higher nanoparticle
concentration (> 1.5 % w/w) had to be used to achieve water repellency (SA < 10◦).

The superhydrophobic and water repellent performance of the siloxane + 3 % w/w Ca(OH)2

composite coating is demonstrated in the photographs of Figure 3a,b. Resting drops and the self-cleaning
process on coated marble specimens are shown in the two photographs. Consequently, the wetting
properties of the composite coating mimic those of the lotus leaf surface [2].

The interaction of the siloxane + 3 % w/w Ca(OH)2 coating with water was further tested by
performing measurements of water capillary absorption. For comparison, uncoated marble blocks and
blocks coated by pure siloxane, without nanoparticles, were included in the study. The amount of
water absorbed by the specimen per unit area (Qi) was calculated as follows:

Qi =
(wi−wo

A

)
× 100, (1)

where wi is the weight of the sample after being in contact with water for time ti, wo is the initial
weight of the sample prior to the test, and A is the sample’s area which was in contact with water
during the test. The calculated Qi values were plotted as a function of time ti, and the results are
presented in Figure 4.

Figure 4. Amounts of absorbed water per unit area (Qi) as a function of treatment time ti, for three
samples: (i) uncoated marble; (ii) marble coated by pure siloxane; and (iii) marble coated by a composite
coating, which was prepared using siloxane and 3% w/w Ca(OH)2 nanoparticles (siloxane+Ca(OH)2).
Data points were fitted with polynomial functions to guide the eye.

The results of Figure 4 show that the specimens became saturated in absorbed water. This is
evidenced by the recorded plateaus of the three Qi - ti curves. The amounts of absorbed water follow
the order: uncoated sample -> sample coated by siloxane -> sample coated by siloxane+ Ca(OH)2,
with the latter being the sample that absorbed the least amount of water at each specific ti. Specifically,
by taking into consideration the last three (ti = 9, 12, and 15 h) measurements of Qi for each curve,
which clearly correspond to the plateaus of the curves, average-maximum values of Qi were calculated
as follows: 0.0045 g/cm2 for the uncoated sample, 0.0023 g/cm2 for the sample coated by siloxane,
and 0.0012 g/cm2 for the sample coated by siloxane+Ca(OH)2. The hydrophobic siloxane coating offers
protection against the capillary absorption of water. The protection, however, is enhanced when the
superhydrophobic and water repellent siloxane+Ca(OH)2 coating is applied on the marble surface.

For the maxima amounts of absorbed water, corresponding to the plateaus of the curves in
Figure 4, the relative reduction of water absorption by capillarity (RC%) was calculated using the
following Equation:

RC% =

(
Qu−Qc

Qu

)
× 100, (2)
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where Qu and Qc are the maxima Qi measured for the uncoated and coated marble specimens,
respectively. An ideal coating should correspond to RC% = 100, as it should eliminate the penetration
of liquid water into the pore network of the stone. Using Equation (2), it is calculated that the
application of the siloxane coating on marble results in a reduction of the amount of absorbed water by
49%. The RC% increased to 73 when the superhydrophobic and water repellent siloxane+Ca(OH)2

coating was applied on marble.
Finally, the optical effects of the siloxane and siloxane+Ca(OH)2 coatings on marble were evaluated

through colorimetric measurements. The global color differences (ΔE*) of marble, induced upon
coating application, was derived from:

ΔE∗ =
√

(L ∗c−L∗u)
2
+(a ∗c−a∗u

)2
+(b ∗c−b∗u)

2 , (3)

where L*, a*, and b* are the components of the CIE 1976 scale, respectively. The “c” and “u” subscript
characters indicate the coated and uncoated specimens, respectively. The results of the L*, a*, and b*
measurements are summarized in Table 1. Using Equation (3) and the values of Table 1, it is calculated
that ΔE* = 0.36 ± 0.04 for the marble specimen that was coated with siloxane and ΔE* = 3.76 ±
0.03 for the marble specimen that was coated with siloxane+Ca(OH)2. According to the literature,
color variations which correspond to ΔE* < 3 are insignificant as they are not perceived by human
eye [28–30]; the accepted level for conservation purposes is ΔE* < 5 [28]. Consequently, the results,
which are reported in Table 1, suggest that the siloxane material (ΔE* = 0.36) has a negligible effect on
the color of the marble. However, when Ca(OH)2 nanoparticles are added in the coating, then the
treatment of the marble is accompanied by a noticeable visual effect (ΔE* = 3.76) which, however, is not
very far away from the human perception threshold value and clearly below the accepted level for
conservation purposes.

Table 1. Color coordinates measured for uncoated marble and marble specimens coated with siloxane
and siloxane+Ca(OH)2. The composite coating was prepared using 3 % w/w Ca(OH)2 nanoparticles.

Uncoated Siloxane Siloxane+Ca(OH)2

L* 91.67 ± 0.03 91.34 ± 0.05 95.41 ± 0.01
a* −0.24 ± 0.01 −0.29 ± 0.01 −0.06 ± 0.01
b* 3.45 ± 0.01 3.57 ± 0.02 3.16 ± 0.02

4. Conclusions

The major finding from this work is that superhydrophobic and water repellent coatings can
be produced using dispersions of Ca(OH)2 nanoparticles in water-based silane/siloxane emulsions.
Ca(OH)2 is chemically compatible with limestone and limestone-like rocks (marble, travertine),
which are undoubtfully the most common stones found in buildings and objects of the cultural
heritage. Siloxane-based materials are commonly used for consolidation purposes. Therefore, the
siloxane+Ca(OH)2 composite coatings, which are formed by spraying the aforementioned dispersions
onto the stone substrate, have the potential to be used for conservation purposes.

The Ca(OH)2 nanoparticles (Figure 1) were synthesized following an easy, ion exchange process,
and the extreme wetting properties, which were achieved on the surface of the composite coatings
(Figure 2), were evidenced by the high CA > 150◦ and the low SA < 10◦ (Figure 3) of water drops.
Composite coatings offered good protection against water penetration by capillarity (Figure 4) and had
a small effect on the color of marble (Table 1).

Further and more detailed studies should be carried out in the future to investigate the durability
of the siloxane+Ca(OH)2 coatings and their effects on the breathability of marble.
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Abstract: In recent years, graffiti writings are increasingly regarded as a form of art. However,
their presence on historic building remains a vandalism and different strategies have been developed
to clean or, preferably, protect the surfaces. In this study, an experimental nano-filled coating, based
on fluorine resin containing SiO2 nano-particles, and two commercial products have been applied on
compact and porous calcareous stones, representative of building materials used in the Mediterranean
basin, and their anti-graffiti ability has been analyzed. All the tested experimental and commercial
coatings exhibited high hydrophobicity and oleophobicity, thus meeting one of the basic requirements
for anti-graffiti systems. The effects of staining by acrylic blu-colored spray paint and felt-tip marker
were, then, assessed; the properties of the treated stone surfaces after cleaning by acetone were also
investigated. Visual observations, contact angle measurements and color evaluations were performed
to this aim. It was found that the protective coatings facilitated the spray paint removal; however high
oleophobicity or paint repellence did not guarantee a complete cleaning. The stain from the felt-tip
marker was confirmed to be extremely difficult to remove. The cleaning with a neat unconfined
solvent promoted the movement of the applied polymers (and likely of the paint, as well) in the
porous structure of the stone substrate.

Keywords: hydrophobic treatments; oleophobicity; nano-particles; stone protection; anti-graffiti
coatings; chemical cleaning; acrylic-based paints; felt-tip markers

1. Introduction

Over the last few years, holistic approaches are trying to tackle the global graffiti phenomenon [1].
Any proposed solution is shared with all the involved stakeholders, including those who manage
graffiti or utilize street art for city regeneration. The current studies are addressing not only to the
graffiti removal, but also to the knowledge and protection of the street art murals [2–4].

However, graffiti on building façades, especially those with a cultural and historical value,
still remain a vandalism [5]. Several strategies are used to either remove these graffiti or protect the
surfaces against their harmful effects [6].

Mechanical, chemical or laser techniques are typically employed for the cleaning procedures [7–11];
biocleaning methods have been also proposed [12,13]. Graffiti removal is expensive and, in some cases,
may cause stone damage due to chemical contamination, by-products formation and physical changes.
Therefore, preventive actions are preferred, especially on artifacts of historical and artistic relevance.
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To this aim, coatings acting as anti-graffiti barrier have been developed in the last years and
many products are nowadays commercially available. The anti-graffiti products can be grouped
into three main classes: sacrificial, semi-permanent and permanent [14]. The sacrificial coatings are
removed during the cleaning process and they need to be renewed; the semi-permanent systems
endure a few cleaning cycles (normally, not more than two or three); the permanent products
are not taken away during the cleaning process and they are able to withstand several cleaning
cycles. The formulations suitable for application on stone materials [15–23] are mainly based on
waxes, fluorinated polymers, silicon resins or polyurethanes; more recently, coatings incorporating
nano-particles [17,24–26], organic–inorganic hybrid products [27–29] and surface functionalization [30]
have been investigated as potential anti-graffiti systems. The fundamental characteristics that these
treatments must display are: transparency, permeability to water vapor, durability under outdoor
conditions. In addition, non-wettable coatings are preferred to enable the treated surfaces to repel
paints and other staining agents [31].

Wetting is the ability of a liquid to maintain contact with a solid surface; the balance between the
intermolecular interactions of adhesive type (liquid to surface) and cohesive type (liquid to liquid)
controls this feature. Wettability of a solid surface can be described by the contact angles and sliding
angle; models (Young, Wenzel, Cassie–Baxter) have been developed to illustrate the wetting phenomena
on surfaces [32,33]. The decrease of the wettability corresponds to an increase in liquid-phobicity.
Regarding water, a surface is called hydrophobic when water drops on it exhibit contact angles greater
than 90◦. When the contact angles are 150◦ or higher, the surface is classified as superhydrophobic.
Despite their high level properties, superhydrophobic surfaces have low mechanical wear resistance
and poor long-term durability, therefore, their utilization in real applications is still limited [33–35].
Water-repellency is achieved in super-hydrophobic surfaces with water contact angle hysteresis <10◦,
that is a low difference between the advancing and receding contact angles. In these conditions,
a water droplet can move with little applied force and easily rolls off from the surface [36]. Similar
considerations are applied to oleo-phobic/-repellent surfaces [37].

Several methods have been used to design and produce non-wettable stone surfaces, often
bioinspired to either plants or insects surfaces. The most common procedures include the application
of polymer coatings able to reduce the surface tension of the substrate, sol-gel processes and controlled
nano-particle embedding into polymer matrices [29].

Hydrophobicity and oleophobicity are assumed as basic properties to provide protection against
graffiti [38–46]; however, the related actual anti-graffiti action is taken for granted and few are
the studies where this property has been proved in oleo/hydrophobic coatings applied on stone
substrates [43,45]. Starting from these issues, an experimental work, aimed at investigating the
performance of oleo/hydrophobic coatings and their behavior as anti-graffiti systems applied on
building stone materials, has been undertaken. The present study is a part of a wide research on
products suitable for superficial protection of stone materials.

Three products have been applied on both compact and porous calcareous stones representative of
building materials used in the Mediterranean basin. Two of the used products are already commercially
available and are suggested to provide water and anti-graffiti protection to stone surfaces. An experimental
nano-filled system, based on fluorine resin containing SiO2 nano-particles, has been also investigated.

Blu-colored spray paint and felt-tip marker were used as staining agents. Traditional and
easy-to-apply methods usually used by restores and professionals were chosen for the stain removal.
Cleaning procedures by warm water and, subsequently, by acetone, were applied to the stained stone
surfaces. The properties of the stone surfaces were, then, analyzed by visual observations, contact
angle measurements and color evaluations, on stained and neat surfaces, as well as after the paint
removal. The percentage of residual stain and the efficacy of the cleaning procedures, in comparison
with the unprotected stone surfaces, were used to measure the paint removal.
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2. Materials and Methods

2.1. Protective Products, Stone Materials, and Staining Agents

An experimental formulation and, for comparison purposes, two commercial products
were investigated.

The experimental product, hereinafter nanoF, is a water-based fluorine resin (12.7 wt.%) containing
SiO2 nano-particles (10 wt.%), 40–50 nm in dimensions (supplied by Kimia S.p.A., Perugia, Italy);
nanoF has density of 1.04 g/cm3 and pH between 7 and 8; the viscosity, similar to those of the
commercial systems, was appropriate for the application by brush [47]. The first commercial product,
F (trade mark Fluoline PE, supplied by C.T.S. S.r.l., Altavilla Vicentina, Italy), is an aqueous dispersion
of fluoropolyethers (10 wt.%); this system was selected to compare the experimental nano-filled
formulation to a unfilled chemically similar product already on the market (nanoF and F are,
indeed, both fluorine-based). The second commercial system, hereinafter SW (trade mark Kimistone
DEFENDER, supplied by Kimia S.p.A., Italy), consisting of a mixture of organic silicon compounds and
microcrystalline waxes in water solution; SW was included in the study because it belongs to a family
of products, i.e., the silicon-based, widely and successfully used in the field of stone conservation.
According to the technical sheets, both the commercial systems are able to provide a reversible and
hydrophobic coating on the treated surfaces, with dirt-repellent and anti-graffiti properties. Additional
information about the protective systems has been reported in a previous study [47].

The three protective products were tested on two natural calcareous stone materials, representative
of construction materials used for historic and civil buildings in many countries in the Mediterranean
basin. A highly porous calcarenite (PS), named “Lecce stone”, and a compact limestone (CS), known
as “Trani stone”, were used.

The principal constituent of “Lecce stone” is calcite (93%–97% [48]); in this material, very
small quantities of clay, phosphates and other non-carbonate minerals are also present [49,50].
Petrographically, “Lecce stone” is a packstone [51], made of microfossils and fossil remains within a
groundmass of fine calcareous detritus (Figure 1a). The used samples exhibited a porosity of 39%, with
pore sizes mainly between 0.5 and 6 μm (Figure 1b), as analyzed by mercury-intrusion porosimetry
(MIP) [52].

  
(a) (b) 

Figure 1. Lecce stone: (a) image taken on thin sections through optical microscope (Eclipse LV 100 PL,
Nikon, Tokyo, Japan) in transmitted light; (b) pore-size distribution curve.

“Trani stone” is mainly composed of calcite (>95% [36]), and low amounts of clay minerals and
iron oxides [33]. “Trani stone” is a packstone [51] made of calcareous detritic grains, very well cemented
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by a crystalline cement filling the interparticle porosity (Figure 2a). The open porosity, measured by
MIP, was very low (2%); the pore size was mainly between 0.025 and 0.001 μm (Figure 2b).

  
(a) (b) 

Figure 2. Trani stone: (a) image taken on thin sections through optical microscope (Eclipse LV 100 PL,
Nikon, Tokyo, Japan) in transmitted light; (b) pore-size distribution curve.

Two staining agents were applied to test the protective action of each coating applied on the stones,
i.e., (1) a commercial acrylic spray paint (Cilvani RAL by Cilvani S.r.l., Caivano, Italy), blu-colored
(RAL code 5015), provided in a pressurized can; (2) a water-based acrylic paint marker (POSCA by
UNI Mitsubishi pencil, Tokyo, Japan), blu-colored (RAL code 5005), having a bullet tip 1.8–2.5 mm
wide (PC-5M).

2.2. Stone Specimens

Prismatic specimens of PS and CS stones, with dimensions of 5 cm × 5 cm × 1 cm, were cut
by a saw from quarry blocks. According to the UNI10921 standard protocol [53], the samples were
smoothed with abrasive paper (180-grit silicon carbide), cleaned with a soft brush and washed with
deionized water in order to remove dust deposits. The stone specimens were completely dried in oven
at 60 ◦C, until the dry weight was achieved, and stored in a desiccator with silica gel (relative humidity
(R.H.) = 15%) at 23 ± 2 ◦C. Before the application of each protective product, the stone specimens were
conditioned in equilibrium with the surrounding environment (24 h in the laboratory, at 23 ± 2 ◦C and
45% ± 5% R.H.).

The treatments were applied by brush on 3 sample surfaces (5 cm × 5 cm) for each product.
For F and SW, the amounts of product suggested in the technical sheets were applied. Preliminary

tests were used to verify the optimal amount of nanoF to effectively treat the two stone materials [47].
Following the minimum intervention criteria, the quantities suitable to obtain highly hydrophobic
surfaces along with minimal color changes were identified. For all the products, greater amounts were
necessary to guarantee good performances in the highly porous stone (PS).

The actual amount of the applied product was evaluated by weighting the specimens before and
after the treatment. After the application of the products, all the specimens were kept in the laboratory
at 23 ± 2 ◦C and 45% ± 5% R.H. for 30 days; then, they were dried in oven at 40 ◦C until the weight
stabilization was achieved, the stabilization being controlled by periodical weight measurements.
The treatments’ harmlessness, assessed in terms of surface color variations and reduction in water
vapor permeability, was proved in a previous study [47]; the main results are summarized in Table 1.

42



Coatings 2019, 9, 740

Table 1. Amount of applied product, color change (ΔE*ab) and variation of water vapor permeability
(ΔP) evaluated after the protective treatment [47].

Stone Substrate Product Applied Amount (g/m2) ΔE*ab (CIELAB unit) ΔP (%)

CS
nanoF 58 1.72 +15

F 60 2.50 −5
SW 109 2.56 −38

PS
nanoF 155 1.38 +14

F 160 3.97 −6
SW 313 3.51 −51

The staining of the surfaces was performed 2 months after the application of the protective
coatings, as detailed in Section 2.3.

During the preparation of the specimens, their subsequent treatments and relative tests,
the environmental conditions were monitored by means of a thermo-hygrometer (Mod. EMR812HGN,
Oregon Scientific, Hong Kong, China). This instrument is able to collect temperature data from −50 to
70 ◦C (with resolution of 0.1 ◦C) and relative humidity data in the range 2%–98% (with resolution of
±1%). All weight measurements were registered using an analytical balance (Model BP 2215, Sartorius,
Goettingen, Germany) with an accuracy of ±0.1 mg.

All the procedures carried out on the stone samples are illustrated in Figure 3.

Figure 3. Experimental procedures.

2.3. Staining Methods and Removal Procedures

2.3.1. Spray Paint

The staining with the spray paint was carried out on untreated and protected stone samples,
conditioned in equilibrium with the surrounding environment (24 h in the laboratory, at 23 ± 2 ◦C
and 50% ± 5% R.H.). Two coats of paint were sprayed on specimens placed on a 45◦ tilted surface
(Figure 4a). The distance between the sample surface and the nebulizer was about 15 cm. In order to
limit the deposition of paint to an area of 1.5 cm × 5 cm, the staining was performed with the aid of a
stencil and the lateral sides of the specimens were protected with a polyester (PET) film.
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(a) (b) 

Figure 4. Staining by spray paint (a) and removal with acetone (b).

After the application of the paint, the samples were stored for 2 days in the laboratory at 23 ± 2 ◦C
and 50% ± 5% R.H. The removal procedures were performed 20 days after the staining. Starting
from the data reported in the technical sheet of the SW product, a first cleaning with warm water (at
60 ◦C and next at 80 ◦C) and paper towels, was firstly attempted on testing areas. Since this method
resulted totally ineffective, it was no more applied to the stained specimens and its effects were not
further investigated. Then, following the recommendation reported in the international code [54],
cleaning with an organic solvent was tried. Acetone was selected because it is (alone or in mixture with
other organic solvents) a traditional solvent for the cleaning of stone materials affected by graffiti [6];
it has been successfully used to remove acrylic paints, as reported in previous studies [9,55]. Acetone
analytical grade, supplied by Carlo Erba Reagents (Val de Reuil, France) was used. For each sample,
a wet paper towel was rubbed across the stained area (Figure 4b) for 25 complete back and forth
cycles [54]; the towel was dunked in acetone every 5 cycles.

2.3.2. Felt-Tip Paint Marker

The staining with the felt-tip marker was performed on untreated and protected stone samples
conditioned in equilibrium with the surrounding environment (24 h in the laboratory, at 23 ± 2 ◦C
and 50% ± 5% R.H.). The paint was applied to an area of approximately 1.5 cm × 5 cm in the same
specimens stained with the spray paint, but in a different zone (Figure 5).

 

Figure 5. Staining by felt-tip marker.
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The samples were, then, kept in the laboratory conditions (23 ± 2 ◦C and 50% ± 5% R.H) for 2 days.
The same removal procedures used to clean the samples stained with the spray paint (described in
Section 2.3.1) were carried out 18 days after the staining with the marker.

2.4. Analytical Investigations

In order to evaluate hydrophobicity and oleophobicity of the stone surfaces, static contact angle
measurements were performed before and after the coatings’ application. A Costech apparatus was
used to deposit micro-drops of the wetting liquid on the stone surfaces. The shape of the drop was
recorded with a camera and the related contact angle was calculated by means of the “anglometer 2.0”
software (Costech). To assure the reproducibility of the test, the image of each drop was acquired 15s
after its deposition.

The water-stone contact angles were measured on 30 different positions of the surface of
each specimen using deionized water as wetting liquid, according to the European standard [56].
A commercial olive oil (purchased from a local market) was used to determine the oil-stone static
contact angle, following a procedure already proposed in other studies [57–59]; 5 measurements were
performed on each sample and the results were averaged.

For the unprotected Lecce stone (PS), the absorption of wetting liquids is rapid because of the
high stone porosity. Consequently, during the test, the drops of both water and oil were suddenly
absorbed inside the stone and the contact angle was not determinable.

The water-stone contact angle measurements were repeated after the staining and after the
paint removal.

Color measurements [60] were performed with a spectrophotometer (mod. CM-700d, Konica
Minolta Sensing, Singapore), using CIE Standard illuminant D65 and the target mask 8 mm in diameter.
Ten measurements were performed on each sample area and the instrument was recalibrated to a white
calibration cap at the start of each measurement session. The color coordinates were measured on the
unprotected surfaces, after the coatings’ application, after the staining and after the paint removal.

The colour changes (ΔE*ab) were calculated through the L*a*b* (CIE 1976) system, using Equation (1):

ΔE*ab = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 (1)

where L* is the lightness/darkness coordinate, a* the red/green coordinate (+a* indicating red and −a*
green), and b* the yellow/blue coordinate (+b* indicating yellow and −b* blue).

All the colour variations were determined by the comparison with the untreated surfaces, using
the averaged values of L*, a*, and b* for each sample.

The residual stain (RS) after cleaning was evaluated as a percentage by Equation (2):

RS = [(ΔE*ab)c/(ΔE*ab)s] × 100% (2)

where (ΔE*ab)c is the colour variation of the cleaned surfaces and (ΔE*ab)s is the colour variation of the
stained surfaces.

In addition, the efficacy of the cleaning procedure, as compared with the unprotected surfaces,
was evaluated by Equation (3):

Relative Efficacy% = [(RSu - RSt)/RSu] × 100% (3)

where: RSu and RSt are the residual stain values, as defined in Equation (2), for the unprotected and
protected surfaces, respectively.

The stained surfaces were examined under a binocular stereomicroscope (Stemi SV11, Zeiss,
Oberkochen, Germany) at magnifications of up to 100×.
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3. Results and Discussion

3.1. Assessment of Basic Prerequisite for Antigraffiti Protection

The products used as an anti-graffiti barrier typically have a low surface energy at interface,
which results in minimizing the contact with the applied paints or inks mainly because the protected
surfaces become water and oil repellent. Therefore, treatments able to give good hydrophobicity and
oleophobicity to the surfaces are assumed to act as effective systems of graffiti protection [45].

In our case, after the coating’s application, most of the protected stone surfaces were able to
repel both water and oil, even if to different extent, as it can be clearly inferred from the observation
of images reported in Figure 6. Oleophobicity was not observed only in the case of the SW coating,
irrespective of the stone substrate.

 

Figure 6. Water and oil droplets on the stone surfaces before and after the protective treatments.

The contact angle values (reported in Table 2) confirmed these surface properties, since water-stone
contact angles greater than 90◦ are typical of hydrophobic surfaces, while oil-stone contact angles
above 70◦–80◦ account for oleophobicity. The lower values measured for oil contact angles with respect
to water ones are due to the low surface tension of the oil drops (32 mN/m for olive oil [61], 72 mN/m
for water [57]).

Table 2. Water-stone static contact angle (WCA) and oil-stone static contact angle (OCA), both in
degrees, measured on unprotected and protected PS and CS stone surfaces, with the indication of
standard deviation.

Samples
CS PS

WCA OCA WCA OCA

Unprotected 40 ± 8 13 ± 1 Not determinable Not determinable
nanoF 139 ± 5 114 ± 1 142 ± 5 122 ± 7

F 106 ± 4 93 ± 4 119 ± 3 114 ± 4
SW 114 ± 4 56 ± 1 122 ± 4 56 ± 2

3.2. Staining by Spray Paint and Removal

The superficial distribution of the spray paint on the stone surfaces was observed through the
stereomicroscope. The images recorded by the instrument on the different specimens are illustrated in
Figure 7.
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Figure 7. Images taken by the stereomicroscope of the surfaces stained by spray paint: comparison
between the protected and unprotected surfaces (CS = compact stone; PS = porous stone). Each scale
bar indicates 200 μm.

In the case of the untreated CS specimens, the paint covered the surface with a uniform film,
totally hiding the stone beneath. The presence of protective coatings modified the distribution of the
paint. In particular, on the samples treated with SW, the paint coating was affected by cracks due to
the drying shrinkage. This latter was likely restrained by the protective layer since cracking was not
observed for the unprotected samples. Passing to analyze the specimens treated with nanoF and F
products, the protected surfaces seemed to repel the spray paint, which mainly arranged as separate
droplets [15,25,40,62–64], leaving several portions of the stone uncovered. The distribution of the paint
affected the color variations, leading to lower differences where the staining agent was repelled, as can
be deduced from the data reported in Table 3.

Table 3. Global color difference (ΔE*ab) determined after the staining by spray paint and after the
cleaning. For each data set the standard deviation is reported.

Samples
CS PS

After Staining After Removal After Staining After Removal

Unprotected 54.53 ± 0.33 20.19 ± 2.27 55.39 ± 1.14 44.58 ± 4.36
nanoF 40.72 ± 3.56 21.72 ± 1.85 55.73 ± 3.96 37.11 ± 3.35

F 45.23 ± 5.18 5.99 ± 1.58 56.13 ± 2.61 13.78 ± 1.53
SW 55.28 ± 0.44 15.27 ± 1.95 59.51 ± 1.99 19.93 ± 2.96

The different appearance is also in agreement with the surface oleophobicity. In fact, oil-stone
contact angles higher than 90◦ were measured only on the nanoF and F treated samples (114◦ and
93◦, respectively).

Comparable behaviors were observed in the case of PS specimens. A uniform coverage of the
stone surface was observed for the unprotected specimens, while a paint coating with cracks was
found on the samples coated by SW product. Although less noticeable, uncovered portions of stone
and repellence against the paint were observed on the specimens protected by nanoF and F systems,
which exhibited the highest oleophobicity. Actually, the high porosity along with the large pore radius
likely promoted the accumulation of paint inside the cavities of the porous stone, making less evident
the paint repellence. In addition, these effects equalized the color differences and, thus, comparable
ΔE*ab were measured in the stained PS samples (see results reported in Table 3).

The cleaning procedure of this kind of stain with acetone did not give good results. The paint
removal was unsuccessful, as already clear to the visual inspection by the naked eye (Figure 8).
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Figure 8. Protected and unprotected stone samples after the staining by spray paint and after the
cleaning procedure (CS = compact stone; PS = porous stone); the neat surface is on the right of
each image.

To this regard, different methods have been proposed to assess the efficacy of stain
removal [26,65,66]. A first one was based on the ΔE*ab measured after the cleaning: values below 5
account for adequate cleaning, while values higher than 10 cannot be accepted; for ΔE*ab between 5
and 10, the color variations are well visible but still tolerable. In addition, RS can be used to evaluate
the removal efficacy [67,68]: values below 10% can be judged suitable; RS above 20% means ineffective
stain removal; RS values between 10% and 20% are not optimal, but tolerable.

Taking into account these classifications, the cleaning with acetone resulted acceptable only for
the CS samples treated with the F product, where ΔE*ab of approximately 6 CIELAB units and RS of
13% were measured. Nevertheless, the application of a protective layer was helpful in facilitating the
removal of the spray paint. As illustrated in Figure 9a, the RS percentages were always lower than
those calculated for the unprotected specimens, except for CS treated with nanoF for which comparable
values were found.
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(a) (b) 

Figure 9. Evaluation of the spray paint removal: (a) residual stain, as defined in Equation (2), with the
green line indicating the acceptable threshold; (b) relative efficacy, as defined in Equation (3).

The relative efficacy, reported in Figure 9b, of the complete procedures (i.e., protection + cleaning)
was found to be good in the case of the F-treated specimens; on the other side, it resulted low in the
case of the samples where the nanoF coating was applied. Overall, higher values were found for
the porous stone, where the paint removal was appreciably more difficult without the presence of a
protective layer.

The results of the cleaning seemed to be not related to the observed superficial morphology of
the sprayed paint. Neither high oleophobicity nor paint repellence assured good outcomes. On the
other hand, as also found in other studies, an observed repellence against the paint did not assure the
complete stain removal [69].

The contact angle measurements, whose results are reported in Table 4, were able to supply
important information.

Table 4. Water-stone contact angles (in degrees) before and after the protective treatments, after the
staining by spray paint, and after the cleaning. For each data set the standard deviation is reported.

Stone Support Samples
Before

Treatments
After

Protection
After

Staining
After

Removal

CS

Unprotected 55 ± 10 – 93 ± 1 76 ± 3
nanoF 38 ± 7 140 ± 5 98 ± 3 115 ± 4

F 44 ± 7 105 ± 5 92 ± 1 116 ± 4
SW 39 ± 7 112 ± 3 101 ± 4 111 ± 4

PS

Unprotected n.d. – 98 ± 5 43 ± 14
nanoF n.d. 144 ± 4 106 ± 7 126 ± 4

F n.d. 120 ± 3 95 ± 3 128 ± 4
SW n.d. 121 ± 4 101 ± 4 120 ± 4

n.d. = not determinable.

The staining caused a reduction in contact angles in all the samples, with values comparable to
those measured on the unprotected surfaces and consistent with the presence of a superficial layer of
paint. After the removal with acetone, the contact angle values were still high and measurable. It can
be concluded that neither the stain nor the protective coatings were removed, since the hydrophobic
character of the surfaces was modified only to a limited extent. An increase in the contact angle values
was even observed in the case of the F-treated samples after the cleaning. Other studies report similar
behaviors [45,65,70], but the related mechanisms are not clearly explained. A possible explanation for
this behavior is the so-called “reverse migration” [71–73]: the used solvent penetrates into the pores of
the stone, but migration towards the external surface occurs for evaporation. During these processes,
the solvent is able to carry the polymer protective with it. Consequently, greater amounts of product
can reach the surface, accounting for a higher hydrophobicity. Even if in fine-porous stone materials (as
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CS) this phenomenon should be restricted [74,75], comparable behaviors were observed irrespective of
the porosimetric features of the stone samples. On the other hand, the type of solvent, its tendency to
dissolve polymers, and the drying conditions mainly affect the “reverse migration” [75–77]; in addition,
the dimensions of the molecules and the solution viscosity can influence the movements of the polymer
inside the stone structure.

3.3. Staining by Felt-Tip Marker and Removal

The surface appearance of the stone stained by felt-tip marker was investigated through the
stereomicroscope, that recorded the images reported in Figure 10.

 

Figure 10. Images taken by the stereomicroscope of the surfaces stained by felt-tip marker: comparison
between the protected and unprotected surfaces (CS = compact stone; PS = porous stone). Each scale
bar indicates 200 μm.

After the staining, the paint applied by felt-tip marker considerably covered the stone surfaces.
In the unprotected samples, the morphological features of the stone were still recognizable and
accumulation of the paint in the cavities of the surface was limited. Conversely, in the protected
samples, the staining by the marker produced films affected by cracks, as already found in other
studies [25]. Additionally, accumulation of stain within the superficial hollows was observed in the PS
protected samples.

Dissimilar craquelure patterns were observed on the different specimens. More fractured
films were seen in the case of the nanoF and SW treated-samples, regardless of the stone substrate.
The paint applied on the F-treated samples displayed sporadic and less evident cracks, instead.
Generally speaking, the thickness of any kind of coating influences morphologies and fragment size of
cracks [78,79], with a critical value below which no fracturing occurs [79,80]. The limited cracking on
the F treated-samples suggested a lower thickness of the paint level, probably due to absorption by the
protective coating.

The stain applied by the felt-tip marker was not removed with acetone from the stone surfaces;
neither the protective coatings improved the cleaning results. In fact, markers are considered the most
aggressive staining agents among the methods for graffiti writings. This is mainly due to the fact that
their inks contain high percentages of solvents, are very fluid and are, thus, prone to easily fill the
pores of the substrate [81,82] already during the staining action.

Following the evaluation detailed in Section 3.2, the stain removal with acetone cannot be judged
effective, as also visible to the naked-eye observation (Figure 11).
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Figure 11. Protected and unprotected stone samples after the staining by felt-tip marker and after
the cleaning procedure (CS = compact stone; PS = porous stone); the neat surface is on the right of
each image.

Accordingly, unacceptable ΔE*ab were measured after the cleaning of all the samples (see data
reported in Table 5), with RS values (Figure 12a) much greater than the tolerable threshold (i.e., 20%).
Only the treatments with the F product yielded low RS percentages.

Table 5. Global color difference (ΔE*ab) determined after the staining by felt-tip marker and after the
cleaning. For each data set the standard deviation is reported.

Samples
CS PS

After Staining After Removal After Staining After Removal

Unprotected 66.19 ± 0.37 50.65 ± 1.98 71.22 ± 0.70 65.03 ± 1.93
nanoF 58.52 ± 0.46 23.67 ± 9.57 70.61 ± 0.56 66.33 ± 0.52

F 57.95 ± 1.83 13.35 ± 4.40 72.88 ± 0.32 41.23 ± 12.22
SW 48.24 ± 1.87 19.81 ± 6.49 72.38 ± 0.57 62.60 ± 2.99
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(a) (b) 

Figure 12. Evaluation of the felt-tip marker removal: (a) residual stain, as defined in Equation (2), with
the green line indicating the acceptable threshold; (b) relative efficacy, as defined in Equation (3).

This result might arise from the embedding of the paint into the protective coating, as
previously described. The incorporation of the stain enhanced, even if only slightly, the anti-graffiti
effectiveness [68,83]. The relative efficacy showed that the cleaning procedure worked better on the CS
samples, unlike the spray paint removal, as witnessed by the results presented in Figure 12b.

The correlation of these results with those relative to the oleophobicity of the surfaces did not
show a clear trend. Anyway, the most oleophobic surfaces (i.e., that treated with nanoF) were not
cleaned to a larger extent.

The results of the contact angle measurements, reported in Table 6 confirmed the failed removal
of both paint and protective coating.

Table 6. Water-stone contact angles (in degrees) before and after the protective treatments, after the
staining by felt-tip marker, and after the cleaning. For each data set the standard deviation is reported.

Stone Support Samples
Before

Treatments
After

Protection
After

Staining
After

Removal

CS

Unprotected 55 ± 10 – 89 ± 2 92 ± 3
nanoF 38 ± 7 140 ± 5 80 ± 3 101 ± 9

F 44 ± 7 105 ± 5 79 ± 5 106 ± 2
SW 39 ± 7 112 ± 3 80 ± 3 110 ± 2

PS

Unprotected n.d. – 98 ± 5 106 ± 7
nanoF n.d. 144 ± 4 83 ±13 122 ± 8

F n.d. 120 ± 3 90 ± 12 117 ± 4
SW n.d. 121 ± 4 70 ± 12 106 ± 6

n.d. = not determinable.

After the staining, contact angles between 70◦ and 97◦ were measured. Hydrophobicity was
recovered on the cleaned samples, but the contact angles remained below the values obtained after the
application of the protective treatment. The phenomenon of “reverse migration” can be hypothesized
also in these samples. This effect, particularly evident for the unprotected surfaces, where unexpected
high contact angles (>90◦) were found after the cleaning, was most likely due to transfer of the absorbed
paint binder activated by the cleaning solvent towards the surface on the stone. On the other hand,
the occurrence of movements of the solvent and the dissolved stain were well visible to the naked-eye,
since, during the cleaning, the paint spread beyond the previously stained area (Figures 9 and 11).

4. Conclusions

The anti-graffiti behavior of three protective treatments has been tested on compact and
porous calcareous stone materials. An experimental formulation, based on fluorine resins and
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SiO2 nano-particles, and two commercial products were applied. The results of cleaning procedures
after the staining by spray paint and felt-tip marker were discussed.

The applied products provided surfaces able to repel both water and oil, thus meeting a
fundamental requirement for anti-graffiti systems.

The simulation of staining actions gave rise to a distribution of the paints on the surfaces dependent
on the presence and nature of the protective coating. Uniform films covering the surface, totally
hiding the stone beneath, were observed in the case of untreated specimens. In most of the protected
surfaces, the paint film was affected by cracks due to its shrinkage upon drying. The protective
coatings restrained this cracking, which, in fact, was not noticed for the unprotected samples. Evidence
of repellence against the stain was optically observed only after the application of the spray paint.
In accordance with the higher surface oleophobicity, separate droplets of paint, together with portions of
uncovered stone, were seen on the nanoF and F treated-samples. The morphological and porosimetric
features of the stone seemed influence the paint spreading on the surface to a limited extent.

Although the removal with acetone affected the paint layer to different degrees, this procedure
was not able to supply good results. The residual stain percentage was always above the threshold
limit of 20%, except for the compact stone surfaces coated with F product and stained by spray paint.
The paint removal was more difficult on the highly porous stone, where greater values of residual
stain were found. The presence of protective coatings enhanced the spray paint removal On the
contrary, the stain from the felt-tip marker was not removed even where protective coatings were
applied, thus confirming a stronger action of this graffiti agent. The relative efficacy of the cleaning
was influenced by the type of staining agent rather than the porosity of the substrate. In both cases,
the proved hydrophobicity and oleophobicity, as well as the observed paint repellence, did not provide
positive outcome of the cleaning.

The protective coatings were not eliminated from the surfaces during the cleaning; rather,
the polymer protectives migrated into the porous structure of the stone under the effect of solvent
evaporation. In fact, as a consequence of greater amounts of hydrophobic product moved at the
surface, increased contact angle values were measured after the cleaning with acetone. This result
further supports the inefficacy of the cleaning procedure with neat acetone. The unconfined solvent
can spread the dissolved paint into the pores of the substrate. In this case, the stain may affect also the
internal part of the stone materials making almost impossible an effective cleaning.

In conclusion, although hydrophobicity and oleophobicity are considered basic requirements
of anti-graffiti coatings, these surface properties do not assure good removal of vandalic writings.
The success of the anti-graffiti action depends on the applied staining agent, on the used cleaning
procedure and, to a more limited extent, on the affected substrate. Therefore, the actual performance of
an anti-graffiti system cannot be deduced from the coating’s properties but the effectiveness needs to
be assessed in the specific applicative conditions.

Further investigations are in progress to verify the anti-graffiti efficacy under additional cleaning
methods, specifically, chemical cleaners in gel matrices; the coatings’ performance after the application
of higher amounts of product is another ongoing evaluation.
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Abstract: The mixture of insoluble organics and water seriously affects human health and
environmental safety. Therefore, it is important to develop an efficient material to remove oil
from water. In this work, we report a superhydrophobic Cu2O mesh that can effectively separate
oil and water. The superhydrophobic Cu2O surface was fabricated by a facile chemical reaction
between copper mesh and hydrogen peroxide solution without any low surface reagents treatment.
With the advantages of simple operation, short reaction time, and low cost, the as-synthesized
superhydrophobic Cu2O mesh has excellent oil–water selectivity for many insoluble organic solvents.
In addition, it could be reused for oil–water separation with a high separation ability of above 95%,
which demonstrated excellent durability and reusability. We expect that this fabrication technique
will have great application prospects in the application of oil–water separation.

Keywords: superhydrophobic; Cu2O; oil–water separation

1. Introduction

Oil in water can reduce the purity of water, and the oily wastewater generated in daily life and
industry can also cause serious pollution to the environment [1,2]. Moreover, the presence of water in
oil can seriously affect the quality and efficiency of oil such as reducing the service efficiency and life of
an engine. Therefore, the research of the separation of the oil–water mixture is of great significance
and has broad application prospects. Meanwhile, efficient oil–water separation technology has also
attracted great attention [3–7]. In 2004, Jiang et al. prepared a superhydrophobic and superoleophilic
coating mesh by spraying polytetrafluoroethylene onto the stainless steel mesh. The contact angles
of water and diesel oil on this mesh were 156.2◦ and 0◦, respectively, which realized the effective
separation of diesel and water [8]. Inspired by this, many scientists have developed great interest in
the application of special wettability materials in oil–water separation.

Over the past decades, researchers have produced a wide variety of materials with
superhydrophobic and superoleophilic properties by manipulating and modifying the surface
chemical composition and surface roughness. Examples include superhydrophobic metal mesh [9–12],
polyurethane sponge [13–15], fiber textile [16–19], metal foam [20,21], polymer membranes [22–24],
and so on [25–27], which can selectively repel water from the mixtures of oil and water while
allowing oil to penetrate through the materials or to be absorbed, and exhibit high efficiency of
oil–water separation performance. However, the preparation process of most of the superhydrophobic
materials above-mentioned is complicated and time-consuming, requires special equipment and costly
reagents, which severely limits their large-scale production and practical application. Moreover, most
superhydrophobic materials may contaminate oil during oil–water separation due to the use of low
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surface energy reagents that are not conducive to human health. Therefore, it is reasonably important
to develop superhydrophobic oil–water separation materials that are environmentally friendly and
without low surface energy reagents.

In this paper, the preparation of a Cu2O film on copper mesh substrates by a simple one-step
chemical reaction method is reported. The as-prepared flower-tufted Cu2O nanosheet film exhibited
superhydrophobicity without modification with low surface energy reagents, as Cu2O is one of
the rare materials that possess a low surface energy and rough structure [28–31]. Water has weak
interaction with Cu2O and does not form bonds on its surface, resulting in the hydrophobicity of
Cu2O. Moreover, the relationship between the reaction time and growth process, morphology, and
hydrophobicity of Cu2O film were investigated. The superhydrophobic Cu2O mesh also exhibited
a superoleophilic property and successfully achieved the separation of various insoluble oil–water
mixtures, demonstrating high separation efficiency and reusability. Although Cu2O formation has
been reported by previous papers, a simpler method for preparing superhydrophobic Cu2O still needs
to be developed. Therefore, a method for preparing Cu2O by reacting copper mesh with hydrogen
peroxide is more industrially practical. In addition, the superhydrophobic Cu2O mesh without similar
fluorine-containing reagents is more beneficial to human health, especially for oil–water separation in
the production process of edible oils.

2. Materials and Methods

The red copper mesh (purity ≥99.97%, 200) was purchased from Anping Tairun Wire Mesh Co.
Ltd., Hengshui, China. Hydrogen peroxide solution (H2O2, 30 wt % in H2O), hydrochloric acid,
absolute ethyl alcohol, and acetone were bought from Shanghai Chemical Reagent Co. Ltd., Shanghai,
China. All chemical reagents used were analytical grade and did not require further processing.

The copper mesh of 30 mm × 30 mm was ultrasonically cleaned with 0.1 M HCl solution, acetone,
and deionized water for 2 min before use, respectively. Then, it was immersed in 100 mL of hydrogen
peroxide solution for reaction. After a period of reaction, the copper mesh was taken out and cleaned
successively with deionized water and ethanol. Finally, the copper mesh was dried at 120 ◦C for 5 h
under an air atmosphere.

The surface morphology of the copper mesh was determined by a field emission scanning electron
microscope (SEM, Sigma 500, Zeiss, Oberkochen, Germany) instrument at 5–15 kV under a vacuum
environment. The surface chemical compositions were untreated and the fabricated meshes were
measured by a PHI-5702 X-ray photoelectron spectroscopy (XPS, Kratos Analytical Ltd., Manchester,
UK). Water contact angle (WCA), oil contact angle (OCA), and water sliding angle (WSA) were
measured using an optical contact angle meter (DSA 30, Krüss, Hamburg, Germany) with 5 μL droplets
at ambient temperature. The average WCA, OCA, and WSA values were obtained by measuring the
same sample in at least five different positions.

3. Results and Discussion

The surface chemical composition of the bare copper mesh and the as-prepared superhydrophobic
copper mesh were analyzed in detail using XPS, as depicted in Figure 1. There were three main
elements of Cu, O, and C in the XPS survey spectrum of the bare and the superhydrophobic copper
mesh surface in Figure 1a. In the high-resolution XPS spectra of the bare copper mesh (Figure 1b),
it exhibited two strong peaks centered at 952.4 and 932.6 eV, corresponding to the Cu double peaks
of Cu 2p1/2 and Cu 2p3/2, respectively [32–35]. Figure 1c shows the photoelectron spectrum of the Cu
2p core level for the superhydrophobic copper mesh. Two peaks located at the binding energies of
952.5 and 932.5 eV can be attributed to Cu 2p1/2 and Cu 2p3/2, respectively, which agreed well with
Cu2O [36–40]. The O 1s spectrum of the superhydrophobic copper mesh in Figure 1d showed only
one peak at 531.1 eV, which can be attributed to Cu2O [36,39,40]. The above results confirm that the
surface of the superhydrophobic copper mesh is mainly Cu2O. Therefore, it is presumed that hydrogen
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peroxide reacts with the copper mesh, leading to the conversion of the upmost layer of Cu to Cu2O,
according to the following reactions:

2Cu + H2O2 → Cu2O + H2O (1)

 
Figure 1. The XPS spectra of the bare and superhydrophobic copper mesh: survey (a), Cu 2p of the
bare copper mesh (b), Cu 2p (c) and O 1s (d) of the superhydrophobic copper mesh.

The surface microstructure was considered to be a key factor affecting the surface superhydrophobic
properties of the material surface. In the experiment, keeping the concentration and volume of the
hydrogen peroxide solution constant, the reaction was carried out by changing the time. The growth
process and morphology of the Cu2O film that changed with reaction time are presented in Figure 2.
When the reaction time was 10 min, a large amount of worm-like Cu2O nanosheets were generated
on the surface of the copper mesh (Figure 2a). However, careful observation showed that there
were also many Cu2O nanoparticles presented on the copper mesh surface. After 20 min of reaction,
the worm-like nanosheets began to form numerous honeycomb nanosheets. The surface of the copper
mesh was mainly covered by honeycomb Cu2O nanosheet structures and grooves (Figure 2b). After
reacting for 30 min, the trend of the growth of the Cu2O nanosheets became very obvious, as shown in
Figure 2c. The surface of the copper mesh was completely covered by a large number of flower-tufted
nanosheet structures, which were dense, thin, and relatively uniform in size. Prolonging the reaction
time to 40 min, the size of the Cu2O nanosheets was enlarged and appeared sparse, but the lamellar
structure was relatively regular and orderly, as shown in Figure 2d. Increasing the reaction time to
60 min, the Cu2O nanosheet structure on the surface of the copper mesh showed disorder (Figure 2e).
The reason may be that the heat released in the reaction process causes the solution temperature to rise
and the reaction to intensify, resulting in corrosion of the partially Cu2O nanosheet structure. With a
further increase of the reaction time to 120 min, the surface of the copper mesh was covered with
leaf-like Cu2O nanosheets, which were thick and uneven in size, as shown in Figure 2f. It is possible
that Cu2O restored the growth of the nanosheet structure due to the decrease in the hydrogen peroxide
concentration after a long period of reaction.
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Figure 2. SEM images of the as-prepared Cu2O surface on copper mesh with different reaction times:
(a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, (e) 60 min, and (f) 120 min.

In order to investigate the effect of the reaction time on wettability, the water contact angles
and sliding angles of the Cu2O surface prepared at different times were detected and are shown in
Figure 3. When the reaction time was 10 min, it can be clearly seen that the water contact angle
was 148.7◦ and the sliding angle was 69.8◦. When reacted for 20 min, the contact angle reached
157.2◦, while the sliding angle was quickly reduced to 17.5◦. Prolonging the reaction time to 30 min,
the water contact angle and sliding angle were 165.4◦ and 5.6◦, respectively. At this time, the prepared
Cu2O surface exhibited superhydrophobicity. Moreover, when the reaction time increased from 40 to
120 min, the water contact angle and sliding angle of the Cu2O surface slightly increased and decreased,
respectively. This demonstrated that all of the Cu2O surfaces prepared after 30 min of reaction had
good superhydrophobicity and low adhesive hydrophobicity. Therefore, the superhydrophobic Cu2O
surface obtained in 30 min was the best in terms of cost and time. Test results shown in Figure 3 also
indicated that the hydrophobic property of the prepared Cu2O surface increased with the extension of
reaction time. On the one hand, the amount of Cu2O increased with the reaction time, which gradually
covered the surface of the copper mesh and reduced its surface energy. On the other hand, the Cu2O
nanosheet structures of the copper mesh surface changed with the reaction time, and the corresponding
morphology is shown in Figure 2. These micro/nano-rough structures contribute to reduce the surface
contact area with water droplets.
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Figure 3. Water contact angles and sliding angles of the as-prepared Cu2O surface with different
reaction times.

Figure 4 displays the surface morphology and water wetting properties of the bare copper mesh
and superhydrophobic Cu2O mesh. As illustrated in Figure 4a, the surface of the bare copper mesh was
smooth, which could be clearly observed even in the SEM image at higher magnification (Figure 4b).
The contact angle of the water droplets on the surface of the copper mesh was 119.8◦, but the water
droplets did not drop when rotated 90◦. In addition, the contact angle of organic solvents such as
toluene, trichloromethane, gasoline, and kerosene on the surface of the bare copper mesh was close to
0◦. As evidenced from Figure 4c, the superhydrophobic Cu2O mesh surface was very rough, which
was prepared by reacting for 30 min. In the high-magnification SEM image, many flower-tufted
Cu2O nanosheets were observed on the surface of the copper mesh (Figure 4d). The contact angle
of the water droplets on the surface of the superhydrophobic Cu2O mesh reached 165.4◦, and the
sliding angle was as low as 5.6◦. However, the contact angle of toluene, trichloromethane, and other
oils in the superhydrophobic Cu2O mesh was approximately 0◦, which confirmed that the prepared
superhydrophobic Cu2O mesh also had excellent superoleophilicity. The pore size of the copper
mesh was about 75 μm, and the hierarchical micro/nanostructure was constructed by combining the
flower-tufted Cu2O nanosheets on the surface. The grooves and gaps created by these rough structures
can capture a large volume of air, resulting in large water contact angles and small sliding angles on
the surface, which can be explained by the Cassie–Baxter equation [41]:

cos θr = f 1cos θ− f2 (2)

where θr is the contact angle of liquid on the rough surface; θ is the contact angle of liquid on the
corresponding smooth surface; f 1 is the proportion of the solid surface actually in contact with liquid;
f 2 is the proportion of air trapped in the hole in contact with liquid; and f 1 + f 2 = 1. The water contact
angles on the rough superhydrophobic Cu2O mesh and the smooth copper mesh were 165.4◦ and 119.8◦,
respectively. Therefore, the f 2 of the superhydrophobic Cu2O mesh calculated by Equation (2) was 0.936,
indicating that the contact area between water and air accounted for up to 93.6%. Correspondingly,
the contact between water and solid surface only accounts for 6.4%, which is similar to the results
reported by Karapanagiotis et al. [42]. The small water-solid contact area demonstrates the good
superhydrophobic property on the surface.
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Figure 4. SEM images of the surfaces of bare (a,b) and superhydrophobic Cu2O mesh (c,d). The insets
show the optical images of the water contact angle and sliding angle.

The oil–water separation property of the as-prepared superhydrophobic Cu2O mesh was
investigated with a self-made device, as shown in Figure 5. The filter was made of superhydrophobic
Cu2O mesh sandwiched between the upper glass cylinder and the lower funnel. The superhydrophobic
mesh had a thickness of 0.1 mm and was firmly fixed, so that water did not leak from the contact surface.
The effective filter diameter of the filter device was 20 mm. When a drop of toluene dyed with oil red O
contacted the surface of the superhydrophobic Cu2O mesh, it spread rapidly and penetrated the mesh,
leaving only red marks on the underlying filter paper. However, the water droplet remained spherical
on the surface of the superhydrophobic Cu2O mesh (Figure 5a). A total of 10 mL toluene and 10 mL
water dyed with methylene blue were mixed into a 20 mL insoluble oil–water mixture (Figure 5b).
As the oil–water mixture was slowly injected into the separation device, the oil easily passed through
the superhydrophobic Cu2O mesh into the beaker under the action of gravity (Figure 5c). After the
oil–water separation was completed, the oil was collected in the beaker while the water was kept in
the container on the superhydrophobic Cu2O mesh (Figure 5d). The same separation process was also
applicable to the mixture of water and other oils such as gasoline, kerosene, trichloromethane, hexane,
edible oil, and so on. In addition, the oil flux of the superhydrophobic Cu2O mesh was measured and
the values were calculated by the following equation:

J = V/St (3)

where V is the volume of oil is 0.01 L; S is the effective oil-passing area of the superhydrophobic Cu2O
mesh; and t is the time for the permeation of 0.01 L of oil. As a result, the flux values of toluene,
gasoline, kerosene, trichloromethane, hexane, and edible oil of the superhydrophobic Cu2O mesh were
8.18, 7.68, 7.72, 8.36, 8.12, and 0.53 L·m−2·s−1, respectively. The viscosity of edible oil was larger than
that of other oils, which led to a long time required to penetrate the copper mesh, and the flux value
was small.
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Figure 5. (a) Water and oil on the surface of the superhydrophobic Cu2O mesh, (b) separation device
and oil–water mixture (toluene was dyed with oil red O and water was dyed with methylene blue),
(c,d) oil–water separation process.

The oil–water separation performance was investigated using the as-prepared superhydrophobic
Cu2O mesh. The oil–water separation efficiency of the superhydrophobic Cu2O mesh was evaluated
and analyzed by the following formula:

η = V/V0×100% (4)

where η represents the separation efficiency and V and V0 are the oil volume before and after the
separation experiment, respectively [43,44]. Figure 6a shows the separation efficiency of several
different types of oil and water mixtures. It can be clearly seen that the initial separation efficiency of
trichloromethane, toluene, gasoline, kerosene, hexane, and edible oil all exceeded 95%. The relatively
low separation efficiency of edible oil was mainly due to its high viscosity, which was slightly stuck
to the container wall and mesh surface during the oil–water separation process. More importantly,
the superhydrophobic Cu2O mesh exhibited excellent reusability. As illustrated in Figure 6b,
the oil–water separation efficiency was still as high as 96.9% after 50 cycles of repeated separation test
of the toluene and water mixture. The slight decrease in the oil–water separation efficiency could be
attributed to the volatilization and loss of toluene in the test process. In addition, the superhydrophobic
Cu2O mesh had the same superhydrophobicity and superoleophilicity after washing and drying,
indicating its good potential application prospects in oil–water separation.

 
Figure 6. Oil separation efficiency of the superhydrophobic Cu2O mesh: (a) for various oil–water
mixtures in the first cycle, (b) for toluene after different separation cycles.
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4. Conclusions

In summary, the superhydrophobic Cu2O mesh was prepared by a one-step reaction of red copper
mesh and hydrogen peroxide without modification of any low surface energy reagent. The growth
process, morphology, and hydrophobicity of the Cu2O film changed with the increase in reaction time.
The superhydrophobic and superoleophilic Cu2O mesh with the flower-tufted nanosheet structures
was obtained at an optimum reaction time of 30 min, and the water contact angle, sliding angle, and
oil contact angle were 165.4◦, 5.6◦, and 0◦, respectively. Moreover, the as-prepared superhydrophobic
Cu2O mesh could separate various insoluble oil–water mixtures, and the oil–water separation efficiency
was more than 95%. In addition, the superhydrophobic Cu2O mesh displayed good reusability and
stability after 50 oil–water separation cycles. This simple, low-cost, large-area preparation technique for
superhydrophobic Cu2O mesh will have a wide application prospect in the field of oil–water separation.
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Abstract: Robust superhydrophobic surfaces are fabricated on different substrates by a scalable
spray coating process. The developed superhydrophobic surface consists of thin layers of surface
functionalized silica nanoparticle (SiO2) bound to the substrate by acrylate-polyurethane (PU) binder.
The influence of the SiO2/PU ratio on the superhydrophobicity, and the robustness of the developed
surface, is systematically analyzed. The optimized SiO2/PU ratio for prepared superhydrophobic
surfaces is obtained between 0.9 and 1.2. The mechanism which yields superhydrophobicity to the
surface is deduced for the first time with the help of scanning electron microscopy and profilometer.
The effect of mechanical abrasion on the surface roughness and superhydrophobicity are analyzed
by using profilometer and contact angle measurement, respectively. Finally, it is concluded that the
binder plays a key role in controlling the surface roughness and superhydrophobicity through the
capillary mechanism. Additionally, the reason for the reduction in performance is also discussed
with respect to the morphology variation.

Keywords: robust superhydrophobic surface; surface assembly mechanism; surface
disintegration mechanism

1. Introduction

Recently, studies regarding biomimetic have been actively carried out as attempts to advance
material technology. Super-strong fibers mimicking spider fibers and anti-reflective displays mimicking
moth eyes are representative examples. Among them, smart surfaces, which mimic the self-cleaning
ability of the lotus, have attracted scientific attention for the past few decades [1–3]. It is generally
accepted that superhydrophobic surfaces—contact angle >150◦ and hysteresis <10◦—are able to bounce
off water droplets without wetting its surface [4–7]. Efforts to mimic natural superhydrophobicity has
lead researchers to fabricate artificial superhydrophobic surfaces which can be applied for a variety of
applications, including self-cleaning window and panels, anti-icing, water-resistant fabrics, anti-fouling,
drag reduction, corrosion resistance, etc., [8–12]. These properties are used to provide waterproof
properties to electronic devices [10], or to provide self-cleaning and anti-fouling functions that remove
dirt, viruses, and bacteria from medical apparatuses [13].

The essential requirements for a surface to be superhydrophobic is that it should have low
surface energy and complex nano-scale surface morphology as suggested by the Cassie-Baxter
model [14–18]. Studies have demonstrated that solid surface with increased surface roughness can
enhance superhydrophobicity [6,19]. The rough structure can trap air inside, and pushes off the
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water droplets which comes in contact with the surface. The underlying mechanism is based on the
extreme reduction in contact surface area due to the nanostructure, which helps easy sliding of water
droplets [20,21]. Thus, it is necessary to tailor a rough structure for achieving superhydrophobicity.

In order to control surface roughness, several methods have been adopted, including the sol–gel
process, chemical etching, layer-by-layer assembly, electrostatic spinning, chemical vapor deposition,
and lithographic process [2,17–23] However, these methods have issues, such as vulnerable mechanical
strength, process complexity, high investment costs, limited substrate selection, and difficulty in
mass production. These issues have been raised, but in particular, poor durability in mechanical
strength have been emphasized. Remarkable methods have been proposed for enhancing the
mechanical properties of superhydrophobic surfaces [24]. One of these methods is the protection of
fragile fine-scale surface topographies against mechanical wear by assembling larger scale sacrificial
micro-pillars on the polymer surfaces. When the micro-scale structures are built upon surfaces
with nano-level roughness, the durability of compression could be improved up to 120 kPa [25].
However, the production process for such structures is complicated, as the self-cleaning function
is affected by the ratio and patterns of the hierarchical structures. Meanwhile, studies using the
pyramid structure have indicated that superhydrophobicity is retained after mechanical abrasion.
When mechanically worn, the nano-roughness is ensured by sacrificing the tips of pyramids [26].
However, the surface is vulnerable under large and continuous stress. To date, the demand for
the robustness of the superhydrophobic surface has not subsided. Recently, a smart approach to
increase mechanical durability has been proposed by applying superhydrophobic paint on commercial
adhesives to implement properties on various substrates, and to promote robustness [27,28]. This is
a simple and flexible method that can be used for mass-production. Even though there are plenty of
reports about spray-coating of superhydrophobic surfaces on various substrates [29–31], the study
lacks knowledge about the assembly mechanism in the early stage of surface formation. In this
work, we synthesized superhydrophobic surfaces by spray coating surface treated SiO2 agglomerates
on dissolved polyurethane (PU) (binder) which are deposited on various substrates. In order to
investigate the assembly mechanism, the morphology of the superhydrophobic surfaces was controlled
systematically by adjusting the weight ratio of the sprayed particles and the binder. The prepared
samples were mechanically abraded by using a rubbing machine. The surface with optimal SiO2/PU
ratio presented robustness that maintained its superhydrophobicity after many cycles of mechanical
abrasion. The assembly mechanism responsible for superhydrophobicity in these coatings were studied
with the help of scanning electron microscopy and roughness analysis. Furthermore, the degradation
in superhydrophobicity (as a result of the collapse of the micro-protuberances) is due to the applied
stress is also discussed through roughness analysis. The underlying phenomenon for the formation of
the superhydrophobic surface is the creation of two-length scale rough surface on the spray-coated
substrate. All of the previous studies analyzed only the effect of particle/polymer ratio on the creation
of such surfaces, could not shed light into the mechanism of how these micro/nano roughness are
created on the surface of dissolved binder. In this article we report the experimental evidence of
binder penetration through the porous SiO2 agglomerates, and through capillary mechanism, which is
responsible for the formation of a robust rough surface. The systematic investigation on the assembly
mechanism and the behavior of the sprayed SiO2 particles presented here will help industrialists to
develop mechanically durable superhydrophobic surfaces.

2. Materials and Methods

2.1. Preparation of Hydrophobic Solution

A superhydrophobic solution was prepared through different steps. Initially, 2 g of SiO2 powder
(5–15 nm, Sigma Aldrich, Saint Louis, MO, USA) and 40 mL of absolute ethanol were mixed in
a beaker. Since SiO2 is hydrophilic in nature, surface treatment should be done to make it hydrophobic.
It was done by adding 2 mL of Octadecyltrimethoxysilane (OTS, 90%, Sigma Aldrich) into the stirring
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solution, and the stirring was continued for 2 h. The mixed solution was then poured on to a glass
dish and allowed to dry at room temperature for 8 h. The superhydrophobic solution was obtained by
dispersing the dried powder in 100 mL of absolute ethanol for 3 h.

2.2. Preparation of Superhydrophobic Coating

Glass slide, aluminum sheet, alumina plate, and artificial fibers were used as the substrate for
fabricating superhydrophobic surfaces. For cleaning, all substrates were ultra-sonicated successively
for 10 min in ethanol and distilled water, then dried with nitrogen gas. The acrylic polyurethane
(PU) resin and curing agent (HS Clear, KCC, Seoul, Korea) prepared in a ratio of 2:1 was stirred
manually. The substrate was then spin-coated at 200 RPM with the dissolved PU for 30 s. Immediately,
the hydrophobic solution was spray-coated on the surface of the PU coated substrate. In addition,
each surface was constructed by systematically adjusting the amount of spray of the superhydrophobic
solution. The sample was then cured for 30 min in a hot air oven. The weight of the binder and the
sprayed particles was measured after drying completely.

2.3. Characterization

For particle size analysis, the solution was diluted in ethanol and evaluated by measuring
contact angle using laser scattering particle size distribution analyzer (LA-950V2, HORIBA, Kyoto,
Japan). Superhydrophobicity of the spray-coated substrates were confirmed by contact angle analyzer
(Phoenix-10, SEO, Kromtek Sdn Bhd, Shah Alam, Malaysia). The advancing and receding angles of
the water droplets on each surface were measured, and the hysteresis was calculated. The surface
morphology of each sample was characterized by SEM (SM-300, TOPCON, Tokyo, Japan). Furthermore,
the surface roughness measurement of each sample was carried out by Surface Profilometer (Dektak,
VEECO, Plainview, NY, USA). For the evaluation of the mechanical durability of superhydrophobic
surfaces, the abrasion rubbing machine (KP-M4250, KIPAE, Gyeongju, Korea) was used. The coated
substrates under test were fixed on a leveling plate and loaded with a regulated load using a home-made
device. We controlled the pressure on coated substrates and measured the changes in contact angle
after the abrasion. Ultimately, the durability of the coated surface was identified.

3. Results and Discussion

The fabrication process for hierarchical superhydrophobic surfaces was schematically shown
in Figure 1. [32,33]. Particle size analysis of the surface treated and dried SiO2 agglomerates are
shown in Figure 1a. In order to make SiO2 hydrophobic, the agglomerated powder should be
surface functionalized with some suitable agent. Sriramulu et al. has investigated the mechanism
of functionalization of silane coupling agent, such as OTS on SiO2 nanoparticles, for application in
superhydrophobic surfaces. They demonstrated that surface functionalization of silica nanoparticle
reduces the adsorption of water [34]. The alkylalkoxysilanes like OTS can replace the alkoxy group
with –OH in the polar solvent. It requires hydroxylated surface as a substrate for their association.
The silanes on the surface of SiO2 replaced with –OH is adsorbed on the substrate, and then they
form Si–O–Si bonds through dehydration and polymerization [35,36]. Through the reaction with
OTS, the surface energy of the SiO2 reduced and hydrophobicity is increased [7]. These surface
functionalized SiO2 agglomerates are sprayed onto the dispersed binder film on the substrate and
then cured at 60 ◦C for 30 min. Applying this technique, the surfaces were fabricated by controlling
roughness and hydrophobicity on various substrates.
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Figure 1. (a) Schematic for the evolution of rough surface using the spray-coating technique,
(b–d) Surface morphology of the superhydrophobic surface structure at different magnifications,
(e–g) Digital images of water droplets on the various superhydrophobic surfaces.

Figure 1b–d shows the surface morphologies of the superhydrophobic surface at different
magnifications. It is clear from the figure that fine nanoparticles are clustered to form a surface with
higher roughness, which is considered as one of the essential requirements for superhydrophobicity.
Additionally, the observed porosity inside the structure can trap air and thereby reduce the contact
area of water drops with the surface, which is critical for enhancing superhydrophobicity. In short,
superhydrophobicity could be achieved by using hierarchical arrangements of micro/nano-sized
structure. Ironically, poor dispersion of SiO2 nanoparticle is preferably effective in making such
a rough hierarchical surface. The proposed technique for making superhydrophobic surface has greater
advantages over conventional methods—in this case, there is a wider possibility of application of any
type of solid substrate. It is believed that superhydrophobicity is only affected by the assembly of
the binder and surface modified particles. For example, on a variety of substrates made of materials,
such as metal, ceramic, and polymers, superhydrophobicity was successfully obtained, and is shown
in Figure 1e–g. There is no shape change observed for ceramic substrates, due to its inherent rigidity
and stiffness. This method is applicable to any substrate to which the binder has good adhesion.
In our work, we used acrylate-containing PU as a binder, which has many advantages, including good
mechanical properties, low-temperature curability, solvent resistance, etc., [37,38].

We systematically investigated the influence of filler and binder on the roughness of the coated
substrates by controlling the powder to binder weight ratio. Figure 2a–d shows the SEM image and
roughness profile of the spray-coated substrates with different SiO2/PU ratio (denoted as R_0.03, R_0.15,
R_0.3, R_0.9). The weight of the PU coating was measured in an indirect way—by subtracting the
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weight of the substrate before coating from that of the substrate after coating. The same procedure was
adopted for measuring the weight of the SiO2 nanopowder. It should be noted that all the weights were
taken on dried samples. After analyzing the SEM images (Figure 2a), it is clear that the low SiO2/PU
weight ratio (R_0.03) is not enough to achieve a high roughness for getting superhydrophobicity.
The measured roughness for R_0.03 is 0.116 μm, the corresponding contact angle is 74.7◦, which is well
below the par level to achieve superhydrophobicity. Also, the particles are seen almost immersed in
the binder matrix, as a result of the action of binder to minimize its surface energy [19,39]. Moving on
to Figure 2b, the increased weight ratio (R_0.15) has improved the surface roughness to a much higher
value of 3.921 μm, still, the contact angle is very low (90.8◦) to provide superhydrophobicity. Increasing
weight ratio to higher values, for example, to 0.3 and 0.9, could enhance the surface roughness to
13.165 μm for R_0.3 and 15.517 μm for R_0.9, respectively. Corresponding contact angles are 148.2◦ and
158◦, which clearly indicates that the surface is superhydrophobic. In Figure 2d, a large scale-roughness
with 15.517 μm was detected, but the change of the contact angle and Ra was reduced. The stage of R_0.3
and R_0.9 show the surface completely covered by particles. Thus, the surface roughness increases by
the number of the sprayed particle, but tends to be no longer increased above a certain level.

Figure 2. SEM images, roughness profiles and contact angle images of the surface with different weight
ratios of the particles to the binder of (a) R_0.03, (b) R_ 0.15, (c) R_ 0.3, and (d) R_0.9.

The schematics for the SiO2 nanoparticle assembly mechanism on PU are shown in Figure 3.
When agglomerated SiO2 nanoparticles sprayed on to the surface of the binder, the binder ascends
and holds the nanoparticles. As explained earlier, this occurs as a result of the action of binder to
minimize surface energy [40,41]. Meanwhile, to minimize the surface energy, it is confirmed that the
PU covers the particles (SEM image of Figure 2a). Creation of multimodal texture, is essential for
fabrication of superhydrophobic surface with particles having lower hydrophobicity, can be done
either by aggregation of particles directly on the substrate or by deposition of dispersed aggregates.
Conventionally, these dispersions are directly coated on the substrate. Thus, the peculiarities of
the formed structures are the result of the interplay between various forces, such as van der Waals
interactions, depletion interaction, ion-electrostatic repulsion and ultimately the image-charge forces
and the structural forces, particularly its polarity and magnitude determine the properties of the final
system. Since superhydrophobicity is a surface feature, which depends only on the nature of a few
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monolayers on the surface, we have the freedom to choose any material which can strongly bond the
surface layer with the substrate [32]. In our experiment, we used strongly adhering polyurethane
coating on the substrates and sprayed the highly agglomerated and surface functionalized SiO2

nanoparticles (Agglomerated average particle size = 10 μm) dispersed in ethanol (Figure 1). There is
a sharp rise in the binder level above its mean surface, as shown in the cross-sectional SEM image in
Figure 3, which let us attribute capillary action of the pre-coated binder as the responsible mechanism
for creating such a rough surface with plenty of micro-protuberances. Because of the fine space between
the sprayed particles, the binder can effectively infiltrate and surround. Due to the surface tension of
the penetrated binder, it was dragged up to the top of the SiO2 agglomerates. This continuous process
would finally yield a rough surface with plenty of hills and valleys, which can trap air inside, and,
thus, forms a perfect superhydrophobic surface.

Figure 3. Schematic image of the surface structure assembly mechanism and the fractured SEM image
of the sprayed superhydrophobic surface (False color).

One of the obstacles preventing superhydrophobic surfaces from its application in many
fields is its poor stability against abrasive wear [42]. It is known that during the friction
cycle, the micro-protuberances are easily broken, the surface becomes smoother, and eventually
superhydrophobicity will be lost. Polyurethane (PU) based elastomers have a successful history of
application on improving mechanical properties of superhydrophobic surfaces, since they can retain
the structure even after abrasion. Changhong et al. have fabricated superhydrophobic surfaces on
porous Al template using PU elastomers, they could keep superhydrophobicity even after 10,000 cycles
of rubbing at 18 cm·s−1 with a load of 2945.7 Pa [43]. As evident from Figure 3, the SiO2 nanoparticles
are completely surrounded by PU binder. The presence of binder in the composite structure can
resist or partially absorb mechanical stresses applied to it. The durability of the superhydrophobic
surface was evaluated through abrasion testing. Milionois et al. and Bayer et al. have extensively
reviewed the available superhydrophobic materials and commented on their mechanical integrity.
There are various techniques to analyze mechanical durability of a superhydrophobic surface, such as
adhesion tape peeling, sand abrasion test and tangential abrasion test (Table 1) [11,44,45]. In this work,
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we performed a tangential mechanical abrasion test to evaluate the durability of coating over several
cycles of abrasion.

Table 1. Comparison of abrasion wears resistance with the previous reports on the superhydrophobic
surface based on spray coating of composited materials.

Superhydrophobic
Material/Method

Total Abrasion Cycles Load Reference

MoS2/PU (spray coating) Over 100 m rubbing distance 500 g Tang et al. [46]
SiO2/Starch (spray coating) 17 1.1–2.1 kPa Milionis et al. [47]

SiO2/Siloxane (spray coating) 10 <10 kPa Chen et al. [48]
SiO2/EAC (spray coating) 10 40 kPa Tenjimbayashi and Shiratori [49]

Grephene/PU (spray coating) 30 15 kPa Naderizadeh et al. [45]
SiO2/PU (spray coating) 100 3.138 kPa Our study

For the evaluation, the advancing and receding contact angle was measured before and after
the abrasion. The rubbing test was conducted, as shown in the inset of Figure 4, applying 3.138 kPa
load on it. In Figure 4, the effect of abrasion on superhydrophobicity was plotted for surfaces with
varying powder/binder (R_) ratio. It is primarily understood from the figure that useful results are
obtained only for surfaces with R_ from 0.9 to 1.2. In the proposed range, the advancing contact angle
is 158◦–159◦, and the hysteresis is 4◦–5◦ before rubbing. Surprisingly, even after rubbing, the advancing
contact angle is between 153◦ and 154◦, and hysteresis between 7◦ and 9◦. One of the criteria for
superhydrophobic surfaces–hysteresis less than 10◦ is well maintained from 0.9 to 1.2. It is only possible
in a range of ensuring durability by compositing the surface structure mentioned above. For R_ values
less than 0.9 and greater than 1.2, there is a big difference between advancing and receding angle
before and after abrasion. In surfaces with lower R_ ratios, as clear from Figure 2, the roughness is
too low. For R_0.2, there was a sudden fall in advancing angle after abrasion from 147◦ to around
125◦, which cannot retain superhydrophobicity. After abrasion, the advancing angle of R_0.4 reduced
from 155.6◦ to 147.2◦ with a hysteresis of 4.6◦. Even a very small change in protuberance height can
offer a very high fall in contact angle. For higher R_ values, R_ greater than 1.2 all substrates showed
superhydrophobicity before rubbing (advancing angles ≥ 158◦, hysteresis ≤ 6◦). However, it cannot
maintain non-wetting after abrasion, and, consequently, the measured advancing angles of R_1.3
and R_2.1 reduced to 141◦ and 132◦, respectively. Loss of superhydrophobicity is expected due to
the poor attachment of SiO2 nanoparticles with the PU binder, since the spray-coated thickness is
above the penetration level of binder. Hence, any type of mechanical wear can wash away the surface
roughness and make it flatter. A second observation is that irrespective of the R_ ratio, abrasion has
reduced the contact angle of all substrates. In the given fabrication mechanism, even if the structure
is broken, due to the destruction of the binder by abrasion, the SiO2 particles can be exposed on the
surface, and the roughness and hydrophobicity can be maintained. Thus, the durability of the surface
against mechanical abrasion can be improved to higher levels than the conventional nanostructured
superhydrophobic surface. A comparison of the abrasion test with other available literature data are
presented in Table 1: The obtained results are promising and comparable with the literature data.
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Figure 4. Advancing and receding contact angles with different particle weight ratio surfaces, before
and after mechanical abrasion test.

For an in-depth investigation of mechanical abrasion on change in surface structure
and performance degradation, we analyzed the degraded surface by SEM and profilometer.
Generated roughness and degradation in superhydrophobicity can be evaluated by measuring
average surface roughness, Ra and skewness, Rsk. The Ra, average roughness, is the arithmetic average
of the absolute values of the profile heights over the evaluation length. Skewness is a measure of the
symmetry of height distribution and provides details about the number of hills and valleys on the
surface. Ra and Rsk can be calculated by the following equations [50],

Ra =
1
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3
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where N equal to 18,000, is the total number of measured points for a scan length of 2 mm, Rq is
root-mean-square (RMS) roughness which is calculated by the profilometer software from the measured
height data, Z is the mean-height distance, and surface height data Zi obtained from scan area.
SEM images of Figures 2a–d and 5c,d indicate that with an increase in the amount of sprayed articles,
the surface roughness also increases. Due to the increased roughness, the number of air pockets also
increases, and superhydrophobicity is achieved. However, surface roughness (Ra) itself is not a suitable
parameter to explain the superhydrophobicity—we should depend on other factors, such as skewness
(Rsk), for a complete interpretation. Negative skewness indicates a greater percentage of the profile
is above the mean line, and a positive value indicates a greater percentage is below the mean line.
When the absolute value of Rsk approaches zero, the shape of the surface tends to be regular and
symmetric. For example, if Rsk is a high positive value, it would tend to have a large number of hills,
and few valleys on the surface [50,51]. Since the basic strategy behind constructing superhydrophobic
surfaces are creating microscale rough structures with long range order and symmetry, skewness can
provide more information on this phenomenon.
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Figure 5. Roughness profiles before and after rubbing the surface with (a) R_0.9 (b) R_2.1 and SEM images
before and after rubbing and contact angle images after rubbing the surface with (c) R_0.9 (d) R_2.1.

Figure 5a,b shows the roughness data of the surface of R_0.9 and R_2.1 before and after abrasion
test. For R_0.9, even though the roughness has undergone a threefold reduction from 15.517 to 5.842 μm,
due to the abrasion, the comparatively similar skewness tells us that the profile is still symmetric and
regular. Since the difference in Rsk before and after abrasion is negligible, the superhydrophobicity
could be maintained [52]. These observations are in well agreement with the surface morphology of
R_0.9 (Figure 5c). By contrast, R_2.1 shows a large change in Ra and Rsk after rubbing. A remarkable
reduction in Ra from 10.7 to 3.17 μm is observed, whereas Rsk reached a very low value of −2.74 after
prolonged rubbing. The reason for the decreased contact angle can be attributed to the value of
skewness. As described earlier, a negative Rsk means that the roughness parameter is tilted up.
Since Rsk shows high negative value, it could be predicted that the surface had few numbers of deep
valleys and relatively flat top surface. It is consistent with the SEM images of Figure 5d. In fact,
in the analysis by SEM observation, there are no more protuberances observed on the surface of
R_2.1 after rubbing (Figure 5d), and a flattened surface is obtained. The flat surface with few deep
valleys is not accounted for by the collapse of surface structures as reported previously. This flatness is
the result of the removal of particles from the top of the hills and its deposition in the deep valleys.
Since R_2.1 contains a quantity of SiO2 powder greater than its accommodation limit, there can be few
layers of particles which are ahead of the penetration limit of PU, are loosely attached. On rubbing,
these particles are easily removed from the top and deposited inside the deeper valleys. This process
reduces the number of air-pockets, and, hence, suppresses superhydrophobicity, as it depends on
the number of air cavities on the top surface. This observation is matching with the SEM image of
Figure 5d.

To summarize, the binder, as mentioned in the description of the mechanism, penetrated through
the particles, mixed, and combined to form a composite material, which could resist stress and support
the particles. With this mechanism, we fabricated a robust superhydrophobic surface based on the
penetration of polymer and organic solvent.

4. Conclusions

This paper discusses the fabrication of superhydrophobic surface by spray coating functionalized
SiO2 nanoparticle on PU binder on a different substrate. The robustness of the coating against
mechanical abrasions was tested, and its effect on superhydrophobicity is analyzed by contact
angle measurement with the support of surface profilometer and SEM analysis. We systematically
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investigated the influence of the weight fractions of surface functionalized SiO2 nanoparticle and PU
binder on the superhydrophobic performance of the surface. The capillary action of the dissolved
binder through the agglomerated particle is observed and is responsible for holding the particle
tightly and keep it protected against mechanical abrasion. This particular behavior of the binder is
first identified in our work. The samples with specific ratio demonstrated a contact angle greater
than 150◦ after 100 abrasion cycles, and the optimum ratio for maintaining the surface structure
against mechanical abrasion is obtained between 0.9 and 1.2. The relatively high abrasion resistance is
believed to be due to the influence of the mechanically strong PU binder employed here. In addition,
the principle of performance degradation and the collapse of the surface structure were studied through
the roughness analysis. Over the optimized particle ratio, interesting surface changes, due to collapse
is observed after rubbing. In particular, a flat surface structure was generated by the unsupported and
excessive particle lumps. As the structure changed, the superhydrophobic performance was lowered
as well. The design and manufacture with the proposed particle-to-binder ratio could increase the
mechanical durability of the superhydrophobic surface.
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