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1. INTRODUCTION

Over the years, one of the perennial problems facing construction elements is the
degradation of the materials they are composed of. This phenomenon is caused by a
number of factors, including moisture on the surface of construction elements, exposure
to certain environmental pollutants, and the action of biological agents. Degradation
can manifest itself in various ways, such as the blackening of surfaces, growth of micro-
organisms, or even the appearance of fractures and detachment of the outer surface
layers of structures. Such phenomena not only affect the aesthetic appearance of
buildings but also pose risks to the health and safety of people in the affected areas. To
combat these problems, it is essential to carry out both preventive and corrective
maintenance [1]-[3].

In an effort to reduce maintenance costs and prolong the life span of buildings,
numerous studies have been conducted in recent decades focusing on the development
and application of coatings that affect how the surface of the material interacts with
water. Such coatings can render materials hydrophobic or hydrophilic via a humber of
techniques [4]-[8].
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The two leading ways to modify the water affinity of materials are: 1) by making
changes to surface roughness, thus generating hierarchical structures of micro- and
nanometric roughness on the surface to reduce the contact area between liquid and
materials, using oxides such as SiO, [9]-[13], ZnO [14]-[16], TiO2 [17]-[19] and Al.O3
[20], [21], among others; 2) by incorporating functional groups onto the surface of the
material, such as compounds with long-chain aliphatic groups to increase water
repellency and OH groups to increase water affinity.

Among the metal oxides most commonly cited in the literature used to alter
surface roughness are SiO;, TiO, and ZnO. These oxides can be used in the form of
commercially available nanoparticles in powder or in both hydrophobic and hydrophilic
solutions. It is also possible to prepare nanoparticles by sol-gel reactions using various
routes and precursors, which enables a variety of surface performance characteristics
to be achieved once they are deposited on the relevant substrates.

A prominent example is the work of Wang [4], who describes a super-hydrophilic
coating fabricated by mixing two SiO. sol-gel solutions, one obtained using an acid
catalyst and the other an alkaline one. The first type of sol produces a dense coating
with good mechanical stability, while the second type allows very high transmittance to
be achieved. The results of his study revealed an average contact angle of 4.6° and an
increase in transmittance of the original glass substrate from 88.1% to 94.45% for the
glass substrate with the new coating. Furthermore, the coating is reported to exhibit
satisfactory mechanical strength, which was verified by pencil hardness tests.

Another author reporting a SiO; coating with good mechanical stability is Zhao
[22]. In his research, he developed super-hydrophobic surfaces on various substrates
such as wood, copper plates, pieces of fabric, Mg-Al alloys and silicon wafers, with
contact angle values of up to 163°. In addition, he demonstrated this mechanical
stability by abrasion testing.

The above examples highlight the versatility of coatings based on nanoparticles
and metal oxides to modify surface properties, which has significant applications in
various areas of science and technology.

The use of TiO; and ZnO not only provides super-hydrophobic and super-
hydrophilic properties but is also able to degrade organic pollutants by UV/visible light
irradiation, which has resulted in significant advances in research. In Wang’s work [5],
degradation of the pollutant methyl orange was achieved by generating a coating from
TiO2 nanoparticles deposited on SiO; microspheres. This superhydrophobic coating
proved effective in degrading pollutants under the influence of UV/visible light.

In addition, Talinungsang et al [23] developed a super-hydrophilic coating
combining ZnO and SnO,. This coating displayed effective photocatalytic properties for
degrading methyl orange and methylene blue, while they also explored coverings that
are able to alter wettability by activation with ultraviolet light.

Rodriguez-Villalobos [16] presented an interesting study on the development of
a coating made with ZnO nanorods with hydrophilic properties on marble and natural
stone substrates.
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When the coated pieces were exposed to UV light for one hour, a significant
change in contact angle was observed, which decreased from close to 20° and 10° to
below 5°. This method of activation with UV displays a promising ability to alter surface
properties dynamically.

In another study, Jingpeng Li [24] presented a ZnO- and OTS-based coating on
bamboo substrates. In his work, tests were carried out to alter the contact angle by
irradiation with UV light for 12 hours, achieving values close to 0°. Subsequently, the
pieces were kept in the dark for 10 days, which produced contact angles of up to 153°.

Such advances in the application of TiO, and ZnO, not only to modify surface
wettability but also to degrade organic pollutants through photocatalysis, open up fresh
opportunities for developing coatings and technologies that may have a significant
impact in various areas of science and technology.

The main objective of our research is to modify water affinity on the surface of
different ceramic substrates used in construction. That would allow such coatings to be
applied on the surfaces of buildings and items of cultural value, such as monuments
and historic edifices, to prolong their useful life, preserve cultural heritage and reduce
the constant need for maintenance, as well as the high costs associated with those
tasks.

2. METHOD

Two types of coating have been developed in our study: a hydrophobic one using
SiO, nanoparticles and triethoxyoctylsilane (TOS) in solution with ethanol, and a
hydrophilic one by growing ZnO nanoparticles on the surface of different ceramic
substrates used in construction, such as concrete, natural stone, or roofing tiles and
ceramic tiles. The aim was to change the surface energy of the substrates and generate
hierarchical roughness using the spray-coating technique.

The ceramic substrates were purchased locally and the concrete was prepared
with sand and Portland cement. All substrates were washed and dried beforehand to
remove any dirt or dust on the surface.

The modification in the hydrophobicity of the workpieces after the coatings were
applied was determined by measuring the contact angle with a Dataphysics OCA 15
PLUS measuring device, using 3ul de-ionised water on the surfaces of the coated and
uncoated pieces.

Fourier transform infrared spectroscopy (FT-IR) was used to analyse the changes
in the bonds on the surface of the SiO, particles and the coated substrates.

Pull-off adhesion tests were carried out using an Elcometer 510 model T with a
pull-off rate of 0.2 MPa/s and a 20mm pull stub on both coated and uncoated specimens
with a surface area of 5 cm x 5 cm.

The morphology of the deposited particles was characterised using a JEOL 6010
Plus Scanning Electron Microscope with low vacuum configuration.
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3. RESULTS AND DISCUSSION
3.1. CONTACT ANGLE

Figure 1 shows images of the contact angle for the ceramic pieces both before
and after the hydrophilic and hydrophobic coatings were applied. Figure 1a shows the
ceramic tile material with an initial contact angle of 72.8° located in the centre of the
image. On the far left, the contact angle with the hydrophilic coating is seen, with a
value of 17.8°, while on the right side, the contact angle for the hydrophobic coating is
shown, which reaches 130°.

Figures 1b and 1c show the contact angles for natural stone and concrete,
respectively. Both materials had contact angles before the coatings were applied of 52°
and 55¢, respectively. Those values went down to 22.4° and 30.9° with the hydrophilic
coating and up to 144° and 145° with the hydrophobic coating, respectively.

Figure 1d presents the contact angle for the roofing tile material. Before the
coatings were applied, this material had an initial contact angle of 97°. With the
hydrophilic coating, contact angle decreased to 34°, while with the hydrophobic coating,
it increased to 146°.

(a)

Figure. 1. Photos of the contact angle for the different test substrates a)
ceramic tile, b) natural stone, c) concrete and d) roofing tile.

Although contact angles do not reach super-hydrophobic levels nor are they low
enough to be considered super-hydrophilic, they do allow water droplets to move over
the surface of the materials. In the case of the hydrophobic coating, the droplet may
run a little thanks to the slight slope, whereas with the hydrophilic coating, the droplet
spreads evenly over the surface, as expected.

www.qualicer.org | 4



CASTELLON (ESPANA) == QUALI 24

3.2. ASSESSMENT OF COATING ADHESION

This evaluation compared the results obtained for coated and uncoated pieces.
Figure 2a illustrates the set-up used for the adhesion test, which consists of a pull stub,
resin and a coated substrate. Figure 2b shows the types of failures observed on the
surface of the pull stub after the adhesion test.

D - Pull stub
c/D . Resin
£ — o B/C :
B 7] A/B V////: Coating
ggg\,l Substrate
A 2
b
) Substrate Hydrophilic Starting Hydrophobic

Ceramic tile

Natural stone

Concrete
Roof tile .

Figure 2. a) Diagram of the set-up for pull-off adhesion testing, b) bottom view of the pull
stub after failure.

When the adhesion failure values presented in Figure 3 are analysed in
conjunction with the images of the pull stub surface, one can see that, in the case of
the hydrophobic covering, there was a decrease in the strength recorded for the ceramic
tile and roofing tile materials. In these cases, failures occurred at the interface involving
the coating. Consequently, average bond strength for the hydrophobic coating on those
materials is estimated to be in the range of 3-3.5 MPa. On the other hand, when
evaluating the natural stone and concrete materials with the hydrophobic coating, a
slight increase in values was noted compared to the uncoated pieces. Furthermore, in
Figure 2, it can be seen that failure was related to the cohesion of the substrate rather
than the adhesion of the coating.

On the other hand, the results for the hydrophilic coating are also presented.
Both the values in Figure 3 and the types of failure observed for the natural stone,
concrete and roof tile materials (Figure 2a) were similar to those of the uncoated pieces.
However, in the case of the tile, an increase in bond strength was seen and the type of
failure observed occurred between the resin used and the pull stub. This behaviour
might be related to the presence of ZnO microstructures on the smooth surface of the
tile.
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Figure. 3. Adhesion strength values recorded at failure for the different test
substrates.

3.3. SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy images were used in the study to evaluate the
changes in surface morphology. Figure 4 presents a comparison between uncoated
concrete surfaces and the same surfaces with hydrophobic and hydrophilic coatings.

Figure 4b shows an image of an uncoated concrete piece at a magnification of
50,000X, where a flat and smooth surface is visible. On the other hand, in (a) and (c),
which are of concrete surfaces with hydrophilic and hydrophobic coatings, respectively,
significant differences can be observed.

In (a), the hydrophilic coating is depicted, which was achieved by the deposition
of two solutions. The first solution was used to seed the ZnO, while the second one was
used to grow the ZnO nanorods. In the image, rod-shaped structures can be identified
in the centre-left area. However, it is important to note that the size of those structures
is rather large to be termed “nano”. Furthermore, one can see that growth of the
structures was not uniform across the entire surface.

In (c), amorphous SiO; particles can be seen deposited on the surface of the
concrete. Also present are clusters of those particles, which produce a non-uniform
coating. That in turn creates areas on the concrete surface that are exposed to
interaction with the droplets of water, leading to a decrease in the contact angle
observed.
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Figure. 4. Micrographs of the concrete surface a) with hydrophilic (ZnO) coating, b) with
no coating, c) with hydrophobic coating (SiO:).

A future objective is to reduce the size of the deposited particles by making a
ZnO seeding solution, which will permit more orderly growth and smaller-sized
structures on the surface of the material. This approach aims to achieve greater
uniformity and control of surface morphology, which could have a significant impact on
the performance of the coating.
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3.4. FOURIER TRANSFORM INFRARED SPECTROSCOPY

Functional group analyses were performed on the surface of SiO; particles using
Fourier transform infrared spectroscopy (FT-IR). Two sets of FT-IR spectra were
obtained: the first corresponding to test substrates before any coating was applied, and
the second to the substrates after the hydrophobic coating was applied. The spectra are
presented in Figure 5.

The top three spectra correspond to the roofing tile, natural stone and concrete
substrates before coating, respectively. The bottom three spectra correspond to the
same substrates with the hydrophobic (SiO;) coating.

In the spectra for coated natural stone and concrete pieces, characteristic bands
of symmetric and asymmetric stretching vibrations can be identified for groups C-H in
the 2900-2850 cm™ range [25]. Also, peaks corresponding to C-H bending vibrations
are found in the 1400-1350 cm™ range, indicating the presence of the aliphatic TOS
silane group on the surface of the materials [26]. Note the band located at 807 cm,
assigned to the Si-C bond, which is formed as a result of the aliphatic group bond with
the silicon of the TOS [27]. In addition, bands can be seen at 972 and 456 cm,
corresponding to Si-OH and Si-O-Si, respectively [13], [28]. This increased intensity of
the Si-O-Si bands can be attributed to the bonds generated on the surface of the SiO;
particles during the TOS coupling process.
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Figure. 5. FT-IR spectra of the test substrates before and after applying the
hydrophobic SiO: coating.
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4. CONCLUSIONS

The coatings developed in this project enable the affinity of water to be modified
on the surface of various ceramic substrates used in construction. These coatings, based
on SiO; and ZnO nanoparticles, have demonstrated their ability to alter the surface
roughness and surface energy of the materials, resulting in significant changes in
contact angles and an ability to repel or retain water.

Our results revealed that hydrophobic coatings can generate contact angles
greater than 130°, indicating high water repellency, while hydrophilic coatings can
reduce contact angles to less than 35°, thus enhancing water affinity. Although these
values do not reach super-hydrophobic or super-hydrophilic extremes, they
demonstrate the effectiveness of the coatings in modifying surface properties in a
controlled manner.

In terms of coating adhesion, a variation in performance was observed,
depending on the type of material and the type of coating. In general, hydrophobic
coatings exhibited a decrease in adhesion strength on materials such as ceramic tiles
and roofing tiles. On the other hand, hydrophilic coatings did not significantly affect
adhesion on most substrates, except for the ceramic tile, where an increase in adhesion
strength was observed.

Using scanning electron microscopy, it was possible to visualise the differences
in surface morphology before and after the coatings were applied. Although the
morphology was modified by the nanoparticle deposition, the need to improve
uniformity and control growth of the structures on the surface of the substrates is a
major factor.

Finally, Fourier transform infrared spectroscopy confirmed the presence of
functional groups on the surface of the SiO; particles after the TOS coupling process.

The findings presented here support the possibility of extending the lifespan of
buildings, preserving cultural heritage and reducing maintenance costs, while
contributing to a better understanding of surface modification in practical applications.
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