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Abstract

:

Ceramics tile wastes (CWs) were mechanically conditioned for the preparation of alkali-activated hybrid-cements from CW (90 wt.%) and Portland cement (10 wt.%) mixtures using sodium silicate (SS) + NaOH as alkaline activators. Molar ratios of SiO2/Al2O3 (6.3 to 7.7) and Na2O/SiO2 (0.07 to 0.16) were used. The cements were prepared at room temperature (25 °C) and characterized by mechanical and physical properties and microstructure. The optimized cement was used for the preparation of novel photoactivated composite materials by incorporating 5 and 10 wt.% TiO2 (Ti) and ZnO (Z) nanoparticles, and its self-cleaning and bactericidal properties were evaluated by means of the degradation of rhodamine-B (Rh-B) and the growth inhibition of Klebsiella pneumoniae and Pseudomonas aeruginosa bacteria. The results of this study showed that the 100SS-5Z and 50SS:50G-10Ti cements have an effective photocatalytic activity for Rh-B degradation of 98.4% and 76.4%, respectively, after 24 h. Additionally, the 100SS-5Z and 50SS:50G-10Ti cement pastes and their respective mortars were effective in inhibiting the growth of Pseudomonas Aeruginosa and Klebsiella pneumoniae bacterial strains, evidenced by the formation of bacterial inhibition halos around the sample discs. Finally, these results are novel, and open the possibility of using constructions and demolition tile waste in high proportions for the elaboration of new rendering mortar with innovative properties.
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1. Introduction


It is known that the widespread use of ordinary Portland cement (OPC) in the construction industry has a high environmental impact. It is estimated that this industry represents approximately 36% of global energy consumption and generates 39% of the emissions of CO2 during construction activities [1] due to the high temperatures necessary for the production of clinker (approximately 1450 °C) and the burning of fuels. Thus, the search for alternatives for the manufacture of alternative binders that involve partial or total replacement of OPC has become a worldwide trend. [2]. Different alternatives have been proposed, including alkali-activated cements from raw materials rich in aluminosilicates mixed with an alkaline solution composed of silicate and alkali metal hydroxide, where the most commonly used are silicate and sodium hydroxide. Although the cements produced from this process are considered low carbon footprint cements [3,4,5,6], the alkaline activator is the component that contributes the most to the environmental impact of alkali-activated materials, especially sodium silicate (SS), which contributes approximately between 47% and 65% of the total equivalent CO2 emissions of the alkali-activated materials [5,7]. The different raw materials for the manufacture of alkali-activated cements include calcined clays, such as metakaolin [8]; fly ash [9]; blast furnace slag [10,11,12]; different agricultural byproducts, such as rice husk ash [13] and sugarcane bagasse [14]; and construction and demolition waste [15], such as concrete [16,17] and brick [18,19,20,21]. Construction and demolition waste are materials of great interest because of their large volume generated worldwide and because the levels of use do not reach 30% globally [22]. However, few studies have been reported on the use of waste ceramic (CW) [23,24]. The alkaline activation process involves four main stages. It begins with a process of dissolution of the aluminosilicate sources to create three-dimensional and interconnected polymer networks through polycondensation [25]. The reaction product between the alkaline activator and the aluminosilicate filler material depends on the chemical composition of the precursor. In the case of the alkaline activation of low calcium precursors, such as type F fly ash, and the use of a sodium alkaline activator, an amorphous sodium aluminosilicate hydrate (NASH) gel is obtained as the main reaction product [26].



Several authors recommend implementing thermal curing to promote and accelerate the alkaline activation process, generally at temperatures of approximately 60 °C [27]. As an alternative to thermal curing, it is possible to use OPC in small quantities to decrease the setting time of the pastes at room temperature and to increase the compressive strength of the samples. The authors of [24] used ceramic residue with 15% OPC to obtain a compressive strength of 58.15 MPa after 28 days of curing in pastes. The inclusion of blast furnace slag is also quite common in the production of alkali-activated pastes due to its high CaO content, which promotes the formation of calcium silicate hydrate (CSH) and calcium aluminosilicate hydrate (CASH) gels [28], which can harden at a room temperature of 25 °C. It has been reported that alkali-activated materials have good durability in hostile environments, such as in the presence of chlorides, [29], acids [30], and sulfates [31]. Some research carried out with CW shows that mixing CW with 40% fly ash can obtain a compressive strength of 45.9 MPa and shows a better performance in a sulfuric acid environment [12]. The authors of [32] also demonstrated that it is possible to use ceramic residues together with fly ash for the synthesis of pastes resistant to high temperatures and marine environments, finding that the inclusion of 10% ceramic residues in alkaline activated pastes with 90% fly ash improved the compressive strength after exposure to high temperatures and a simulated marine environment.



Recently, construction materials with photocatalytic properties (cementitious matrix composites with the incorporation of semiconductor nanoparticles such as TiO2, ZnO, or CuO) have been developed for application on exterior surfaces with the aim of reducing environmental pollution through the generation of “active surfaces” [33,34,35,36,37,38,39,40,41]. The introduction of nanoparticles allows for the generation of radicals on the surface of the material, which provide self-cleaning properties [8,40,41,42] and, in some cases, the inhibition of the growth of bacteria, important characteristics in environments where the elimination of these priority biological agents is required, such as health centers and hospital care [43,44,45,46]. According to the literature consulted, there is little research on the reuse of CDW [46] in the formulation of alkali-activated cements with active surfaces. In addition, the use of these activated cements using CW and glass wastes in the synthesis of materials for self-cleaning and bactericidal applications has not been documented. This research evaluates the synthesis of alkali-activated cements from white CW and its application in the degradation of organic inks (rhodamine-B (Rh-B)), and studies its bactericidal effect on Klebsiella pneumoniae and Pseudomonas aeruginosa.




2. Materials and Methods


2.1. Materials


The aluminosilicate precursor for the preparation of materials via alkaline activation, CW, was mechanically conditioned in a jaw mill, followed by a ball mill (Mechanical CAD, Cali, Colombia) for 8 h, until a fine aluminosilicate precursor powder was obtained. Additionally, OPC (cement for general use, UG, according to the Colombian NTC 121 standard) was used in the mixtures to facilitate hardening at room temperature. Commercial SS (produced by Productos Químicos Panamericanos®, Cali, Colombia) F47 was used as an activator, with 12.1 wt.% Na2O, 31.4 wt.% SiO2, and 56.5 wt.% H2O. Sodium hydroxide (NaOH) flakes with a purity of 99.7% were used to prepare the alkaline solution. Clear glass wastes were used to evaluate their potential as an alkaline activator and as a fine aggregate in the preparation of rendering mortar. ZnO (PanReact AppliChem 131786.1211, Barcelona, Spain) and TiO2 (Aeroxide TiO2, P25) particles were used for the preparation of the photocatalytic composites.




2.2. Preparation of Alkali-Activated Materials


To obtain alkali-activated cements, a mixture of 85 wt.% CW with 15 wt.% OPC was used. In the preliminary tests, it was found that it was necessary to incorporate OPC to facilitate the hardening of the material at room temperature. A statistical design (Minitab 18 software) of the response surface methodology (RSM) was proposed to study the variables involved in the alkaline activation of the CW. In the RSM, the molar ratios of Na2O/SiO2 and SiO2/Al2O3 of the mixes were evaluated, and the response variable was the compressive strength at 28 days of curing. The proposed experiments are shown in Table 1. The synthesis of the alkali-activated cement consisted of mixing the solids (CW + OPC) with the alkaline solution (SS + NaOH + water) in a Hobart mixer for 5 min until a homogeneous paste was obtained. The mass liquid/solid ratio (L/S) was adjusted to 0.26 in all mixtures. At the end of the mixing time, the paste obtained was poured into cubic molds of 20 mm per side, vibrated to release the trapped air bubbles, and then wrapped with a plastic film to prevent the water from evaporating. The specimens were stored in a curing chamber with ~90% relative humidity for 24 h at a temperature of 25 °C. After this time, the samples were removed from the mold and were stored until reaching the required test age



For the second stage of the study, the pastes with the best compressive strength results were chosen, and 50% of the SS was replaced by glass, to finally form photoactivated composites such as pastes and mortars (paste/fine glass aggregate ratio of 1:1) with TiO2 and ZnO incorporated at 5% and 10% by weight. Their photocatalytic activity (through the degradation of Rh-B) and biological activity (through the inhibition of the bacterial growth of K. pneumoniae and P. aeruginosa) were evaluated. It should be noted that, the electron-positive hole coupling due to the proximity between active sites generates loss of the efficiency of the photocatalytic action, and, accordingly, a low depolluting effectiveness and antimicrobial activity. This vicinity may be a direct consequence of the type and quantity of nano-sized particles, which show a sharp trend to agglomerate reducing the catalyst area, although at the same time they provide a greater number of active sites [45,47]. Therefore, methods to optimize the dosage of nanoparticles and to fully exploit the performance of nanomaterials in cementitious composites are still being studied [43,48]. Thus, the proportion of nanoparticles used in conventional cement must be controlled in order to avoid agglomeration and subsequent loss of their photocatalytic effects, suggesting values of the order of 5% [49,50]. Nevertheless, in geopolymer cements, the incorporation of nanoparticles in percentages of up to 10 wt.% has shown efficiency in photocatalysis and physical properties by increasing the bulk density and decreasing water absorption [8,51,52].




2.3. Characterization Techniques


The following techniques were used to characterize the raw materials and the alkaline cements obtained:




	
The average particle size of the CW precursor was determined using a Mastersizer 2000 laser granulometer (Malvern Instrument, Malvern, UK). The density of the CW raw material was determined by the pycnometer technique, following ASTM standard C127-04. The chemical composition of the CW and glass waste was determined with an Axios mAX sequential wavelength-dispersive X-ray fluorescence (WDXRF) spectrometer (PANalytical, Tollerton, UK) equipped with a rhodium tube and operated with a maximum power of 4.0 kW with SuperQ software version 5.0 L.



	
The compressive strengths of the alkali activated materials were obtained according to ASTM C109 using 20 mm cubic specimens. The tests were carried out on an Instron 3369 universal testing machine (Instron, Norwood, MA, USA) at a displacement speed of 1 mm/min. The data reported correspond to the average of the four test specimens.



	
The surfaces of the pieces obtained after the mechanical tests were observed with scanning electron microscopy (SEM) using a JEOL JSM-6490LV instrument (JEOL, Tokyo, Japan) with a 20 kV acceleration voltage. The pieces observed had been previously coated with gold, and the observations were made in high vacuum mode (3 × 10−6 torr). An Oxford Instruments Link-Isis X-ray spectrometer (Oxford Instruments, Abingdon, UK) was coupled to the microscope for energy-dispersive spectrometry (EDS).



	
X-ray diffraction (XRD) of the CW and pastes was performed using an X’Pert MRD PANalytical (Malvern-PANalytical, Malvern, UK) diffractometer with Cu Kα1 radiation at 20 mA and 40 kV. The samples were scanned at 2θ angles between 5° and 60°, at a step rate of 0.02 and a holding time of 4.0 s per step.



	
The physical properties of the pastes as the bulk density, percent absorption, and volume of permeable pores were determined according to ASTM C642, with the modification of leaving the samples submerged in water at 100 °C for 3 h instead of the 5 h specified in the standard for OPC-based materials. The data reported correspond to the average of the three test specimens.



	
For the degradation of Rh-B, discs 3 cm in diameter and 4 mm in height were prepared from all pastes with 5 and 10 wt.% of TiO2 particles and ZnO particles. The determination of the photocatalytic activity was evaluated using a method based on that used by [40], performing the immersion of the samples in 10 mL of Rh-B with a concentration of 5 ppm, and using exposure to ultraviolet light for 24 h. UV-A radiation was supplied by two mercury lamps (ELECTROLUX T8 20w/BLB) located inside a black acrylic dome. These lamps emit light at an intensity of 10.3 W·m−2, which was measured with a Delta Ohm HD 2102.2 photoradiometer (Delta Ohm, Caselle, Italy) using the filter for UV-A light with a range of 5 mm. For each measurement, 1 mL aliquot was deposited in 50 mL of distilled water in a Falcon tube for centrifuge, and then a sample was taken and placed into quartz cell of 2 mL. The degradation efficiency after 24 h was monitored at a wavelength of 554 nm using a Shimadzu UV−VIS spectrophotometer (Shimadzu, Columbia, MD, USA), model UV-1800 series A1145450047OCD.



	
The biological activity of the materials was evaluated through the inhibition of the bacterial growth [46] of ATCC strains of K. pneumoniae (ATCC® 13883TM) and P. aeruginosa (ATCC® 27853TM) acquired from the ATCC cell bank, similarly to method presented by [46,53,54]. The cylindrical samples (4 cm in diameter and 2 mm thick for pastes and 2.6 cm in diameter for mortars) were exposed to ultraviolet light (λ = 360 nm) for 24 h in a chamber with a lamp at 10.3 Wm−2 intensity prior to the test with bacteria, similar to [54,55]. The antimicrobial activity test on cement mortars irradiated with the UVA light shortened the inactivation time of the bacteria and, additionally, it was possible to compare them with the action of natural daylight [53,54,55]. Afterwards, each bacterial inoculum was added to LB agar at 37 °C, and was homogenized and served in Petri dishes; then, the material to be evaluated (paste or mortar) was placed in the center of the box and left in a flow cabinet until gelling. It was incubated for 18 h at 37 °C. After incubation, each plate was examined and visualized for the presence of colonies grown on the surface of the material or the formation of inhibition halos was registered. The culture medium and supplements used were BHI Broth (Becton Dickinson, Franklin Lakes, NJ, USA), Luria Bertani Agar (Becton Dickinson, Franklin Lakes, NJ, USA), saline solution (Corpaul, Medellín, Colombia), and saline phosphate buffer (Bio-Connect, Huissen, The Netherlands). A Sensi-disc control of gentamicin was used (6 mm in diameter and 2 mm thick).










3. Results and Discussion


3.1. Raw Materials


Figure 1 shows the appearance of CW before and after being mechanically proceeded. Initially, the CWs were collected and dried at room temperature (25 °C) for 24 h, and were mechanically processed by hammer milling followed by ball milling (2 h). The chemical composition of the raw materials is shown in Table 2. The CW is composed mainly of SiO2 and Al2O3, at 89.9%, and the density of the CW was of 2600 kg/m3. The SiO2/Al2O3 molar ratio for the CW is 6.2. The average particle size D [3,4] for the CW is 45.4 µm, with d(0.1) 2.7 µm, d(0.5) 23.3 µm, and d(0.9) 122.2 µm.



The particles used for the experiments were ZnO (PanReact AppliChem 131786.1211, Barcelona, Spain) and TiO2 (Aeroxide® P25, Essen, Germany), and both particles were smaller than 1 µm. Zinc oxide is a semiconductor with a high thermal conductivity, high exciting binding energy (60 m eV), and wide band gap, i.e., 3.2–3.4 eV, and the size of particles ranges from 16 to 140 nm [56]. Aeroxide® (Essen, Germany) P25 is a flame made multiphasic TiO2 nanoparticles containing anatase and rutile; the size of primary nanoparticles ranges from 10 to 50 nm, largely distributed from 15 to 20 nm [57,58]. OPC type UG (Cemex®, Cali, Colombia) was used in order to obtain alkali activated cements at a room temperature of 25 °C. Glass wastes were crushed to be used as (i) precursor powder (density of 2411 kg/m3) to replace SS in alkaline activation and to be (ii) used as fine aggregates in the preparation of mortars. The alkaline activator was generated from a mixture of SS PQP F47 with 12.1% Na2O and 31.4% SiO2 with a sodium hydroxide solution (NaOH, 99.7%).




3.2. Characterization of the CW-OPC Hybrid Pastes


The compressive strength was determined at different ages (7, 28, and 90 days of curing), and the results are shown in Figure 2a. For a better understanding of the results, a contour graph of the statistical analysis (Figure 2b) shows the influence of the design variables on the compressive strength after 28 days of curing. The darkest green areas correspond to the best compressive strengths, and optimization of the results occur in the mixtures M9, which obtained a compressive strength of 40.1 ± 0.84 MPa, and M11, with 42.04 ± 1.07 MPa, at age of 28 days. There is a dependence between the synthesis variables SiO2/Al2O3 (Si/Al) and Na2O/SiO2 (Na/Si) and the compressive strength; for a Na/Si ratio greater than 0.09, the strength values fall below 25 MPa. An increase in the Na/Si ratio is correlated with a decrease in the amount of SS in the alkaline activator, while a low Na/Si ratio is achieved with a greater amount of SS and lower amounts of NaOH. It is known that an increase in the alkalinity of the paste can affect the polymerization process [59]. The authors of [60] state that increasing the Na/Si ratio increases the percentage of open pores by almost 65% in alkali-activated fly ash samples and consequently reduces the compressive strength. In this study, it is observed that an increase in the Si/Al ratio with a low Na/Si ratio increased the compressive strength of the pastes, especially when the Si/Al ratio is greater than 7. As the content of Al in the pastes comes from the CW and OPC, the Si/Al ratio is modified with the alkaline activator, so an increase in the Si/Al ratio also corresponds to an increase in the amount of SS in the mixture. Several authors agree that excess sodium content in the mixture generates efflorescence on the surface of the material, which can affect the compressive strength [13,61,62].



From the mixtures shown in Table 1, pastes with a high NaOH/SiO2 ratio (reactive and soluble SiO2 from silicate), such as M1 (2.87), M4 (2.87), M5 (5.77), M6 (2.10), M7 (2.87), M8 (32.05), M12 (4.28), and M13 (12.04), have lower compressive strength at all evaluated ages, while pastes with a low NaOH /SiO2 ratio, such as M2 (0.48), M9 (1.10), and M11 (1.10), show the highest strengths. In the case of the M5, M8, and M13 pastes, it is evident that the contribution of the soluble SiO2 content that comes from the SS, which is essential in the development of compressive strength [63,64], is very low. Mixtures M5 and M8, despite having Na2O contents similar to those of M9 and M11, have a SiO2/Al2O3 molar ratio similar to that of the raw material (6.2), so the incorporation of SS is low in these pastes, thus hindering the formation of gels that provide mechanical strength to the material. Similar results have been reported by [19].



In Figure 2a, for early ages, M9 and M11 have a similar behavior to compression. However, after 90 days of curing, the M11 paste presented a compressive strength above 60 MPa, higher than M9. This may be because the dosage in M11 contributes a higher content of both SS, that is, soluble silica, to the mixture, which can promote the formation of hydrated aluminosilicate gels at later ages.



The mineralogical composition of the CW and hybrid pastes M9 and M11 was analyzed by XRD, and the results obtained are presented in Figure 3. The SiO2 of the raw material CW is mainly in the crystalline state in a quartz structure (2θ = 22.3°, 28.7°, 49.7°, and 54.5°), and it persists in pastes M9 and M11 after alkaline activation. Authors such as [18,23,65] corroborate that the alkaline activation processes do not dissolve the quartz present in the raw material. The formation of new peaks for M9 and M11 are identifiable at angles of 21.95°, 43.15°, and 48.53°, corresponding to the formation of alkali carbonates [19,66,67]. New peaks are also identified at 29.39° and 47.53°, corresponding to CSH produced from the hydration of the OPC used in the mixtures. The presence of hybrid sodium calcium aluminosilicate hydrate (N-CASH) gel is also identified and corroborates the results found by other authors [19,67,68,69]. These small peaks are explained by the presence of 15% OPC in the mixture, which contributes Ca2+ ions, promoting the formation of these gels in the microstructure, and are corroborated by the SEM-EDS assay presented below (Figure 5a,b). The authors of [70] found that the alkaline activation of precursors with high calcium contents can yield CASH, similar to the hydrated calcium silicate gel CSH produced in the exclusive hydration of OPC pastes. The XRD and compressive strength results show that the performance obtained for the pastes depends on the degree of polymerization and the formation of gels; thus, low ratios of NaOH/Na2SiO3 promote a greater degree of polymerization and the formation of gel types N-CASH and CSH, that is, when higher contents of soluble silicate SS are incorporated into the mixture [19,71].



To evaluate glass (G) as a precursor in M9 and M11, 50 wt.% SS was replaced by G and, in turn, the OPC content was lowered to 10 wt.% to further reduce the carbon footprint of the mixtures. For these pastes, it was necessary to adjust the L/S ratio to 0.36 in order to obtain a paste with adequate workability that could be mixed and emptied into the molds. The results for the compressive strength of the hybrid pastes M9 and M11 with a replacement of 50% SS by G are shown in Figure 4. It was found that the replacement of SS by G reduced the compressive strength of the pastes at the ages of 7 and 28 days of curing. The loss of strength at age 28 days reached 97% for M9 and 73.57% for M11 with the replacement of SS by G. This behavior is attributed to the fact that the incorporation of G as a substitute for SS initially provides less amorphous SiO2 compared to SS [60]. The authors of [69] suggest that the optimal conditions for obtaining SS from glass waste involve 6 h of agitation at a temperature of 85 °C to achieve a solution comparable to commercial SS. In this investigation, glass was added directly to an alkaline solution of NaOH [9.6 M], allowed to stand for 20 min, and was subsequently emptied and mixed with the CW + OPC solids, so that the glass was dissolved to obtain SiO2 reagent similar to SS; this is an extra reaction that must occur before starting the alkaline activation process and providing the percentage of Na2O and SiO2 of the design [72]. Due to the process conditions used in this research (25 °C and short mixing time), the kinetics of the geopolymerization reaction when using G are affected by its low dissolution, and consequently the formation of N-CASH and CSH gels is reduced.



The SEM-EDS results of pastes M9 and M11 (Figure 5a,b) with 100% SS show a smoother and more homogeneous surface for M11, as well as a lower presence of microcracks, caused by shrinkage processes by drying and evaporation during the hardening stage [73,74] compared to the M9 paste, which indicates the formation of a denser and more homogeneous M11 matrix. The SEM images of the pastes with replacement of SS by G (Figure 5c,d) reveal a very heterogeneous surface, with extensive cracking and little cohesiveness. These results demonstrate the low polymerization capacity of fine glass under the conditions studied, which is reflected in its poor mechanical performance. Table 3 shows the EDS results of pastes with 50% SS:50% G, which confirm a large amount of Si and O in the system due to the presence of unreacted glass particles.



In Table 3, the EDS spectra are shown for points 1, 2, and 3 identified in Figure 5. It is possible to identify CASH, N-CASH, and portlandite gels, carbonated species, and Fe from the unreacted raw material. The initial reactions in hybrid systems with an OPC content indicate hydration of the cement as the first reaction, generating CSH and portlandite (Ca(OH)2), which is subsequently carbonated [64]. The polycondensation of geopolymers is favored by the presence of calcium, which comes mainly from the OPC in the mixture [19] and reacts with the system (Na2O–CaO–Al2O3–SiO2–H2O) to form hybrid N-CASH gels [68].The formation of the hybrid gels that coexist in various proportions is due to the dissolution and condensation reaction of the tetrahedra of [SiO4]4− and [AlO2]− from the CW, which reacts over time and is incorporated in the structure of the CSH [67], which is reflected by the increase in mechanical strength at older ages (Figure 2). Sodium and calcium ions are located in the interstices of the amorphous structure formed by polysialates, and balance the negative charges in the structure [64,75].



OPC promotes the formation of CSH, with a lower Ca/Si ratio than the CSH that is normally formed by OPC hydration [76], and due to the contents of Al and Na, the precipitation of N-CASH is possible as the main hydration product according to the Ca/Si ratio and the contents of Na and Al obtained [67]. The Ca/Si ratios are higher in M11, indicating a higher inclusion of Ca for this sample, which generates the highest mechanical strengths because the silica of the silicate reacts with the calcium ions and generates the CSH gel [26]. On the other hand, the residual alkali that does not react to form gels or that is trapped in the pores by its excess reacts with the carbon of the atmosphere to form alkali carbonates, which has been previously observed by other authors [67,77]. The EDS results confirm the previously shown XRD results for pastes M9 and M11.



In Table 4, the values of the physical properties of pastes M9 and M11 with 100% SS are shown. Although the density found in M9 was similar to the density of M11, the porosity and absorption were lower for M11 by 17.85% and 25.40%, respectively. The lower porosity of M11 allowed the paste to support higher loads, and, therefore, its strength was greater. The density values found for M9 and M11 were similar to those reported by [61] (1220 and 1540 kg/m3) by activating fly ash with SS. The authors of [60] reported a percentage of open pores between 25% and 40% for activated pastes based on Italian fly ash, and between 23% and 43% for the ash of an Australian origin. They were also similar to those reported by [67], who reported porosity percentages between 28% and 31% for alkali-activated construction demolition waste pastes.



Based on these results, the M9 paste was discarded, and henceforth, the M11 paste activated with silicate and glass (M11-50SS:50G) and M11 100% commercial silicate (M11-SS) were used to develop mortars using paste/recycled fine aggregate ratios of 1:1. Additionally, the mechanical strengths of the mortars made with M11-SS and the natural aggregate of river sand (MRef) were evaluated. The compressive strengths at 28 days of curing were 25.21, 11.57, and 9.08 MPa, for the MRef, M11-SS, and M11-50SS:50G mortars, respectively. As expected, the natural aggregate provides greater compressive strength than the recycled glass aggregate. However, it is noteworthy that the workability of the mixture in the fresh state is improved with the incorporation of the recycled aggregate, as the glass is less porous and has a smoother surface than for river sand.



SEM images of the mortar with different SS contents are shown in Figure 6. Figure 6a,b corresponds to mortar with 100SS, and Figure 6c,d to 50SS mortar. It is evident that the interface between the matrix and the aggregate is of a low quality (Figure 6a,d), as extensive microcracks through the surface and great porosity were observed. This explains why the charge transfer between the matrix and the glass particles was poor; mortar with glass, with its smooth surface and fragile nature, have a weakened interfacial zone, which has been identified by other authors such as [78,79] by replacing sand with glass as an aggregate in OPC-based mortar. In Figure 6a, it can be seen that the morphology of the aggregate (G), which is angular and has a smooth surface appearance, makes it difficult for the paste to adhere to the particle. The natural aggregate in MRef (Figure 6e) has a less angular morphology and is better covered by the paste. Thus, the interface zone between the paste sand was denser due to the greater roughness presented by the natural aggregate [78], which is reflected in an increase of 23% in the compressive strength in the MRef mortar.



A comparison of the type of activator (100SS, 50SS:50G) using glass as a fine aggregate, showed a strength loss of 21.5% for 50SS:50G compared to the mortar that uses the 100SS matrix. In mortar, the replacement of SS by G generated a more porous microstructure with greater cracking (Figure 6c,d). An increase in micropores when using G was previously observed by [80]. It was also possible to observe a large formation of microcracks around the fine aggregate and to transverse to it, which can be attributed to volumetric contraction and poor adhesion, creating weak interfacial transition zones [79,81]. In general, the fine aggregate (G) did not react significantly with the matrix to create a continuous medium of homogeneous aluminosilicate gels.




3.3. Effect of TiO2 and ZnO Particles in Mechanical and Photocatalytic Properties


In the M11-SS and 50SS:50G paste, TiO2 and ZnO particles were incorporated in percentages of 5 and 10 wt.%, with the objective of developing a photocatalytic composite and evaluating the self-cleaning properties. The incorporation of photocatalytic particles reduced the compressive strength, as shown in Figure 7, regardless of the type of binder used (M11-SS or M11-50SS:50G). In the paste with a 50SS:50G silicate source, the strength was between 3.5 and 8.0 MPa, and in the paste with M11-SS, it was between 26–28 MPa. The incorporation of 10%-TiO2 reduced the compressive strength by 48.33% for the binder with 50SS:50G and 14.11% for the binder with M11-SS. In the case of the incorporation of 10%-ZnO particles, the strength reduction was 15.48% in the 50SS:50G binder and 30.9% in the binder with M11-SS. This behavior can be attributed to a nonhomogeneous distribution of the nanoparticles in the binder (Figure 9), which causes an agglomeration of the nanoparticles, reduces the binder capability of the matrix, concentrating stress, so cracks can propagate more easily, creating weak interfaces in the structure. Additionally, with the incorporation of particles as replacements and not as additions, the cementing phase was reduced, which contributes to less formation of gels. However, all the mixtures that exceeded the minimum compressive strength required by the UNE-EN 998-1.2018 standard are classified as materials that could be used as rendering mortars in categories CS III (3.5–7.5 MPa) and CS IV (≥6.5 MPa). Additionally, the incorporation of photocatalytic particles tends to increase the density of the material (Table 5), because the particles have densities greater than that of the CW starting material, 5.68 g/cm3 for ZnO and 3.5 g/cm3 for TiO2. Guzmán-Aponte et al. [8] incorporated different amounts of TiO2, finding that the density of the composites varied according to the water content of the mixture; however, for mixtures with an L/S ratio of 0.45, an increase in the content of TiO2 increased the density of the composites.



The results of UV−VIS spectrometry in terms of the self-cleaning properties of the composite materials are shown in Figure 8, and the values of total degradation of Rh-B after 24 h are shown in Table 6. The mixtures with 100% commercial silicate and 5% ZnO (SS-5Z) present a greater degradation of the ink, reaching 98%. This result is attributed to the fact that there is a good distribution of ZnO particles on the surface of the discs, making the surface of the sample more smooth, as can be observed in the SEM images in Figure 9. For the case of the incorporation of TiO2, the mixture is viscous, which makes it difficult to homogenize the mixture; therefore, the particles could tend to agglomerate inside the paste, and made the surface heterogeneous, as observed in Figure 9a,b, causing fewer particles to be exposed on the surface; similar results have been found by [82].



According to Hasmaliza et al. [45] and Loh et al [54], the particle size of TiO2 influences the contact angle when it is applied on tile surfaces, which is affected by the appearance and photocatalytic test of the glazed agglomeration of TiO2 particles. In the case of micro-TiO2, it offered a good dispersion and greater surface area for adsorption and reaction with large molecules such as Rhodamine B [54]. The photocatalytic activity in these materials is due to the incorporation of semiconductor particles capable of interacting with the light in their environment and promoting the passage of electrons from the valence layer of the matter to the conduction bands [83]. This process generates radicals that in turn can interact with organic agents through oxidation−reduction reactions, generating the degradation of these substances [84]. Speciale et al. [85] found that the TiO2 agglomeration together with the electron−hole recombination in the case of an excess of photocatalyst will put a cap on the final admissible concentration of TiO2.



Hasmaliza et al. [45] and Loh et al. [54] observed that the number of colonies of E. coli was lower with incorporations of nano-TiO2 than micro-TiO2, suggesting that TiO2 segregation plays an important role in the determinations of the photocatalytic activity. Additionally, as stated by Sikora et al. [53], porous structures, which have a larger surface area, are beneficial for the adsorption process, and a high number of pores together with a high total surface area can be favorable for the internal dispersion of pollutants and bacteria removal; nevertheless, the incorporation of nanoparticles decreases the water absorption and densifies the microstructure. According to Wang et al. [86], the contact angle of the surfaces of cement-TiO2 increases from 15° for the cement control to 66° to 90° for cement with TiO2 particles, and the angle depends on the type of size of TiO2 particles with hydrophobic surfaces; similar results of super-hydrophilicity have been found with geopolymer-TiO2 composites [87]. Additionally, the incorporation of nanoparticles increases the densification of mortars (see Table 5), because TiO2 mainly acts as a filler to densify the binder [87], for which the photocatalytic effect is assumed to be due to the incorporation of TiO2 and ZnO and not for the high porosity of mortar.



Likewise, studies of the zeta potential show that nano-TiO2 requires longer times for the electrostatic stabilization of the particles [47]; therefore, its catalytic effect is poorer and delayed. Thus, it could be expected that the ZnO particles require less time for their electrostatic stabilization, therefore explaining their effective dispersion in the developed material. Additionally, different research on the zeta potential of TiO2 and ZnO particles at different pH [88,89] have shown that in alkaline pH, the zeta potential of the ZnO particles is more electropositive compared to the zeta potential of the TiO2 particles, which indicates a better dispersion ability of ZnO in developed geopolymers.



A comparison of these results with those of the UNI 11259:2008 standard for the determination of the photocatalytic activity, which requires a degradation equal to or greater than 50% after 24 h, shows that the pastes containing 5% and 10% ZnO comply with this requirement, while only the 50SS:50G-10Ti paste achieves a degradation greater than 50% (Table 6). Similar results were observed by other authors [40,41], who incorporated ZnO and TiO2 particles in geopolymer pastes and obtained photocatalytic materials for applications such as exterior construction materials.




3.4. Biological Activity with Bacteria


Based on the photocatalytic assays, the pastes that presented the best performance were 100SS-5Zn and 50SS:50G-10Ti and, for this reason, the biological activity by means of the inhibition of the growth of ATCC strains K. pneumoniae and P. aeruginosa in the pastes and their respective mortar with recycled fine aggregate (G) was evaluated. Images corresponding to the inhibition halos obtained in cultures of K. pneumoniae and P. aeruginosa with the evaluated composites and control samples used are shown in Figure 10 and Figure 11, and the results of the inhibition assay are presented in Table 7. Chen et al. [90] confirmed that the photocatalytic activity of mortar is improved when waste glass is incorporated as an aggregate in cement materials, due to the light transmittance property of waste glass, which plays a vital role in the enhancement of the photocatalytic reactions. The light could be carried to a greater depth, activating the TiO2 on the surface as well within the surface layer.



It was found that all the evaluated materials inhibited the growth of the evaluated strains, forming bacterial inhibition halos (Figure 10 and Figure 11). The inhibition of bacterial growth is related to the formation of reactive oxygen species (ROS) [91] as a product of the interaction of the photons incident on the surface of the material and the nanoparticles of ZnO and TiO2 in both the paste and the mortar. Through this mechanism, the material can interact with the cell membranes, ribosomes, or DNA, or simply interfere in the transport of electrons during the oxidation of nicotinamide adenine dinucleotide in bacteria, intervening in the biological mechanisms of bacteria and, ultimately, annihilating them [43,84].





4. Conclusions


The preparation of cement-based composites from the alkaline activation of white CW is a technically viable alternative to produce binders with photocatalytic and bactericidal properties. The results of this study allow for the following conclusions to be drawn:




	
The contribution of amorphous and soluble silica from SS is an essential component to achieve compressive strengths in pastes above 10 MPa. A high sodium content in the mixtures reduces the viscosity of the pastes and results in carbonation reactions with the environment, which can generate efflorescence due to carbonated products on the surface of the samples. The formation of the CASH gel and the hybrid N-CASH gel was evidenced by the CW-OPC mixture. The optimal molar ratio values for the preparation of pastes with strengths of 40 MPa at 28 days were 7.7 for SiO2/Al2O3 and 0.12 for Na2O/SiO2.



	
In the evaluation of the capacity of alternative silicate formation, the replacement of SS by 50% glass was not beneficial due to the poor dissolution of the glass at room temperature and under the alkaline conditions studied. Additionally, the incorporation of glass as a fine aggregate decreased the compressive strengths. The values obtained were 25.21, 11.57, and 9.08 MPa at 28 days of curing for the MRef mortar (made with river sand), M11-SS mortar, and M11-50SS:50G mortar using G as a fine aggregate, respectively. The loss of strength was attributed to the formation of a weakened aggregate−paste transition zone with a high porosity and the formation of microcracks around the glass aggregate.



	
The 100SS-5Z and 50G:50SS-10Ti pastes showed an effective photocatalytic activity for Rh-B degradation, with percentages of Rh-B degradation of 98.4% and 76.4%, respectively, after 24 h, but problems of mixing and poor dispersion of the nanoparticles were observed and could be the main technological challenge.



	
The 100SS-5Z and 50G:50SS-10Ti pastes, together with their respective mortars, were effective at inhibiting the growth of P. aeruginosa and K. pneumoniae strains, evidenced by the formation of bacterial inhibition halos around the sample discs.



	
These results demonstrated the possibility of using ceramic tile waste in high proportions for the elaboration of new rendering mortar with innovative properties.
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Figure 1. Ceramic tile wastes (CW): (a) before crushing, (b) after crushing, and grinding (c) SEM image. 
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Figure 2. (a) Compressive strength at ages of 7, 28, and 90 days for cements 85%CW−15%OPC. (b) Contour statistic plots. 
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Figure 3. XRD for M9 and M11 mixtures at the age of 90 days compared to the CW raw material. 
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Figure 4. Compressive strength for hybrid pastes CW-OPC with different contents of SS. 
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Figure 5. SEM images for pastes: (a) M9-100SS, (b) M11-100SS, (c) M9-50SS:50G, (d) M11-50SS:50G. 
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Figure 6. SEM images of mortar based on M11 paste with different SS content using G as a fine aggregate (a–d) and (e) mortar made with M11-100SS and natural aggregate (river sand). 
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Figure 7. Compressive strength for pastes with incorporation of (a) TiO2 and (b) ZnO particles. 
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Figure 8. UV−VIS spectrum for different mixtures after 24 h of exposure to RhB with incorporations of (a) TiO2 and (b) ZnO particles. 
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Figure 9. SEM images of composites with (a,b) 5% of TiO2 and (c,d) 5% of ZnO. 
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Figure 10. Images corresponding to the agar of K. pneumonia for different mixtures and the control. Front and rear views are presented, respectively. (A,B) paste 100SS-5Z, (C,D) mortar 100SS-AF-5Z-G, (E,F) paste 50SS:50G-10Ti, (G,H) mortar 50SS:50G-AF-10Ti-G, (I,J) Sensi-disc control of gentamicin, and (K,L) Sensi-disc control with no inhibition. 
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Figure 11. Images corresponding to the culture of P. aeruginosa for different mixtures and the control. Front and rear views are presented, respectively. (A,B) Paste 100SS-5Z, (C,D) mortar 100SS-5Z-G, (E,F) paste 50SS:50G-10Ti, (G,H) mortar 50SS:50G- 10Ti-G, (I,J) Sensi-disc control of gentamicin, and (K,L) Sensi-disc control with no inhibition. 
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Table 1. Molar ratios for the synthesis of hybrid cements obtained from the RSM design with Minitab 18 software.
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	Mixture
	Molar Ratio

Na2O/SiO2
	Molar Ratio

SiO2/Al2O3
	Molar Ratio

NaOH/1 SiO2





	M1
	0.12
	7
	2.87



	M2
	0.08
	7.5
	0.48



	M3
	0.12
	7
	2.87



	M4
	0.12
	7
	2.87



	M5
	0.08
	6.5
	5.77



	M6
	0.15
	7.5
	2.10



	M7
	0.12
	7
	2.87



	M8
	0.12
	6.3
	32.05



	M9
	0.07
	7
	1.10



	M10
	0.12
	7
	2.87



	M11
	0.12
	7.7
	1.10



	M12
	0.16
	7
	4.28



	M13
	0.15
	6.5
	12.04







1 SiO2 calculated from SS.
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Table 2. Chemical composition for raw materials.






Table 2. Chemical composition for raw materials.





	
Compounds

	
CW

	
OPC

	
Glass Waste




	
(wt.%)






	
SiO2

	
70.6

	
17.9

	
72.27




	
Al2O3

	
19.3

	
3.90

	
1.49




	
Fe2O3

	
4.3

	
4.80

	
0.62




	
Na2O

	
-

	
0.20

	
13.37




	
K2O

	
2.4

	
0.30

	
0.51




	
CaO

	
2.0

	
62.30

	
11.15




	
MgO

	
0.8

	
1.80

	
0.26




	
LOI, 1000 °C

	
0.6

	
4.10

	
1.46
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Table 3. EDS for M9 y M11 with 100SS and 50SS:50G: Composition (wt.%) and Interpretation.
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Paste

	
Spectrum

	
C

	
O

	
Na

	
Al

	
Si

	
K

	
Ca

	
Fe

	
Ca/Si Ratio

	
Interpretation






	
M9-100SS

	
1

	
25.59

	
28.41

	
2.59

	
11.86

	
25.59

	
1.31

	
1.72

	
2.93

	
0.06

	
N(C)–A–S–H, CaCO3,




	
2

	
27.86

	
39.25

	
2.86

	
9.90

	
14.76

	
0.69

	
1.58

	
3.09

	
0.10

	
N(C)–A–S–H, CaCO3,




	
3

	
25.80

	
31.60

	
3.78

	
6.97

	
24.06

	
1.23

	
4.70

	
1.86

	
0.19

	
(N),C–A–S–H, CaCO3




	
M11-100SS

	
1

	
41.33

	
24.24

	
2.62

	
4.33

	
20.03

	
1.67

	
5.78

	
-

	
0.29

	
(N),C–A–S–H, CaCO3




	
2

	
34.40

	
19.74

	
2.35

	
9.59

	
29.04

	
-

	
4.88

	
-

	
0.17

	
(N),C–A–S–H, CaCO3




	
3

	
-

	
25.50

	
-

	
4.14

	
20.57

	
-

	
49.78

	
-

	
2.42

	
C–(A)–S–H, portlandite




	
M9-50SS:50G

	
1

	
11.62

	
45.68

	
10.36

	
1.67

	
25.47

	
-

	
5.21

	
-

	
0.20

	
N,(C)–A–S–H, Na2CO3




	
2

	
14.27

	
32.81

	
6.91

	
2.92

	
19.33

	
1.38

	
19.90

	
2.49

	
1.02

	
(N),C–A–S–H, (Ca,Na)CO3




	
3

	
16.74

	
44.93

	
10.85

	
3.84

	
18.94

	
1.31

	
2.32

	
1.06

	
0.12

	
N,(C)–A–S–H, Na2CO3




	
M11-50SS:50G

	
1

	
15.95

	
45.22

	
1.44

	
2.19

	
34.41

	

	
0.79

	
-

	
0.03

	
N,(C)–A–S–H, Na2CO3




	
2

	
21.58

	
40.22

	
4.73

	
6.38

	
23.21

	
0.87

	
1.50

	
1.51

	
0.07

	
N,(C)–A–S–H, Na2CO3




	
3

	
12.34

	
48.56

	
10.32

	
4.79

	
17.25

	
1.06

	
3.75

	
1.93

	
0.22

	
N,(C)–A–S–H, Ca,Na2CO3
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Table 4. Physical properties for pastes M9 y M11 with 100% SS.






Table 4. Physical properties for pastes M9 y M11 with 100% SS.





	Mixture
	Dry Density, kg/m3
	Apparent Density, kg/m3
	Porosity, %
	Water Absorption, %





	M9
	1820 ± 10
	2520 ± 10
	28 ± 0.38
	15.3 ± 0.2



	M11
	1870 ± 20
	2430 ± 10
	23 ± 0.36
	12.2 ± 0.2
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Table 5. Density of mixtures with incorporation of TiO2 and ZnO particles.
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Mixtures

	
Density, kg/m3




	
0%

	
5%-TiO2

	
10%-TiO2

	
5%-ZnO

	
10%-ZnO






	
M11-SS

	
1870 ± 20

	
1880 ± 10

	
1900 ± 10

	
1920 ± 10

	
1970 ± 10




	
M11-50SS:50G

	
-

	
1990 ± 10

	
2040 ± 20

	
2040 ± 30

	
2040 ± 20
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Table 6. Percentage of degradation of Rh-B (evaluated at 554 nm) for different mixtures.
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	Mixture
	C/Co after 24 h
	Degradation of RhB, %





	SS-5Ti
	3.4
	32,4%



	SS-10Ti
	2.8
	44.5%



	50SS:50G-5Ti
	4.1
	17.0%



	50SS:50G-10Ti
	1.2
	76.4%



	SS-5Z
	0.1
	98.4%



	SS-10Z
	0.4
	91.8%



	50SS:50G-5Z
	2.0
	61.0%



	50SS:50G-10Zn
	1.9
	62.1%
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Table 7. Inhibition halos obtained in the culture of the ATCC strains of K. pneumoniae and P. aeruginosa with the evaluated materials and controls.
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Type

	
Mixture

	
Formation of Bacterial Inhibition Halos




	
K. pneumoniae ATCC

	
P. aeruginosa ATCC






	
Mortar

	
50SS:50G-10Ti-G

	
Yes

	
Yes




	
100SS-5Z-G

	
Yes

	
Yes




	
Paste

	
100SS-5Z

	
Yes

	
Yes




	
50SS:50G-10Ti

	
Yes

	
Yes




	
Control

	
Sensidisc Gentamicin

	
Yes

	
Yes




	
Sensidisc whithout antibiotic

	
No

	
No
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