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a b s t r a c t

Water-based drill cuttings (WBDC) and bauxite are used as raw materials to prepare proppants with low
density and high performance. The effects of sintering temperature, sintering period, mixture ratios of
materials, doping with iron oxide, and acid modification of WBDC on the properties of proppants are
discussed. The proppant performance is evaluated according to the national standard SY/T5108-2014. The
morphology of the proppant is analyzed using scanning electron microscopy (SEM). The crystal phase
structure of the proppant is studied using X-ray diffraction (XRD). Thermal analysis of the proppant
sintering process is performed using thermogravimetry (TG). Proppant Z-23 completely satisfied the SY/
T5108 -2014 standard. This study provides a new perspective for the resource utilization of water-based
drill cuttings and preparation of low-density proppants.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Water-based drilling cuttings (WBDC) are main solid waste
produced in the process of shale gas drilling (Liu et al., 2018).
Usually, WBDC are soaked in by water-based drilling fluid and
carried to the ground by drilling fluid, resulting in a complex
composition of WBDC (Pang et al., 2019). The direct discharge of
WBDC causes pollution of environment and ecosystems (Nguyen
et al., 2021). Therefore, the rational treatment and utilization of
WBDC has important significance for sustainable development of
shale gas industry.

Currently, the common treatment method for WBDC is to
directly deposit them into a soil or marine landfill. Thus, they
occupy a large amount of land and poses potential secondary
environmental risks (Kogbara et al., 2016, 2017; Leonard and
Stegemann, 2010). Through the solidification process, the domi-
nant contaminants found in WBDC are blended into the solidified
blocks (Kogbara et al., 2016). It is necessary to develop green, fast,
safe, and environmentally friendly disposal methods for WBDC.
Resource utilization is an important method for WBDC treatment.
ashibin@126.com (S.-B. Xia).

y Elsevier B.V. on behalf of KeAi Co
Currently, WBDC is employed as a raw source for the preparation of
industrial and building materials (Khodadadi et al., 2020; Wang
and Xiong, 2021; Yang et al., 2020). Wang et al. studied the co-
processing of WBDC and phosphogypsum for the preparation of
non-autoclaved aerated concrete (Wang C.-q. et al., 2020), which
could fully meet the A3.5 grade of China State Standard (GB/T11968-
2006) without secondary contamination. Liu et al. used WBDC as a
replacement for natural clay to prepare sintered bricks, which met
the requirements of the corresponding Chinese and ASTM stan-
dards (Liu et al., 2021). Liu et al. used WBDC with other cementi-
tious materials to prepare non-fired bricks that met grade M10
according to Chinese standard (GB/T2542-2012) (Liu et al., 2018).
Owing to the larger number of WBDC produced (300000 tons
annually in China), it is necessary to develop new feasible resource
utilization methods.

In China, the exploration of oil and gas resources is thriving. To
increase exploitation, hydraulic fracturing technology is widely
used to utilize oil and gas resources (Hao et al., 2019; Thomas et al.,
2019). Ceramsite proppant is a key material in the hydraulic frac-
turing of oil and gas wells (Wang J. et al., 2020, Xu et al., 2019;
Zhang et al., 2017). Bauxite is a common material for proppant
preparation because of its widespread availability and low cost.
However, density and other performance factors are important
limiting factors for proppants. Furthermore, proppants prepared
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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using pure bauxite do not meet this requirement (Hao et al., 2018b;
Ma et al., 2016; Yang et al., 2016). To solve this problem, other
materials and extra additions have been used to prepare proppants
with low density and high performance. The chemical composition
of WBDC includes many metal components such as calcium oxide,
barium oxide, and iron oxide. Research indicates that the addition
of calcium oxide could decrease the sintering temperature of the
proppants (Hao et al., 2018b; Liu et al., 2016), whereas the addition
of barium oxide in the proppant reduced the acid solubility (Han
et al., 2018; Wu et al., 2013). Moreover, the addition of iron oxide
could also enhance the breakage resistance of the proppant (Abd
El-Kader et al., 2020; Han et al., 2018). Therefore, WBDC could
theoretically be employed as a raw material for the preparation of
proppants. At present, proppants are produced on an industrial
scale in China. Using WBDC as a raw material to replace certain
amount of bauxite not only reduces the material cost but also re-
alizes the resource utilization ofWBDC, which is an economical and
feasible developmental approach (Li et al., 2018; Yao et al., 2022).
For this purpose, we explored the use of WBDC for proppant
preparation.

The aim of this study is to use WBDC as a raw material for the
preparation of low-density proppants, which not only realizes the
resource utilization of WBDC but also increases oil and gas field
production. The performance of the prepared proppant was tested
using specific indices. In addition, acid modification of WBDC and
the addition of metal oxides were employed to enhance the per-
formance index of the prepared proppant. The morphology and
structural phase of the proppant were analyzed using scanning
electron microscopy (SEM) and X-ray diffraction (XRD), respec-
tively. The thermal characterization of the proppant sintering
process was performed using thermogravimetry (TG).
Table 1
Formula for preparation of proppant samples Z-1e Z-16.

Code Content of raw material, g

Bauxite WBDC Manganese powder

Z-1 190 10 0
Z-2 180 20 0
Z-3 160 40 0
Z-4 140 60 0
Z-5 190 10 4
Z-6 180 20 4
Z-7 160 40 4
Z-8 140 60 4
Z-9 190 10 8
Z-10 180 20 8
Z-11 160 40 8
Z-12 140 60 8
Z-13 190 10 12
Z-14 180 20 12
Z-15 160 40 12
Z-16 140 60 12
2. Materials and methods

2.1. Materials and instruments

Bauxite was purchased from Gongyi Wanying Environmental
ProtectionMaterial Co. Ltd. WBDCwas provided by the Fuling Shale
Gas Company. Manganese powder (MnO2) was purchased from
Sinopharm Chemical Reagent Co. Ltd. The physical and chemical
properties of WBDC and bauxite were analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES), XRD, C/H/
N/S/O element analysis, and X-ray fluorescence (XRF) (The results
are shown in Tables S1eS6 and Figs. S1eS2 in Electronic Supple-
mentary Material).

A disc granulator (PQ-10) was used to prepare the proppant
precursors. An X-ray photoelectron spectrum analyzer (XPS,
ESCALAB 250Xi) was used to determine the surface compositions of
the samples. An X-ray diffractometer (Empyrean) was also used to
record the XRD data. A field-emission SEM (JSM-IT300) was used to
observe themorphology of the samples. An ICP-OES (ICP, Prodigy 7)
was employed to test the chemical components of the material. A
camera (Canon) was used to photograph the samples and deter-
mine their roundness and sphericity. An XRF (XRF-1800) was used
to investigate the chemical compositions of the samples. A scat-
tering turbidity meter (Xipu TU-1810) was used to measure the
turbidity of the leachate. Fragmentation rate tests were performed
using a pressure-testing machine (YAW-300). Bulk and visual
density were measured using a bulk density meter and precision
density bottle, respectively. A C/H/N/S/O element analyzer was
employed to detect the elements in the sample (Vario EL cube). The
oil content was measured using an infrared spectrophotometer
(SYT700), and a synchronous thermal analyzer (STA449F3) was
used to analyze the thermodynamic process.
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2.2. Drying of WBDC and acid modification for WBDC

Raw WBDC was washed five times using pure water to remove
soluble impurities, and then the WBDC was filtered out using
gauze. 2000 g treated WBDC was evenly and thinly placed in a tray
and then dried in a dryer at 105 �C for 24 h.

DriedWBDC (100.0 g) was added to a 1000 mL beaker including
300mL of purewater. A certain amount of hydrochloric acid (6mol/
L) was then slowly added to the beaker, and the WBDC was soaked
for 24 h. The acid treated WBDC was filtered with a suction filter
and rinsed with pure water until the solution was neutral. The
obtained WBDC was dried again in a dryer at 105 �C for 24 h.

2.3. Preparation procedure of proppant

The proppant was prepared by the disc granulation method. A
mixture of bauxite, WBDC, and manganese powder at different
ratios were added to the disc granulation machine. The proppant
precursor was prepared by spraying a shower and passing it
through a 20e40 mesh sieve. The sieved proppant precursor was
placed in a crucible and sintered in a muffle furnace for different
time periods. The sintered proppant was cooled in the atmosphere
and sieved again through a 20e40 mesh sieve. The formula for the
proppant is shown in Table 1, and the XRF data of each sample were
tested, as listed in Table S7 in Electronic Supplementary Material.
The addition of iron oxide (Z17eZ20) and acid modification of
WBDC (Z21eZ25) was further investigated to enhance the perfor-
mance of the proppant to meet the SY/T5108-2014 standard. The
corresponding formula is shown in Tables 2 and 3, and the XRF data
of each sample were tested, as shown in Tables S8 and S9 in Elec-
tronic Supplementary Material.

2.4. Proppant performance test

The turbidity, acid solubility, bulk density, apparent density,
roundness, sphericity, and breakage ratio of the proppant were
tested according to the oil and gas industry standard SY/T5108-
2014 (Hao et al., 2018a; Tang et al., 2017).

3. Results and discussion

3.1. Performance test of proppant

Performance testing of the proppant is important for deter-
mining the optimal preparation parameters. The turbidity, acid



Table 2
Formula for preparation of proppant samples Z-17eZ-20.

Code Content of raw material, g Sintering temperature, �C Sintering time, h

Bauxite WBDC Manganese powder Iron oxide

Z-17 140 60 8 4 1420 2.0
Z-18 140 60 8 6 1420 2.0
Z-19 140 60 8 8 1420 2.0
Z-20 140 60 8 10 1420 2.0

Table 3
Formula for preparation of proppant samples Z-21eZ-25.

Code Pretreatment of WBDC Content of raw material, g Sintering temperature, �C Sintering time, h

Amount of hydrochloric acid, mL Bauxite WBDC Manganese powder Iron oxide

Z-21 20 140 60 8 4 1420 2.0
Z-22 60 140 60 8 4 1420 2.0
Z-23 100 140 60 8 4 1420 2.0
Z-24 120 140 60 8 4 1420 2.0
Z-25 140 140 60 8 4 1420 2.0

Fig. 1. Photographs of the three groups of proppant samples: (a) Z-2, (b) Z-7, (c) Z-13, and (d) Krumbien/Sloss template.
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solubility, bulk density, apparent density, roundness, sphericity,
and breakage ratio were used as indices to evaluate the perfor-
mance of the proppant.

The Krumbien/Sloss template was used to check roundness and
sphericity. Three photographs of the proppant samples were
selected, which are shown in Fig. 1. The average roundness and
2316
sphericity of all samples (Z1eZ25) were above 0.8. All meet the
requirements of roundness and sphericity: greater than or equal to
0.7 provided in the oil and gas industry standard SY/T5108-2014.

Oil and gas field production is affected by proppant turbidity.
With the increasing turbidity of the proppant, the pores between
the proppants are more easily blocked, which results in reduced



Fig. 2. The breakage ratio of the proppant with different preparation parameters: (a) sintering at different temperatures for 2 h for Z-5 to Z-12, (b) sintering for different times at
1350 �C for Z-9 to Z-12, (c) different contents of WBDC with the addition of manganese power at 1350 �C for 2 h for Z-5 to Z-12, (d) different contents of iron oxide for Z-17 to Z-20
at 1420 �C for 2 h, and (e) different amounts of hydrochloric acid for Z-21 to Z-25 at 1420 �C for 2 h.
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Fig. 3. The bulk density and apparent density of the proppant with different preparation parameters: (a) sintering at different temperatures for 2 h for Z-5 to Z-12, (b) sintering for
different lengths of time at 1350 �C for 2 h for Z-9 to Z-12, (c) different contents of WBDC at 1350 �C for 2 h for Z-5 to Z-12, (d) different contents of iron oxide for Z-17 to Z-20 at
1420 �C for 2 h, and (e) different amounts of hydrochloric acid for Z-21 to Z-25 at 1420 �C for 2 h.
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conductivity of the proppant. Table S10 in Electronic Supplemen-
tary Material lists the turbidity of the proppant. The turbidity of all
proppant samples was between 10 and 20 NTU, which meets the
standard SY/T5108-2014 standard (<100 NTU).

Acid solubility was used to characterize the acid resistance of
the proppant. A lower acid solubility is beneficial for increasing the
service life of the proppants (Han et al., 2018). Tables S11eS13 in
Electronic Supplementary Material show the acid solubilities of the
proppant. The acid solubility of most proppant samples in Z-1eZ-
2318
16 was above 7.0%, which does not meet the SY/T5108-2014 stan-
dard (<7.0%). Among all the samples, sample Z-11, sintered at
1380 �C for 2 h, exhibited the lowest acid solubility of 6.72%. The
presence of a large amount of alkaline earth metal oxides in WBDC,
such as calcium and magnesium oxide, promotes the formation of
anorthite and glass phases in the proppant, resulting in relatively
high acid solubility. High acid solubility usually appears with the
addition of iron oxide, which promotes the formation of liquid and
glass phases during the sintering process. In addition, due to the



Fig. 4. SEM images of sample Z-12 sintered at different temperatures for 2 h: (a) 1300 �C, (b) 1320 �C, (c) 1350 �C, and (d) 1380 �C; SEM images of proppants sintered at 1350 �C for
2 h with different WDC contents: (e) Z-9, (f) Z-10, (g) Z-11, and (h) Z-12.
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high acid solubility and high catalytic activity of manganese pow-
der, the excessive addition of manganese powder could also
contribute to the high acid solubility. Acid treatment was conducive
to reducing the acid solubility of the sample owing to the reduction
in the content of alkaline earth metal oxides in WBDC.

A low breakage ratio, bulk density, and apparent density are
beneficial for enhancing the proppant conductivity, resulting in a
high production of oil and gas fields (Xie et al., 2019). Figs. 2 and 3
show the effects of these parameters on the breakage ratio and
density, respectively. For the proppant without iron oxide addition
and acid modification, when the sintering temperature and time
increased, the breakage ratio of the proppant decreased and
increased, respectively; meanwhile, the bulk density and apparent
density of the proppant increased and decreased, respectively.
Other parameters exhibited similar effects on the breakage ratio
and density of the proppant. The breakage ratio is inversely pro-
portional to the bulk and apparent densities. Based on a compre-
hensive consideration of the performance of proppant samples Z-
1eZ-16, it was found that the preparation scheme used for prop-
pant sample Z-12 was optimal, i.e., sintered at 1420 �C for 2 h.

However, the acid solubility and breakage ratio of proppant Z-12
2319
are undesirable. To improve these properties, the addition of iron
oxide (to decrease the breakage ratio) and acid modification of
WBDC (to decrease acid solubility) were used based on the formula
(ratio of raw material) of proppant Z-12. For the proppants that
have undergone iron oxide addition (Z-17eZ-20), an obvious
decrease in the breakage ratio was observed, while the acid solu-
bility increased. Therefore, further acid treatment of WBDC is
required. For the proppants with iron oxide addition and acid
modification (Z-21eZ-25), the acid solubility for proppant samples
Z-22eZ-25 met the SY/T5108-2014 standard. Based on a compre-
hensive consideration of the performance of proppant samples Z-
17eZ-25, the preparation parameter used for proppant Z-23 was
identified as optimaldsintered at 1420 �C for 2 h.

3.2. Morphology analysis

Figs. 4 and 5 show SEM images of the proppant samples pre-
pared under different conditions. Corundum belongs to the trigonal
crystal system, and the crystal exhibits a hexagonal columnar
shape. Multiple corundum grains are gathered to form a granular
shape. Corundum has the advantages of high hardness, strength,



Fig. 5. SEM images of samples sintered at 1420 �C to which different contents of Fe2O3 are added: (a) Z-19, (b) Z-18, (c) Z-19, and (d) Z-20; SEM images of samples sintered at
1420 �C to which different amounts of acid are added: (e) Z-21, (f)Z-22, (g) Z-23, (h) Z-24, and (i) Z-25.
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and resistance to chemical erosion (Chen et al., 2019). Mullite be-
longs to the orthorhombic crystal system, and themullite grains are
usually needle or rod-shaped (Liu et al., 2020). When the sintering
temperature was 1300 �C, the proppant sample was mainly
composed of small corundum grains with loose internal structures
and pores. When the sintering temperature was increased to
1380 �C, the surface of the proppants exhibited an obvious cross
structure of the corundum and mullite phases. Considering the
content of WBDC, when the content of WBDC was 10 g, some holes
exited on the smooth surface of the proppant. When the content of
WBDC was increased to 60 g, the hole gradually disappeared and
the surface became coarse. In the terms of the iron oxide addition,
when the iron oxide addition was 4 g, large quantities of non-
compact debris appeared on the surface of proppant. When 10 g of
oxide was added, the compactness of the WBDC surface signifi-
cantly improved owing to the sintering effect of the iron oxide (Kao
et al., 2018). When 20 mL of HCl was added for modification, the
surface of the crystal phase was covered with a layer of glass phase.
There were also some irregular closed pores inside, which may be a
positive effect caused by the increase in the relative content of the
calcium ferrite and calcium aluminum ferrite phases. When 100mL
2320
of HCl was added, the glass phase was essentially used to fill the
pores between the solid phase crystal grains, resulting in good
compactness of the structure. When the 140 mL HCl was added,
some open pores were formed on the surface of the proppant,
which seriously affected the compressive strength and density of
the ceramsite proppant.

3.3. XRD pattern of proppant

Fig. 6 shows XRD patterns of the proppant samples with
different preparation parameters. Corundumwith high crystallinity
can improve the compressive strength of the proppant (Deon et al.,
2013), and a certain number of mullite grains can enhance the
toughness of the ceramsite proppant, thereby reducing the
breakage ratio of the sample (Abd El-Kader et al. 2020). When the
sintering temperature was increased from 1300 to 1350 �C, the
diffraction peak intensity of the corundum phase increased and the
peak width narrowed, indicating that the relative content of the
corundum phase and the crystallinity was improved. The diffrac-
tion peak of themullite phasewas weak, indicating that the relative
content of the mullite phase was low. When the sintering



Fig. 6. XRD patterns of proppant samples: (a) Z-11 sintered at different temperatures for 2 h, (b) samples with different WBDC contents sintered at 1350 �C for 2 h, (c) samples
sintered at 1420 �C with different contents of Fe2O3, and (d) samples sintered at 1420 �C with different amounts of hydrochloric acid.
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temperature was not sufficiently high, it was difficult to form the
mullite phase. When the temperature was increased from 1300 to
1350 �C, the peak intensity of the mullite phase increased. When
the sintering temperature was increased from 1350 to 1380 �C, the
diffraction peak intensities of the corundum andmullite phase both
weakened to some extent. In addition, as the sintering temperature
increased from 1300 to 1380 �C, the intensity of the anorthite phase
diffraction peaks weakened, which may be caused by the reaction
between the calcium oxide and silicon oxide in water-based drill
cuttings and alumina in bauxite. Therefore, the anorthite phase
gradually changed from the solid to liquid phase as the temperature
increased.

The main crystalline phases of samples Z-9 to Z-12 were all
corundum, which may be because the main component of the four
groups of samples is alumina, with alumina contents of 70.69%,
67.14%, 60.14%, and 60.06%, respectively. When the WBDC content
was low, the diffraction peak of the mullite phase in the samplewas
significantly weak, indicating that the crystallinity of the mullite
phase was not obvious. This may be because the ratio of Al2O3/SiO2
is large, which is highly conducive to the formation of the
corundum phase. In addition, when a small content of WBDC was
added, the intensity of the anorthite phase diffraction peak was
extremely weak. This may be because the relative content of cal-
cium oxide in the sample is low, which is not conducive to the
reaction of calcium oxide with silicon aluminum oxide in the
2321
sample to form an anorthite phase. When 40 g WBDC was added,
the intensity of the mullite phase diffraction peak in the sample
significantly increased, while the corundum phase diffraction peak
relatively weakened. This is because the Al2O3/SiO2 ratio decreased
with increasing WBDC content. Alumina and silica reacted easily to
form a mullite phase. When the WBDC content was increased, the
anorthite phase diffraction peaks increased, and the corundum and
mullite phase diffraction peaks weakened. This may be due to the
excessive addition of WBDC or excessive calcium oxide in the
sample that reacts with alumina and silica to form anorthite,
resulting in an increase in the relative content of anorthite, while
reducing the corundum and mullite phases.

Corundumwas themain crystalline phase for samples Z-17 to Z-
20. This is because the main component of these samples is
alumina, with alumina contents of 51.97%, 51.49%, 51.01%, and
50.54%, respectively. When 4 g of iron oxide was added, the
diffraction peak of the mullite phase in the sample increased,
indicating that the relative content of mullite in the sample and the
crystallinity was high. A smaller Al2O3/SiO2 ratio was conducive to
the formation of the mullite phase. Simultaneously, the intensity of
the anorthite phase diffraction peak was strong when more water-
based drill cuttings were added because of the relatively large
content of calcium oxide in the sample, which enabled the calcium
oxide to react with alumina and silica to form an anorthite phase.
With an increase in the iron oxide content, the diffraction peak



Fig. 7. TG (a) and DTG (b) curves of samples with different contents of WBDC.
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intensity of the mullite phase in the sample increased, which was
ascribed to the formation of the calcium ferrite phase and silicon
calcium oxide due to the reaction of iron oxide and silicon calcium
oxide. In addition, the calcium ferrite and calcium aluminate ferrite
phases can be heated to easily form a liquid phase, which promoted
diffusion and mass transfer, thereby increasing the relative content
of the mullite phase.

The main crystalline phase of samples Z-21eZ-25 was
corundum, and the diffraction peak intensity of the corundum
phase showed no obvious differences, indicating that different
volumes of acid treatment had little effect on the relative content of
the corundum phase in the proppant sample. When 20 mL of hy-
drochloric acid was used to treat WBDC, the diffraction peaks of the
anorthite phase in the sample were stronger, indicating that the
relative content of anorthite in the sample and the crystallinity of
the anorthite phase was high. This may be because the amount of
hydrochloric acid added was too small, and the content of calcium
oxide in the sample was still relatively large, which helped to form
an anorthite phase. As the amount of hydrochloric acid for acid
treatment increased, the intensities of the diffraction peaks of the
anorthite phase in the sample decreased. When 100 mL of hydro-
chloric acid was added, the diffraction peaks of the anorthite phase
disappeared, which may be due to the rapid reduction in the
2322
calcium oxide content in WBDC. In addition, as the amount of hy-
drochloric acid increased, the diffraction peak intensity of the
mullite phase increased, which can be attributed to the low Al2O3/
SiO2 ratio; however, the diffraction peak intensities of the calcium
ferrite and calcium aluminate ferrite phases increased and weak-
ened consequently. This was owing to the addition of hydrochloric
acid, which caused the reduced content of calcium oxide.

3.4. Thermal analysis

The sintering process was characterized using thermal analysis.
Fig. 7 shows the TG and DTG curves of the proppant samples with
different contents of WBDC. During the sintering of samples, two
obvious weight-loss peaks appeared. Because the precipitation of
water mainly occurs before the first weight loss peak, the increase
in WBDC content had little effect on the TG and DTG curves of the
first stage. The first weight loss peak appeared in the temperature
range of 600e800 �C. As the WBDC content increased, the content
of carbonate and other substances that are easily decomposed at
high temperatures, especially calcium carbonate, increased,
resulting in sample weight loss (Ren et al., 2019). The second
weight loss peak appeared after 1000 �C. As the content of WBDC
increased, the calcium oxide produced by decomposition increased,



Fig. 8. TG (a) and DTG (b) curves of samples with different contents of manganese.
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which contributed to the formation of the liquid phase, accelerated
diffusion, and mass transfer, resulting in weight loss of the sample.

The effect of the manganese powder content on TG and DTG is
shown in Fig. 8. The first weight loss peak appeared in the tem-
perature range of 600e800 �C. An increase in the content of
manganese powder (as a sintering aid) increased the weight loss
rate of the sample. This may be because manganese oxide acts as a
catalyst to accelerate the decomposition of carbonate in the raw
material. Therefore, the greater the content of WBDC, the more
obvious the changes in the TG and DTG curves. When the second
weight loss peak appeared, the increase in the content of manga-
nese powder was conducive to the transformation of the anorthite
phase to the liquid phase, which promoted diffusion and mass
transfer between the solid phase grains, resulting in fast sample
weight loss and high weight loss rate.

The effect of the acid treatment amount on TG is shown in Fig. 9.
The first weight loss peak appeared in the temperature range of
600e800 �C. With an increase in acid content, the decomposition
reaction of the carbonate in WBDC decreased, resulting in a
decrease in the sample's weight loss rate and a shift in the weight
loss peak. When the second weight loss peak appeared, the in-
crease in the amount of acid reduced the calcium oxide content in
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the sample, which was not conducive to the formation of the
anorthite and liquid phases and hindered the diffusion and mass
transfer between the solid phase grains, resulting in a low weight
loss rate.

From the above analysis, it can be observed that samples Z-11
and Z-23 exhibited better performance. Therefore, the weight loss
during the sintering of these two samples was analyzed. The TG,
DTG, and DSC curves of samples Z-11 and Z-23 are shown in Fig. 10.

Two obvious weight loss peaks appeared during the sintering
process of sample Z-11. Combined with TG curve analysis, the
sintering process was divided into three stages. The first stage
appeared before the first weight loss, and the TG curve showed a
slow downward trend, which was due to the precipitation of free
water and crystal water in the raw materials. The second stage
appeared at 600e800 �C with an obvious weight loss peak, and the
TG curve declined rapidly; this was due to the precipitation of the
remaining moisture in the sample and oxidization and decompo-
sition of organic matter, carbonate, and other substances. The third
stage appeared at 1000e1400 �C with an obvious weight loss peak.
In addition to decomposition and oxidation reactions, complex
crystal phase transitions occurred. Additionally, the DSC curve
indicated that the sintering of the proppant was an endothermic



Fig. 10. Thermogravimetric analysis for the sintering process of Z-11 (a) and Z-23 (b).

Fig. 9. TG (a) and DTG (b) curves of samples with different amounts of acid used in acid modification.
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process, and two obvious endothermic peaks appeared at the two
weight loss peaks.

The sintering process of sample Z-23 also showed two obvious
weight loss peaks. The sintering process was divided into three
stages. The first weight loss peak appeared in the temperature
range of 600e800 �C, and the TG curve dropped rapidly; the second
obvious weight loss peak appeared in the temperature range of
1000e1400 �C. There were also two obvious endothermic peaks at
the two weight loss peaks.
4. Conclusions

This study explored the possibility of preparing a ceramsite
proppant from WBDC. We optimized the preparation process and
prepared high-performance proppants. The parameters of the
preparation process had little effect on the roundness, sphericity,
and turbidity of the proppant. The other performances, including
the breakage ratio, acid solubility, bulk density, and apparent
density, were significantly affected by the preparation parameters.
SEM and XRD results indicated that the main phases in the prop-
pant were corundum and mullite, and the change in the prepara-
tion parameters resulted in a change in the substance content and
ingredients. The TG analysis results showed that the sintering
process of the proppant was divided into three stages.
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