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Abstract

:

Given the current huge generation of solid waste worldwide, alternative and innovative methodologies for incorporating these materials should be encouraged elsewhere. In this context, the objective of this research is to evaluate the use of glass waste as a substitute for sand as raw material in ceramics. Formulations containing from 0% to 20% of glass waste were produced, thus replacing natural sand. Extruded and calcined specimens were produced at temperatures of 800, 900 and 1000 °C. The characterization results demonstrated the compatibility and their potential for the glass waste for improving the properties of ceramics. Results of density, water absorption and flexural strength improved when 20% of glass waste was added due to the porosity reduction, provided by the formation of a liquid phase and then by a sintering, promoted by the glass waste. This resulted in coherent properties with ceramic applications in the form of tiles and blocks, at a calcining temperature of 800 °C. On the contrary, results without glass did not reach the necessary parameters even at 1000 °C. In conclusion, the feasibility of using glass waste has been proven, which, in addition to improving the material’s properties, provides economy benefits for the ceramic industry, with the calcination process at milder temperatures.
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1. Introduction


In recent years, the generation of industrial solid waste has increased exponentially around the world. This increase has as main reasons the population increase and the consequent increase in waste production [1]; urbanization processes, generating an increase in the number of inhabitants in large cities and the generation of waste [2]; the industrialization process [3]; and the increase in inappropriate places for the final disposal of waste, through dumps [1,2], which further aggravates this environmental problem.



Given this, the need to find ways to reuse waste is increasingly urgent. An alternative, which will be studied in this work, is the reuse of these wastes in the red ceramic industry, due to the diversity of functions that wastes can play in these types of materials [4]. It is known that the clays used for the production of ceramic artifacts are essentially plastic in nature, which enables, for example, use of waste that introduces non-plastic elements into the clayey mass to control this property [5,6]. As an example, the work of Moreira et al. (2008) [7] evaluated the use of ornamental rock waste in ceramics, proving the technological feasibility and economic advantages obtained with the use of this waste. Similar results were obtained by Amaral et al. (2019) [8]. In this research, the authors evaluated the use of ornamental rock residue in ceramic materials produced by uniaxial pressing. The authors’ objective was to evaluate the possibility of applying this waste in paving blocks. The results obtained highlight the feasibility of using waste in the proposed application.



Another possibility is the use of waste that helps to reduce the energy expenditure of the material in the calcination stage. This action can be direct through the supply of energy through exothermic reactions, or indirect through the reduction of the melting temperature of the ceramic material. The work by Delaqua et al. (2020) [9] evaluated the use of powdered cigarette waste in red ceramics with satisfactory results in the evaluated properties and proving the energy gain of the ceramic material during burning. Another relevant work with similar characteristics was developed by Delaqua et al. (2020) [10], where the authors evaluated the use of macrophyte biomass in ceramic materials, with positive conclusions.



A waste of great importance from an industrial point of view is glass waste. Only in Brazil, all products made with glass correspond on average to 3% of urban waste, and about 47% of glass packaging is recycled annually in the country, totaling 470 thousand tons per year [11]. Moreover, in general, this waste is 100% recyclable, that is, it can be indefinitely recycled [12]. However, when this waste is wrongly disposed of, it can be harmful, for reasons such that it is not biodegradable, and in most cases, it has a high cutting power [13]. In this article, the use of wastes from the manufacturing process of tempered glass as a melting element in red ceramics was studied, with the waste being removed from the initial manufacturing stage, that is, from the cutting of flat glass.



Other relevant information on glass waste, especially its application in ceramics, is highlighted by Silva et al. (2017) [14]. In this research, the authors developed a literature review on the use of glass waste in ceramic materials, highlighting several advantages obtained with the use of waste. An advantage is that the use of glass waste can reduce the environmental impact of the ceramic industry. Another issue addressed is the diversity of glass waste, which can be obtained from different sources. This information highlights the importance of conducting research with this material.



Another point that deserves to be highlighted is the need to use a typical ternary composition containing clay (30–60% by weight%), feldspar (15–40% by weight%) and quartz (5–30% by weight%) to produce ceramic materials [15,16]. This composition was studied such as in Luo et al. (2021) [17], where the authors evaluated the effect of replacing quartz and clay with fly ash to produce ceramics. In this study, the authors proved the need to use the typical ternary composition to obtain ceramic materials with adequate properties [18]. Thus, it is expected that the use of glass waste will contribute to the ternary composition, adding feldspar to the mix and providing adequate technological properties.



The main innovations of this work are to propose the use of glass waste to replace the sand used as a substitute for clayey masses. Although there are other published works with glass wastes [14,19], the analysis of new methodologies that enable the real application of the waste in ceramic materials is necessary.




2. Materials and Methods


The materials used in the research were commercial clayey mass, composed of two clays typical of the region used by the industries of Campos dos Goytacazes, RJ, Brazil. The mass is predominantly kaolinitic and has been used in other studies [5,8,9]. Moreover, natural quartz sand and glass waste were used in the formulation’s soda–calcium plan. The waste was obtained from a company located in Rio das Ostras, RJ, Brazil.



The raw materials used in the research were characterized by X-ray fluorescence (XRF), using an S2 POLAR equipment, from BRUKER supplier. In addition, they were characterized through physical particle size tests, using the procedure of NBR 7181 [20], and through scanning electron microscopy (SEM) using a Shimadzu SSX-550 Superscan equipment. The samples used in SEM were prepared in advance using sanding and polishing. The samples were tested immediately after the metallization process, not requiring a conditioning step.



The formulations were produced using 60% clay 1, 20% clay 2 and 20% natural sand, as shown in Table 1. In addition, it was proposed to replace 0–20% glass waste, as a substitute for natural sand.



The formulations defined in Table 1 were initially evaluated for linear and optical dilatometry using a Netzsch brand DIL 402 pc equipment with a heating rate of 5 °C/min and a maximum temperature of 1050 °C. The rate used in this assay can vary in the range of 3–5 °C/min (slow burning), as the dilatometry results are close and do not affect the discussion of the results [21,22]. The masses of approximately 2 g were previously sieved in a sieve with 42 μm opening and prepared with 8% moisture, for subsequent compaction in a cylindrical shape with a force of 2 tons, with an application time of 5 s. In the formulations before firing, plasticity tests were also carried out, through the Atterberg limits defined by NBR 6459 [23] and NBR 7180 [24]. In this way, it was possible to obtain the prognosis of extrusion.



Afterward, the specimens were produced by extrusion, using a prismatic geometry of 15 × 25 × 115 mm. These specimens were evaluated for linear shrinkage by drying and dry density before the calcination process. The firing was carried out in a laboratory Muffle furnace by Maitec model FL 1300, at 800, 900 and 1000 °C. In the burning, a heating rate of 3 °C/min was used until reaching the burning temperature, with a plateau of 240 min. Cooling was by natural convection. After firing, density after firing, linear retraction after firing, water absorption, and flexural strength, were all tested. The procedure was adapted from NBR 15310 [25] and NBR 15270 [26]. Finally, microstructural analysis was performed using SEM.




3. Results and Discussion


3.1. Characterization of Raw Materials


Table 2 presents the XRF results of the raw materials. It is observed that the chemical composition of clays is predominantly based on SiO2 and Al2O3, which is typical of clay minerals. The presence of Fe2O3 is important, as it offers the reddish after-firing color typical of ceramic artifacts [27]. The presence of TiO2 helps in the surface hardness of the material, which can improve its mechanical properties, but it makes the material more fragile [28,29]. It can also act as a coloring oxide, clearing the ceramic piece after firing. The presence of K2O, MgO, Na2O and CaO is important because these alkaline and earthy alkaline elements act in the formation of the liquid phase, which is the main sintering mechanism of ceramic materials [6,30]. The loss of ignition, above 10%, is problematic because it is an indication of the presence of organic matter that can increase the material’s shrinkage and porosity, hence the importance of using corrective materials such as sand and glass waste. The use of two types of clay is justified to minimize dependence on a single deposit and to make the material less heterogeneous.



The chemical composition of natural sand is predominantly based on SiO2, which is compatible with its mineralogical composition based on quartz. The glass waste, however, has predominantly SiO2 in its composition, which is typical of glass. This material is probably in an amorphous form, contributing to the reduction of the material’s porosity. There is also a high content of Na2O (6.86%) and CaO (15.54%). These components aid in the formation of a liquid phase and improve strength, as they reduce the porosity of the material. The high content of CaO can cause bleaching in ceramic pieces, producing other static patterns for the pieces [31,32].



Figure 1 presents the results of the granulometry of the raw materials, while Figure 2 presents the SEM of the glass waste. It is easy to observe that the particle size of glass waste is close to the particle size of natural sand, which is another result that indicates the feasibility of using glass waste as a substitute for sand in ceramic materials. Regarding the morphology of the waste, an irregular pattern can be seen in Figure 2, due to the amorphism of the material, and particles with a high specific surface area, which is important to increase the resistance of the ceramic materials after firing.




3.2. Characterization of Ceramic Masses before Firing


Figure 3 presents the results of the dilatometry of the ceramic masses, revealing that the use of glass waste promotes the formation of larger amounts of liquid phase than natural sand, due to the presence of amorphous silica. Around 600 °C, the first relevant event occurs, which is when the glass enters to a softening point, showing a high reduction in its viscosity [33,34]. This is also evident by the optical dilatometry shown in Figure 3. The ceramic mass with 0% glass waste, and which has only natural sand, suffers an adverse event at this same temperature due to the allotropic transformation of the quartz, which can cause defects in ceramic materials [35]. The use of an amorphous material that can fulfill the same roles as natural sand is an advantage in this regard.



Another important event takes place between 800 and 1000 °C, where the glass fusion occurs. These temperatures promote greater formation of the liquid phase, which can help the ceramic properties due to the reduction of porosity [33]. The excess of this phase can be harmful, due to the high shrinkage that can cause excessive defects in the manufacturing stage [36]. Thus, it is necessary to evaluate the results obtained after firing, especially for the mass containing 20% of glass waste, to verify that the retraction obtained was not too excessive. This will be discussed further later in this text.



Figure 4 presents the extrusion prognostic results. It is observed that all the studied ceramic masses are within the acceptable extrusion region. This point is important for using the glass waste in place of the natural sand because problems during the extrusion step will impact the properties of the ceramic material before and after firing [8]. This indicates that the behavior of the waste is non-plastic, compatible with natural sand, which also behaves this way.



Figure 5 shows the results of apparent density during the drying and linear drying. Note that the apparent density of the specimens increased with the use of the glass protector. This characteristic is because the greater the density, the greater the mass of the material occupying the same volume. This information can help to reduce the porosity of ceramic pieces after firing [37]. Regarding linear drying, note that glass reduces shrinkage. This is also positive due to the formation of particles, which will probably increase after the retraction of ceramic pieces and the firing due to the liquid phase. The reduction in drying shrinkage can compensate the high shrinkage after firing [38].




3.3. Characterization of Ceramic Masses after Firing


Figure 6 shows the post-fire density and post-fire linear shrinkage results. It is observed that as the calcination temperature increases, the apparent density of the ceramic material increases, as does the linear shrinkage. This behavior is the pattern of this type of material and has already been reported by other authors [7,39]. However, the glass waste promoted an increase in the densification of the ceramic material, which is directly related to the formation of a liquid phase and greater sintering of resistant phases in the material. A negative characteristic is that the use of the waste promoted an increase in the firing shrinkage, which was already expected based on the other results. Compositions 10% and 20% show shrinkage above 4% at a firing temperature of 1000 °C. This can be a problem during the manufacture of ceramic parts due to defects in the developed products. The other retraction values, however, are within the standards established by other authors, such as Girondi et al. (2020) [9], Delaqua et al. (2020b) [10], and Delaqua, et al. (2022) [22].



Figure 7 presents the water absorption results, in which the mass containing only natural sand (0%) does not meet the limits for tiles, since at all temperatures, it presents water absorption greater than 20%. The masses containing glass waste, especially the one with 20% of the material, meet the water absorption requirements for both tiles and blocks, already in the calcination at 800 °C [7]. This is a great advantage because it provides savings in the manufacture of ceramics. The reduction of water absorption is related to the reduction of porosity and to the formation of liquid phase. As observed in Figure 3, from 600 °C onward, the glass already reaches its softening point, and therefore, it already has a functional liquid phase mechanism. At 1100 °C, glass still meets its operating point, updated, even more with the interconnection mechanisms of the materials [13,33]. These results do not prove the feasibility of using the glass waste, as they are used to use this material.



Figure 8 presents the flexural strength results. It is observed that the 20% composition meets the requirements of blocks and tiles already at a temperature of 800 °C, proving the savings highlighted in Figure 7. That is, it does not make much sense to propose calcination at higher temperatures if in this calcination range the composition of 20% already meets the requirements for water absorption and flexural strength, promoting savings in the firing stage. The same results are not possible without the use of glass waste, since the 0% composition does not meet the 6.5 MPa limit for tiles nor at the highest calcination temperature [8,10]. The results obtained are consistent with those highlighted by other authors and can be attributed to the formation of a liquid phase, as previously discussed [32].



Based on the discussion of the results, the effect of glass waste on ceramic materials is clear. It is observed that the role of natural sand is to act as a source of quartz for ceramic materials. In ceramic materials, quartz has the function of controlling shrinkage and reducing defects in the material. Quartz replacement, therefore, should be limited so as not to exacerbate these problems. However, the use of glass waste contributes feldspar to the ceramic material. This component, as highlighted in the introduction, contributes to the typical ternary composition of ceramic materials, containing clay, feldspar, and quartz [15,16]. The presence of glass waste contributes to a decrease in the firing temperature and an increase in the apparent density, resulting in a reduction in porosity and an increase in flexural rupture strength. Conversely, glass waste causes defects in ceramic materials, which is why its content should be limited to 20%, as proven in this research. At 1000 °C, the introduction of 20% of the glass waste caused an increase in flexural rupture strength from approximately 5 to almost 20 MPa. Conversely, it caused an increase in linear shrinkage from 2.5% to approximately 7.0%, which leads to an increase in material defects, as will be discussed below. Figure 9 shows a picture of the 20% specimens calcined at 1000 °C, where the formation of defects in the material, which, although they did not affect the strength gain, make the material of low aesthetic value. Therefore, the use of lower temperatures is more advantageous, since at 800 °C, it is possible to obtain values compatible with the main applications of ceramic materials.



Figure 9a shows a typical defect of ceramics produced with clays containing high levels of Fe2O3 called black heart. This defect is essentially due to the high iron content present in the clay, which occurred in all compositions calcined at 1000 °C in this research. It is observed that the thermal effect is a catalyst for the black heart. Thus, an essential action to reduce these defects is to use lower calcination temperatures [40]. It can be seen from the results presented above that the use of glass waste makes it possible to reduce the calcination temperature without affecting the properties evaluated. Thus, an efficient action to reduce these defects is the use of glass waste to improve sintering in ceramic materials.



The formation of surface defects, highlighted in Figure 9b, is related to the high linear shrinkage values of this composition, shown in Figure 6b, and to the sintering mechanism promoted by glass waste. This sintering mechanism is potentiated at a temperature of 1000 °C, because as illustrated in Figure 3, at this temperature range, the glass waste melts, causing the surface defects observed in the material [4].



Figure 10 presents the SEM results of the ceramic masses. Figure 10a,b shows the difference between the 0% and 20% compositions calcined at 800 °C, where in Figure 10b, the presence of a more compact and dense structure is visible. This can be attributed to the sintering promoted by the glass waste. Figure 10c,d shows the effects of calcination at 1000 °C in the 0% and 20% formulations, where the formation of a glassy phase in the 20% composition is clear. This is directly related to the use of glass, which promotes the formation of a liquid phase and reduces the porosity of the material. This happens due to the melting process of the glass waste, observed in Figure 3. In this temperature range, the glass becomes liquid, densifying the matrix and filling the pores not accessible by the sand that the glass waste replaces. Thus, the mechanism involved is liquid phase diffusion, which fills the accessible pores of the ceramic material and contributes to the flexural rupture strength [33]. The images are compatible with the results obtained by Figure 7 and Figure 8.





4. Conclusions


Based on the results obtained, the following conclusions were summarized:




	
The characterization of the glass waste shows the material’s compatibility with natural sand, enabling its use, in addition to indicating a potential for improving flexural rupture strength, due to the alkali levels, which increases the sintering of the ceramic.



	
The masses containing glass waste did not present problems in the extrusion prognosis, in addition to improving the densification of the ceramic material after drying and after firing.



	
After firing, the use of 20% glass waste promoted the sintering of the ceramic mass, due to the formation of a liquid phase, reducing porosity and improving the properties of water absorption and flexural strength. There were problems with burn retraction, but within tolerated limits.



	
The masses containing 20% of glass waste obtained parameters compatible with industrial applications at a calcination temperature of 800 °C, while the composition containing only natural sand did not present the same behavior even at temperatures of 1000 °C. This indicates the feasibility of using glass waste.








As perspectives for future work, the following stand out: (i) evaluate the influence of the granulometry of the glass waste on the properties of red ceramics; (ii) evaluate the effect of using 15% and 25% of glass waste as a substitute for sand; (iii) carry out durability and degradation tests on the red ceramic containing glass waste.
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Figure 1. Granulometry of raw materials. 
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Figure 2. SEM of the glass waste. 
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Figure 3. Dilatometry results. 
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Figure 4. Extrusion prognosis. 
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Figure 5. Results of (a) apparent drying density; (b) linear drying. 
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Figure 6. Results of (a) apparent burning density; (b) linear shrinkage. 
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Figure 7. Water absorption results. 
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Figure 8. Flexural rupture strength results. 
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Figure 9. Macroscopic analysis of the 20% composition: (a) inner surface; (b) external surface. 
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Figure 10. SEM of specimens: (a) 0% composition calcined at 800 °C; (b) 20% composition calcined at 800 °C; (c) 0% composition calcined at 1000 °C; (d) 20% composition calcined at 1000 °C. 
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Table 1. Formulations used for production of red ceramics.
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	Formulation
	Clay 1 (%)
	Clay 2 (%)
	Natural Sand (%)
	Glass Waste (%)





	0%
	60
	20
	20
	0



	5%
	60
	20
	15
	5



	10%
	60
	20
	10
	10



	20%
	60
	20
	0
	20
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Table 2. Chemical composition by XRF of raw materials.
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	Composition
	Clay 1 (wt%)
	Clay 2 (wt%)
	Natural Sand (wt%)
	Glass Waste (wt%)





	SiO2
	47.04
	49.34
	81.10
	72.58



	Al2O3
	32.56
	30.71
	11.90
	1.82



	Fe2O3
	3.48
	3.66
	1.20
	0.55



	TiO2
	1.29
	1.21
	0.47
	0.01



	K2O
	1.01
	0.99
	1.50
	0.36



	MgO
	0.55
	0.61
	0.62
	2.53



	Na2O
	0.34
	0.24
	0.84
	6.86



	CaO
	0.24
	0.22
	0.51
	15.54



	Others
	0.10
	0.11
	0.16
	0.02



	L.O.I.
	13.39
	12.91
	1.70
	0.00







L.O.I., loss of ignition.
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