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Abstract

:

The use of suitable secondary raw materials as fillers in progressive, protective agents primarily intended for horizontal concrete construction is very effective not only from the ecological but also from the economic point of view. The impact of using various types of waste glass as fillers on the mechanical parameters of epoxy coatings was experimentally verified. Assessing the dependency of the coating’s chemical resistance on the shape of the used filler’s particles was the main aim of the performed research. A solvent-free epoxy suitable for a chemically aggressive environment was selected for the experiment. These were epoxy coatings filled with a micro filler based on raw materials such as glass flakes and silica flour. Three tested formulations containing fillers with different particle shapes and characteristics were exposed to H2SO4, HCl, CH2O2 and NaOH at concentrations of 5% and 30% and evaluated after 60, 90 and 120 days. The chemical resistance assessment was carried out not only visually but also using a scanning electron microscope (SEM). Thanks to the use of the waste glass as a coating filler, tensile properties and hardness improved, and its use did not negatively affect the chemical resistance and adhesion of the epoxy coatings. It was found that the shape of the filler particles influences the resistance of the coating against a chemically aggressive environment. The epoxy coating containing pre-treated waste windshield glass (shards) showed even better properties than the reference coating.
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1. Introduction


Currently, the most used agents for protecting metal or silicate horizontal constructions against corrosion caused by various influences are polymer-based materials [1,2,3]. They are used during construction as preventive protection as well as reconstruction and repairs as repair and sanitation mortars, fulfilling not only a protective but also an esthetical and technical function, e.g., as industrial flooring [4]. Polymer materials show high strength and exceptional durability, quickly harden and can use waste glass as a filler [5,6,7]. A polymer binder based on epoxy resin, which is known for its excellent strength, surface hardness, bond to cement-based composites and resistance against aggressive substances, was selected for this research [8]. The formulation of the epoxy coating affects the chemistry of polymer chain formation and the molecular weight. The ultimate form of the polymer chain and its length, shape and configuration determine the properties and physical characteristics of the coating, such as its flexibility, hardness and adhesion [9,10].



The issue of waste production in everyday life, construction and other industrial fields is currently a major issue [11,12,13]. Waste and its subsequent disposal are global problems currently solved by modifying waste legislation but also by finding innovative ways to repurpose it. One possibility is using waste in newly developed building materials [14,15,16].



Within the research and development of progressive, protective agents for horizontal construction, we focused on finding a new utilisation of secondary materials that would otherwise be disposed of. Specifically, the possibility of repurposing recycled glass from different sources as a filler in polymer coatings was examined [17]. Various studies state that by adding different types of fillers and nanofillers, it is possible to improve the physicochemical properties of polymers [18]. These fillers can also improve the barrier protection of polymer coatings and reduce the permeability of aggressive substances into coatings [19,20]. The properties of polymer nanocomposites may affect their inner properties, chemical functional groups, morphology, size and amount [21,22].



Glass flakes (GF) and silica flour, produced by grinding selected pure silica sands, are commonly used fillers ensuring a better resistance of a protective material against chemicals. GF, as two-dimensional materials with flat and smooth surfaces, have a high side ratio. They show chemical inertia, low permeability to water steam and high abrasion resistance [23]. The incorporation of nano-GF into polymer coatings improves the properties of an organic matrix, such as lower reduction and shrinkage, increasing size stability, surface hardness, wear-and-tear resistance, tensile and flexural strength and high resistance against weathering and chemical influences [24,25]. Polymers filled with flake pigments are widely used in the chemical industry for protection against corrosion of silicates and metal surfaces, mainly due to their positive influence on reducing the rate of penetration of aggressive substances into the protective coatings [26].



An alternative to conventional fillers is the use of secondary raw materials. Glass is a potential alternative for filling polymer materials due to its high content of SiO2. Additionally, waste glass is produced in several industrial fields, and if it is not reused in production, it becomes waste that needs to be dumped: for instance, glass waste from car windshields, glass bottles, solar collector glass tubes, chemical glass production or foam glass. However, these wastes must be modified in several ways such as removing foil and impurities, washing, drying, crushing, grinding and sorting, in order to obtain the required fraction.



The research and development of progressive protective materials for horizontal structures with the use of secondary raw materials, namely, the design and verification of the incorporation of waste substances into new polymer coatings, is a very important topic at present. The introduction of such types of coatings into standard production would be entirely innovative, but it is only necessary to select suitable secondary raw materials that meet the requirements for coating fillers and to verify the properties of the resulting materials. Suitable waste glass replaces commonly used fillers, thus ensuring a reduction in the price of polymer coatings, and maintaining or improving the physical–mechanical parameters and chemical resistance of coatings. New polymer coatings containing secondary raw materials can serve as protective materials against corrosion of concrete horizontal structures—mainly as industrial floors and protective coatings that will protect structures not only from external climatic influences, but also against aggressive chemical environments—and thus ensure their longer service life. It is possible to use all developed and verified materials as well as repair materials for concrete structures. The advantage of these materials is their more environmentally friendly composition, but also their lower purchase price. These materials also offer new possibilities for filling coatings, and they also allow the possible consumption of waste materials and thus ensure environmental protection. The shape of particles of waste glass and other used micro fillers can have an impact not only on the mechanical parameters but also on the chemical resistance of coatings. The aim of this study was to experimentally verify formulations of polymer coatings with an optimal content of secondary raw materials as micro fillers that meet the properties required for their use in an aggressive environment, and to verify the used filler particles’ influence on the resulting chemical resistance of the protective coating. Using these waste raw materials will save irreplaceable natural resources—such as silica sand—and limit their extraction from negatively affecting the environment.




2. Materials


2.1. Polymer Binder


Solvent-free epoxy resin was used as a binding basis. It is a pigmented, low-viscosity, two-component material with high chemical resistance. The resulting surface composed of this material shows resistance against acids, alcohols and oil substances, which is why it is intended for use as anticorrosive and anti-chemical protection of metal constructions—tanks—and for inner insulation protection of concrete sediment tanks, wastewater treatment plants and sumps. This material can also be used as a floor coating. The mixing ratio of the A component, epoxy resin, to the B component, hardener, on a polyamine base was 2:1. The processability of the mixed material at 20 °C was 40 min.




2.2. Fillers


In a polymer matrix, a filler not only ensures its subsequent strength and hardness [27] but also increases its so-called barrier performance [28] and reduces the material price. Since commonly used materials for filling epoxy materials have a high SiO2 content, waste glass seems to be an ideal alternative. Waste glass and silica sand were ground in a ball mill for 45 min and then processed through a sieve of 0.063 mm. The particle size distribution for both the reference and waste fillers is presented in Figure 1, their chemical composition is presented in Table 1 and their specific gravity is presented in Table 2. Determination of the chemical composition of the fillers was performed in an accredited test laboratory at LABTECH Ltd. Individual determinations were performed according to the standards EN ISO 11885, ČSN 72 0105-1, ČSN 720,103 and ČSN 720100.



2.2.1. Glass Flakes (GF)


Glass flakes (GF) are industrially produced, very thin, flat plates with smooth surfaces that are transparent and have a neutral colour. Protective coatings using this filler are used in various industrial fields, especially where it is necessary to ensure better protection against aggressive substances: for example, the chemical industry, the petrochemical industry, the food industry and in health care, and they have been used since 1970 [29]. As a reinforcement, they improve resistance against chemicals and increase strength [30]. In terms of colour, they can also be used as pigments with a unique effect.



GF are characterised depending on their thickness, size and original glass composition. Flake thickness can be measured either manually by a scanning electron microscope or automatically using innovative spectroscopy techniques. The Glassflake Ltd. company (Leeds, UK) produces flakes of 7 to 100 µm. The principle of using GF in polymer coating materials is as follows: Thanks to the flakes’ morphology, meaning the ratio of the high side against the surface of a flake, and their precise planar layout, mutually to each other and the base, they create a slatted barrier in the material. If the surface of the material is in contact with an aggressive substance, this barrier creates a winding path and increases the track length that the aggressive media must overcome through the coating. This ensures a longer surface durability over time compared to non-filled coatings or coatings filled by a grain or fibre filler [31].




2.2.2. Silica Flour (REF)


Silica flour is obtained from dried silica sands in graded grain sizes. In systems with artificial resins, mixtures can reach a higher density compared to individual fractions. As a result, they reduce the consumption of resin and increase the strength of the resulting products. The shape of silica flour particles is irregular, with most edges being rounded.




2.2.3. Waste Car Windshields (CW)


At present, many types of car windshields accommodate acoustic, atmospheric, thermal and visual comfort as well as safety and protection. The composition of windshields is very different compared to classic glass because some contain resins, tinting plating and protection films. A standard sorting line for package glass cannot sort or adjust car windshields. Classic glassworks also do not have the needed equipment for processing car windshields, which is why these are usually stored. Car windshields can be divided into two types according to their use: windshields containing a protection film, and windshields without a film.



As part of the pre-treatment in our research, the protection film was removed first. If the windshield glass was broken, the film was cut with a box cutter and then ground in a ball mill where the glass was separated from the polymer film contained in the windshields. The total weight of the material for grinding was 3 kg of glass shards. Furthermore, the ground glass was manually sieved to a fraction of ≤0.063 mm.




2.2.4. Waste Solar Collector Glass Tube (ST)


Solar collector glass tubes were the first type of solar panel and consist of two cylinders embedded in each other (Figure 2). The inner cylinder—the dark glass—surrounds the copper indium gallium diselenide (CIGS) solar cell, which is protected by the outer cylinder and a special silica fluid in the interspace. The outer cylinder (the bright glass—STo) refracts the incident light and leads it directly to the cell regardless of the angle at which the light rays strike the cell. In this way, solar energy is maximumly used—from one cell to the entire roof.



The tube panel used was supplied by the iSolar, s.r.o. company (Pardubice, Czech Republic)as a disposed of and broken piece. The panel was disassembled by removing the metal frame and breaking down individual tubes into parts according to the material type—the inner, dark glass, the plastic tube, aluminium foil, silica fluid and the outer, light glass. The inner, dark glass (Sti), which is in contact with the silica fluid, and therefore very greasy, had to be washed in a degreasing agent and then dried in a drying room. Then, the material was ground and sorted to the required fraction, whereby two types of filler were produced: dark filler from the inner glass and light filler from the outer glass. Particles from both glass types were sharp-edged without rounded parts.




2.2.5. Waste Glass SIMAX (SIM)


Thanks to its chemical composition and properties, SIMAX glass belongs to the group of transparent, hard borosilicate glasses, which have exceptional thermal and chemical resistance. SIMAX offers a wide spectrum of products for technical and laboratory glass, industrial equipment or kitchen glassware. Products made of SIMAX glass are smooth and non-porous, perfectly transparent and corrosion-resistant, even in demanding service environments up to 300 °C without a sudden temperature change. SIMAX glass is eco-friendly and, from an ecological point of view, absolutely harmless.



Due to its properties, SIMAX glass is used where the highest requirements are placed on products in terms of thermal and chemical resistance and neutrality against substances or preparations that are in contact with them, i.e., in chemistry, petrochemistry, the food industry, energetics, metallurgy, health care, microbiology, the pharmaceutical industry, mechanical engineering and laboratories. The glass is etched only by hydrofluoric acid and concentrated trihydrogen phosphoric acid, and concentrated hot alkali solutions corrode the glass. The corrosion is also increased by continually altering the acidic and alkaline environment. During production in the Kavalierglass, a.s. (Sázava, Czech Republic) machines, undesirable waste in the form of pressing waste cannot be reused. SIMAX particles have the shape of sharp shards.





2.3. Tested Coating Formulations


The amount of filler was the same for all formulations, namely, 25 wt.% of the binder amount. This filler value was chosen due to its optimum workability, applicability and viscosity and the resulting surface of the coating materials. A material filled with 25 wt.% of silica flour (NBR-REF) was used as a reference coating for comparing the mechanical properties of the tested coatings. The formulations of the coating materials, which underwent testing of mechanical parameters, are presented in Table 3. To compare the particle shape’s influence on the chemical resistance of the coatings, formulations NBR-GF, NBR-REF and NBR-CW were selected.





3. Methods


3.1. Adhesion on Concrete Substrates


The test was performed according to the standard EN ISO 4624—Paints and varnishes—Pull-off test for adhesion [33]. During testing, the force needed for removing the coating from the concrete base was measured. The result of the test was the tensile stress needed for damaging the weakest interface, i.e., adhesive damage, or the weakest part, i.e., cohesion damage, of the tested set. There can also be both types of failure.



Various bases can be used for the test. Because the tested coatings are mainly intended for concrete coatings, a concrete pavement made of C16/20 class concrete was used for the test. The coating was applied on the concrete base by a metal trowel in two layers; each layer had a thickness of around 250 µm. Testing of adhesion to concrete was carried out after 28 days from the application of the coating on the base; the pull-off adhesion tester Elcometer 506-20D (Elcometer Ltd., Manchester, UK) was used for this purpose.




3.2. Shore D Hardness


The hardness of polymer coatings containing secondary and primary raw materials was tested according to the standard EN ISO 868—Plastics and ebonite—Determination of indentation hardness by means of a durometer (Shore hardness), [34]. The indentation hardness by indenting a specified tip into the material under specified conditions was examined during this test. 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. The Shore durometer LD0551—the D-type tip (TQC Sheen, Molenbaan, The Netherlands) was used for this test.




3.3. Tensile Properties


A tensile test is performed to explore the relationship between the microstructure and tensile properties and determine whether an epoxy material could fulfil the mechanical property requirements for application in a chemically aggressive environment, e.g., concrete sewers and the chemical industry [35]. The test of tensile properties was carried out to better evaluate an eventual crack bridging. Tensile properties of the epoxy coatings were determined according to the EN ISO 527-1 and EN ISO 527-2 standards [36,37]. Based on these standards, the specimens—dog bones of the 1B type—were tested for the relative elongation and the tensile stress at the first break. During the testing, an extensometer with an original length of Lo = 50 was used. Specimens were extended in the direction of their axis at a constant testing rate of 5 mm/min until they broke. Three specimens from each formulation were tested 28 days after their laboratory preparation in silicon triple moulds.




3.4. Influence of Particle Shape of Filler on Chemical Resistance


This test was not normative; its methodology was designed to be feasible under laboratory conditions and to be evaluable. During this assessment, the particle shape’s influence on the chemical resistance of the material, which was the NBR epoxy coating with various fillers, was tested.



The selected formulations were the best from the basic testing, and the fillers used differed most in particle shape and were first applied on concrete pavements. After 28 days, they were exposed to 5% and 30% solutions of H2SO4, HCl, CH2O2 and NaOH. Specimens were stored in an environment with a temperature of 23 ± 2 °C and humidity of 50 ± 5%; they were evaluated after 60, 90 and 120 days.



When concentrated, sulphuric acid is a dense, oily fluid infinitely miscible with water. It is a very dangerous corrosive and causes the dehydration of organic substances. However, diluted sulphuric acid does not have abilities and reacts with non-noble metals under the formation of hydroxide and sulphates. H2SO4 is produced in sewage systems within biocorrosion and by the action of sulphuric bacteria and is then used in treating swimming pool water or as an electrolyte for filling dry maintenance lead-acid batteries. HCl is another strong corrosive acid that can be used industrially to process steel used in the building and construction industry. CH2O2 is an ingredient in ant poison and is mainly used in organic technology. Formic acid is used for dye production, rubber production and tannery for descaling the leather. NaOH is used for soap production, in the textile industry and for treating drinking water. The stated chemically aggressive environments were selected for executing the research of possible operations and environments in which the materials will be used.



3.4.1. Visual Assessment


During the exposure of polymers to chemicals, their degradation may occur due to the adverse chemical reaction of the polymers with their surroundings. The breakage of chemical bonds of the polymer chain and its degradation occur upon this reaction. Many possible chemical reactions result in polymer damage. Thus, depolymerisation occurs during the degradation process [38].



The polymer coating can manifest a change in its properties, which causes visible damage to the surface, such as cracking, bobbing, colour changes and other types of degradation. At a higher level of exposure of polymers to chemicals, chemical degradation of the polymer may occur; therefore, the breakage of cross-linking chains occurs. All changes in properties are influenced by the type, temperature and concentration of a chemical as well as the exposure time [39]. An evaluation system [40], as shown in Table 4, was applied for the visual assessment of the changes in epoxy coatings.




3.4.2. Microscopic Analysis


The microstructure of the epoxy coatings loaded in a chemically aggressive environment was monitored using a scanning electron microscope (SEM), MIRA3 XMU type (TESCAN, Brno, Czech Republic,)); the most suitable magnification for monitoring was 500×. Not only the principle of the coating’s degradation but also the size, type and distribution of the filler particles in the epoxy binder were monitored.






4. Results and Discussion


4.1. Mechanical Parameters


4.1.1. Adhesion on Concrete


The need for adhesion monitoring exists in the case of large areas of chemically stressed objects such as industrial floors, bridge decks and injected concrete structures [41]. Based on the evaluation of coating adhesion on concrete substrates using a pull-off adhesion gauge (Table 5), it can be seen that the adhesion of coatings to concrete was higher than the tensile strength of the concrete. The coatings showed a minimum adhesion to the concrete of 2.5 MPa. The average value of adhesion was determined from three measurements, and the place of failure was always the same. Substrate—concrete—failure was achieved with all samples.



It has been claimed that inadequate coating adhesion, along with the presence of discontinuities in the coating, may lead to film undercutting and early breakage of the coating from the concrete substrate protection system [42].




4.1.2. Shore D Hardness


A graphical evaluation of the Shore D hardness is illustrated in Figure 3. The surface hardness of the tested coatings did not differ very much, while the highest value was 89 for the NBR-CW coatings containing waste windshield glass—shards—as a filler. The surface Shore D hardness value depends primarily on the type of polymer resin used [43], while epoxy coatings showed higher hardness than polyurethane coatings. The type of waste glass used also did not significantly affect the hardness of the epoxy coatings.



The hardness of polymeric coatings also has statistically significant effects on the coating abrasive wear resistance [44]. The hardness and elastic modulus showed a maximum value close to the surface, followed by a plateau and a significant increase at higher penetrations [45].




4.1.3. Tensile Properties


Figure 4 and Figure 5 show a graphical evaluation of the tensile properties—tensile stress and tensile strain at the first break. The tensile strength was around 40 MPa for all tested formulations. The highest value was obtained for the NBR-CW coating, which also showed the highest surface hardness. As regards the above stated mechanical parameters, the resin used is also important to the tensile properties. Epoxy coatings generally show low relative elongation due to their higher elasticity modulus. The crack in the concrete substrate does not move any further if the stress is lowered to values smaller than the minimum necessary for crack propagation. If a viscoelastic membrane with high tensile stress and proper tensile strain is applied, it can withstand the crack movement in the substrate [46].



Zheng et al. [47] reported that adding 3% SiO2 into the epoxy matrix increases the tensile strength and impact strength by 115% and 56%, respectively. The improvement in the mechanical properties of the epoxy coatings depends on the adhesion of the filler to the epoxy matrix and the dispersion of the filler in the epoxy matrix [48].





4.2. Influence of Particle Shape of Filler on Chemical Resistance


Based on the basic tests’ results stated in Section 4.1, it can be concluded that the monitored properties of the NBR coating using 25% of waste windshield glass—shards—were very similar to the properties of the reference material, i.e., filler of rounded particles. It was chosen for further testing, namely, testing the filler particle shape’s influence on the chemical resistance, which was the focus of this research, not only for this reason but also regarding the specific shape of the particles of ground shards—sharp-edged particles. Furthermore, the NBR-GF formulation containing glass flakes, which were added to the polymer coatings to improve their chemical resistance, and the NBR-REF reference coating were also subjected to this testing. Thus, differently shaped particles were chosen to monitor the influence of the selected filler on the chemical resistance. The contact zone between the filler and the binder was also unique for all tested formulations. This test was not normative; its methodology was designed to be applicable under laboratory conditions and to be evaluable.



4.2.1. Visual Assessment


The visual assessment evaluation of the chemical resistance of the NBR epoxy coating material containing the silica flour filler with rounded parts—the NBR-REF formulation—is presented in Table 6. It follows from the results that the coating was least resistant against 30% CH2O2, where complete degradation of the material already occurred after 90 days (5). Generally, the coating was best able to withstand the NaOH solution. Almusallam et al. [49] stated that their epoxy and polyurethane coatings were found to be relatively intact, with just the corners of the specimens damaged, after 60 days in a 2.5% sulfuric acid solution. Dębska et al. [50] found that in their samples of epoxy mortars immersed in aqueous solutions of acids, over time, the connection between the polymer matrix and aggregate weakened, which resulted in an increase in their weight and increasing fragility.



In Figure 6a, the colour change of the coating can be seen after exposure to 30% HCl for 90 days, where only the surface colour has changed without any disruption, cracking, etc. Contrastingly, Figure 6b depicts the same coating after 60 days of exposure to the 30% CH2O2 solution when the material peeled off the base and cracked.



The total collapse of the polymer system of the NBR-REF coating with silica flour exposed to a chemically aggressive environment in the form of 30% CH2O2, which occurred after 120 days of exposure, is obvious from Figure 7.



In recent years, anticorrosive coatings containing glass flakes are being investigated in relation to metal protection in highly corrosive media because they are expected to greatly prevent the aggressive solution’s transport through the polymeric matrix [51]. The evaluation of the chemical resistance in terms of the visual assessment according to the NBR-GF assessment system is presented in Table 7. As for the NBR-REF material, the maximum degradation was recorded after exposure to 30% CH2O2. Similarly, only slight colour changes occurred after exposure to inorganic acids and the NaOH solution.



Figure 8a shows the surface of the NBR-GF coating sample exposed to 30% H2SO4 for 120 days, where only a colour change occurred. Pacheco-Torgal et al. [52] stated that the use of the polymer impregnation process or coatings enhances the chemical resistance of hardened concrete used in the pipe industry against sulphuric acid. Figure 8b illustrates the degradation of the polymer system after 90 days of exposure to 30% CH2O2, when glass flakes, in this case, as a filler, ensured the cohesion of larger pieces of the tested surface; therefore, the surface released from the base in cohesive pieces. It follows that the filler in the glass flakes has a positive influence on the chemical resistance against the tested organic acid.



Figure 9 illustrates the NBR-GF coating containing glass flakes after another 30 days of exposure to 30% CH2O2—after 120 days in total—when initially cohesive pieces of the tested material almost degraded to dust, and the use of glass flakes did not prevent this significant degradation.



The evaluation of the chemical resistance of the coating containing sharp-edged shards from waste windshield glass (NBR-CW) as a filler is presented in Table 8. By comparing the evaluation with other coatings containing only primary raw materials, it is possible to notice that the NBR-CW coating containing a secondary raw material shows slightly higher chemical resistance against weakly concentrated solutions. After 120 days of exposure to 5% H2O4, there was no colour change on the material’s surface. Total degradation of the material after exposure to 30% CH2O2 occurred anyway; however, after 90 days of exposure to 5% CH2O2, no visual changes on the surface of the material were monitored. It is possible to assume that a micro filler in the form of sharp-edged shards slightly improves the chemical resistance of epoxy coatings.



Figure 10a shows the surface of the NBR-CW sample in which only a colour change of the material occurred after exposure to 30% HCl for 90 days. After scratching the surface, it was possible to easily remove the coloured layer, by which it was found that the colouring is only superficial and does not go through the whole layer of the surface. Figure 10b captures the colour change and surface cracks of the coating after 120 days of exposure to 5% CH2O2.



The visual assessment of the NBR-CW sample filled with ground shards from a windshield after exposure to 30% CH2O2 for 120 days (see Figure 11) was classified by the value of 5—total collapse of the system. This was due to the complete degradation of the tested layer of the coating throughout its thickness.



Based on the evaluation of the chemical resistance, it can be concluded that in all tested chemically aggressive solutions, except for 30% CH2O2, the degradation of coatings did not start to show visually until 60 days, and therefore it was not necessary to assess the chemical resistance after 30 days of exposure to chemicals. As for 30% formic acid, it can be assumed that the first coating defects occurred after 14 days of exposure to this strong organic acid. Furthermore, it can be assumed that even after 180 days of the coatings’ exposure to the selected inorganic acid solutions, the functionality and integrity would not deteriorate significantly. On the other hand, exposure of the epoxy coatings to CH2O2, even at a weak 5% concentration, could lead to significant defects in the tested coatings.



The selected concentrations of 5% and 30% proved to be very suitable because it was possible to observe a difference in the resistance of the coatings to solutions of different concentrations, especially for the formic acid. With smaller differences in concentrations, it would not be possible to observe such significant changes in the chemical resistance of the coatings to the selected aggressive solutions. Epoxy coatings are only rarely exposed to higher concentrations of aggressive substances, and therefore solutions with higher concentrations, which could cause greater degradation of coatings, did not need to be tested.




4.2.2. Microscopic Analysis (SEM)


The structure of the NBR polymer coatings exposed to chemical substances was verified by scanning electron microscopy in the samples with a visual assessment of five. For all tested samples, they were always surfaces exposed to formic acid CH2O2 at a concentration of 30%. Additionally, they were always compared to a material that was not exposed to the chemically aggressive environment but had the same composition—reference coating with rounded particles, reference coating with glass flakes and reference coating with shards. The age of these reference (comparing) coating materials was 120 days. Tasnim et al. [53] stated that SEM analysis showed evidence of micro gaps between fillers and the polymer matrix when exposed to chemicals, and these micro gaps slightly increased in width with an increase in the exposure duration to these solutions.



The SEM picture in Figure 12a shows the structure of the 120-day-old material without exposure to chemicals. The structure has a solid, smooth surface at the fractured edge caused during sampling. It can also be seen that the filler is completely embedded in the polymer, and individual grains are fully coated in the polymer. The material showed no colour changes or disruptions on the surface. It is possible to see several air bubbles in the matrix, which were probably caused by the imperfect mixing of the material prior to its application. Tiny dust particles on the surface were caused by sampling—sample cut-off. Figure 12b illustrates the structure of the same polymer coating after 120 days of exposure to CH2O2 at a concentration of 30% that is completely disrupted. Rounded grains of a filler protrude from the structure of the composite; they are broken and exposed. The surface degraded to small pieces, which still retain a similar shape and size. The matrix is also degraded, and there is a disruption of the cross-linking chains and depolymerisation of the system. The smaller a molecule of an active chemical, the more aggressive it acts. A smaller molecule can diffuse to the polymer structure more easily and invade the polymer. The chemical resistance of polymers decreases with increasing temperature. Generally, it can be claimed that the better the polymer is cross-linked, the better its chemical resistance [54].



It follows from Figure 13a that after 120 days of storage of the coating in a laboratory environment, the polymer structure is solid and the surface is smooth and has no signs of any disruption, including colour changes. Glass flakes create a stable slatted system; they are not disrupted or exposed in the structure. The polymer matrix is intact, except for tiny air bubbles that were probably caused by the imperfect mixing of the mixture prior to its application. Tiny dust particles on the surface were caused by sampling—sample cut-off. In the micrograph in Figure 13b, it can be seen that the structure of the polymer completely degraded after 120-day exposure to CH2O2 at a concentration of 30%. Glass flakes protrude from the slatted structure, which is damaged, and grains of the filler are broken and exposed. The surface is degraded to small pieces, while the grains of the filler are visible even without using a microscope—by the naked eye. The matrix contains air bubbles that were probably caused by the imperfect mixing of the mixture prior to its application.



Figure 14a depicts that after 120 days, the structure of the polymer coating NBR-CW stored in laboratory conditions is also solid, and the surface is smooth and has no signs of any disruptions, including colour changes. The grains of the filler are more noticeable on the smooth surface. Particles in the form of shards are completely coated by the polymer matrix, creating a stable, homogeneous structure. Furthermore, it can be observed that individual grains of the filler are evenly distributed in the polymer. The polymer matrix is intact, except for the spots of the sample fracture that were caused during sampling—sample cut-off. In Figure 14b, on the other hand, it is possible to see that the polymer structure is completely disrupted after exposure to CH2O2 at a concentration of 30% for 120 days. The filler’s shards protrude from the disrupted structure, and filler grains are already visible under a microscope at 50× magnification. The matrix contains air bubbles probably caused by the imperfect mixing of the mixture prior to its application. At a higher magnification, pigment grains that protrude from the polymer matrix are noticeable.



Figure 15a shows waste glass particles (shards) emerging from the polymer matrix, which has been severely disrupted after exposure to formic acid for 120 days. It is possible to observe the sharp edges of shards characteristic of this type of filler. Figure 15b shows the microstructure of the strongly degraded NBR-REF coating, showing that CH2O2 also disrupted the structure of the quartz flour particles. By comparing these SEM images, it can be concluded that the coating containing shards from a windshield resists the selected chemically aggressive environment better than the reference coating. The incorporation of glass flakes in the polymer matrix can be seen in Figure 16a—the flakes are perfectly coated with an epoxy matrix. Figure 16b shows the disruption of the contact zone between the flakes and the polymer matrix after 90 days of the coating’s exposure to 30% CH2O2.






5. Conclusions


This research verified filler particle shapes’ influence on the chemical resistance and chosen properties of epoxy coatings for concrete and monitored the basic properties of the epoxy-based polymer coatings. Individual coatings contained different types of waste glass as fillers or reference fillers for comparison of the monitored parameters. Furthermore, the content of glass flakes in the epoxy coating within the influence of the particle shape of the filler on chemical resistance was also monitored. Several findings are summarised as follows:




	
The best properties, such as adhesion to concrete, hardness, tensile strength and chemical resistance, were reached by the NBR coating using 25% of windshield glass—shards as the filler (NBR-CW). The properties of this coating were similar to and, in several cases, even better than the properties of the reference coating on the same epoxy base containing silica flour.



	
The shape of the filler grains significantly influenced how the whole polymer system degrades, i.e., there is degradation of the material in the form of peeling, or complete destruction of the material in the form of dust. On the other hand, the particle shape did not influence the level and rate of degradation of the polymer coating material.



	
The loss of adhesion, gloss, colour and shape was observed as the first signal of the chemical degradation of the polymer during the experiment, while, according to theoretical findings, there was most likely defragmentation of the polymer chain (hundreds and thousands of atoms in the chain) to oligomers (dozens of atoms in the chain), and thus depolymerisation of the whole system of the tested material. Very slow depolymerisation—ageing of the polymer—can be positively used, for instance, for plastic recycling (biodegradation).



	
The particle shape achieved while grinding the waste glass—shards—had no negative impact on the chemical resistance, but the polymer matrix filled with these shards reacted with the chemically aggressive environment in the same way and in the same time frame as a commercially produced material, either filled with glass flakes or silica flour.



	
Polymer coatings containing waste glass of different origins are usable in the same way as commercially produced materials with the same or better properties.
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Figure 1. Particle size distribution for both the reference and waste fillers. 
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Figure 2. Solar collector glass tube (ST): (a) waste solar collector glass tube used after grinding as the filler in the coating; (b) section of a tubular solar panel [32]. 
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Figure 3. Shore D hardness of the epoxy coatings with different fillers. 
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Figure 4. Tensile stress at first break of the epoxy coatings with different fillers. 
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Figure 5. Tensile strain at first break of the epoxy coatings with different fillers. 
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Figure 6. NBR-REF coating containing rounded silica particles after chemical loading: (a) colour change of the coating exposed to 30% HCl for 90 days; (b) cracking of the coating exposed to 30% CH2O2 for 60 days. 
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Figure 7. An example of complete degradation of the NBR coating with a filler of rounded particles (NBR-REF) exposed to 30% CH2O2 for 120 days. 
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Figure 8. Coating NBR-GF after chemical stress: (a) colour change of the coating exposed to 30% H2SO4 for 120 days; (b) cracking of the coating exposed to 30% CH2O2 for 90 days. 
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Figure 9. Complete degradation of the NBR-GF coating exposed to 30% CH2O2 for 120 days. 






Figure 9. Complete degradation of the NBR-GF coating exposed to 30% CH2O2 for 120 days.



[image: Coatings 12 00309 g009]







[image: Coatings 12 00309 g010 550] 





Figure 10. The NBR-CW coating: (a) colour change after 90-day exposure to 30% HCl; (b) colour change after exposure to 5% CH2O2 for 120 days. 
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Figure 11. Complete degradation of the NBR-CW coating exposed to 30% CH2O2 for 120 days. 
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Figure 12. SEM photomicrographs of the coating with rounded particles (NBR-REF): (a) reference coating not exposed to the aggressive environment—50× magnification; (b) NBR-REF after exposure to CH2O2 for 120 days—500× magnification. 
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Figure 13. SEM photomicrographs of the coating containing glass flakes (NBR-GF): (a) reference coating not exposed to the aggressive environment—50× magnification; (b) NBR-GF after exposure to CH2O2 for 120 days—500× magnification. 
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Figure 14. SEM photomicrographs of the coating NBR-CW containing shards from a windshield: (a) reference coating not exposed to the aggressive environment—50× magnification; (b) NBR-CW after exposure to CH2O2 for 120 days—500× magnification. 
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Figure 15. SEM photomicrographs of the coating after exposure to 30% CH2O2 for 120 days: (a) NBR-CW containing shards exposed to the aggressive environment—3000× magnification; (b) NBR-REF with rounded particles—5000× magnification. 
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Figure 16. SEM photomicrographs of the coating NBR-GF containing glass flakes: (a) sample not exposed to the aggressive environment—300× magnification; (b) sample after exposure to 30% CH2O2 for 90 days—500× magnification. 
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Table 1. Chemical composition of the fillers (% dry matter).
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	Parameter
	GF
	REF
	CW
	STi
	STo
	SIM





	LOI 1
	0.32
	0.29
	0.65
	0.30
	0.33
	0.31



	SiO2
	74.6
	99.3
	71.8
	70.9
	71.2
	79.4



	Al2O3
	4.51
	0.174
	1.05
	3.93
	3.95
	2.28



	Fe2O3
	0.191
	0.026
	0.17
	0.045
	0.049
	0.015



	TiO2
	0.021
	0.021
	0.03
	0.018
	0.014
	0.011



	MnO
	0.006
	0.001
	<0.001
	0.001
	0.001
	<0.001



	CaO
	6.91
	0.028
	9.39
	5.12
	5.01
	0.68



	MgO
	2.29
	0.008
	3.91
	2.59
	2.54
	0.59



	K2O
	2.52
	0.102
	0.52
	2.87
	2.97
	1.8



	Na2O
	8.92
	0.029
	12.0
	12.17
	11.89
	1.9



	Li2O
	0.002
	<0.001
	0.004
	<0.001
	<0.001
	<0.001



	Cr2O3
	<0.004
	<0.004
	0.005
	0.004
	0.004
	<0.004



	BaO
	0.007
	0.011
	0.17
	1.99
	1.99
	0.004



	ZrO2
	0.021
	0.008
	0.29
	0.028
	0.019
	0.009



	B2O3
	<0.005
	<0.005
	<0.005
	<0.005
	<0.005
	13.0



	PbO
	<0.001
	<0.001
	0.011
	<0.001
	<0.001
	<0.001



	SrO
	<0.004
	<0.004
	<0.004
	0.0252
	0.0325
	<0.004







1 Loss on ignition.
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Table 2. Specific gravity of the fillers in kg/m3.
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	GF
	REF
	CW
	STi
	STo
	SIM





	2470
	2660
	2540
	2500
	2520
	2290
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Table 3. Formulations of the epoxy coatings for testing of basic parameters.
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	Type of Coating
	Epoxy Resin (wt.%)
	Hardener (wt.%)
	Filler (wt.% of Binder)
	Type of Filler





	NBR-GF
	75
	25
	25
	Glass flakes (GF)



	NBR-REF
	75
	25
	25
	Silica flour (REF)



	NBR-CW
	75
	25
	25
	Waste car windshields (CW)



	NBR-STi
	75
	25
	25
	Waste solar collector glass tube—inner (STi)



	NBR-STo
	75
	25
	25
	Waste solar collector glass tube—outer (STo)



	NBR-SIM
	75
	25
	25
	Waste glass SIMAX (SIM)










[image: Table] 





Table 4. Evaluation system for assessing chemical resistance from a visual point of view.
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	Evaluation 1
	Description of the Observed Change on Coating





	1
	without any changes



	2
	only colour changes



	3
	detachment from the substrate, without further damage



	4
	detachment from the substrate and cracking



	5
	complete damage







1 Minimum change = 1; maximum degradation = 5
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Table 5. Evaluation of the coating adhesion on concrete substrates.
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	Coating
	Adhesion (MPa)
	Failure Mode





	NBR-GF
	4.7
	Substrate failure



	NBR-REF
	4.9
	Substrate failure



	NBR-CW
	2.5
	Substrate failure



	NBR-STi
	3.1
	Substrate failure



	NBR-STo
	3.2
	Substrate failure



	NBR-SIM
	3.3
	Substrate failure
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Table 6. Evaluation of the visual assessment of the chemical resistance of the NBR-REF coating.
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Exposure Time

	
H2SO4

	
HCl

	
CH2O2

	
NaOH




	
5%

	
30%

	
5%

	
30%

	
5%

	
30%

	
5%

	
30%






	
60 days

	
1

	
1

	
1

	
2

	
1

	
4

	
1

	
1




	
90 days

	
1

	
2

	
2

	
2

	
2

	
5

	
1

	
1




	
120 days

	
2

	
2

	
2

	
2

	
2

	
5

	
1

	
2
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Table 7. Evaluation of the visual assessment of the chemical resistance of the NBR-GF coating.
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Exposure Time

	
H2SO4

	
HCl

	
CH2O2

	
NaOH




	
5%

	
30%

	
5%

	
30%

	
5%

	
30%

	
5%

	
30%






	
60 days

	
1

	
1

	
1

	
1

	
1

	
4

	
1

	
1




	
90 days

	
1

	
2

	
1

	
2

	
2

	
5

	
1

	
2




	
120 days

	
2

	
2

	
2

	
2

	
2

	
5

	
1

	
2
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Table 8. Evaluation of the visual assessment of the chemical resistance of the NBR-CW coating.
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Exposure Time

	
H2SO4

	
HCl

	
CH2O2

	
NaOH




	
5%

	
30%

	
5%

	
30%

	
5%

	
30%

	
5%

	
30%






	
60 days

	
1

	
1

	
1

	
2

	
1

	
4

	
1

	
1




	
90 days

	
1

	
2

	
1

	
2

	
1

	
5

	
1

	
2




	
120 days

	
1

	
2

	
2

	
2

	
2

	
5

	
1

	
2
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