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Abstract: The transformation of kaolinite into metakaolinite by thermal activation to obtain highly 
active aluminosilicate is commonly known. In addition to kaolin, the high content of kaolinite in 
coal mining waste is another potential source for obtaining an aluminosilicate precursor, thereby 
protecting the environment and adding value to industrial wastes. In this paper, the kaolinite-based 
high ash slime (KAS) was calcined at temperatures ranging from 400 °C to 1000 °C under air, N2, 
and CO2 atmospheres, respectively. The thermal behaviors and structural evolution of each compo-
nent in KAS were analyzed by thermal analysis (TG-DSC), X-ray diffraction (XRD), Fourier trans-
form infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). Moreover, the 
chemical reactivity of Al2O3 and SiO2 in calcined KAS was evaluated by HCl and NaOH leaching 
methods. The results show that the applied KAS in this study primarily consisted of kaolinite and 
carbon, while the minor mineral phases included quartz, calcite, and pyrite. Additionally, the struc-
tural transformation of kaolinite during calcination included dehydroxylation, sintering, and the 
formation of mullite. Crystalline kaolinite completely decomposed into semicrystalline metakaolin-
ite at 600–800 °C, accounting for the increase in chemical reactivity. The interlayer sintering of me-
takaolinite and the recrystallization of amorphous components led to the decrease in chemical reac-
tivity after 800 °C. Furthermore, the thermal behaviors of carbon in KAS are greatly affected by the 
calcination atmosphere. The presence of carbon reduced the chemical reactivity of calcined CAS. 

Keywords: kaolinite-based high ash slime; thermal activation; calcination; structural transfor-
mation; chemical reactivity 
 

1. Introduction 
Research studies based on clay minerals are currently receiving special attention 

from the scientific community. Clay minerals was widely used in the manufacture of con-
struction materials such as cement, brick, concrete, and geopolymer [1–5], in the extrac-
tion of valuable elements and minerals [6–9], and in the preparation of engineered porous 
materials such as zeolites for separations and catalysis [10–13], etc. However, raw clay 
minerals with low chemical reactivity cannot be utilized directly in the aforementioned 
utilization. Thermal activation is an effective way to obtain high chemical reactivity pre-
cursors before further application [14–16]. 

The most common precursor source is kaolin. However, the shortage of high-quality 
kaolin has increased the necessity to seek new aluminosilicate materials as an alternative. 
Coal mining waste with a high clay minerals content is a potential source for obtaining an 
aluminosilicate precursor. Coal mining wastes are generated during coal washing and 
processing [17,18]. In 2020, the global coal production was 159.61 EJ [19]. The solid wastes 
generated during coal mining account for 10%–20% of coal production [16]. In China, the 
solid waste produced by the coal mining and washing industry were 468 million tons in 
2020, accounting for 13.2% of the national general industrial solid waste production [20]. 
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The coal-based solid wastes not only occupy land and pollute the environment, but also 
cause serious economic losses to the coal industry [21,22]. Consequently, the developing 
trend of green mine construction in the coal industry and the concept of clean coal utili-
zation require the comprehensive utilization of coal mining wastes [23,24]. 

Extensive studies have already demonstrated the effectiveness of calcined coal min-
ing wastes. Zhang et al. [25] studied the thermal behavior of eight types of coal gangue 
mainly containing kaolinite, illite, and quartz. They found that the chemical reactivity 
mainly contributed to the transformation of kaolinite to metakaolinite, while illite plays a 
minor role and quartz is inert, suggesting that the optimal calcination temperature is 700 
°C in the air atmosphere. Xu et al. [26] found that the mineral phase transformation from 
kaolinite to metakaolinite occurred at 500 °C. Likewise, Hollanders et al. [2] reported that 
all kaolinitic clays are highly reactive at a broad range of firing temperatures (500–900 °C). 
The reported optimal activation temperature of coal mining wastes varies in the literature. 
This determination appears complicated, which might be related to the differences in the 
type, content, and structure of clay minerals in the applied coal mining waste. It is known 
that kaolinite is highly reactive, and the optimal activation temperature of kaolinite is 
from 600–800 °C, while pure montmorillonite and illite possess optimal treatment tem-
perature of 800 and 900 °C, respectively. Moreover, even at optimal firing temperatures, 
the reactivity of montmorillonite and illite are significantly smaller compared to that of 
kaolinite [2]. Therefore, it is necessary to thoroughly study the mineral composition of 
coal mining waste and its structural transformation in thermal activation. 

Note that in addition to clay minerals, carbon is another important component that 
affects the chemical activity of coal mining waste during the calcination process. However, 
the understanding regarding the effects of carbon on the activation process was restricted 
to the fact that the extra heat provided by carbon for calcination promoted the decompo-
sition of kaolinite [6,27]. Furthermore, the influence of the structural transformation of 
carbon under different calcination atmospheres and temperatures on the chemical reac-
tivity of coal mining wastes has not been fully studied. 

At present, the function of calcination not only involves the structural transformation 
of minerals but is also related to the combustion or carbonization of carbon in coal waste. 
The transformational features of each composition in coal mining waste affect the final 
chemical reactivity. Therefore, a kaolinite-based high ash slime (KAS) produced in the 
coal washing process was explored in this study.  

This study mainly focuses on the influence of temperature and gas atmospheres on 
the structural transformation of carbon and minerals in KAS during calcination. Moreo-
ver, the leaching rate of Al2O3 and SiO2 in KAS were determined by hydrochloric acid and 
sodium hydroxide leaching tests to evaluate the chemical reactivity of the calcined KAS. 
Finally, correlations between chemical reactivity and structural transformation were dis-
cussed to investigate the thermal activation mechanism. This research will provide signif-
icant theoretical guidance on the thermal activation of coal mining wastes. 

2. Materials and Methods 
2.1. Experimental Materials 

The raw KAS used in this study was collected from the Xiegou coal preparation plant, 
located in Luliang City, Shanxi Province, China. The sample was ground and sieved to 
less than 0.125 mm, and then dried at 105 °C for 12 h. All chemicals used in this study 
were analytical pure and without any further purification. 

2.2. Calcination Experiment 
The optimal activation temperature of coal mining wastes reported in previous liter-

ature is between 500 and 900 °C [25,28]. Furthermore, a 2 h calcination time was sufficient 
to result in the structural changes, and a long calcination time decreased the reactivity of 
kaolinite [5,29]. In term of this knowledge, the KAS was heated up to the desired 
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temperature (400, 500, 600, 700, 800, 900, or 1000 °C) at a heating rate of 10 oC·min−1 in a 
tube furnace under a certain atmosphere (air, N2, or CO2) with a flow rate of 100 mL·min−1. 
After being held for 2 h, the sample was cooled to room temperature with the tube furnace 
and finally placed in a desiccator for standby application. The calcined KASs are denoted 
as A-KAS-T, N-KAS-T, and C-KAS-T, where A, N, and C refer to air, N2, and CO2 atmos-
phere, respectively, and T stand for the calcination temperature. For example, A-KAS-700 
is the KAS calcined at 700 °C in air atmosphere for 2 h. 

2.3. Determination of Active Al2O3 and SiO2 Contents 
As reported in previous studies, the effectiveness of the thermal activation was de-

termined by the calculated degree of amorphization indexes, which was calculated by 
characterizations, such as XRD [5], FTIR [28], and TGA [29]. These values proved to be 
useful indicators, but could not provide sufficient information [5]. In the present study, 
the effectiveness of thermal activation was determined by the measurement of active 
Al2O3 and SiO2 contents, which are those formed during the calcination, leachable by acid 
and alkali solutions, respectively [10,30,31]. 

The active Al2O3 and SiO2 contents of the different samples were obtained by first 
leaching 5 g of a calcined sample with 250 mL of a boiling 25 wt.% HCl solution, or with 
250 mL of a boiling 25 wt.% NaOH solution, for 2 h, then filtering and washing the leached 
sample, and finally analyzing the filtrates by the ethylenediaminetetraacetic acid (EDTA) 
titration methods or the alkali-soluble carbon methods. The specific test methods are 
shown in the Supplementary Information (SI). 

2.4. Characterizations 
The moisture, ash, and volatile and fixed carbon contents were determined according 

to the National Standards of China GB/T 212-2008. The ultimate analysis of the KAS was 
conducted using a CHNS Elemental Analyzer (Vario EL, Elementar, Frankfurt, Germany). 
The chemical compositions of the residue ash, which is the KAS calcined at 900 °C for 3 h 
in a muffle furnace under the air atmosphere, were determined using an X-ray fluores-
cence spectrometer (XRF, 3600, Thermo Fisher, MA, America). 

The mineral phases transformation of the KAS and CKAS was investigated by an X-
ray powder diffractometer (XRD, miniflex600, Rigaku, Duzhaodao, Tokyo). The scanning 
range of 2θ was between 5° to 70°, with a step increment of 0.02° under the scan speed of 
5°/min. The relative content of mineral compositions was determined by the semi-quanti-
tative XRD analysis using the traditional reference intensity ratio (RIR) method. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 
conducted using a simultaneous thermal analyzer (Model STA 449F3, NETZSCH, Selbu, 
Germany). The experimental condition was as follows: 10 mg KAS placed in the alumina 
crucible was heated from room temperature to 1000 °C at a heating rate of 10 °C/min. 
Another blank alumina crucible was simultaneously used as a reference. The measure-
ments were performed in air, N2, and CO2 atmospheres, respectively, at a flow rate of 60 
mL·min−1. 

To further investigate the structure transformation during thermal treatment, the in-
frared spectroscopic measurements were conducted on a Fourier transform infrared spec-
trometer (FTIR, VECTOR22, Bruker, Karlsruhe, Germany). Samples of 2 mg in size were 
mixed and ground with 200 mg KBr in an agate mortar, and then pressed into a 13.0 mm 
diameter pellet. The spectra were recorded in the range of 4000–500 cm−1, and the resolu-
tion was 4 cm−1 with 32 scans. 

The surface chemical states of silicon and aluminum in samples was elucidated by X-
ray photoelectron spectroscopy (XPS, Axis UltraDLD, KRATOS, Manchester, UK) with a 
monochromatic Al Kα source (1486.6 eV). The spectra were calibrated using the C1s spec-
trum at a peak of 284.8 eV. 
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3. Results and Discussion 
3.1. Essential Properties of KAS 

The proximate and ultimate analyses of the KAS are shown in Table 1. The content 
of carbon in KAS was 26.16 wt.%, and the loss on ignition yields was 32.37 wt.%, which 
indicated that the organic carbon constituted KAS. 

The main chemical composition of the KAS is listed in Table 2. SiO2 and Al2O3 were 
the main constituents of the inorganic minerals in KAS, accounting for 32.17 wt.% and 
27.75 wt.%, respectively. The ratio of SiO2/Al2O3 was 1.97, which was a little less than the 
theoretical value of kaolinite. Without special mention, the elemental content stated in this 
paper means the content in the KAS. 

Table 1. Proximate and ultimate analyses of the kaolinite-based high ash slime (KAS). 

Proximate Analysis, ad (wt.%) Ultimate Analysis, ad (wt.%) 
M A VM FC C H N S 

0.60 67.63 17.36 14.41 26.16 2.95 0.42 1.40 
Note: ad-air dry basis; M-moisture; A-ash yield; VM-volatile matter; FC-fixed carbon. 

Table 2. Main chemical composition of the KAS. 

SiO2 (%) Al2O3 (%) CaO (%) Fe2O3 (%) SO3 (%) TiO2 (%) Others (%) LOI (%) 
32.17 27.75 2.70 2.19 1.00 0.89 0.93 32.37 

The XRD pattern of the KAS is presented in Figure 1. The main minerals of the KAS 
were kaolinite, quartz, calcite, and pyrite. Two characteristic diffraction peaks appeared 
at 2θ = 12.3° and 2θ = 24.8°, which were attributed to the diffraction of (001) and (002) 
crystal planes of kaolinite (Al2O3·2SiO2·2H2O), respectively. Meanwhile, the other charac-
teristic peaks at 2θ = 19.8°, 20.3°, and 23.0° were due to the diffraction of (020), (110), and 
(111) crystal surface reflections of kaolinite, respectively. The characteristic diffraction 
peak for calcite was observed at 2θ = 29.4°. In addition, the main peak of quartz at 2θ = 
26.6° and the peaks of pyrite at 2θ = 33.1° and 2θ = 56.3° were also detected. 

 
Figure 1. XRD pattern of the KAS (K—kaolinite, Q—quartz, C—calcite, Py—pyrite). 
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To accurately analyze the relative content of the minerals in KAS, the results of semi-
quantitative XRD analysis are listed in Table 3. The results showed that kaolinite was the 
major mineral phase of the KAS, accounting for 77.5% of the several minerals, which was 
consistent with the high ratio of Al2O3/SiO2. 

Table 3. Mineral concentrations of the KAS. 

Mineral Kaolinite Calcite Quartz Pyrite 
Concentration (%) 77.5 7.2 10.0 5.7 

The information on the molecular structure of KAS was revealed by FTIR spectra. 
From Figure 2, the characteristic peaks of kaolinite, quartz, calcite, and carbonaceous ma-
terial can be observed. The assignments of characteristic absorption peaks of kaolinite are 
presented in Table 4. It can be seen that the absorption peaks at 3693, 3668, 3652, 3620, 938, 
913, 797, 753, 694, 1621, 1033, 1009, 1114, 1097, and 538 cm−1 were assigned to the OH, Si-
O-Si, and Si-O-AlVI characteristic absorption vibrations of kaolinite. 

In addition to the characteristic peaks of kaolinite, the FTIR peak at 1422 cm−1 corre-
sponded to CO32- asymmetric stretching vibration [32–34], which further proved the exist-
ence of calcite in the KAS. The feature bands of quartz at 1114, 1097, 797, 754, 695 cm−1 
were weak, which indicated that the content of quartz in KAS was much lower than that 
of kaolinite, corresponding to the results of XRD. Moreover, the bands at 3070–3000, 2921, 
2849, and 1384 cm−1 were assigned as carbonaceous matter vibration bands contained in 
the raw KAS. 

 
Figure 2. FTIR spectra of the KAS. 

Table 4. Characteristic absorption peaks of FTIR of kaolinite. 
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OH translation of AlVI-OH 797, 753, 694 [7] 
Si-O-Si asymmetric stretching 1033, 1009 [34,39] 
Si-O-Si symmetric stretching 798, 779 [25,26,34,35] 

Si-O-AlⅥ stretching (apical Si) 1114, 1097 [25,26,35,38,40] 
Si-O-AlⅥ deformation 538 [25,36,38,40] 

Combined with the above analysis, it can be concluded that the studied KAS collected 
from the north of China is categorized in kaolinite-type clay coal waste. Figure 3 shows 
the layer structure of kaolinite. Kaolinite (Al2O3·2SiO2·2H2O) is a 1:1 type layered alumi-
nosilicate clay mineral. A layer of kaolinite is a structural unit consisting of a SiO4 tetrahe-
dral sheet and an AlO2(OH)4 octahedral sheet. The two sheets are linked by Si-O-Al bonds 
and the inner hydroxyl groups. The inner hydroxyl groups share the plane with the apical 
oxygen atoms of the SiO4 tetrahedral structures. In addition, kaolinite contains another 
type of hydroxyl group, the outer hydroxyl group, which appeared in the outer surface of 
the AlO2(OH)4 octahedral sheet with the unshared plane. The unit layers are connected by 
outer hydroxyl groups and van der Waals forces. 

 
Figure 3. Layer structure of kaolinite. 

3.2. Thermal Analysis of KAS 
Thermal analysis of the KAS is essential to understand the structural and chemical 

transformation of carbon and minerals during calcination [41]. The TG, DTG, and DSC 
curves of the KAS in different atmospheres are presented in Figure 4. 

   
Figure 4. TGA (a), DTG (b), and DSC (c) curves of the KAS. 
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According to Figure 4a, the mass loss of the KAS was significantly different with 
temperatures under oxygen (air) and oxygen-free (N2 or CO2) atmospheres. Under N2 and 
CO2 atmospheres, the mass loss of the KAS calcined before 800 °C were about 17.4 wt.%, 
which was related to the moisture loss before 105 °C and the thermal decomposition of 
minerals and carbon. It was consistent with the content of moisture (0.67 wt.%) and vola-
tile matter (17.36 wt.%) from a proximate analysis. Under air atmosphere, the mass loss 
increased by 13.8%, which was caused by the combustion of carbon, corresponding to the 
content of fixed carbon (14.41 wt.%) of the proximate analysis. 

Under air atmosphere, the thermal behaviors of the KAS were mainly dominated by 
carbon combustion [42]. The features observed in the thermal curves of carbon in the KAS 
can be divided into three stages. The first stage is the oxygen physisorption and chemi-
sorption between 150–300 °C, which resulted in a modest gain in mass and a slight exo-
thermic peak. The second stage is the combustion of volatile matter in the range from 200 
to 400 °C. The third stage is the combustion of fixed carbon between 400 and 650 °C. The 
combustion of volatile matter and fixed carbon caused a large weight loss of up to 29.5% 
on the TG curve and two exothermic peaks on the DSC curve. The processes of the carbon 
reacting with O2 can possibly be described in reactions (SI 10–14). 

Compared to combustion, the thermal behaviors of the carbon, under both N2 and 
CO2 atmospheres, had only one stage of devolatilization (200–550 °C) before 800 °C. In 
this stage, there was a relatively lower weight loss and exothermic peak, indicating that 
carbon remained during the heating of the KAS under oxygen-free atmospheres [24]. Af-
ter 800 °C, the thermal behaviors of the carbon under the CO2 atmosphere showed the 
second stage of char gasification leading to further weight loss [43], represented by the 
reaction (SI 15). 

Moreover, the thermal decomposition processes were slightly different before 800 °C 
under the two oxygen-free atmospheres. From Figure 4a,b, the weight loss of the KAS 
under the N2 atmosphere was higher than that under the CO2 atmosphere, and the devo-
latilization peak temperature in the N2 atmosphere (472 °C) was lower than that in the 
CO2 atmosphere (498 °C). This was because the specific heat capacity of CO2 is higher than 
that of N2, which resulted in a lower surface temperature of the KAS under the CO2 at-
mosphere than that under the N2 atmosphere. Thus, the escape of volatile matter required 
a higher temperature in the CO2 atmosphere [24,43]. 

In addition to carbon, the thermal behaviors of kaolinite and calcite in the KAS were 
also observed from Figure 4. Under N2 and CO2 atmospheres, a certain weight loss peak 
and a significant endothermic peak were observed around 550 °C, which were primarily 
attributed to the thermal decomposition of kaolinite [26,44]. However, under air atmos-
phere, the slight weight loss peak of the thermal decomposition of kaolinite shifted to a 
low temperature (510 °C), and the endothermic peak of kaolinite decomposition was not 
observed. This was because the decomposition of kaolinite occurred at the same stage as 
the combustion of carbon, and the heat generated by the combustion of carbon accelerated 
the decomposition of kaolinite [25,27]. As the temperature increased, a mild exothermal 
peak was observed at 950 °C on the DSC curve of each atmosphere, and there was no mass 
loss on the TG curve under the same temperature range, which was a sign of the new 
aluminosilicate crystalline phase formation [25]. 

Under air, N2, and CO2 atmospheres, the decomposition temperatures of calcite were 
717, 740, and 910 °C, respectively. The decomposition resulted in a small weight loss and 
a tiny exotherm. It can be seen that the thermal decomposition of calcite was greatly in-
fluenced by the atmosphere. Particularly under the CO2 atmosphere, the decomposition 
temperature of calcite was 170 °C higher than that under the N2 atmosphere (Figure 4b) 
[24]. 
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3.3. Mineral Transformation of KAS during Calcination 
To investigate the possible mineral transformation and structural evolution during 

calcination, the XRD patterns and FTIR spectra of calcined KAS at 400 °C to 1000 °C under 
different atmospheres are presented in Figures 5 and 6, respectively. 

  

  

 
Figure 5. XRD pattern of the KAS calcined at 400 °C to 1000 °C under different atmospheres. (a) 400 
°C, (b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C, (f) 900 °C, (g) 1000 °C. (K—kaolinite, Q—quartz, C—
calcite, Py—pyrite, He—hematite, Ma—magnetite, CS—calcium sulfate, Anh—anorthite, L—lime, 
Ge—gehlenite, Mu—mullite.) 
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Figure 6. FTIR spectra of KAS calcined at 400 °C to 1000 °C under different atmospheres: (a) 400 °C, 
(b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C, (f) 900 °C, (g) 1000 °C. 

From Figure 5, it can be seen that the calcination temperature and atmosphere had a 
great influence on the decomposition of minerals in the KAS. Quartz was stable during 
calcination; however, kaolinite, pyrite, and calcite showed different residual structures as 
a function of temperature under the three calcination atmospheres. To quantify, the rela-
tive decomposition rate of the three minerals was calculated using the change in the in-
tensity of the diffraction peak of kaolinite, pyrite, and calcite relative to the intensity of the 
peak of quartz, respectively [6]. The formula is listed as follow: α = ൣ1 − (I୶ I୕⁄ )ୡୟ୪ୡ୧୬ୣୢ (I୶ I୕⁄ )୰ୟ୵⁄ ൧ × 100% (1)

where α is the relative decomposition rate, Ix can be IK, IP, and IC, representing the intensity 
of the diffraction peaks of kaolinite, pyrite, and calcite, respectively. In addition, IQ is the 
peak intensity of quartz. 

The calculation result is shown in Figure 7. From Figures 5 and 7, the characteristic 
peaks of kaolinite in the KAS calcined at 400 °C were still quite clear under N2 and CO2 
atmospheres, while under air atmosphere, it dropped by 64.1%. Besides, the peaks of ka-
olinite in the KAS calcined at 500 °C almost vanished under air atmosphere, and the 
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decomposition rate was 91.5%, but under N2 and CO2 atmospheres, the decomposition 
rates were only 66.7% and 38.1%, respectively. Moreover, the complete decomposition of 
kaolinite was achieved at 600 °C under each atmosphere. The results were consistent with 
the TGA-DTG-DSC analysis, indicating that compared with N2 and CO2 atmospheres, air 
atmosphere was more conducive to the low-temperature decomposition of kaolinite. 

As for kaolinite, the combustion of carbon also contributed to the decomposition of 
pyrite and calcite, so at the same calcination temperature, the decomposition rate of pyrite 
and calcite under air atmosphere was highest than that under N2 and CO2 (Figure 7b,c). 
Moreover, the decomposition of calcite was also restrained by the CO2 atmosphere, which 
was because the decomposition of calcite is very sensitive to the partial pressure of CO2, 
and the higher partial pressure of CO2 in the system pushed the decomposition of calcite 
towards a higher temperature. The decomposition reactions of pyrite and calcite are show 
in (SI 16–17). 

   

Figure 7. Relative decomposition rate of minerals in the KAS: (a) kaolinite, (b) pyrite, (c) calcite. 

In addition, the FTIR analysis further proved the structural transformation from ka-
olinite to metakaolinite (Figure 6). From 400 °C to 600 °C, the gradual disappearance of 
the OH stretching vibrations at 3600–3700 cm−1, the OH bending vibrations at 900–950 
cm−1, and OH translation vibrations at 650–800 cm−1 indicated that OH was completely 
removed by calcination. Moreover, the peak disappearance rate of 3620 cm−1 was faster 
than the peaks at 3693, 3668, and 3652 cm−1, which showed that the external hydroxyl 
group was easier to escape than the internal hydroxyl group. Meanwhile, the sharp Si-O 
and Al-O stretching bands at 1150–1000 cm−1 became weaker and combined into a broad 
peak, and the position of the broad peak redshifted to 1520–1000 cm−1, indicating that the 
degree of crystallinity of kaolinite decreased. It was also observed that while the Si-O-AlVI 
stretching vibration peak at 538 cm−1 disappeared, a new Si-O-AlIV peak appeared at 876 
cm−1, which showed that the VI-coordinated aluminum in kaolinite was transformed to 
IV-coordinated aluminum in metakaolinite. The above all confirmed the transformation 
from crystalline kaolinite to semicrystalline metakaolinite by dehydroxylation. The reac-
tion and mechanism schematic diagram of this transformation are shown in SI 18 and 
Figure 8, respectively. 
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Figure 8. The mechanism schematic diagram of the transformation from kaolinite to metakaolinite 
by dehydroxylation: (a) layer structure of kaolinite, (b) escape of external hydroxyl group, (c) escape 
of internal hydroxyl group. Al, Si, O, and H atoms are represented by yellow, blue, red, and white 
spheres, respectively. 

With the diffraction peak intensities of kaolinite disappearing at 600 °C, kaolinite was 
completely transformed into semicrystalline metakaolinite, which was maintained until 
800 °C. At 800 °C, the broad Si-O and Al-O stretching bands continue redshifted (Figure 
7e), indicating that the layer of metakaolinite became compact and began to sinter, and 
semicrystalline metakaolinite began to transform into amorphous aluminosilicate [28]. 
The schematic diagram is shown in Figure 9. 

 
Figure 9. Schematic diagram of sintering between layers of metakaolinite: (a) layer structure of 
metakaolinite, (b) a high-energy transition state with an overcoordinated Si atom and Al−O bond 
dissociation, (c) a sintered structure with interlayer Al−O−Si bonds. Al, Si, and O atoms are repre-
sented by yellow, blue, and red spheres, respectively. 

At 900 °C, the new phase anorthite appeared [33,45], which was formed by the free 
CaO (decomposition products of calcite) reacted with amorphous aluminosilicate accord-
ing to the reaction (SI 19). Compared to Ca-poor coal mining waste, the calcite in the KAS 
lowered the beginning temperature of crystallization [46]. In addition, since the decom-
position of calcite was restrained under the CO2 atmosphere, the amount of neoformed 
anorthite was smaller than that formed under other atmospheres (Figure 6f). As the calci-
nation temperature increased to 1000 °C, gehlenite and mullite formed, while anorthite 
decreased (reactions SI 20–21) [46,47]. 

From Figure 6f,g, it can be seen that the Si-O-AlIV peak at 876 cm−1 disappeared after 
900 °C, and new peaks appeared at 905 and 567 cm−1, also indicating the formation of new 
aluminosilicate minerals. 

As for the minor mineral phases, the different transformations of pyrite and calcite 
were observed under different calcination temperatures and atmospheres. Under air at-
mosphere, with the disappearance of pyrite, hematite formed at 500 °C, and its peak in-
tensities gradually increased from 500 to 800 °C. At 900 °C, a small amount of magnetite 
was generated and coexisted with hematite (reactions (SI 22–23)). Under N2 and CO2 
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atmospheres, the main mineral phase formed at 700 °C was magnetite, not hematite (re-
action (SI 24)). This phenomenon was probably due to the different partial pressure of 
oxygen, and the higher partial pressure of oxygen promotes the formation of hematite 
[43,48]. 

With the decrease in the peak intensities of calcite, calcium sulfide generated at the 
same time as magnetite generated under both the N2 and CO2 atmospheres. However, due 
to the participation of O2, anhydrite generated at 700 °C under the air atmosphere (reac-
tion (SI 25)). 

3.4. The Chemical States of Silicon and Aluminum in Calcined KAS 
The binding energy of Si 2p and Al 2p analyzed by XPS is determined by the chemical 

structure of silicon and aluminum. The binding energies of Si 2p and Al 2p of raw and 
calcined KASs under air atmosphere were investigated and are shown in Figure 10. The 
Si 2p binding energy for raw KAS is 102.92 eV, and it corresponds to silicon in the Si-O 
bond. The Al 2p binding energy for raw KAS is 74.72 eV, which can be assigned to Al in 
Al-OH [49]. Compared with raw KAS, the Si 2p binding energy for calcined KAS de-
creased at 700 °C, and then increased at 1000 °C under air atmosphere, while the Al 2p 
binding energy for calcined KAS increased at 700 and 1000 °C. The lowest Si 2p binding 
energy was achieved at 700 °C. This may be attributed to the fact that during calcination, 
the hydrogen bonds between the [SiO4] tetrahedra sheet and the [AlO6] octahedra sheet in 
the clay minerals were broken. Meanwhile, the VI-coordinated aluminum transformed 
into the more tightly connected IV-coordinated aluminum, which caused the Al 2p bind-
ing energy to increase slightly at 700 °C [25]. 

  
Figure 10. The binding energies of Si 2p and Al 2p for raw and calcined KAS under air atmosphere. 
(a) Si 2p, (b) Al 2p. 

The detailed region scans of Al 2p and Si 2p of KAS calcined at 700 °C under different 
atmospheres are summarized in Figure 11. The binding energies for the Al 2p and Si 2p 
peaks did not change significantly when calcined under different atmospheres. However, 
a distinct variation in peak area indicated that a change in chemical structure might occur. 
It is well-known that the peak area of spectra for an atom relates to the fractional compo-
sition of this atom, and thus the atomic ratios of Si to Al can be calculated by the aid of the 
atomic sensitivity factors (ASF (Al 2p) = 0.185 and ASF (Si 2p) = 0.270) (Table 5) [7]. It can 
be seen that the peak area for KAS calcined under air showed a different changing pattern 
from KAS calcined under N2 and CO2. Compared with raw KAS, the peak areas of both 
Al 2p and Si 2p calcined under air nearly doubled, while the peak areas calcined under N2 
and CO2 slightly decreased. The detected atomic ratio of Si to Al in the raw KAS was 1.2, 
which showed small deviations from the bulk atomic ratio of Si to Al, determined from 
the XRF analysis, implying that the KAS was well-distributed. Furthermore, few varia-
tions in the atomic ratio of Si to Al could be observed after the KAS calcined in different 
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atmospheres. Therefore, the significant increase in the peak area of Al 2p and Si 2p cal-
cined under air might be the result of the burning out of carbon on the surface of KAS. 

  
Figure 11. Al 2p and Si 2p photoelectron spectra of KAS calcined at 700 °C under different atmos-
pheres. 

Table 5. The changes in peak areas and the atomic ratios of Si to Al of the samples. 

Sample Atom Type Peak Area Ratio Si/Al 

A-KAS-700 
Al 2p 1.96 

1.30 
Si 2p 2.13 

N-KAS-700 
Al 2p 0.86 

1.26 
Si 2p 0.91  

C-KAS-700 
Al 2p 0.77  

1.28 
Si 2p 0.82 

3.5. Leaching Tests Analysis of Calcined KAS 
The leaching rates of Al2O3 and SiO2 in raw KAS were determined to be only 4.2% 

and 3.7%, respectively. This result showed that the chemical reactivity of the raw KAS is 
very low, which is caused by the carbon and minerals of the crystalline structure in KAS 
[8]. Therefore, it is necessary to improve the chemical reactivity by calcination. 

The leaching rates of the Al2O3 and SiO2 of KAS calcined under different treatment 
conditions are summarized in Figure 12. Compared with raw KAS, the leaching rates of 
Al2O3 and SiO2 were greatly improved by calcination. The calcination treatment led to 
consistent changes in the leaching rates of Al2O3 and SiO2 for the three calcination atmos-
pheres assessed. The leaching rates increased with the increase in calcination temperature 
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up to 600–700 °C, and then it suddenly decreased after 800 °C. Moreover, the leaching 
rates of Al2O3 and SiO2 in the KAS calcined under air were significantly higher than those 
of the KAS calcined under N2 and CO2 atmospheres. The results in Figure 10 show that 
the Al2O3 and SiO2 leaching rates of calcinated KAS reached a maximum at 700 °C under 
air atmosphere, which were 90.4% and 84.0%, respectively. Under the N2 and CO2 atmos-
pheres, the Al2O3 and SiO2 leaching rates reached a maximum of 600 °C and were 79.7% 
and 77.7% under the N2 atmosphere, and 79.8% and 78.5% under the CO2 atmosphere. 

 
Figure 12. The leaching rate of Al2O3 and SiO2 in calcined KAS. 

3.6. Thermal Activation Mechanism of KAS 
The leaching results manifest the connection between the structural transformation 

and chemical reactivity of the KAS during calcination. The relatively higher Al2O3 and 
SiO2 leaching rate at 600–800 °C indicated that the KAS calcined at 600–800 °C exhibited 
higher chemical reactivity. The leaching rate of Al2O3 and SiO2 decreased after 800 °C, 
which showed that the chemical reactivity of the calcined KAS lowered after 800 °C. These 
results are consistent with the change in the transformation of kaolinite during the calci-
nation of the KAS. 

Various structure transformations of kaolinite corresponding to the different chemi-
cal reactivities were identified. Before 400 °C, crystalline kaolinite was observed. Due to 
the existence of structural hydroxyl groups and the stable Al-O bonds and Si-O bonds in 
the network structures of kaolinite, the chemical reactivity of the KAS was very low. From 
400 to 600 °C, dehydroxylation gradually decomposed kaolinite to the semicrystalline me-
takaolinite. The transformation from a stable structure into a non-stable structure ac-
counted for the increase in chemical reactivity. In the range of 600–800 °C, the complete 
transformation of metakaolinite resulted in the highest chemical reactivity. Beyond 800 
°C, layers of metakaolinite began to sinter, while anorthite, gehlenite, and mullite phases 
subsequently appeared. The appearance of a structure more stable than metakaolinite led 
to the decrease in chemical reactivity. 

Apart from the structural transformation of kaolinite, the carbon content in the KAS 
also affects chemical reactivity. Before 600 °C, the accelerated transformation of kaolinite 
caused by combustion of carbon in the KAS resulted in the higher leaching rates of the 
calcinated samples than the KAS samples under air than those under other atmospheres. 
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Beyond 600 °C, although the complete transition of kaolinite to metakaolinite occurred 
under each atmosphere, the leaching rates of calcinated KAS under air were still higher 
than those under inert atmospheres. This was because when the KAS calcinated under 
inert atmospheres, the carbon only pyrolyzed to form semi-coke. The existence of semi-
coke increased the resistance of mass transfer and solid–liquid separation in the leaching 
reaction, thereby decreasing the leaching rate [6]. 

4. Conclusions 
In this paper, the structural evolution of carbon and minerals derived from the KAS 

and its chemical reactivity during calcination have been systematically studied. The re-
sults show that the applied KAS mainly consisted of kaolinite and carbon, with a small 
amount of quartz, calcite, and pyrite, and presented weak chemical reactivity. It was de-
termined that KAS calcination under air atmosphere can burn out carbon at 650 °C, while 
the combustion of carbon is conducive to the low-temperature decomposition of kaolinite, 
calcite, and pyrite. However, calcination under N2 and CO2 atmospheres results in a char 
residual. Moreover, the structural transformation of kaolinite during calcination includes 
dehydroxylation, sintering, and the formation of anorthite, gehlenite, and mullite. Fur-
thermore, calcination greatly improves the chemical reactivity of KAS as a result of the 
dehydroxylation of crystalline kaolinite, and the KAS calcined at 600–800 °C shows high 
chemical reactivity. On the other hand, the decrease in chemical reactivity after 800°C is 
attributed to the interlayer sintering of metakaolinite and the recrystallization of amor-
phous components. Additionally, the presence of carbon reduces the chemical reactivity 
of calcined KAS. 
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