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Abstract: In this study, the mullite-quartz-based prop-
pants were successfully prepared by using the coal gangue 
as the raw materials. Then, the effects of the additive and 
the sintering temperature on the composition, microstruc-
ture, and properties of the proppants were investigated. 
Results showed that the proppants sintered at 1250°C with 
the 10  wt% bauxite additive presented the best perfor-
mance, which was very close to that of the quartz-prop-
pant, and met the operational requirements of the 52 MPa 
coal bed methane wells. The viscous flow mechanism of 
the liquid phase formed during the sintering process also 
promoted the arrangement of the grains, thus benefiting 
the densification and the strength of the proppants.
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1  �Introduction
The coal bed methane (CBM), is an economically impor-
tant unconventional fossil energy resource that attracts 
much scientific and industrial interest [1]. When the air 
concentration of the CBM exceeds 5%, it tends to explode 
in the case of fire. Therefore, the CBM must be exploited 
before performing coal mining. During the exploitation of 
the CBM, the hydraulic fracturing technology is one of the 
effective measures used to enhance industrial production 
[2, 3]. In the process of hydraulic fracturing, the proppants 
consist of spherical ceramic particles, which can resist the 
fracture closure to create the gas channel. Therefore, their 

performance directly determines the CBM recovery. As 
the main raw material of proppant preparation, bauxite 
has become scarce and expensive [4]; thus, the need for a 
replacement is increasingly urgent.

Compared with oil exploration, the CBM is located 
at the shallower and softer stratum, resulting in lower 
requirements for the packing density and the crush ratio 
of the proppants [5, 6]. Hereby, a mineral with less Al2O3 is 
a better selection to reduce the production costs compared 
with other options. As a major solid waste in Shanxi Prov-
ince, China, coal gangue (~20.7 wt% Al2O3) has been used 
mainly for building cement but rarely for ceramics [7]. In 
this paper, low-cost proppants were successfully prepared 
by using the raw materials of coal gangue, together with 
bauxite as an additive. Furthermore, the effects of the 
additive and the sintering temperature on the phase com-
position, microstructure, and properties of the proppants 
were investigated.

2  �Materials and methods

2.1  �Raw materials

The starting materials were coal gangue with bauxite as 
the additive, which were supplied by the Changqing Frac-
turing Proppant Co. Ltd., Yangquan, Shanxi, China. The 
coal gangue consisted of 27.4  wt% Al2O3, 8.1  wt% Fe2O3, 
30.7 wt% SiO2, 2.7 wt% TiO2, and 31.1 wt% others, and the 
loss on ignition was 25.4 wt%. The chemical composition 
analysis of the bauxite powder was as follows: 60  wt% 
Al2O3, 13.8 wt% SiO2, and 26.2% other oxides.

2.2  �Experimental procedure

The coal gangue, together with the bauxite ores as the 
additive, were crushed into millimeter-scaled particles, 
respectively, by a Jaw crusher and were milled further 
to amicrometer-size by a roll crushing mill and a QLM 
series jet airflow mill. The amounts of additives were 
0 wt%, 5 wt%, 10 wt%, 15 wt% and 20 wt%, respectively. 
Homogeneous mixtures were obtained by ball-milling in 
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an absolute ethanol medium for 6  h and then drying in 
a DH-101-2BS oven (Experimental Central Electric Furnace 
Co., Ltd. Tianjin, Chian) at 120°C for 36 h. The dried lumps 
were crushed, sieved through screening (100 μm mesh) to 
break up the agglomerates, and then placed into an R02 
Eirich granulator (Eirich Group, Germany) machine to 
form spherical green bodies, with 10 wt% 5 g/mL polyvi-
nyl alcohol solution as the temporary binder. Afterwards, 
the green bodies were dried at 120°C for 5  h and then 
sintered in a KBF 1700 electric furnace (Nanjing Boyun 
Instrument Technology Co., Ltd, Nanjing, China) in air at 
1100°C, 1150°C, 1200°C, 1250°C and 1300°C and at holding 
times of 2 h, respectively. Finally, the samples were cooled 
down to 400°C at a cooling rate of 5°C/min and furnace-
cooled to room temperature. The as-sintered spherical 
proppants, with diameters of 212–425 μm, were collected 
successively through 40 and 70 mesh.

2.3  �Characterization

The packing density, apparent density, and the crush 
ratio under 52 MPa pressure were determined in accord-
ance with the Petroleum and Gas Industry Standard SY/T 
5108-2014. The packing density is given by ρV =(m2 − m1)/V; 
where m1 is the mass of the density bottle, m2 is the mass 
of the density bottle filled with proppants, and V is the 
volume of the density bottle. The apparent density was 
measured by Archimedes’ method. This is calculated by 
using the formula ρa =(m2 − m1)/(V − Vw); where Vw is the 
volume of water when the density bottle is filled with 
proppants and water. The crush ratio was tested by the 
die-crushing chamber, with a diameter of 50.8 mm. This is 
calculated by using the formula η = Wc/W0 × 100%; where 
W0 is the weight of the as-examined specimens; and 
Wc is the weight of the crushed specimens after testing. 
The values of the results were obtained from a five-time 
average.

The microscopic morphology of the fractured surface 
of as-sintered proppants was observed by field-emission 
scanning-electron microscopy (SEM, S4800, Hitachi Ltd, 
Tokyo, Japan.). X-ray powder diffraction (XRD, Philips Co. 
Ltd, Amsterdam, 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 thermal properties of the raw materials were studied 
simultaneously by thermogravimetry (TG) and differen-
tial-scanning calorimetry (DSC) (Mettler Toledo, Zurich, 
Switzerland). The test was performed from 50°C–1300°C 
at a flowing nitrogen atmosphere with a heating rate of 
10°C/min.

3  �Results and discussion
The TG-DSC results of the coal gangue are shown in 
Figure 1. Weight loss of the gangue mainly occurred from 
350°C–900°C. A wide endothermic peak of the DSC curve 
was observed in the range of 200°C–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. 
Weight loss between 890°C–1067°C was slight; however, 
abundant reactions and phase changes occurred. The 
metakaolinite decomposed into the amorphous Al2O3 
and SiO2 before 976°C [8, 9], after which, rod-like mullite 
(3Al2O3 · 2SiO2) appeared as the temperature increased 
[10, 11]. Therefore, in our research, the samples were first 
heated to 300°C at 5°C/min, held for 30 min to remove the 
water vapor, and then heated to 650°C at 2°C/min and 
held again for 30 min to eliminate the residual coal. More-
over, the sintering temperature was defined as higher 
than 1067°C to obtain a high-strength and high-toughness 
mullite phase.

The only starting material of coal gangue failed to 
form spherical particles. Therefore, the bauxite powder 
was added as an additive to improve the plasticity of the 
raw materials and the strength of the sintered proppants. 
Figure 2 shows the crush ratio under a 52  MPa closure 
pressure for the 40/70 mesh proppants sintered at 1200°C 
with different amounts of the bauxite additive. As can be 
seen, when the amount of bauxite increased, the crush 
ratio decreased, and the cost for the proppants increased.

The results also showed that the crush ratio of prop-
pants with 10 wt% additives was just lower than 10%, and 
this value was very close to that of the quartz-proppant, 

Figure 1: The TG-DSC curves of the coal gangue.
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which met the operational requirements of CBM wells 
under 52 MPa (crush ratio ≤ 10%, according to the Petro-
leum and Gas Industry Standard SY/T 5108-2014). In con-
sideration of the economic and environmental benefits, 
10 wt% additives were selected for the preparation of the 
proppants, and a better performance was also obtained by 
the following optimization of sintering technology.

Sintering is one of the most important processes 
affecting the microstructure, phase composition, 
mechanical strength, and density of the obtained prop-
pants [12–15]. The ideal proppants should be strong 
enough to resist closure pressure, and at the same time, 
have a low enough density to be carried easily into 
the cracks [16]. Figure 3 shows the crush ratio of the 
40/70 mesh proppants sintered at different temperatures 

with 10 wt% additives under 52 MPa closure pressure. As 
can be seen, the crush ratio decreased as the sintering 
temperature increased and then remained steady (about 
7.2%) when the temperature reached 1250°C. Moreover, 
when the sintering temperature was higher than 1300°C, 
the particles aggregated together and could not be 
applied to hydraulic fracturing.

The packing density and the apparent density of 
the proppants as a function of sintering temperature are 
shown in Figure 4. As can be seen, the highest packing 
density of 1.23 g/cm3 and the highest apparent density of 
2.42 g/cm3 were obtained at the sintering temperature of 
1250°C. These data agreed well with the crush-ratio results 
for the proppants. Compared with the bauxite-sintered 
proppants [17, 18], the samples obtained in the current 

Figure 2: The crush ratio under 52 MPa pressure of the proppants 
sintered at 1200°C with different amounts of the bauxite additive.

Figure 3: The crush ratio under 52 MPa pressure of the proppants 
sintered at different temperatures.

Figure 4: The packing density and apparent density of proppants 
sintered at different temperatures.

Figure 5: The XRD patterns of proppants at different sintering 
temperatures.
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study had a low cost with a lower density, although their 
crush ratios were somewhat high within a reasonable 
range of operational requirements for CBM wells. The low 
cost resulted mainly from the cheap starting materials of 
gangue and from the lower sintering temperatures.

Figure 5 shows the XRD patterns of the proppants 
sintered at different temperatures. At 1100°C, the prop-
pants had a few peaks corresponding to the quartz phase 
(PDF No. 76-931 SiO2); with the increase of sintering tem-
perature, the peaks at 25.7° and 26.0° associated with the 
mullite crystals (PDF No. 83-1566 3Al2O3 · 2SiO2) were gen-
erally enhanced, whereas the quartz-related peak located 
at 22.5° started scattering. After 1250°C, mullite-related 
diffraction was clearly visible.

Figure 6 shows the scanning electron microscopy 
(SEM) photos of the proppants sintered at different tem-
peratures. With the increase in sintering temperature, the 
raw materials of the proppants began to melt and formed 
the amorphous glass phase after 1150°C; the liquid phase 
also generally increased. 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. In fact, the embryos of the mullite 
and quartz formed gradually before 1100°C, which were 
embedded in the amorphous matrix. Song et  al. found 
that the presence of liquid phase benefited the formation 
of acicular mullite [19]. The quartz phases supposed to be 

in the microstructure were dispersed as the embryos of 
the mullite in the amorphous phase [20], and the particles 
consistently transmitted to the mullite embryos by liquid-
phase mass transfer, resulting in the growth of mullite 
grains to form the fine acicular, together with the recrys-
tallization of the quartz phase. This phenomenon was 
confirmed by the XRD results with the significant increase 
of mullite peaks. At temperatures of up to 1250°C, the 
small mullite grains dissolved into the liquid phase and 
were transmitted into the large ones by liquid-phase mass 
transfer. These mullite crystals increased in size within 
the liquid phase through a dissolution and reprecipita-
tion process. A higher temperature provided a stronger 
driving force for the crystal growth of mullite, and the 
grains grew from small-scale (fine acicular-like) shapes 
to thicker, large-scale, rod-like shapes. After 1300°C, more 
liquid was produced, and the mullite continued to grow. 
The microstructure of the mullite crystals presented great 
dependence on the sintering temperature and duration. 
Afterwards, the proppants bonded together and could not 
be used for the hydraulic fracturing.

During the sintering process described previously, 
phase evolution was related to the following reactions 
(1)–(4) [10]. The densification of the proppants occurred 
because the progressive formation of the liquid phase 
cemented the matrix with the consequent reduction of 
fissures and cracks. The viscous flow mechanism of the 
liquid phase promoted the intense arrangement of the 

Figure 6: The SEM images of the proppants at different sintering temperatures.
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rod-like mullite grains and residual quartz in the matrix, 
and the interlocking of crystals in the interfaces of the two 
different phases resulted in the decrease of grain bound-
ary between the pores and gaps [21, 22]. The strength of 
the proppants was strongly influenced by porosity, and 
the stress at the pores of the proppants was three times 
larger than that of the matrix, because the source of the 
cracks usually started at the position of the pores [23]. 
In addition, liquid filling prevented crack growth and 
enhanced the strength of the proppants. During the frac-
ture process, the strain energy by the loading system 
provided the energy to break the structure bonds of the 
proppants, and no crack growth was possible unless the 
stress intensity at the crack tip exceeded the critical stress 
of proppants [24]. However, when closure stress reached 
the critical value, the proppants promoted the propaga-
tion and growth of cracks and finally fractured. The rod-
like mullite hindered the growth of internal micro-cracks, 
just as the fiber-toughening effects improved the tough-
ness and the strength of ceramics.
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4  �Conclusions
In this work, mullite-quartz proppants sintered at 1250°C 
presented the best performance with a packing density of 
1.23 g/cm3, an apparent density of 2.42 g/cm3, and a crush 
ratio of 7.2%, which met the 52 MPa operational require-
ments of CBM wells. The viscous flow mechanism of the 
liquid phase formed during the sintering process pro-
moted the arrangement of grains, thus benefiting the den-
sification and the strength of proppants. The viscous flow 
mechanism of the liquid phase also promoted the intense 
arrangement of the rod-like mullite grains and the resid-
ual quartz in the matrix, and the interlocking of crystals 
in the interfaces of the two different phases resulted in the 
enhanced strength of the proppants.
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