

  buildings-14-00787




buildings-14-00787







Buildings 2024, 14(3), 787; doi:10.3390/buildings14030787




Article



Geopolymerization of Coal Gangue via Alkali-Activation: Dependence of Mechanical Properties on Alkali Activators



Xiaoping Wang 1,2, Feng Liu 1, Zezhou Pan 1, Weizhi Chen 1, Faheem Muhammad 3, Baifa Zhang 3,* and Lijuan Li 1,*





1



School of Civil and Transportation Engineering, Guangdong University of Technology, Guangzhou 510006, China






2



School of Architecture and Civil Engineering, Huangshan University, Huangshan 245041, China






3



School of Environmental Science and Engineering, Guangdong University of Technology, Guangzhou 510006, China









*



Correspondence: zhangbaifa@gdut.edu.cn (B.Z.); lilj@gdut.edu.cn (L.L.)







Citation: Wang, X.; Liu, F.; Pan, Z.; Chen, W.; Muhammad, F.; Zhang, B.; Li, L. Geopolymerization of Coal Gangue via Alkali-Activation: Dependence of Mechanical Properties on Alkali Activators. Buildings 2024, 14, 787. https://doi.org/10.3390/buildings14030787



Academic Editor: Antonio Caggiano



Received: 30 January 2024 / Revised: 8 March 2024 / Accepted: 12 March 2024 / Published: 14 March 2024



Abstract

:

Coal gangue (CG) is a residual product from coal mining and washing processes. The reutilization of CG to produce geopolymers is a low-carbon disposal strategy for this material. In this study, the calcined CG (CG700°C) was used as aluminosilicate precursors, and the effects of alkali activators (i.e., Na2SiO3/NaOH, NaOH concentration, and liquid–solid) on the mechanical characteristics and microstructure of CG700°C-based geopolymers were investigated. The findings indicated that the specimens with a liquid–solid ratio of 0.50 (G2.0-10-0.50) exhibited a compact microstructure and attained a compressive strength of 24.75 MPa. Moreover, increasing the Na2SiO3/NaOH mass ratio has shortened the setting times and facilitated geopolymer gel formation, resulting in a denser microstructure and improved compressive strength. The higher NaOH concentrations of alkali activators facilitated the dissolution of CG700°C particles, and the geopolymerization process was more dependent on the condensation of SiO4 and AlO4 ions, which promoted the formation of geopolymer networks. Conversely, an increase in the liquid–solid ratio from 0.50 to 0.65 had a negative impact on compressive strength enhancement, impeding the polycondensation rate. Examination through scanning electron microscopy and mercury intrusion porosimetry revealed that employing a lower Na2SiO3/NaOH mass ratio (G1.2-10-0.55), smaller NaOH concentrations (G2.0-8-0.55), and a higher liquid–solid ratio (G2.0-10-0.65) led to the presence of larger pores, resulting in decreased 28 days compressive strength values (15.87 MPa, 13.25 MPa, and 14.92 MPa, respectively), and a less compact structure. The results suggest that the performance of CG700°C-based geopolymers is significantly influenced by alkali activators.
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1. Introduction


Geopolymers, proposed by Joseph Davidovits [1], are inorganic polymeric materials that exhibit excellent performance in several areas, including fire resistance, acid resistance, and the solidification of heavy metal wastes [2,3,4]. Over the last few decades, geopolymers have received considerable attention owing to their superior performance and smaller environmental footprint [5,6,7,8]. Statistically, the CO2 emission of the geopolymer products with a typical feedstock is approximately 44–64% lower than that of ordinary Portland cement [9]. Geopolymers are normally synthesized through aluminosilicate precursors and alkali activators [10]. The precursors primarily originate from byproducts (e.g., fly ash [11,12,13], ground granulated blast-furnace slag [14], and red mud [15]) or natural minerals (e.g., halloysite [16,17] and kaolinite [18,19]), while the alkali activators are typically composed of potassium (or sodium) hydroxides and silicates.



Coal gangue (CG) is a byproduct that is separated during the coal mining and washing processes. The production of CG is approximately 10–20% of the total coal output [20,21,22,23]. As of now, enormous amounts of CG have accumulated around the world. CG waste in China has reached 7 billion tons and continues to grow [10]. In the past, CG was normally used for stacking or landfilling; these discharge methods not only occupied land resources but also caused significant soil, water, and air pollution [24,25]. In addition, researchers have demonstrated the use of CG in building materials such as coarse aggregates [26,27], sintered bricks [28], and paved roads [29]. However, the mechanical properties of the products are negatively influenced by the CG waste, which has more porosity and higher water absorption. Karimipour et al. [27] reported that when the natural aggregates were replaced by CG aggregates at 25%, the compressive strength and elastic modulus decreased by 29% and 20%, respectively. Guan et al. [30] showed that CG concrete exhibited lower frost resistance in a freeze-thaw environment compared to normal concrete. Therefore, there is an urgent need to explore alternative uses for CG.



CG waste contains a large amount of silicate and aluminate materials, the main components of CG waste are kaolinite, quartz, muscovite, etc. [20,21,22]. Studies have attempted to use CG to prepare geopolymers. Zhang et al. [31] found a thermal temperature of 800 °C was suitable for the pozzolanic reactivity of CG, and the calcined CG prepared geopolymers have good performance. As the temperature reached 900 °C, the mechanical properties of CG-based geopolymers decreased, as reported by Zhou et al. [32]. Li et al. [20] discussed the effects of CG particle size on the compressive strength of geopolymers and the results showed that the 200 mesh of CG could obtain the desired compressive strength for geopolymers. Han et al. [21] investigated the geopolymers incorporating CG and slag precursors, and their findings showed that the compressive strength of geopolymers was more than 40 MPa. Furthermore, Geng et al. [22] mixed CG with red mud to produce geopolymers, and the results showed that CG with red mud at a ratio of 2:8 was appropriate for preparing geopolymers. However, the present research on CG-based geopolymers is mainly focused on calcination temperature, particle size, or the mixing materials for the precursors. In addition, alkali activators, which are essential in determining the composition and mechanical properties, significantly influence the performance of geopolymers [33,34,35,36,37].



A study reported that the silicate modulus (SiO2/Na2O) and the alkalinity of the solution significantly influenced the autogenous shrinkage of alkali-activated slag cement (AASC) [34]. The findings revealed that the silicate modulus of 1.0 enhanced geopolymerization in the AASC paste. Moreover, the NaOH concentration on the mechanical characteristics of geopolymers derived from fly ash was investigated [35,36,38], Phoo-ngernkham et al. [35] reported that the NaOH concentration of 14 mol/L was optimum for preparing the geopolymers, which improved the mechanical strength, which is consistent with the conclusions conducted by Somna et al. [38]. However, Guo et al. [36] reported that a modulus of 1.5 was favored for fly ash-based geopolymers, this was in contrast to the result (1.0) of AASC. In addition, Guo et al. [36,37] reported that water significantly influenced kaolin-based geopolymers by facilitating the dissolution of aluminosilicates or ion diversion during the geopolymerization process. When more water was introduced into the geopolymers, the geopolymerization process would be suppressed, leading to a reduction in the compressive strength. The previous study on various precursor materials such as slag cement, fly ash, and kaolin indicated different effects of alkali activators on mechanical properties. However, the application of alkali activators in CG-based geopolymers has rarely been investigated, resulting in an inadequate understanding of the effects of how alkali activators impact the mechanical properties of CG-based geopolymers.



In this study, the CG-based geopolymers were prepared using CG as a precursor and a variety of alkali activators consisting of NaOH and Na2SiO3 solutions. The effects of the Na2SiO3/NaOH mass ratio, NaOH concentration, and liquid–solid ratio on the mechanical properties of CG-based geopolymers were investigated. The mineral composition, microstructure, and mechanism properties of the CG-based geopolymers have been analyzed via X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX) spectroscopy. Furthermore, the pore characteristics and parameters of the geopolymers were detected by mercury intrusion porosimetry (MIP). This study aimed to provide a better understanding of alkali activators on the geopolymerization process of CG-based geopolymers, thereby contributing to the reutilization of CG waste.




2. Materials and Methods


2.1. Materials


The CG was acquired from Hongqi Coal Industry Co., Ltd., located in Zhengzhou, China. The chemical compositions were measured using X-ray fluorescence spectroscopy (Table 1). The main chemical components of CG were SiO2 and Al2O3, which together accounted for 86.12 wt% of the total content. CG powers were subjected to calcination in a muffle furnace at 700 °C for a duration of 3 h, with a heating rate of 10 °C/min. The calcined CG was denoted as CG700°C.



The CG was gray before being calcined (Figure 1a), and the CG700°C became red as it contained iron oxides during the calcination (Figure 1b). The particle size distributions of CG700°C were shown in Figure 1c, with a d50 particle size of 5.59 μm.



The XRD patterns of the samples denoted as CG and CG700°C were displayed in Figure 2a. The peak at approximately 26.3° (2θ) signified the existence of quartz, and the peak at approximately 12.3° (2θ) corresponded to kaolinite. Moreover, traces of muscovite and albite were contained in CG. After calcination, the reflections corresponding to kaolinite disappeared, and the spectrum of CG700°C featured a broad diffraction band centered at ~23.7° (2θ), indicating that the kaolinite had been transformed into an amorphous phase. However, the quartz existed in the CG700°C owing to its thermal stability. The SEM image of CG700°C is shown in Figure 2b,c. The SEM images at low magnification showed that CG700°C possessed irregular particles and a loose surface morphology (Figure 2b), and the SEM images at high magnification showed that the microstructure of CG700°C displayed a lamella shape (Figure 2c).



The alkali activators used in the study included a sodium silicate solution (Na2O 8.5 wt%, SiO2 27.3 wt%, H2O 64.2 wt%, and a modulus of 3.3) and sodium hydroxide (NaOH) particles with a purity exceeding 96%. The chemical reagents were procured from commercial suppliers, while the distilled water used was supplied by the laboratory.




2.2. Geopolymers Preparation


The preparation process was depicted in Figure 3, and the experimental conditions were listed in Table 2.



Preparation process. First, NaOH was added to distilled water to prepare a NaOH solution, which was then mixed with a Na2SiO3 solution to form an alkali activator. Second, CG700°C was blended with the alkali activators to produce a homogeneous gel slurry, which was forged into silica molds measuring 20 mm × 20 mm × 20 mm. Subsequently, a thin polyethylene film was applied to shield the slurry from water evaporation. The resulting specimens were then subjected to curing in a controlled environment at 60 °C for 24 h, followed by demolding and further curing at ambient temperature (~25 °C) for varying periods (3, 7, and 28 days) before testing.



The prepared geopolymers were marked as ‘GX-Y-Z’, where ‘X’ represents the Na2SiO3/NaOH mass ratio, ‘Y’ represents the NaOH concentration, and ‘Z’ represents the liquid–solid mass ratio. For example, ‘G2.0-10-0.55′ indicated the geopolymer specimens with a Na2SiO3/NaOH mass ratio of 2.0, a NaOH concentration of 10 mol/L, and a liquid–solid mass ratio of 0.55.




2.3. Characterisation Methods


The fluidity of the geopolymer slurry was tested using a truncated conical device from Hebei, China. The setting times of the geopolymer slurry were tested using a Vicat device from Shanghai, China. Compressive strength tests on the geopolymer specimens were conducted using a STS100K machine from Fujian, China, with a loading rate of 0.5 mm/min. Each group consisted of three specimens, and the compressive strength value was determined by averaging the results from the testing process.



The XRD patterns of the raw materials and the geopolymers were obtained using a Bruker D8 Advance diffractometer (Mannheim, Germany) within the range of 3–70° (2θ), the scanning rate was 3°/min. The FTIR spectra of the geopolymers were recorded using a Nicolet IS50 spectrometer (ThermoFisher, Waltham, MA, USA) across the range of 4000–400 cm−1, the resolution was 4 cm−1. The SEM images and EDX spectra of the geopolymers were captured using an S-3400N-II instrument (Hitachi, Tokyo, Japan) at a voltage of 35 kV and a current of 10 mA. The pore size distribution and the total pore volume were determined using an AutoPore IV 9510 porosimeter (Micromeritics, Norcross, GA, USA) with intrusion pressures ranging from 0.5 to 33,000 psi.





3. Results and Discussion


3.1. Setting Time and Compressive Strength


3.1.1. Fluidity and Setting Time


Figure 4 illustrates the initial and final setting times of geopolymers, while Table 2 indicates the fluidity of geopolymers. The fluidity of the specimens changed from 100.1 to 136.2 mm as the mixture proportions of alkali activators altered. However, the samples of GX-10-0.55 and G2.0-Y-0.55 seemed to be unaffected (around 112.5 mm) by the Na2SiO3/NaOH mass ratio or NaOH concentration change, but the paste fluidity increased more quickly when the liquid–solid mass ratio rose from 0.50 to 0.65, suggesting that the liquid–solid mass ratio significantly impacted paste fluidity. As the Na2SiO3/NaOH mass ratio increased, the setting times of the CG700°C-based geopolymer gels decreased. The final setting times of G1.2-10-0.55 and G2.4-10-0.55 were 127 and 87 min, respectively, representing a reduction of 23.7%. Similarly, studies have reported that the precursor binder activated by silicates showed faster hardening than hydroxides [39]. The high soluble silicate contents in the geopolymerization process favored the occurrence of geopolymer gels, which were beneficial for the formation of the pastes, and shortened the setting time of the hardened geopolymers.



In addition, as the NaOH concentration increased from 8 to 14 mol/L, it was observed that the final setting time of the CG700°C-based geopolymer gels gradually decreased, decreasing from 171 to 107 min, indicating that increasing alkalinity (i.e., the OH− concentration) promoted the diffusion of Si and Al from the CG700°C. The ions that were diffused through the hydrate reaction products then rapidly reacted with alkali solutions, which accelerated the reaction process of geopolymerization. These results were coherent with those observation by Bernal et al. [40]. The higher alkaline conditions were more strongly influenced by the dissolution of the slag, resulting in a reduction in setting times.



However, increasing the liquid–solid mass ratio prolonged both the initial and final setting times of the geopolymer gels. For example, the final setting time of G2.0-10-0.65 was 136 min, while G2.0-10-0.50 was 102 min. These results indicate that too much water inhibits the reaction rate of geopolymer gels. In other words, the presence of excess water will decrease the alkalinity of activators that adversely influence the dissolution of the CG700°C, thereby extending the setting times.




3.1.2. Compressive Strength


Figure 5 shows the compressive strengths and damages of different geopolymer samples. The strength of the geopolymers gradually increased over the curing duration, which indicated that geopolymerization was going, and the failure of geopolymer samples exhibited brittle damage (Figure 5d). Notably, the compressive strength of the geopolymers increased rapidly within 3 days of curing, reaching a level that was ~65% of the strength achieved after 28 days of curing. Furthermore, the strength between 3 and 7 days was slightly higher than that within the first 3 days. This trend was due to two factors: (1) more soluble silicates reacted during the early stages, and (2) the ambient temperature slowed down the geopolymerization process.



In addition, with an increasing Na2SiO3/NaOH mass ratio, the compressive strength of the geopolymers initially rose before subsequently declining. The 28 days compressive strength of G2.0-10-0.55 (21.71 MPa) was 36.80% higher than that of G1.2-10-0.55 (15.87 MPa). However, G2.4-10-0.55 exhibited a lower compressive strength (18.34 MPa) than G2.0-10-0.55 (21.71 MPa). This decrease can be attributed to the presence of surplus soluble silicate, leading to more geopolymer gels precipitating at an early stage, and those gels adhered to the raw materials would inhibit the condensation of SiO4 and AlO4 ions. These findings align with previous research findings [41,42]. Guo et al. [36] found the 28 days compressive strength of FA-based geopolymers exhibited an increase from 17.1 MPa to 59.3 MPa as the modulus (SiO2/Na2O) changed from 1.0 to 1.5.



Moreover, with an increase in NaOH concentration from 8 to 14 mol/L, there was an improvement in the compressive strength of the geopolymer. Specifically, the compressive strength of G2.0-14-0.55 increased by 94.11% compared to that of G2.0-8-0.55. Notably, the compressive strength saw an 82.64% increase as the NaOH concentration increased from 8 to 10 mol/L, followed by incremental increases of 7.87% and 3.60% as the NaOH concentration further increased from 10 to 12 mol/L and 12 to 14 mol/L, respectively. These results suggested that the low NaOH concentration inhibited the dissolution of CG700°C particles, thereby leading to the lower compressive strength of the geopolymers [43]. Moreover, the literature has shown the geopolymerization process was not only dependent on the dissolution rate of the precursor but also more relied on the condensation of SiO4 and AlO4 ions, which resulted in the formation of geopolymer networks. Therefore, the compressive strength experienced a rapid increase with the elevation of the NaOH concentration from 8 to 10 mol/L, followed by a slower rate of increase as the NaOH concentration continued to rise. Somna et al. [38] suggested the NaOH concentrations of ground fly ash-based geopolymers ranged from 9.5 mol/L to 14.0 mol/L.



With the rise in the liquid–solid ratio, the 28 days compressive strength gradually decreased. The compressive strength decreased from 24.75 MPa (G2.0-10-0.50) to 14.92 MPa (G2.0-10-0.65) as the liquid–solid ratio increased from 0.50 to 0.65. These results highlighted that the excess water in the geopolymerization process was unfavorable for the mechanical properties of CG700°C-based geopolymers. Zhang et al. [44] discovered that additional voids were introduced when the batched water evaporated in the geopolymer slurry, which was detrimental to enhancing compressive strength. Zhang et al. [37] pointed out that the lower liquid–solid ratio was beneficial for the polycondensation rate.



The relations between the compressive strength and the microstructure of the geopolymers will be discussed in the next sections.





3.2. Geopolymer Structure


3.2.1. XRD Analysis


Figure 6 displays the XRD patterns of the CG700°C-based geopolymers. The XRD spectra highlighted a wide reflection in the range of 18–34° (2θ), with a peak focused at ~28.3° (2θ). In comparison to the raw material of CG700°C (Figure 1a), the XRD patterns of the geopolymers shifted towards a higher angle (~28.3° vs. ~23.7° (2θ)), indicating that the connection between Si-O bonds and Al-O bonds increased, and more geopolymer gels were formed [45]. The geopolymer gels were probably N-A-S-H owing to the lower calcium content in the precursor [16,46], which contributed to the compressive strength of the samples. Additionally, minerals such as quartz, muscovite, and albite were detected in the geopolymers owing to their stable chemical reactivity, indicating that a certain amount of CG700°C did not participate in the geopolymerization reaction [47].



Furthermore, with an increase in the Na2SiO3/NaOH mass ratio, the samples featured no new diffraction peaks (Figure 6a), indicating that an increase in the soluble silicate content had minimal impact on the compound synthesis of the geopolymers. However, compared with the XRD patterns of G1.2-10-0.55, those of G2.0-10-0.55 and G2.4-10-0.55 featured lower intensities of quartz diffraction peaks, suggesting a greater consumption of quartz crystals in G2.0-10-0.55 and G2.4-10-0.55, as the increased Na2SiO3/NaOH mass ratio favored geopolymerization.



The elevation of the NaOH concentration seemed to reduce the intensity of quartz diffraction peaks in the geopolymers. Compared with G2.0-14-0.55, G2.0-8-0.55 exhibited a more pronounced intensity of quartz diffraction peaks, indicating that fewer CG700°C participated in geopolymerization at lower alkalinity conditions. Thus, a smaller amount of geopolymer gels was formed, resulting in lower compressive strength in G2.0-8-0.55. Additionally, with an increase in the curing duration (Figure 6b, 3 vs. 28 d), G2.0-8-0.55 (28 d) exhibited a more significant decrease in the intensity of the quartz diffraction peaks compared to G2.0-8-0.55 (3 d).



In addition, with an increase in the liquid–solid ratio, the XRD spectra featured no new diffraction peaks (Figure 6c), and the intensity of quartz diffraction peaks was not significantly influenced, suggesting that more water content did not influence the chemical composition of the geopolymers, and no new geopolymer gels formed with an increasing liquid–solid ratio. These findings align with those of Cui et al. [48]. Cui et al. [48] reported that adding more water could contribute to the dissolution of fly ash; however, this led to an increase in the porosity and pore sizes of fly ash-based geopolymers.




3.2.2. FTIR Spectroscopy


Figure 7 shows the FTIR spectra of CG700°C and geopolymer samples within the spectral range of 400–1800 cm−1. The spectra of the selected geopolymers exhibited a broad band centered at ~1020 cm−1, indicative of the asymmetrical stretching vibration linked to Si-O and Al-O bonds [49,50]. The bands observed at 801 and 780 cm−1 corresponded to the bending and stretching vibrations of Al-O bonds, consistent with findings from previous research [51]. Additionally, the bands at 480 cm−1 corresponded to the stretching vibration of Si-O-T bands, where T denotes either Si or Al, as supported by existing literature [52,53]. Moreover, the bands identified at 697 cm−1 corresponded to the internal extension of Si–O bonds, as referenced in a previous study [54]. Furthermore, the bands detected at 1646 cm−1 were related to the bending vibration of O-H bonds, in alignment with findings from various other studies [55,56,57].



In addition, the main band (wavenumbers: 900–1200 cm−1) of the CG700°C-based geopolymers shifted to lower wavenumbers after alkali activation, indicating that more amorphous products were produced [58,59,60]. The main bands shifted to lower wavenumbers in the spectra of G2.0-10-0.55 (1021 cm−1) and G2.4-10-0.55 (1024 cm−1), which compared to the specimen of G1.2-10-0.55 (1027 cm−1) (Figure 7a). As the curing time of G2.0-8-0.55 increased (Figure 7b), the wavenumbers of the main band in the spectra decreased from 1031 cm−1 (3 d) to 1029 cm−1 (28 d); Moreover, as the NaOH concentration increased from 8 to 14 mol/L or the liquid–solid ratio decreased from 0.65 to 0.50, the main bands shifted to lower wavenumbers. The literature [58,59,60,61] demonstrated that the adsorption band in the range around ~1030 cm−1 was associated with the asymmetric stretching vibration of Si-O-T bonds (where T = Si or Al), and the lower wavenumber specimens were induced by more Si atoms being replaced by Al atoms during geopolymerization. Moreover, the absorption band at 1445 cm−1 corresponded to the stretching vibration of C-O bonds [61], which was related to the carbonation of geopolymer gels. The raw material (CG700°C) did not show the absorption band due to no alkali activators applied.




3.2.3. SEM/EDX Results


Figure 8, Figure 9 and Figure 10 displays the SEM/EDX results of selected geopolymers. The microstructures of geopolymers with different Na2SiO3/NaOH mass ratios are shown in Figure 8a–g. The low-magnification SEM images (Figure 8a,c,e) showed that many pores existed in the CG700°C-based geopolymers. The high-magnification SEM images of the geopolymers revealed that the matrix featured some isolated particles and microcracks within the matrix of the geopolymers (Figure 8b,d,f), which contributed to the compressive strength.



Compared with G1.2-10-0.55, both G2.0-10-0.55 and G2.4-10-0.55 (Figure 8c,e) exhibited homogeneous and compact microstructures and smaller pore sizes. These findings demonstrated that increasing the Na2SiO3/NaOH mass ratios favored the geopolymerization of the CG700°C-based geopolymers, providing more soluble silicates to participate in geopolymerization reactions. The EDX results (Figure 8g, spots 1, 2, and 3) indicated that the geopolymer gels were primarily composed of Si, Al, Na, and O, forming N-A-S-H compounds. Moreover, the Si/Al ratios varied among the selected geopolymers. For instance, the Si/Al ratio of G1.2-10-0.55 was 1.56, considerably lower than those of G2.0-10-0.55 (1.89) and G2.4-10-0.55 (1.78). This discrepancy suggests that fewer Si atoms participated in geopolymerization at lower soluble silicate concentrations, consistent with the compressive strength findings in Figure 5.



However, as the concentration of NaOH increased from 8 to 14 mol/L, G2.0-8-0.55 exhibited a relatively loose structure (Figure 9a), and G2.0-14-0.55 exhibited a denser matrix (Figure 9c). In addition, isolated particles (Figure 9a,d) and microcracks (Figure 9b,d) were observed in the geopolymer matrix. The EDX results (Figure 9e, spot 1, 2) showed that G2.0-8-0.55 exhibited smaller Si/Al ratios than that of G2.0-14-0.55 (1.94 vs. 2.19), which resulted in lower compressive strength for G2.0-8-0.55.



Figure 10 illustrates the SEM images and EDX results of G2.0-10-0.50 and G2.0-10-0.65. The low-magnification SEM images (Figure 10a,c) showed that G2.0-10-0.50 and G2.0-10-0.65 exhibited no significant differences in morphology, except for the smaller pore sizes observed in G2.0-10-0.50. Additionally, more isolated particles occurred in G2.0-10-0.65 (Figure 10d). The smaller pore sizes of G2.0-10-0.50 were related to the higher compressive strength; the correlations would be discussed in the MIP.




3.2.4. MIP Results


Figure 11 displays the pore sizes and pore volume distribution of the selected geopolymers, while Table 3 provides the corresponding pore parameters obtained by MIP. According to Zhang et al. [62], pores were categorized into three categories: gel pores (1–10 nm), medium capillary pores (10–100 nm), and large capillary pores (100–1000 nm). The specimens G2.0-8-0.55 exhibited a larger critical pore size of 67.51 nm, and specimens G2.0-10-0.50 exhibited a smaller pore size of 25.01 nm. All of the samples had medium capillary pores (Figure 11a).



As the Na2SiO3/NaOH mass ratio elevated from 1.2 to 2.0, the average pore sizes of G1.2-10-0.55 and G2.0-10-0.55 were 41.03 and 27.24 nm, respectively, and the porosity of the corresponding samples decreased from 39.44% to 37.61%, indicating that more soluble silicates were beneficial for reducing both the pore size and pore volume. The cumulative intrusion of the geopolymers is depicted in Figure 10b. G2.0-10-0.55 exhibited a lower cumulative intrusion (0.251 mL/g) than that of G1.2-10-0.55 (0.287 mL/g), and those also demonstrated that the increase in the Na2SiO3/NaOH mass ratio resulted in the formation of a more compact microstructure.



Moreover, G2.0-14-0.55 exhibited a critical pore size of 26.31 mm and a porosity of 37.06%, which was lower than those of G2.0-8-0.55. These indicated that increasing the concentration of NaOH favored the pore microstructure. A previous study [63] reported that pore size significantly affected the mechanical properties of cement materials, particularly at larger pore sizes (>50 nm). Thus, the compressive strength of specimens with 14 mol/L (G2.0-14-0.55) was improved.



With the increase in the liquid–solid ratio from 0.50 to 0.65, the porosity of the geopolymers increased from 36.79% to 41.93%, and the average pore size increased from 24.84 to 35.66 mm (Table 3). In a study by Cui et al. [48], it was observed that with an increase in the H2O/Na2O ratio from 13 to 17, the pore size increased from 7.1 to 18.1 nm. Additionally, the smaller pore area confirmed that the pore diameter of G2.0-10-0.50 was smaller than that of G2.0-10-0.65, contributing to its increased compressive strength.





3.3. Summary and Discussion


This research revealed that alkali activators significantly influenced the compressive strength and microstructure of geopolymers, although the chemical composition of CG700°C-based geopolymers remained relatively unaffected. For example, an increase in the Na2SiO3/NaOH mass ratio from 1.2 to 2.4 resulted in a 36.80% enhancement in compressive strength after 28 days. Similarly, by increasing the NaOH concentration from 8 to 14 mol/L or reducing the liquid–solid ratio from 0.65 to 0.50, the 28 days compressive strength increased by 94.11% and 65.88%, respectively. Notably, the XRD patterns of the geopolymers did not feature new diffraction peaks (Figure 6), aligning with the results of previous research. Guo et al. [36] investigated the impact of modulus (SiO2/Na2O) on the compressive strength of FA-based geopolymers. The 28 days compressive strength increased from 17.1 MPa to 59.3 MPa as the modulus changed from 1.0 to 1.5. Zhang et al. [37] found the geopolymerization rate of calcined kaolin-based geopolymer accelerated and strengthened with an increase in the NaOH solution concentration from 3 mol/L to 12 mol/L. Somna et al. [38] suggested the NaOH concentrations of ground fly ash-based geopolymers ranged from 9.5 mol/L to 14.0 mol/L. Moreover, Zhang et al. [37] pointed out that the lower liquid–solid ratio promoted the polycondensation rate of the geopolymers.



Moreover, in the process of using CG700°C-based geopolymers, more attention should be paid to the alkali activators. In the present study, the NaOH concentration should be controlled at an appropriate dosage, and the Na2SiO3/NaOH mass ratio and the liquid–solid ratio should be controlled at 2.0 and 0.5, respectively, which can result in a dense microstructure and a higher compressive strength for the geopolymers. In the next research, some limitations are needed to be considered, such as the sample damage, the stress-strain curves, and the toughness improvement of CG700°C-based geopolymer concrete.





4. Conclusions


Alkali activators significantly influence the mechanical properties and microstructure of geopolymers. This research delved into the impact of varying factors such as the Na2SiO3/NaOH mass ratio, NaOH concentration, and liquid–solid ratio on the mechanical properties of geopolymers derived from coal gangue calcined at 700 °C (CG700°C). By conducting a series of spectroscopic and microscopic tests, the following conclusions were obtained.



As the Na2SiO3/NaOH mass ratio increased from 1.2 to 2.4, the 28 days compressive strength of G2.0-10-0.55 (21.71 MPa) was 36.80% higher than that of G1.2-10-0.55 (15.87 MPa). The surplus soluble silicate (G2.4-10-0.55) would lead to more geopolymer gels precipitating at an early stage, which inhibited the condensation of SiO4 and AlO4 ions. Moreover, a lower NaOH concentration inhibited the dissolution rate of CG700°C particles; the specimens (G2.0-8-0.55) exhibited a loose microstructure, which was inferior to the development of the compressive strength (13.25 MPa). Additionally, with an increase in the liquid–solid ratio from 0.50 to 0.65, the specimens with a liquid–solid ratio of 0.50 (G2.0-10-0.50) showed higher compressive strength (24.75 MPa), and the specimens of G2.0-10-0.65 exhibited larger pore sizes and lower compressive strength (14.92 MPa).



The CG700°C-based geopolymer gels were composed of N-A-S-H compounds, and the chemical composition was not considerably influenced by the alkali activators. With a lower Na2SiO3/NaOH mass ratio (G1.2-10-0.55), fewer Si atoms participated in geopolymerization, the microstructure of the geopolymers became loose, and more pores were produced, thus compressive strength decreased. The porosity of the geopolymers for the smaller NaOH concentrations (G2.0-8-0.55) and higher liquid–solid ratio (G2.0-10-0.65) were 38.22% and 41.93%, respectively.



These findings indicated that alkali activators significantly influenced the mechanical properties and microstructure of CG700°C-based geopolymers. The results can provide theoretical support for the reutilization of CG waste.
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Figure 1. Photos of CG of CG (a) and CG700°C (b); Particle distributions of CG700°C (c). 
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Figure 2. (a) XRD patterns of CG and CG700°C; SEM images of CG700°C (b) and (c). 
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Figure 3. Preparation of CG700°C-based geopolymers. 
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Figure 4. Setting times of geopolymers: (a) GX-10-0.55, (b) G2.0-Y-0.55, and (c) G2.0-10-Z. 
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Figure 5. Compressive strength of geopolymers (a) GX-10-0.55, (b) G2.0-Y-0.55, (c) G2.0-10-Z, and (d) damage photos of samples. 
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[image: Buildings 14 00787 g005]







[image: Buildings 14 00787 g006] 





Figure 6. XRD patterns of geopolymers: (a) GX-10-0.55, (b) G2.0-Y-0.55, and (c) G2.0-10-Z. 
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Figure 7. FTIR spectra of geopolymers: (a) GX-10-0.55, (b) G2.0-Y-0.55, and (c) G2.0-10-Z. 
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Figure 8. SEM images of geopolymers: (a,b) G1.2-10-0.55, (c,d) G2.0-10-0.55, and (e,f) G2.4-10-0.55; (g) EDX results of spots highlighted in images (b,d,f). 
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Figure 9. SEM images of geopolymers: (a,b) G2.0-8-0.55, (c,d) G2.0-14-0.55, and (e) EDX results of spots highlighted in images (b,d). 
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Figure 10. SEM images of geopolymers: (a,b) G2.0-10-0.50, (c,d) G2.0-10-0.65, and (e) EDX results of spots highlighted in images (b,d). 






Figure 10. SEM images of geopolymers: (a,b) G2.0-10-0.50, (c,d) G2.0-10-0.65, and (e) EDX results of spots highlighted in images (b,d).



[image: Buildings 14 00787 g010]







[image: Buildings 14 00787 g011] 





Figure 11. MIP results of geopolymers: (a) log differential intrusion; (b) cumulative intrusion. 
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Table 1. Main chemical composition of CG (wt%).
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	Chemical Composition
	SiO2
	Al2O3
	Fe2O3
	CaO
	Na2O
	MgO
	K2O
	TiO2
	Others





	CG
	62.84
	23.28
	4.44
	1.73
	1.04
	1.99
	3.22
	0.98
	0.48










 





Table 2. Mixture proportions of CG700°C-based geopolymers.
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	Specimens
	CG700°C (g)
	Na2SiO3 (g)
	NaOH (g)
	Fluidity (mm)





	G1.2-10-0.55
	180
	54
	45
	113.9



	G1.6-10-0.55
	180
	60.92
	38.08
	113.3



	G2.0-10-0.55
	180
	66
	33
	112.5



	G2.4-10-0.55
	180
	69.88
	29.12
	111.6



	G2.0-8-0.55
	180
	66
	33
	112.7



	G2.0-12-0.55
	180
	66
	33
	112.2



	G2.0-14-0.55
	180
	66
	33
	111.8



	G2.0-10-0.50
	180
	60
	30
	100.1



	G2.0-10-0.60
	180
	72
	36
	124.8



	G2.0-10-0.65
	180
	78
	39
	136.2










 





Table 3. The pore parameters of geopolymers determined via MIP.
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	Samples
	Total Pore Area (m2/g)
	Average Pore Diameter (nm)
	Porosity (%)





	G1.2-10-0.55
	28.373
	41.03
	39.44



	G2.0-10-0.55
	36.193
	27.24
	37.61



	G2.0-8-0.55
	21.777
	48.39
	38.22



	G2.0-14-0.55
	38.755
	26.05
	37.06



	G2.0-10-0.50
	36.818
	24.84
	36.79



	G2.0-10-0.65
	34.918
	35.66
	41.93
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