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Abstract: In this paper, the low-cost light-weight proppant ceramics were prepared with the 

solid wastes of coal gangue as the raw materials, and the effect of sintering temperature on the 

apparent porosity, bulk density, bending strength, microstructure and phase composition were 

investigated. The results showed that the ceramics, sintered at 1350℃, has the best 

performance with the bending strength of 85MPa, bulk density of 2.7 g/cm3 and apparent 

porosity of 18%. These properties of ceramics were very close to that of the bauxite-sintered, 

and thus the gangue were very probably selected for the preparation of proppants that involved 

in the exploitation of coalbed methane.  

1. Introduction 

Coalbed methane, known as "Mashgas", is a kind of high-quality chemical and energy resources. 

Shanxi Province is a large province of coal resources in China, and the reserves of coalbed methane 

are up to 10.39 trillion cubic meters, especially for two large mines of Qinshui and Hedong [1-3]. 

When the air concentration of coalbed methane exceeds 5%, it will explode in the case of fire. 

Therefore, coalbed methane has to be exploited before the coal mining. In order to achieve the 

industrial gas production, more than 96% of coalbed methane takes advantage of the hydraulic 

fracturing methods
 
[4]. In the process of hydraulic fracturing, the proppants consist of spherical 

ceramic particles, which can resist the fracture closure to create the gas channel, and thus their 

performance directly determines the success or failure of hydraulic fracturing operations [5]. As the 

main raw material of proppant preparation, bauxite has become scarce and expensive [6]; thus, the 

need for a replacement is increasingly urgent.  

The mechanical properties of the proppant are directly proportional to the content of alumina in the 

raw material. With the alumina content is increased, the mechanical properties of proppant are 

increased while the cost of proppant is greatly increased together
 
[7]. Moreover, the density of 

proppant increased with the increase of alumina content, and then the proppants are not easy to be 

carried by the fracturing fluids which usually results in the accumulation of proppants at the gas 

pipeline clogging [8-9]. Compared with oil exploration, coalbed methane locates at the shallower and 

softer stratum, resulting in lower requirements for the volume density and the crush ratio of the 

proppants [10-11]. Hereby, a mineral with less Al2O3 is a better selection to reduce production costs. A 

major solid waste in the Shanxi province of China, coal gangue (~20.7 wt% Al2O3) has been used 

mainly for building cement but rarely for ceramics [7]. In this paper, the low-cost light-weight 

proppant ceramics were prepared with the solid wastes of coal gangue as the raw materials, and the 
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effect of sintering temperature on the apparent porosity, bulk density, bending strength, phase 

composition and microstructure were investigated.  

2. Experimental  

2.1 Raw materials  
The starting materials of coal gangue were obtained from the Changqing Fracturing Proppant Co. Ltd., 

Yangquan, Shanxi, China. The coal gangue consists of 20.7 wt% Al2O3, 65.7 wt% SiO2, and 13.6 wt% 

other oxides. In this paper, the bauxite powder was also involved which were usually selected for 

proppants. The chemical composition analysis of the bauxite powder is 60 wt% Al2O3, 13.8 wt% SiO2, 

and 26.2% other oxides.  

2.2 Experimental procedure  
The raw material powder were milled into micrometer-size by a roll crushing mill and a QLM series 

jet airflow mill. Following that, homogeneous mixtures could be obtained by being ball-milled in an 

absolute ethanol medium for 6 h and then dried in an oven at 120°C for 36 h. The dried lumps were 

crushed, sieved through screening (100#) to break up agglomerates, and then compressed into 30mm × 

6mm × 4mm bodies by a press machine under 15MPa pressure holding for 30s. Afterwards, the black 

bodies were dried at 120°C for 5 h and then sintered in a KBF1700 electron furnace in air at 1200, 

1250, 1300, 1350, and 1400°C at holding times of 2 h, respectively. Lastly, the samples were cooled 

down to 400°C at a heating rate of 5°C/min and furnace-cooled to room temperature. 

2.3 Characterization  
The bulk density D and apparent porosity P were determined in accordance with the American Society 

for Materials Standards ASTMC373, and calculated by using the formulas (1) and (2), respectively, 

where m0 is the mass of the samples; m1 is the mass of sample floating in the water after 24h water 

boiling and cooling-down to room temperature; m2 is the mass of sample with the saturated water. 
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The bending strength of ceramics was measured by a YDW-10 flexural testing machine. Values of the 

results were obtained from the average of at least 5 bars. Thermal properties of the raw materials were 

studied simultaneously by thermogravimetry (TG) and differential-scanning calorimetry (DSC) 

(METTLER TOLEDO 3+). The test was performed from 50 to 1300°C at a flowing nitrogen 

atmosphere with a heating rate of 10°C/min. X-ray powder diffraction (XRD, Philips Co. Ltd, Holland) 

was performed to identify the phase composition of the specimens by using Ni-filtered Cu Kα 

radiation with a scanning speed of 0.02°/step. The microscopic morphology of the specimens was 

observed by field-emission scanning-electron microscopy (SEM, S-4800).  

3. Experimental results  

The TG-DSC results of coal gangue are shown in figure 1. Weight loss of the gangue mainly occurred 

from 350 to 900°C. A wide endothermic peak of the DSC curve was observed in the range of 200 to 

400°C, which might have been caused by the loss of free and adsorbed water. With the increase in 

temperature, weight loss was 21.8%, and a valley appeared at approximately 510°C, which was caused 

by the combustion of residual coal in the gangue
 
[12]. Weight loss between 890 to 1067°C was slight; 

however, abundant reactions and phase changes occurred. Metakaolinite decomposed into amorphous 

Al2O3 and SiO2 at 976°C [13-14], after which, rod-like mullite (3Al2O3·2SiO2) appeared as the 

temperature increased [15]. Therefore, in our research, the samples were first heated to 300°C, at 

5°C/min, and were held for 30 min to remove the water vapour, and were then heated to 650°C at 
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2°C/min and held for 30 min to eliminate the residual coal. Moreover, the sintering temperature was 

defined as higher than 1067°C to obtain a high-strength high-toughness mullite phase. 

 

 
Figure 1. TG-DSC curves of coal gangue. 

 

The sintering temperature has a great impact on the mechanical properties of ceramics
 
[6,16]. The 

bending strength of ceramics sintered at different temperatures was shown in figure 2, which indicates 

that the highest bending strength of 85KPa was obtained at the sintering temperature of 1350°C. 

Figure 3 presented the bulk density and apparent porosity of ceramics sintered at different temperature. 

It indicated that that with the increase of sintering temperature, the apparent porosity decreased while 

bulk density increased, and then both of them remained steady when the temperature reached 1350°C 

(about 18% and 2.70 g/cm
3
, respectively).  

 

Figure 2. Bending strength of ceramics sintered at different temperatures 
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Figure 3. Bulk density and apparent porosity of ceramics sintered at different temperatures 

Compared with the bauxite-sintered ceramics (as shown in Table 1), the samples obtained are low cost, 

and show a lower bulk density while similar bending strength and apparent porosity. Hereby, the 

gangue was very probably selected for the preparation of proppants that involved in the exploitation of 

coalbed methane. The low cost results mainly from the cheap starting materials of gangue and from 

the lower sintering temperatures. 

 
Table 1. Comparison of two kinds of proppant ceramics 

Raw materials 
Sintering 

temperature[℃] 

Bending 

strength[MPa] 

Bulk density 

[g.cm
-3

] 

Apparent 

porosity 

Bauxite >1450 96 3.8 15% 

Gangue 1250 85 2.7 18% 

 

Figure 4. shows the XRD patterns of the ceramics sintered at different temperatures. At 1200°C, the 

proppants had a few peaks corresponding to the quartz phase (SiO2) and mullite crystals 

(3Al2O3·2SiO2); with the increase of sintering temperature, the peaks at 25.7° and 26.0° associated 

with the mullite crystals were generally enhanced and sharper, whereas the quartz-related peak located 

at 21.8° weakened.  
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Figure 4. XRD patterns of ceramics at different sintering temperatures 

 

Figure 5. shows SEM photos of fractured ceramics sintered at different temperatures. With the 

increase in sintering temperature, the porosity of ceramics decreases drastically. When the temperature 

reaches 1350℃, the bond bridge between crystal phase and glass phase becomes obviously improved 

and smooth. 

 

Figure 5. SEM images of the fractured ceramics at different sintering temperatures. 

4. Discussion 

The main crystalline phases of proppant ceramics sintered at 1200℃ with coal gangue as the raw 

material are the mullite and quartz (see in figure 4). However, only the flake-like structures were 

observed in the 1200℃ SEM photographs, and no regular geometric crystals appeared. When the 

temperature raised up to 1250℃, the materials began to melt and generally form amorphous glass 

phase (liquid phase). With the increase of liquid content, the speeds of diffusion and flow-mass 

transfer increased, and the liquid filled the gap among the particles, whereas, the particles flowed in 

the liquid phase, and the rearrangement occurred among the particles, and hereby, the porosity of 
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ceramics was greatly reduced. The diffraction peak of quartz phase went weaker as the temperature 

increased, which indicated that the quartz and other oxides formed into the amorphous state.  

Although the XRD results showed the existence of mullite crystals below 1250℃, it was not observed 

in the SEM photograph until 1300℃. According to the TGA-DSC results, the mullite embryo formed 

below 1100℃. The presence of liquid phase facilitates the formation of acicular mullite.As the 

temperature increase up to 1300℃, These mullite crystal grows in size within the liquid phase through 

a dissolution and reprecipitation process from small-scale (fine acicular-like) shapes to thicker, 

large-scale, rod-like shapes. The viscous flow mechanism of liquid phase promoted the intense 

arrangement of the rod-like mullite grains [17] and the decrease of grain boundary between pores and 

gaps, which can lead to the densification of ceramic. Porosity can greatly determine the strength of the 

ceramics, and the source of cracks usually started at position of the pores
[
18],so, the stress at the pores 

of ceramics was larger than other parts of matrix.Glassphase can flow to the crack, the crack are thus 

covered with glassy phase. More glassy phase is consumed by alumina to form mullite at higher 

temperature and enhanced the strength of ceramics. Moreove, just as we know that the 

fiber-toughening effects improved the toughness and the strength of ceramics, the rod-like mullite also 

hindered the growth of internal micro-cracks. 

5. Conclusions 

In this work, the low-cost proppant ceramics sintered at 1350°C presented the best performance with a 

bending strength of 85MPa, an apparent porosity of 18% and a bulk density of 2.70g / cm3, which 

were very close to these of the bauxite-sintered, and thus the gangue were very probably selected for 

the proppants preparation in the exploitation of coalbed methane. During the sintering process, the 

oxides in the raw materials melted into amorphous liquid phase, and the diffusion mass transfer 

accelerated, promoted the growth of mullite embryo, the arrangement of the rod-like mullite grains.  
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