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Low-cost ceramic proppants were successfully prepared from natural bauxite and solid waste coal
gangue via CaCO, additive. 40 wt% of bauxite in raw materials was replaced by coal gangue, which
significantly reduced the manufacturing costs. The apparent density, bulk density, acid solubility and
breakage ratio of the proppant sintered at different temperatures were systematically investigated.
The phase composition and morphological structure were determined using X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The results show that the amount of liquid phase affected
the solid phase reaction velocity by changing sintering mechanism. When the sintering temperature
was 1350 °C, the optimum size of the mullite crystal particles and the optimum amount of the liquid
phase were observed and the samples exhibited the best performance.
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1. Introduction

Hydraulic fracturing is an important technique to enhance
oil and gas production, especially in low permeability oil and
gas wells. Aim at maintaining the long-term conductivity in
the process of oil and gas production, the hydraulic fracturing
process involves injecting fluid containing proppants at a
sufficient rate and pressure to break down the rock; The proppants
remain in the fractures and hold them open after the hydraulic
pressure is removed. Ceramic proppants are the most widely
used type among fracturing proppants due to their excellent
performances, such as good sphericity and roundness, high
crush resistance, and good corrosion resistance compared
with quartz sands'. Moreover, ceramic proppants are much
cheaper than resin-coated quartz sand proppants®>. However,
ceramic proppants have a higher density and are more costly
than quartz sands due to high proportion of bauxite in raw
materials. Ma et al.? prepared ceramic proppants using 92
wt% bauxite and the samples sintered at 1400°C possessed
the lowest breakage ratio of 2.2% under 52 MPa closed
pressure. Zhao et al.* fabricated ceramic proppants with 93
wt% calcined bauxite, which exhibited better performance
with a breakage ratio of 3.22% under 52 MPa closed pressure
sintered at 1355 °C. However, the expense of natural bauxite
has risen significantly due to over-exploitation of bauxite ore,
resulting in increasing the manufacturing costs of ceramic
proppants. Therefore, it is important to find out materials
that can partially replace the bauxite. In addition, a high
apparent density can cause the proppants to accumulate at
the crack initiation point, which would lead to unfavorable
conductivity*. Meanwhile, proppants with large bulk density,
which require high viscosity fracturing fluid to delivery,
increase significantly the transportation costs’. Consequently,
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it is quite urgent to develop low-cost, low-density proppants
and to further improve the breakage resistance.

Coal gangue refers to the solid waste generated during
coal mining and beneficiation and accounts for 10-15% of
coal production®. The cumulative stockpiles of coal gangue
in Shanxi province in China amounted to 829 million tons at
the end of 20097. This large amount of coal gangue not only
occupied a large land area, but also brought significantly
serious air, water, and soil pollution®. Thus, the comprehensive
utilization of coal gangue is urgent and important with regard
to environmental protection. In order to effectively utilize coal
gangue, Zhang et al.’” systematically investigated the correlation
between the composition and performance of coal gangue
after calcination. Regardless of the mineral content, coal
gangue as a by-product of coal production generally contains
high amounts of silica and alumina®!?, which are necessary
ingredients for preparing ceramic proppants. In addition, other
metallic compounds of the coal gangue contributed to lower
sintering temperature. The characteristics of coal gangue make
it suitable for use as a partial replacement for bauxite. To the
best of our knowledge, no study has been reported adding more
than 30 wt% coal gangue as raw material and using CaCO,
as an additive to prepare ceramic proppants. The purpose of
using coal gangue is to lower the costs and CaCO, is added
to decrease the sintering temperature.

In this study, low-cost, high-strength ceramic proppants
were prepared from natural bauxite and solid waste coal
gangue as main raw materials and CaCO, as an additive.
The effects of the sintering temperature on the apparent
density, bulk density, breakage ratio, and acid solubility
were thoroughly investigated. The fracture property, phase
evolution in the sintering process and sintering mechanism
were determined.
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2. Experimental procedure

2.1 Raw materials

Natural bauxite and coal gangue from Yangquan in Shanxi
province in China were used as the raw materials and lime
carbonate (CaCO,>98%) was added as a sintering additive.
Chemical composition of them was displayed in Table 1.

2.2 Preparation

The weight ratio of natural bauxite, coal gangue, and lime
carbonate was 55:40:5. First, the mixtures were weighed and
ground with a planetary ball mill to the desired size, and then
were moved to a strong mixing machine (R02, Eirich Co.
Ltd. Germany) to form spherical bodies with the addition
of water. Second, the bodies were dried at 100 °C for 2 h
in a drying box (DH-101-2BS, Tianjin Central Experiment
Furnace Co. Ltd. China). After drying, the green bodies
were screened through the sieves of 0.91 mm -0.71 mm in
diameter. Third, the obtained particles were sintered in a
high temperature box-type sintering furnace (KF1700, Bo
Yun Tong Instrument Technology Co. Ltd. Nanjing, China)
at different temperatures (1250 °C, 1300 °C, 1350 °C,
1400 °C, 1450 °C) in air for 2 h at a heating rate of 5 °C/min.
Finally, the proppants were cooled to 400 °C at a cooling
rate of 5 °C/min by furnace cooling. The cooled proppants
were passed through sieves of 20/40 mesh (aperture size of
0.85-0.43 mm) to obtain the finished product.

2.3 Measurement and Characterization

The bulk density, the apparent density, the breakage ratio,
and the acid solubility were determined based on the Chinese
Petroleum and Gas Industry Standard (SY/T 5108-2014).
The bulk density was calculated using the following formula,
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unit sample. The apparent density was determined by the
Archimedes immersion method using water as medium and
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m is the mass of the samples in density bottle to the level,
m_ is the mass of the density bottle with liquid up to the
level, m, , is the mass of the density bottle with the liquid
and the samples to the level, and p, is the density of the liquid

used in the measurement. Breakage ratio was calculated

using the following formula: 7 = ¢ x 100%, where m_ is the
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weight of the crushed samples and m, is the weights of the

samples before testing. The acid solubility was tested in a
12 wt% HClI and 3 wt% HF acid solution in a water bath at
66 °C for 30 min. The acid solubility was obtained using

the following formula: g = %' ~™a » 190, where m and m,
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Table 1. Chemical compositions of the raw materials (wt%).
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were the obtaining weight of the samples before and after

treating with the acid solution.

The phase compositions were identified by X-ray powder
diffraction (MiniFlex600; Rigaku Co. Ltd. Japan) using Ni
filtered Cu Ko radiation (Ka=0.154 nm) with a scan speed of
6°/min. The morphology was investigated using a cold field
emission scanning electron microscope (FESEM) (S-4800;
Hitachi, Tokyo, Japan).

3. Results and Discussion

Figure 1 shows XRD patterns of the raw materials.
The main crystal phases of the natural bauxite were
diaspore (AIO(OH), PDF no. 05-0355) and kaolin
(AL,0,-2810,°2 H,0, PDF no.14-0164). For the coal gangue,
diffraction peaks of quartz (SiO,, PDF no.46-1045) as main
phase, followed by kaolin and illite (K,0-3A1,0,-6SiO, nH,0,
PDF no0.29-1496), and pyrite (FeS,, PDF no.43-1340)
representing the major impurity were indexed.

The XRD patterns of the specimens sintered at different
temperatures are presented in Figure 2. The crystalline
phase contained corundum (ALO,, PDF no.46-1212),
mullite (3A1,0,-2Si0,, PDF no. 15-0776), and a certain
amount of anorthite (CaO-AlL,0,-2Si0,, PDF no. 41-1486).
Nevertheless, the diffraction peak intensities of specimens at
different temperatures were distinctly different. Compared
with sintered at 1250 °C, the diffraction peaks of corundum
decreased and that of mullite enhanced greatly at 1300 °C,
indicating appearance of large quantities of mullite. The trend
of sample sintered at 1350 °C is the same as that at 1300 °C.
‘When the sintering temperature rose from 1350 °C to 1450 °C,
the diffraction peaks of mullite decreased slightly. The peak
intensity of anorthite always kept constant. It was inferred the
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Figure 1. XRD patterns of the raw materials.

AlLO, Sio, Fe,O, TiO, K,0 L.O.I
Bauxite 74.3 6.0 2.0 2.7 15.0
Coal gangue 27.4 30.7 8.1 2.7 1.2 299
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Table 2. The crystal phase contents of the samples (Wt%).

Temperature(°C) Corundum Mullite Anorthite
1250 59.80 15.72 24.40
1300 54.64 18.48 26.87
1350 52.79 20.42 26.79
1400 58.07 15.51 26.42
1450 59.77 12.18 28.05
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Figure 2. XRD patterns of the specimens sintered at different
temperatures.

content of CaO from the thermal decomposition of CaCO,
did not change due to the fixed addition of 5 wt% CaCO,.
In order to clarify the trend of crystal grains, a quantitative
analysis was performed. The results were displayed in
Table 2. It can be seen that the crystal contents calculated
based on XRD diffraction analysis in accordance with the
above analysis.

Comparison with Figure 1, the diffraction peaks of quartz
disappeared in Figure 2. It may be that quartz existed in an
amorphous state after sintering. In addition, there was no
diffraction peaks of the other phases of the raw materials
identified. The results indicated that the phases of the raw
materials transformed into new phases in sintering process.
Because the OH-stretching bands in kaolin, illite, and
diaspore underwent dehydroxylation at high temperatures
due to thermally unstable. This led to the structural evolution
and the formation of new oxides. The detailed reactions are
defined as follows:

AL,0; - 28i0, - 2H,0 — Al,05 - 28i0, + 2H,0 )
3(A41,0; - 25i0,) = 341,05 - 28i0, +4Si0, )
AIO(OH ) — Al,05 (amorphous) — y — Al,0; - a — A,0; (3)
341,05 + 28i0, — 341,05 - 2Si0, 4)

Al,0; +L(liquid phase) — CaO- Al,0; - 25i0, + 341,05 - 25i0, %)

Kaolin can be made into metakaolin when it is dehydrated
between 450°C to 600°C "', and then the primary mullite was
generated from the phase transformation of metakaolin above
1000°C '%; This is defined in Equation 1 (Eq. is the abbreviation
of equation) and Equation 2. As can be seen in Equation 3,
the diaspore underwent dehydroxylation to form Al O, in
the amorphous state between 400 and 700 °C 2. After the
reaction with amorphous SiO, to form the secondary mullite
at 1250 °C", the remaining amorphous corundum (defined in
Equation 4) would be further converted into ¢-Al,O,. Finally,
the thermal decomposition of calcium carbonate produced
calcium oxide. Subsequently, the CaO-Al,0,-SiO, ternary
system was formed; the formation of anorthite was related
to the reaction defined in Equation 5. In addition, compared
with the A1 O,-SiO, binary system, the CaO-Al,0,-SiO,
ternary system phase diagram exhibited lower eutectic
point. The existence of the liquid phase was conducive to
the diffusion of ions such as AI** and Si**, which was closely
related to the growth of the mullite grains '.

The SEM images of the cross-section of the specimens
sintered at different temperatures after determining the
breakage ratio are presented in Figure 3. In Figure 3a (sintered
at 1250 °C), there was a lot of corundum with a plate-like
shape, a few lath-shaped anorthite, and scaly-shaped particles
representing the primary mullite phase. Sintered at 1300°C
(Figure 3b), acicular crystalline grains with secondary mullite
characteristics significantly increased. This was consistent
with the XRD results, which demonstrated that the mullite
greatly increased and the alumina slightly decreased. Obtained
at 1350 °C (Figure 3c), rod-shaped mullite occurred, and
the grains were interlaced in a network structure. Moreover,
plate-like alumina and lath-shaped anorthite were scattered
around the mullite grains. As seen in Figure 3d (sintered at
1400 °C), the mullite grains grew up and crystal boundaries
between the mullite grains began to become obscure due
to the additional generation of the liquid phase, which was
beneficial for crystal growth. When the temperature was
up to 1450 °C, the proppants overheated and the particles
bonded together. Figure 3e (sintered at 1450 °C) shows the
glass phase tightly wrapped corundum, anorthite and mullite
grains. The abundant liquid phase caused abnormal growth
of the mullite and melting of the crystals 4. The cracks of the
samples at 1250 °C in Figure 3f indicated that the fractures
of the proppants under the action of an external force began
in the pores. It is well known that high porosity reduces the
load area and concentrated the stress at the edges of pores '°.

The apparent density and bulk density as a function of
the sintering temperature are shown in Figure 4. According
to concept, the internal pores of particle are seen as a part
of particle volume for the apparent density. In contrast, the
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Figure 3. SEM images of the specimens sintered at (a) 1250°C, (b) 1300°C, (c) 1350°C, (d) 1400°C, (e) 1450°C and (f) the fractured

section of the samples sintered at 1250°C.

volume corresponding to bulk density also includes open
pores of particles and voids generated by many particles
packing as a unit (named stacking pores) besides internal
pores. As the sintering temperature rose from 1250 °C
to 1350 °C, the apparent density remained nearly steady,
whereas the bulk density displayed obvious increasing trend,
and then both of them decreased from 1350 °C to 1450 °C.
The phenomenon below 1350 °C indicated that the sum of
open porosity and stacking porosity reduced based on constant
apparent density. We can infer that stacking porosity also
decreased, because only the reduction of open porosity is
not enough to cause a significant increase in bulk density.
It is well known that volume shrinkage caused by sintering
densification could result in reduction of stacking pores and
volume of particles itself. Therefore, increase of the internal
porosity could maintain the stability in apparent density.
The reason for the decrease in density of samples sintered
above 1350°C was that with the generation of more liquid
phases, not only the open pores and internal pores were filled,
but the volume shrinkage caused by sintering reduces the
stacked voids and volume itself.

The crushing resistance and acid corrosion resistances
are significant factors to assess the performance of ceramic
proppants. As can be seen from Figure 5, the breakage
ratio and acid solubility of the samples first decreased and
then increased with enhanced temperature. The trend was
opposite to that of the bulk density. The maximum bulk
density (1.42 g/cm?®), minimum breakage ratio (8.41%),
and lower acid solubility (8.6 wt%) occurred at 1350 °C.

Taking into account all the experimental results, it can be
clearly seen that sintering temperature has effects on sintering
mechanism, which further affected solid phase reaction
velocity and crystal grains growth. In Figure 4 and Figure 5,
the turning point in performances of samples displayed at
1350 °C. The main model of mass transfer was diffusion
mass transfer due to generation of little liquid phase below
1350 °C. In the sintering process, the sintering temperature
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Figure 4. Apparent density and bulk density with sintering temperatures.

affected the diffusion coefficient, and then further effected
diffusion velocity, which ultimately determined reaction
rate. As can be seen in Figures 3a, 3b and 3c, a few liquid
phases cannot fill all of the pores via the model of diffusion
mass transfer. Therefore, the diffusion speed was slower.
Abundant liquid phases were generated above 1350 °C, and
the main model of mass transfer converted into flow mass
transfer. The liquid phases filled the open pores and internal
pores, resulting in reduction of porosity and improvement of
densification, which reconfirms the results of Figure 3d, 3e.
Therefore, reaction rate significantly accelerated. The cracks in
Figure 3f can be explained by the basis of Griffith theories ',
the edges of pores would cause stress concentration under
the external force, the cracks began to expand at the edges
of pores and result in fracture.

The development of crystal structure is another influence
factor for the mechanical properties, and it is also affected
by sintering temperature. Temperature enhancing promoted
the generation of liquid phase and reduction of viscosity,
which would lead to a fundamental change in mass
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Figure 5. Breakage ratio at 52 MPa pressure and acid solubility
with sintering temperatures.

transfer mode. Growth rate of mullite grains were slower
below 1350 °C due to diffusion mass transfer. When the
temperature exceeded 1350 °C, the grains growth became
higher. The major reason was that generation of abundant
liquid phases caused the flow mass transfer to become the
main model of mass transfer, which promoted obviously the
diffusion rate. Meanwhile, Capillary force caused by surface
tension captured gaps between grains and accelerated the
crystal growth. In addition, the reduction of liquid phase
viscosity decreased diffusion resistance, which was beneficial
for the growth of mullite grains. Sintered at 1450 °C, the
excessive liquid phase was generated and the crystals
exhibited abnormal growth. The results were consistent
with the SEM image shown in Figure 3. The generation
of liquid phases promoted densification of samples, which
was correlated with strength and acid solubility. However,
the excessive glass phase would weaken the relationship
of crystal grains and affected the strength of samples!” and
glass phase easily dissolved in acid. Thereby the properties
of samples underwent a change in Figure 5.

4. Conclusions

In this study, the performance of low-cost ceramic
proppants with 5 wt% CaCO, as an additive was explored
at different sintering temperatures. The amount of liquid
phase eventually resulted in changes of the mode of mass
transfer from diffusion mass transfer to flow mass transfer.
Flow mass transfer promoted rapidly the growth of mullite
grains and the densification of the samples. The optimum
size of the mullite crystal grains and liquid phase amount
occurred at 1350 °C. As the sintering temperature increased
above 1350 °C, the mullite crystal grains exhibited abnormal
growth and the amount of liquid phase was excessive.
The proppants sintered at 1350 °C exhibited the maximum
bulk density of 1.42 g/cm® and the lowest breakage ratio
of 8.41% under 52 MPa closed pressure, which met the
requirements of the Chinese Petroleum and Gas Industry
Standard (SY/T 5108-2014). The higher quality of the
proppants and the cheaper raw material make them suitable
for use as fracturing proppants in future applications.
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