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In this study, a ceramic proppant for hydraulic fracturing in oil and gas extraction was prepared by sintering secondary alumi-
num ash as the main raw material, kaolin as the auxiliary material and manganese dioxide as the additive. The effects of differ-
ent proportions of manganese dioxide on the physical phase composition and microscopic morphology of the proppant were an-
alyzed with X-ray diffraction and scanning electron microscopy at sintering temperatures of 1170-1270 °C. The results showed
that at 1270 °C, the crushing rate of the sample with a 2 w/% manganese dioxide addition was 8.41 %, and the main crystalline
phase consisted of corundum and a small amount of mullite. With the addition of manganese dioxide, the ternary eutectic sys-
tem of MnO,-Al,05-Si0O, increases, which lowers the corundum generation temperature, accelerates its growth rate and im-
proves the crushing resistance. This study solves the problem of weak crushing resistance of the ceramic-granule proppant pre-
pared from secondary aluminum ash, and achieves an efficient use of waste, which is of great significance for environmental
protection and resource recycling.
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V ¢lanku avtorji opisujejo Studijo priprave kerami¢nega propanta (polnila; angl.: proppant) za hidravlicno lomljenje med
pridobivanjem mineralnega olja in nafte. Propant so izdelali s sintranjem pepela (pretezno Al oksid), nastalega med predelavo
sekundarnega aluminija, kateremu so dodali Se kaolin in manganov dioksid. Sintranje so izvajali pri temperaturah med 1170 °C
in 1270 °C. Nato so s pomocjo rentgenske difrakcije (XRD) in vrsti¢nega elektronskega mikroskopa (SEM) Studirali vpliv
razlicnega deleza dodanega MnO, na fizikalno-kemijsko fazno stavo in mikroskopsko morfologijo nastalega sintranega
materiala. Rezultati analiz so pokazali, da je bila stopnja drobljenja sintranega materiala 8,41%-na po sintranju na temperaturi
1270 °C in 2 w/% dodatka MnO,. Njegova glavna kristalinicna faza je bila korund in preostanek majhen delez mulita. Z
naras¢anjem dodatka MnO, se v ternarnem evtektskem sistemu MnO,-Al,03-SiO, zniZuje temperatura tvorbe korunda,
pospesuje njegova hitrost rasti in zato izboljSuje odpornost proti drobljenju. S to Studijo so avtorji resili problem Sibke
odpornosti kerami¢nih granul opanta proti drobljenju, izdelanega iz pepela nastalega pri predelavi sekundarnega aluminija in
dosegli u¢inkovito uporabo odpadnega materiala, kar je zelo pomembno za zasc¢ito okolja in recikliranje odpadnih surovin.
Kljucéne besede: kerami¢no polnilo (propant), pepel sekundarnega aluminija, hitrost drobljenja, mikrostruktura
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1 INTRODUCTION

With the development of industrial economy, the im-
portance of petroleum has become increasingly promi-
nent. It plays an irreplaceable role in energy supply,
chemical raw materials, national security, technological
innovation and industrial upgrading. In this context hy-
draulic fracturing extraction technology came into being,
as it is an important means to increase the production of
oil and gas, effectively overcoming the challenges of de-
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veloping low-permeability and ultra-deep oil and gas res-
ervoirs.! Currently, hydraulic fracturing plays a crucial
role in extracting oil from low-permeability oilfields.
Fracturing proppant is an indispensable material in oil
extraction activities,? transported into formations with
low permeability and poor physical properties through
the hydraulic fracturing fluid. It prevents fracture closure
and increases fracture conductivity, having an excellent
effect on increasing oil production. It is conducive to im-
proving the rate of oil and natural gas extraction.’ At
present, the most commonly used proppant is the ce-
ramic proppant prepared from bauxite. High-strength ce-
ramic proppant prepared from high-grade bauxite is the
mainstream material, widely used in industrial produc-
tion.*> However, bauxite belongs to non-renewable re-
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sources, and with the over-exploitation in recent years,
its reserves have decreased, making the raw material cost
of ceramic proppant increase significantly.® Ceramic
proppant prepared from high-grade bauxite typically ex-
hibits high bulk and apparent density, decreasing its abil-
ity to conduct fluid flow, therefore largely limiting its de-
velopment and utilization in the field of oil and gas.’

In recent years, with the development of science and
technology, as well as strengthening of people’s environ-
mental awareness and attention to the problem of solid
waste,® many researchers have begun to pay great atten-
tion to the development of low-density and high-hard-
ness ceramic proppant using low-grade bauxite ore or
solid waste.”!® At the same time, it also helps solve the
problems of environmental pollution caused by solid
waste accumulation and improve the utilization rate of
industrial waste.!! Ren et al.!? used solid wastes such as
low-grade bauxite and fly ash as a novel route for prepar-
ing a high-silica proppant via sintering at 1240 °C for
20 min. The bulk density of the proppant was
1.352 g/em?, acid solubility was 4.2 %, and crushing rate
was 5.3 %. Another experiment was conducted to find an
effective and applicable method. Hao et al.'’ used
low-grade bauxite, solid waste, coal gangue and magne-
sium slag to successfully prepare a low-cost ceramic
proppant, sintered at 1250 °C, having a bulk density of
not more than 1.5 g/cm?, apparent density of less than
3.0 g/em?, closed pressure of 52 MPa, and the lowest
crushing rate of 7.16 %. These raw materials greatly re-
duce the preparation cost of proppant, while the addition
of solid waste not only relieves the environmental pres-
sure, but also develops a new way of solid waste recy-
cling. F. Kukurugya et al."* incorporated Cu-based oxy-
gen carriers into high-strength ceramic fracturing
proppant. The waste Cu-based oxygen carriers were suc-
cessfully converted into high-strength ceramic spheres
through three main steps: ball milling, granulation and
sintering. The results show that the compressive strength
can exceed 150 MPa at a sintering temperature of
1600 °C, while the CuAl,O,4 phase melts and separates.
The production of high-strength ceramic fracking
proppant using waste Cu-based oxygen carriers not only
reduces the problem of waste disposal, but also saves the
scarce bauxite resources, leading to significant economic
and environmental benefits.

At present, the world’s aluminum ash production is
huge, and it is mainly disposed in direct landfills or piles,
which is not conducive to achieving resource utilization
and sustainable development.!> Secondary aluminum ash
is the solid waste after the extraction of metallic alumi-
num from primary aluminum ash or aluminum-contain-
ing waste residue after aluminum extraction from alumi-
num slag. It is a hazardous solid waste containing a large
number of toxic and harmful substances, such as alumi-
num nitride, aluminum carbide, fluoride, cyanide and
others,'® and its treatment has always been a research
hotspot of the aluminum electrolysis industry.!” Since
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secondary aluminum ash contains a large amount of alu-
mina, its use as a raw material for the preparation of
ceramic proppant not only reduces the problem of
proppant preparation cost, but also promotes the reuse of
secondary aluminum ash, thus alleviating the serious
pollution of soil and water resources brought about by
the large amount of secondary aluminum ash discharge.

In response to the above research, this paper studies
the secondary aluminum ash and kaolin as raw materials,
and manganese dioxide as an additive. It was found that
an addition of manganese dioxide during sintering can
well promote the high-temperature sintering perfor-
mance, accelerate the rearrangement of mullite particles,
and enhance the degree of densification of porous
mullite.'820 A low-cost ceramic proppant was prepared
by sintering to study the effect of manganese dioxide as
an additive on the basic properties of secondary alumi-
num ash-based ceramic proppants (bulk density, apparent
density, crushing rate). In addition, the effect of different
levels of manganese dioxide on the phase composition
and microstructure of the ceramic granule proppant was
analyzed using XRD and SEM, in order to further ex-
plore the feasibility of utilizing low-cost hazardous solid
waste.

2 EXPERIMENTAL PART
2.1 Preparation of ceramic support

The samples consisted of powdered secondary alumi-
num ash, whose purity was greater than 90 w/%, the par-
ticle size was 1-2 nm (Xinjiang Runlin Environmental
Protection Co., Ltd.), and kaolin whose purity was
greater than 24 w/% (Xinjiang Runlin Environmental
Protection Co., Ltd.). The chemical compositions of the
raw materials are shown in Table 1. Manganese dioxide
acting as the additive was configured separately accord-
ing to the proportions and mix configurations shown in
Table 2. The mixed batch was first ball-milled in a plan-
etary ball mill (XQM-2, Changsha Tianchuang Powder
Technology Co., Ltd., China) at 400 min™' for 10—15 min
to mix the raw materials uniformly. Then, the homoge-
neously mixed raw materials were continuously added
into a disc granulator, and the materials were continu-
ously sprayed with water mist during rotation to generate
raw-material ball blanks with increasing time. These ball
blanks were sieved through a 20/40 mesh sieve. The
sieved ball billets were put into corundum boats and
dried in a drying oven (DHG-9055A, Shanghai Yiheng
Scientific Instrument Co., Ltd., China) at about 80 °C for
4 h. The dried billets were put into a muffle furnace
(MF-1200C, Anhui Beiyike Equipment Technology Co.,
Ltd., China) to be heated to 700 °C at 5 °C/min and kept
hot for 1 h. After cooling, the billets were shaken and
separated again. The preheated spherical billets were di-
rectly placed into a high-temperature atmosphere furnace
(AS2-4-18TP, Zhengzhou Ansheng Scientific Instrument
Co., Ltd., China) and heated at 5 °C/min to the predeter-
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Table 1: Main chemical components of the raw materials

Material Chemical composition, %
A1203 SiOQ NazO KzO CaO Ti02 F6203 V205 MgO
Secondary aluminum ash 91.04 1.73 4.09 0.18 0.9 0.18 0.27 1.2 0
Kaolin 24.16 67.07 0 2.15 0.74 1.19 3.55 0 0.73

mined sintering temperature, followed by a holding time
of 3 h. Afterwards, they were cooled to room tempera-
ture. The specimens were sieved through a 20-40 mesh
sieve, and the testing was performed in strict accordance
with the Chinese oil and gas industry standard
SY/T5108-2014. Figure 1 shows the appearance and
morphology of the ceramic grains after the incorporation
of the additive.

Table 2: Influence of MnO; on the properties of ceramic proppant

Manganese di-| Sintering Bulk Apparent | Crushing

oxide addition| tempera- densitgy densigy rate
W/ %) ture (°C) | (g/em?) (g/lcm?) (%)

1230 1.1278 2.5646 15.84

2 1250 1.2105 2.5073 9.64

1270 1.2305 2.5033 8.41

1230 1.0998 2.4368 17.45

4 1250 1.1409 2.4399 15.66

1270 1.0813 2.4302 18.15

1170 1.0609 24219 18.85

6 1190 1.0779 24192 17.65

1210 1.0992 2.4007 17.17

2.2 Test and characterization

2.2.1 Bulk density test

A 50 mL density bottle was prepared and its mass
(m;) was measured using an electronic balance. The ap-
propriate amount of ceramic grain samples was then
weighed. A suitable funnel was secured above the mouth
of the density bottle, then the proppant sample was
poured through it until the bottle was filled to the gradu-
ated line. The mass of the density bottle containing the
ceramic grain sample was measured (m,). Bulk density
was calculated using Equation (1), and the procedure
was repeated several times to obtain an average value.

py =) (1)

additive-free

-

Figure 1: Effect of MnO; on the morphology of the ceramic support
agent
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Here, p is the proppant bulk density, g/cm?; m; is the
mass of density bottle, g; m, is the mass of proppant and
density bottle, g; V is the volume of cylinder, mL.

2.2.2 Apparent density test

The ceramic sample mass (M) was weighed with an
electronic balance; a 50 mL density bottle was cleaned
and dried and its mass (m;) was weighed with the elec-
tronic balance; the density bottle was filled with distilled
water and its mass (m,) was weighed with the electronic
balance; distilled water from the density bottle was
poured out and the weighed ceramic sample was poured
into the density bottle, which was then refilled with dis-
tilled water; the mass (m3;) was weighed with the elec-
tronic balance; Equation (2) was calculated based on the
density formula; the procedure was repeated several
times to obtain an average value.

M
= 2
P (m, —ml)_(m3 -m, —M) 2)

pW pW

Here, p is the apparent density of ceramic proppant,
g/cm3; M is the mass of ceramic sample, g; m; is the
mass of density bottle, g; m, is the mass of density bottle
filled with distilled water, g; ms is the mass of density
bottle filled with distilled water and ceramic proppant, g;
pPw is the apparent density of water, g/cm?.

2.2.3 Crushing rate test

The main equipment used to test the crushing resis-
tance of proppant samples was a YAW-300B type auto-
matic compression and flexural testing machine, as
shown in Figure 2 illustrating the structure of the
proppant crushing chamber. In accordance with Equation
(3), the bulk density of the proppant sample was mea-
sured to determine the crushing rate of the sample; the
required sample mass (m) was weighed and evenly
spread into the crushing chamber; the piston was then in-
serted and rotated by 180°; the chamber was then placed
at the center of the hydraulic machine table; the loading
pressure of the hydraulic machine was set to 71 KN and
the loading time was 1 min; this pressure was maintained
for 2 min; after unloading, the proppant samples were
taken out; after the hydraulic press crushing, the ceramic
samples were collected and put onto a 40-mesh sieve for
shaking; after sieving for 10 min, the mass (mg) of the
crushed proppant samples was weighed with the elec-
tronic balance; and the sample crushing rate was calcu-
lated in accordance with Equation (4).

m,=C-p-d* 3)
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12.7

88. 9nm

Figure 2: Structural diagram of proppant crushing chamber

Here, m, is the total mass of proppant, g; p is the
proppant bulk density, g/cm’; d is the diameter of
proppant crushing chamber structure, cm; C is the vol-
ume of proppant crushing chamber structure.

n="1 % 100 % 4)

m,

Here, 7 is the proppant fragmentation rate, %; m, is
the total mass of proppant before testing, g; my is the
mass of proppant particles after testing, g.

2.2.4 X-ray diffraction test

The X-ray test was carried out using a fully auto-
matic polycrystalline X-ray diffractometer (XD-2/XD-3,
Cu target, Beijing Puxi Analytical Instrument Co., Ltd.),
Ka light source, 4 = 0.154 nm, a scanning speed of
8 °/min, a scanning range of 10-90°, an operating volt-
age of 36 kV, and an operating current of 20 MA for the
crystalline composition analysis of the samples.

2.2.5 Scanning electron microscope test

A Hitachi’s SU3900 scanning electron microscope
was used to observe and analyze the morphology of sam-
ple surfaces and the microstructure of samples, and then

analyze the crystal growth condition and void develop-
ment of the proppant samples.

3 RESULTS AND DISCUSSIONS

3.1 Effect of manganese dioxide on ceramic proppant

Figure 3 shows XRD patterns of the proppant sam-
ples at different sintering temperatures and manganese
dioxide additions of (2, 4 and 6) w/%, and it was found
that the main crystalline phase of the proppant samples
was corundum.?! When the manganese dioxide addition
is 2 w/%, and the sintering temperature is increased from
1230 °C to 1270 °C, the corundum’s diffraction peaks
are gradually strengthened, becoming sharper, and the
diffraction peak of mullite is weakened. As the manga-
nese dioxide content increases to 4 w/% and the sintering
temperature rises as well, the mullite phase of the sample
gradually disappears, and the crystal phase of the sample
includes corundum at 1270 °C. The analyses show that
after increasing the amount of manganese dioxide, more
liquid phase is formed in the sample under high-tempera-
ture sintering, dissolving the mullite phase. During the
cooling of a sample, most of the liquid phase forms a
glassy phase with a low strength, and this low-viscosity
liquid phase fills in the voids during the cooling process,
causing closed pores inside the proppant,?> which greatly
reduce the hardness of the proppant. When the manga-
nese dioxide content is increased to 6 w/%, there are
more impurities in the samples at lower sintering temper-
atures, with incompletely reacted manganese dioxide and
manganese tetroxides, and a minor manganese-alumi-
num garnet crystalline phase. The analysis shows that the
ionic radii of Mn* (0.053 nm) and AI** (0.0535 nm) are
very close to each other, which makes the manganese di-
oxide and alumina undergo an infinite solid solution and
form a solid solution. On the other hand, Mn** undergoes
a reduction reaction during high-temperature sintering,
which leads to a change in its ionic radius, altering the
lattice of alumina and lowering the sample’s sintering
temperature, thus promoting sintering.
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Figure 3: XRD diagrams of ceramic proppant with different manganese dioxide contents (a, 2 w/%; b, 4 w/%; c, 6 w/%) and different sintering

temperatures
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3.2 Effect of manganese dioxide on the microscopic
morphology of ceramic proppant

Figure 4 shows the micromorphologies of the
crushed sections of the proppant samples at different
sintering temperatures and different manganese dioxide
additions. Figures 4a, 4b and 4c¢ include SEM images of
the manganese dioxide additions of 2 w/% at sintering
temperatures of (1230, 1250 and 1270) °C, respectively.
They show that the internal structure of a proppant sam-
ple is mainly covered with corundum on top of the liquid
phase, and with the addition of manganese dioxide, the
MnO,-ALOs-SiO, ternary eutectic system gradually in-
creases, reducing the corundum generation temperature
and increasing the corundum growth rate. It is shown
that as the sintering temperature increases, the corundum
keeps growing and the overall structure gradually be-
comes more compact. As a result, the bulk density of the
proppant samples increases and the hardness is also in-
creased.

Figures 4d, 4e and 4f include SEM images of the
manganese dioxide addition of 4 w/% at sintering tem-
peratures of (1230, 1250 and 1270) °C, respectively. It
can be seen that there are a few air holes inside the
proppant samples, which may be due to the increase in
the amount of manganese dioxide. At the higher temper-
atures MnQO, is more sensitive to decomposition and oxy-
gen production. MnO, undergoes the first two steps of
the reaction, first transforming into Mn,O; (4MnO, -
2Mn,0; + O,) and then, with the increase in the tempera-

ture, Mn,Os3 further transforms into Mn;0,, (6Mn,O; - 4
Mn;04 + O,) while releasing oxygen. This gas release
causes closed pores to form inside the ceramic samples.
The formation of these pores not only reduces the den-
sity of the samples (as evidenced by a decrease in the ap-
parent density), but also significantly weakens its com-
pressive strength. From Figures 4e and 4f, it can be seen
that with increasing sintering temperature, the
densification is not as high as in the proppant samples
with 2 w/% manganese dioxide addition.

Figures 4g, 4h and 4i include SEM images of the
samples at sintering temperatures of (1170, 1190 and
1210) °C, respectively, with 6 w/% manganese dioxide
addition. We can see that a large number of air holes ap-
pear in the internal part of a proppant sample, which is
due to the excessive content of manganese dioxide, re-
sulting in a continuous gas generation, reducing the den-
sity of the proppant sample, but also leading to decreased
hardness. Additionally, we found that when the MnO,
content is 6 w/%, the increased liquid phase volume
leads to an excessive grain growth and the formation of
large-grain boundary pores, further enhancing the deteri-
oration in mechanical properties. When the MnO, addi-
tion is 2 w/%, liquid-phase sintering promotes pore clo-
sure, forming a dense structure. However, excessive
MnO; introduces interconnected pores through decompo-
sition reactions and liquid-phase contraction, acting as
stress concentration points and leading to a decrease in
strength.

Figure 4: SEM images of ceramic proppant with different manganese dioxide contents at different sintering temperatures
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3.3 Effect of manganese dioxide on apparent density
and bulk density of ceramic proppant

Figure 5 shows the changing curves of the apparent
density and bulk density of the proppant samples with
the increase in the sintering temperature at different
manganese dioxide additions. Figure 5a shows that
when manganese dioxide amount is 2 w/%, the apparent
density of the proppant samples generally shows a de-
creasing trend and the bulk density shows an increasing
trend in a range of 1230-1270 °C. Due to the addition of
manganese dioxide, the influence of the fluxing effect
becomes larger; the liquid phase in the ternary eutectic
system becomes more significant with the increase in the
temperature; the densification of the sample is gradually
enhanced, increasing the bulk density; and the liquid
phase enters the stomatal pores under the effect of sur-
face tension, constantly filling the voids, which makes
the porosity decrease and the apparent density decrease.

Figure Sb shows that the apparent density of the
proppant samples gradually decreases and the bulk den-
sity first increases and then decreases in the range of
1230-1270 °C with the 4 w/% manganese dioxide addi-
tion.” As the amount of manganese dioxide increases,
more liquid phase is formed under high temperature
sintering, and the bulk density of the samples gradually
increases under the temperatures of 1230 °C and
1250 °C. When the sintering temperature continues to in-
crease to 1270 °C, recrystallisation occurs through the
action of the liquid phase, during which the condensed

liquid phase promotes crystal growth. In addition, the
inter-granular voids gradually increase, thus affecting the
densification of the proppant samples, resulting in a de-
crease in bulk density. Figure 5c represents the sample
with a manganese dioxide additive amount of 6 w/%.
The apparent density shows a downward trend, while the
bulk density shows an upward trend. Experimental anal-
ysis showed that with the increase in the manganese di-
oxide content, the liquid phase in the MnO,-Al,0;-Si0,
ternary eutectic system increases, and its fluxing effect is
greatly improved.

3.4 Effect of manganese dioxide on the crushing rate
of ceramic proppant

Figure 6 shows variations in the crushing rate of the
proppant samples with increasing sintering temperature
and different manganese dioxide additions. Figure 6a
shows that the crushing rate of the proppant sample with
the addition amount of 2 w/% gradually decreases in a
range of 1230-1270 °C, while it is only 8.41 % at
1270 °C, under sealed conditions at 35 MPa. Due to the
addition of manganese dioxide, a low-temperature
eutectic can readily form, which promotes the generation
of a liquid phase and improves densification. At the same
time, the corundum generation temperature is reduced to
a certain extent and the growth rate of corundum is in-
creased, thus improving the strength of the proppant
sample. Figure 6b shows that with the addition amount
of 4 w/% and increasing sintering temperature, the crush-
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ing rate of the proppant sample first decreases and then
increases. Based on SEM analysis and bulk density
changes, it can be seen that with the increase in the man-
ganese dioxide content, decomposition occurs at high
temperatures, generating more gases inside, thereby in-
creasing internal porosity. Moreover, with the increase in
the temperature, numerous liquid phases form within the
samples. Upon cooling, these transform into a glassy
phase, resulting in an increased fragmentation rate at
1270 °C. Figure 6c¢ shows that at the addition of 6 wt.%,
the sintering temperature of the sample is greatly re-
duced due to the large content of manganese dioxide,
which promotes the generation of a liquid phase. As can
be seen from the figure, the crushing rate of the proppant
samples gradually decreases in a sintering-temperature
range of 1170-1210 °C.

4 CONCLUSIONS

In this paper, a low-cost and high-strength secondary
aluminum ash-based ceramic proppant was successfully
prepared using secondary aluminum ash as the main raw
material, kaolin as the auxiliary material and manganese
dioxide as the additive. At a sintering temperature of
1270 °C, and a manganese dioxide amount of 2 w/%, the
ceramic proppant exhibits the best performance. Its main
crystalline phase is corundum, accompanied by a small
amount of mullite, with a bulk density of 1.2305 g/cm?,
an apparent density of 2.5033 g/cm?, and a crushing rate
of 8.41 % under sealed conditions at 35 MPa, satisfying
the industry standard. With the addition of manganese
dioxide, the ternary eutectic system of MnO,-Al,O5-Si0,
gradually increases, reducing the corundum generation
temperature and accelerating the growth of corundum.
The liquid phase in the ternary eutectic system increases
with increasing temperature, which leads to the
densification of the proppant sample. The liquid phase
enters the pores and fills the voids under surface tension,
resulting in a decrease in apparent porosity and an in-
crease in closed porosity, further leading to a decrease in
apparent density. As the sintering temperature increases,
corundum grows continuously, and the overall structure
gradually becomes compact. The bulk density increases,
and the hardness is enhanced. At this point, the number
of mullite phases is relatively small and the number of
corundum phases is large. Through experimental re-
search, the breakage rate of the 2 w/% MnO, sample de-
creased to 8.41 % at 1270 °C, meeting the lower limit re-
quirement from the SY/T 5108-2014 standard. However,
it still falls short of the performance standards for
high-performance proppants. This study found, for the
first time, that the compressive strength of secondary
aluminum ash-based proppants has been improved to an
industry-acceptable level, although it remains at the
lower limit, leaving room for further optimization.
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