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Abstract: Calcium‐bearing minerals are one of the main typical minerals in coal and coal ash. In the 
process of coal thermal conversion, calcium‐bearing minerals undergo different morphological 
transformation in which the reaction temperature, pressure, and atmosphere are important factors 
affecting their transformation. The reaction process of underground coal gasification (UCG) could 
be clearly divided into pyrolysis, reduction, and oxidation and the typical calcium‐bearing minerals 
are expected to indicate the actual reaction conditions of UCG. A high‐calcium coal, Zhundong coal, 
was used in this research. The products of UCG were prepared and the minerals were identified by 
X‐ray diffraction (XRD) and a scanning electron microscope coupled with an energy‐dispersive 
spectrometer (SEM‐EDS). The thermodynamic calculation was used to assist in understanding the 
transformation behaviors of calcium‐bearing minerals. The experimental results show that the 
calcium‐bearing mineral is gradually converted from gypsum (CaSO4·2H2O) in the raw coal into 
anhydrite (CaSO4) during the pyrolysis process. In the reduction stage, anhydrite reacts with the 
reducing gas (CO) to produce oldhamite (CaS), and the oldhamite is stably present in the reduction 
ash. During the oxidation process, oldhamite is first transformed into CaSO4, and then CaSO4 is 
converted into CaO. Finally, CaO reacts with Al2O3 and SiO2 to produce gehlenite (Ca2Al2SiO7) at 
1100 °C. As the oxidation temperature rises to 1400 °C, gehlenite is transformed into the 
thermodynamically stable anorthite (CaAl2Si2O8). With the further progress of the reaction, 
anorthite will co‐melt with iron‐bearing minerals above 1500 °C. The ternary phase diagram of SiO2–
Al2O3–CaO system proves that anorthite and gehlenite are the typical high‐temperature calcium‐
bearing minerals when the mole fraction of SiO2 is higher than 0.6. Moreover, the gehlenite is 
converted to anorthite with the temperature rise, which is consistent with experimental results. This 
study provides a scientific basis for understanding the UCG reaction conditions. 

Keywords: underground coal gasification; high‐calcium coal; calcium‐bearing minerals; coal ash 
 

1. Introduction 

Coal is a complex geologic material composed mainly of organic matter and mineral matter. 
Minerals play a significant role in affecting the coal utilization process, especially coal combustion 
and gasification processes. Minerals also are the major hosts of most elements present in coal [1]. 
After thermal transformation of coal (pyrolysis, combustion, gasification), minerals and other 
inorganic components in coal break down, agglomerate, and melt, mainly forming ash and slag [2]. 
Calcium‐bearing minerals are common minerals in coal and have an important influence on coal 
combustion and gasification processes. According to the chemical composition and properties of coal, 
coal with CaO content more than 15% is identified as high‐calcium coal [3]. Zhundong coal is a typical 
high‐calcium coal. Zhundong coal, located in the east of Junggar Basin, Xinjiang, China, with the 
forecast coal reserves of 390 billion tons, is the largest intact coalfield in the world. Zhundong coal 
accounts for 17.8% of Xinjiang’s coal reserves and 7.2% of China’s coal reserves [4]. Due to 
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characteristics of high volatile substances, Zhundong coal is easily ignited. However, the severe 
scaling and slagging problems during the pyrolysis or combustion process limit its utilization as 
cleaning fuel [5]. The main reason is due to the high contents of alkali and alkaline earth metallic 
species (AAEMs) in the coal [6,7]. Underground coal gasification can solve the ash‐related problems 
(fouling, slagging, agglomeration) of Zhundong coal because it does not need a boiler or gasifier 
facility. This paper focuses on the transformation of calcium‐bearing minerals during the UCG 
process. 

It is reported that calcium‐bearing minerals have an important influence on the coal utilization 
process [8,9]. CaO promotes pyrolysis, and adsorbs pyrolysis products in the early stage, and then 
CaO has a catalytic effect on deoxygenation and dealkylation, which increases coal weight loss. 
Calcium is an important in‐situ catalyst and plays a catalytic role in coal gasification. Alkali metals 
(Na, K) and alkaline earth metal (Ca) compounds can also reduce the ignition temperature of coal 
and have the effect of denitrification and desulfurization. Furthermore, the phenomenon of 
sublimation of calcium‐bearing minerals in coal occurs at high temperature, which is the initial cause 
of slagging on the heated surface [10]. 

Underground coal gasification (UCG) is the process in which the coal is directly converted into 
combustible gaseous products (CO, H2, CH4) [11]. Underground coal gasification can effectively solve 
the safety and environmental problems caused by coal mining, improve the efficiency of coal 
utilization, and solve the problem of “rich coal” and “lack gas” in China. In view of the problems 
existing in the utilization of Zhundong coal, it is hoped that the underground coal gasification 
technology will be used for the exploitation of Zhundong coal. 

The basic principle of underground coal gasification is the same as that of surface gasification, 
but the reaction process is different. The characteristics of underground coal gasification are the 
fixation of gasified coal and the movement of gasification working face [12]. The actual reaction 
conditions of UCG are difficult to monitor because the reaction is usually carried out in coal seams at 
hundred meters beneath the surface [13]. The mineral characteristics of underground coal gasification 
ash are closely related to the actual reaction conditions of UCG. Therefore, the study of mineral 
characteristics of ash has become an important way to explore the actual reaction conditions of UCG. 

Ash deposition and sodium transformation behavior during Zhundong coal combustion have 
been studied by many authors [14]. Kosminski et al. [15,16] have found that temperature exerted 
important effects on reactions between Na compounds and SiO2 and Al2O3, thus affecting Na release. 
Li et al. [17] have reported that NaCl is the main form released from Zhundong coal and that 80% of 
Na is released from the coal as temperature increases from 600–800 °C during combustion. Zhang et 
al. [18] have investigated the effects of temperature on Na transformation of Zhundong coal in a 
fluidized bed gasifier. The Na retention ratio was found to initially decrease but then increase with 
increased temperature, and more sodium was retained in residuals at high temperatures [19]. 
However, studies on the conversion of calcium‐bearing minerals are insufficient during Zhundong 
coal gasification, especially the UCG process. At present, several methods have been applied to solve 
the fouling and slagging problems, such as coal blending, additive application, and coal leaching. 
Coal blending can alleviate the fouling and slagging problems, but the blending ratio of Zhundong 
coal is low and is limited by the high transport expense of coal with low AAEM content [4]. Li et al. 
proposed a new method of CO2‐water leaching to remove AAEM in Zhundong coal, the removal 
efficiencies of Na and Ca were up to 90.5% and 31.1%, respectively [20]. 

Based on the deficiencies in the previous studies, the aim of this work is to investigate the 
sequential transformation of calcium‐bearing minerals during UCG process. Laboratory UCG 
simulation experiments were used to prepare UCG semi‐coke (800 °C), reduction ash (900 °C–1300 
°C), and oxidation ash (1100 °C–1500 °C) based on the Zhundong coal. The XRD, SEM‐EDS, and 
FactSage 7.3 were performed to identify the composition and microstructure of the calcium‐bearing 
minerals obtained from the ashes at different atmospheres and temperatures. 
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2. Experimental Section 

2.1. Sample Preparation 

Zhundong coal was used in this study. The Zhundong coal is taken from Zhundong coalfield, 
Changji Hui Autonomous Prefecture, Xinjiang, China. Zhundong coalfield, Junggar basin, comprises 
the Upper Permian Xiachangfanggou group (P2cha), the Middle–Upper Triassic Xiaoquangou group 
(T2–3xq), the Lower Jurassic Badaowan (J1b) and Sangonghe formations (J1s), the Middle Jurassic 
Xishanyao formation (J2x), the Middle–Upper Jurassic Shishugou group (J2–3sh), and the Pliocene 
Dushanzi formation (N2d). The main coal‐bearing strata are interbedded in the Lower Jurassic 
Badaowan (J1b) and the Middle Jurassic Xishanyao formations (J2x). The latter formation contains the 
main workable coal seams of the basin, whereas the Badaowan formation consists locally of workable 
coal seams in the Zhundong coalfield [21]. To prevent weathering of the coal sample, original coal 
was wrapped carefully with polyethylene film, stored in poly (vinyl chloride) (PVC)‐sealed 
containers, and then transported to the laboratory. The coal was carefully ground and sieved to obtain 
a sample with particle sizes between 3–6 mm prior to the experiment. 

Proximate analysis and ultimate analysis were carried out based on ASTM Standards D3173‐11 
(2011) [22], D3175‐11 (2011) [23], and D3174‐11 (2011) [24]. The total sulfur content was analyzed 
following ASTM Standard D3177‐02 (2002) [25]. A scanning wave‐length dispersive X‐ray 
fluorescence spectrometer (XRF; Thermo ARL Advant’XP+, Xenemetrix, TX, USA) was used to 
determine the major‐element oxides (SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, MnO2, Na2O, K2O, and 
P2O5) in high‐temperature ashes (815 °C) of the samples, which were prepared as pressed powder 
mounts. The loss on ignition (LOI) for sample was also determined at this temperature. 

2.2. Experimental Installation and Process 

As shown in Figure 1A, the multifunctional pyrolysis/gasification experimental system ( HWD‐
500, Beijing Henven Scientific Instrument Factory, Beijing, China) was used to determine the reaction 
time of pyrolysis, reduction, and the oxidation stages during the UCG process. The pyrolysis, 
reduction, and oxidation experiments were conducted in a high‐temperature pipe furnace (shown in 
Figure 1B). During the pyrolysis process, coal samples were placed in the experimental system with 
N2 (2L/min) protective atmosphere. The temperature rises from room temperature to 800 °C, the 
heating rate is 5 °C/min, and the constant temperature is 30 min; during the reduction stage, H2O (g) 
(5g/min) and CO2 (2L/min) were injected into the experimental system, the completion times of the 
reduction process from 900 °C to 1300 °C were 55 min, 40 min, 25 min, 15 min, and 20 min, 
respectively; during the oxidation stage, the completion time of the oxidation process from 1100 °C 
to 1500 °C was about 60 min. After the pyrolysis char/reduction ash/oxidation ash cools to room 
temperature, the char/slag is taken out from the furnace and sealed for analysis. 
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Figure 1. Schematic diagram of the experimental system used in this study. (A) Multifunctional 
pyrolysis/gasification experimental system. 1, cylinders; 2, needle valve; 3, pressure gauge; 4, air 
compressor; 5, wet‐type gas flowmeter; 6, sampling port; 7, dryer; 8, secondary tar absorption device; 
9, cold water bath; 10, thermobalance; 11, plunger pump; 12, steam generator. (B) high‐temperature 
tube furnace. 1, cylinders; 2, needle valve; 3, pressure gauge; 4, air compressor; 5, water steam 
generator; 6, plunger pump; 7, high temperature tube furnace; 8, tar absorber; 9, gas bottle [13]. 

2.3. Sample Characterization 

The mineralogical characterization of the coal and the products of different reaction stages was 
identified by X‐ray powder diffraction (XRD) (D/max‐2500/pc XRD, Rigaku, Japan) with a scanning 
rate of 8° /min from 5° to 90°. A field emission scanning electron microscope (FE‐SEM, MERLIN 
Compact, Zeiss, Jena, Germany) and an energy dispersive X‐ray spectrometer (EDS, INCA, Oxford, 
UK) were used to study the morphology and compositions of raw coal, ash, and slag, as well as the 
distribution of main elements [26]. 

2.4. Thermodynamic Equilibrium Calculation 

FactSage can be used as a powerful predictive tool to predict the multiphase equilibria, as well 
as the transformation behaviors of minerals at different temperatures. Thus, the “Phase diagram” 
and “Equilib” in FactSage 7.3 (F*A*C*T/FACT‐Win and ChemSage) was used to calculate the mineral 
transformation and slag formation process in a specified atmosphere. For the calculations, the 
equilibrium module was employed together with the databases Ftoxid and FactPs [27]. Additionally, 
the solution phases of Ftoxid‐SLAG and Ftoxid‐oPyr were selected to simulate the gasification. 
During the reduction stage, calculation was performed at temperature ranging from 900–1300 °C with 
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the constant pressure of 0.1 MPa. During the oxidation process, the temperature varies from1100–
1500 °C with the constant pressure of 0.1 MPa. Since the amount of ash in coal is the sum of the 
mineral composition of coal such as Al2O3, SiO2, Fe2O3, MgO, TiO2, MnO2, SO3, P2O5, K2O, Na2O, and 
CaO, the input into the FactSage as shown in Table 1 is done in elemental form. The reduction agent 
CO2 and H2O (g), and oxidation agent O2 are also input into calculations [28]. 

Table 1. Input into calculations. 

Input Compositions Reduction Stage (g)  Oxidation Stage (g) 
C 32.76 32.76 
H 1.56 1.56 
O 7.40 7.40 
N 0.29 0.29 
S 0.63 0.63 
Si 0.12 0.12 
Al 0.078 0.078 
Fe 0.66 0.66 
Ti 0.0034 0.0034 
Ca 0.34 0.34 
Mg 0.104 0.104 
K 0.0047 0.0047 

Na 0.049 0.049 
Mn 0.0012 0.0012 
P 0.00024 0.00024 

CO2 151.25  
H2O(g) 192.50  

O2  25.20 

3. Results and Discussion 

3.1. Coal Analysis 

The ultimate, proximate, and ash compositions analyses of the Zhundong coal are illustrated in 
Table 2. The Zhundong coal (ZD‐coal) is characterized by low ash yield (5.63%) and the content of 
fixed carbon is relatively high, reaching 59.62%. The content of SiO2 and Al2O3 in the test coal is very 
low, only 8.82% and 5.25%, respectively, while the content of CaO is up to 16.72%. Furthermore, coal 
also contains high levels of MgO and Na2O, reaching 6.16% and 2.34%, respectively. It can be inferred 
from the ash component analysis that the coal is a typical high‐calcium coal. The acidic oxides (SiO2 
+ Al2O3 + TiO2 = 14.27%) mainly increase the melting temperature of coal ash. The content of basic 
oxides (Fe2O3, Na2O, K2O, CaO, MgO) is 59.11% [29]. In general, CaO, MgO, and Na2O easily react 
with SiO2 to form silicates with lower melting points; therefore, basic oxides generally have the effect 
of lowering the ash melting temperature. Only a small amount of silicate is formed due to the low 
content of SiO2 in Zhundong coal [30–33]. The melting point of the basic oxide CaO (2590 °C) and 
MgO (2852 °C) is high, which results in a high ash‐melting point of the Zhundong coal. Table 1 also 
shows that the softening temperature of Zhundong coal is 1260 °C. 

Table 2. Proximate/ultimate analysis of Zhundong coal and the chemical compositions of ash and the 
coal ash fusibility. 

Sam
ple 

Proximate Analysis/% Ultimate Analysis/% 
Mad Aad Vad FCad Cad Had Oad Nad St,ad 

ZD‐
coal 

11.15 5.63 30.25 59.62 63.53 3.13 14.79 0.57 1.26 
Elemental compositions of coal ash, and loss on ignition (LOI, %) 

SiO2 Al2O3 Fe2O3 CaO TiO2 MgO K2O Na2O MnO2 SO3 P2O5 LOI 
8.82 5.25 33.69 16.72 0.20 6.16 0.20 2.34 0.07 24.26 0.02 1.87 

Coal ash fusibility (°C) in a weakly‐reducing atmosphere 
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Deformation temperature (DT) 1260 
Softening temperature (ST) 1260 

Hemispherical temperature (HT) 1270 
Fluid temperature (FT) 1280 

Note: M, moisture; A, ash; V, volatile matter; FC, fixed carbon; C, carbon; H, hydrogen; O, oxygen; N, 
nitrogen; St, total sulfur; ad, air dry basis. 

3.2. Mineral Transformation Behavior during Coal Pyrolysis 

As illustrated by the XRD analysis in Figure 2, the main minerals in Zhundong coal is quartz 
(SiO2), gypsum (CaSO4·2H2O), pyrite (FeS2), and siderite (FeCO3). Quartz is one of the most common 
minerals in coal [1], but due to its low content in the raw coal, the XRD diffraction peak is very weak 
[34,35]. Pyrite is the major iron‐bearing mineral in raw coal [36]. The major minerals in 800 °C 
pyrolysis of semi‐coke include pyrrhotite (Fe1−xS), quartz, anhydrite (CaSO4), ankerite ((Ca, Mg) CO3), 
and illite (K1.5Al4(Si6.5Al1.5) O20(OH)4) [37,38]. Illite often co‐exists with quartz under natural 
conditions, and it is also the main component of clay minerals [39]. The pyrite in raw coal is gradually 
transformed into pyrrhotite and gypsum gradually dehydrates to form anhydrite during the 
pyrolysis process. The reactions are as follows. 

FeS2 → 1.14Fe0.877S(S) + 0.43S2 (g) (1) 

CaSO4. 2H2O→CaSO4 + 2H2O (2) 

 
Figure 2. XRD patterns of Zhundong coal and its semi‐coke (800 °C). I—illite; Py—pyrrhotite; S—
siderite; Q—quartz; P—pyrite; Gy—gypsum; A—Ankerite; An—anhydrite. 

As exhibited in the SEM image in Figure 3B, Fe and S are detected in the semi‐coke, which exists 
in the form of pyrrhotite (Fe1−xS) (x = 0 to 0.233). When the pyrolysis temperature exceeds 500 °C, 
pyrite (FeS2) is gradually decomposed, and then S escapes at a high rate with the temperature further 
increasing to 800 °C, eventually forming pyrrhotite (Fe0.73S). Anhydrite also appears in the semi‐coke 
(Figure 3A). 
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Figure 3. SEM‐EDS micrographs of minerals in semi‐coke of Zhundong coal (secondary electron 
images). (A) anhydrite; (B) pyrrhotite; (C) EDS of anhydrite; (D) EDS of pyrrhotite. 

3.3. Mineral Transformation Behavior during the Semi‐Coke Reduction Stage 

As exhibited in Figure 4, oldhamite (CaS) and calcite (CaCO3) are present in the 900 °C reduction 
ash, oldhamite is formed from anhydrite in the semi‐coke, and the calcite is formed by the 
decomposition of ankerite. When the temperature is above 900 °C, anhydrite reacts with the reducing 
gas (CO) to generate CaS; the reaction is also affected by the CO2 concentration. The reactions are as 
follows. 

CaSO4 + 4CO → CaS + 4CO2 (3) 

CaSO4 → CaO + SO3 (4) 

CaO + CO2 → CaCO3 (5) 



Minerals 2019, 9, 708 8 of 19 

 
Figure 4. XRD patterns of the ashes obtained from different reduction temperatures. Ne—nepheline; 
Pe—periclase; O—oldhamite; Ma—magnetite; L—lime; C—calcite; M—magnesite. 

The characteristic minerals such as periclase (MgO) and nepheline (NaAlSiO4) are also detected 
in the reduction ash. Periclase is detected at 900 °C, which is decomposed from ankerite. Nepheline 
also formed in the 900 °C reduction ash. The content of nepheline decreases gradually with the 
temperature increase [40]. The iron‐bearing mineral occurs in the form of magnetite (Fe3O4) in the 900 
°C reduction ash, and it is transformed from pyrrhotite. 

As shown in Table 3, it can be inferred that the content of magnetite (Fe3O4) gradually decreases 
as the reduction temperature increases; trending from 14% magnetite in the 900 °C reduction ash to 
2% magnetite at 1300 °C. As the reduction temperature rises, the relative content of oldhamite (CaS) 
gradually increases from 29% to 87%. The calcite gradually decreases in the temperature ranging 
from 900 to 1000 °C due to the calcite undergoing decomposition with the increase of temperature, 
and with rapid decomposition in the 812–928 °C range. Nepheline (NaAlSiO4) is also detected in the 
reduction ash at 900–1200 °C; its content gradually decreases with the increase of temperature. The 
diffraction peak of nepheline disappears when the temperature reaches 1300 °C, the formation of 
nepheline is as follows. 

Na2O + Al2O3 + 2SiO2 → 2NaAlSiO4 (6) 

Table 3. Mineral composition of reduction ash by XRD analysis and Siroquant. 

Mineral Composition 900 °C 1000 °C 1100 °C 1200 °C 1300 °C 
Magnetite 14% 8% 7% 4% 2% 
Oldhamite 29% 54% 75% 80% 87% 

Lime 8% 2% ‐ ‐ ‐ 
Periclase 10% 9% 8% 7% ‐ 
Calcite 26% 15% ‐ ‐ ‐ 

Nepheline 13% 12% 10% 9% ‐ 
Magnesite ‐ ‐ ‐ ‐ 5% 

Amorphous ‐ ‐ ‐ ‐ 6% 

Note: “‐”, less than 1%. 
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The microstructure of ashes obtained at different reduction temperatures are exhibited in Figure 
5A,B, respectively. Nepheline is present at 900 °C reduction ash, which agrees with the XRD analysis. 
After the analysis of the ash surface elements, the results (Figure 5B) indicate that the contained 
elements in the mineral are complex, including C, O, Na, Mg, Al, Si, S, and Ca, and the ratio of S to 
Ca is close to 1:1. However, the contents of S and Ca are very small (about 1%) and close to that of 
Mg (0.57%). Thus, we speculate that the mineral is the reduction form of ankerite. 

 

 

Figure 5. SEM‐EDS micrographs of minerals in ashes obtained from different reduction temperatures 
(secondary electron images). (A) Nepheline (900 °C); (B) ankerite (1000 °C); (C) EDS of nepheline; (D) 
EDS of ankerite. 

As exhibited in the SEM image in Figure 6A, irregular blocky particles appear in the 1100 °C 
reduction ash. After EDS analysis, it can be concluded that the particle is magnetite, which is 
consistent with the XRD analysis. Moreover, a globular mineral phase appears in Figure 6B, after the 
EDS analysis, the content of O, Mg, Na, and S elements is relatively high, the content of Si is relatively 
low, and the ratio of O and Mg is close to 1:1. Thus, we can speculate that the mineral is periclase. 
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Figure 6. SEM‐EDS micrographs of minerals in ashes obtained from different reduction temperatures 
(secondary electron images). (A) Magnetite (1100 °C); (B) periclase (1100 °C); (C) EDS of magnetite; 
(D) EDS of periclase. 

3.4. Mineral Transformation during Residual‐Coke Oxidation Process 

The XRD patterns of the ashes obtained from different oxidation temperatures are exhibited in 
Figure 7. The gehlenite (Ca2Al2SiO7) is detected in the oxidized ash at 1100 °C and is formed in large 
quantities at 1200 °C; its content decreases by 1300 °C. As the temperature rises to 1400 °C, the 
gehlenite is transformed into anorthite (CaAl2Si2O8). With the further progress of the reaction, 
anorthite will co‐melt with iron‐bearing minerals above 1500 °C. The magnetite (Fe3O4) and hematite 
(Fe2O3) are detected in the 1100 °C oxidation ash. Magnetite is completely converted to hematite when 
the temperature increases to 1200 °C [13]. The reason for this change could be explained as follows: 
Fe2+ that is present in the form of magnetite reacts with the oxidizing agent, generating Fe3+ existing 
hematite at 1200 °C, and then the hematite is converted to augite and finally completely transformed 
into augite at 1400 °C. When the temperature reaches 1500 °C, augite (CaFeSi2O6) is eventually 
transformed into thermodynamically stable cordierite (Fe2Al4Si5O18) [41]. The reactions are as follows. 

2/3Fe3O4 + 1/6O2 → Fe2O3 (7) 

Fe2O3 + 2CaSi2O5 → 2CaFeSi2O6 (8) 

2CaFeSi2O6 + 2Al2O3 + SiO2 → Fe2Al4Si5O18 + 2CaO (9) 
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Figure 7. XRD patterns of the ashes obtained from different oxidation temperatures. He—hematite; 
Ma—magnetite; Mu—mullite; A—anorthite; Au—augite; Si—sillimanite; Co—cordierite; Ge—
gehlenite; Ne—nepheline. 

Sillimanite (Al2SiO5) is detected at 1200 °C and is present in great quantities at 1300 °C. Above 
1300 °C, the sillimanite disappears, but mullite (Al6Si2O13) is formed. The decomposition product 
(Al2O3) of illite can react with SiO2 to produce sillimanite. With the temperature rises, sillimanite is 
transformed into mullite. 

As shown in Table 4, it can be inferred that the content of hematite gradually decreases as the 
oxidation temperature increases; trending from 23% hematite in the 1100 °C oxidation ash to 8% 
hematite at 1300 °C. Mullite formed at 1300 °C and its content gradually increases from 29% (1300 
°C) to 60% (1500 °C). The gehlenite formed in large quantities at 1200 °C, which is completely 
converted to anorthite when the temperature reaches 1400 °C. The reactions are as follows. 

2CaO + Al2O3 + SiO2 → 2CaO·Al2O3·SiO2 (10) 

CaO + Al2O3 + 2SiO2 → CaO·Al2O3·2SiO2 (11) 

2CaO·Al2O3·SiO2 + Al2O3 + 3SiO2 → 2(CaO·Al2O3·2SiO2) (12) 

Table 4. Mineral composition of oxidation ash by XRD analysis and Siroquant. 

Mineral Composition 1100 °C  1200 °C 1300 °C 1400 °C 1500 °C 
Magnetite 7% ‐ ‐ ‐ ‐ 
Hematite 23% 20% 8% ‐ ‐ 
Gehlenite 43% 57% 11% ‐ ‐ 
Nepheline 27% 23% ‐ ‐ ‐ 

Augite ‐ ‐ 22% 8% ‐ 
Sillimanite ‐ ‐ 23% ‐ ‐ 
Anorthite ‐ ‐ ‐ 31% ‐ 
Cordierite ‐ ‐ ‐ ‐ 8% 

Mullite ‐ ‐ 29% 40% 60% 
Amorphous ‐ ‐ 7% 21% 32% 

Note: “‐”, less than 1%. 
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As exhibited in the SEM image in Figure 8B, the gehlenite is present in the 1100 °C oxidation ash 
of the Zhundong coal. Since the thermodynamic properties of anorthite are more stable than that of 
gehlenite, when the temperature increases to 1400 °C, gehlenite is converted to anorthite (Figure 8A). 

 
Figure 8. SEM‐EDS micrographs of minerals in ashes obtained from different oxidation temperatures 
(secondary electron images). (A) Anorthite (1400 °C); (B) gehlenite (1100 °C); (C) EDS of anorthite; (D) 
EDS of gehlenite. 

The sequential transformation of calcium‐bearing minerals with increasing temperature are 
exhibited in Figure 9. The calcium‐bearing mineral is gradually converted from gypsum 
(CaSO4·2H2O) in the raw coal into anhydrite (CaSO4) during the pyrolysis process. In the reduction 
stage, anhydrite reacts with the reducing gas (CO) to produce oldhamite (CaS), and the oldhamite is 
stably present in the reduction ash. During the oxidation process, oldhamite is first transformed into 
CaSO4, and then CaSO4 is converted into CaO. Finally, CaO reacts with Al2O3 and SiO2 to produce 
gehlenite (Ca2Al2SiO7) at 1100 °C [42–45]. When the temperature increases to 1400 °C, gehlenite is 
transformed to the thermodynamically stable anorthite (CaAl2Si2O8). With the further progress of the 
reaction, anorthite will co‐melt with iron‐bearing minerals above 1500 °C. 



Minerals 2019, 9, 708 13 of 19 

 
Figure 9. Sequential transformation of calcium‐bearing minerals in underground coal gasification 
(UCG) process. 

3.5. Calculation of Phase Diagrams 

As exhibited in Figure 10, when the total of SiO2 and Al2O3 content is about 0.8, mullite and 
quartz are formed in great quantities. The calcium‐bearing mineral is stably present in the form of 
oldhamite. The phase diagram of SiO2–Al2O3–CaO (Figure 11) shows that Gehlenite and anorthite are 
the main calcium‐bearing minerals that could be observed when the mole fraction of CaO is 0.4. 
Gehlenite begins to form at 1277 °C and is converted into anorthite when the temperature rises to 
1426 °C. The mineral phase gradually moves from mullite to anorthite with the increase of CaO and 
the melting temperature decreases [46–48]. However, when the mole fraction of CaO increases, the 
main minerals in the ash are corundum and cristobalite, causing an increase of the melting point. 
Since CaO is an alkaline earth metal oxide, which easily reacts with SiO2 to form silicate minerals 
(Ca2SiO4, Ca3Si2O7, CaSiO3); minerals with lower melting points. When the mole fraction of CaO is 
less than 0.7, the addition of CaO acts to lower the ash melting point [49,50]. When the mole fraction 
of CaO is higher than 0.7, the ash melting temperature no longer decrease, whereas it rises slightly 
due to the high melting point of CaO. 
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Figure 10. Ternary phase diagram of Al2O3–SiO2–CaS system. 

 
Figure 11. Ternary phase diagram of Al2O3–SiO2–CaO system. 

3.6. FactSage Equilib Calculations 

To further illustrate the mineral transformation at high temperatures, the equilibrium for the 
entire ash system under reducing and oxidizing atmospheres were calculated by Equilib. As shown 
in Figure 12a, NaAlSiO4, CaCO3, MgO, KAlSi3O8, and CaO are present in the reduction ash. The 
content of calcite (CaCO3) and lime (CaO) gradually decreases in the temperature ranging from 900 
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to 1100 °C. As temperature increasing, the content of NaAlSiO4 decreases dramatically and it 
disappears at 1300 °C. The content of MgO remained basically unchanged in the range of 900–1200 
°C. The oldhamite (CaS) does not appear in the reduction ash because of its low content, which is 
inconsistent with the XRD results. As exhibited in Figure 12b, the major minerals formed in the 
oxidation ash are Ca2Al2SiO7, Fe2Al4Si5O18, NaAlSiO4, Al6Si2O13, and Fe2O3. Mullite increases with the 
rise of oxidation temperature. The content of gehlenite decreases in the temperature range of 1100–
1300 °C. Moreover, NaAlSiO4 disappears in the oxidation ash at 1300 °C, which is consistent with the 
experimental results. 

 

 
Figure 12. Major mineral transformation at high temperatures calculated by FactSage. (a) Reduction 
stage; (b) oxidation stage. 

3.7. Reaction Mechanism of Minerals 

Table 5 shows the possible reactions between minerals in coal ash at high temperature. FactSage 
is used to calculate the ∆G and ∆H of the reactions. The smaller the ∆G of the reactions, indicating 
that the reactions are easier to proceed. Thus, the degree of the reaction can be judged according to 
the ∆G, and the reaction mechanism can be inferred. The ∆G of the formation reaction of mullite, 
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anorthite, and gehlenite decreases gradually with the increase of temperature, indicating that these 
minerals are easier to form. While the ∆G of calcium silicate (CaSiO3) formation reaction increases 
gradually with the temperature rise, indicating that the formation of CaSiO3 is inhibited. At the same 
reaction temperature, ∆G of the formation reaction of anorthite, gehlenite, and nepheline is much 
smaller than that of mullite. Therefore, the formation of mullite and wollastonite can be effectively 
inhibited when the content of CaO in coal ash increases. At the same time, nepheline, anorthite, and 
gehlenite have lower melting point, which reduces the melting temperature of coal ash. 

Table 5. ∆G and ∆H of mineral reaction in coal ash. 

Reaction 

△G/KJ △H/KJ 

1100 

°C 

1200 

°C 

1300 

°C 

1400 

°C 

1500 

°C 

1100 

°C 

1200 

°C 

1300 

°C 

1400 

°C 

1500 

°C 

3Al2O3 + 2SiO2 → 

Al6Si2O13 
−18.9 −21 −25 −28 −31 22.59 22.6 22.7 22.8 22.82 

CaO + Al2O3 + 2SiO2 → 

CaAl2Si2O8 
−134 −136 −139 −141 −144 −101 −100 −99 −98 −96 

2CaO + Al2O3 + SiO2 → 

Ca2Al2SiO7 
−166 −170 −173 −176 −179 −124 −125 −126 −127 −128 

CaO + SiO2 → CaSiO3 −87.6 −87.5 −87.4 −87.3 −87.1 −90.2 −90 −89 −89.5 −89.2 

Na2O + Al2O3 + 2SiO2 → 

2NaAlSiO4 
−360 −363 −365 −368 −370 −322 −323 −324 −325 −326 

4. Conclusions 

In this paper, the sequential transformation behavior of calcium‐bearing minerals during 
underground coal gasification was investigated. Based on the experimental data, the conclusions can 
be summarized as follows. 

(1) During the pyrolysis process, the calcium‐bearing mineral in the coal is transformed from 
gypsum (CaSO4·2H2O) to anhydrite (CaSO4). 

(2) During the reduction process, the main minerals found in the ash in the temperature range 
900–1300 °C include magnetite (Fe3O4), oldhamite (CaS), periclase (MgO), and nepheline (NaAlSiO4). 
The anhydrite reacts with the reducing gas (CO) to produce oldhamite (CaS), and the oldhamite is 
stably present in the reduced ash. 

(3) During the oxidation stage, the typical minerals in the ash include gehlenite (Ca2Al2SiO7), 
anorthite (CaAl2Si2O8), hematite (Fe2O3), augite (FeSi2O6), mullite (Al6Si2O13), and cordierite 
(Fe2Al4Si5O18). During the oxidation process, oldhamite is first transformed into CaSO4, and then 
CaSO4 is converted into CaO. Finally, CaO reacts with Al2O3 and SiO2 to produce gehlenite 
(Ca2Al2SiO7) above 1100 °C. When the temperature increases to 1400 °C, gehlenite is converted to the 
thermodynamically stable anorthite (CaAl2Si2O8). As the temperature further increases, anorthite will 
co‐melt with iron‐bearing minerals above 1500 °C. 

(4) FactSage equilibrium calculations indicate that gehlenite and anorthite are the main minerals 
when the mole fraction of CaO is 0.4. Gehlenite begins to form at 1277 °C, and gehlenite is converted 
into anorthite when the temperature rises to 1426 °C. 
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