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Abstract: The preparation of cementitious materials by replacing part of the cement with activated coal gangue is of great significance to the cement industry in terms of carbon reduction and coal-based solid waste utilization. For this paper, cementitious material was prepared by firing activated coal gangue under suspension conditions and batching it with limestone powder using Inner Mongolia coal gangue as raw material. The optimal ratio was determined by testing the strength changes of the cementitious material at 3, 7, and 28 days of hydration, and the hydration process and mechanism were explored by combining the pore structure, heat of hydration, chemical composition, phase composition, and microscopic morphological characteristics of the hydration products. The results showed that the active materials formulated from activated gangue and limestone powder can be used to prepare cementitious materials with good performance at the level of 30%–50% replacement of cement. The optimal ratio was 30% replacement of cement, and the mass ratio of calcined gangue to limestone powder was 2:1. The 3 days compressive strength of this ratio was 28.8 MPa, which was only slightly lower than that of cement. However, the 28 days compressive strength of samples reached 67.5 MPa, which was much higher than that of the reference cement. In the hydration of this cementitious material, not only does the activated coal gangue react with the Ca(OH)2 formed by hydration to form C–S–H gel, but CaCO3 also participates in the reaction to form a new phase of carbon aluminate, and the two effects together promote the development of the later strength of the samples. This paper can provide a reference for carbon reduction in the cement production process and comprehensive utilization of coal gangue.
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1  Introduction

Coal gangue is a solid waste produced in coal mining and production, due to the lack of effective comprehensive utilization technology coal gangue is mainly disposed of in stockpiles, not only occupying extensive land but also leading to serious environmental pollution [1–5]. Coal gangue with kaolinite as the main component, also known as coal series kaolinite, which is activated and calcined to prepare metakaolin that can be used as auxiliary cementitious material, can not only replace part of the cement but also significantly improve the durability and late strength [6–10]. Cement production emits substantial CO2 and other greenhouse gases, thus, gangue can be applied to cement production both to achieve the effective use of coal gangue and to reduce the carbon emissions of cement industry production [11–14]. Therefore, the research on the resource utilization technology of coal gangue in cement is of great practical significance.

At present, the preparation of activated coal gangue mainly adopts the method of calcining lumpy materials in a stacked state, and the calcination time is generally as long as 2–6 h, which not only exhibits high energy consumption but also causes the unstable quality of the product [15–19]. Suspension calcination technology is a new process used for gangue calcination in recent years. In this process due to the full contact transfer between material and airflow, as well as the high reaction efficiency, the calcination time and energy consumption are reduced, thus avoiding the problem of the reduced activity of activated coal gangue. The application of activated coal gangue in cement is usually as a mineral admixture. The amount of admixture is usually less than 15%–20% [20–22] leading to the limitation in the comprehensive utilization of coal gangue. In recent years, Karen Scrivener and Dhandapani et al. [20,23–25] proposed a cementitious material system that combines calcined clay and limestone powder to achieve comparable performance to pure silicate cement at a level of 45% total replacement of cement. In fact, both calcined clay and calcined coal series kaolinite can be used to prepare metakaolin with high activity, hence, it is theoretically feasible to use calcined coal gangue to replace clay to prepare cementitious materials. Liu et al. [26] studied the effect of coal gangue with low kaolinite content on the mechanical properties of cement, and the results showed that for binders with Calcined coal gangue and limestone, the replacement level can reach 30% (20% Calcined coal gangue and 10% limestone). Therefore, studies on using the suspended calcination technology for the preparation of metakaolin by calcination of coal series kaolinite, along with the subsequent preparation of cementitious materials through batching with limestone powder, are beneficial for both the utilization of coal-based solid waste and the carbon reduction of the cement industry in China.

This paper draws on the calcined clay and limestone cementitious composites system proposed by Karen Scrivener et al. [27] to replace calcined clay with coal gangue from the Junger mine in Inner Mongolia as raw material, and the rapid calcination technology developed by Xi’an University of Architecture and Technology was used to stimulate its activity, which was mixed into cement together with limestone powder to replace part of the cement. The influence mechanisms of the ratio of calcined coal gangue and limestone powder on the mechanical properties of cementitious materials were studied, and the hydration process was investigated by pore structure analysis, the heat of hydration, chemical analysis, physical phase analysis, and morphological analysis [28]. Compared with calcined clay and limestone cementitious composites systems, it is more energy-saving. The results of the study provide a new method for the comprehensive utilization of coal gangue.

2  Materials and Methods

2.1 Experimental Materials

Calcined coal gangue: The coal gangue from the Junger mine in the Inner Mongolia Autonomous Prefecture was crushed and ground until it could pass through the 80 μm square hole sieve. The coal gangue powder was calcined in suspension at 800°C to prepare the activated coal gangue used in the experiment and then stored in sealed conditions. An X-ray fluorescence spectrometer (S4 PIONEER Bruker, Germany) was used for the elemental analysis of the metakaolin products, and the results are shown in Table 1. An X-ray diffraction analyzer (D/MAX 2200, Rikagu, Japan) was used for the physical phase analysis of the coal gangue and calcined coal gangue, and the results are shown in Fig. 1. The analysis results showed that the main mineral phases of uncalcined coal gangue are kaolinite phase and boehmite phase. After rapid calcination, the kaolinite phase and boehmite phase disappear, and the kaolinite phase is completely transformed into metakaolin. The dissolution rate of active silica and aluminum was used as an indicator to characterize the product activity, and the potassium fluorosilicate volumetric method and the spectrophotometric method were used for analysis [29,30]. The analysis results showed that the calcined coal gangue had a good activity with 69.83% dissolution of active SiO2 and 78.91% dissolution of active Al2O3.
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Figure 1: XRD patterns of coal gangue and calcined coal gangue

Cement: The reference cement produced by Anhui Conch Cement Plant was used. An X-ray diffraction analyzer (D/MAX 2200, Rikagu, Japan) was used for the physical phase analysis of the cement, and its XRD pattern is shown in Fig. 2.
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Figure 2: XRD patterns of cement

As shown in Fig. 2, the main mineral phases in cement were C3S, C2S, and C4AF, along with a small amount of gypsum.

Limestone powder: The calcium carbonate reagent (analytical purity) produced by Tianjin Damao Chemical Reagent Factory was used; it was a white powder, odorless and tasteless, with CaCO3 content greater than 99%.

Water: The water used in this experiment was ordinary tap water.

2.2 Experimental Methods

Proportioning design: Three formulations with 1:1, 2:1, and 3:1 ratios of calcined coal gangue and limestone powder were adopted for 10 groups of experiments (including 1 group of blank experiments) under three levels of cement blending of 50%, 60%, and 70%. Further formulations with 10%, 15%, 20%, 25%, and 30% calcined coal gangue in the single mix were also investigated. The specific proportions of the formulations are shown in Table 2.
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Mechanical strength test: According to the GB/T 17671-1999 Cement Sand Strength Test Method, the compressive strength was measured at 3 days, 7 days, and 28 days.

Analysis of hydration products: The cement specimens were formed with a fixed water–cement ratio of Z = 0.4, placed in a standard curing chamber at a temperature of 20°C and air humidity of 96%, and cured by extracting the broken pieces from the middle part of the specimens and soaking them in anhydrous ethanol for 48 h to terminate hydration for the strength determination at 3 days, 7 days, and 28 days. The specimens were taken out and dried in a vacuum oven for 8 h and then placed in sealed bags for pore structure analysis, chemical composition analysis, XRD analysis, and SEM-EDS analysis.

3  Results and Discussion

3.1 Mechanical Properties

First, this part investigated the effect of mixing only calcined coal gangue on the strength of cementitious materials. The changes in compressive strength of the gelling material at 3, 7, and 28 days with different amounts of calcined coal gangue are shown in Fig. 3. The addition of calcined coal gangue led to a significant decrease in the 3-day compressive strength, approximately 30%–40% reduction compared to reference cement. This is because calcined coal gangue is hardly involved in the reaction at the early stage of hydration of cementitious materials, and the mechanical strength is mainly provided by cement at this time, whereby a greater amount of calcined coal gangue addition leads to a greater loss of strength. As hydration progresses, calcined coal gangue reacts with Ca(OH)2 produced by cement hydration to form a gel, thus gradually exerting strength, accordingly, the contribution of calcined coal gangue to the mechanical strength of cementitious materials is mainly reflected in the middle and late stages of hydration. Fig. 3 shows that the incorporation of calcined coal gangue led to the 7-day compressive strength being comparable to that of cement. For the 28-day strength of the cementitious material, the maximum compressive strength was obtained at a doping rate of 15%, and the addition of calcined coal gangue with a mixing rate of 25% increased the mechanical strength of the cementitious material, however, further increasing the mixing rate led to a decrease in the compressive strength of the cementitious material.
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Figure 3: Effect of calcined coal gangue content on the mechanical strength of cementitious materials

Next, this part used calcined coal gangue and limestone powder mixed with cement, the strength of several groups of samples with cement contents of 50%, 60%, and 70% are shown in Fig. 4, Fig. 5, and Fig. 6, respectively.
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Figure 4: Compressive strength for specimens with 30% replacement of cement
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Figure 5: Compressive strength for specimens with 40% replacement of cement
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Figure 6: Compressive strength for specimens with 50% replacement of cement

As shown in Fig. 4, the 3-day, 7-day, and 28-day compressive strengths of the reference cement specimens were 32.0 MPa, 41.0 MPa, and 48.0 MPa, respectively. After incorporation of calcined coal gangue and limestone powder, the compressive strength of the cementitious material generally decreased slightly at 3 days because the hydrate reaction between calcined coal gangue and Ca(OH)2, which led to a slight loss of early strength after replacing part of the cement. With the extension of the curing age, the calcined coal gangue and limestone powder participated in hydration to gradually develop the strength, and the compressive strength of the cementitious material at 7 and 28 days generally exceeded that of the reference cement. At the age of 7 days, the compressive strength of the cementitious material exceeded the 41 MPa of the reference cement, with the compressive strength of the C2 and C3 sample groups reaching more than 47 MPa. At the late stage of hydration after 28 days, the compressive strength was much higher than that of the reference cement, with the highest being group C2, which reached 67 MPa, an increase of 63.41% compared with the compressive strength of the reference cement. As a reference, Antoni et al. [31] used calcined clay together with limestone powder to replace cement, and the 7-day and 28-day strengths of the cementitious materials prepared under the same conditions as C2 were 40 MPa and 55 MPa, respectively. Although the 28-day compressive strength of C3 was lower compared to C2, it was still higher than that of the reference cement. The cementitious material formulated with calcined coal gangue and limestone powder at the level of 30% cement replacement generally achieved better performance than the reference cement.

As shown in Fig. 5, the compressive strength of the cementitious material formulated with calcined coal gangue and limestone powder at the level of 40% replacement of cement was significantly lower compared to the reference cement after 3 days of hydration. The compressive strength of formulation group B1 was also slightly lower than the reference cement at 7 days of curing age, but the compressive strength of groups B2 and B3 increased. The compressive strengths of groups B1, B2, and B3 were all above 50 MPa at 28 days, reaching a level comparable to or even better than the reference cement. The optimal ratio for these mixes of test conditions was group B3, which had a compressive strength of 54.8 MPa at 28 days. Fig. 3 shows that the cementitious material prepared from calcined coal gangue and limestone powder in suspension also achieved comparable performance to the baseline cement at the level of 40% replacement.

Fig. 6 shows that when the percentage of replacement cement was increased to 50%, the compressive strength of the cementitious material after 3 days of hydration did not show any further decrease. The compressive strengths of A1 at 7 and 28 days of hydration were 38.5 and 42.5 MPa, respectively, which were lower than the reference cement but still achieved a rating of 42.5 MPa. In groups A2 and A3, the performance of the cementitious material was comparable to that of the reference cement, achieving a compressive strength >48.6 MPa at 28 days. Compared with the results of the experiments with 40% cement replacement, the performance of the cementitious material did not decrease significantly despite the increased replacement.

In summary, the cementitious materials prepared by batching calcined coal gangue in suspension and limestone powder could generally obtain comparable or even better performance indices than cement in the range of 30%–50% cement replacement, this method is better than mixing only calcined gangue to replace cement. When the proportion of replacement cement was 40% or more, the compressive strength of this cementitious material system was almost the same or even better than that of cement at 7 and 28 days, whereas the compressive strength at 3 days was significantly lower than that of cement. Various proportions could obtain the ideal performance index, indicating that the cementitious material system has wide applicability.

3.2 Pore Structure

The results of pore size distributions and pore characteristics of reference cement and C2 samples at 3 days and 28 days are summarized and presented in Fig. 7 and Table 3, respectively. It can be seen that the porosity of both the cement and this cementitious material decreases as the hydration reaction proceeds, which promotes the development of its strength. At 3 days of hydration, the porosity of the C2 sample is larger than that of cement, so its strength is lower than that of the reference cement. At 28 days, with the active silica and alumina in the calcined coal gangue participating in the hydration, its porosity has become smaller than that of cement. At the same time, the mixing of calcined gangue and limestone powder also refines the pore size structure and reduces its average pore diameter.
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Figure 7: Pore size distribution
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3.3 Heat of Hydration

Fig. 8 shows the rate of heat evolution and cumulative heat amount of the reference cement and C2 samples. It can be seen that the hydration exothermic reaction is mainly concentrated in the age of 3 days, and the exothermic peaks of the cement and C2 samples are respectively 3.6 mW/g and 0.0027 mW/g, the first exothermic peak occurred at 9.12 and 8.8 h, respectively. In the early stage of hydration, the mixing of calcined coal gangue and limestone powder had a dilution effect on cement hydration, which eventually leads to a lower exothermic peak and delays its arrival at the peak, so the early strength was lower than that of the reference cement. As hydration proceeds, the rate of heat of hydration of the C2 sample exceeded that of the reference cement, at which time calcined gangue and limestone powder participated in the hydration reaction and gradually promoted the development of strength. It can also be seen from the cumulative heat curve that the total exothermic heat of the two types of cement at 3 days differs greatly, but as the reaction proceeds, the exothermic heat of this cementitious material has approached that of the reference cement, which is consistent with the strength analysis results.
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Figure 8: Normalized heat flow and cumulative heat

3.4 Structure and Morphology of Hydration Products

As shown in Fig. 9a, the main crystalline phases in the hydration products of pure cement were ettringite, calcium hydroxide, and C3S, C2S, and C4AF that were not yet hydrated. In contrast, the cementitious material system consisting of calcined coal gangue, limestone powder, and cement showed a distinct CaCO3 diffraction feature, which was introduced by limestone. The main products formed in the early stage of hydration were calcium hydroxide and ettringite. The diffraction peaks of monocarbo-aluminate and hemicarbo-aluminate appeared obviously after 7 days of hydration, while the diffraction peaks of calcium hydroxide and calcium carbonate weakened, indicating that some CaCO3 participated in the hydration reaction to generate carbon aluminate with the active aluminum in calcined coal gangue, thereby increasing the total volume of hydration products. The formation of calcium carbonate stabilizes ettringite and reduces the void fraction of cementitious materials, thus promoting the development of cementitious material strength [32,33]. After 28 days of hydration, the intensity of the diffraction peaks of carbon aluminate in the hydration products of the cementitious material was significantly enhanced compared to 7 days, indicating a continuous increase in the involvement of limestone powder in the hydration, consistent with the study by Antoni et al. [31].
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Figure 9: XRD patterns of hydration products of cement and C2 cementitious materials

Fig. 10 shows a comparison of the hydration products of cement and C2 cementitious materials after 3, 7, and 28 days of hydration, while Figs. 11–13 show the results of energy spectrum analysis in the regions A, B, and C in Fig. 7, respectively.
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Figure 10: SEM images after hydration for 3, 7, and 28 days
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Figure 11: Energy spectrum analysis of area A
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Figure 12: Energy spectrum analysis of area B
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Figure 13: Energy spectrum analysis of area C

The cement hydration products were denser than C2 cementitious material at 3 days. Both hydration processes produced needle-like ettringite and a large number of flakes-like products from the cementitious material. According to the energy spectrum analysis in Fig. 8, it can be seen that the main elements were Ca, O, etc. Due to the addition of limestone powder, the main element should have been CaCO3.

The structure of the cementitious material was relatively dense after 7 days of hydration, and several lattice-like products were generated, The energy spectrum analysis in Fig. 9 shows that the main elements were Ca, Si, and O, which were judged to be C–S–H gels [34]. The C–S–H gel mainly originated from the cement’s hydration, as well as the secondary hydration reaction of calcined coal gangue with Ca(OH)2. In addition, a small amount of Al was derived from the active Al2O3 in calcined coal gangue.

The microstructure of the cementitious material was denser after 28 days of hydration, The energy spectrum analysis in Fig. 10 shows that its major elements were Ca and O. In addition, the content of C and Al elements has increased, indicating that, in addition to unreacted CaCO3, hydrated carbon aluminate was generated, consistent with the XRD results. The formation of secondary hydration and carbon aluminate increased the content of hydration products in the material, thus increasing its strength.

4  Conclusion

In this paper, calcined coal gangue and limestone powder are mixed into cement to prepare cementitious materials. Determine the best ratio by strength analysis, and the hydration process and mechanism were explored by combining the pore structure, heat of hydration, chemical composition, phase composition, and microscopic morphological characteristics of the hydration products. The result is as follows:

(1)  The cementitious material prepared by calcined coal gangue and limestone powder could generally meet and exceed the performance index of pure cement at the level of 30%–50% replacement. The incorporation of calcined coal gangue and limestone powder could reduce the early strength of the cementitious material, but could significantly improve the mid-and late-stage strength of the cementitious material. The cementitious material prepared by replacing 30% of the cement with a ratio of calcined coal gangue to limestone powder of 2:1 had the best performance, with its 28-day strength reaching 67.5 MPa, which was 1.4 times that of pure cement. If only calcined coal gangue is mixed, its maximum replacement level should not exceed 25%, as the early strength reduction is serious. This study focuses on its compressive strength, and other mechanical properties can be analyzed in the future.

(2)  In the early stage of hydration, the addition of calcined coal gangue and limestone powder leads to a decrease in the hydration exothermic peak and delays its arrival at the peak, as hydration continues, the rate of heat of hydration will exceed that of the reference cement, while its exothermic heat amount also gradually approaches that of the reference cement.

(3)  The mixing of calcined gangue and limestone powder will refine the pore structure of the cement and reduce its average pore diameter, while its porosity is significantly lower than that of the reference cement at 28 days of hydration.

(4)  In the cementitious material system composed of calcined coal gangue, limestone powder, and cement, the early strength was mainly provided by cement. With the gradual participation of calcined coal gangue and limestone powder in the reaction, the structurally dense monocarbo-aluminate and hemicarbo-aluminate were formed, while the secondary hydration of calcined coal gangue and Ca(OH)2 was promoted to generate C–S–H gel, which significantly improved the mechanical properties of the cementitious material.
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Table 1: Chemical composition of metakaolin
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Table 3: Pore characteristics

Sample Porosity/% Average pore Pore size distribution/%
dIameterMm 160 nm 1001000 nm_ >1000 nm

P-3 days  25.72 27.65 4.21 26.92 68.87

P-28 days 22.73 24.46 4.65 2.55 92.8

C2-3 days 29.65 18.49 6.24 1.82 91.94

C2-28 days

22.13 18.52 4.68 13.2 82.12
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Table 2: Mixing proportion of pastes

Sample Cement/g Calcined coal Limestone Water/g

gangue/g powder/g

P 360 0 0 144
MI 324 36 0

M2 306 54 0

M3 288 72 0

M4 270 90 0

M35 252 108 0

Al 252 54 54

A2 72 36

A3 81 27

Bl 216 72 72

B2 96 48

B3 108 36

Cl 180 90 90

C2 120 60

C3 135 45
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(e) Cement hydration for 28 days (f) C2 proportional hydration for 28 d
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