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Pisha sandstone (PS) is a unique geological structure in the Yellow River basin in China and is a general term for a rock interlayer composed of sandstone, sand shale, and muddy sandstone. The collapsibility of PS results in a high erosion rate and poor vegetation due to its low diagenetic potential and weak structural strength. This study showed that PS can be converted into geopolymer cement by mixing with a suitable alkali activator. PS was converted to geopolymer cement for construction to control soil erosion and conserve the soil and water in this area. Slag was used as a mineral additive to improve the performance of alkali-active PS geopolymer cement in this study. The influence of slag replacement level, NaOH dosages, and curing age on the compressive strength of alkali-activated PS was investigated. Scanning electron microscopy (SEM)/energy dispersive X-ray (EDS), thermogravimetric analyses (TG/DTG), and X-ray diffraction (XRD) were used to analyze the hydration products and microstructure of alkali-activated PS. The results showed that when the samples had 40 wt.% slag, 1.5 wt.% NaOH, and 4.0 wt.% Na2SiO3, their compressive strength could reach 82.0 MPa at 90 days. Compared with the samples with activator and without activator, the compressive strength increased by 6,664% and 9,011%, respectively. The hydration products were C-S-H gel, geopolymer gel, and calcium carbonate crystals. With 10 wt.% slag as a mineral additive, 1.5 wt.% NaOH, and 4 wt.% Na2SiO3 as an activator, the carbonation ratio of C-S-H gel was 49.3%.
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1 INTRODUCTION
Pisha sandstone (PS) is a kind of interbedded mudstone and sediment rock composed of Paleozoic Permian, Mesozoic Triassic, Jurassic, and Cretaceous thick sandstone. It is widely distributed in the border area of the Shanxi, Shaanxi, and Mongolia provinces in the middle reaches of the Yellow River in China (Zhang et al., 2022). PS is seriously weathered after environmental erosion, which produces a large amount of sand and weathering in the Yellow River. It is the center of severe erosion in the middle reaches of the Yellow River, and the soil erosion module is (3∼4) 104 t/(km2·a) (Wang et al., 2022). Liu et al. (2023) suggested that the weathered clay minerals of PS are mainly composed of fine soil such as montmorillonite, which has good mechanical properties in the natural state. Gao et al. (2021) reported soil erosion was caused by the interaction of wind erosion, hydraulic erosion, and gravity erosion as it has low diagenetic potential and structural strength. However, the clay material between the particle pores will absorb water, resulting in the loss of the particles, showing the characteristics of breaking into sand in water and being easily weathered. Wei et al. (2020) reported that the main effect of hydraulic erosion on PS was weakening the cohesion within the rock mass and increasing its porosity.
Previous studies have mainly focused on exploring the natural structure of PS and the causes of its collapse into sand after encountering water (Wei et al., 2020; Gao et al., 2021; Liu et al., 2023). However, the literature focusing on improving the performance of PS is scarce. To reduce soil erosion, converting PS into geopolymer cement and utilizating PS resources is a very effective method.
The production of geopolymer has lower energy consumption, lower CO2 emissions, and higher chemical resistance and has more economic benefits than traditional Portland concrete (Yang et al., 2021; Han et al., 2023). Previous studies have shown that geopolymer is composed of silicon-oxygen tetrahedral (SiO4)4− and aluminum-oxygen tetrahedral (AlO4)5−. It has different structures and properties due to different silicon-aluminum ratios. When the ratio of silicon-aluminum reaches 2:1, the tetrahedral arrangement structure is the most reasonable and the best mechanical properties are achieved (Luo et al., 2023; Pratap et al., 2023). Some references showed that the commonly used raw materials of geopolymer cement are fly ash, metakaolin, coal gangue, and other high silicon aluminum and low calcium industrial wastes. This is because the performance of the polymer depends on the dissolution amount of Si, Al, and other elements in the raw material. The higher the dissolution amount of Si, Al, and other elements, the more (SiO4)4− and (AlO4)5− three-dimensional mesh gels and the better the mechanical properties of the polymer (Abdellatief et al., 2023; Alaneme et al., 2023; Yi et al., 2023).
The natural PS shows different colors due to the different chemical compositions in northwest China (Liu et al., 2023). However, PS of different colors contain a lot of silica and alumina, and the molar ratio of Al2O3/SiO2 is between 1/3.5 and 1/5.8. Therefore, PS may have the potential to serve as a source of aluminosilicate. However, not all silica and alumina are involved in the synthesis reaction (Dhakal et al., 2022). From the results of this study, the rate of the dissolution of Al and Si from natural PS is insufficient to produce a geopolymer with the desired properties. Factors such as increasing the molar Si-Al ratio and CaO dosage have positive effects on the properties (compressive strength, microstructures, and hydration products) of geopolymer cement (Dhakal et al., 2022; Feng and Liu, 2022). The slag used in this research contains a high content of active silica, active alumina, and calcium oxide. Therefore, it may be a relatively desirable aluminosilicate when it is added to PS to synthesize geopolymer. Previous literature revealed that a desired geopolymer gel will be formed in a shorter setting time (Wu et al., 2021) when slag is combined with an optimum amount of alkali-activator.
This study showed deficiencies in the active SiO2 and active Al2O3 in the natural PS. By adding mineral additives such as slag to provide active SiO2 and active Al2O3, PS can be used as geopolymer cement. The effects of different NaOH dosages, slag dosages, and ages on compressive strength were observed. The hydration products and microstructures of the samples with different NaOH and slag dosages were analyzed by XRD, SEM, and EDS.
2 EXPERIMENT
2.1 Raw materials
The main raw materials used in this study are white natural PS and red natural PS from Inner Mongolia, northwest China. S95 grade slag from Rong Changsheng Co., Ltd., was selected as the mineral additive. The measured specific gravity and specific surface area of slag were 2.9 and 4,300 cm2/g, respectively. The PS was calcined for 2 h at 750°C and then grounded to 80 μm before tests. The natural PS and slag were analyzed by X-ray fluorescence (XRF) and X-ray diffraction (XRD) at the State Key Laboratory of East China, Jiaotong University, Nanchang, China. The results of the XRD and XRF tests are shown in Table 1 and Figure 1.
TABLE 1 | Chemical compositions of PS and slag (wt.%).
[image: Table 1][image: Figure 1]FIGURE 1 | XRD patterns of PS and slag.
The main activator used in this study was NaOH (analytically pure, content > 99 wt.%). Sodium silicate solution (water glass) provided by China Henan Hengyuan New Material Co., Ltd., was used as an auxiliary activator. The chemical composition of the water glass was: 7.5 wt.% of sodium oxide (Na2O), 23.5 wt.% of silicon oxide, and 69 wt.% of water; pH = 11.
2.2 Sample preparation and methods
All test specimens were classified into two groups. Group 1 (Table 2) was used to investigate which color of PS has better potential as a source of aluminosilicate. The white (Figure 2B) and red (Figure 2A) PSs were activated with or without different activators and then tested for compressive strength at different ages.
TABLE 2 | Mix proportions and test results for group 1 specimens.
[image: Table 2][image: Figure 2]FIGURE 2 | Images of red (A) and white PS (B).
In group 2 (Table 3), slag was added to the paste as the mineral additive. The effects of different slag dosages (0, 10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%), different contents of NaOH [0.5 wt.%, 1.0 wt.%, 1.5 wt.%. 0.5 wt.% NaOH indicates a molarity of NaOH of 1.5 mol/L. A 1.0 wt.% of NaOH (1.0 wt.%) indicates a 3 mol/L molarity of NaOH. A 1.5 wt.% of NaOH indicates a molar concentration of NaOH of 4.5 mol/L.], and different curing ages (1d, 3d, 7d, 28d, 90d) on the compressive strength of alkali-activated white PS were investigated.
TABLE 3 | Mix proportions and test results for alkali-activated white PS geopolymer cement.
[image: Table 3]After mixing different dosages of slag with PS, water and activator were added to the mixtures for the samples of alkali activation. The pastes were stirred with an N-50-1425 rpm blender. Steel cylindrical molds (Φ50 mm × 130 mm) were used to transfer the resulting pastes. The cylindrical samples were formed by pressure (50 kN), with a size of Φ50 mm × 50 mm. After removal from the mold, 15 samples of each formulation were covered with a plastic bag (preventing evaporation) and cured in an 80°C (Fu et al., 2021; Luo et al., 2022; Snellings et al., 2022; Wu et al., 2022) air box for 12 h. The samples were then set at room temperature and further solidified and hardened at 20°C for 1, 3, 7, 28, and 90 days. In the last step, the compressive strength of the three samples of each formulation was measured at 1, 3, 7, 28, and 90 days.
The hydration products and microstructures of alkali-activated PS geopolymer cement samples (group 2) were analyzed by X-ray diffraction (XRD, a Siemens D500 diffractometer [copper radiation after nickel filtration], acquisition range of 4°–80°(2θ); the scan rate was 2°/min and the step size was 0.02) and energy-dispersive X-ray (EDS, a JEOL JSM 6460 Scanning Electron Microscope at an accelerating voltage of 20 kV) combined with scanning electron microscopy (SEM, a JEOL JSM 6460 Scanning Electron Microscope at an accelerating voltage of 20 kV) at the State Key Laboratory of East China Jiaotong University, Nanchang, China.
Figure 3 shows the effect of molding pressure on the strength of alkali-activated PS geopolymer cement. As the molding pressure increased from 30 to 50 kN, the compressive strength of A0 increased from 0.65 to 1 MPa. However, when the molding pressure increased from 50 to 100 kN, the compressive strength of A0 did not change significantly. This indicated that the change of molding pressure did not significantly affect the compressive strength of A0, and the optimal molding pressure was approximately 50 kN. For B3, as the molding pressure increased from 30 to 50 kN, the compressive strength of B3 increased from 18.6 to 23.9 MPa. However, as the molding pressure increased from 50 to 100 kN, the compressive strength of B3 decreased from 23.9 to 20.6 MPa. The results showed that the alkali-activated PS geopolymer cement (PS) had the highest compressive strength when the molding pressure was approximately 50 kN. When the molding pressure was greater than or less than 50 kN, the compressive strength was reduced. Superfluous molding pressure resulted in NaOH being squeezed out of the PS paste, which led to insufficient amounts of water and NaOH for alkali excitation. Inadequate molding pressure resulted in the presence of numerous pores in the PS matrix, which prominently reduced the compressive strength of PS.
[image: Figure 3]FIGURE 3 | Influence of molding pressure on the strength of alkali-activated PS geopolymer cement.
3 RESULTS AND DISCUSSION
3.1 The compressive strength of alkali-activated PS geopolymer cement without slag
The compressive strengths (Table 2; Figure 4A) of white and red PSs that were not alkali-activated were relatively low (approximately 1 MPa at 90 days). However, the compressive strengths of white and red PSs with 0.5 wt.% NaOH and 4 wt.% Na2SiO3 (Figures 4B, C) as activators increased from 5.7 and 5.2 MPa at day 1 to 6.2 and 5.8 MPa at 90 days, respectively. The compressive strength of PS after being alkali-activated increased significantly. The addition of NaOH significantly affects the compressive strength of alkali-activated white and red PSs. With the NaOH dosages increasing from 0.5 wt.% to 1.5 wt.%, the compressive strength of alkali-activated white and red PSs increased from 6.2 and 5.8 MPa to 10.7 and 9.5 MPa, respectively, at 90 days. However, curing ages have less influence on the compressive strength of alkali-activated PS than the NaOH dosage.
[image: Figure 4]FIGURE 4 | Compressive strength of the red (C) and white (B) PSs with or without different contents (A) of NaOH and 4% Na2SiO3 as an activator at different ages.
The compressive strength of red PS was slightly higher than that of white PS. This was caused by the fact that although white and red PSs have similar chemical compositions (shown in Table 1 and Figure 1), the red PS has more clay. Figure 4 shows that the strength development of alkali-activated PS almost finished after 7 days. This was because of the faster hydration rate of the alkali-activated geopolymer cement (Zhong et al., 2023). The compressive strength of PS with an activator was greatly improved compared with the PS. Additionally, the compressive strength of alkali-activated white PS with 1.5 wt.% NaOH at day 7 increased by 2,525% compared with that of white PS. The compressive strength of alkali-activated red PS with 1.5 wt.% NaOH at day 7 increased by 1,450% compared with that of red PS. This occurred because of the polymerized Al and Si network that was obtained from the reaction between active silica and alumina in the PS paste when activated by NaOH and Na2SiO3 (Feng and Li, 2023). There is an optimum addition for the activator although it does depend on the different colors of the PS. The compressive strength of PS increased with the increase in the NaOH dosage. As shown in Figure 4, with the same activator, the compressive strength of alkali-activated white PS was higher than that of the red PS. This difference is due to the fact that white PS contains more CaO as the calcium content, which can improve the properties of the geopolymer (Yi et al., 2023). Ages have a slight effect on the compressive strength of alkali-activated PS. Additionally, it can be observed that the white PS has better potential than the red PS.
However, alkali-activated PS without slag still showed a low compressive strength and weak structure for engineering. Thus, slag was added to alkali-activated PS geopolymer cement to improve the compressive strength and microstructure.
3.2 Effect of slag dosages and ages on the compressive strength of alkali-activated white PS geopolymer cement
Figures 5A, B shows the effects of slag content, ages, and NaOH content on the mechanical property of alkali-activated white PS geopolymer cement. Compared with the slight effect of age on mechanical property, the NaOH dosages significantly affect the compressive strength of alkali-activated white PS geopolymer cement.
[image: Figure 5]FIGURE 5 | Effect of slag dosage, age (A), and different NaOH dosages (B) on compressive strength.
At the curing age of 90 days, the compressive strength of alkali-activated white PS geopolymer material added with 1.5 wt.% NaOH increased from 10.7 to 82.0 MPa as the slag dosage ranged from 0 to 40 wt.%. The compressive strength of alkali-activated white PS greatly increased with the increase in slag dosage. This can be attributed to the addition of a certain amount of slag, which will sufficiently polymerize the Al and Si network, thus compensating for the deficiencies in available SiO2, Al2O3, and CaO in white PS. The present study demonstrated that the addition of slag provides active aluminum and silicon to intensify the three-dimensional amorphous and/or semi-crystalline polymer structures. Additionally, alkali metal cations will compensate for the negative charges, which are caused by Al substitution (Lv et al., 2021). Furthermore, Figure 5A shows that the compressive property of alkali-activated white PS with dissimilar slag contents slightly increased with the increase in age. The Al and Si network polymerization reaction generated by the reaction of activated silica and alumina was completed within 24 h.
As was shown in Figure 5B, the compressive strength of alkali-activated PS geopolymer cement added with diverse slag contents was significantly fortified as NaOH content ranged from 0.5 to 1.5 wt.%. At the age of 90 days, the mechanical property of alkali-activated PS geopolymer material with 40 wt.% slag increased from 63 to 80 MPa as NaOH content ranged from 0.5 to 1.5 wt.%. The content of sodium hydroxide had a more significant influence on the compressive strength as the slag dosage increased. There is an optimum addition of NaOH as the main activator, which is independent of slag dosage. The most suitable addition of NaOH is 1.5 wt.% in alkali-activated PS geopolymer material. Excessive NaOH content can increase the cost of alkali-activated PS geopolymer cement. According to previous results (Liu et al., 2023), the optimum dosage of the activator lies on the precursor, which must be sufficient to meditate the charges of the Al and Si tetrahedral. Excessive NaOH or Na2SiO3 resulted in the carbonation of salts to form carbonate, which was detrimental to the compressive strength.
3.3 XRD analysis of the hydration products of alkali-activated white PS geopolymer cement
As shown in Figure 1, the mineral phases of white PS are quartz, faujasite, fuchsite, cronstedtite phillipsite, feldspar, ferric oxide, and pyrophyllite. XRD indicated that slag has an amorphous microstructure (Figure 1). Additionally, there were three characteristic peaks; the highest diffraction peak is at a diffraction angle of 30° (2θ). Figure 2 and Table 1 suggest that the mineral phases in the slag contain Ca2SiO3, Ca3SiO5, and active aluminium oxide. Thus, it can be added as a mineral admixture to enhance the properties of alkali-activated white PS geopolymer cement material.
The XRD patterns of samples with different slag contents and NaOH dosages were measured at 90 days. The results are shown in Figures 6A, B. Reddy and Harihanandh (2023) suggested that NaOH could possibly form Na-geopolymer gel, Ca-geopolymer gel, and C-S-H gel when reacted in geopolymer cement pastes. The Ca-geopolymer gel has better chemical and physical properties than the Na-geopolymer gel. Slag with a high CaO content can improve the mechanical properties and condense the microstructure of alkali-activator white PS geopolymer cement material.
[image: Figure 6]FIGURE 6 | (A) XRD patterns of specimens with different slag contents at 90 days. Notes: in (A,B): Si, quartz; f, feldspar; a, CSH gel; b, C14AH13, C=CaCO3, d = C-(N)-S-H. (B). XRD patterns of specimens with different NaOH dosages as an activator at 90 days.
Figure 6A shows that slag has a significant effect on the characteristic peaks of alkali-activated white PS geopolymer cement at 90 days. With the increasing slag dosage, the intensity of the diffraction peaks for quartz and feldspar first increased and then descended. This was caused by the fact that the feldspar will take part in the polymerization reaction in the situation that active Si and Al are insufficient to polymerize the Al and Si network when there is a small amount of slag as a mineral additive. However, with abundant slag as a mineral additive, the active Si and Al in the pastes are sufficient to finish the polymerization reaction. Thus, a small amount of feldspar was present in the polymerization reaction. As shown in Figure 6A, the amount of hydration products that revealed an amorphous microstructure increased with the rise of slag dosage at day 90. Two amorphous humps were observed at 2θ ≈ 10° and 22.5° on the XRD patterns of alkali-activated white PS geopolymer cement with slag regardless of slag dosage at 90 days. However, the XRD patterns of the pure white PS showed no diffraction peaks at the same angles at 90 days. The intensity of two amorphous humps (2θ ≈ 10° and 22.5°) increased with the increasing slag dosage at 90 days. Extensive reviews (Snellings et al., 2022; Zhong et al., 2023) revealed that the two amorphous humps are the calcium silicate hydrate (C-S-H) gel, which can be regarded as one of the main products of hydration. However, the XRD patterns of alkali-activated white PS geopolymer cement with slag revealed an evident steeple peak consisting of calcium carbonate, which appears at 2θ ≈ 30° at 90 days. This could be because of the carbonation of hydrated calcium silicate, calcium oxide, or calcium hydroxide in alkali-activated white PS pastes with slag at 90 days. C-(N)-S-H (Na2Ca2Si2O7·H2O) gel has been observed in NaOH-activated slag (Feng and Li, 2023), which is an internal binding product formed around partially reacted slag particles. The intensity of the most prominent characteristic peak of C-(N)-S-H gels (2θ ≈ 12о) increased with the rise in slag content and NaOH dosage at 90 days. On the other hand, 4CaO·Al2O3·13H2O (C14AH13) is one of the minor hydration products that can gain the binder leading to higher compressive strength (Reddy and Harihanandh, 2023).
The NaOH dosage has a prominent effect on the hydration products of alkali-activated white PS when slag addition is more than 20 wt.%. The gel type of hydration products increased with the NaOH dosage, which is shown in Figure 6B. Figure 6B shows that with more NaOH as activator, the intensity of the most prominent peak of the C-S-H and C-(N)-S-H gels gradually increased. However, the dosage of the NaOH has a slight influence on the intensity of the most distinctive peak of quartz, CaCO3, and feldspar when there is 40 wt.% slag as a mineral additive at 90 days.
3.4 SEM/EDS analysis of the microstructures and hydration products of alkali-activated white PS geopolymer cement
3.4.1 Microstructures
Figure 7A shows that the white PS had a poor structure as there were many cracks and holes in the matrix. This is the reason that the compressive strength of white PS at 90 days is very low. However, when 1.5 wt.% NaOH and 4 wt.% Na2SiO3 were added as an activator, the size of the cracks and holes reduced in the matrix, as shown in Figure 7B. Additionally, the compressive strength increased by 1,088% compared with the specimens without an activator at 90 days. As demonstrated in Figure 7C, the specimens with 1.5 wt.% NaOH and 40 wt.% slag showed a dense microstructure. The cracks and holes disappeared in the matrix and the compressive strength increased by 9,011% compared with the white PS at 90 days.
[image: Figure 7]FIGURE 7 | (A–C) SEM images of specimens cured for 90 days at 20°C. (A) White PS. (B) White PS with 1.5 wt.% NaOH. (C) White PS with 1.5 wt.% NaOH and 40 wt.% slag.
3.4.2 Hydration products
Figures 8A–D shows SEM images of alkali-activated white PS geopolymer cement with 10 wt.% slag (B3), 20 wt.% slag (C3), 30 wt.% slag (D3), and 40 wt.% slag (E3) at 90 days. Table 4 shows the EDS analyses results of average values of the main elemental molar ratios for the different morphologies of hydration products. It is worth noting that the average values of the molar ratios of the major elements were determined from six different points in the hydration products of alkali-activated white PS geopolymer cement. All the samples shared the same hydration products (geopolymer, C-S-H, and CaCO3). However, the hydration products of the samples showed quite different microstructures from each other. Table 4 shows that the molar oxide ratio of SiO2/Al2O3 is 6.2, 5.3, 3.4, and 6.2 in the hydration products of B3, C3, D3, and E3, respectively. The studies (Gao et al., 2023; Mounika et al., 2023) suggest that the standard molar oxide ratios of SiO2/Al2O3 in geopolymer composition are between 3.3 and 6.5 for the finished product. Thus, the geopolymer is one of the main hydration products.
[image: Figure 8]FIGURE 8 | (A–D) SEM images of alkali-activated white PS with 10 wt.% slag (B3), 20 wt.% slag (C3), 30 wt.% slag (D3), and 40 wt.% slag (E3) at 90 days.
TABLE 4 | The average values of the main elemental molar ratios in alkali-activated white PS at 90 days observed in EDS.
[image: Table 4]Figure 8A shows a poor structure with cracks and holes caused by the hydration products that are not enough to bond and fill the matrix. Thus, the specimens of B3 showed a low compressive strength. The morphology of the hydration products obtained from Figure 8A (B3) is expected to lead to porous gel. Additionally, there was a small amount of crystal (1 μm in size), which adhered to the surface of the gel. Combined with XRD, SEM, and the calculation formula of the EDS formula analysis, hydration products can be identified as calcium carbonate crystal (3), C-S-H (1), and geopolymer (2). Figure 8B shows that the hydration products of the specimen are gel and massive crystals bonding on the surface of the gel. XRD, SEM, and EDS analysis showed that the hydration products of C3 are calcium carbonate crystals (3), 3CaO·SiO2·8H2O (1), and geopolymer (2). The morphologies of the hydration products obtained from D3 and E3 revealed massive geopolymer gels (2), C-S-H and C-(Na)-S-H gel (1), and a few sodium carbonates, which made the matrix form a dense structure. Therefore, the samples of D3 and E3 showed a higher compressive strength than those of B3 and C3. There were many nanosized calcium carbonate crystals (3) adhering to the surface of the gel in Figure 8C. However, Figure 8D shows a few calcium carbonate crystals (3) of 0.3 μm in size and massive nanosized C-S-H (1) in the pores of the matrix. The formation of a large amount of nanosized C-S-H in E3 resulted in the highest compressive strength.
3.5 TG/DTG analysis of the hydration products of alkali-activated white PS geopolymer cement
The effect of slag content on hydration products is shown in Figure 9, which demonstrates that the weight loss of samples were divided into three regions: 50°C–100°C [free water (W) loss regions], 100°C–500°C (the water loss regions of the hydration products), and 500°C–800°C (the CO2 loss regions of CaCO3) (Mounika et al., 2023). In particular, 100°C–500°C, which was shown by the DTG data of PS, is the water loss region of clastic organics. Additionally, the DTG data also showed that there is a small amount of calcium carbonate, which had lower crystallinity in PS. The DTG data shows that the speed of weight loss for C3 was faster than B3 in the 100°C–500°C region, indicating that C3 had more hydration products at 90 days. The water losses (100°C–500°C) of PS, B3, and C3 were 3.52%, 3.66%, and 4.17%, respectively. However, at the regions of CO2 loss, B3 showed a faster trend of weight loss than C3. This meant that B3 had a higher carbonation content than C3. The amount of CO2 loss of CaCO3 increased from 4.54 wt.% to 5.01 wt.% with the increase in slag addition. However, the carbonation ratios of B3 and C3 were 49.3% {[(56/44)×4.53%]/11.7%} and 41.3% {[(56/44) ×5.04%]/15.53%} at 90 days, respectively. Thus, high slag addition decreased the carbonation ratio of C-S-H gel.
[image: Figure 9]FIGURE 9 | Thermogravimetric analysis of white PS, B3, and C3 at 90 days.
The results of XRD, SEM and EDS showed that the growth in strength of alkali-activated white PS geopolymer cement can be considered to be the result of the contribution of geopolymer gel and C-S-H gel. This is similar to the result of Sha (Sha et al., 2021; Han et al., 2023; Li et al., 2023; Mohammed and Yaltay, 2023; Shen et al., 2023; Wu et al., 2023). This study suggested that the strength of geopolymer cement containing active mineral additive can be divided into two parts. The main contributor to strength for this type of cement is the polymerized Al and Si network obtained from the reaction between active Si and Al in the pastes. The secondary part of contribution of the strength is formation of semi-crystalline tobermorites or calcium aluminosilicate hydrates. However, the present study showed that the addition of more slag and NaOH led to less formation of calcium carbonate resulting from the carbon dioxide of the atmosphere and C-S-H in alkali-activated white PS geopolymer cement.
4 CONCLUSION
This study succeeded in converting PS into geopolymer cement, which has better mechanical properties and denser microstructure performance. The mechanical properties, the reaction mechanism, and hydration products of alkali-activated PS were investigated. The following conclusions could be drawn:
(1) The white PS showed better potential than red PS as a source of aluminosilicate for use in geopolymer cement production. The compressive strength of pure white and red PS with activator increased by 1,088% and 692% compared with the compressive strength of pure white and red PS without activator.
(2) The insufficiency of active SiO2, active Al2O3, and active CaO in white PS can be compensated by adding slag. The compressive strength greatly increased with the increase in slag dosage. The compressive strength of alkali-activated white PS geopolymer cement with 40 wt.% slag and 1.5 wt.% NaOH reached 82 MPa at 90 days, which increased by 9,011% compared with that of alkali-activated white PS geopolymer cement without slag.
(3) The NaOH dosage has a significant effect on the compressive strength of alkali-activated PS geopolymer cement. The compressive strength of alkali-activated PS geopolymer cement significantly increased with the increasing NaOH dosage from 0.5 wt.% to 1.5 wt.%. At 90 days, the compressive strength of the samples with 40 wt.% slag increased from 63 to 82 MPa (a 30.2% increase) as the NaOH dosage increased from 0.5 wt.% to 1.5 wt.%.
(4) The main hydration products of alkali-activated PS geopolymer cement are C-S-H gel, geopolymer gel, and calcium carbonate crystals. The formation of calcium carbonate crystals was caused by the reaction between Ca(OH)2 or C-S-H gel and carbon dioxide from atmosphere. There was a serious carbonation of C-S-H gel in alkali-activated PS geopolymer cement. The TG/DTG data showed that there was a lower carbonation ratio of C-S-H gel and more hydration products when adding more slag. When 10% slag and 1.5% NaOH as an activator was used, the carbonation ratio of C-S-H gels in alkali-activated PS geopolymer cement decreased from 49.3% to 41.3% as the slag content increased from 10 wt% to 20 wt.%.
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