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Abstract: Herein, micro iron ore tailings (micro-IOTs) were prepared by wet-grinding and applied to improve sulphoaluminate cement (SAC) performance. The physicochemical properties of micro-IOTs were investigated by particle size analysis, XRD, and XPS. The hydrates trait and the hydration mechanism of micro-IOTs-SAC composite were studied by XRD, TGA, MIP, and SEM. The results demonstrated that micro-IOTs with an average grain diameter of 517 nm could be obtained by wet-grinding. The setting time of SAC gradually decreased with increasing micro-IOTs content. By adding 2% micro-IOTs, the compressive strengths of SAC pastes were enhanced about 22% and 10% at 4 h and 28 d, respectively. Moreover, the addition of micro-IOTs accelerated ettringite precipitation and changed its morphology, resulting in early strength improvement of the binary system. And increased later strength by micro-IOTs was closely related to the high content of AH3, fine pore structure, and high hydration degree of SAC. The findings suggested one new approach to utilize iron ore tailings in cement-based materials.
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1  Introduction

Iron ore tailings (IOTs) are inevitable by-products generated from iron ore sorting operations [1,2]. As the iron and steel industry develops, discharged IOTs increase annually [3]. According to estimates, the current accumulated amount of IOTs has surpassed five billion tons, reaching over 80% of the national industrial solid waste in China [4]. Without proper waste management, most IOTs are directly disposed of in tailing dams or rivers, occupying a great lot of land, and leading to severe environmental pollution and unsafe risks [5,6]. To face the considerable harm of tailings, using IOTs safely and efficiently has been a hot topic of social concern [7,8]. Over the years, considerable research on recycling iron tailings has been carried out in various fields [9,10]. Considering that the major chemical components of IOTs are SiO2, Al2O3, Fe2O3, and CaO, using IOTs to prepare construction and building materials has attracted much attention [11]. It is worth mentioning that the application mode of IOTs in building materials depends on their particle size. The IOTs with particle diameters between 0.16 and 4.75 mm are usually used to replace natural sand to prepare concrete [12–14]. Many studies are also underway to apply these IOTs in preparing building ceramics [15–17], autoclaved aerated concrete [18,19], and wall materials [20–22]. In recent years, some IOTs have been ground into fine powders (particle size <0.16 mm) to improve ore dressing efficiency. Since these IOTs powders have no physical or chemical activity, they are challenging to use and transform. Several studies are currently underway to stimulate their activity by mechanical grinding and use IOTs as supplementary cementitious materials in cement-based materials [23–25]. It was demonstrated in these studies that utilizing IOTs powders as cement replacement had significant economic and environmental benefits. However, much work so far has focused on utilizing IOTs in Portland cement (PC). There is a lack of research on the feasibility of applying IOTs powder to sulphoaluminate cement (SAC) systems.

In fact, SAC has been accepted as an eco-friendly cementitious material due to lower energy consumption and less CO2 emission than PC [26–29]. However, SAC’s cost is higher than PC due to costly raw material, and SAC’s late strength usually develops slowly or even decreases slightly because the hydrated product ettringite is easy to decompose or transform, limiting its wide application in engineering [30]. According to previous reports, SAC performance could be improved by adding appropriate amount of nanometer material due to the excellent filling and nucleation effect [31–34]. However, nanometer material price is usually relatively high, which will inevitably further increase SAC’s cost. Finding suitable mineral admixtures may be a better choice to expand SAC’s application fields. However, traditional active admixtures, such as fly ash and slag, are complicated to significantly improve the performance of SAC due to the low alkalinity of SAC. Thus, this study aims to prepare micron-sized IOTs powders as an admixture to improve SAC’s performance.

However, it was complicated to obtain micron-sized IOTs powders by traditional mechanical grinding due to high energy consumption and inevitable particle agglomeration. It is critical to developing more effective methods to refine these IOT powders. Wet grinding refers to a technology to refine solid powder under water-based conditions, achieving the dual effects of mechanical and chemical activation [35,36]. For water-containing inert materials, wet grinding also can save cost and reduce energy consumption without pre-drying [37]. Zhang et al. [38] found that the activity of ground granulated blast furnace slag and gypsum dissolution could be promoted using wet grinding technology. Yang et al. confirmed that wet milling was an ecologically friendly technology. And the pozzolanic activity of fly ash was significantly improved by wet grinding [39]. It was also reported that micron-size lithium slag could be obtained by wet milling, and the microparticles could be used as an accelerator to promote PC’s early strength [36]. Our previous research demonstrated that IOTs with D50 = 6.203 μm were very difficult to obtain through dry grinding, but could be easily obtained using wet grinding technology [40]. These guided micro-IOTs slurry preparation by wet grinding, suggesting a new approach toward high-value utilization of IOTs powder in SAC system.

To this end, the micro-IOTs slurry was prepared by wet grinding to be utilized in SAC to improve SAC performance. The physical and chemical changes of IOTs were investigated, and the effect of micro-IOTs on performance of SAC pastes was evaluated by setting time and compressive strength. Furthermore, thermogravimetric analysis (TGA), X-ray diffraction (XRD), mercury intrusion porosimetry (MIP), and scanning electron microscopy (SEM) were utilized to illustrate the mechanism behind the promoted strength. Finally, a new approach to recycle IOTs in cement and concrete fields was expected to emerge.

2  Materials and Methods

2.1 Materials

Commercial fast hardening SAC following GB 20472-2006 [41], was used in this study. The raw iron ore tailings (RIOTs) were obtained from a mining enterprise in Huoqiu County of Anhui Province of China, and a small amount of larger particles was removed using a 0.18 mm sieve before the experiment. The chemical compositions of SAC and RIOTs were tested by XRF (see Table 1). According to the chemical composition of RIOTs, the basicity R = CaO/SiO2 was only 0.08, indicating that RIOTs used here was with a very low pozzolanic reactivity [42], and thus it posed a tremendous technical challenge to apply it to cement-based materials.
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2.2 Preparation of Micro-IOTs

The micro-IOTs slurry was prepared in a planetary ball mill with four grinding pots. Each grinding pot included five specification agate balls, with a mass ratio of 10 mm:8 mm:5 mm:3 mm:1 mm = 1:3:6:2:2. The total mass of the agate balls was about 60 g in each grinding pot. A commercially available polycarboxylate superplasticizer (PCE) was used as the dispersant to improve the grinding efficiency [39]. RIOTs (20 g), PCE (0.2 g), and water (20 g) were separately weighed and put into the grinding pot, and the mixture was ground for 2 h with a motor speed of 600 r/m. And then the agate balls were separated, and the micro-IOTs slurry was obtained. Considering that many larger IOTs particles were attached to the bottom of the grinding pot and the surface of the grinding ball in the separation process, the solid-liquid ratio of the micro-IOTs slurry was recalibrated by experiments. 10 g of the slurry was dried, and the weight of solid was 4 g, which meant that the weight ratio of (micro-IOTs + PCE) and water was constant at 4:6 in the slurry.

2.3 Methods

2.3.1 Determination of Characteristics of Micro-IOTs

The particle size distributions of RIOTs and SAC were measured by Malvern 2000, and the particle size distribution of micro-IOTs was measured by Malvern ZS90. It should be noted that the micro-IOTs slurry was dispersed by ultrasonic for 40 s before testing. Moreover, the micro-IOTs were dried in an oven at 60°C for 24 h, and the phase and chemical structure of RIOTs and micro-IOTs were assessed by XRD and X-ray photoelectron spectroscopy (XPS), respectively.

2.3.2 Setting Time

The paste formulation was shown in Table 2. The binary binders were prepared with a water/binder weight ratio of 0.4, and the SAC was replaced by micro-IOTs with different ratios (0%, 2%, 4%, and 8%). It is noted that micro-IOTs were directly added in a slurry state, and differences in dosages of PCE and water brought by micro-IOTs slurry were also considered. To achieve a homogeneous dispersion in SAC paste, the micro-IOTs were premixed with water and PCE for three minutes using a magnetic stirrer, then SAC and liquid (PCE/water or micro-IOTs/PCE/water suspension) were placed in a steel bowl and stirred in a manual mixer at 2000 rpm for one minute. After that, the setting time of binary binder was conducted with Vicat apparatus according to requirements of GB/T 1346-2011 [43].

2.3.3 Compressive Strength

With the same preparation method as above, the binary binders were placed in (40 × 40 × 40) mm molds and cured in the cement concrete standard curing box at 20 ± 1°C and 90% relative humidity. After 4 h, the specimens were demoulded and then cured in water at 20 ± 1°C until testing. The 4 h, 1 d, 3 d, 28 d compressive strengths of six specimens for each mixture were tested at a rate of 1.0 kN/s.

After the strength test, some small pieces in the middle of the specimen were immediately immersed in absolute ethanol. These pieces were prepared for SEM and MIP measurements. In addition, part of the sample was ground into powder by hand in an agate jar, and the powder was used for XRD analysis and TG analysis.
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2.3.4 Hydrates Analysis

The hydration products were tested by XRD and TGA. The XRD measurement was operated at 200 mA and 45 KV with Cu Ka radiation (ranging from 5° to 80°, step size = 0.5°). The TGA was carried out using a comprehensive thermal analyzer (STA449F1, made by NETZSCH, Germany) with a temperature range from 25 to 1000°C (10 °C/min). The heating velocity was 10 °C/min, and the protective gas was N2.

2.3.5 Pore Structure Analysis

The pore structure characteristics of the paste samples were determined by mercury porosimeter (AutoPore IV 9500, made by Micromeritics, USA). The paste specimens were broken into 5–8 mm block particles for the test. The maximum pressure was 6000 psi, and the contact angle was 130°.

3  Results and Discussion

3.1 Properties of Micro-IOTs

The particle size distribution of RIOTs, SAC, and micro-IOTs is presented in Fig. 1. It was found that the average diameter of micro-IOTs was 517 nm, indicating that IOTs slurry with micro-scale could be obtained by wet grinding. Besides, it was seen that the particle size of micro-IOTs was far smaller than that of SAC, which was conducive to its filling effect in SAC system.
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Figure 1: Particle sizes of RIOTs, SAC and micro-IOTs

The XRD patterns of RIOTs and micro-IOTs are presented in Fig. 2. The main crystalline phases were silicon dioxide, grunerite and katophorite, and the diffraction peak intensity of the phases in micro-IOTs was much lower than that in RIOTs. This indicated that the crystalline degree in IOTs was decreased, and the amorphous phase was increased with the wet grinding process.
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Figure 2: XRD patterns of RIOTs and micro-IOTs

The influence of wet grinding on IOTs surface characteristics was studied by XPS analysis, and high-resolution scan curves of RIOTs and micro-IOTs for Si2p, Al2p, and O1s were displayed in Fig. 3. The binding energy of silicon was reduced from 102.78 to 102.48 eV, and that of aluminum and oxygen was respectively reduced from 74.33 to 73.78 eV and from 531.98 to 531.68 eV after wet grinding. The decrease in binding energy indicated that atoms’ coupling to electrons was weakened, and chemical bonds were vulnerable to break.

Based on the above results, micro-IOTs have changed physical properties and complex chemical reactions during wet grinding. Firstly, wet grinding significantly decreased the particle size, which is beneficial to play nucleation and filling effects in cement-based materials. Secondly, the mechanical breakage helps decrease silicon dioxide crystallinity in IOTs and improves amorphous phase of physical structure. Moreover, the wet milling decreased the bonding energy, indicating that a chemical reaction occurred during wet grinding. These would contribute to increasing reactivity of micro-IOTs in cement and concrete materials. Similar changes in physical and chemical properties have also been reported in previous research on wet grinding treatment of fly ash [39]. These changes provided the possibility to apply micro-IOTs in improving SAC performance.
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Figure 3: XPS (Si, Al, O) of RIOTs, SAC and micro-IOTs (a) Si2p; (b) Al2p; (c) O1s

3.2 Setting Time of Micro-IOTs-SAC System

The setting time of SAC pastes with different content of micro-IOTs is presented in Fig. 4. It was observed that the initial setting times and final setting times were gradually shortened with increasing micro-IOTs content, demonstrating that micro-IOTs could obviously accelerate the setting and hardening of SAC paste. Since the paste setting depends on the early hydration rate of SAC [44], the shortened setting time showcased that the early hydration of SAC could be accelerated by adding micro-IOTs. The shortening of setting time could be ascribed to the nucleation effect of micro-IOTs particles. It was widely accepted that nanoparticles and microparticles could act as nucleation seeds to accelerate cement’s hydration. After wet grinding, the particles of IOTs were significantly refined, and the micro-IOTs with an average diameter of 517 nm were obtained (Fig. 1). These microparticles could fill the voids of dehydrated SAC particles, offer more nucleation sites for growing hydration products, hasten the early hydration, and help microstructure form skeleton faster, thereby shortening the setting time.

[image: images]

Figure 4: Effect of micro-IOTs on setting time of SAC paste

3.3 Compressive Strength

The average compressive strengths of SAC pastes comprising different content of micro-IOTs are illustrated in Fig. 5. The content of micro-IOTs significantly impacts the compressive strength of micro-IOTs-SAC binary system. When the replacement ratio is 2%, the compressive strengths at 4 h, 1 d, 3 d, 28 d respectively improved by 22%, 16%, 15%, and 10% compared with those of pure SAC paste. Moreover, when the replacement ratio was 4%, compressive strengths of binary system were respectively higher, about 4%, 4%, 1%, and 2%, than the control group. These results specified that adding low amounts of micro-IOTs to SAC could notably improve SAC’s early strength and was also suitable for developing later strength. This was because micro-IOTs served as ultra-fine grains, filling the voids around the clinker particles and micropores of hydration products, making the microstructure more compact. Furthermore, micro-IOTs provided a great number of nuclear sites to accelerate SAC’s reaction, thus rapidly provide hydration products. These physical effects of micro-IOTs in SAC could increase the bonding force between cement and cement, contributing to the compressive strength growth.

Besides, when the replacement ratio was 8%, the binary system’s compressive strengths at all ages were lower than that of pure SAC paste. Two reasons were speculated: one was that excessive micro-IOTs would reduce the relative content of SAC in the system, thus reducing SAC contribution to the compressive strength. Another possibility was that excessive micro-IOTs were unevenly dispersed, leading to defects in samples and then affecting pastes’ strengths.

From the above analysis, adding low amounts of micro-IOTs indeed reduced the setting time and improved SAC pastes’ compressive strengths at all ages. According to previous reports [26,30], the early strength of SAC is closely associated with hydration degree and hydration products’ microstructure, and later strength maintenance is closely linked to stability of hydrated products and pore structure. A detailed analysis of the mechanism on micro-IOTs, improving the compressive strength of SAC under 2% micro-IOTs dosage, has been given as follows.
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Figure 5: Effect of micro-IOTs on compressive strength of SAC paste

3.4 Phase Analysis

The main hydration products of micro-IOTs-SAC system at different curing times were studied by XRD and TG-DTG analyses.

The main components of the SAC are ye’elimite (
C4A3S¯
) and anhydrite (
CS¯H2
). According to the previous literature [45], if the proportion of anhydrite is relatively high, the reaction of ye’elimite was shown in Eq. (1). On the contrary, when the anhydrite content was fewer or absent, the reaction of ye’elimite was shown in Eq. (2).


C4A3S¯+2CS¯H2+34H→C6AS3¯H32+2AH3
(1)


C4A3S¯+18H→C4AS¯H12(AFm)+2AH3
(2)

Fig. 6 shows XRD patterns of SAC and micro-IOTs-SAC at ages of 4 h, 3 d, and 28 d. The hydration phases of SAC and micro-IOTs-SAC were basically the same, highlighting that micro-IOTs could not change hydration products’ phases. The main hydrate was ettringite, and dehydrated products, including ye’elimite, larnite and anhydrite, were also presented. It can be seen that the peak intensity of ye’elimite decreased with the curing age. Conversely, the peak intensity of ettringite was significantly increased. Besides, because several peaks overlapped, identifying other phases was difficult in XRD analysis. However, the dispersion peak at the bottom revealed the possibility of forming poorly crystalline monosulfate (AFm) and aluminum hydroxide (AH3).
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Figure 6: XRD patterns of paste samples (a) 4 h; (b) 3 d; (c) 28 d

Furthermore, the differences in hydration between SAC and micro-IOTs-SAC could also be observed clearly at the same curing age. The peak intensity of ettringite in micro-IOTs-SAC pastes was higher than that in pure SAC, and the peak intensity of ye’elimite in micro-IOTs-SAC was lower than that in pure SAC, especially for 4 h and 3 d (see Figs. 6b and 6c). It revealed that micro-IOTs could accelerate ettringite formation and hasten hydration of SAC minerals at early ages, which was because micro-IOTs could provide more nucleation sites for ettringite during this period. According to Hargis et al. [45], AH3 gel was confirmed to be fragile at hydration beginning, and ettringite content was the most critical factor affecting the strength development of SAC. The higher the ettringite content is, the greater the early strength of SAC is [46]. Incorporating micro-IOTs promoted ettringite formation, which contributed to higher compressive strength in SAC with low additions of micro-IOTs at early ages. Besides, Fig. 6c demonstrates that anhydrite in cement is fully hydrated after 28 d, and the diffraction ettringite peak is not higher than 3 d, specifying that the hydration reaction is basically stable after 28 d.

Since some amorphous and poor crystalline products are difficult to be distinguished using XRD due to poor crystallinity, the hydration products were further analyzed by TG. TG-DTG analysis of SAC and micro-IOTs-SAC system at 4 h, 3 d, and 28 d is depicted in Fig. 7. At the same age, the overall mass loss of micro-IOTs-SAC system was more than that of SAC. For instance, the overall mass loss at ages of 4 h, 3 d, and 28 d was 22.36 wt%, 28.32 wt%, and 29.39 wt% in micro-IOTs-SAC system compared with 20.62 wt%, 27.56 wt%, and 29.05 wt% in pure SAC, respectively. The overall mass loss could directly prove the accelerating effect of micro-IOTs on SAC hydration. It indicated that adding micro-IOTs enhanced ye’elimite dissolution and induced precipitating more hydration products.

Moreover, three weight loss peaks could be observed obviously from the DTG curve. According to previous literature [47–49], the mass loss peak at 100–150°C was ascribed to ettringite decomposition, and that at 250–280°C was mainly because of AH3 dehydration. The peak at 600–800°C was assigned to calcium carbonate decomposition produced by carbonation during sample preparation or curing. Besides, the weak peak around 160–200°C could be ascribed to AFm [48].
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Figure 7: TG/DTG curve of samples at 4 h, 3 d and 28 d (a) 4 h; (b) 3 d; (c) 28 d

The calculated weight loss of ettringite at 100–150°C was presented in Fig. 8a. Adding micro-IOTs was found to increase the weight loss by 23% and 2% at 4 h and 3 d, compared with pure SAC paste. The micro-IOTs promoted ettringite formation at early age, consistent with XRD results. This could conclude that pastes containing micro-IOTs exhibited higher compressive strength at the early stage.

Furthermore, the weight loss of AH3 at 250–280°C was calculated and illustrated in Fig. 8b. At ages of 4 h, 3 d, and 28 d, micro-IOTs increased the content of AH3 by 11%, 5%, and 12% compared to the blank. AH3 was found to have a small contribution to the early strength of SAC but had a more significant impact on later strength. According to previous research [50], the more the content of AH3, the less the content of ettringite, the higher the compressive strength of SAC at 28 d. Fig. 8a showcases that although ettringite’s content in 28 d of the sample containing micro-IOTs was similar to that of pure SAC sample, higher content of AH3 could be filled in ettringite pores to ensure later SAC strength. Therefore, the higher content of AH3 in micro-IOTs-SAC was one of the reasons for strength development at 28 d.
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Figure 8: The weight loss of pastes at (a) 100–150°C; (b) 250–280°C

3.5 Pore Structures

The pore structures of hardened paste samples were revealed using MIP. The results of porosity, median pore size, and cumulative pore volumes are shown in Table 3, and the pore size distribution results are presented in Fig. 9.
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At the age of 4 h, cumulative pore volumes of paste were found to decrease by 13% (from 0.2426 to 0.2312 mL/g), and porosity decreased from 35.73% to 35.09% with adding 2.0% micro-IOTs. Moreover, the median diameter (volume) of reference group was 82.6 nm, while that of SAC mixed with 2% micro-IOTs was 61.8 nm. These findings highlighted that micro-IOTs could reduce the total porosity and refine the pore structure of SAC at an early age. Moreover, according to previous reports [26], the pores in cement-based materials are generally divided into four types: macropores (diameter ≥1000 nm), capillary pores (diameters, 100–1000 nm), transitional pores (diameter, 10–100 nm), and gel pores (diameters ≤ 10 nm). It can be observed from Fig. 9a that micro-IOTs significantly decreased the number of macropores and increased the number of transitional pores. It is assumed that the larger pores represent the spaces in the unhydrated cement particles, and the smaller pores represent the spaces between the hydration products [51]. Since the uniformly distributed micro-IOTs could serve as a nucleation site for the hydration product of SAC, it was beneficial to accelerating the early hydration of SAC, thus producing dense microstructure in micro-IOTs-SAC system [52]. These results further explained the reason why micro-IOTs could improve SAC’s early strength.

The results at 28 days seemed to be different as few changes were found in cumulative pore volumes of pastes without micro-IOTs or with 2% micro-IOTs, and porosity increased from 30.59% to 31.19% with adding 2.0% micro-IOTs. However, adding micro-IOTs reduced the median diameter from 87.8 nm in blank to 64.8 nm. Adding micro-IOTs shifted the differential intrusion curves from larger pores to smaller pores. It was seen from Fig. 9b that micro-IOTs significantly refined both capillary pores and decreased the number of macropores. These results demonstrated that adding micro-IOTs was beneficial to pore structure refinement of SAC pastes in the later stage, which was related to the filling effect of micro-IOTs and the accelerated hydration of SAC via nucleation effect. It was reported that MIP could only detect interconnected pores [53]. Capillary pores and macropores were easily blocked by micro IOT and hydration products (including additional AH3), resulting in interconnection pore decrease and pore structure improvement. This is an important reason why the incorporation of micro-IOT caused the increase in later strength.
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Figure 9: Pore distribution of 4 h and 28 d samples (a) 4 h; (b) 28 d

3.6 SEM Analysis

Fig. 10 displays SEM images of hydrated samples at different ages. As demonstrated in Fig. 10a, after 4 h of hydration, loose micro morphology and needle-like ettringite with a very low draw ratio were observed from the pure SAC sample. However, ettringite morphology in the sample with 2% micro-IOTs was mainly ribbon-like and columnar, and only a few were needle-like, which was remarkably different from ettringite morphology in the pure SAC. According to a previous report [33], similar ribbon-like ettringite was also observed in the SAC paste with graphene oxide (GO), and formation and growth of ribbon-like ettringite further led to improved early strength of GO-SAC. As depicted in Fig. 10b, the ribbon-like crystals and needle crystals tended to crisscross and interweave from different directions, which helped develop early strength.

After 3 d of hydration, the sample’s microstructure containing 2% micro-IOTs displayed a more dense structure and fewer voids than the pure SAC sample. Moreover, ettringite was distributed randomly in the aluminum hydroxide matrix that covered it to a great extent. Besides, some needle-like ettringite still could be observed from the pure SAC sample in Fig. 10c, while almost all of the ettringite in the samples with micro-IOTs were columnar in Fig. 10d. It was reported that columnar ettringite was more conducive to SAC strength’s stability in a later stage than needle-like ettringite [50]. At the age of 28 d, the pure SAC sample presented a loose structure with several pores, while the microstructure of pastes containing 2% micro-IOTs manifested a more compact structure, consistent with pore structures. These also provided viewable evidence that the growth of compressive strengths was closely correlated with higher hydration degree of SAC and more stable ettringite at ages of 3 d and 28 d.

Since ettringite is the main hydration product of SAC, its content and morphology have an important influence on SAC performance. It was confirmed that the early strength of SAC mainly depended on the mechanical occlusion between the ettringite crystal clusters, and the late strength was closely related to ettringite stability [45]. The addition of micro-IOTs changed the hydration environment and formed a new morphology hydrate (ribbon-like ettringite), see Fig. 10b. Meanwhile, the ettringite intertwined to form a network structure, leading to improved early strength of SAC. Moreover, more columnar ettringite and higher degree of hydration due to micro-IOTs ensured the stable growth of late strength of SAC.
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Figure 10: SEM micrographs of (a) SAC specimens at 4 h; (b) micro-IOTs-SAC specimens at 4 h; (c) SAC specimens at 3 d; (d) micro-IOTs-SAC specimens at 3 d; (e) SAC specimens at 28 d; (f) micro-IOTs-SAC specimens at 28 d

In conclusion, the use of micro-IOTs to improve SAC performance is a method of high value-added recycling and utilization of IOTs, which is worthy of popularization and application. Based on the above results, micro-IOTs, which can enhance SAC’s mechanical properties and improve the pore structure of SAC, can be used as micron mineral admixture in the SAC system to expanding the application fields of SAC. Although preparing micro-IOTs will inevitably generate some energy consumption, the total cost is much cheaper than common nanomaterials due to completely free raw materials. In addition, the micro-IOTs can be obtained through environmentally friendly wet milling technology [39]. Compared to traditional dry-milling, wet grinding shows higher efficiency and can avoid dust generation. Since most of IOTs are directly discharged into the river or exposed to rainwater, wet grinding can avoid the necessary pre-drying procedure in the traditional dry grinding [40]. More importantly, micro-IOTs are in a slurry state, which is easier to disperse evenly in SAC and conducive to the formation of a denser microstructure of SAC. Hence, using micro-IOTs as a mineral admixture in the SAC system is expected to be developed.

4  Conclusions

The findings of this study can be summarized as follows:

(1) The preparation of micro-IOTs with a Z-Average grain diameter of 517 nm by wet grinding technology was achieved. The crystallinity of phases in IOTs significantly decreased after wet milling, and the binding energy of silicon, aluminum, and oxygen was respectively reduced from 102.78, 74.33 eV, and 531.98 to 102.48 eV, 73.78, and 531.68 eV after wet grinding.

(2) With the increase of micro-IOTs contents, the setting times of SAC pastes decreased gradually.

(3) By adding 2% micro-IOTs, the compressive strengths of SAC pastes were enhanced by about 22%, 16%, 15%, and 10% at 4 h, 1 d, 3 d, and 28 d, respectively.

(4) Compared to the blank, the incorporation of 2% micro-IOTs improved the contents of ettringite by 23% and led to ribbon-like ettringite formation at 4 h. Meanwhile, the AH3 content increased by 11% and 12% at 4 h and 28 d.

(5) Adding 2% micro-IOTs could reduce the total porosity of hardened SAC pastes at an early age and refine the pore structure at a later age, thus improving their compressive strengths to varying degrees at different ages.

(6) Using micro-IOTs as a mineral admixture in the SAC system provides a high value-added recycling method for IOTs.
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Table 1: Chemical compositions (by mass) of SAC and RIOTs (%)

Raw material Si0, ALO; CaO Fe,0; MgO SO3 K,O Na,O

SAC 9.73 2724 4430 1.89 1.05 13.06 1.05 0.283
RIOTs 50.26 422 4.19 2436 1444 0.34 0.73 0.55
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Table 3: Properties of the pores in SAC and micro-IOTs-SAC specimens

Age Sample cumulative pore Porosity Median diameter
volumes (mL.g_l) (%) (volume) (nm)

4 h SAC 0.2426 35.73 82.6

4h micro-I0Ts-SAC 0.2312 35.09 61.8

28 d SAC 0.2035 30.59 87.8

28 d micro-I0Ts-SAC 0.2036 31.19 64.8
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Table 2: Mix proportion of specimens

Code SAC/g Micro-10Ts/g Water/binder PCE/g

1 300 0 04 0.45
2 294 6 0.4 0.39
3 188 12 04 0.33
4 276 24 0.4 0.21
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