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Abstract

:

With the development of urbanization, the demand for bricks continues to increase. However, traditional brick production methods result in significant energy consumption and environmental pollution. In Hebei Province, China, historical mineral extraction activities have left behind substantial iron ore tailings (IOT). With the objective of recycling IOT resources and promoting ecological restoration and sustainable development, the feasibility of producing alkali-activated bricks using iron ore tailings was explored. This study primarily utilized IOT supplemented with ground granulated blast-furnace slag (GGBS) to successfully synthesize sustainable eco-friendly alkali-activated high-content IOT bricks. Experimental investigations were conducted to explore the effects of the raw material mixing ratio, content, and modulus of the alkaline activator, molding pressure, and grain size distribution on the strength. The research demonstrated that the IOT: GGBS ratio of 85:15 met the requirements of the Chinese JC/T422-2007 MU25 standard, resulting in compressive and flexural strengths of 31.72 MPa and 2.83 MPa, respectively. Increasing the alkali activator content enhanced the brick strength, with an optimal alkali activator modulus of 1 M. Moreover, the molding pressure significantly improved brick strength and also enhanced the particle-to-particle contact density. Bricks prepared using finer particle size IOT exhibited higher compressive strength, whereas flexural strength remained relatively unaffected by particle size distribution. Furthermore, a comprehensive analysis of the microstructure and alkali activation mechanism of IOT-GGBS bricks was performed using XRD, SEM, FTIR, and AFM techniques. The results indicated that IOT primarily acted as an aggregate and partially participated in the reaction, whereas GGBS reacted extensively, generating C-S-H gel and C-A-H, providing robust bonding strength. Additionally, the increase in GGBS content led to the partial disintegration of some IOT particles, forming more stable aggregates under the influence of the C-S-H gel. This study offers theoretical guidance for the efficient utilization of IOT in construction materials, thereby contributing to the promotion of sustainable development and environmental conservation.
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1. Introduction


The ongoing growth in urban housing and infrastructure projects has led to an ever-increasing demand for construction materials in civil engineering. This surge in demand specifically pertains to bricks [1,2,3]. Traditional brick manufacturing processes involve preparing raw materials, typically a mixture of sand, clay, and shale, followed by firing them in high-temperature kilns [4,5,6]. However, these conventional firing techniques incur substantial energy consumption and greenhouse gas emissions during production, resulting in severe environmental pollution [7]. Moreover, the substantial clay consumption for brick production, particularly on agricultural land, has inflicted considerable damage on land resources [8,9]. To safeguard the ecological environment and promote sustainability, it is imperative to develop alternative brick-making materials for the production of sustainable and eco-friendly bricks, aiming to alleviate environmental pressures while fulfilling the requirements of the construction industry.



Tailings are solid waste generated inevitably during the mining process, contributing to air, soil, and groundwater pollution while also triggering geological hazards [10]. In China, the total production of tailings has surpassed 600 million tons, with iron ore tailings (IOT) accounting for approximately 40% of this total. However, the overall utilization rate of tailings remains below 20%, with IOT exhibiting a utilization rate of less than 7% [11,12,13]. The high iron ion content in IOT makes its accumulation prone to acid mine drainage [14,15], leading to water pollution, severe land degradation, and latent geological hazards [16]. In Huai’an County, Hebei Province, China, abundant iron ore resources exist, as shown in Figure 1. Nevertheless, historical mining activities have left nearly a hundred IOT reservoirs and substantial IOT deposits, exerting immense pressure on land resources and causing ecological deterioration. Currently, the comprehensive and efficient utilization of IOT represents a critical issue that local governments urgently need to address. On one hand, this is in pursuit of recycling IOT and facilitating ecological restoration. On the other hand, it aims to meet the increasing demand for construction materials while driving economic development in resource-depleted regions. Therefore, it is imperative to make full use of IOT and implement eco-friendly brick production.



In fact, IOT is a type of fine-grained solid waste rich in SiO2 and Al2O3, with the potential for pozzolanic activity [17,18]. Utilizing IOT as a mineral admixture in the production of construction materials, such as bricks [19], cement [20,21], and concrete [22,23], is considered a viable approach that contributes to waste utilization and sustainable development. Currently, numerous studies have examined the feasibility and methods of producing bricks from IOT. Fontes et al. [24] demonstrated that increasing the bulk density of IOT and adjusting the water content could enhance the mechanical properties of IOT bricks. Mendes et al. [25] investigated the feasibility of preparing sintered bricks from a mixture of low-dose IOT and clay, with optimal results achieved at a mass ratio of 29.1% for IOT, meeting international standards. Chen et al. [26] utilized a mixture with a mass ratio of 84:10:6 for IOT, clay, and fly ash, employing a process involving mixing, forming, drying, and firing to produce high-content sintered bricks, effectively utilizing IOT. Yang et al. [27] added fly ash to low-silicon IOT and produced sintered bricks at temperatures between 900 and 1000 °C. Mechanical tests showed that these bricks could serve as substitutes for traditional clay or shale-based bricks. Luo et al. [28] employed a blend of IOT and coal gangue powder as primary materials and shale and sludge as binders to successfully produce composite sintered bricks. The study revealed that with increasing sintering temperature, pseudo-crystalline mineral particles significantly increased, accompanied by the appearance of glassy liquid phase inclusions and fine-grained pseudo-crystalline mineral particles, resulting in a more uniform and denser surface. Zhao et al. [29] used a mixture of 70% IOT, 15% lime, and 15% sand to produce steam-pressed bricks, investigating the hydration process of the IOT-lime-sand system. Analysis via XRD, DSC, IR, and SEM revealed that tobermorite played a pivotal role in determining the strength of the steam-pressed bricks. Liu et al. [30] demonstrated that under the influence of alkali activators, IOT could increase specific surface area, enhance surface energy, and promote the formation of a significant amount of needle-like ettringite (AFt) and calcium silicate hydrate (C-S-H) gel, leading to a denser microstructure. H.K. and Hossiney [31] successfully produced alkali-activated bricks using fly ash, GGBS, and IOT as the raw materials. However, it is worth noting that the utilization of IOT in alkali-activated bricks could meet the construction standards only when the IOT content was below 50%. In summary, previous research clearly demonstrated the feasibility of using IOT for brick production. However, most high-content IOT bricks are either traditional sintered or steam-pressed bricks, whereas the utilization of IOT in low-energy and low-pollution alkali-activated bricks remains relatively low.



Granulated blast-furnace Slag (GGBS) is solid waste generated during the iron smelting process. Due to its small particle size, large specific surface area, and relatively high glassy phase content, GGBS possesses significant potential reactivity and is widely used as an alkali activator precursor [32]. Gokul et al. [33] achieved favorable results by enhancing the stability of clay through the addition of GGBS in an alkali-activated reaction. When the GGBS content reached 24%, the unconfined compressive strength of the clay after 28 days reached 4.06 MPa. Liu et al. [34] designed and proposed GGBS-based high-volume converter steel slag composite carbonation curing mortar. FTIR analysis indicated that the main reaction products after the composite activation were calcium carbonate and CASH gel. Alam et al. [35] investigated the impact of different GGBS contents on the strength of red mud and found that the best alkali activation results were achieved with 25% GGBS and 1M sodium silicate, significantly improving the compressive and impact strengths of the red mud. These findings illustrated that GGBS, as an alkali activator precursor, could effectively participate in the reuse of solid waste in construction materials. Therefore, the aim of this study was to incorporate GGBS into IOT to enhance the alkali activation reactivity and promote the production of high-content IOT alkali-activated bricks.



In this study, IOT served as the primary raw material and was activated using a sodium silicate solution, with the addition of GGBS as a precursor, to manufacture sustainable and environmentally friendly bricks. A series of experiments were conducted to investigate the effects of the raw material mixing ratio, content, and modulus of the alkaline activator, molding pressure, and grain size distribution on the strength of the bricks. Additionally, the microstructure and mechanical properties of the materials were comprehensively examined via XRD, SEM, FTIR, and AFM analyses. This paper provides theoretical guidance for the efficient utilization of IOT in the production of construction materials, contributing to the advancement of solid waste utilization and the alleviation of environmental pressures.




2. Materials and Methods


2.1. Materials


IOTs were obtained from a mining site in Huai’an, Hebei Province. The grain size distribution and specific surface area of the raw material were determined using a Chinese BT-9300HT laser grain size analyzer, as shown in Figure 2. The grain sizes were mainly distributed in the range of 100–500 μm, with an average grain size of 207.20 μm. Additionally, the average specific surface area of IOT particles was measured to be 20.52 m2/kg. X-ray fluorescence (XRF) analysis was employed to determine the chemical composition of the material, and the results are presented in Table 1, with SiO2, Al2O3, and CaO content of 54.41%, 13.84%, and 8.30%, respectively. Notably, the content of Fe2O3 was found to be 13.01%. Figure 3 shows the XRD image of IOT, indicating the main mineral components of IOT include Hematite (Fe2O3), Enstatite [(Mg, Ca, Fe, Al)Si2O6], and Quartz (SiO2). Due to its high Enstatite content, IOT can provide alkali metal ions with large ionic radii, such as Mg2+, Ca2+, and Fe3+. These alkali metal ions can induce distortions in the aluminosilicate glass, disrupting the weaker -O-Al-O- bonds and increasing non-bridging oxygen sites, thereby reducing the polymerization degree [36,37,38]. Figure 4a depicts the microscopic morphology of IOT, which exhibits a rough, irregular, and fragmented surface that forms larger pores upon accumulation.



GGBS was procured from a material company in Gongyi, Hebei Province. As shown in Figure 2, the grain size distribution of GGBS primarily fell within the range of 1–35 μm, with an average grain size of 13.59 μm, which was one order of magnitude smaller than that of the IOT. Notably, there was a small grain size distribution of around 1 μm, accounting for approximately 10% of the total. GGBS exhibited an average specific surface area of 491 m2/kg, which was 20 times greater than that of IOT, indicating a propensity for the alkali activation reaction. The major chemical components of GGBS are presented in Table 1, with SiO2, Al2O3, and CaO contents at 34.50%, 17.70%, and 34.00%, respectively. Figure 4b depicts the microscopic morphology of GGBS, which is characterized by irregular blocky particles with a minor amount of fine particles adhering to the surface.



In this study, liquid sodium silicate was employed as an alkali activator. The product was procured from a material company located in Wuxi City, Jiangsu Province. The liquid sodium silicate had a modulus of 2.31, with a 42% content of Na2O, which was adjusted by the addition of Na2O to achieve the desired modulus.




2.2. Sample Preparation


To cater to the specific objectives of different experiments, various experimental variables were defined. These variables encompassed the raw material mixing ratio (IOT to GGBS), content and modulus of the alkaline activator, molding pressure, and grain size distribution of IOT (Table 2). Typically, these parameters were employed during the preparation process using the values or ratios provided in Table 3.



The procedural workflow of the sample preparation is outlined below, and it is referenced in Figure 5.



The sample preparation process was as follows: First, IOT and GGBS were thoroughly mixed in a mixer at different mass ratios for 2 min. Next, a specific amount of sodium silicate with Na2O was mixed to adjust the modulus of the alkali activator, and then the alkali activator was slowly added to the mixtures by stirring for 10 min to ensure a complete reaction. The mixtures were poured into a rectangular mold (40 × 40 × 180 mm) after thorough mixing, compacted under different molding pressures, and demolded after 30 min and 1 day, depending on the modulus. Finally, the samples were cured for 7 days at room temperature.




2.3. Test Methods


Considering different raw material mixing ratios, alkali activator contents and modulus, molding pressures, and grain size distribution, the mechanical performance indicators of alkali-activated bricks, such as unconfined compressive strength and flexural strength, were determined according to the Chinese JC/T422-2007 standard.



The chemical compositions of the samples were analyzed using Axios PANalytical Axios X-ray fluorescence (XRF) spectrometry with Rhodium (Rh) as the target material. The mineral compositions of the samples were determined using a Rigaku SmartLab SE X-ray diffraction (XRD) instrument with Cu-Kα radiation in the scanning range of 10° to 80° and a scanning speed of 10°/min. The XRD test results were analyzed using the HighScore Plus 3.05 software. The microstructure and morphology of the samples were observed using a TESCAN MIRALMS scanning electron microscope (SEM). Furthermore, the FTIR spectra of the samples were obtained using a Bruker Vertex 70 infrared spectrometer, with a wavelength ranging from 400 to 4000 cm−1. The microscale mechanical properties and microstructures were characterized using a Park XE7-type Atomic Force Microscope (AFM). The block sample was fixed in the resin material, ground into a plane, and polished. Then, the samples were analyzed using the AC160TS cantilever in in F/D mode after the scanning area was divided into 8 × 8 unit cells. And the XEI 4.3.4 software was used to calculate the micromechanical stiffness of the alkali-activated IOT-GGBS bricks.





3. Results and Discussion


3.1. Effect of the Raw Material Mixing Ratio on the Brick Properties


Compared to the higher alkali activation of GGBS [33], the lower alkali activation of IOT significantly affected the mechanical performance of alkali-activated bricks [39], especially concerning the raw material mixing ratio. An IOT content exceeding 80% was required to prepare high-dosage IOT bricks. In order to determine the ideal raw material mixing ratio that met the requirements for high-strength and high-content bricks, samples were prepared in three different proportions: IOT:GGBS = 80:20, 85:15, and 90:10, under other conditions as outlined in Table 3.



The results of the mechanical performance test of the bricks are presented in Figure 6, where the black dashed line represents the compressive strength of the JC/T422-2007 MU25, and the red line represents the flexural strength. The results indicate that both the compressive and flexural strengths of the bricks significantly decreased as the IOT content increased (or GGBS content decreased). The compressive strength dropped by half from 61.55 MPa at 80% IOT content to 31.72 MPa at 85% IOT content and continued to decline to 14.05 MPa at 90% IOT content, where the compressive strength no longer met the MU25 standard. Similarly, the flexural strength gradually decreased from 6.86 MPa at 80% IOT content to 1.23 MPa at 90% IOT content, and at 90% IOT content the flexural strength also failed to meet the MU25 standard. The reason for the strength reduction was the decrease in the content of GGBS, which had stronger alkaline activity. Almost all GGBS particles had smaller grain sizes than the IOT particles (Figure 1). Therefore, with less GGBS content, there was a lower amount of C-S-H gel generated via the alkali-activated reaction covering the surface of IOT particles and filling the pores [40]. Consequently, the tight bonding between IOT particles was weakened. Furthermore, when the IOT content was too high, the overall alkali activity of the samples decreased, resulting in a lower degree of alkali-activated reaction. Based on the test results, the optimal raw material mixing ratio to meet the MU25 standard for high-strength and high-content IOT bricks was IOT:GGBS = 85:15.




3.2. Effect of the Content and Modulus of Alkaline Activator on the Brick Properties


Alkali activators played a significant catalytic role in the reaction process, and their content and modulus affected the preparation time and strength of alkali-activated bricks. According to previous studies, a higher content of alkali activator was required when preparing alkali-activated materials using IOT or similar minerals [41,42]. Therefore, the test included varying alkali activator contents of 10%, 15%, and 20%, and test moduli of 1, 1.5, and 2 M. The results of the mechanical performance tests are presented in Figure 7 and Figure 8.



The results show that increasing the content of the alkali activator effectively enhanced the compressive and flexural strength of the bricks (Figure 7). At an alkali activator content of 10%, the compressive strength was 13.12 MPa. When the content increased to 15% and 20%, the compressive strength rose to 15.58 MPa and 16.83 MPa, representing increases of 19% and 28%, respectively. Similarly, the flexural strength increased with a higher content of alkali activator, increasing from 1.48 MPa to 1.64 MPa and 2.46 MPa, indicating that the flexural strength was increased about 11% and 68%, respectively. This is because a higher content of alkali activator could more effectively dissolve the silicon-aluminum components in IOT and GGBS, exhibiting a faster reaction rate. This rapidly formed a C-S-H gel, which bonded both unreacted solid particles and partially dissolved solids more tightly [43]. As a result, interparticle bonding became more compact, leading to improved mechanical properties, especially a significant increase in flexural strength.



Figure 8 illustrates that both the compressive and flexural strengths initially increased and then decreased with the modulus of the alkali activator. The maximum strength occurred at a modulus of 1 M, reaching 16.10 MPa and 2.13 MPa, respectively, which aligned with previous research [44,45]. This suggested that both excessively low and high moduli of the alkali activators might decrease the mechanical performance of the bricks. When the modulus was too low, such as 0.5 M, the alkali activator provided an insufficient amount of soluble silica, resulting in fewer nucleation sites [46]. This made it challenging for Si to undergo an aggregation reaction with Ca2+ and Al3+ in the liquid phase, consequently leading to lower compressive and flexural strength [43]. As the modulus increased to 1 M, the quantity of soluble silica increased, along with the corresponding nucleation sites, which promoted the reaction process and maximized the strength of the bricks. However, when the modulus of the alkali activator reached 1.5 M and 2 M, the silicon released from the sodium silicate solution, IOT, and GGBS became oversaturated, leading to the formation of a significant amount of C-S-H gel covering the precursors. Alternatively, it might precipitate as zeolite crystals in the form of silicate tetrahedra, hindering further reaction progress and causing a reduction in strength [47].




3.3. Effect of the Molding Pressure on the Brick Properties


The molding pressure directly affected the degree of contact degree between the material particles and the alkali-activating solution, thereby influencing the compactness of the bricks. The mechanical performance test results of the alkali-activated bricks prepared at molding pressures of 20, 40, and 60 MPa are shown in Figure 9.



Both the compressive strength and the flexural strength of the bricks increased with increasing molding pressure. In particular, at molding pressures of 20, 40, and 60 MPa, the compressive strengths were 13.75 MPa, 14.86 MPa, and 16.02 MPa, respectively, whereas the flexural strengths were 1.61 MPa, 2.39 MPa, and 2.72 MPa, respectively. Additionally, the error bars in the statistical results of the test data became smaller with increasing molding pressure, indicating that bricks prepared under higher molding pressures had a more uniform internal structure and more stable mechanical performance. Prasanphan et al. [48] suggested that additional pressure during the alkali-activation reaction allows the release of air trapped between raw material pores, increasing the contact area between the alkaline solution and reactants. At higher molding pressures, the air trapped within the pores was further expelled, and smaller-sized GGBS particles tended to fill the gaps between larger-sized IOT particles. Consequently, particle aggregation became easier, enhancing structural compactness. The surfaces of the formed compact aggregates dissolved layer by layer in an alkaline environment, generating C-S-H gel, which positively affected the strength of the bricks [49]. Therefore, with increasing molding pressure, the contact between particles became tighter, resulting in stronger internal bonding and cohesion within the bricks, ultimately leading to a higher compressive strength.




3.4. Effect of the Grain Size Gradation of IOT on the Brick Properties


In order to investigate the contribution of IOT grain size to the performance of alkali-activated bricks, bricks were prepared by proportionally mixing IOT particles of different sizes and were subjected to performance testing. IOT particles from different size intervals were mixed in accordance with the proportions specified in Table 2 to form three types of IOT particles, denoted as A, B, and C, where “O” represents the original IOT particles. The mechanical performance test results of the alkali-activated bricks with different particle sizes are presented in Figure 10.



Figure 10 illustrates that B bricks exhibited the lowest strength, with compressive and flexural strengths of 11.85 MPa and 1.46 MPa, respectively. The C bricks, on the other hand, displayed the highest strength, with compressive and flexural strengths of 14.35 MPa and 1.68 MPa, respectively. The A bricks demonstrated strength levels similar to those of the B bricks, whereas the O bricks closely resembled the C bricks in terms of strength. According to Table 2, Type A IOT had the highest proportion of large-sized particles, whereas Type O IOT had the lowest proportion of small-sized particles. The particle distribution in the IOT, from Type A to Type O, transitioned from being predominantly composed of large-sized particles (>0.4 mm) to predominantly small-sized particles (<0.25 mm). It could clearly be seen that alkali-activated bricks made primarily from small-sized particles of IOT tended to exhibit higher compressive strength, whereas those dominated by large-sized particles displayed lower strength. This phenomenon might be attributed to the fact that small-sized IOT particles not only filled or covered the pores of larger IOT particles but were also filled or covered by smaller-sized GGBS particles [50,51], facilitating the production of hydration products and interparticle bonding. It is worth noting that when an excessive amount of small-sized IOT particles was present, the compressive strength of the bricks slightly decreased. This occurred because an excess of small-sized particles led to the creation of pores that GGBS particles could not adequately fill or cover.



Although the flexural strength exhibited a similar trend to the compressive strength, the change was minimal, with fluctuations not exceeding 0.25 MPa. The flexural strength of the bricks primarily depended on the tight bonding between the particles induced by the C-S-H gel formed during the alkali-activated reaction [52,53], rather than the grain size distribution.




3.5. Microstructure of the Specimens


3.5.1. XRD Analysis


The XRD patterns of IOT and alkali-activated IOT-GGBS bricks are presented in Figure 11. The XRD patterns of the IOT-GGBS bricks reveal that the primary products of the alkali-activated reaction were C-S-H gel (calcium silicate hydrate, Ca5H2O18Si6) and C-A-H (Calcium Aluminum Oxide Hydrate, Ca3Al2O6XH2O). Some diffraction peaks corresponded to Potassicsadanagaite, Enstatite, and Quartz.



For alkali-activated IOT-GGBS bricks with different mixing ratios, the intensities of the diffraction peaks for C-S-H and C-A-H gradually decreased as the IOT content increased, whereas the intensity of Enstatite’s diffraction peak increased. This suggested that IOT only partially participated in the alkali-activated reaction, with GGBS serving as the primary reactant. Therefore, IOT primarily acted as aggregates, whereas GGBS played a pivotal role in forming C-S-H gel and providing bonding strength. This observation was consistent with the experimental results of the raw material mixing ratios in Section 3.1. Additionally, highly active GGBS was prone to forming a network structure with a higher polymerization degree [54]. And the presence of the reaction product Potassicsadanagaite indicated the existence of a significant amount of free alkali metal ions in the alkali-activated bricks. The network structure of the glass was disrupted by these alkali metal ions and thus the production of low-polymerization C-S-H was accelerated.




3.5.2. SEM Analysis


SEM images (10 μm) of alkali-activated IOT-GGBS bricks with varying GGBS contents are shown in Figure 12. Overall, IOT particles with larger sizes exhibited lower degrees of reaction, with some of them being partially covered by C-S-H gel and a small amount of C-A-H. In contrast, GGBS, which had undergone a more extensive reaction, was enveloped by C-S-H gel, either on the surface of IOT or within its pores, forming bonds with IOT particles.



As the GGBS content increased, numerous cracks appeared on the surface of IOT particles (Figure 12b,c), accompanied by a greater coverage of the C-S-H gel. On the one hand, C-S-H gel appeared sporadically in a dot-like fashion on the fractured surfaces of IOT particles (Figure 12b), originating from the alkali-activated reaction of IOT itself. On the other hand, a significant amount of C-S-H gel bound multiple IOT fragments together (Figure 12c), which was attributed to the alkali-activated reaction of GGBS. This phenomenon might be attributed to the incorporation of GGBS, which not only increased the production of C-S-H gel but also heightened the overall alkali-activated activity of the reactants, consequently promoting the alkali-activated reaction of IOT (Section 3.2). Furthermore, the fragmentation of larger IOT particles into smaller ones facilitated further alkali-activated reactions, and GGBS, along with the C-S-H gel generated, infiltrated into the cracks, which contributed to the enhancement of compressive and flexural strengths.




3.5.3. FTIR Analysis


Figure 13 presents the FTIR spectra of IOT and alkali-activated IOT-GGBS bricks with varying GGBS contents. In the FTIR spectra of IOT, distinctive bands were observed at 468, 785, 1024, and 3440 cm−1, corresponding to the in-plane bending vibrations of Si-O bonds, symmetric stretching vibrations of Si-O bonds, asymmetric stretching vibrations of Si-O/Al-O bonds, and stretching vibrations of [OH]−, respectively [55,56,57]. At 1630 cm−1, a weak band corresponding to the bending vibrations of H-O-H bonds was observed in the IOT spectrum [58]. In comparison, alkali-activated IOT-GGBS bricks exhibited a weak band at 876 cm−1 and a pronounced band at 1414 cm−1, corresponding to the stretching vibrations of non-bridging oxygen in silicate tetrahedral structures and vibrations of Si-O bonds, respectively [59].



Both IOT and alkali-activated IOT-GGBS bricks shared absorption peaks around 468 and 785 cm−1, 1630, and 3440 cm−1, the former representing the bending and stretching vibrations of O-Si-O and Si-O-Si bonds, and the latter representing the bending and stretching vibrations of [OH]−, which indicated the presence of hydroxyl groups or water in the C-S-H gel. For the alkali-activated IOT-GGBS bricks, the two characteristic bands at 876 and 1414 cm−1 confirmed the existence of low-polymerization C-S-H products. With an increase in GGBS content, the wavenumbers of the asymmetric stretching vibrations of Si-O/Al-O bonds at 0%, 10%, 15%, and 20% GGBS content decreased from 1024 cm−1 to 1018 cm−1, 1012 cm−1, and 1008 cm−1, indicating the depolymerization of more aluminosilicates in GGBS to form C-S-H gel and C-A-H [58]. Furthermore, the wavenumber of the Si-O bonds in low-polymerization C-S-H also increased with increasing GGBS content, suggesting that more GGBS contributed to the formation of low-polymerization C-S-H.




3.5.4. AFM Analysis


AFM morphology scanning (10 μm× 10 μm) was conducted on alkali-activated IOT-GGBS bricks, and the microscale stiffness was calculated using XEI 4.3.4 software. The small scale of the probe led to variations in the measured microscale stiffness, resulting in relatively small numerical values. However, the trends remain convincing and representative. Figure 14a,b depict the 3D AFM morphology of IOT in alkali-activated IOT-GGBS bricks with 20% and 10% GGBS, along with the microscale stiffness matrix. For alkali-activated bricks containing 20% GGBS, although the surface of IOT particles (with an approximate grain size of 200 μm) exhibited some undulations and a small amount of granular C-S-H, it appeared relatively smooth, lacking pronounced graininess. In contrast, in alkali-activated bricks with 10% GGBS content, the surface of the IOT particles was notably rough, with the presence of numerous C-S-H particles. This significant difference suggested that incorporating more GGBS into IOT as a precursor facilitated the progress of alkali activation reaction within the IOT-GGBS system. As a result, more C-S-H gels were generated, enveloping the IOT particles and leading to a smoother surface. Furthermore, the presence of unbound C-S-H particles (Figure 14b) on the surface of the IOT indicated that the alkali activation reaction on the IOT surface had a lower degree of progress.



When the GGBS content was 20%, the average microscale stiffness calculated from the microscale stiffness matrix of the alkali-activated bricks was 43.27 N/m. The result was in close proximity to the AFM test results for alkali-activated geopolymers [51]. However, when the GGBS content was reduced to 10%, the average microscale stiffness of the alkali-activated bricks was 470.86 mN/m. These two values exhibited significant differences. The noticeable trend of decreasing stiffness with decreasing GGBS content indicated a reduced capacity of the material to resist deformation. This observation was consistent with the substantial differences in compressive strength discussed in Section 3.1.





3.6. Reaction Mechanism of Alkali-Activated IOT-GGBS Mixtures


Based on the analysis results from XRD, SEM, FTIR, and AFM, the reaction mechanism of the IOT-GGBS mixtures is illustrated in Figure 15. Figure 2 indicates that the particle size of IOT was several times larger than that of GGBS. Under the appropriate mixing ratio, the pores formed by the IOT particles were effectively filled with GGBS particles. Furthermore, IOT contained a relatively high content of low-activity iron oxide, resulting in lower alkali activation activity. The addition of GGBS provided a significant amount of active silica and calcium, along with a highly polymerized glassy network structure [18,33].



Additionally, based on the XRD diffraction analysis results (Figure 11) and Table 2, both IOT and GGBS contained substantial amounts of calcium. Alkali metal ions were known to disrupt the weaker -O-Al-O- bonds in aluminosilicate glass structures and increase the non-bridging oxygen, leading to reduced polymerization and increased reactivity [36,37]. In the alkaline environment provided by the alkali activator, the soluble silica on the surfaces of GGBS and IOT particles underwent dissolution and acted as nucleation sites [46]. As shown in Figure 16, a substantial quantity of [OH]- could disrupt the Si-O-Al-O-Si and Si-O-Si bonds within the aluminosilicate glass network, initiating the depolymerization of the glass matrix into [SiO4]4− and [AlO4]5− tetrahedrons while releasing a large amount of Ca2+ ions. Subsequently, Ca2+ ions combined with the depolymerized [SiO4]4− and [AlO4]5− tetrahedrons, ultimately forming the essential C-S-H gels and C-A-H that contributed significantly to the strength of the alkali-activated IOT bricks. As the reaction progressed further, IOT particles underwent fragmentation, leading to the formation of multiple smaller fragments. Consequently, the solution and small GGBS particles infiltrated the interior of the IOT particles, facilitating the continued generation of additional C-S-H gel. This phenomenon promoted enhanced interparticle bonding among the initially less reactive IOT particles, resulting in a further increase in the strength of the alkali-activated IOT bricks.



In summary, within the IOT-GGBS alkali-activated system, IOT primarily served as aggregates and participated partially in the reaction. Meanwhile, GGBS acted as the alkali-activated precursors, undergoing extensive reactions to produce C-S-H gel and C-A-H, thereby providing robust bonding within the system.





4. Conclusions


The production of alkali-activated high-content IOT bricks could be applied as a construction material in buildings, meeting the growing demand for construction materials while promoting ecological conservation and the advancement of a green economy. In this study, IOT was employed as the primary raw material, and a small proportion of GGBS was introduced as an auxiliary material, resulting in the successful synthesis of sustainable eco-friendly alkali-activated high-content IOT bricks. This study systematically investigated the effects of raw material mixing ratio, content, and modulus of alkali activator, molding pressure, and grain size distribution on the strength of alkali-activated bricks via compressive and flexural strength tests. Additionally, microstructural analyses using XRD, SEM, and FTIR were conducted to elucidate the alkali activation mechanism. The following conclusions were drawn from the research:




	(1)

	
To fully utilize IOT and meet the Chinese JC/T422-2007 MU25 standard, a recommended IOT-to-GGBS ratio of 85:15 was proposed. At this ratio, the pores between the IOT particles were effectively filled with GGBS particles, resulting in bricks with a compressive strength of 31.72 MPa and a flexural strength of 2.83 MPa.




	(2)

	
The strength of the bricks was enhanced by increasing the content of the alkali activator. When the content of the alkali activator reached 20%, the brick exhibited a compressive strength of 16.83 MPa and a flexural strength of 2.46 MPa. However, an excessively high modulus of the alkali activator led to the saturation of active Si, resulting in extensive encapsulation of particles by C-S-H gel and thus hindering the reaction. The optimal modulus of the alkali activator was determined to be 1.0 M, which yielded the highest compressive strength of 16.10 MPa and flexural strength of 2.13 MPa.




	(3)

	
Using a molding pressure of 60 MPa, the brick achieved a compressive strength of 16.02 MPa and a flexural strength of 2.72 MPa. Elevating the molding pressure assisted in expelling air trapped within the pores, facilitating the infiltration of the alkali activator into the interior of the raw materials and enhancing the contact between particles.




	(4)

	
Bricks prepared predominantly with fine-grained IOT exhibited a higher compressive strength compared to those dominated by coarse-grained IOT. The influence of the IOT grain size distribution on flexural strength was relatively minor, with fluctuations not exceeding 0.25 MPa.




	(5)

	
For the IOT-GGBS alkali-activated system, IOT primarily functioned as aggregates and participated partially in the reaction, whereas GGBS served as the alkali-activated precursors, undergoing extensive reaction to produce C-S-H gel and C-A-H, thereby providing robust bonding within the system. Furthermore, an increase in the GGBS content might have led to the fragmentation of some IOT particles into smaller fragments, which then formed more stable aggregates under the influence of the C-S-H gel.









This study has several limitations and can provide information for future research. One limitation is that our research primarily focused on the effects of specific factors, such as raw material mixing ratios, alkali activator content, modulus, molding pressure, and grain size distribution. However, other parameters, such as curing conditions and environmental factors, can also influence the properties of bricks. Additionally, our study predominantly utilized local IOT resources, and the generalizability of our findings to other regions or materials should be approached with caution. Geographical variations in IOT properties may lead to different outcomes, and further studies should explore these regional disparities. Comparative studies involving IOT resources from different geographical locations could offer insights into the regional variations in IOT properties and their effects on brick production.
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Figure 1. The number of iron ore mines in Hebei and the iron ore mine in Huai’an. 
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Figure 2. The grain size distribution of IOT and GGBS. 
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Figure 3. XRD image of the raw material IOT. 
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Figure 4. The SEM images of: (a) IOT; (b) GGBS. 






Figure 4. The SEM images of: (a) IOT; (b) GGBS.



[image: Buildings 13 02743 g004]







[image: Buildings 13 02743 g005] 





Figure 5. The flowchart of the process of producing alkali-activated IOT brick. 
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Figure 6. The compressive strength and flexural strength of bricks with different mixing ratios. 
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Figure 7. The compressive strength and flexural strength of bricks with different alkali activator contents. 
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Figure 8. The compressive strength and flexural strength of bricks with different moduli of alkali activator. 
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Figure 9. The compressive strength and flexural strength of bricks under different molding pressures. 
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Figure 10. The compressive strength and flexural strength of bricks with different grain size ratios of IOT. 
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Figure 11. XRD image of IOT and alkali-activated IOT-GGBS bricks. 
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Figure 12. SEM images of alkali-activated IOT-GGBS bricks with (a) 10% content GGBS; (b) 15% content GGBS; (c) 20% GGBS content. 
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Figure 13. FTIR image of IOT and alkali-activated IOT-GGBS brick. 
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Figure 14. The AFM morphology images and stiffness matrix of IOI in (a) 80IOT20GGBS and (b) 90IOT10GGBS. 
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Figure 15. Reaction mechanism of alkali-activated IOT-GGBS mixtures. 
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Figure 16. Depolymerization and polycondensation of aluminosilicates. 
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Table 1. Chemical composition of IOT and GGBS (wt%).
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	Chemical

Composition
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	Others





	IOT
	54.41
	13.84
	13.01
	8.30
	4.63
	5.81



	GGBS
	34.50
	17.70
	1.03
	34.00
	6.01
	6.76










 





Table 2. The grain size ratio of different types of IOT.
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Grain Size Interval (%)

	
IOT Type




	
<0.25 mm

	
0.25–0.4 mm

	
>0.4 mm






	
Ratio

	
2

	
3

	
5

	
A




	
3

	
3

	
4

	
B




	
4

	
3

	
3

	
C




	
6

	
2

	
2

	
O




	
(59.31)

	
(21.85)

	
(18.84)











 





Table 3. Default parameters in sample preparation.
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	Parameter
	Raw Materials Ratio
	Content of Alkali Activator
	Modulus of Alkali Activator
	Molding Pressure
	Grain Size Ratio





	Value/Ratio
	90:10
	15%
	1.5 M
	20 MPa
	59.31:21.85:18:84
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