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Coal gangue is used to replace cement clinker to prepare cementitious material via activation techniques. Thus, the solid waste can be effectively disposed, and the carbon emission from cement production processes can be significantly reduced. In this paper, the product transformation, reaction mechanism, and thermal activation kinetics of coal gangue were analyzed by X-ray diffraction, thermal analysis, infrared analysis, and scanning electron microscopy. We employed a suspension calcination process to prepare high-activity metakaolin. A cementitious material was prepared from the metakaolin and cement, and the mechanical properties and hydration products were analyzed. The results show that metakaolin was formed by the dehydroxylation of kaolinite in the coal gangue during calcination, and the reaction was based on the Z–L–T three-dimensional diffusion mechanism with an activation energy of 190.2 kJ/mol. Metakaolin with dissolution rates of 69.5%–76.3% and 44.5%–52.3% of activated alumina and silica, respectively, were synthesized by calcining the coal gangue at 750°C–850°C for approximately 5 s via suspension calcination. The prepared cementitious material showed 28-days compressive strength of 57.5–61.5 MPa and an activity index of 114%–135%. The cementitious material participated in the hydration of cement and formed a structurally dense hardened body, which resulted in a high replacement volume and high strength of the specimens. The preparation of low-carbon cementitious materials by activating gangue via suspension calcination provides a basis for gangue utilization and reduction of carbon emissions during cement production.
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1 INTRODUCTION
Globally, coal gangue is mainly disposed of in landfills due to the lack of effective utilization technology. It not only occupies a large amount of land but also causes severe environmental pollution (Yu et al., 2012; Zhang et al., 2015; Gao et al., 2021). Metakaolin can be prepared by calcining coal gangue with kaolinite as the main component and is used as an auxiliary cementitious material in cement production to replace a portion of cement clinker, thereby reducing the amount of cement in concrete and significantly improving its durability and late strength (Lee et al., 2005; Li et al., 2006; Cassagnabère et al., 2010; Shekarchi et al., 2010). Therefore, the use of coal gangue for cement production has the dual effect of utilizing coal gangue and reducing carbon emissions in the cement industry (Tironi et al., 2012; Cheng et al., 2021; Guan et al., 2021).
Currently, gangue is mainly used as a blend, in which it is only less than 15%–20%, which limits its utilization (Dhandapani et al., 2018; Zhang et al., 2021; Zhao et al., 2021). Karen and Dhandapani (Dhandapani et al., 2018; Scrivener et al., 2018) reported that blends of calcined clay and limestone powder could be significantly increased to 45% in cement, and performance comparable to that of pure silicate cement is achieved. Kaolinite, as the main constituent of the gangue, is also a clay. Therefore, it is theoretically feasible to use calcined gangue instead of clay to prepare cementitious materials. Liu et al. (2021) substituted calcined gangue and limestone powder for cement and achieved a maximum admixture of 30%, which confirmed that the use of activated gangue for Karen and Dhandapani cementitious material systems was also feasible in practice. A muffle furnace was usually used for calcining gangue, and a rotary kiln calcination system was mainly used in practice. Gangue is mainly calcined in a stacked state, which takes 2–6 h to form activity; thus, it consumes high energy and yields unstable product quality (Alireza et al., 2015; Liu et al., 2017; Sun et al., 2019). Suspension calcination was a new technique for gangue calcination. Powder with particle sizes of 100 μM or less is used as a raw material and is carried by a conveying bed, which significantly reduces the calcination time and energy consumption and effectively prevents the unstable activity caused by uneven calcination degree (Bich et al., 2009; Diffo et al., 2015; Jiu et al., 2021). However, suspension calcination of gangue has not been extensively studied, either experimentally or theoretically (Frías et al., 2012; Liu et al., 2017).
In this study, the physical properties, calcination reaction kinetics, and suspension calcination of coal gangue were investigated using low-quality coal gangue as the raw material. The activated gangue products calcined via suspension were used to prepare a low-carbon cementitious material, and the mechanical properties and microstructure after hydration were studied. The carbon emission reduction effect of the materials was also analyzed.
2 EXPERIMENTAL
2.1 Raw materials
The raw material was high-alumina-type gangue from Fushun, Liaoning Province, China. The gangue was crushed to a particle size of less than 5 mm using a jaw crusher and dried in an oven at 105°C ± 0.5°C. The dried granular material was ground into a fine powder with particle sizes less than 80 μM (d50 = 15.82 μM) using a sample-making machine. The mineral composition of the materials was analyzed by X-ray diffraction (XRD; D/MAX-2200, Rigaku, Japan) using a Cu Kα target at tube voltage and current of 45 kV and 40 mA, respectively. The XRD patterns of the raw materials are shown in Figure 1.
[image: Figure 1]FIGURE 1 | X-ray diffraction (XRD) pattern of coal gangue.
The chemical composition of the gangue was analyzed by X-ray fluorescence spectrometry (XRF; S4PIONEER, Bruker, Germany). The X-ray tube was operated at a power of 4.2 kW and maximum voltage and current of 60 kV and 140 mA, respectively. The XRF results are listed in Table 1.
TABLE 1 | Elemental analysis of coal gangue (wt%).
[image: Table 1]XRD and XRF analyses revealed that the kaolinite and quartz contents of the gangue were approximately 64.10 wt% and 28.82 wt%, respectively; thus, it was a low-grade gangue.
2.2 Kinetic analysis
A coupled system of NETZSCH Model 409PC TGA-DSC simultaneous thermal analyzer and Bruker FTIR-7600 infrared spectrometer was used for the kinetic analysis. The test conditions were as follows: air atmosphere with a flow rate of 80 ml/min, temperature ramping rates of 10°C/min, 20°C/min, 30°C/min, and 40°C/min, and a sample volume of 6.5 ± 0.5 mg. The wave number range for the infrared analysis spectrum of the escaping gas was 4000–600 cm−1.
The kinetics were calculated based on the thermogravimetry (TG) data. The temperature range of H2O(g) release was first detected by Fourier transform infrared (FTIR) spectroscopy, and the corresponding TG data in this temperature range were obtained to calculate the reaction conversion α using the following equation (Yang and Hu, 1986; Vyazovkin and Wight, 1998):
[image: image]
where m0 is the mass of the sample at the beginning of the reaction (%), m∞ the mass at the end of the reaction (%), and mi the mass at a moment during the reaction (%).
The integral form of the kinetic equation for the solid-phase reaction is as follows (Yang et al., 1986; Vyazovkin and Wight, 1998):
[image: image]
where E is the activation energy of the reaction (kJ/mol), A is the prefactor (s−1), and G(α) is the integral form of the mechanism function. The commonly used G(α) functions for solid-phase reactions are listed in Table 2 (Hu and Shi, 2001). The kinetics analysis was conducted to determine E, A, and G(α).
TABLE 2 | Common G(α) functions for solid-state reactions.
[image: Table 2]The kinetics of the reaction were calculated from α–T plot using the Kissinger and general integration methods (Juan et al., 1992; Blaine and Kissinger, 2012). The Kissinger method was expressed as follows (Blaine and Kissinger, 2012):
[image: image]
where βi is the rate of temperature rise (°C/min), and Tpi is the peak temperature on the differential thermogravimetry (DTG) curve (K). The general integral is expressed as follows (Juan et al., 1992):
[image: image]
For a chosen G(α), if the fitted curve of experimental data according to ln [G(α)/T2] − 1/T was linear, G(α) was the correct mechanism function. E and A can be obtained from the slope and intercept of the line, respectively. Substituting E, A, and G(α) into Eq. 2, we obtained the equations for the gangue dehydroxylation reaction kinetics. The temperature and time for the suspension calcination could be determined by the kinetics equations.
2.3 Suspension state calcination system
The system of calcining coal gangue in the suspension state is shown in Figure 2. The system consists of a hot blast stove, feeder, suspension reactor, separator, dust collector, product bin, centrifugal fan, etc. The hot blast stove used kerosene as fuel. The feeder consists of a silo and a screw conveyor. The suspension reactor was a tubular furnace made of heat-resistant stainless steel. The exterior of the furnace was covered with a compensating electric heating sleeve to keep the temperature stable. The separator was a cyclone, which collects the material after calcination. The dust collector was a bag-type structure, which collects the fine material that cannot be collected by the cyclone. The product bin was a closed cylinder, which collects the calcined gangue product discharged from the separator and dust collector. The system was negative pressure and powered by a centrifugal fan.
[image: Figure 2]FIGURE 2 | Flowchart of the suspension state calcination process.
The calcination was conducted in a temperature range of 750°C–850°C, a residence time of approximately 5 s, and a charge rate of 15 ± 0.5 kg/h. The activity of the calcined products in the suspension state was characterized by XRD, and the dissolution rates of activated alumina and silica were determined by potassium fluorosilicate volumetry and spectrophotometry, respectively (Qiu and Pang, 1989; Zhen et al., 2007).
2.4 Performance analysis of the cementitious materials
Thecalcined gangue, limestone powder, and reference cement were mixed in certain ratios to prepare cementitious materials. Samples with calcined-gangue–limestone-powder ratios of 1:1, 2:1, and 3:1 were prepared to conduct 10 sets of tests (including the control sample test) at three cement blending levels of 50%, 60%, and 70%. The dosing schemes are listed in Table 3.
TABLE 3 | Mixing proportion of pastes.
[image: Table 3]The compressive strengths of the block samples were measured on 3, 7, and 28 days according to the GB/T 17671 “Test method of cement sand strength.” Cement specimens were prepared with a fixed water–cement ratio of 0.4, placed in a standard conditioning chamber at 20°C and 90% air humidity, and conditioned by extracting fragments from the middle of the specimen and soaking in anhydrous ethanol for 48 h to terminate hydration at 3, 7, and 28 days to determine the strength. The specimens were removed, dried in a vacuum oven for 8 h, and then placed in sealed bags for SEM–energy dispersive spectroscopy analyses.
3 RESULTS AND DISCUSSION
3.1 Thermal analysis of raw materials
The TG and DTG results of the coal gangue are shown in Figures 3, 4, respectively. There were three major stages of mass loss during the calcination process of coal gangue (Figure 3). The first stage occurred before 200°C with a mass change rate of 1.25%–1.93%. The second stage occurred at 280°C–605°C, which was the major stage of the reaction with a mass change rate of 18.72%–19.73%. The third stage occurred at 605°C–795°C, and the mass change rate was 1.62%–1.83%. The two peaks of the second and third phases partially overlap (Figure 4), indicating a crossover temperature range between these two phases of the reaction.
[image: Figure 3]FIGURE 3 | Thermogravimetry analysis (TGA) patterns of the coal gangue.
[image: Figure 4]FIGURE 4 | Differential thermogravimetry (DTG) mapping of the coal gangue.
The two-dimensional infrared absorption spectra of the gangue at different temperatures are shown in Figure 5. The gas products released during the gangue calcination process included mainly two functional groups, carbonyl and hydroxyl groups, which correspond to CO2 and H2O(g), respectively (Carlos et al., 2009; Hamedi and Maham, 2013). H2O(g) mainly originated from the evaporation of the adsorbed water and the decomposition of kaolinite, and CO2 was generated from the combustion of coal based on the chemical composition of coal gangue. The three-dimensional infrared absorption spectra of the released gas from the gangue heated at a rate of 20°C/min were shown in Figure 6. Peaks I and III are the infrared absorption peaks of H2O(g), and peak II corresponds to that of CO2. The intensity of infrared absorption varied with the amount of gas released, and the trend of the peak corresponds to the reaction trend of the gaseous products.
[image: Figure 5]FIGURE 5 | Two-dimensional Fourier transform infrared (FTIR) spectra of the gas products.
[image: Figure 6]FIGURE 6 | Three-dimensional (FTIR) spectra of the gas products.
The release flux curves of H2O(g) and CO2 resolved from peaks I and II in Figure 6, respectively, are shown in Figure 7. The release of H2O(g) at a heating rate of 20°C/min started from approximately 60°C and rapidly increase thereafter, reaching a maximum at approximately 580°C, and started decreasing above 780°C. The released H2O(g) originated from the evaporation of the adsorbed water and the decomposition of kaolinite. As shown in Figures 4, 7, the adsorbed water evaporated below 200°C, kaolinite decomposed mainly between 280°C and 670°C, and the reaction was completed between 670°C and 800°C. Figure 7 also shows that CO2 was released in two steps: the first step occurred below 315°C, and the second occurred between 320°C and 740°C. Based on the combustion characteristics of the coal, the first reaction step was attributed to the combustion of volatile fractions of the coal, and the second reaction was attributed to the combustion of fixed carbon in the coal.
[image: Figure 7]FIGURE 7 | Release flow of gas products.
3.2 Kinetics of the raw materials
The kaolinite content of the gangue was higher than that of coal, and the mass loss during the calcination was mainly attributed to the decomposition of kaolinite. Therefore, the TG data were appropriate for the kinetic analysis. The TG data were obtained based on Eq. 1, and the conversion rate α curves at four ramp rates were obtained (Figure 8). The Kissinger method was employed to evaluate the reaction kinetics using the DTG peak temperature data. The α–T plot (Figure 8) and the mechanism functions in Table 2 were used to perform a linear fit based on the general integration method. Mechanism function No. 9 showed the highest linearity. The fitting plots based on the general integral and Kissinger methods are shown in Figures 9, 10, respectively.
[image: Figure 8]FIGURE 8 | Conversion rates of the gangue at different heating rates.
[image: Figure 9]FIGURE 9 | Fitting curves for mechanism function No. 9, based on the general integration method.
[image: Figure 10]FIGURE 10 | Fitting curve based on the Kissinger method.
The fitting results from Figures 9, 10 were listed in Table 4. The linear correlation coefficients of both the Kissinger and general integral methods for the fit of mechanism function No. 9 were greater than 0.98 (Table 4). Meanwhile, the relative deviation of the activation energy obtained from the two methods was only 3.78%, indicating that the kinetic fitting results in Table 4 are reasonable. Mechanism function No. 9 is the Z–L–T diffusion equation, and the decomposition reaction of kaolinite in gangue was controlled by the diffusion rate of H2O(g) from the reaction interface to the outside of the particles (Tian et al., 2020). The average value of the general integration method was recorded as the final result. The kinetic equation of the coal-based calcination reaction is expressed as follows:
[image: image]
TABLE 4 | Reaction kinetics fitting results.
[image: Table 4]Eq. 4 was used to predict the time required for the complete decomposition of kaolinite in the coal gangue in the temperature range of 750°C–850°C, and the results were listed in Table 5.
TABLE 5 | Calcination time for coal gangue, as calculated using the reaction kinetic equation.
[image: Table 5]Table 5 lists the times required for the complete decomposition of kaolinite to form metakaolinite, as calculated using the reaction kinetic equation with α = 0.9999. Kaolinite can be completely decomposed in less than 25 min to form metakaolin in the temperature range of 750°C–850°C. If α = 0.999, the decomposition time of kaolinite is only 0.58 s, even at 750°C, indicating that kaolinite was decomposed. In practice, under the thermal analysis conditions, the material remains stacked. However, herein, the material was still in a piled state under the thermal analysis conditions. In the suspended state, the powder material was fully dispersed, the transfer conditions were better, and the reaction time was shorter. Thus, the coal gangue was activated in only a few seconds to form metakaolin via suspension calcination. The time was considerably reduced compared to the results in the literature (Yuan et al., 2018).
3.3 Characterization of suspended calcined products
3.3.1 XRD analysis
The XRD patterns of the calcined gangue and raw material are compared in Figure 11. The diffraction peaks of kaolinite decreased significantly, almost disappeared after approximately 5 s of calcination in the suspended state, and the XRD patterns of the products show obvious amorphization, indicating that kaolinite was almost completely decomposed to form metakaolinite. For the same calcination time, the diffraction peaks of kaolinite decreased with an increase in temperature, and the diffraction peaks of all kaolinites almost disappeared above 800°C. Compared with the raw materials, the diffraction peaks of SiO2 in the suspended calcined gangue are significantly stronger. Since the metakaolinite formed by kaolinite decomposition had an indeterminate structure without prominent peaks, the diffraction peaks of quartz in the raw material were highlighted in contrast (Xu et al., 2015). The diffraction peak of TiO2 appeared at 2θ = 25°, and its content in the raw material could not be detected by XRD. After calcination, TiO2 was detected due to the unbroken lattice (Hanif et al., 2017). Kaolinite in the coal gangue was completely decomposed to metakaolin when the gangue was calcined at 750°C–850°C for approximately 5 s, which verified that the kinetic model is reliable.
[image: Figure 11]FIGURE 11 | XRD patterns of the calcined products in suspension.
3.3.2 Dissolution rate analysis
The dissolution rates of activated alumina and silica in the calcined gangue were shown in Figure 12. Kaolinite in the gangue formed metakaolin after calcination, and the gelling activity is attributed to the amorphous structure of metakaolin. The higher the dissolution rates of activated alumina and silica were, the higher the gelling activity was. The dissolution rate of activated alumina in calcined gangue ranged from 69.5% to 76.3%, and that of activated silica ranged from 44.5% to 52.3%, indicating that the calcined gangue exhibited a good gelling activity. With the same residence time dung the suspension calcination, the dissolution rate of activated aluminum increased as the calcination temperature increased from 750°C to 825°C, above which it decreased. Therefore, the calcination product at 825°C had the highest activity.
[image: Figure 12]FIGURE 12 | Dissolution rates of activated alumina and silica.
3.4 Performance of cementitious materials
3.4.1 Compressive strength
Gelling performance tests were performed using the activated gangue products obtained from the suspension calcination at 825°C for 5 s. The compressive strengths of the net slurry specimens with the ratios in Table 3 at 3, 7, and 28 days are shown in Figure 13. The 3-days compressive strength of the test blocks with different ratios of calcined gangue and limestone was small compared with that of pure cement because metakaolin did not participate in the hydration at the early stage. As the partial kaolin began to hydrate, the compressive strength of the specimens increased, becoming equal to or greater than that of the pure cement at 7 days. The compressive strength of only sample A1 was lower than that of the pure cement. In the late stage of hydration, the admixture fully participated in the hydration to form hardened products. The 28-days compressive strength of the specimens was increased by 14%–35% compared with that of the pure cement specimens, indicating that the gangue calcined exhibited good cementing activity. Compared with the pure cement samples, B1, B2, B3, C1, and C2 showed lower compressive strength at 3 days but higher values at 7 and 28 days. Thus, the C1 scheme was optimal. The percentages of cement replacement in the B and C samples were 40% and 50%, respectively, and the activated gangue was between 20% and 37.0%. Therefore, the gangue calcined at 825°C for 5 s had a cementitious activity index of 114%–135%. It could replace 40%–50% of cement in the range of 20%–37% of admixture, and the 28-days compressive strength of the prepared cementitious material reached 57.5–61.5 MPa.
[image: Figure 13]FIGURE 13 | Compressive strength of net slurry specimens.
3.4.2 SEM analysis of the hydrated products
SEM images of the hydrated gelatinized material (sample C1) are shown in Figure 14. The test sample of the cementitious material exhibited a gel structure with numerous pores, and no obvious hydrated minerals were formed (Figure 14A). As hydration proceeded, several hydrated mineral crystals with a fibrous structure embedded in the gel were formed (Figure 14B), and the structure of the specimen became dense. In addition to the fibrous minerals, several hardened regular shapes with dense structures were formed (Figure 14C). Thus, the compressive strength of the cementitious material prepared from the calcined gangue increased compared with that of pure cement, consistent with the study in the literature (Liu and Yan, 2008; Wang et al., 2018; Yang et al., 2022).
[image: Figure 14]FIGURE 14 | SEM images of the net slurry specimen.
3.5 Carbon reduction
Each ton of cement clinker produced consumes approximately 100 kg of standard coal and emits approximately 1 ton of CO2 based on the current technological status of the cement industry. However, 1 ton of calcined gangue produced by suspension calcination consumes 10–15 kg of standard coal, and the production process emits 37–55 kg of CO2. The coal consumption is 45–55 kg of standard coal per ton of gelling material, and the CO2 emission is 420–520 kg, as estimated from the ratios of the B and C samples in Table 3. Approximately 80 kg of standard coal is consumed to produce 1 ton of cement, and 800 kg of CO2 is emitted based on 15% of blends in ordinary silicate cement. Compared with ordinary Portland cement, the cementitious material prepared with the coal gangue calcined via suspension calcination can reduce coal consumption by 30%–43% and CO2 emission by 35%–47% per ton of cement produced.
4 CONCLUSION

(1) Kaolinite in the gangue decomposed during calcination to form metakaolin. The reaction was based on a diffusion-controlled mechanism, and the activation energy was 190.2 kJ/mol. The calcination parameters predicted from the kinetic equation were consistent with the actual values.
(2) Products with metakaolin as the major constituent could be obtained by calcining the gangue at 750°C–850°C for approximately 5 s via the suspension calcination process. The dissolution rates of activated alumina and silica were 69.5%–76.3% and 44.5%–52.3%, respectively.
(3) The activated coal gangue prepared via suspension calcination could replace 40%–50% of cement in the range of 20%–37%. The 28-days compressive strength of the prepared cementitious material was 57.5–61.5 MPa, and the activity index was as high as 114%–135%.
(4) The suspension calcination process is feasible for activating coal gangue, and the prepared cementitious material has significant energy-saving and carbon-reducing benefits.
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In Eq. 4, a, which is in the denominator, cannot be 1.0. Herein, set a = 0.9999.
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