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Abstract

:

Cathode Ray Tube (CRT) glass belongs to the group of wastes which are hard to be recycled due to their toxic metals content. Geopolymers are relatively new environmentally friendly materials which allow for the use of different types of wastes within their matrix. The following paper combines both issues and presents a new geopolymer mixture containing discarded CRT glass as a replacement for an aggregate. The main goal of the paper is to describe the basic mechanical behavior of the new type of metakaolin-based geopolymer and to discuss different factors influencing it. After the preliminary research, the mixture containing 50% of CRT glass was chosen for further tests. However, according to results, CRT glass content has no evident influence on flexural or compressive strength. Summarizing the second part of the research, it was decided that the following parameters are optimal from the mechanical, economic and environmental points of view: metakaolin to CRT glass ratio 1:1 (by mass), CRT glass of size up to 4 mm, curing at the room temperature, sodium hydroxide concentration 10 mol/L. According to the authors, the presented geopolymer is a promising building material. Further tests shall be done to describe new material more precisely.
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1. Introduction


Cathode Ray Tube (CRT) glass is a basic constituent of all old television sets and computer screens. It can be classified into three types of glass: panel, funnel and neck glass. While the panel glass is relatively safe, the funnel and neck parts contain a high level of lead which is categorized as hazardous for human health and the environment [1]. Once being an essential component of the only available type of screen, CRT glass is becoming displaced now by newer technologies such as plasma display panel (PDP), liquid crystal display (LCD) or light-emitting diode (LED) [2]. As a result, more and more CRT glass has become a hazardous waste material which is problematic and challenging both for disposing on landfills as well as for recycling [1]. Unquestionably, the recycling of wastes is more promising for humanity than disposing of wastes, and that is the reason a lot of attention is paid nowadays to the topic of recycling. Qi et al. (2019) [2] indicates two basic possibilities of CRT glass recycling: (1) in closed-loop which is simply the creation of new CRT glass from the old one, and (2) in open-loop which involves the use of CRT glass during the production of another material. The first possibility is more effective but shortsighted, so finally, the scientists have placed their hopes in open-loop recycling of CRT glass. The great potential in that field lies in various construction and building materials: foam glass-ceramic, glass tiles, ceramic glazes, cement mortar and paste, concrete or cement and clay bricks [3]. The new chapter in the use of CRT glass in the construction industry can be connected with geopolymers and supplement studies which have been conducted so far on the topic.



According to Joseph Davidovits (who is claimed to be a father of term “geopolymer” and a pioneer in work on this material) “geopolymers are ceramic-like inorganic polymers (…) consisting of chains or networks of mineral molecules linked with covalent bonds” [4]. They are built of raw materials (mostly alumino-silicates in the form of powders) chemically activated by alkaline, liquid medium (or in rare cases by acidic medium). According to Davidovits, geopolymers can be considered both as a new material, new type of binder and a new cement [4]. Geopolymers allow for the reduction of greenhouse gas emission [5], enable reusing of common industrial waste such as volcanic and fly ash or slag in the form of secondary input [6] and also allow use of a variety of less common wastes such as silicon carbide sludge [7]. Geopolymers also allow for the next possibility of use of CRT glass, especially since geopolymers are claimed to have excellent properties for immobilization of hazardous elements [8]. The immobilization process involves both the physical encapsulation and the chemical bond, which is created by the adsorption of the heavy metal ions within the geopolymer structure [8]. However, not all metals can be immobilized in an equal ratio. Palomo et al. (2003) [9] reports problems with stabilization of chromium. Though, the same geopolymer matrix can be successfully used for solidifying lead. Ji et al. (2020) [10] derives high efficiency in immobilization of Cd, Zn and Pb by metakaolin-based geopolymer. Professors Deja and Małolepszy reported high immobilization of Zn, Cd, Pb and Cr elements inside alkali-activated cementitious slag materials [11,12]. The properties of heavy metals immobilization are particularly desired when it comes for the application of CRT glass in geopolymers.



1.1. CRT Glass in a Concrete


The issue of the use of CRT glass in concrete was widely raised in the past. Since the application of CRT glass in concrete is the most related and may be the most similar to the application of CRT glass in geopolymers, authors decided to present this topic within the framework of the introduction. The majority of scientific papers report attempts of the use of CRT glass in the form of fine aggregate [13,14,15,16,17,18,19,20] although there are also some examples of using of powdered CRT glass as a partial replacement of the cement [21]. The vast majority of scientists conclude that incorporation of CRT glass into the concrete mixture is a promising direction for the recycling of that hazardous material; however, one should be aware of the possible negative influence on compressive, flexural and tensile splitting strength [14,15,17,19,20,22,23]. The weaker interfacial transition zone between CRT glass particles and concrete than between sand and concrete results in weak bonding, and is one of the explanations for worse mechanical behavior [18,22]. By contrast, some scientists indicate a possible positive influence of CRT glass on concrete strength [13,16,21]. Additionally, there are reportedly some other advantages of using CRT glass instead of the part of the common aggregate such as reduced segregation, bleeding and drying shrinkage [19] or enhanced resistance to chloride ion penetration [15]. What is more, studies have shown that CRT glass possesses good shielding properties which makes it potentially good for radiation shielding applications [24]. Ling et al. (2012) derived that a partial replacement of river sand with CRT glass in the cement mortar increases its shielding properties by having an atomic structure which adversely interacts with the X-radiation and reduces its depth of penetration. Only ~40% of the material is needed to limit the dose rate by one-half while using CRT glass instead of sand in radiation shielding concrete wall [22,23]. Liu et al. (2019) [14] claims that CRT glass can be as well used as a partial replacement of high-density magnetite sand in radiation shielding concrete. Due to the hazardous character of the CRT glass, the important part of research is to establish if incorporation of that material into the concrete is safe for the environment. Wei et al. (2020) [18] and Liu et al. (2020) [20] report that the lead leaching measured during the tests fulfilled restriction limits. Pauzi et al. (2019) [17] also reports fulfilment of the limits, although he stresses that the smaller the size of CRT glass the more leaching of lead is observed. Then, Romero et al. (2013) [13] presents the solution in the form of incorporation of biopolymer into the structure to meet all environmental standards.




1.2. Utilisation of Glass in Geopolymers


The addition of powdered conventional waste glass into the geopolymer matrix is widely reported in the literature [25]. Aside from the ecological benefits, incorporation of waste glass can also improve some parameters of the mixture or hardened material. Si et al. (2020) [26] reports that addition of glass powder increases the workability of the metakaolin-based geopolymer mixture, elongates initial and final setting time, reduces shrinkage, densifies the structure and refines the pores of the synthesized binder. Small quantities of glass powder (up to 10%) enhance the compressive strength, although, the high ratio of glass powder can reduce the geopolymeric gel formation and decrease the compressive strength [26,27].



Zhang et al. (2020) [28] found out that the addition of a milled glass of proper particle size from waste bottles enhances the compressive strength of ground granulated blast furnace slag-based geopolymer and fly ash-based geopolymer. The degree of geopolymerization, and simultaneously the compressive strength, increases with the decrease of glass particle size. The best results were obtained for the mean diameter of glass equal to 49.0 μm (D50 = 41.9 μm). On the 28th day slag-based geopolymer compressive strength was increased by ~18% and ~144% (for samples cured at 50 °C and 80 °C respectively) after addition of waste glass. The 28th day fly ash-based geopolymer cured at 80 °C was increased even by ~190% after addition of waste glass. Scientists report the possibility of the activation of pure glass waste as well. However, the geopolymerization occurs only at high curing temperatures (over 80 °C), and even then compressive strength of hardened material does not exceed 15 MPa. Vafaei et al. (2016) [29] obtained pure waste glass-based geopolymer of compressive strength only about 10 MPa cured at 95 °C. On the other hand, the glass waste-based geopolymer with the little (8–24 wt.%) addition of calcium aluminate cement achieves high compressive strength (nearly 90 MPa). By contrast, Idir et al. (2020) [30] developed waste glass-based geopolymer with the sand aggregate of flexural strength around 7 MPa and compressive strength up to 50 MPa. Three different types of glass were examined: flat, hollow and windshield glass. Geopolymer was cured at 60 °C. Chen et al. (2016) [31] reports even higher compressive strength of waste glass-based geopolymer, up to almost 140 MPa. Xiao et al. [32] tried to activate geopolymer based on pure waste glass at ambient temperature, but, the material could barely reach 5 MPa after 60 days of curing. Notwithstanding, scientists concluded that glass waste could partially replace fly ash as a raw material. Aside from the geopolymers based on conventional raw materials, previous studies also cover the addition of powdered waste glass to geopolymer based on red mud [33], tungsten mining waste mud [34], low purity metakaolin [35] or marble sludge [36].



Waste glass can be recycled in geopolymer not only as a replacement of raw material. Some scientists devote their work to examining usability of waste glass fibers as a reinforcement in geopolymer matrix [37]. Senff et al. (2020) [38] reports reinforcing fly ash-based geopolymer foams with the use of glass fiber waste being the byproduct of wind turbine blade production. Geopolymer foam modified with glass fibers shows increased strength (both flexural—up to 23% and compressive—up to 30%) without the significant change of thermal conductivity. Bai et al. 2020 [39] presents using glass fibers for enhancement flexural and compressive strength of metakaolin-based geopolymer foams.



Waste glass can be used as an alternative for fine sand in a geopolymer matrix as well. The presence of glass aggregate increases alkalinity what results in a higher extent of dissolution and reaction, leading to a compact and robust matrix [40]. Khan et al. (2020) [41] observed that both short-term and long-term compressive strength declines monotonically with the increase of the glass content but the difference is vanishing in time. On the 7th days and 90th days compressive strength of samples containing only glass is respectively ~12% and ~5% smaller than the strength of samples containing the sand only. Besides, the replacement of sand with waste glass in fly ash and slag-based geopolymer leads to an increase of void volume and the reduction of drying shrinkage and of chloride permeability [41].



Except for conventional waste glass (coming mostly from old glass bottles), some research focuses on glass wastes coming from other sources such as thin-film transistor-liquid display waste glass [42] or discarded fluorescent lamps [43].



The topic of the utilization of CRT glass in geopolymers was also previously explored; however, the number of papers is limited, and they focus mainly on powdered CRT glass as a replacement of raw material. This topic was raised several times by Romanian scientists [44,45,46]. The main goal of these researches was to assess the possibility of use of powdered CRT glass of high lead content (>15%) from discarded television sets and computer screens in geopolymer. The mixture was composed of two kinds of a raw material (fly ash or granulated blast furnace slag), sodium silicate, sodium hydroxide and powdered CRT glass which was dosed such to obtain 2–10% of Pb in the mixture. Tests have shown that early compressive strength is affected negatively by the addition of CRT glass; however, long term compressive strength is not influenced or can be even enhanced. The replacement of the active binding component with CRT glass decreases the hardening rate. Examination of slag-based geopolymer proves that the hydration process is not affected by small amounts of Pb, but high Pb content retards hydration even under the initial heat treatment conditions. Lead leaching test revealed a very high degree of Pb immobilization (>98%). According to Romanian investigations, the cumulative lead released during the leaching test is below the emission limit and the presented geopolymer with CRT glass can be used as a building material without environmental restriction [44,45,46]. Catauro et al. (2017) [47] presents research done on geopolymer with partial replacement (40%) of metakaolin with two types of powdered CRT glass rich in Ba and Sr or Pb. According to authors, CRT glass can be considered as a filler which is not highly reactive but does not retard the geopolymerization process. Leaching of heavy metals is reduced in comparison to the pure CRT glass but still exceeds the limits. Ogundiran et al. (2018) [48] reports a similar experiment. Metakaolin clay was replaced with powdered CRT glass of high PbO content (24%). Scientists noted the following consequences of the increase of CRT glass content: elongation of the setting time, growth of flexural and compressive strength (both early and late), decrease of the water absorption, increase of workability of fresh mixture and increase of the density of the hardened material. Geopolymer containing 20% CRT glass (which was the highest tested replacement rate) still fulfilled leaching limits. Authors concluded that considering these particular parameters, metakaolin-based geopolymer with CRT glass can be used as a building material. Long et al. (2019) [49] reports substituting ground granulated blast furnace slag with powdered CRT glass in alkali-activated slag mortars. CRT glass shows relatively high pozzolanic activity, however, not as high as slag reactivity which influences negatively flexural and compressive strength of hardened material. On the other hand, CRT glass mitigates the ASR expansion of a geopolymer mortar (ASR—alkali-silica reaction—deleterious chemical reaction leading to the internal stresses and cracking; ASR can take place in geopolymer between alkali activator and aggregate [50]). Addition of glass has no significant effect on types of geopolymerization products but with the increase of its content, the ability of solidification of heavy metals of the matrix decreases. Authors conclude that considering the environmental issues, the substitution rate of CRT glass should not exceed 50%. A thorough investigation of the ability of encapsulation of toxic heavy metals from CRT glass within metakaolin-based geopolymer has been done recently by Carrillo et al. (2021) [51]. Scientists observed that an immobilization process is more effective when Si and Al particles from the CRT glass grains are dissolute, which is promoted in low alkaline conditions. For the immobilization of heavy metals, the reaction between dissolved particles from glass and the raw material is needed. Thanks to the high dissolution of Si and Al from CRT glass powder, the toxic metals are anchored and encapsulated in the new crystalline phase, albite. According to the researchers, if the proper alkaline conditions are assured, even the maximum tested amount of CRT glass (which was 20% with respect to the weight of metakaolin) can be used in metakaolin-based geopolymer and still fulfill the leaching regulatory limits for Pb and Ba.



While the number of papers devoted to CRT glass recycled in geopolymer is not impressive, there is barely any information available on replacement of aggregate with crushed CRT glass particles. The only research the authors of the paper could find was derived by Czech scientists [52,53]. The experiment involved the addition of crushed glass from cone and screen parts of discarded cathode ray tubes (with high Pb content) into the metakaolin or slag-based geopolymer matrix. Particles smaller than 63 μm were treated as a raw material while particles ranging between 63 μm and 5 mm played the role of a fine aggregate. The compressive strength results of hardened material ranged from 11.2–119.2 MPa in relation on mixture composition (the type of raw material, size of CRT glass particles, binder/activator ratio, metakaolin/CRT glass ratio). The reaction between the surface of the glass grains and geopolymer matrix was observed. Despite high strength, the results of leaching tests were not optimistic. According to the work [52], geopolymer with CRT glass in the form of the aggregate does not fulfill requirements for wastes which can be stored on landfills without any special treatment. The flexural strength was not examined during the research process.



The only extent publication (found by the authors) raising an issue of CRT glass replacing aggregate in metakaolin-based geopolymer [52] does not cover all possible aspects of that topic. Scientists do not mention flexural strength and report that compressive strength tests were partly done on samples of irregular shape. Besides, samples were cured only at the room temperature. In summary, the state of the art analysis proved that issue of CRT glass replacing aggregate in metakaolin-based geopolymer is not examined sufficiently in the literature, especially in the range mechanical properties of such geopolymeric materials. The main goal of the current paper is to enrich existing knowledge about use of crushed CRT glass within the geopolymer matrix, thus providing another possibility for recycling of this hazardous material.





2. Materials and Methods


2.1. Materials


The mixtures were composed of raw material–metakaolin, aggregate–crushed CRT glass and activators–water solutions of sodium hydroxide and sodium silicate.



The metakaolin (Astra MK 40) was obtained directly from the producer ASTRA Technologia Betonu®. Metakaolin was not subjected to any additional pretreatment after receiving from the producer. The exact composition is given in Table 1. The particle size distribution of the metakaolin as well as the finest particles of CRT glass, presented in Figure 1, was done with the use of the laser particle analyzer.



The role of aggregate was played by crushed CRT glass coming from discarded television sets and computer screens. CRT glass was delivered by Thornmann Recycling in already crushed form and was not subjected to any special pretreatment. According to the supplier (Thornmann Recycling, Warsaw, Poland), the discarded glass come from different parts of CRTs mixed together. For that reason, aggregate applied in the research consisted of all the parts of the kinescopes. During the majority of presented tests (Section 3.1, Section 3.2 and Section 3.3 of the paper), CRT glass was used in almost unchanged form (the only additional activity was removing sparse fractions bigger than 4 mm due to the small dimension of molds). During the listed tests, CRT glass particles of different size (but not bigger than 4 mm) were used. Figure 1 shows the particle size distribution of the CRT glass. Section 3.4 of the paper describes the influence of size grain on the flexural and compressive strength of geopolymer. During the preparations for this part of the research, CRT glass was divided with the use of sieves into fractions <0.5 mm and 0.5–4 mm.



The mixture of sodium hydroxide and sodium silicate was used as an activator. The water solution of sodium hydroxide was prepared minimum 24 h before mixture preparation with the use of demineralized water and NaOH pellets delivered by Chempur®. The ratios of NaOH pellets and water were designed according to the demanded concentration of the solution. In tests described in Section 3.1, Section 3.2 and Section 3.4, sodium silicate of concentration 10 mol/L was used. Section 3.4, describing the influence of NaOH concentration of flexural and compressive strength, required preparing additional NaOH solutions of concentrations 6, 8 and 12 mol/L. Sodium silicate solution was delivered by the producer Rudniki Z.Ch. S.A.®. According to data given by the producer, the SiO2 to Na2O ratio can range between 2.4 and 2.6, the minimum content of oxides (SiO2 and Na2O) is 39%, and the density at 20 °C varies between 1.45 and 1.48 g/cm3.




2.2. Preparation of the Mixtures—General Information


All mixtures were prepared according to the same procedure. Metakaolin and CRT glass were mixed. Separately, sodium silicate and sodium hydroxide were mixed for 5 min with the use of magnetic stirrer. Next, all ingredients were mixed with the use of a mechanical mixer. The mixture was placed in prismatic molds of dimensions 40 × 40 × 160 mm and covered tightly. Samples cured at elevated temperature (see Section 3.1 and Section 3.2 of the paper) were placed in a climatic chamber at temperature 40 °C or 60 °C and humidity 60% for the first 24 h, then these samples were demolded and kept at the room temperature in the laboratory. By contrast, samples which were cured all the time at the room temperature (except of series 20C I, in Section 3.2) were demolded just before testing (after 7 days). All samples described in the following paper were tested after 7 days of curing. Just before strength tests samples were weighed and measured which allowed us to establish the density of each sample.




2.3. Preparation of the Mixtures—Varying Factor: CRT Glass Content


The main goal of the preliminary tests was to establish the influence of CRT glass content on flexural and compressive strength. Samples were made of eight mixtures containing different metakaolin to CRT glass mass ratios. Three samples were taken from each mixture. The exact composition of each mixture is given in Table 2. The main differentiating factor is the CRT glass content. The following mixtures are named as M/G where M stands for the metakaolin percentage content (calculated by mass), and G stands for the CRT glass percentage content. The number of activators was adjusted to provide possible similar metakaolin to activators ratios within the following mixtures. The need for the adjustment of workability is the main reason for some small inequalities in the activator content. Sodium silicate to sodium hydroxide ratio was kept constant in all mixtures. The CRT glass particle sizes ranged from 0 to 4 mm. All samples were cured at 60 °C for the first 24 h. These particular curing conditions were chosen for preliminary tests since, according to scientific papers, the temperature of 60 °C results in high compressive strength of geopolymer, and there is no significant profit in using higher temperatures [54,55,56,57].




2.4. Preparation of the Mixtures—Varying Factor: Curing Temperature


The main goal of this part of the research was to define the influence of curing temperature on flexural and compressive strength of geopolymer made of one chosen mixture M/G 50/50 (see Table 2). As in the previous test, the CRT glass particle sizes ranged from 0 to 4 mm. In the previous test all samples were cured for the first 24 h at 60 °C and then at room temperature. In the current test, samples were cured at four different conditions: at room temperature with demolding after 24 h (later in the text this series was designed as 20 °C I), at room temperature with demolding after 7 days (later designed as 20 °C II), for the first 24 h at 40 °C (40 °C) and for the first 24 h at 60 °C (60 °C). Each series comprised 3 samples.




2.5. Preparation of the Mixtures—Varying Factor: NaOH Concentration


This part of the research was done to establish the influence of sodium hydroxide concentration on flexural and compressive strength. The mixture composition coincided with mixture M/G 50/50. Samples were cured all the time at room temperature with demolding after 7 days (the curing method assigned as 20 °C II from Section 2.3 of the paper). In previous tests, NaOH of concentration 10 mol/L was used. In this part, three additional mixtures containing sodium hydroxide of concentrations 6, 8 and 12 mol/L were prepared. The CRT glass particle sizes ranged from 0 to 4 mm. Each series comprised 4 samples.




2.6. Preparation of the Mixtures—Varying Factor: CRT Glass Particle Distribution


The last part of the research was carried out to define the influence of CRT glass particles size on flexural and compressive strength of geopolymer. As a result of sieving, CRT glass grains were divided into two groups depending on the size of glass grains: less than 0.5 mm and 0.5 to 4 mm. The quantities of ingredients were selected in accordance with the mixture M/G 50/50. One mixture contained glass grains of size <0.5 mm, the second contained glass grains ranging from 0.5 to 4 mm. Results were compared with results of samples containing glass grains of size <4 mm. The visual comparison of CRT glass of different fractions is presented in Figure 2. All samples were cured at the room temperature and demolded after 7 days. The concentration of NaOH was equal to 10 mol/L. Each series comprised 4 samples.




2.7. Test Procedures


All samples had a prismatic shape of dimensions 40 × 40 × 160 mm. Both flexural and compressive strength tests were performed on Strength tests machine Controls® Model 65-L27C12 Serial no 12020060 (Controls, Milan, Italy) according to procedure given in the European standard EN 196-1 [58]. In the first step, prismatic specimens were subjected to the three-points flexural test. The force was subjected in the middle of the specimen’s length and the spacing of the supports was equal to 100 mm. The compressive strength test was carried out on halves of samples broken during the flexural strength test through the metal plates of dimensions 40 × 40 mm. The testing process is shown in Figure 3.





3. Results


All strength test results are presented in the form of bar charts. Each bar (as well as the value above the bar) represents the average value of flexural or compressive strength obtained by samples made of the following mixtures. The black segment in the upper part of each bar represents, successively, the lowest and highest value of strength obtained in each series. The number of tested samples is depicted in sections below since it varied depending on investigated feature.



3.1. Preliminary Tests—CRT Glass Content


Figure 4 depicts that there is no visible dependence between CRT glass content and flexural or compressive strength of geopolymer, determined in three-points flexural test according to European standard EN 196-1 [58]. Flexural and compressive strength tests were conducted on three and six samples, respectively. All series of samples achieved similar results. The only visible values are the lowest flexural strength of samples from series M/G 67/33 and lowest compressive strength of samples made of mixture M/G 75/25. Both the highest flexural and compressive strength were obtained by samples made of mixture M/G 50/50. Table 3 contains the standard deviation and coefficient of variation of flexural and compressive strength results. For all compressive strength results, the coefficient of standard deviation is smaller than 10%. In the case of flexural strength, the coefficient of standard deviation exceeds the value of 10% for mixture M/G 67/33 (19%). Since CRT glass content was not the only varying factor (the number of activators was being changed to provide adequate workability of the mixture, see Section 2.3), authors are treating the preliminary tests as results of eight different mixtures. Nevertheless, the changing CRT glass content is the most distinctive feature of presented mixtures. High strength results and optimal content of CRT glass were reasons why mixture M/G 50/50 was chosen for the next steps of the research.



Table 4 presents the average density of samples made of mixtures containing different CRT glass content. Each density from the Table is the average value obtained from three determinations (all samples from each series). According to data given in Table 4, density increases steadily with the increase of CRT glass content.




3.2. Curing Conditions


Flexural and compressive strength tests were conducted on three and six samples respectively. According to the diagram shown in Figure 5, flexural strength increases monotonically with the increase of the curing temperature while the influence of the curing temperature on the compressive strength is almost negligible. Samples cured at 20 °C and demolded after 24 h (series 20 °C I) obtained significantly smaller flexural and compressive strength than the other samples. Samples from that series were affected by visible shrinkage which caused a net of surface cracks and deformation of the shape of samples. The deterioration of samples from series 20 °C I was caused probably by too rapid contact with the air after the demolding. Samples cured at room temperature were not hard enough, and the process of geopolymerization was in the too early phase, so the contact with the air caused rapid drying of the extent of the water which led to the shrinkage. Samples cured at elevated temperatures (40 °C and 60 °C) for the first 24 h were well developed since they were not affected by premature demolding. After an analysis of results, curing at the room temperature combined with demolding after seven days was considered as an optimal even though the strength results were most unstable. It was decided that economic benefits (the lack of elevated temperature) combined with good flexural and compressive strength make the series 20 °C II the best one for further stages of the research.



Table 5 contains the standard deviation and coefficient of variation of flexural and compressive strength results. Table 6 presents the average value of density obtained from three determinations (all samples from each series). The content of Table 6 indicates that there is no monotonic dependence between curing temperature and the final density of a geopolymer. Samples from series 20 °C I, 40 °C and 60 °C had very similar densities at the seventh day of curing. By contrast, there is strict dependence between the time of demolding and density. The density of samples demolded after seven days was considerably higher than the density of samples demolded after 24 h. Samples demolded after 24 h had for the rest six days of curing contact with the air what allowed for the evaporation of the extent water what probably states the major reason for the difference in density.




3.3. NaOH Concentration


Flexural and compressive strength tests were conducted on four and eight samples, respectively. According to the results (shown in Figure 6), the compressive strength grows with the increase of NaOH concentration. The most significant growth of compressive strength (43%) was observed between samples activated with 8 mol/L NaOH and 10 mol/L NaOH. The further increase in strength is negligible. The flexural strength increases initially with the increase of NaOH concentration but only to the molarity 10 mol/L. Then, the flexural strength decreases. The authors assessed the sodium hydroxide of concentration 10 mol/L as optimal since it allowed to obtain the highest flexural strength and compressive strength close to the highest one. As shown in the Table 7, the coefficient of standard deviation was smaller than 10% for results of all series of samples. Except for samples activated with NaOH of concentration 8 mol/L, the compressive strength results were more stable than flexural strength results.



The results obtained by samples activated with 10 mol/L NaOH do not entirely match results presented in Section 3.2 cured at room temperature (20 °C II), even though the mixture composition and curing regime was the same in both series. These two series were done in two turns, and the CRT glass from different batches was used during the research which could cause some inequalities in strength results.



The summary of average densities presented in Table 8 indicates that this parameter tends to increase slightly with the increase of sodium hydroxide concentration. Each density from the Table is the average value obtained from four determinations (all samples from each series). However, the differences are small, and in case of samples activated with NaOH of concentration 12 mol/L, this tendency is disturbed. It may be caused by worse compaction of samples from this series. This would also be an explanation for lower flexural strength results.




3.4. CRT Glass Particle Sizes


The dependence between CRT glass size and geopolymer strength is shown in Figure 7. Flexural and compressive strength tests were conducted on four and eight samples, respectively. The differences in flexural and compressive strength between geopolymer samples containing different fractions of CRT glass particles are not significant. The highest flexural strength was obtained by geopolymer with the full range of CRT glass particles fractions. Samples containing the smallest glass particles (<0.5 mm) achieved ~4% lower compressive strength than two other series of samples. The broken surfaces of samples containing different CRT glass sizes are presented in Figure 8.



Table 9 contains the standard deviation and coefficient of variation of flexural and compressive strength results. Table 10 presents the average value of density obtained from four determinations (all samples from each series). According to the content of Table 10, samples containing greater CRT glass particles are characterized by higher density. Geopolymer containing CRT glass particles of size <0.5 mm had the lowest density while geopolymer containing CRT glass particles ranging from 0.5 to 4 mm had the highest density.





4. Discussion


4.1. Preliminary Tests—CRT Glass Content


It is difficult to compare the presented results with the literature since there is a lack of similar tests. Tomas Opletal [52] uses different metakaolin to CRT glass ratio, but it is not the only changing factor. Metakaolin to CRT glass ratio ranges from 1:2 to 1:7, but simultaneously CRT glass size and activator to raw materials ratios are changing. The only results which can be reasonably compared indicate that compressive strength decreases with the increase of CRT glass content. In the first case, compressive strength reduces by 11% while the CRT glass ratio to metakaolin increases from 3:1 to 7:1. In the second pair of samples (of different composition than the first pair) compressive strength decreases by 6% while CRT glass ratio to metakaolin increases from 2:1 to 3:1.



According to the preliminary test results, there is no explicit dependence between the CRT glass content and flexural or compressive strength. Some particular series achieved smaller strength, as for instance samples made of mixture M/G 67/33 had significantly lower flexural strength than the other samples. Due to the changing consistency, the CRT glass content was not the only varying factor (the amount of fluid activator was adjusted as well). The increasing amount of liquid in samples with smaller CRT glass content could reduce strength. That is one possible reason for the lack of dependence between CRT glass content and flexural strength. The other possibility is that the main factor responsible for the mechanical behavior is hardened metakaolin matrix, while the CRT glass aggregate is acting mainly as a filler (expect of the finest fractions which should react with activators). The pure metakaolin samples achieved the similar strength to the other samples. In this line of reasoning, even in samples containing 75% of CRT glass, the amount of hardened metakaolin matrix could be enough to maintain high strength. The exact investigation of the microstructure would probably help to explain this behavior. Such research is planned in the future.



That part of the research gives the conclusion that the significant amount of CRT glass can be recycled in metakaolin-based geopolymer not altering its strength. On the other hand, increasing CRT glass content has a clear negative impact on the density of geopolymer, which is also an important factor, especially in the case of building material. Besides, the amount of CRT glass content can be crucial for lead leaching, which should be examined in the future. In that case, samples containing less CRT glass are more likely to meet the limits. So far, authors decided that within eight presented mixtures, mixture M/G 50/50 is optimal considering flexural and compressive strength, the stability of results and the amount of CRT glass recycled as an aggregate in the geopolymer matrix. This mixture was chosen for further tests.




4.2. Curing Conditions


Even though the topic of the influence of curing temperature on the strength of metakaolin-based geopolymer was widely raised in the past, scientists still do not agree on that matter. Alonso et al. (2011) [59] reports the substantial increase in flexural strength when the temperature of curing increases from 35 °C to 45 °C. The other difference between samples cured at 45 °C and 60 °C is much less significant. A similar observation has been made by Riahi et al. (2020) [60] in the case of compressive strength. Samples cured at 50 °C obtained much higher strength that samples cured at room temperature. For samples cured at 75 °C, the compressive strength decreases abruptly. By contrast, Lancellotti et al. (2013) [61] recommends curing at room temperature since no improvement of geopolymer properties was observed while cured at elevated temperature (50 °C). Sun et al. (2019) [62] observed that on the initial stage of curing, the elevated temperature enhances the compressive and flexural strength. After seven days of curing, the most significant difference in compressive strength was registered between samples cured at 20 °C, 30 °C and 40 °C. However, the dependencies are changing in the long term. Scientists observed that after one year, the highest compressive strength was obtained by samples cured at 20 °C. The elevated temperature helps in the dissolution of the metakaolin and formation of reaction products at the early stages of the process which increases early age strength. However, acceleration of processes influences the quality of final products of a reaction negatively and, in effect, the microstructure [62]. Yuan et al. (2016) [63] presents subjecting of samples to the elevated temperatures 50 °C to 90 °C by the whole period of curing. In this case, the compressive strength increases with the increase of curing temperature except for samples cured at 90 °C for which strength falls. Authors explain that elevated temperature accelerates geopolymerization, leading to the formation of the compact structure of improved strength [63]. A very similar tendency was observed by Mo et al. (2014) [55] who described that compressive strength was increasing with the increase of curing temperature, but for the highest tested temperatures (80 °C and 100 °C), the strength begins to fawn. Mo et al. (2014) [55] indicates, that at low-temperature metakaolin dissolute too slowly and there is not enough Al particles dissolved from amorphous phases to polymerize with amorphous Si and to form a sufficient amount of aluminosilicate gels. The water and sol phase existing in the structure influences strength negatively. The problem is solved by the increase of the curing temperature, which promotes dissolution of metakaolin and formation of geopolymer gel. Scientists explain that compressive strength drops for higher curing temperatures because metakaolin particles are reacting too fast, and the geopolymer gel covers unreacted particles, preventing further dissolution. Additionally, too high temperature leads to the shrinkage and microcracking [55]. According to Ekaputri et al. (2017) [57], curing at elevated temperatures for the first 24 h increases both short and long term compressive strength of metakaolin-based geopolymer. Tests were done on samples cured at 20, 40, 60 and 80 °C. However, the differences in compressive strength of samples cured in different conditions were very small (~1–2%). The increasing tendency was also registered in the case of the tensile splitting strength, but here also, the differences were not significant. Completely different results are presented by Rovnanik (2010) [64]. According to this author, the flexural and compressive strength increases with the increase of the curing temperature only after 1 day of curing. Then, the strength of samples cured at 20 °C and 40 °C surpasses the strength of samples cured at 60 °C and 80 °C. What is more, according to [64], samples cured at 10 °C are hard enough to be tested only after seven days, but after 28 days they achieve the highest compressive and flexural strength. Bulk density decreases with the increase of curing temperature. Rovnanik (2010) [64] uses similar arguments to Sun et al. (2019) [62] explaining presented dependences. The high temperature helps developing high early strength but leads to greater porosity and worse compaction of samples affecting quality and causing lower long-term strength.



Results obtained in the following test are most similar to results presented by Ekaputri et al. (2017) [57]—the strength increases with the increase of the curing temperature, but differences are almost negligible. Indeed, long-term strength tests are essential to assess the further mechanical behavior of metakaolin-based geopolymer with CRT glass in the form of an aggregate. Results which were obtained so far lead to the conclusion that the optimal curing temperature is 20 °C as long as samples are not demolded earlier than after seven days. The lack of elevated curing temperature is better from the economic and ecologic point of view. Additionally, compressive strength is almost as good as the compressive strength of samples cured at higher temperatures. The flexural strength is slightly smaller. Moreover, according to the data given by other scientists [62,64], the long-term strength of geopolymer cured at the room temperature is likely to surpass the strength of geopolymer cured at elevated temperature.




4.3. NaOH Concentration


According to Alonso et al. (2001) [59], the flexural strength of metakaolin-based geopolymer decreases steadily with the increase of sodium hydroxide concentration from 10 mol/L to 18 mol/L. According to the scientists, the growth in NaOH concentration induces an increase in ions species concentration what effects in limited mobility of ions and finally, in delay in the formation of coagulated structures and polymer formation. Wang et al. (2005) [65] investigated flexural and compressive strength of metakaolin-based geopolymer cured at the room temperature and activated with NaOH of concentrations 4, 6, 8, 10, 12 mol/L. According to [65], flexural strength increases with the increase of NaOH concentration; however, in the case of samples activated by 8 and 10 mol/L activator, the difference was negligible. This result is not convergent with results presented in the following paper where flexural strength of samples activated with NaOH 12 mol/L is smaller than of samples activated with NaOH 8 or 10 mol/L. Due to [65], the compressive strength increases with the increase of NaOH concentration, but for samples activated with 4, 6, and 8 mol/L activators, the growth of strength is minimal. There is a sudden rise of compressive strength between samples activated with sodium hydroxide of 8 and 10 mol/L. Then, the compressive strength stabilizes. This part of results coincides with the current paper. The higher concentration of sodium hydroxide provides higher pH of the mixture what enhances dissolving process of metakaolin, next, increases inter-molecular bonding strength and, as an effect, leads to the creation of more compacted geopolymer with higher strength [65,66]. The increase of compaction is also visible in higher apparent density of the geopolymer [65]. Steveson et al. (2005) [66] also reports the growth of strength along with the increase of activator concentration within 7–12 mol/L, although, he observed the enlarging amount of unreacted particles simultaneously. The accelerated setting shortens the time needed for dissolution, which results in a greater quantity of unreacted particles [66]. Yao et al. (2009) [67] derives that the rate of reaction heat evolution at the first stage of the process rises with the increase of activator concentration. High concentrations of ions improve the dissolution of aluminosilicate but can be undesirable for polymerization. Authors indicate that 9 mol/L is the optimal concentration within NaOH ranging from 7 to 12 mol/L.



Based on the obtained results, Authors decided that 10 mol/L is an optimal NaOH concentration. Compressive strength of geopolymer activated with NaOH of concentration 10 mol/L is substantially higher than of geopolymers activated with NaOH of lower concentrations and negligibly lower than of geopolymers activated with 12 mol/L NaOH. The flexural strength obtained by these samples was the highest. Besides, higher concentrations of activators are related to financial and environmental costs.




4.4. CRT Glass Particle Sizes


The only publication concerning CRT used as an aggregate in metakaolin-based geopolymer found by the authors is the master’s thesis of Tomas Opletal [52]. His work focuses mainly on geopolymer samples containing different fractions of CRT glass mixed in different mass ratios. The comparison of results of geopolymers containing CRT glass of sizes 0.5–2 mm and sizes 125–250 μm in proportions 2:1, 1:1 and 1:2 (56.8 MPa, 61.7 MPa, 54.9 MPa) shows that there is no direct dependence between CRT glass size and compressive strength. The difference between compressive strength of samples containing CRT of two sizes (1) 0.5–2 mm (2) 125–250 μm and (1) 0.5–4 mm (2) 63–500 μm is negligible. The highest compressive strength (111.6 MPa) was obtained by samples containing only fractions ranging from 2 to 4 mm. Summarizing, results presented by [52] can be treated as similar to those shown in the following paper since the smallest compressive strength was achieved by geopolymer containing the highest amount of small CRT glass fractions. However, the tests are not entirely convergent which does not allow us to draw binding conclusions.



Since there is no substantial difference in strength, the we decided that in the further studies CRT glass of full range of a size (<4 mm) will be used. This solution is connected with the most limited labor input, which is correlated to the most limited time and financial costs while geopolymer is produced on a big scale.



Summarizing, further research will be done on metakaolin-based geopolymer containing 50% of CRT glass of particle size up to 4 mm, activated with sodium hydroxide of concentration 10 mol/L and cured at the room temperature. Among the nearest future goals will be the determination of long-term mechanical behavior and lead leaching examination. Results of both tests can influence decisions concerning the composition of the mixture and curing conditions. Further goals will concern bigger scale tests.





5. Conclusions


The main goal of the paper was to present basic characteristics (flexural and compressive strength and density) of metakaolin-based geopolymer with crushed CRT glass in the form of an aggregate. Tests were done on mixtures of different compositions, subjected to different curing conditions. The following conclusions were done:




	
The mixture containing metakaolin to CRT glass mass ratio equal to 1:1 is optimal since it combines a high level of use of CRT glass with, not very high density and good mechanical performance.



	
Geopolymer should be cured at the room temperature and demolded after seven days of curing. Such curing regime ensures high strength, lack of extent shrinkage and minimum costs.



	
An optimal sodium hydroxide concentration is 10 mol/L. Smaller concentrations influence the strength of the geopolymer negatively. Higher concentrations involve higher costs with no significant gain of strength.



	
CRT glass can be added to the mixture without any special treatment from the perspective of good mechanical performance.








This paper presented a new type of geopolymer is a promising material which gives a new possibility of recycling CRT glass without any special pretreatment. According to mechanical performance, metakaolin-based geopolymer with CRT2 glass in the form of an aggregate can be treated as a building material of excellent properties. Further tests including possible toxic metals leaching, and long-term performance should be done in the nearest future to complete knowledge about this material.
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Figure 1. (a) The particle size distribution of CRT glass (b) The particle size distribution of metakaolin and fine particles of CRT glass. 
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Figure 2. Dry ingredients of a mixture: (a) Metakaolin; (b) CRT glass <0.5 mm; (c) CRT glass <4 mm; (d) CRT glass 0.5–4 mm. 
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Figure 3. Geopolymer beam subjected to: (a) Flexural strength test; (b) Compressive strength test. 
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Figure 4. Flexural and compressive strength of geopolymer with different CRT glass content. 1158.94 piks. 
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Figure 5. Flexural and compressive strength of geopolymer cured at different temperatures. 
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Figure 6. Flexural and compressive strength of geopolymer activated with NaOH of varying concentrations. 
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Figure 7. Flexural and compressive strength of geopolymer containing CRT glass of varying particle sizes. 
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Figure 8. Geopolymer sample broken during flexural strength test, containing glass of different grain sizes: (a) <0.5 mm; (b) <4 mm; (c) 0.5–4 mm. 
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Table 1. Chemical composition of metakaolin [%] 1.






Table 1. Chemical composition of metakaolin [%] 1.





	SiO2
	Al2O3
	K2O
	TiO2
	Fe2O3
	CaO
	MgO
	H2O−
	Na2O
	P2O5
	Cl
	MnO
	S





	53.12
	42.24
	0.73
	0.64
	0.45
	0.44
	0.26
	0.22
	0.09
	0.03
	0.02
	0.01
	0.01







1 Data delivered from the producer Astra Technologia Betonu®.
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Table 2. Mixtures compositions.






Table 2. Mixtures compositions.





	Mixture
	Metakaolin

[kg/m3]
	CRT

[kg/m3]
	Sodium

Silicate

[kg/m3]
	NaOH

[kg/m3]
	Si/Al 1

[–]
	Na/Al 1

[–]





	M/G 25/75
	524
	1572
	314
	157
	1.40
	0.55



	M/G 33/67
	657
	1335
	365
	182
	1.37
	0.51



	M/G 40/60
	755
	1133
	417
	208
	1.37
	0.50



	M/G 50/50
	898
	898
	449
	225
	1.34
	0.46



	M/G 60/40
	995
	663
	521
	260
	1.36
	0.48



	M/G 67/33
	1037
	510
	553
	276
	1.36
	0.49



	M/G 75/25
	1078
	359
	586
	293
	1.37
	0.48



	M/G 100/0
	1083
	0
	675
	337
	1.41
	0.57







1 Ratios calculated for metakaolin, sodium silicate and sodium hydroxide (without CRT glass).
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Table 3. Standard deviation and coefficient of variation of flexural and compressive strength results.
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	Standard

Deviation [–]

(Coeff. of

Variation [%])
	M/G 25/75
	M/G 33/67
	M/G 40/60
	M/G 50/50
	M/G 60/40
	M/G 67/33
	M/G 75/25
	M/G 100/0





	Flexural strength
	0.34

(6.9)
	0.28

(6.1)
	0.53

(9.3)
	0.39

(6.3)
	0.38

(6.7)
	0.68

(19.0)
	0.55

(10.3)
	0.82

(14.5)



	Compressive strength
	2.44

(5.2)
	1.11

(2.3)
	2.06

(4.4)
	2.41

(4.7)
	2.02

(4.1)
	1.35

(2.8)
	3.49

(8.4)
	1.41

(2.9)
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Table 4. The average density of geopolymer with different CRT glass content.
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	Samples Made of a Mixture
	M/G 25/75
	M/G 33/67
	M/G 40/60
	M/G 50/50
	M/G 60/40
	M/G 67/33
	M/G 75/25
	M/G 100/0





	Density [kg/m3]
	2090
	1960
	1940
	1920
	1770
	1720
	1690
	1500
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Table 5. Standard deviation and coefficient of variation of flexural and compressive strength results.
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	Standard Deviation [–]

(Coeff. of Variation [%])
	20 °C I
	20 °C II
	40 °C
	60 °C





	Flexural strength
	0.95

(32.1)
	0.75

(15.8)
	0.77

(13.5)
	0.39

(6.3)



	Compressive strength
	3.67

(8.8)
	5.34

(10.6)
	0.77

(1.5)
	2.41

(4.7)
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Table 6. The average density of geopolymer containing NaOH of different concentration.
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	Curing Temperature
	20 °C I
	20 °C II
	40 °C
	60 °C





	Density [kg/m3]
	1910
	2040
	1890
	1920
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Table 7. Standard deviation and coefficient of variation of flexural and compressive strength results.






Table 7. Standard deviation and coefficient of variation of flexural and compressive strength results.





	Standard Deviation [–]

(Coeff. of Variation [%])
	NaOH 6 M
	NaOH 8 M
	NaOH 10 M
	NaOH 12 M





	Flexural strength
	0.35

(7.8)
	0.16

(2.8)
	0.48

(8.1)
	0.39

(7.7)



	Compressive strength
	0.71

(2.0)
	3.34

(8.5)
	1.42

(2.5)
	1.81

(3.2)
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Table 8. The average density of geopolymer containing NaOH of different concentration.
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	NaOH
	6 mol/L
	8 mol/L
	10 mol/L
	12 mol/L





	Density [kg/m3]
	1990
	2010
	2030
	2020
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Table 9. Standard deviation and coefficient of variation of flexural and compressive strength results.
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	Standard Deviation [–]

(Coeff. of Variation [%])
	<0.5 mm
	<4 mm
	0.5–4 mm





	Flexural strength
	0.63

(11.7)
	0.48

(8.1)
	0.77

(15.2)



	Compressive strength
	0.42

(0.8)
	1.42

(2.5)
	1.22

(2.2)
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Table 10. The average density of geopolymer containing CRT glass of different particle size.






Table 10. The average density of geopolymer containing CRT glass of different particle size.





	CRT Glass Particle Size
	<0.5 mm
	<4 mm
	0.5–4 mm





	Density [kg/m3]
	1980
	2030
	2070
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