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FORMATION OF EFFECTIVE
CONCENTRATION OF FILM FORMING
SUPERHYDROPHOBIC COATINGS BASED
ON SILICON DIOXIDE

The object of research is the hydrophobization of a coating based on styrene-acrylic copolymer and cellulose
acetate butyrate with pyrogenic silicon dioxide. The hydrophobicity or hydrophilicity of a surface depends mainly
on the chemical structure of the surface and its roughness. A relief hydrophilic surface will be wetted much more
easily than a flat surface of the same material, and vice versa — an increase in the roughness of a hydrophobe is
accompanied by a more pronounced repulsion of water. The size and number of irregularities significantly affect
the wetting characteristics of the investigated surface. The combination of low surface energy and relief structure
Jorms a superhydrophobic surface. Such surfaces have found application in self-cleaning, frost-resistant, antifriction,
electrically conductive and oil-sorbing coatings. In this work, styrene-acrylic copolymer and cellulose acetate butyrate
were used as a film former. Pyrogenic silicon dioxide Aerosil R 972, which was hydrophobized with dimethyldichlo-
rosilane, was used as a nanofiller. In this work, the compositions were applied to laboratory glasses by dip coating.
The determination of surface energy was carried out using glycerin and diiodomethane. The hydrophobic properties
of the coatings were evaluated by measuring the contact angles with water using a goniometer. The analysis of the
morphological structure of the coating surface with photographs of a scanning electron microscope has been carried
out. The energy state of the surface of the created superhydrophobic coatings has been determined and their surface
energies have been calculated using the technique based on the Owens-Wendt model. The process of hydrophobiza-
tion of polymer-based coatings is investigated, which occurs both due to chemical modification with the introduction
of silicon dioxide and due to the creation of nanoroughness of the surface layer of the coatings. The dependences
of this process on materials are investigated using an electron microscope and the determination of their surface
energy depending on the SiO, filling. The values of the critical concentration of the modifier for the transition of
polymers to the superhydrophobic state have been determined. As a result, the influence of polymer crystallinity on
hydrophobization was determined by comparing changes in the surface energy of materials during their modification.
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1. Introduction

The ability of solid surfaces to repel certain liquids depends
mainly on two factors: the chemical composition of the active
groups on the surface and its morphology. So, materials on
the surface of which non-polar chemical groups predominate
(for example —CH,, —CHjs, —CHal) have a low surface energy
(35-40 MJ /m? in carbon [1]). This means that they are not able
to create strong bonds with the liquid and show hydrophobic-
ity (the angle of wetting of carbon is approximately 90° [1]).
While bodies with a polar surface, for example, metal oxides,
exhibit high surface energy, which can reach 1000 M]/m?
for example, in CaO, the surface energy is 1032 M]J/m? [2].

The surface structure also has a significant effect on wet-
ting: as a rule, the presence of irregularities on the surface
significantly increases the output wetting ability [3, 4]. That

is, a relief hydrophilic surface will be wetted much easier
than a flat surface of the same material, and vice versa — an
increase in roughness by a hydrophobe is accompanied by
a more pronounced repulsion of water. This is because the
appearance of roughness on a flat surface leads to an increase
in its wetting angle and an increase in adhesion between
this surface and the liquid, since the contact area on an
uneven plane increases [5]. The size and number of irregu-
larities to a large extent affect the characteristics of wetting
of the investigated surface.

As a result of the combination of the low energy of the
surface with its relief structure, a superhydrophobic surface is
formed. One of two types of wetting is realized for them [6]:

— homogeneous, in which the liquid contacts the entire

surface of the solid, completely filling all its irregulari-

ties (the state of the monogram [7]);
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— heterogeneous, in which air is entrained inside the

surface irregularities (the Cassi state [8]).

In addition to the named basic models of wetting, there
are also a number of other models that describe states
intermediate between monograms and Cassi [9, 10].

Such surfaces have very strong water-repellent proper-
ties, therefore coatings capable of forming superhydrophobic
surfaces are often used to give materials the following
characteristics:

— self-cleaning [11];

— frost-resistant [12];

— anti-friction [13];

— electrically conductive [14];

— oil-sorbing [15].

In the case of using organomineral dispersions for the
formation of textured surfaces based on thin-layer coatings,
fillers are the main means of forming the relief. Accord-
ingly, predicting and regulating the effective filler/matrix
ratio is an urgent problem.

Thus, the object of research is the hydrophobization of
coatings based on styrene-acrylic copolymer and cellulose
acetate-butyrate with pyrogenic silicon dioxide. Accord-
ingly, the aim of research is to establish the regularities
of the formation of the values of the effective concentra-
tion of the filler to achieve the superhydrophobic state
of such systems.

2. Methods of research

2.1. Materials. In this work, the following polymer
film-formers were used as a binder: styrene-acrylic copo-
lymer Pliolite AC-80 (Omnova solutions, USA) and cel-
lulose acetate butyrate CAB-381-0.5 (Eastman, USA). The
mass fractions of acetate and butyrate groups are 13.5 and
37 mass. %, according. Pyrogenic silicon dioxide Aerosil
R 972 (Evonik, Germany), hydrophobized with dimeth-
yldichlorosilane, was used as a nanofiller. The xylene and
tetrahydrofuran solvents were purchased from VWR Inter-
national (USA). Glycerin and diiodomethane (VWR In-
ternational, USA) were test liquids for determining the
surface energy of the coatings. Levenhuk G50 laboratory
glasses (USA) were used as substrates for coatings.

2.2. Technique for the preparation and analysis of super-
hydrophoehic ceatings. The superhydrophobic coatings were
based on prepared 5 % solutions of AC-80 polymers and
cellulose acetobutyrate in xylene and tetrahydrofuran, re-
spectively. To introduce particles of silicon dioxide into
the polymer composition, a dispersion was prepared with
4 g of Aerosil, which was used to disperse 26.6 ml of the
solvent by ultrasound for 10 min. The resulting dispersion
was mixed on a magnetic stirrer at a speed of 600 rpm
for 15 min, after which it was mixed with a polymer so-
lution in the required ratios, and brought to the finished
state in the same way. After mixing, the compositions were
applied to laboratory glasses by dip coating. The applied
coatings were dried at room temperature for 24 hours.

The hydrophobic properties of the obtained coatings
were estimated from the results of measuring the contact
angles of wetting with water 6 (WCA). For these measure-
ments, a Kyowa DM-701 goniometer (Japan) was used
together with the WinDrop software. On each sample,
5 measurements of the contact angle were made, and the
arithmetic mean of 5 measurements of each of the three

samples of the studied formulation was considered the
final result. The measurement error was =5 %.

The analysis of the morphological structure of the
surface of the obtained coatings was carried out using
photographs of a scanning electron microscope (SEM)
Quanta 650 FEG (FEI, USA).

To characterize the energy state of the surface of the
created superhydrophobic coatings, their surface energies o,
o? and o} were calculated using the method based on
the Owens-Wendt model [16] described in [17].

The value of surface tension and its components ¢?
and of test fluids are given in Table 1.

Tahle 1

Surface tension and its components of test liquids (18]

Surface tension, mJ/m?
Liquid
total value | dispersion component | polar component
Diiodomethane 50.8 50.8 0
Glycerol 64 34 30
Water 72.8 21.8 51

For a more accurate determination of the surface energy,
liquids with different polarities were used. As it is possible
to see from the Table 1, dilodomethane acts as a non-polar
liquid, water is polar, and glycerol has approximately the
same values of both the polar and dispersion components
of the surface tension.

3. Research results and discussion

In order to determine the minimum amount of filler
required to achieve a superhydrophobic state of the coating,
two rows of coatings were prepared, one for each polymer.
The concentration of silica particles in coatings based
on cellulose acetate butyrate (CAB) ranged from 0 to
30 wt. % in steps of 5 wt. % In relation to the mass frac-
tion of the polymer. In the case of styrene-acrylic (AC-80),
the concentration increased from 0 to 6 wt. % in steps
of 1 wt. %. To reduce the experimental error, 3 samples
were prepared for each value of the filler concentration.
The assessment of the hydrophobicity of the coatings was
carried out according to the results of measurements of
the contact angle of wetting with water. The results of
these measurements are presented in the form of graphs
in Fig. 1. The contact angles of pure polymer films of
cellulose butyrate acetate and styrene-acryl without the
addition of filler were 72° and 78°, respectively, which
is in good agreement with the values of similar polymers
in previous studies [19, 20].

As can be seen in the graphs (Fig. 1), with an increase
in the content of the filler in the coating composition, the
contact angle with water increases to reach a value of
125-130°. The minimum critical concentration of polymers
is 6 wt. % In the case of styrene-acrylic and 30 wt. % for
cellulose acetate butyrate. With the content of such an
amount of filler in the composition of the coating composi-
tions, the effect of superhydrophobicity was achieved due to:

1) decrease in the surface energy of coatings due to
the chemical modification of silicon dioxide with dime-
thyldichlorosilane;

2) appearance of nanoroughness in the surface structure
of the resulting films.
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For a deeper understanding of the surface transforma-
tions that accompany the hydrophobization of coatings,
their surface energy was calculated using the Owens-Wendt
method. The calculation results are presented in the form
of a graph in Fig. 2.
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Fig. 1. Dependence of the angle of wetting with water WCA
on the degree of filling with silica particles: a — cellulose acetobutyrate
in the range from O to 30 wt. %; b — acrylic copolymer
in the range from 0 to 6 wt. %
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Fig. 2. Dependence of the surface energy of superhydrophobic
coatings on the degree of filling with silicon dioxide in the range
from O to 30 wt. %: AC-80 — styrene-acrylic copolymer;
CAB - cellulose acetate butyrate

It is known that an increase in the contact angle is
accompanied by a decrease in the surface energy of solids,
which is explained by the stronger interaction between
the molecules of the solid surface compared to the force
of interaction between the solid and liquid phases [21].
Let’s consider this process in more detail using the exam-
ple of hydrophobization of acetate butyrate.

At first, a drop in energy is observed when adding
a filler from 0 to 10 wt. %, which is explained by the partial
substitution of the polar groups of cellulose acetate by less
polar groups of the aerosil hydrophobizator — dimethyldi-
chlorosilane. Such changes in the chemical structure of the
coating surface can explain the first pronounced increases
in the angles of wetting with water in Fig. 1. Further ad-
dition of aerosil more than 10 wt. % probably leads to the
appearance of the first duels of nanoscale formations on
the surface of the coating, accompanied by fluctuations in
its surface energy. Introduction of 30 wt. % modifier most
likely provides stabilization of the surface structure of the
coating, as a result of which it passes into a superhydropho-
bic state, as evidenced by the contact angle value of 127°.
The identifier of the transition to the superhydrophobic
state of the coating based on styrene-acrylic copolymer is
the water contact angle of 134°.

The difference between the curves in Fig. 2 can be explained
by the different crystallinity of the materials used, it can be
noted in the analysis of photographs of the surface of untreated
polymers obtained with an electron microscope (Fig. 3, a
and Fig. 4, a). Thus, the surface of a cellulosic poly-
mer (Fig. 3, a) is characterized by the presence of a globular
structure, while an acrylic polymer (Fig. 4, a) is a pure
transparent film, since the first material has an amorphous
structure, and the second is crystalline [22, 23].

Fig. 3. SEM photo of coatings based on cellulose acetate butyrate:
a — without aerosil; b — with the addition of 30 wt. % aerosil

Fig. 4. SEM photo of coatings based on styrene-acrylic copolymer:
a — without aerosil; b — with the addition of 6 wt. % aerosil

Comparing the photos shown in Fig. 3, 4, it is possible
to trace the change in the morphology of the coatings dur-
ing the filling of aerosil film-formers, which in turn leads
to an improvement in their water-repellent properties. The
photographs in Fig. 3 show significant differences in the
surfaces of cellulose coatings before (a) and after (b) hydro-
phobization. In the photo Fig. 3, @ shows that only polymer

s
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molecules are present on the coating surface; the water-
wetting angle of this coating is 72°. But the surface with
the photo Fig. 3, b is dotted with nanoscale irregularities
formed by particles of silicon dioxide, the contact angle of
such a surface is 127°. In Fig. 4, similar changes are observed:
the left side of photo (@) is a flat film of styrene-acrylic
copolymer without any pronounced irregularities, while the
surface on the right side of photo (b) has a clear roughness.
The contact angles of conventional and superhydrophobic
surfaces for comparison are 82° and 134°, respectively.

4. Conclusions

It is shown that fumed silica is an effective means of
regulating the texture of thin-layer coatings. It is found
that the value of the effective concentration of hydrophobi-
zed silicon dioxide to obtain a superhydrophobic coating is
6 wt. % for acrylic film former and 30 wt. % for cellulose
acetate butyrate. The angles of water wetting of coatings
based on these film-formers reach 134° and 127°, respectively.

Using the Owens-Wendt approach, it is shown that as
the content of filler nanoparticles increases, the total surface
energy of the material decreases. In the case of an acrylic
film former, this decrease is sharper than in the case of
acetobutyrate and amounts to 32 % and 11 %, respectively.
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