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Abstract: In this study, the suitability of waste from glass fibre production as a secondary filler for
a polymeric durable hydrophobic coating, based on an innovative polyurethane organic–mineral
base, was experimentally verified. The main aim of this work was to develop a basic formulation
for a polymeric hydrophobic coating designed primarily for usage in aggressive environments. For
this purpose, a total of four formulations were tested with different weight percentages of waste
glass fibre, i.e., from 30 to 60%. The basic properties in the fresh state, such as the coating workability
and kinematic and dynamic viscosity, were verified, and an application test was performed. The
formulations were also verified after the polymerisation of the coating. Adhesion on a concrete
substrate and the tensile properties and hardness of the coating were tested. Chemical resistance to
liquid aggressive media and the microstructure of the coating after exposure to SO2 were also tested,
as these are critical properties. All the formulations showed better workability than the reference
coating without a filler, and the formulation with the highest filling (60%) appeared to be optimal.
The maximum adhesion on the concrete substrate (11.9 MPa) and tensile strength (21.6 MPa) were
recorded for the formulation with 60% waste fibreglass. It can be concluded that with an increase
in the waste glass content, there was a significant improvement in the properties of the coatings.
Additionally, the waste fibreglass did not have a significant negative impact on chemical resistance.

Keywords: organic-mineral-based polyurethane coating; fibreglass waste; chemical resistance;
microstructure; mechanical properties; viscosity

1. Introduction

Polyurethane coatings are typically categorised into one-component and two-component
coatings, with the latter being more commonly utilised. These coatings can produce a film at
ambient temperatures through the creation of a chemically cross-linked film. Polyurethane
coatings are well known for their superior adhesion, high resistance to abrasion, consistent
elasticity, excellent water resistance, and notable resistance to solvents, oils, and chemicals.
Moreover, they possess outstanding electrical insulating properties [1–3]. Polyurethane
coatings are therefore considered to be among the best existing polymer coatings. They are
a fairly new family of materials that have a wide range of uses. The universality of these
polymers is mainly attributed to the fact that it is possible to produce the desired polymer
from a wide range of monomer materials, such as macrodiols or diisocyanates, as well as
through chain extension effects [4]. These components are responsible for the main link
required for polyurethane synthesis to occur, which is the result of isocyanate reactions.
The individual components of the polyurethane resin then determine the properties of
the resulting polymer. The production of these polymers requires four basic components,
namely polyisocyanates, polyols, chain extenders, and catalysts [5–8].

The chemical reactions arising during the curing of polyurethane materials are based
on the polyaddition and polycondensation reactions of isocyanates. In addition to the
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basic polyaddition reaction between multifunctional isocyanate and polyol, possibly with
accelerator amines, there are side reactions of isocyanate with water to form CO2 and
recombination reactions with polyaddition intermediates. In contrast, when sodium water
glass enters the reaction with materials of the organic–mineral type, a porous network is
formed that is significantly more stable—isocyanurate. Thus, synthetic resins are formed
that have a very porous structure and are similar to ceramics. The pores are closed and
smaller than 0.01 mm. The pore size is a function of the intensity of mixing of the two
components. The pores are filled with silicic acid gel or sodium carbonate crystals, i.e.,
Na2CO3·10H2O [9–11]. Organic–mineral resins consist of a mineral (inorganic) component
and an organic component. The dosage ratio of the two components is usually 1:1, and the
reaction is exothermic. Organic–mineral resins are resistant to water, organic acids, alkalis,
petrol, oils, and lubricants and show resistance to mechanical stress (abrasion, impact).
An important characteristic of these materials is their density (greater than that of water),
which allows them to be used in wet environments or even underwater. The advantage of
these materials is that only water is released during the polymeric reaction, as well as a
limited amount of CO2 as the volatile component, so they can also be applied in confined
spaces [12–15].

The use of waste fillers in polymer coatings is a very topical issue, not only from
an economic point of view but also from an ecological point of view [16–19]. Dwideved
et al. [20] found that the addition of secondary fillers improved the mechanical proper-
ties of polymer coatings but also increased their viscosity and decreased their adhesion
on substrates. Kumar et al. [21] described the effects of different types of fillers on the
properties of polymer coatings. The results showed that the formed microstructure had
a dense coating with an interpenetrating network. In the case of glass-fibre-reinforced
polymers (GFRPs), thermoset polymers are used as a matrix because they present better
mechanical properties and greater resistance to temperature, gas penetration, and impact
when compared to polymers of a thermoplastic nature [22].

The future perspectives for the recycling of glass fibres are promising, so the develop-
ment of a product composed of such reused material should be researched [23]. GFRP waste
incorporation causes higher thixotropy to ensure easier gel-coating application; however,
the mechanical properties of the resulting composites are lower those of the original GFRP
material [24]. In one study, an increase in the glass fibre content in epoxy composites led
to poor mechanical properties and lower wear resistance [25]. E-Glass-fibre-reinforced
polymer composites have major advantages, such as the combination of a light weight and
high strength-to-weight ratio; they are also easy to fabricate, which cannot be said of many
conventional polymer materials [26].

The main purpose of a coating is to limit the ingress in concrete of water and salt
solutions, i.e., substances that cause severe degradation problems [27]. The durability
of hydrophobic surface treatments depends on the type of polymer used, the exposure
conditions, and, importantly, the depth of penetration [28]. The penetration depth is taken
as the thickness of the hydrophobic layer of the coating [29]. The use of an epoxy resin
coating system with a hydrophobic organic top layer and a porous deep eutectic solvent
(DES)-based inorganic conversion film as the bottom layer was proposed on a magnesium
alloy substrate to improve the corrosion resistance of the substrate [30].

Such protective coatings for the surfaces of concrete exposed to harsh environmental
conditions should also have a thickness (up to 2.5 mm) that is appropriate considering the
effects of such an environment [31].

At present, there is a desire to find a suitable application for waste from the production
of glass fibres. At the same time, the requirements of modern operations in terms of the
degree of chemical resistance of surface-protective treatments, such as coatings and screeds,
are growing. The aim of the present study was to find a suitable polymer-based composite
that can create a functional, highly resistant coating up to a thickness of 1 mm that can
withstand chemically stressed environments (especially wastewater, where HCl, NaOH,
H2SO4, and SO2 are present). For this reason, a hybrid organic–mineral resin was also used
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in the composite, which stands out for its chemical resistance and ease of application. The
aim was to develop and test suitable coatings with good mechanical parameters, excellent
chemical resistance, and long-term durability, with the highest possible filler content, taking
into account economic and ecological aspects.

2. Materials and Methods
2.1. Materials
2.1.1. Polymer Binder

Supermin is a hybrid polyurethane base and a two-component organic–mineral resin
that is designed primarily for chemically and mechanically stressed environments. This
material is highly chemically resistant and is used in this research as the polymer binder.
Component A is a milky white liquid and is a mixture of organic additives and water
glass (sodium silicate), and component B is a brownish-yellow liquid and is a modified
polyisocyanate based on 4,4’-diphenylmethane diisocyanate (MDI), isomers, and homo-
logues. The most common applications of this resin include casting, lamination, coating,
and spraying. It can also be used underwater. It does not react with water and settles at
the bottom due to its higher density. The polymer binder can be modified as required to
optimise the workability time (for research purposes, the workability time was set at 30 min
here). The basic parameters of the cured hybrid organic–mineral polyurethane resin are
stated in Table 1. The mixing ratio of component A to component B was 1:1. This material
was obtained from GME Consult, Ltd. (Ostrava, Czech Republic), which has long been
involved in research on polyurethane and polyurea systems.

Table 1. Parameters of the organic–mineral binder (hybrid polyurethane base).

Parameter
Compressive

Strength
(MPa)

Flexural
Strength

(MPa)

Adhesion to
Concrete

(MPa)

Modulus of
Elasticity

(MPa)

Bulk
Density
(kg/m3)

After 1 day 20–30 9.5 34 1000 1400

2.1.2. Fillers

In the development of the protective coatings, a secondary filler was incorporated
into the formulations in the form of a by-product from fibreglass production. The chemical
composition of the secondary raw material used as the microfiller is detailed in Table 2.

Table 2. Chemical composition of the fibreglass waste.

F Fe2O3 SrO K2O TiO2 SO3 CaO Al2O3 B2O3 MgO Na2O SiO2

0.56 0.365 0.245 0.23 0.11 0.039 23.10 14.16 7.18 0.97 0.77 52.25

The chemical analysis revealed that it was E-glass. The majority (>90%) of fiberglass
(wool) is E-glass due to its properties, composition, and versatile use. The approximate
composition of E-glass is 52%–56% SiO2, 16%–25% CaO, 12%–16% Al2O3, 5%–10% B2O3,
0%–5% MgO, and <1% Na2O + K2O.

Pre-treatment of the waste from fibreglass production was carried out in a BB 200 jaw
crusher (Retsch GmbH, Haan, Germany), followed by a RetschPM 100 CM planetary
ball mill (Retsch GmbH, Haan, Germany). The surface area of the pre-treated fibreglass
waste was determined by the permeability method using a PC Blaine Star apparatus
(Zünderwerke Ernst Brün GmbH, Marl, Germany), resulting in a value of 330 m2·kg−1.
The appearance of the fibreglass waste before and after treatment is shown in Figure 1.

A maximum grain size of 0.8 mm in waste fibreglass ensures the better cohesion of
the composite and prevents the formation of silica gel in a form that does not damage the
structure. The shape of the waste fibreglass particles determines the degree of cohesion
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with the polymer matrix, which can subsequently affect the hardness and tensile strength
of the coatings.
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Figure 1. Untreated fibreglass waste (A) versus pre-treated (ground) glass powder around the
fibre (B).

The results of the bulk density, specific gravity, water absorption, and specific surface
area of the pre-treated waste fibreglass are shown in Table 3. The raw material is non-
absorbent, and, since it is not porous, the bulk density and specific gravity values are
the same.

Table 3. Measurements of the material’s properties.

Parameter Value

Volume weight 2.62 g·cm−3

Specific gravity 2.62 g·cm−3

Absorbency 0%
Specific surface area 330 m2·kg−1

2.1.3. Tested Coatings

Different amounts of filler were used for each formulation, and they contained 30,
40, 50, and 60 wt.% of the binder. The amount of polymer binder used was determined
according to the filling. The filling with secondary raw material was chosen based on
previous research, where 25 wt.% filling was used [32], to test the waste parameters
and viscosity of the polymer resin. The proposed formulations were tested in fresh and
polymerised states. The reference formulation SPA Ref. was used, because this coating
is currently being produced without a filler. The composition of the coatings is shown in
Table 4.

Table 4. Formulations of the new coatings with filler from waste fibreglass.

Type of Coating Resin (wt.%) Hardener (wt.%) Filler (wt.% of Binder)

SPA Ref. 50 50 0
SPA 30 50 50 30
SPA 40 50 50 40
SPA 50 50 50 50
SPA 60 50 50 60

2.2. Methods

The experiment was divided into two parts. In the first part, comparisons were made
between the kinematic viscosity and the dynamic viscosity, a function of the amount of
filler. In the next stage, the application of the coatings and the thickness of the fresh film
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were assessed. The second part dealt with the physical and mechanical properties, the
adhesion of the coatings to the concrete substrate, and the tensile properties of the coatings.
Additionally, the Shore D hardness of the coatings after seven days was verified, and the
durability, chemical resistance, and microstructure of the hydrophobic coatings were tested.

2.2.1. Fresh State Tests

• Density of the Fresh Coatings

The fresh density of the mixtures was measured in accordance with ASTM C138-16 [33]
using a cylindrical mould with Ø 100 × 200 mm dimensions. To obtain the average density
for each mixture, three measurements were taken.

• Thickness of the Coatings

The thickness of the freshly applied coatings was measured in accordance with the
EN ISO 2808 standard. This was done using a stainless steel hexagonal wet film comb to
ensure uniform thickness for each layer of the coating. In the case of a multi-layer coating,
the thickness ranges from 300 µm to 1 mm [34].

• Dynamic Viscosity

The Elcometer 2300 viscosimeter (manufactured by Elcometer Instruments Ltd., Manch-
ester, UK) was employed to measure the dynamic viscosity of the fresh coatings, in accor-
dance with the EN ISO 2884-2 standard [35]. The viscosity measurement was performed at
a temperature of 20 ◦C, and the R4 spindle was used for all tested coatings. The optimal
speed of the spindle was determined to be 150 rpm for all formulations.

• Kinematic Viscosity

The workability of the newly developed coatings depended heavily on the kine-
matic viscosity of the individual mixtures. To measure the kinematic viscosity, the Ford
spout cup method was employed, in accordance with the cup dimensions specified in
the EN ISO 2431 standard [36]. For optimal results, a Ford cup with a nozzle diameter of
12 mm was used to measure the viscosity. This process involved filling the cup to the rim
and measuring the time that it took for the mass to flow through the 12 mm nozzle. The
measurement ended when the cup was visibly empty.

• Application Test

The non-standard workability and application test involved evaluating the spillage
of the formulations. To perform the test, a 100 g sample of the coating was prepared and
applied on a non-absorbent substrate. A plastic notched trowel with a tooth height and
width of 6 mm was used to spread the sample over the surface. The spillage rate was
assessed using a predetermined scale that was referenced to a specific point mass. The
highest pour rate that can be achieved is graded 5, while the lowest is graded 0. The pour
ratings are explained in Table 5.

Table 5. Application test rating scale for the coating evaluation.

Rating Description

0 Squeegee strokes did not slip.

1 Slightly visible squeegee strokes and slight aesthetic defects on the surface on
approximately 75% of the sample.

2 Slightly visible squeegee marks on 25% to 50% of the sample and slight aesthetic
defects on the surface.

3 At an angle of 45◦, locally visible squeegee marks and very slight or no aesthetic
defects on the surface.

4 No squeegee strokes visible and very slight or no aesthetic defects on the surface.

5 No squeegee strokes visible, no surface defects.
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2.2.2. Polymerised State Tests

• Shore D Hardness

The determination of the hardness of the developed coatings followed the guidelines
of EN ISO 868 [37], which involved using a hardness tester to indent the surface. The Shore
durometer LD0551 with a D-type tip (TQC Sheen, Molenbaan, The Netherlands) was used
for this test, whereby the tip of the durometer was pressed into the surface of the mass and
the resulting hardness was read. The hardness value is inversely proportional to the depth
of the indenting tip and depends on the elastic modulus and the viscoelasticity properties
of the material.

• Adhesion to Concrete Substrate

A pull-off test was performed to determine the adhesion of the coatings to the concrete
substrate. This was carried out according to the EN ISO 4624 standard [38], in which the
force required to remove the coating from the substrate was measured. The test indicates the
pull-off strength necessary to cause the failure of the weakest interface (adhesion damage)
or the weakest part (cohesion) of the composite, and both types of failure are possible.

The test was conducted on a class C16/20 concrete surface. The coatings were applied
to the surface of the substrate with a plastic notched trowel in one layer with a thickness
of approximately 350 µm. The concrete adhesion test was performed with an Elcometer
506-20D adhesion tester manufactured by Elcometer, Ltd. (Manchester, UK), 14 days after
the coating had been applied to the substrate and upon removal from the concrete.

• Tensile Properties

Determination of the tensile strength and the relative elongation at first break was
performed according to the EN ISO 527-1 [39] and EN ISO 527-2 [40] standards. Each
test involved a set of six samples of type 1BA dog bone, which had been polymerised for
14 days prior to the test. The objective of the test was to stretch each sample in the direction
of its main longitudinal axis at a constant rate until its breakage. The test was carried
out by applying a continuously increasing tensile force at a constant speed of 4 mm/min.
Throughout the test, the deformation of the sample was monitored by a strain gauge,
which measured the change in the initial length L0 of the elongation gauge (50 mm). The
Testometric MT 350-20CT tensile testing machine (Testometric Ltd., Rochdale, UK) was
used for the test.

• Water Absorption Test

The ASTM D-570 test method serves two main purposes in determining the degree
of water absorption of hydrophobic coatings containing fibreglass waste [41]. Firstly, it
determines the percentage of water absorbed by the material. Secondly, it determines the
effects of water or moisture, where relationships between moisture and the electrical or
mechanical properties, dimensions, or appearance have been established. Samples with a
thickness of 1.59 mm or less were placed in a weighing bottle and weighed. The dimensions
and weights of the specimens were recorded to the nearest 0.001 g before testing. The
test involved immersing the conditioned specimens in a container of distilled water at
23 ± 1 ◦C for 24 h. After 24 h, the samples were removed, and any surface water was wiped
off with a dry cloth before weighing to the nearest 0.001 g.

• Chemical Resistance to Aggressive Liqiud Media

The chemical resistance of the coatings was tested using non-standard tests on
20 mm × 20 mm × 100 mm samples. These samples were subjected to aggressive exposure
for three months at a temperature of 20 ± 2 ◦C.

The samples were exposed to 10% and 30% solutions of sulfuric acid, hydrochloric acid,
and sodium hydroxide after complete polymerisation (seven days). The chemical resistance
was characterised by comparing the changes in weight and flexural strength before and
after exposure to aggressive chemical media. Each formulation was then visually evaluated
for distortion, cracks, colour changes, etc., according to the EN ISO 4628-1:2016 standard
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evaluation system for accelerated chemical resistance testing. Finally, the changes in the
microstructure of the samples before and after chemical stress were evaluated [42]. The
microstructure was assessed using the Keyence VHX950F optical microscope (Keyence Ltd.,
Osaka, Japan) with a real magnification of up to 160×.

• Resistance to a Humid Atmosphere Containing SO2

In the field of material science, evaluation of the protective function of organic coatings
is critical to ensure their durability and longevity. In this study, the test method according
to the EN ISO 3231 standard [43] was used to assess the resistance of the organic coatings
to a humid atmosphere containing SO2, where water gradually condensed due to the
almost 100% relative humidity. The samples were inserted into an I HK 800 airtight
corrosion gas chamber (Köhler Automobiltechnik GmbH, Lippstadt, Germany). The
corrosion test was conducted in 24 h cycles, during which the samples were exposed
to SO2 (concentration 3.375‰) and a temperature of 38 ◦C for 8 h, followed by drying to
the laboratory temperature and humidity below 75% for the remaining 16 h, when the
chamber door was opened. In total, the samples were subjected to 40 cycles. The coatings
were applied to the concrete beam surface with dimensions of 40 mm × 40 mm × 160 mm
according to its workability at the maximum possible thickness per 1 m2. Three specimens
of each formulation were tested.

The degree of corrosion of the substrate’s surface was evaluated using the ASTM
D 610-85 method [44]. The term “pro-corrosion” was used to define the failure of the
protective function of the coating and the spread of corrosion on the surface of the coating.
Mechanical testing was then performed, in which the depth of corrosion was determined.
The protective function of the coating was evaluated by expressing the degree of corrosion
of the substrate’s surface as a percentage. The samples were compared to the reference
sample without surface treatment to determine the effectiveness of the developed coatings.

This evaluation provided information regarding the resistance of the organic coatings
to the chemical processes that lead to defects in a protected substrate resulting from the
diffusion of the surrounding environment. The organic coatings were compared to the
standards, and the blisters were evaluated for their size and frequency. The size of the
blisters was rated on a scale of 2 (largest) to 10 (extremely small). The frequency of the
blisters was rated as F (low density), M (medium density), MD (medium coverage), and D
(dense coverage). The last verification was the determination of the depth of carbonation
in the hardened concrete according to the EN 14630 standard [45]. Overall, the results of
these evaluations provided crucial information regarding the durability and effectiveness
of the organic coatings to protect concrete from corrosion and other forms of degradation
in harsh environments.

3. Results and Discussion
3.1. Results of Tests Performed in the Fresh State
3.1.1. Density of the Fresh Coatings

The density of each freshly mixed coating (see Table 6) increased with the incorporation
of the filler. This increase also led to the thickening of the coating due to higher viscosity
and an increase in the adhesion and dispersion of the fillers while reducing defects. Similar
observations were made by Zhang et al. [46].

Table 6. Densities of the freshly mixed coatings.

Sample Density (kg/m3)

SPA Ref. 1350
SPA 30 1485
SPA 40 1500
SPA 50 1635
SPA 60 1750
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The incorporation of fillers into the polymer matrices is a common practice within
the industry to enhance the polymer’s properties. Fillers are introduced to elevate the
overall bulk density of the polymer, thereby reducing costs and refining the polymer’s
properties. A judicious amount of filler can effectively enhance specific mechanical or
physical attributes of polymers [47].

3.1.2. Thickness of the Coatings

The thicknesses measurements of the coatings are shown in Figure 2. As the filler ratio
increased, the viscosity and the thickness of the fresh coatings also increased.
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This occurrence is common in the incorporation of nanocomposites into a polymer
matrix and can be attributed to changes in the mobility of the polymer due to the interaction
of the polymer chains with the nanoparticle surfaces. This region of the polymer matrix
in which interactions with nanoparticle surfaces substantially modify the dynamics and
properties of the chain is usually referred to as an interphase [48,49].

The highest thickness value of 900 µm was achieved by the SPA 60 formulation.

3.1.3. Dynamic Viscosity

The viscosity values of the coatings are shown in Table 7. With an increased amount
of filler in the polymer binder, from 30 wt.% to 60 wt.%, the viscosity increased almost
10-fold, indicating that it is possible to regulate the viscosity characteristics of the polymer
coating for better application in the planned exposure environment. One reason for the
increased viscosity is that microfillers increase the fractional volume of solids in the coating.
This leads to an increase in the coating’s viscosity due to the higher concentration of
particles that impede the flow of the coating. As the concentration of the microfiller
increases, the particles can also form agglomerates, which further increases the viscosity of
the coating [50]. The size and shape of the microfiller can also affect the viscosity of the
coating: wavy microfillers generally have a larger surface area and tend to form more stable
suspensions than larger particles, which can increase the viscosity. These assumptions
and conclusions were also confirmed in the studies by Chowaniec-Michalak et al. [51] and
Parente et al. [52].
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Table 7. Dynamic viscosity measurements of the freshly mixed coatings.

Formulation Filler (wt.% of Binder) Dynamic Viscosity (mPa·s)

SPA Ref. 0 462
SPA 30 30 1068
SPA 40 40 1489
SPA 50 50 2473
SPA 60 60 4847

Mechanical and microstructural processes in the incorporation of the microfiller into
the polymer coating are also connected with the dynamic viscosity. When solid fractions
are added to the liquid, they act as barriers and impede its flow. This increases the flow
resistance and the viscosity.

3.1.4. Kinematic Viscosity

The results of the kinematic viscosity evaluations of the polymer coatings are shown
in Figure 3. The sample with largest amount of filler (60%) showed up to three times
higher kinematic viscosity than the reference coating without any filler. With a flow time of
8.53 s, the coating with waste fibreglass content of 30% (SPA 30) was closest to the reference
sample in terms of viscosity. Although the viscosity of the coating tended to increase with
an increasing amount of filler compared to the reference coating, higher kinematic viscosity
was desirable for the planned manual application, preventing the coating from dripping
and the formation of defects on the surface.
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By comparing the results with those of other studies, it can be stated that admixtures
increase the viscosity of polyurethane coatings. In the work of Wołosiak-Hnat et al. [53],
inorganic admixtures (10–20 wt.%) increased the viscosity of a polyurethane resin for
lamination more than twice. Deng et al. [54] observed that polyurethane composites
exhibited higher viscosity and poorer flowability when the mineral powder and calcium
carbonate filler content reached 40 wt.% and 20 wt.%, respectively.

3.1.5. Application Test

The application test results are detailed in Table 8. The surface of the reference coating,
without any filler, had no visible squeegee strokes or surface defects. In contrast, with
increasing viscosity and filler content, the coating stopped flowing and oozing. These
properties are ideal for concrete and metal remediation, and a coating with these properties
can also be applied horizontally by a brush or squeegee. The application of the reference
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and most filled coating (SPA 60) using a notched trowel is shown in Figure 4. Similar results
were confirmed in the study by Deke et al. [55], where the direct effects of rheological
additives on important coating properties such as levelling, flow control, and settling in
the can during storage, etc., were confirmed.

Table 8. Evaluation of the application of the freshly mixed coatings.

Formulation Filler (wt.% of Binder) Applicability (Spill, Aesthetics)

SPA Ref. 0 5
SPA 30 30 3
SPA 40 40 2
SPA 50 50 1
SPA 60 60 1
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3.2. Results of Tests in Polymerised State
3.2.1. Shore D Hardness

The resulting hardness values are shown graphically in Figure 5. All developed
formulations showed higher values than the reference coating, which did not contain
any filler.
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These results confirm those of Malaki et al. [56] and Haupert et al. [57], who found that
increasing the content of nanofillers in polymer coatings increased the hardness of the coat-
ings. The hard and stiff nature of the nanofiller improves the stiffness of the mixture, mani-
fested by the increased strength of the matrix against external loading and deformation.
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3.2.2. Adhesion to Concrete Substrate

Based on the results in Table 9, the adhesion strength of the coatings to the concrete
increased with the amount of filler in the polymer matrix. The failure mode for all the
formulations was in the substrate (Figure 6), which indicated that the adhesion of the
coating to the concrete was higher than the bond strength indicated by the pull-off from the
concrete substrate. However, it is worth noting that the SPA 60 formulation had significantly
greater adhesion to the concrete (11.89 MPa) compared to the other formulations, with a
value more than three times higher than that of SPA Ref.

Table 9. Adhesion to concrete substrate for coatings with different amounts of filling.

Formulation Adhesion (MPa) Failure Mode

SPA Ref. 3.55 Substrate failure
SPA 30 4.05 Substrate failure
SPA 40 4.85 Substrate failure
SPA 50 5.22 Substrate failure
SPA 60 11.89 Substrate failure
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Overall, the results indicate that a larger amount of filler does not impair the adhesion
of the coating to concrete.

The adhesion of all formulations agrees with the results of previous studies [58,59]
that found a strong interaction between the NH (nitrogen–hydrogen) groups in the coating
material and the CO (carbon–oxygen) groups on the surface. This interaction is called
dipole–dipole interaction and contributes to the effectiveness of the coating’s adhesion
to the substrate. There are also hydrogen bonds, which are formed between the coating
and the concrete substrate. Hydrogen bonding is a type of attractive force that holds two
materials together. This is because a higher NCO/OH ratio leads to the formation of
more polar urethane bonds (NH–CO–O). These polar bonds contribute significantly to the
increase in adhesion strength.

3.2.3. Tensile Properties

The results in Figure 7 show that the tensile stress at first break of the newly developed
polymer coatings increased with the increased amount of filler. The highest tensile stress
was achieved by the SPA 60 sample containing 60% filler (21.6 MPa). This suggests that
there may be an optimal filling quantity to achieve the maximum tensile stress of the
coating. The tensile stress values for SPA 60 and SPA 40 were relatively close, while SPA 50
and SPA 30 showed lower tensile stress values.
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Similarly, the tensile strain at first break decreases with decreasing filler quantities
(see Figure 8). This indicates that a higher percentage of filler can lead to the more ductile
behaviour of the polymer coating. The tensile strain values for SPA 60 and SPA 50 are
relatively close, while SPA 40 and SPA 30 have lower tensile strain values. This may be
due to the free volume and pores formed in the samples and the low bonding between the
polymer chains due to not filling the pores with secondary filler. The ideal values for the
tensile properties of a protective polymer coating depend on its specific application and its
intended use. Generally, the tensile properties of a protective coating should be sufficient
to resist deformation and damage under normal operating conditions and stress.
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The results are consistent with Das et al. [60], who claimed that the addition of a filler
to the polyurethane matrix significantly improves the stiffness and tensile strength and
reduces the cost of the coating.

According to Das et al. [61], all mineral particles are rigid and have a higher modulus
of elasticity than pure polyester powder coatings, so the elongation when the coatings
break is affected by their incorporation.
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3.2.4. Water Absorption Test

The water absorption ratio is calculated based on the weight increase of the specimens
in wet conditions. Based on the results in Table 10, the SPA 60 sample showed the lowest
rate of water absorption, resulting in a minimal swelling ratio compared to the other
formulations. It was also observed that the water absorption decreased with a higher filling
rate as the porosity of the sample decreased—the microfiller particles filled the pores where
moisture could be present. The SPA 60 coating also outperformed the samples with lower
amounts of filler in terms of hydrophobic characteristics. A minimal swelling ratio is ideal
to improve the mechanical properties of composite materials. When the coating is used
in an environment where even less absorption is desirable, a modification of the chemical
composition of the resin itself can be considered [62,63].

Table 10. Results of the water absorption of the coating with different filling.

Formulation Specimen W1 (g) W2 (g) Swelling Ratio Swelling
Ratio

SPA Ref.
1 1.38 1.53 11%

9%2 2.01 2.15 7%
3 1.52 1.64 8%

SPA 30
1 1.79 1.92 7%

8%2 1.87 2.01 7%
3 1.86 2.02 9%

SPA 40
1 1.28 1.39 9%

8%2 1.37 1.49 9%
3 1.38 1.49 8%

SPA 50
1 1.38 1.47 7%

7%2 1.02 1.10 8%
3 1.88 1.99 6%

SPA 60
1 1.51 1.59 5%

5%2 1.55 1.65 6%
3 1.43 1.48 3%

3.2.5. Chemical Resistance to Liquid Aggressive Media

The evaluation of the coatings’ chemical resistance in the form of changes in the
specific physical and mechanical parameters is described in Table 11. The chemical resis-
tance of coatings is crucial to ensure their long-term durability and stability in a variable,
chemically aggressive environment. The used concentrations of the aggressive substances
were intentionally several times higher than currently found in sewers, and the tests were
intended to simulate long-term exposure to aggressive environments. The hydrophobic
coatings were designed to protect the concrete substrate from the aggressive environment.

The results are crucial in assessing the durability and stability of coatings designed to
protect concrete substrates from degradation. The concentrations of aggressive substances
used in the tests were intentionally higher than those typically found in sewers, simulating
long-term exposure to extreme conditions. Overall, the weight changes were relatively
small, indicating that the protective coatings effectively resisted significant alterations
in weight due to chemical exposure. Generally, the three-point flexural strength values
remained within an acceptable range, suggesting that the protective coatings retained the
concrete’s structural integrity, even in chemically aggressive environments. The majority of
the coatings showed minimal visual changes, and only slight discolouration of the coatings
was observed in some samples. Overall, the coatings exhibited favourable resistance to the
aggressive liquid solutions chosen for the test. The protective coatings effectively mitigated
weight changes, retained the flexural strength of the concrete substrate, and maintained its
visual appearance. These factors are important in ensuring the long-term durability and
stability of concrete objects exposed to chemically aggressive environments.
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Table 11. Chemical resistance of the tested coatings.

Formulation
Aggressive
Chemical
Medium

Weight Change (%) Flexural Strength
(MPa)

Change of
Flexural Strength

(%)

Visual
Assessment

SPA Ref.

10% HCl −0.05 7.2 100.0 No changes
40% HCl 0.21 9.8 100.0 Light yellow

10% NaOH −0.68 13.8 100.0 Yellowed

40% NaOH −1.48 6.0 100.0 Green/dark
yellow

10% H2SO4 0.32 12.9 100.0 No change
40% H2SO4 −1.2 12.75 100.0 No change

SPA 30

10% HCl −0.01 13.8 191.7 No changes
40% HCl 0.18 13.9 142.6 Light yellow

10% NaOH −0.62 12.4 89.9 Yellowed

40% NaOH −1.42 12.8 213.3 Green/dark
yellow

10% H2SO4 0.26 19.8 153.5 No change
40% H2SO4 −1.22 14.6 114.5 No change

SPA 40

10% HCl 0.01 16.5 229.2 No changes
40% HCl 0.18 13.8 141.5 Light yellow

10% NaOH −0.63 12.7 91.8 Yellowed

40% NaOH −1.38 13.9 231.3 Green/dark
yellow

10% H2SO4 0.27 13.1 101.7 No change
40% H2SO4 −1.20 16.1 126.5 No change

SPA 50

10% HCl −0.01 13.5 187.5 No changes
40% HCl 0.19 13.5 138.5 Light yellow

10% NaOH −0.65 15.0 108.7 Yellowed

40% NaOH −1.40 15.4 256.3 Green/dark
yellow

10% H2SO4 −0.05 14.3 197.9 No change
40% H2SO4 −1.26 13.1 134.6 No change

SPA 60

10% HCl −0.01 14.6 106.0 No changes
40% HCl 0.17 13.1 218.8 Light yellow

10% NaOH −0.68 13.5 104.7 Yellowed

40% NaOH −1.39 15.4 120.6 Green/dark
yellow

10% H2SO4 −0.04 14.3 197.9 No change
40% H2SO4 −1.27 13.1 134.6 No change

Vipulanandan et al. [64] exposed a polyurethane coating with 10% sulfuric acid and
proved that polyurethane coatings can extend the life of concrete by 14 times without any
failure due to their high chemical resistance. Wang et al. [65] concluded that the higher
chemical resistance of polyurethane coatings is mainly due to the large number of hydrogen
bonds, which have large intermolecular forces and chemical stability. This observation was
also confirmed by Lenzi et al. [66], who found that high mechanical strength and chemical
stability with crosslinking ability and biocompatibility were achieved with a combination of
an aliphatic poly-isocyanate trimer and higher-order trimer. S. Gaikwad et al. [67] studied
eco-friendly polyurethane coatings from cottonseed and Karanja oil-coated panels, where
the panels were immersed in aqueous solutions of NaOH (5%) for 48 h, xylene for 120 h,
and HCl (5%) for 120 h, as well as water. The polyurethane coatings showed good corrosion
resistance to acids and alkalis.

To identify the formulation with the best chemical resistance, an analysis of the
obtained data and the specific characteristics of each formulation was needed, partic-
ularly in relation to the amount of waste fibreglass filling. Since all the formulations were
polyurethane-based, a focus on the impact of the waste fibreglass filling on their chemical
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resistance was crucial. The SPA 30 formulation had the best chemical resistance among all
tested formulations, as it effectively retained its mechanical properties and showed an in-
crease in flexural strength after exposure to aggressive chemicals. Although all the coatings
exhibited similar weight changes and visual alterations, SPA 30 demonstrated a significant
increase in flexural strength after exposure to aggressive aqueous solutions. This indicates
that the 30% waste fibreglass filler enhanced the chemical resistance and reinforced the
polyurethane-based coating. It is important to note that the different amounts of the waste
fibreglass filler likely contributed to the observed differences in chemical resistance.

These results are consistent with the research by Malaki et al. [68], who investigated
the effect of nanosilica on the chemical resistance of polyurethane coatings and found that
the samples reinforced with silica nanoparticles showed greater wear resistance than the
pure polymer. This verifies that the addition of silica nanoparticles effectively extends the
service life of polymer coatings.

• Microstructure before and after chemical stress

The SPA 30 coating exposed to 10% HCl did not have visible cracks or defects (see
Figure 9). However, there was a colour change, and the intensity of the change was classified
according to EN ISO 4628-1:2016 as grade 3 (medium), which is a clearly detectable yellow
discolouration, without visible blistering. The degree of flaking was 0—the surface area did
not show any flaking. Exposure to a higher concentration of nitric acid (30%) resulted in a
marked change in colour to yellow (grade 3), compared to the reference sample. Cracks
could be seen at 10× magnification, which were classified as grade 0 regarding the size and
number of cracks. Furthermore, no blistering or defects were visible under the microscope.
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Figure 9. Digital microscope images of the SPA 30 coating at magnification of 32×: (a) reference
coating not exposed to an aggressive environment; (b) after exposure to 10% HCl for 90 days; (c) after
exposure to 40% HCl for 90 days.

The SPA 30 coating exposed to 10% sulfuric acid showed no detectable cracks (grade 0)
or defects (see Figure 10). However, there was a change in colour, and the intensity of
the change was classified according to EN ISO 4628-1:2016 as grade 2—very small, just
detectable, and lighter in colour. No blistering was detected. The degree of flaking was 0.
Exposure to a higher concentration of sulphuric acid (40%) resulted in a significant change
in colour (to a yellow/green), compared to the reference (grade 4). Cracks could not be seen
at 10× magnification, so the degree of the size and number of cracks was 0. No blistering
was observed, and no other defects were visible under the microscope.

Exposure of the SPA 30 coating to 10% sodium hydroxide resulted in no detectable
cracks and no visible coating defects. No colour change was observed, and the intensity of
the change was classified according to EN ISO 4628-1:2016 as grade 0—no detectable change.
The degree of flaking was 0. The exposure of the coatings to a higher concentration of
sodium hydroxide (30%) resulted in no colour change compared to the reference (grade 0).
Cracks could not be defined at 10× magnification, so the degree of the size and number of
cracks was 0. No blistering occurred. No other defects were visible under the microscope
compared to the reference (see Figure 11).
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not exposed to an aggressive environment; (b) after exposure to 10% NaOH for 90 days; (c) after
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The sample with the SPA 40 coating exposed to 10% HCl showed no cracks or defects.
However, there was a noticeable colour change, classified as grade 3 (medium), indicating
a clearly detectable yellow discolouration, based on the EN ISO 4628-1:2016 standard. No
blisters were observed, and there was no flaking on the coating’s surface. When the sample
was subjected to a higher concentration of nitric acid (30%), a significant colour change
to yellow (grade 3) was observed compared to the reference sample. Cracks were not
observable at magnification 10×, indicating grade 0 in terms of the size and number of
cracks. No blisters were present, and no defects were visible under the microscope.

When exposed to 10% sulfuric acid, no cracks (grade 0) or visible defects were detected.
However, there was a noticeable colour change, classified as grade 2 according to the
EN ISO 4628-1:2016 standard. This change was very small, resulting in a lighter colour
compared to the original shade. No blisters were observed, and there was no flaking on the
surface of the coating.

Upon exposure to a higher concentration of sulfuric acid (30%), a significant colour
change was observed compared to the yellow-green reference (grade 4). At magnification
of 10×, cracks could not be identified, indicating grade 0 in terms of the size and number of
cracks. No blistering was present, and no other defects were visible under the microscope.

When exposed to 10% sodium hydroxide, no cracks or visible defects were detected.
There was no discernible colour change, resulting in a grade 0 classification according
to EN ISO 4628-1:2016. The surface exhibited no flaking. Upon exposure to a higher
concentration of sodium hydroxide (30%), there was no colour change observed compared
to the reference sample (grade 0). At magnification of 10×, cracks could not be identified,
indicating a grade of 0 in terms of the size and number of cracks. No blistering was observed.
When compared to the reference, no other defects were visible under the microscope.

The fractured surfaces of the SPA 40 samples after exposure to the single-step chemi-
cally aggressive environments are shown in Figure 12. For the sample that was exposed to
the strong solution of sulfuric acid, the image clearly shows how deeply the acid penetrated
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the sample, characterised by orange discolouration. For the other samples, there was no
significant penetration of the solutions into the concrete.
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Figure 12. Cross-section views of the SPA 40 samples after exposure to 10% NaOH, 10% H2SO4,
10% HCl, 40% NaOH, 40% H2SO4, and 40% HCl.

The microstructure of the SPA 50 sample exposed to 10% hydrochloric acid showed no
visible cracks or defects. However, there was a noticeable grade 3 (medium) colour change,
manifesting as yellow discolouration. No blisters or flaking were observed. The exposure
to a higher concentration of nitric acid (30%) resulted in a significant yellow colour change
(grade 3) compared to the reference sample. No cracks were visible at 10× magnification
(grade 0), and no blisters or other defects were observed under the microscope.

The sample exposed to 10% sulfuric acid exhibited no cracks or defects (grade 0).
However, there was a detectable colour change, classified as grade 2, resulting in a lighter
shade compared to the original colour. No blisters or flaking were observed on the sur-
face. The exposure to a higher concentration of sulfuric acid (30%) caused a significant
colour change compared to the yellow-green reference (grade 4). No cracks were visible
at 10× magnification (grade 0), and no blistering occurred. Aside from the change in
appearance, no other defects were observed under the microscope.

The sample exposed to 10% sodium hydroxide showed no visible cracks or defects.
There was no detectable colour change (grade 0) according to the EN ISO 4628-1:2016
standard. The surface did not exhibit any flaking. When exposed to a higher concentration
of sodium hydroxide (30%), there was still no colour change observed compared to the
reference sample (grade 0). At 10× magnification, no cracks were identifiable (grade 0)
in terms of size and number. No blistering was occurred, and no additional defects were
visible under the microscope when compared to the reference sample.

The microstructure of the SPA 60 sample exposed to 10% hydrochloric acid showed no
cracks or other visible defects. However, there was a noticeable (medium) colour change
(grade 2), indicated by yellow discolouration. No blisters or flaking were observed. Expo-
sure to a higher concentration of nitric acid (30%) resulted in a significant yellow colour
change (grade 3) compared to the reference sample. No cracks were visible at 10× magnifi-
cation (grade 0), and no blisters or other defects were observed under the microscope.

The sample exposed to 10% sulfuric acid exhibited no visible cracks or defects (grade 0).
However, there was a detectable colour change, classified as grade 2, presenting as a lighter
shade compared to the original colour. No blisters or flaking were observed on the coating’s
surface. Exposure to the higher concentration of sulfuric acid (30%) caused a significant
colour change compared to the yellow-green reference (grade 4). No cracks were visible at
10× magnification (grade 0), and no blistering occurred.
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The sample exposed to 10% sodium hydroxide showed no visible cracks or defects. There
was no detectable colour change (grade 0) according to the EN ISO 4628-1:2016 standard. The
surface did not exhibit any flaking. When exposed to the higher concentration of sodium
hydroxide (30%), there was still no colour change compared to the reference sample
(grade 0). At 10× magnification, no cracks were identifiable (grade 0) in terms of size
and number. No blistering occurred, and no additional defects were visible under the
microscope when compared to the reference sample.

The line roughness measurements of the SPA 60 samples after exposure to a chem-
ically aggressive environment using the KEYENCE VR-6000 Series digital microscope
(Keyence Ltd., Osaka, Japan) can be seen in Figures 13 and 14.
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In summary, the coatings containing different amounts of waste fibreglass exhibited
resistance to the aggressive chemical media. Although there were noticeable colour changes
in some cases, no cracks, blistering, or significant defects were observed under the micro-
scope. The microstructures of the coatings remained intact, confirming their good chemical
resistance overall.

3.2.6. Resistance to a Humid Atmosphere Containing SO2

Different behaviour was recorded between the different formulations. As the sec-
ondary filler content increased, the consumption increased, and the sample was easier to
apply uniformly due to its viscosity.
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The main difference was in the corrosion resistance of the coatings in the SO2 at-
mosphere, where the higher mass filling of SPA 60 resulted in an increase in corrosion
resistance to the aggressive environment. After 40 cycles of exposure, the samples showed
no visual decrease in adhesion to the substrate and showed little or no blistering. Only a
significant colour change in the coating occurred.

Table 12 provides important data regarding the coating consumption, flexural strength,
and visual assessment of the samples after loading in an SO2 humid atmosphere. The
coating consumption varied from 839 g/m2 (SPA Ref.) to 2099 g/m2 (SPA 60). This
indicates variations in the amount of coating required for each concrete specimen. The
flexural strength showed an increasing trend—from 10.96 MPa for the SPA Ref. specimen to
17.06 MPa for the SPA 60 specimen. The results prove the ability of the coatings to protect
the concrete, and their strength does not decrease in a corrosive SO2 environment. The
change in flexural strength, expressed as a percentage, demonstrates the increase in flexural
strength in comparison with the reference sample. The specimens exhibited a consistent
increase in strength, ranging from 144% for the SPA 30 sample to a 181% increase for the
concrete sample treated with the SPA 60 coating. This indicates the effectiveness of the
coatings in enhancing the flexural strength of concrete elements.

Table 12. Evaluation of the coatings’ protection in a humid atmosphere containing aggressive gas
medium, SO2.

Specimen
Coating

Consumption
(g/m2)

Flexural
Strength after
SO2 Exposure

(MPa)

Change of
Flexural

Strength (%)

Visual
Assessment

ASTM D 610-85

SPA Ref. 839 10.96 100 9
SPA 30 1578 13.62 144 10
SPA 40 1857 14.27 151 10
SPA 50 1884 14.60 155 10
SPA 60 2099 17.06 181 10

The visual assessment described the overall appearance of each specimen. The results
(the degree of corrosion of 9 (>0.01% and ≤0.03%) and 10 (≤0.01%)) showed no significant
visual defects and only minor variations in the appearance of the tested specimens. All
samples showed significant orange-brown discolouration (see Figure 15).
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A polyurethane topcoat is widely used within reinforced concrete structures, e.g., do-
mestic wharfs with aggressive environments in the form of H2S and SO2 [69].
Almusallam et al. [70] stated that polyurethane coatings are, together with epoxy coat-
ings, among the most effective protective materials for concrete to prevent sulfation.

The phenolphthalein test was chosen to test the assumption that concrete may undergo
a sulphate attack due to the reaction of SO2 gas with water vapour in sewers. This reaction
can lead to the formation of various sulphur compounds, including iron sulphides, on
the surface of concrete. The formation of sulphur compounds can significantly affect
the pH of the concrete. In the presence of oxygen, these compounds react with water to
form sulfuric acid (H2SO4). In the presence of sulfuric acid, the pH of concrete can drop
significantly, resulting in an acidic environment [71–73]. The phenolphthalein test serves as
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a valuable tool in monitoring degradation reactions that can decrease the pH of concrete.
This degradation can be observed by a significant colour change in the concrete, shown by
the phenolphthalein indicator (from a purple hue to a colourless state). Figure 16 contains
a series of images of the phenolphthalein-treated surfaces, which show that the corrosive
substances did not significantly penetrate the concrete samples protected by the coatings. A
pH reduction, determined by the phenolphthalein test, due to the humid SO2 atmosphere
was demonstrated for all samples to approximately the same depth in the concrete surfaces.
Wu et al. [74] stated that the key property for the protection of concrete against SO2 is
mainly to prevent the formation of cracks in the coating. Water can transfer corrosive
substances, such as Cl− and SO2, into concrete through cracks, leading to the deterioration
of the concrete’s durability.
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4. Conclusions

In this study, the development of new hydrophobic polymer coatings based on an
organic–mineral polyurethane resin was successfully achieved and experimentally verified
through four coating formulations containing different amounts of the secondary filler
(waste from fibreglass production). It was found that the addition of pre-treated waste
fibreglass as the filler mainly affected the processability and mechanical properties of
the coatings and concrete using these coatings as the surface treatment. Based on the
results, it can be concluded that the fillers with higher secondary content (50% and 60%)
had a positive effect, especially on the flexural strength of the concrete and the coating’s
adhesion to the concrete, due to the overall strengthening of the polymer matrix. On the
other hand, the increased amount of filler increased the viscosity of the coating, which
can be more desirable, resulting in the better application of the coating on walls, with no
dripping or formation of drips, even in the more aggressive conditions of sewers. The
coatings containing waste fibreglass exhibited stronger adhesion to the concrete surface,
better coating hardness, and lower water absorption. Compared to other commercial
polyurethane coatings, even better mechanical properties have been achieved.

No damage of the polymeric coating structure was observed after exposure to aggres-
sive liquid chemical environments (NaOH, HCl, and H2SO4). The best coating resistance
to chemically aggressive environments was evident with the 30% filler, although the for-
mulations with 40%, 50%, and 60% filler also showed excellent chemical resistance. The
possibility of the application of the developed coatings in aggressive chemical environments,
such as sewers, was also shown by their resistance to the humid, corrosive atmosphere
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of SO2. Due to their strong mechanical parameters and chemical resistance, the newly
developed organic–mineral-based coatings with high content of fibreglass waste can be
used in practical applications, e.g., as anti-corrosion coatings for concrete substrates or in
the rehabilitation of concrete surfaces stressed by an aggressive environment.
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