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Introduction: The vanadium-titanium iron ore tailings (VTIOTs) has a significant amount of discharge, and serious pollution, which makes it difficult to use directly as a resources resource.
Methods: High-strength fired water permeable brick (HSFWPB) was prepared using VTIOTs as the main raw material. The orthogonal test, X-ray diffraction analysis (XRD), scanning electron microscope (SEM), energy dispersive spectrometry (EDS), and synthetic precipitation leaching procedure (SPLP) were obtained to study the basic properties and firing mechanism of HSFWPB containing VTIOTs, and an economic benefit evaluation was conducted on the project investment of HSFWPB containing VTIOTs.
Results: The results show that when the content of VTIOTs in HSFWPB is 78%, the firing temperature (FT) is 1080°C and the holding time is 120 min, the compressive strength and permeability coefficient of the fired product reach 70.4 MPa and 0.055 cmˑs−1, respectively, which meet the requirements of Cc60 grade products in Water permeable brick (JC/T 945–2005). The products of HSFWPB containing VTIOTs after firing are diopside (CaMgSi2O6) and augite (Ca (Mg, Fe, Al) (Si, Al)2O6), with the increase of FT and the extension of HT, the low melting point elements of P, Na, K dissolve out, and the content of Fe and Al in the firing products increases, most of Ca2+ in diopside is replaced by Fe3+, so that augite becomes the main crystal phase. With the increase of FT, the pores in the fired products are changed from: closed pores with different sizes→ connected pores with irregular diameters→ irregular collapse pores→ small and uniform circular pores, which provides a guarantee for the permeability of HSFWPB containing VTIOTs.
Discussion: The full investment payback period of the project of HSFWPB containing VTIOTs is 1.77 years. When the production reaches 48.585% of the design output, it reaches a breakeven point, and the project has strong risk resistance ability. The research has improved the utilization rate of VTIOTs and provided a new approach for the large-scale application of VTIOTs.
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1 INTRODUCTION
With the increasing exploitation of mineral resources, tailings production has also increased (Jiang et al., 2019; Sun H. Y. et al., 2021). At present, building tailings ponds to store tailings is a common tailings treatment method (Rey et al., 2020; Chen D. Q. et al., 2021). However, tailings ponds occupy a large amount of arable land and forest land, which can easily lead to geological disasters such as landslides and mudslides (Zhao et al., 2020; Li et al., 2021; Li et al., 2022; Peng et al., 2020; Tang et al., 2021). In addition, the harmful substances formed by heavy metal ions in tailings can also pollute the water and soil resources near the tailings pond, affecting normal production and the lives of surrounding residents (Jiang et al., 2018; Wang et al., 2018; Luo L. Q. et al., 2019; Tang et al., 2019). Tailings storage isan optimal solution. Vanadium-titanium iron ore tailings (VTIOTs) are industrial solid waste produced by vanadium-titanium magnetite ore after beneficiation containing element such as Fe, Ti, and V that yet to be recovered, scattered and rare elements such as Co, Ga, and Sc, and possessing high comprehensive utilization value. Presently, the storage of tailings ponds has not realized its potential value, which is also a waste of secondary resources (Li et al., 2020; Zhu et al., 2021; Gan et al., 2022; Huang et al., 2023). Therefore, it is of great significance to promote the comprehensive utilization of VTIOTs for improving resource efficiency, improving environmental quality and promoting the comprehensive transformation of economy and society (Chen et al., 2015; Yu et al., 2019; Zhang et al., 2019; Chen et al., 2021; Sun et al., 2021; Li et al., 2022). In recent years, VTIOTs have been applied to extract valuable metals (Zhang et al., 2019) and prepare building materials, such as foamed ceramics (Xi et al., 2018; Li et al., 2020; Zhu et al., 2021; Li L. et al., 2022), composite cementitious materials (Liu and Zhao, 2020; Wang et al., 2023a), sound insulation panels (Wang C. L. et al., 2022), concrete (Wang and Qin, 2019; Wang C. L. et al., 2021), cement clinker (Yang and Sun, 2020), autoclaved aerated concrete (Shi and Song, 2020), and so on.
Due to the widespread use of cement and asphalt in urban areas, pavement hardening has reduced the exchange of heat and water vapor between the air and ground, leading to an increasing number of environmental problems in cities. The advanced thought and design applied to sponge city construction can conducive to promoting the transformation and development of urban stormwater management mode and guaranteeing the security of water ecosystem (Xu et al., 2018; Nguyen et al., 2019; Guan et al., 2021). Permeable materials are a crucial factor of sponge city construction that can help alleviate the problem of urban rainwater drainage and utilization at the source (Yu et al., 2021; Song, 2022; Qi et al., 2023). Water permeable bricks (WPB), as a type of permeable material with high porosity, breathability, and moisture retention that other road paving materials lack (Wang C. L. et al., 2019; Li J. H. et al., 2021; Wang H. F. et al., 2022; Lv et al., 2022). WPB can infiltrate rainwater into the ground, and there is no obvious runoff in case of rainstorm, achieving the effect of drying when the rain stops. This has played a positive role in the replenishment of soil water and groundwater resources, effectively alleviating the negative impact of hardened roads on urban groundwater resources. The compressive strength (CS) and permeability coefficient (PC) of WPB are generally 30–55 MPa and 1.5×10−2∼4×10−2 cmˑs−1, respectively (Liu et al., 2019; Liu et al., 2020; Cai et al., 2021; Yang et al., 2021). WPB not only meets the mechanical performance requirements of general road surfaces, but its own water permeability, breathability, and water retention also bring many benefits to the urban environment: it can alleviate the heat island effect and urban waterlogging (Asaeda and Ca, 2000; He et al., 2019; Luo et al., 2022; Seifeddine et al., 2022), replenish groundwater (Sansalone et al., 2008; Han et al., 2023), absorb sound and reduce noise (Fang et al., 2022), and achieve comprehensive utilization of waste (Wang Y. G. et al., 2019; Yan et al., 2020). Industrial solid waste contains many inorganic components such as Al2O3 and SiO2 which are high-quality raw materials for preparing WPB products. High-strength fired water permeable brick (HSFWPB) can be prepared by high-temperature firing using solid waste such as coal gangue, waste ceramics, and granulated blast furnace slag (GBFS) as aggregates, clay, shale, or other waste as binders, and appropriate pore forming or foaming agents. Kim et al. (2019) improved the traditional preparation process of WPB, greatly increasing the porosity of WPB, but did not further study the CS, so the practical value of the prepared WPB is relatively low; Xu et al., 2019 selected tailings sand as aggregate and sludge as binder to prepare WPB, but the properties of WPB are not ideal. The main problem is that the binder used in the prepared WPB has poor properties; Luo X. et al., 2019 used tailings and sludge as raw materials, and added shale as an additional binder, but the CS of the fired water permeable bricks (FWPB) samples was low. Wang Z. Y. et al., 2019 prepared WPB with foundation glass as binder and tailing ore as aggregate, but the CS of the WPB did not reach 30 MPa. The above research uses industrial solid waste to prepare WPB, but the performance indicators of the prepared products are low and cannot be applied in industry. In order to further improve the performance of WPB, based on previous research by the research group (Wang S. X. et al., 2021; Ye, 2021), the effects of aggregate content (AC), firing temperature (FT), and holding time (HT) on the basic properties of HSFWPB were studied using VTIOTs as the main raw material and using “three factors and four levels” orthogonal experiments. On this basis, X-ray diffraction (XRD), scanning electron microscope (SEM), and energy dispersive spectrometry (EDS) were used to analyze the effects of HT and FT on the phase composition and mineral transformation of HSFWPB. The firing mechanism of HSFWPB was studied, and the economic benefits of the project investment in HSFWPB containing VTIOTs were evaluated. Prior to this study, various scholars had investigated the effects of process conditions on SWPB. However, there were notable differences in the raw materials used in their studies compared to ours, and the previous trend patterns may not be fully applicable. As a result, our research provides a necessary and comprehensive understanding of the effects of process conditions on SWPB using VTIOTs and GTs, which have not been widely studied in the past.
2 EXPERIMENTAL MATERIALS AND METHODS
2.1 Experimental materials
The industrial solid waste raw materials used in the preparation of HSFWPB in the study include VTIOTs, lake mud (LM), gold tailings (GTs), and shale. The chemical composition is shown in Table 1.
(1) VTIOTs. The stacking density of VITOs is 1.84 g cm−3, with a particle size range of 0.30–1.18 mm accounting for 64.81%, and particles with a particle size greater than 1.18 mm (see Figure 1A) are beneficial for the formation of pores and expansion of pore size in WPB. From Figure 2, the surface of VITOs particles is rough and the texture is dense. The rough outer surface can provide mechanical interlocking force for the accumulation of particles, and when used as a WPB aggregate, it can form a skeleton structure and form certain pores between the particles, which is conducive to the permeability of the WPB. In addition, the diameters present in the particles range from 50 to 100 μm. The pores can absorb the molten liquid phase generated at high temperatures, which not only promotes the bonding between particles, but also improves the compactness of the structure, providing an important guarantee for the CS of WPB. The main mineral composition of VITOs is silicate minerals, including diopside, biotite, chlorite, quartz, and so on (see Figure 3A). Its chemical composition is mainly CaO, MgO, SiO2 (see Table 1). Combined with the surface properties of the particles, it can be concluded that VTITOs are conducive to the formation of a MgO-CaO-SiO2 system and can be used as an ideal firing material.
(2) LM. The LM particles used are fine, with a small number of impurities such as water plants, and the surface is gray with a water content of about 70%. After precipitation and dehydration, the LM is placed in a cool place in the interior for air drying. It is then dried in a drying oven (105°C), and then crushed to −2 mm by rolling. The mixed sample is then placed in a drying oven and dried for 24 h at 105°C. The dried sample obtained is ground to −0.074 mm by an agate grinder for later use. From Table 1, the raw materials of LM are mainly inorganic components, with Al2O3 content of 14.32%, SiO2 content of 51.41%, and organic matter content of approximately 14.43%, indicating that the pyrolysis LM has good gas-production performance. The constituent minerals of LM are: berlinite, biotite, magnesium calcite, calcite, and quartz (see Figure 3B).
(3) GTs. The appearance of GTs was gray, mainly powdery particles with particle size less than 0.30 mm, and the yield below 0.15 mm was 75.24% (see Figure 1B). The main chemical component of GTs is SiO2, its content is as high as 62.21%, belonging to a high-silicon mineral material. The main mineral composition of GTs is quartz, dolomite, calcite, a small amount of kaolinite and plagioclase (see Figure 3C).
(4) Shale. Shale has a beige appearance and is predominantly powdery with a size of −0.074 mm. The chemical composition of GTs is as follows: SiO2 accounts for 56.21%, Al2O3 accounts for 22.15%, and Fe2O3 accounts for 5.32% (see Table 1).
TABLE 1 | Chemical composition of raw materials (wt. %).
[image: Table 1][image: Figure 1]FIGURE 1 | Particle size distribution of raw materials. (A) VTIOTs, (B) GTs.
[image: Figure 2]FIGURE 2 | SEM images of VTIOTs. (A) 500 times; (B) 1,000 times.
[image: Figure 3]FIGURE 3 | XRD patterns of raw materials. (A) VTIOTs, (B) LM, (C) GTs.
2.2 Experimental method
2.2.1 Preparation of HSFWPB
Firstly, weigh the VITOs aggregate according to the required ratio in the experiment and place it in a cement mortar mixer for 30 s, while adding 5% water; Afterwards, pour the powder with different proportions into the mixer and mix with the aggregate again for 1 min to obtain the mixture used in the experiment; Finally, place the mixture in a sealed bag and age for 12 h. Then, each weighing 500 g aged mixture and place it in the φ75×50 mm mold, press and shape at a corresponding pressure of 25 MPa; Dry the pressed body in a 105°C air dryer for 12 h; Place the dried body into a muffle furnace and burn it into shape under the relevant firing system required by the experiment. The firing system of the pressed body is as follows: First, rising temperature from the room temperature to 60°C, which the heating rate is 0.5°C min-1. Then, the rising temperature from 60°C to 300°C with the heating rate for 2°C min−1. Then increasing the temperature from 300 to 800°C at a rate of 3°C min−1, insulation for 60 min; Finally, rising temperature from 800°C to the required temperature for the experiment (1,050, 1,060, 1,070, 1,080°C), with a heating rate of 1°C min−1, holding for a certain time (60, 90, 120, 150 min), and finally decrease from the highest firing temperature to room temperature with the furnace.
2.2.2 Property characterization
The porosity of HSFWPB was determined by the boiling method in the Test method for apparent porosity and bulk density of porous ceramic (GB/T 1966-1996); The flexural strength (FS), splitting tensile strength (STS) and PC of HSFWPB were determined according to the method specified in Appendix A, B and C of Permeable paving bricks and permeable paving flags (GB/T 25993-2010); The determination of CS of HSFWPB was carried out according to the method in Appendix A of Water permeable brick (JC/T 945-2005). SPLP was conducted to test the leaching behavior of heavy metals in HSFWPB containing VTIOTs, thus confirming the environmental safety. The phase composition of HSFWPB was analyzed using a German Bruker D8 Advance X-ray diffractometer under operating conditions of voltage 40 kV, current 30 mA, Cu target, 2 θ range 10o−90o, step size 0.02o, scanning rate 8o min−1; Through the Zeiss SUPRA™55 scanning electron microscope coupled with a Be4-U92 energy spectrum, SEM observation was performed to analyze the microstructure of HSFWPB samples.
3 RESULTS AND DISCUSSION
3.1 Basic properties of HSFWPB containing VTIOTs
3.1.1 Orthogonal design of HSFWPB
The research aims to improve the comprehensive utilization rate of VTIOTs and minimize energy consumption, to prepare HSFWPB that meet the requirements of Permeable paving bricks and permeable paving flags (GB/T 25993-2010) and Water permeable bricks (JC/T 945-2005). Therefore, based on previous research (Wang C. L. et al., 2021; Ye, 2021), the undisturbed VTIOTs were sieved into three particle size ranges: 1.18–4.75 mm (coarse particle size), 0.60–1.18 mm (medium particle size), and 0.15–0.60 mm (fine particle size). The measured stacking densities were 1.56 gˑcm-3, 1.58 gˑcm-3, and 1.76 gˑcm-3, respectively. Due to the main particle size range of VTIOTs from 0.60 to 1.18 mm ensure high utilization of VTIOTs, the medium particle size was selected as the main particle size, and other particle sizes were studied. The ratio of GTs, LM and shale in the binder was 2: 2: 1. Optimize the mix proportion and property of HSFWPB using orthogonal experiments. Three main factors of AC (represented by A), FT (represented by B) and HT (represented by C), were selected in orthogonal experiments, with four level values taken for each factor. The levels of AC are selected 77%, 78%, 79%, and 80%, and FT are 1,050, 1,060, 1,070, and 1,080°C, HT are 60, 90, 120, and 150 min.
3.1.2 Results and analysis of orthogonal experiment for HSFWPB
The test results of PC, and CS for HSFWPB containing VTIOTs in the orthogonal experiment are shown in Table 2. WPB fired from VTIOTs has the potential for high strength and high permeability. When the AC is between 77% and 80%, the PC variation range of HSFWPB are 0.058–0.118 cm s-1, the CS is reduced from 67.5 MPa to 36.3 MPa, and its PC and CS meet the requirements of Cc35 grade products in the Water permeable brick (JC/T 945-2005). At the same time, its PC meets the requirement of Grade A product in Permeable paying bricks and permeable paying flags (GB/T 25993-2010), its PC value is greater than or equal to 0.02 cmˑs-1. PC and CS are two opposing performance indicators. When the AC increases, the internal porosity of HSFWPB increases, which enhances the water permeability. The overall density of HSFWPB decreases, leading to a decrease in CS. Therefore, the most excellent combination of CS for HSFWPB containing VTIOTs is A1B4C4, the combination that only considers the best PC is A4B1C4.
TABLE 2 | Orthogonal test scheme and results for HSFWPB containing VTIOTs.
[image: Table 2]The range analysis method for orthogonal experimental is to solve the existing problems by using the average range of each pair of influencing factors. An increase in the range indicates that this element has a more significant impact on the experimental results, while a decrease in the range indicates that the impact is not significant. Table 3 shows the range analysis results of the orthogonal test. R1 and R2 represent the average range of PC and CS for HSFWPB containing VTIOTs, respectively in Table 3. The main and secondary factors affecting the PC of HSFWPB are as follows: FT > AC> HT. The PC of HSFWPB containing VTIOTs increases with the increase of AC content, and gradually decreases as FT and HT increase; The CS decreases with the increase of AC content, and further increases with the increase of FT and HT. Therefore, the A4B1C1 is considered as the optimal experimental plan for HSFWPB containing VTIOTs that only consider PC. The A1B4C4 is considered the optimal experimental for HSFWPB, that only considers CS. Due to the conflict between the two property indicators, further analysis of variance is required to achieve the optimal experimental plan with ideal balance (see Table 4).
TABLE 3 | Range analysis of PC and CS for HSFWPB containing VTIOTs.
[image: Table 3]TABLE 4 | Variance analysis table of PC and CS for HSFWPB containing VTIOTs.
[image: Table 4]It can be seen from the variance analysis of HSFWPB’s PC in Table 4 that the test statistics of AC, FT and HT are 0.26, 0.21, and 0.12, respectively. Therefore, the main and secondary affecting factors on the PC of HSFWPB are as follows: AC > FT > HT. Since the test statistics of all factors are less than the critical value, the influence of factors on the PC is not significant. The influence level factors among the insignificant factors can be selected from the perspective of cost reduction. According to the variance analysis of HSFWPB’s CS, the test statistics of AC, FT and HT are 35.05, 78.21, and 13.65, respectively. Therefore, the main and secondary factors affecting the CS of HSFWPB are as follows: FT> AC> HT. Since the test statistics of each factor are greater than the critical value, each factor has a significant impact on CS. The level of significant factors should be the best level. In summary, the best combination of various factors is A1B4C4, which means that the AC is 77%, the HT is 1,080°C, and the HT is 150 min. The prepared HSFWPB containing VTIOTs has a PC and CS of 0.058 cmˑs-1 and 67.5 MPa, respectively. However, the combination scheme of A2B4C2 on property indicators in Table 2 are not significantly different from A1B4C4, its PC and CS in A2B4C2 reach 0.061 cmˑs-1 and 65.7 MPa, respectively. In the combination scheme of A2B4C2, the AC, HT, and HT of HSFWPB containing VTIOTs are 78%, 1,080°C, and 120 min, respectively. From the perspective of comprehensive utilization rate and energy consumption reduction of VTIOTs, the PC and CS of the A2B4C2 meet the requirements of Cc60 grade products in Water permeable brick (JC/T 945-2005), and its PC meets the requirements of A-grade products in GB/T 25993-2010.
3.2 Properties of HSFWPB containing VTIOTs under optimal conditions
3.2.1 Effect of binder mix ratio on the properties of HSFWPB containing VTIOTs
Binders are important materials used to bond aggregates and form a certain mechanical strength. It binds particles to each other, enhance the bonding degree of WPB and plays a crucial role in improving the strength of WPB, ensuring product yield, and reducing FT. The appropriate mix proportion of the binder can transfer and fully encapsulate the aggregate in a molten state, and provide important guarantees for various properties. The orthogonal experimental study on aggregate content in Section 3.1.2 shows that the various property indicators of HSFWPB containing VTIOTs are relatively ideal in the content of 78%. Therefore, this section selects an aggregate content of 78%, a binder content of 22%, a FT of 1,080°C, and a HT of 120 min to explore the influence of the binder mix proportion on the physical property indicators of WPB. The binders with different mix proportions and corresponding property indicators are shown in Table 5.
TABLE 5 | Different mix proportion of binder and property indicators for HSFWPB containing VTIOTs.
[image: Table 5]Table 5 shows the property indicators of HSFWPB with different binder mix proportions. From the PC and porosity, it can be seen that the two property indicators correspond to each other and present a certain regularity, that is, when the porosity decreases, the PC also decreases accordingly, is that, the porosity decreases with the decrease of PC. According to the research in Section 3.1, it can be preliminarily understood that when the permeability of the adobe increases, its related mechanical property indicators decrease, such as CS, FS, and STS. Compared to this, the permeability and mechanical properties didn't show corresponding regularity in different binder mix proportions. The reason for this is that there is a significant difference in the properties of different binders in high-temperature melting conditions. The number of pores is directly determined by the amount of liquid phase formed. The more liquid phase there is, the less pores there are, leading to a decrease in PC and porosity. However, the amount of liquid phase formed does not necessarily indicate that the binder has sufficient adhesion, so it presents different macroscopic intensities. Among all groups, E group showed the best property, with a porosity of 22.61%, a PC of 0.055 cmˑs−1, CS, FS, and STS are respectively 70.4, 13.5, and 5.4 MPa and with a wear quality (WQ) of 26 mm. The maximum strength loss rate after 25 freeze-thaw experiments is 7.53% which is far less than the 20% required in the Water permeable brick (JC/T 945–2005) and Permeable paving bricks and permeable paving flags (GB/T 25993-2010). C, D, and G groups can be seen that when the shale content is high, the porosity is higher compared to other groups, and the liquid phase generated at FT of 1,080°C is less, which is not conducive to the mechanical properties of HSFWPB containing VTIOTs. Therefore, from this perspective, the shale content should not be too high. In addition, from B, D, and F groups, it can be seen that the property indicators of HSFWPB containing VTIOTs are relatively low, because the FT of LM is relatively high, and it cannot achieve the best bonding property at 1,080°C.
3.2.2 Environmental impact of HSFWPB containing VTIOTs
At present, one of the focuses of industrial solid waste application research is its application in the field of building materials, but little attention is attached to its heavy metal leaching problem. VTIOTs, GTs, LM and shale, as the industrial solid waste and the corresponding building materials, contain Cr, Zn, Cu, Ni, Pb, Cd, As and other heavy metals (Zhang et al., 2018; Young et al., 2021; Sarathchandra et al., 2022). They are easy to transfer and transform in the environment, presenting potential environmental risks. During SPLP, the leach liquor was prepared by adding 60%/40% (mass fraction) of sulfuric acid/nitric acid and diluting appropriately with deionized water, in order to adjust the pH to 4.20 ± 0.05 (Wang et al., 2023b; Zhang et al., 2023). The leach liquor and solidified powder (<0.075 mm) were mixed according to the ratio of 20:1, and shaken for 18 h in a gyrate shaker. Then, the screened mixture (0.45 μm) was put into Prodigy 7 Inductively coupled plasma emission spectrometer (ICP-OES) to analyze the concentration of Cr, Ni, Cu, Cd, Pb, Zn, As, and Hg (Wang et al., 2023c).
In this study, the leaching toxicity of HSFWPB raw materials (VTIOTs, GTs, LM, and shale), and HSFWPB samples were separately tested by the SPLP test. HSFWPB was prepared from 78% VTIOTs and 22% binder (GTs: LM: shale=2: 1: 1) at a FT of 1,080°C and a HT of 120 min. A block of HSFWPB sample was prepared into a powder after drying. The test results are shown in Table 6.
TABLE 6 | The leaching concentrations of heavy metals from some raw materials and HSFWPB containing VTIOTs (μg/L).
[image: Table 6]From Table 6, it can be seen that compared to the relevant national standards of heavy metal leaching concentration, the heavy metal leaching concentration in HSFWPB products and the raw materials used for their preparation can meet the standard values of Class II water quality required in the Technical specification for collaborative disposal of solid waste in cement kilns (GB 30760-2014) and Environmental quality standards for surface water (GB3838-2002). At the same time, it also meets the standard value requirements for Class III water quality in the Standard for groundwater quality (GB/T14848-2017) and the standard value requirements in the Identification standards for hazardous wastes- Identification for extraction toxicity (GB 5085.3-2007). Therefore, HSFWPB containing VTIOTs can be used as building materials, and their heavy metal leaching concentration meets environmental safety requirements.
3.3 Composition and structure of HSFWPB containing VTIOTs
3.3.1 Phase composition of HSFWPB containing VTIOTs
Figure 4 shows the phase composition of HSFWPB containing VTIOTs under different conditions. Figure 4A shows the XRD patterns of HSFWPB containing VTIOTs at the FT of 1,080°C and the HT of 60, 90, 120, and 150 min. Figure 4B shows the XRD pattern of HSFWPB when the HT is 120 min and the FT is 1,050, 1,060, 1,070, and 1,080°C. A block of HSFWPB sample is prepared into a powder after drying and its mineral composition is tested by XRD.
[image: Figure 4]FIGURE 4 | XRD patterns of HSFWPB containing VTIOTs. (A) Different HT; (B) Different FT.
As can be seen from Figure 4A, the main mineral phases in HSFWPB containing VTIOTs are diopside and augite (Ca(Mg Fe,Al)(Si,Al)O6). The “steamed bun peak” isobserved in the 2θ range of 25o−35o, indicating the presence of a certain amount of glass phase in the HSFWPB, which increases with the extension of HT. The diffraction peaks at 2θ values of 27.54o, 29.86o, 30.36o, and 35.72o are augite. With the extension of HT, augite increases, while diopside decreases gradually. The reason for this trend is that with the extension of HT, more molten liquid phase is produced in the system, and the molten Fe3+ and Al3+ produced in the system gradually displace Ca2+ in diopside to form augite. The liquid phase in the system bonded with the remaining solid particles and crystals, making the structure dense. Therefore, the CS of the HSFWPB containing VTIOTs continuously increases with the extension of HT, while the PC gradually decreases.
Figure 4B shows that the HSFWPB system is mainly composed of MgO-CaO-SiO2 ternary system. As the FT rises, the MgO, CaO and SiO2 in the system react to produce diopside, which in turn combines with Fe3+ and Al3+ in the liquid phase of the system to transform into augite. The reaction is shown in Eqs 1, 2.
[image: image]
[image: image]
When the FT reaches 1,060°C, a certain amount of molten glass phase is generated in the system, which promotes the migration of crystals under the action of capillary force, and the particles are arranged towards a higher packing density. Currently, the HSFWPB has better mechanical properties on a macro level. When the FT is 1,070°C, the diopside in the system is further combined and transformed with liquid phase ions, which makes the solid particles in the system precipitate again, thus making the material migrate again, and the density of the structure constantly strengthened.
When the FT is 1,080°C, the continuous pores inside the HSFWPB begin to turn into isolated pores. If the FT is further increased, the permeability of the HSFWPB will decrease rapidly. When the FT reaches 1,060–1,080°C, the mineral phase composition inside the HSFWPB with VTIOTs is augite, which indicates that a large amount of liquid phase has been produced in the system at this time, and the porosity has sharply decreased. Although the structure is dense, the production of a large amount of liquid phase makes the particle skeleton peristaltic. The internal structure of the HSFWPB begins to deform and the strength and porosity decrease gradually.
3.3.2 Microstructure of HSFWPB containing VTIOTs
3.3.2.1 SEM analysis
Figure 5 shows SEM images of HSFWPB containing VTIOTs at different levels of HT and FT. HSFWPB samples are prepared from 78% VTIOTs and 22% binder (GTs: LM: shale=2: 1: 1). The HT is 120 min and the FT is 1,050, 1,060, 1,070, and 1,080°C, the porosity of four HSFWPB samples obtained are 24.82%, 24.14%, 23.63%, and 22.61%, respectively. When the FT is 1,050°C, a large number of unconnected and irregularly shaped pores (yellow area in Figure 5A) are generated in the HSFWPB. The surface of the fired product is layered with a tendency to form short columns, indicating that at this time, the crystal of the HSFWPB begins to transform and diopside and a small amount of augite are gradually formed. In Figure 5B, where the HSFWPB is FT 1060°C and the HT is 120 min, the fired products of the HSFWPB gradually become denser, and the short columnar crystals on the surface gradually grow into elongated rod-like clusters. With the changes in the morphology of the fired products, the connected holes with irregular pore sizes are formed in the firing system, which improves the permeability of the HSFWPB.
[image: Figure 5]FIGURE 5 | SEM images of HSFWPB containing VTIOTs at different FT. (A) 1,050°C; (B) 1,060°C; (C) 1,060°C; (D) 1,080°C.
When the FT reaches 1,070°C (Figure 5C), the round “water droplet” like glass phase appears as a chain bond, forming a skeleton. Meanwhile, irregular collapse holes appear in the visual field, which should be the collapse formed after liquid phase condensation formed by high-temperature melting. In Figure 5D (FT 1080°C, HT 120 min), the internal structure of the HSFWPB begins to deform, leading the formation of many micrometer-level round “water drop” glass-like grains, with some grains agglomerate together to form aggregates. The pore size of the system also reduces, becoming more homogeneous, with a pore size of about 3–5 μm. The whole system is denser, which guarantees the CS and water permeability of HSFWPB. As observed from the comparison shown in Figure 5, the change in FT results in a transition of the pores in the fired products, from closed pores of different sizes to connected pores with irregular diameters, to irregular collapse pores, and lastly, to small uniform circular pores, meanwhile, the porosity in fired products also changes from high to low with the increase of FT. This change in trend provides a guarantee for the permeability of HSFWPB.
3.3.2.2 EDS analysis
Figure 6 shows the EDS spectrums of HSFWPB containing VTIOTs. Figure 6A∼ Figure 6D correspond to marked region 1–4 in Figure 5.
[image: Figure 6]FIGURE 6 | EDS spectrums of marked region 1–4 in the Figure 5. (A) region 1; (B) region 2; (C) region 3; (D) region 4.
As shown in Figure 6A, when the HT is 120 min and the FT is 1,050°C, HSFWPB containing VTIOTs products are mainly composed of Ca, Si, Mg and a small amount of Fe and Al elements. The proportion of its main elements is close to that of CaMgSi2O6. Combined with Figure 4, it is analyzed that the mineral is diopside. Diopside is a one-dimensional chain structure, and its single-chain structure is an infinitely long chain with [Si2O6]4- as the structural unit. Compared with Figure 6A, the marked region in Figure 6B showed no change in the types of elements, but the contents of Fe and Al increased, and the proportion of major elements was close to Ca(Mg, Fe, Al)(Si, Al)2O6. Combined with Figure 4, the mineral was analyzed as augite. The elongated rod-like objects seen in the SEM image of Figure 5B are clusters of augite.
In Figure 6C, low-melting point elements such as P, Na, and K, indicating the presence of a certain amount of liquid phase. A large number of molten glass phases gradually grow in the liquid phase and transform into augite, combined with a part of Fe and Al elements. This finding is consistent with the SEM analysis shown in Figure 5C. In Figure 6D, where the FT is 1,080°C, the content of Fe and Al elements increases, resulting in an increase in the formation of augite. Fe element increases significantly, while the Ca element decreased, indicating that most Ca2+ in diopside is replaced by Fe3+ at this stage, and diopside changes to augite, making augite the main crystalline phase. Ti element in Figure 6D is the “nucleating agent” of high-temperature fired products (Wang Z. Y. et al., 2019; Zhang et al., 2021; Liu et al., 2023). The presence of Ti element can effectively promote the nucleation of the fired product system, which is conducive to the preparation of high-strength fired products, which also verifies the formation of micron-sized grains in Figure 5D.
3.4 Economic benefit evaluation on HSFWPB containing VTIOTs
3.4.1 Cost analysis
It is planned to build a factory covering an area of 40,000 m2 with an annual production scale of 400,000 tons of HSFWPB. The optimal ratio A2B4C2 of HSFWPB was selected to calculate the raw material cost and freight cost, energy consumption cost, management and wage and welfare cost, plant and facility construction cost (see Table 7).
TABLE 7 | Cost estimation for the production project of HSFWPB containing VTIOTs (10,000 CNY).
[image: Table 7]3.4.2 Economic benefit analysis
Economic benefit analysis includes sales revenue and revenue estimates. According to the sale price of HSFWPB on the market, 30–50 CNYˑm-2, equivalent to 240 CNYˑt-1, the lowest price of HSFWPB is 240 CNYˑ t-1, and the annual sales income will be 9,600 CNY. According to the relevant policies of our country, enterprises comprehensively use solid waste can be exempt from paying environmental protection tax. When the utilization rate of solid waste reaches more than 30%, value-added tax and the income tax of previous 5 years can be reduced, and the proceeds of the projects are shown in Table 8.
TABLE 8 | Project income statement of HSFWPB containing VTIOTs (10,000 CNY).
[image: Table 8]Return on investment=(annual average total profit/total project investment)×100%=(4585.1÷7014.9) × 100%=65.3%.
Profits and taxes on investments=(annual total profit and tax/total project investment)×100%=(5492.9÷7014.9) × 100%=78.3%.
In conclusion, the investment in the production project of HSFWPB containing VTIOTs shows good economic benefits, with a higher return on investment profit and taxes on investments compared to the average industry profit rate (14%) and average profit and tax rate (22%). The economic parameters are summarized in Table 9 to obtain the project investment cash flow statement.
TABLE 9 | Project investment cash flow statement of HSFWPB (10,000 CNY).
[image: Table 9]The full investment payback period is: 1 + 2,000 ÷ 2,585.1=1.77 (year), All investments in the production project of HSFWPB containing VTIOTs can be quickly recovered in 1.77, indicating that the unit investment has reached the average level of the industry and the investment risk is relatively small.
In normal production years when the project reaches the design capacity and the production load reaches 100%, the total cost is 50.149 million CNY, of which the total annual fixed cost is 29.029 million CNY, the annual variable cost is 21.12 million yuan and the annual sales tax is 15.131 million CNY.
Utilization rate of production capacity = annual fixed cost/(annual sales revenue - annual variable cost - annual sales tax) × 100%=2,902.9÷(9,600–2,112–1,513.1) × 100% = 48.58%
Break-even production = designed production capacity × production capacity utilization rate = 400,000% × 48.58% = 194,320 tons.
The calculation results show that when the production capacity of the project is 194,432 tons, that is, when it reaches 48.585% of the designed output, the project will not lose money, so it has substantial risk resistance ability. The raw materials used in the HSFWPB containing VTIOTs products prepared in this project are all industrial solid wastes. Compared with the FWPB products studied by He et al. (2023) and Kong et al. (2022) the FT of the HSFWPB containing VTIOTs product is only 1,080°C, while the FT of FWPB products from He et al. (2023) and Kong et al. (2022) are 1,180 °C and 1,090°C, respectively, and their property indicators are much lower than those of the products in this project. Therefore, the energy consumption of HSFWPB containing VTIOTs products is lower than that of FWPB products studied by He et al. (2023) and Kong et al. (2022). So the investment in HSFWPB containing VTIOTs products is feasible.
4 CONCLUSION

(1) HSFWPB was prepared using VTIOTs as the main raw material. When the content of VTIOTs is 78%, the multi-source solid waste binder accounts for 22% (GTs: LM: shale=2:1:1), forming pressure is 25 MPa, FT is 1,080°C and HT is 120 min, CS and PC of HSFWPB can reach 70.4 MPa and 0.055 cmˑs-1, respectively, which meet the requirements of Cc60 grade products in Water permeable brick (JC/T 945–2005). Meanwhile, the PC reaches the requirements of grade A products in Permeable paving bricks and permeable paving flags (GB/T 25993–2010).
(2) The products of HSFWPB containing VTIOTs after firing are diopside (CaMgSi2O6) and augite (Ca(Mg,Fe,Al) (Si,Al)2O6). With the increase of FT and the extension of HT, the low melting point elements such as P, Na, K dissolve out, and the content of Fe and Al in the firing products increases. Most of Ca2+ in diopside is replaced by Fe3+, so that augite becomes the main crystal phase. With the increase of FT, the changes in the pores of the fired products provide a guarantee for water permeability of HSFWPB containing VTIOTs. The pore structure changes from closed pores with different sizes→ connected pores with irregular diameters→ irregular collapse pores→ small and uniform circular pores.
(3) The full investment payback period of the project of HSFWPB containing VTIOTs is 1.77 years. At 48.585% of the design output production, the project reaches the break-even point, reflecting strong risk resistance ability.
(4) The combination of the comprehensive utilization of VTIOTs with HSFWPB, the use of appropriate technology and additives to produce high-value-added products can not only improve the utilization rate of VTIOTs, reducing land occupation and environmental pollution, but also improve profits and create considerable economic benefits. The research improves the utilization rate of VTIOTs and provides a new approach to the large-scale application of VTIOTs.
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Number ltem Cost estimation
1 Raw material cost and freight cost raw material cost 7562
2 freight cost 2000
3 Energy consumption cost electricity consumption 488
4 natural gas 1,440
5 Management, salary and welfare costs employee salaries and welfares 100
6 Production workshop management fee 84
7 Construction cost of factory building and facility construction cost of the factory building 800
8 equipment cost 1,200
9 depreciation expenses for factory buildings 267
10 depreciation expenses for equipment 120

Total 7,014.9
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Year 10 1
Raw material cost 27562 | 27562 | 27562 | 27562 | 27562 27562 2,756.2 27562 27562 | 27562
Energy cost 1928 1928 1928 1928 1928 1928 1928 1928 1928 1928
Salary 100 100 100 100 100 100 100 100 100 100
Depreciation expense 1467 1467 1467 1467 146.7 1467 1467 1467 1467 1467
Management expenses 84 84 84 84 84 84 84 84 84 84
Fixed assets 2000
Sale income 9,600 9,600 9,600 9,600 9,600 9,600 9,600 9,600 9,600 9,600
Cash outflow 2000 50149 | 50149 | 50149 | 50149 | 50149 50149 50149 50149 50149 | 50149
Cash inflow 1 0 9,600 9,600 9,600 9,600 9,600 9,600 9,600 9,600 9,600 9,600
Profit 0 25851 | 45851 | 45851 | 45851 4,585.1 4585.1 4,585.1 4585.1 4,585.1 4,585.1
Income tax 0 0 0 0 0 0 15131 15131 15131 15131 15131
Net profit 4 25851 | 25851 | 25851 | 25851 2,585.1 3072 3072 3072 3072 3072
Net Cashflow -2000 | 25851 | 258501 | 25851 | 25851 2,585.1 3072 3072 3072 3072 3072
Accumulated cashflow | ~2000 585.1 31702 | 57553 | 83404 | 109255 | 139975 | 170695 | 201415 232135 262855
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Tax reduction period Non tax reduction period
Year 1 2 3 4 5-6 7-11
1 Sale income 9,600 9,600 9,600 9,600 9,600
2 Total cost 2000 50149 50149 50149 50149 50149
3 Profit 0 4,585.1 45851 4585.1 4,585.1 4,585.1
4 Income tax 0 0 0 0 0 15131
5 after-tax profits 0 4,585.1 45851 4585.1 4,585.1 3072

sale income-total cost-income tax (The income tax rate is calculated at 33% of gross profit).
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Test scheme PC/(cm's™) CS/MPa
C (HT/min)
1 1(77%) 1(1,050°C) 1(60 min) AB,C, 0.108 02
2 177%) 2(1,060°C) 2(90 min) AB,Cy 0.093 96
3 177%) 3(1,070°C) 3(120 min) AiByCy 0.080 60.7
4 177%) 4(1,080°C) 4(150 min) AB,C, 0.058 675
5 2(78%) 1(1,050°C) 2(90 min) AB,Cy 0114 38.1
6 2(78%) 2(1,060°C) 1(60 min) AB,Cy 0.099 22
7 2(78%) 3(1,070°C) 4(150 min) AB,C, 0.076 58.3
8 2(78%) 4(1,080°C) 3(120 min) AB,Cs 0.061 657
9 3(79%) 1(1,050°C) 3(120 min) AB,C, 0116 37.6
10 3(79%) 2(1,060°C) 4(150 min) 0.087 42
1 3(79%) 3(1,070°C) 1(60 min) AB,C, 0.089 454
12 3(79%) 4(1,080°C) 2(90 min) AB,Cy 0.078 585
13 4(80%) 1(1,050°C) 4(150 min) AB,C, 0118 363
14 4(80%) 2(1,060°C) 3(120 min) AB,Cs 0113 387
15 4(80%) 3(1,070°C) 2(90 min) ABSCy 0.086 25
16 4(80%) 4(1,080°C) 1(60 min) ABiCy 0.083 446
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