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Abstract

:

Engineered stone (ENS) is a type of artificial stone composed of stone wastes bonded together by a polymeric matrix. ENS presents a profitable alternative for solid waste management, since its production adds value to the waste by reusing it as raw material and reduces environmental waste disposal. The present work’s main goal is to produce an ENS based on quartz powder waste, glass packaging waste, and epoxy resin. The wastes were size-distributed by the fine sieving method. Then, the closest-packed granulometric mixture, as well as the minimum amount of resin that would fill the voids of these mixtures, was calculated. ENS plates were prepared with 15%wt (ENS-15) and 20%wt (ENS-20) epoxy resin by vibration, compression (10 tons for 20 min at 90 °C), and vacuum of 600 mmHg. The plates were sanded and cut for physical, chemical, and mechanical tests. Scanning electron microscopy analysis of fractured specimens was performed. ENS-15 presented 2.26 g/cm3 density, 0.1% water absorption, 0.21% apparent porosity, and 33.5 MPa bend strength and was resistant to several chemical and staining agents. The results classified ENS as a high-quality coating material, technically and economically viable, with properties similar to commercial artificial stones. Therefore, the development of ENS based on waste glass and quartz powder meets the concept of sustainable development, as this proposed novel material could be marketed as a building material and simultaneously minimize the amount of these wastes that are currently disposed of in landfills.
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1. Introduction


An enormous issue with glass is its one-time use, such as in beverage packaging, squandering a non-biodegradable material that occupies significant space in landfills, reinforcing the reliance on natural resources, and causing damage to the environment [1]. Moreover, dumping glass waste in landfills adds to the disposal issue that is disturbing the biological equilibrium all over the planet [2].



Waste glass, in theory, after sorting and cleaning, could be remelted to manufacture new glass products. However, its variety of colors and contaminations makes recycling laborious, reducing the glass recycling rate. Thereby, waste glass is frequently sent to landfills, contaminating nature, harming the environment, and wasting resources. Around the globe, it is estimated that a whopping amount of glass waste is landfilled each year, approximately 200 million tons, drawing international attention and efforts to develop novel products based on waste glass [3].



Compared to other wastes, such as wood and plastic, waste glass presents chemical stability, which makes its reuse in the manufacture of construction materials of great interest due to some advantages over recycling, such as low energy consumption (as it does not need melting) and simplicity in the treatment of waste [4].



Another material that takes a million years to decompose, generating environmental harm when wrongly disposed of, is quartz powder, composed of 99.0% SiO2, 0.8% Al2O3, 0.1% Fe2O3, and 0.1% TiO2 [5].



Wastes, in general, are nowadays a huge challenge for the industrialized world, since they are usually discarded as useless due to poor technological handling [6]. Improperly disposed of wastes generate a series of disorders, such as destruction of landscape, fauna and flora, air and soil contamination, and populational health risks [7]. For that reason, it is important to propose new sustainable approaches for waste management, representing consistent and effective ways of minimizing these impacts [8].



In that scenario, reusing waste materials in building materials has been attracting research interests, aiming to diminish natural resources wastage, manufacturing costs, and landfilling [9]. With regard to civil construction, waste recycling at any stage would provide sustainable development in this sector, which is considered to be a major waste generator among the macro sectors of the economy, since its consumption of natural resources is approximately 75% [10].



In this sense, the combination of the construction industry with the reuse of waste has become one of the main directions of research [5], with the replacement of raw materials from civil construction with waste products encouraged by the industry, aiming to promote sustainability [11].



Among the civil construction materials, a possible solution to reuse glass and quartz wastes is the development of a novel composite material, called engineered stone (ENS), artificial stones manufactured with a high amount of fine mineral agglomerated polymeric resins [6].



In this way, particulate natural materials of ENS can be substituted by wastes. The wastes are crushed in different granulometries and mixed with resins and additives. This mixture forms a mass that goes through a molding process by means of vibration, compression, and vacuum. The thermosetting resin contained in the paste undergoes a hardening process resulting in the ENS, with dimensions defined by the mold size [12].



Lee and Shin [13] reported on the influence of vacuum, mold temperature, and cooling rate on the production of fiberglass/PET composites. It was observed that specimens preheated without vacuum registered 1.9% porosity, while those made with vacuum registered only 0.3–0.4% porosity. Vacuum-processed samples also achieved better tensile strength values, increasing from 141 Mpa (without vacuum) to 258 Mpa (with vacuum). The authors concluded that the vacuum decreases the porosity, consequently improving the composite’s mechanical properties.



Lee et al. [14] studied the effects of compaction pressure, vacuum level, and vibration frequency on the properties of artificial stones produced by vacuum vibrocompression. The authors observed that by increasing the compaction pressure (up to a certain limit), vacuum and vibration diminish porosity and water absorption, enhancing the mechanical properties.



Several studies have proposed the reuse of natural wastes such as marbles, granites, quartzites, and brick waste [14,15,16,17,18,19] agglomerated by polymeric matrixes, such as epoxy and polyester, to develop engineered stones, producing stones with better mechanical, physical, and chemical properties compared to artificial and natural stones on the market.



This research is focused on producing ENS with quartz powder combined with colorless glass waste from beverage packaging. The decision to use only colorless glass came from the concern with the aesthetic appeal of the final product, since artificial stones with the highest market value are white. The use of glass from beverage packaging had the purpose of finding a sustainable destination for this single-use glass product.



This research’s main goal is to confirm the technical feasibility of a novel ENS produced with beverage packaging waste, quartz powder waste, and epoxy resin. The investment in the ENS development could reinsert waste into a manufacturing process along with moving the economy by entering an unexplored and growing industrial area in Brazil [19].




2. Materials and Methods


2.1. Materials


The colorless beverage glass packaging was collected by the authors in bars and supermarkets located in Campos dos Goytacazes, RJ, Brazil. The quartz dust was supplied by EcologicStone, an artificial stone company located in Cachoeiro de Itapemirim, ES, Brazil. The epoxy resin (MC130) of type diglycidyl ether bisphenol A (DGEBA) with 1.15 g/cm3 density and the hardener (FD 139), composed of triethylenetetramine (TETA) were both supplied by Epoxyfiber.



The size reduction of wastes was achieved by the fine sieving method according to ABNT NBR 7181 [20], in order to obtain three granulometric ranges: coarse (2.000–0.420 mm), medium (0.420–0.075 mm), and fine particles (<0.075 mm). The glass bottles were crushed in a ball mill in order to obtain coarse and medium granulations, and the quartz dust was already fitting the fine granulometry.




2.2. Parameters of Plates Development


To determine the closest-packed mixture, a ternary diagram based on the experimental numeric-modeling grid simplex (simplex-lattice design) (Figure 1), based on the ABNT/MB-3388 Brazilian standard [21], was proposed. Ten (10) different mixtures of the three granulometric ranges were proposed. The proportions are indicated in Figure 1. Each mixture was placed in a 1013.24 cm3 steel vessel coupled to a 10 kg weight, under 60 Hz of vibration for 10 min.



The mixture with the greatest vibrated density through packaging was calculated, representing the closest packing of particles, and was chosen for the development of the ENS plates.



The minimum amount of resin (MAR) needed to produce the ENS plates was calculated through the volume void (VV), which is found by Equation (1) [22]:


  VV % =   1 −   p a r t i c l e s   a p p a r e n t   d r y   d e n s i t y   g l a s s   d e n s i t y + q u a r t z   d e n s i t y     × 100  



(1)







The minimum amount of resin (MAR), represented by the amount of resin enough to fill these volume void, were then calculated through Equation (2) [22]:


  MAR % =   VV % ×  ρ  r e s i n     VV % ×  ρ  r e s i n   +   100 − VV %   ×  ρ    g l a s s + q u a r t z        



(2)








2.3. Engineered Stone Plate Development


The ENS plates, with 100 × 100 × 10 mm size dimensions, were produced by the vacuum, vibration, and compression method. The raw materials were dried in an oven for 24 h at 100 °C, weighed in the appropriate proportions, and mixed with both the epoxy resin and hardener. The mixture was placed in a mold connected to a vacuum system (600 mmHg), which was on a vibrating table for 2 min. The mold, still under vacuum, was positioned in a hydraulic press, where it was compressed for 20 min under 90 °C heating. The ENS plates were cooled to room temperature and removed from the mold. The plates were sanded and then cut with a diamond disc in dimensions required by the standards to perform the physical, chemical, and mechanical tests. The epoxy contents in the ENS were 15%wt (ENS-15) and 20%wt (ENS-20).




2.4. Characterization of Engineered Stone Plates


To perform the physical indices test, 18 specimens of 30 × 30 × 30 mm were cut from the ENS plates. The apparent density, water absorption, and apparent porosity were determined in accordance with Annex B of the ABNT/NBR 155845-2 [23], responsible for classifying stone materials for applications such as coatings in civil construction.



The dilatometry test aims to identify dimensional variations of the specimen under heating conditions. The test was performed on the Netzsch DIL402PC equipment under a heating rate of 10 °C/min and a temperature range of 30–1000 °C.



The 3-point bend test was performed according to the Annex F of ABNT/NBR 155845-6 [24] Brazilian standard and UNE-EN 14617-2 Spanish standard [25]. Six (6) specimens of 10 × 25 × 100 mm were tested on the Instron branded universal mechanical testing machine, model 5582, under a 0.25 mm/min loading rate, 100 KN load cell, and 80 mm two-point distance, to evaluate the maximum bending stress, as well as the standard deviation.



Abrasive wear tests were performed according to the ABNT/NBR 12042 Brazilian standard [26], using 2 samples of 70 × 70 × 30 mm, which had their thicknesses measured before and after abrasive wearing suffered in 500 and 1000 m track in a MAQTEST Amsler equipment.



The chemical attack resistance was determined according to an adaptation of Annex H of the standard ABNT/NBR ISO 10545-13 [27]. The attack was performed on 16 specimens with dimensions of 50 × 50 × 10 mm, representing 4 specimens for each one of the 4 attack agents. The specimens were under chemical attack by ammonium chloride and citric acid for 24 h and by hydrochloric acid and potassium hydroxide for 96 h.



The stain resistance was performed on ENS-15 according to an adaptation of the guidelines described in Annex G of ABNT/NBR ISO 10545-14 [28], in addition to the staining agents already listed in the standard, namely penetrating agents (Cr2O3 green and Fe2O3 red), the oxidizing agent (iodine), and the film-forming agent (olive oil). Common household products were also used: grape juice, ketchup, mustard, and coffee. For each staining agent, 5 polished ENS specimens of approximately 40 × 20 × 10 mm had half of their face covered with the staining agents for 24 h, and the material was then classified according to ease of stain removal.



The salt crystallization test was performed on ENS-15 according to an adaptation of the guidelines described in ABNT/NBR 8.094 [29]. Five 50 × 50 mm specimens were prepared, washed, and dried in an oven at 70 °C for 24 h. The specimens were identified, weighed, measured, and subsequently submerged in a sodium chloride solution for 6 h and oven-dried for 18 h, totaling a 24 h cycle. The process was repeated until 50 cycles were completed.



In the 10th, 30th, and 50th cycles, the samples were analyzed using the Olympus LEXT OLS400 confocal microscope to observe possible surface changes due to exposure to the sodium chloride solution.



The ENS pore characteristics before and after the salt crystallization test were obtained in an automatic mercury injection porosimeter, model Autopore IV 9500, from Micromeritics Instrument Company of America, in 6 × 6 × 6 mm samples. Mercury intrusion and extrusion were investigated under pressures between 0 and 33,000 Psi, which equates to approximately 228 MPa, with pore diameters reading between 0.005 µm and 360 µm.



The ENS fractured surface regions subjected to bending tests were observed through SHIMADZU’s Super Scan SSX-550 scanning electron microscope (SEM) for microstructural analysis, at 20 kV of secondary electrons. The samples were prepared using an adhesive carbon tape enveloped by a gold surf. The microstructural analysis is important to determine the quality of the adhesion between the particles and the epoxy resin, as well as the presence of voids.





3. Results and Discussion


3.1. Development Parameters


The vibration densities of the 10 mixtures proposed in Figure 1 are displayed in Table 1.



As shown in Table 1, the mixture that presented the greatest vibration density was Mixture 7 (1/3 coarse, 1/3 medium, and 1/3 fine particles), representing the closest-packed mixture. Therefore, Mixture 7 was chosen as a proportion of particle sizes for the ENS development.



The MAR was calculated through Equation (2) as 15%wt for the epoxy resin. This amount of resin is considered to be the minimum amount of matrix necessary to fill both interstitial and surface voids of the closest-packed mixture.



The ENS plates were produced with 1/3 of coarse particles of glass waste, 1/3 of medium particles of glass waste, and 1/3 of fine particles of quartz waste. Plates were produced with an amount of 15%wt epoxy resin (ENS-15), corresponding to the MAR, and also with 20%wt (ENS-20) of epoxy resin, aiming to verify whether the addition of resin would result in a more effective void filling that would be determined by its mechanical properties.




3.2. Physical Indices


Table 2 presents the physical indices (apparent density, water absorption, and apparent porosity) results found after testing 18 specimens of both ENS-15 and ENS-20.



As can be seen in Table 2, by modifying the amount of resin, a difference in the physical indices was observed. ENS-20 had density values lower than ENS-15, which is due to the fact that the resin content increased, hence a decrease in the amount of waste. The rise in water absorption and porosity values observed in ENS-20 is explained by the resin binding action that brings the particles together. More resin means fewer waste particles in the mixture, forming more empty spaces, called voids, increasing both apparent porosity and water absorption.



Lee et al. [14] developed engineered stone based on glass and granite wastes under different conditions of pressure, temperature, and vacuum. In their work, the results ranged between 2.03 and 2.45 g/cm3 for density and from 0.01 to 0.20% for water absorption. By observing Table 2, one can notice that the density and water absorption values found for both ENS-15 and ENS-20RAVQ 20% are within the range found by Lee et al.



A commercial stone named Stellar™, also produced by EcologicStone, the same company that supplied the quartz dust for this work, was characterized in the work of Carvalho et al. [15], presenting 2.38 g/m3 density, 0.18% water absorption, and 0.44% apparent porosity. Both ENS-15 and ENS-20 are relatively lower than the commercial stone, with similar porosity and water absorption, indicating that the produced rock can be an alternative to replace the commercial Stellar™ stone, not only reusing the wastes but also with structure and logistic savings because of the lower density.



According to Chiodi and Rodrigues [30], lining or facing civil construction materials classified as high quality must have porosity below 0.5%. As can be seen in Table 2, the porosity values found for both ENS-15 and ENS-20 are below this value, evidencing the high quality of both engineered stones produced for coating applications.



As ENS-15 showed better physical indices, it was chosen to be tested for its mechanical and thermal properties.




3.3. Dilatometry Test


Numerous materials present dimensional variations after being exposed to a heating period, presenting dimensional variations under the effect of the contraction and expansion phenomena in their structures. These variations take place due to physical and chemical events that occur in the structures and chemical composition of their materials. In the development of engineered stone, thermal transformations occur in the curing stage because of the matrix/waste polymerization reaction [31].



The ENS, composed of glass and quartz in the epoxy matrix, had excellent test stability and resistance, probably due to the aggregate’s properties and characteristics at high temperatures. Figure 2 presents the ENS-15 dilatometry analysis.



In Figure 2, one can observe the structural behavior of ENS-15 in a heated environment in a range of temperature from 0° to 1000 °C, identifying the structural phenomena presented such as the body temperature at the exact moment.



In the range of 0–300 °C, it is possible to see the adaptation of materials to the heated environment, favoring pore expansion and the structure’s moisture loss, in addition to a molecular chemical activation, which causes movement expanding the entire structure. Owing to the adaptation, at 338 °C, the structure contracts, which is followed by an expansion at 362.6 °C and a significant decline at 382.4 °C, a temperature where the resin begins to decompose, with a weight loss demonstrated in previous works [17].



According to Silva et al. [17], the epoxy resin thermogravimetry curve registers the first 70% weight loss at about 380 °C due to the resin’s decomposition. Subsequently, at 382.4 °C, there is a weight loss that continues until the end of the process, at 550 °C [17]. After 600 °C, the structure undergoes another contraction, and there is a total weight loss because of the resin and the melting temperature of the waste glass, which is around 600–1117 °C, and of the quartz dust, which, at around 870 °C, becomes tridymite, a high-temperature silica polymorph [17,31].




3.4. Three-Point Bend Strength


Table 3 presents the three-point bend strength values of ENS-15 and pure epoxy resin.



Figure 3 shows the stress vs. strain curves obtained by the three-point bending test of ENS-15 developed and of the pure epoxy resin. Mechanical strength, or the stress at which the material breaks, is the most important property for structural materials.



The mechanical bending resistance of ENS-15 was 33.5 ± 4.0 MPa, with a strain ranging from 0.0 to 0.3.



When comparing the ENS bending strength results of those found by Carvalho et al. [15] for Stellar™ (36.61 ± 2.48 MPa) with those also found by Carvalho et al. [6], artificial stone developed with quarry waste and 15% epoxy resin (32 ± 2 MPa), and by Gomes et al. [16], AOS artificial stone developed with brick waste and quarry dust with 20% epoxy resin (30 ± 3 MPa), it is noticeable that the values for ENS-15 are in accordance with those found by other authors for similar materials.



According to Chiodi Filho and Rodriguez [30], ornamental stones used as coatings in civil construction, with bending strength above 20 MPa, are classified as highly resistant materials. As ENS-15 presented flexural strength above this value, it can be classified as a high-strength engineered stone, enabling it to be used on tops and countertops without restriction, as well as in internal and external walls.



The GSO ASTM C503/2015 [32] standard specifies that calcitic marble bend strength must be greater than 7 MPa. The bend strength values found by the ENS developed in this work represent about five times this value. Therefore, it is possible to affirm that the material developed represents a formidable alternative to replace calcitic marble, which could result in material savings, since the greater resistance would make it possible to produce the same materials with smaller dimensions.




3.5. Abrasive Wear Test


Table 4 presents the thickness reduction of ENS-15 after two specimens were subjected to abrasive wear tests at two running distances, 500 and 1000 m.



For artificial stones to be applied for civil construction, there are no requirements, standards, or limits to thickness reduction in abrasive wear tests. Chiodi Filho and Rodrigues [30] proposed technological parameters for the use of artificial stones in pavements. The authors recommended that pavements with low traffic should display wear thickness reduction lower than 6 mm, medium traffic should be lower than 3 mm, and heavy traffic lower than 1.5 mm. Based on the described parameters, the novel ENS-15 (Table 4) can be used for medium traffic pavement, since it presented a thickness reduction below 3 mm on the 1000 m track.




3.6. Chemical Attack Resistance


Table 5 presents the relative weight loss (%) suffered by the specimens ENS-15 and ENS-20 after 24 h or 96 h under chemical attack. The reagents simulate the composition of some substances, such as cleaning products and food or atmospheric acids, that would possibly be in contact with the engineered stone if applied as a coating.



After observing the results presented in Table 5, it can be seen that the ENS produced had a smaller weight loss when attacked by basic reagents than when attacked by acidic ones, probably due to the matrix, since epoxy resin has a high resistance to chemical agents, especially alkali [33].



ENS-15 had a small relative weight loss in the face of chemical attacks, which can be attributed to the fact that the glass, quartz, and epoxy resin are materials that present certain chemical stability. Possibly, the glass, as its original application was beverage packaging, had a more chemically inert composition. Quartz at room temperature presents a stable phase of silica and is also, by nature, a chemically stable material [30].



Gomes et al. [16] evaluated the behavior of their AOS artificial stone also agglomerated by epoxy resin under chemical attack with the same agents used in the present work. However, the authors evaluated chemical attack resistance for all reagents for only 24 h, while in this present work, some chemical attack reagents acted for 96 h according to the standard [32]. Still, the reagent that caused the greatest weight loss was HCl, corroborating the conclusions of Gomes et al. [16].




3.7. Stain Resistance


Figure 4 presents a graph illustrating the stain resistance behavior of ENS-15 according to a scale of the difficulty degree in removing the stains after the cleaning procedures described in the standard [28]. In this scale, Number 5 represents the easiest stain removal, and Number 1 represents the harder stain removal. In fact, a stain at Number 1 is one that remains even after all the cleaning procedures.



ENS-15 showed high stain resistance for agents such as wine and coffee, which were cleaned only with hot water. Olive oil and ketchup stains were easily removed by detergent, and, after cleaning with an abrasive paste, the green agent (Cr2O3) stain was also removed. For cleaning the other stains left by red (Fe2O3), mustard, and iodine, the specimens were submerged in acidic solution for 24 h. ENS-15 did not show iodine stain resistance because this stain remained at Number 1, as shown in Figure 4.



Peixoto et al. [15,22] also developed an artificial stone with the incorporation of glass waste, but with another type of glass from the industrial lamination stage. They evaluated its stain resistance with the same method and same staining agents, but no stain remained after the test.



Borsellino et al. [34] also evaluated the stain resistance of their artificial marbles developed with marble and epoxy resin and also with polyester resin. However, they used different staining agents and another method. It was pointed out by the authors that plates with more epoxy resin content suffered fewer surface alterations after the stain resistance test, which was attributed to the higher epoxy resin stain resistance.



Stain resistance is kindred to surface pores because, after polishing the stone surface, the internal pores become surface pores, also known as open pores, which hinder the removal of stains [22].



The stain resistance test is important to evaluate the quality of engineered stones because of its application, which takes aesthetics into account, and because of its use in kitchens, bathrooms, and laboratory countertops, which constantly expose ENS to staining substances.




3.8. Salt Crystallization Test


Table 6 shows the ENS weight before the test and its weight after the salt crystallization cycles. In each cycle, the samples were submerged in saline water and taken to an oven for drying, respecting their respective times. It can be observed that there was a small weight variation during the cycles, which indicates little absorption of salinized water, evidencing the low porosity shown in the physical index.



Figure 5 shows the engineered stone’s pore distribution before and after the salt crystallization test.



The ENS had four pore diameter ranges after the test, large, medium, small, and micropores, whereas the intact ENS had no range of small pores. Mercury intrusion and volume increased for ENS in the micropore range, probably due to sample failures. The intact ENS obtained a 0.005 mL/g mercury intrusion volume and 0.89% porosity, and the ENS after the test had 0.0064 mL/g mercury intrusion and 1.29% porosity, indicating the appearance of new pores.



The diameter of pores and the mercury intrusion volume increased in all diameter ranges. The elevation in mercury intrusion and pore diameter can be attributed to temperature variations and the crystallization of salts in the pores that expand, producing tensions that enlarge their diameter.



The studies by Benavente et al. [35] and Yu and Oguchi [36] reported that saline solutions could come from external sources, such as natural salts or anthropogenic discharges, such as marine spray, pesticides, and wastes from fossil fuel combustion. The exposure of artificial stones to these external saline solutions could induce a capillarity and porosity increase, consequently impairing the material’s mechanical properties.



The literature also reports an enormous discrepancy between the limited damage observed in the laboratory and the severe deterioration that happens when artificial stones are contaminated with NaCl from external sources. When considering the pore damage due to salt crystallization, the lower destructive potential of NaCl in the laboratory could be attributed to its tendency to supersaturate [37], which can be observed in Table 6, as, despite repetitive cycles, there was no considerable weight variation in the tested specimens.



Flat and three-dimensional micrographs of the ENS before and after the test were obtained with confocal microscopy during cycles of 10, 30, and 50, as shown in Figure 6 and Figure 7.



As displayed in Figure 6, ENS after 50 cycles (Figure 6d) underwent a greater change on the surface, evidenced by the more whitish and yellowish color. The accelerated degradation in the laboratory brings the brightness loss, yellowing, porosity, microcracks, and the mineral alteration state caused by the joint action of factors such as temperature and sodium presence (saline water). This leads to salt crystallization in the exposed pores, generating tensions responsible for increasing the diameter of pores and physical origin surface changes [38]. At 10 and 30 cycles, there was no significant surface change.



The three-dimensional photomicrographs (Figure 7) show that the ENS after 30 cycles (Figure 7c) had a greater pore or cavity number, being more pronounced in the ENS after 50 cycles (Figure 7d), indicating the loss of surface cohesion as the number of cycles rise, leading to the detachment of the material in the form of dust and/or small particles [38].




3.9. SEM Observations


Figure 8a,b displays the ENS micrographs of surface fracture obtained by SEM.



In Figure 8, it is possible to notice that the presence of pores or cavities in the material (white arrows) is quite reduced, which was already expected due to the low porosity and water absorption and to the manufacturing process that uses vibration, compaction, and vacuum.



The occurrence of displaced particles (Figure 8a) of the matrix can also be observed, as indicated by the arrow. The voids in the interface region point to this displacement. There was little displacement of waste grains (Figure 8a,b), confirming the efficient wetting [17].



The compaction enhances the settlement and adhesion of particles, and the vacuum assists the resin to better penetrate the interstices of the waste particles, filling the void volume [3], which is clearly seen in the micrograph, by a good interfacial adhesion between the waste particles and the resin. The good interfacial interaction is evidence of effective interfacial wetting of the resin, which is directly related to the improvement of the material’s mechanical properties, as reported by Miller et al. [39] and Debnath et al. [40]. Figure 8a,b both show intergranular fracture surfaces with evidence of mechanical stress failure, since the fracture cracks pass through the grains indicated by the arrow.





4. Conclusions


This work aimed to develop an ENS based on glass packaging waste, quartz dust, and epoxy resin (ENS-15 and ENS-20) through vacuum vibration and compression, as well as to determine its physical and mechanical properties.



From the experimental results obtained in this study, the following conclusions can be drawn:




	
ENS-15 and ENS-20 are materials of low density, with 2.26 and 2.24 g/cm3, respectively. The water absorption was 0.10 and 0.12%, considering both as low absorption ENS materials;



	
Both ENS-15 and 20 are high-quality coating materials for lining civil construction due to their porosity below 0.5%;



	
ENS-15 is a highly resistant material, owing to its 33.5 MPa bend strength, which exceeds the recommended value of at least 20 MPa for construction coating materials;



	
ENS with a 2.86 mm thickness reduction on the 1000 m track can be used for pavement on floors with medium traffic, since it presented thickness reduction below the recommended value for this type of material;



	
The ENS displayed good chemical stability, proved by its low relative weight loss after the chemical attack test.



	
The ENS is likely to be used as a coating in kitchens and bathrooms, since it is highly resistant to some staining agents except iodine;



	
SEM micrographs showed the low presence of pores and an optimal waste/resin interfacial adhesion, corroborating the physical indices and bend strength results.



	
Therefore, the development of ENS based on glass, quartz dust, and epoxy resin has the potential to be used as an alternative material, competing with both natural and commercial artificial stones, which are currently marketed in civil construction, leading to environmental and economical improvements.
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Figure 1. Ternary diagram with the simplex complete cubic model 10 mixtures composition. Proportions of coarse (G), medium (M), and fine (F) particles [7]. 
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Figure 2. Dilatometry curve of ENS-15. 
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Figure 3. Mechanical behavior of ENS-15 and the pure epoxy resin in 3-point bend strength tests. 
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Figure 4. Stain resistance behavior of ENS-15 after 24 h covered with the staining agents. 
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Figure 5. Pore diameter distribution of ENS before and after the salt crystallization test. 
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Figure 6. Photomicrograph of ENS under the salt crystallization test: ENS before test (a), after 10 cycles (b), after 30 cycles (c), and after 50 cycles (d), with 430× magnification. 
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Figure 7. Three-dimensional photomicrograph of ENS under the salt crystallization test: ENS before test (a), after 10 cycles (b), after 30 cycles (c), and after 50 cycles (d), with 430× magnification. 
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Figure 8. ENS-15 scanning electron fractured surface micrographs with different magnifications: (a) 200× and (b) 500×. 
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Table 1. Compositions and vacuum and vibration density of the 10 mixtures proposed for ENS development.
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	Mixture
	Density (g/cm3)





	1
	1.253 ± 0.03



	2
	1.250 ± 0.02



	3
	1.232 ± 0.03



	4
	1.510 ± 0.01



	5
	1.418 ± 0.02



	6
	1.563 ± 0.01



	7
	1.676 ± 0.03



	8
	1.586 ± 0.03



	9
	1.439 ± 0.02



	10
	1.625 ± 0.04
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Table 2. Physical properties of apparent density, water absorption, and apparent porosity of ENS-15 and ENS-20.
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	Engineered Stone
	Density (g/cm3)
	Water Absorption (%)
	Apparent Porosity (%)





	ENS-15
	2.26 ± 0.01
	0.10 ± 0.01
	0.21 ± 0.03



	ENS-20
	2.14 ± 0.01
	0.12 ± 0.01
	0.25 ± 0.03
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Table 3. Three-point bend strength of ENS-15 and epoxy resin.






Table 3. Three-point bend strength of ENS-15 and epoxy resin.





	Materials
	3-Point Bend Strength (MPa)





	ENS-15
	33.54 ± 4.05



	Epoxy
	93.6 ± 4.70
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Table 4. Amsler abrasive wear through with thickness reduction of ENS-15.
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Material

	
Thickness Reduction (mm)




	
500 m

	
1000 m






	
ENS-15

	
1.41 ± 0.22

	
2.86 ± 0.25
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Table 5. Relative weight loss after 24 h/96 h of chemical attack of ENS-15 specimens.
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	Reagents
	Relative Weight Loss (%)
	Time Span





	NH4Cl
	0.07 ± 0.01
	24 h



	C6H8O7 (citric acid)
	0.18 ± 0.04
	24 h



	HCl
	0.41 ± 0.02
	96 h



	KOH
	0.08 ± 0.01
	96 h
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Table 6. Weight variation after 10, 30, and 50 cycles of ENS salt crystallization test.
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	Test Conditions
	Weight Variation (g)
	Weight Variation (%)





	10 cycles
	0.02 ± 0.01
	+0.04 ± 0.02



	30 cycles
	0.06 ± 0.03
	+0.09 ± 0.05



	50 cycles
	0.50 ± 0.30
	+0.87 ± 0.54
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