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To develop lightweight ceramic proppants and to promote the high-value utilization of two different forms of
perlite, this study employed raw perlite and expanded perlite as partial substitutes for bauxite and fabricated
low-density proppants via disk granulation followed by high-temperature sintering. The effects of perlite type,
dosage (5-20 wt%), and sintering temperature (1400-1500 °C) on the microstructure and properties were sys-
tematically investigated. The results reveal that a moderate addition of raw perlite and expanded perlite
significantly promotes mullite formation and reduces proppant density. However, excessive addition increases
porosity, decreases the aspect ratio of rod-like mullite crystals, and induces the formation of ellipsoidal mullite,
thereby elevating the breakage ratio. The optimized expanded perlite proppants sintered at 1450 °C exhibited the
optimal overall performance, with a bulk density of 1.46 + 0.01 g/cm® and an acid solubility of 5.98 + 0.09 %.
The breakage ratio of 8.21 + 0.56 % under the industry-standard closure stress of 35 MPa, meeting the
requirement of SY/T 51088-2014 (breakage ratio < 9 %). At a higher closure stress of 41.4 MPa, the proppants
achieve a conductivity of 29.435 ym?.cm. Notably, Fe>* incorporation into the mullite structure enhanced
structural stability, thereby improving mechanical performance. This work demonstrates a sustainable strategy
for fabricating low-density ceramic proppants and highlights the potential of perlite-based materials as an
environmentally friendly substitute for bauxite in hydraulic fracturing applications.

1. Introduction

Hydraulic fracturing technology has been widely employed to
enhance the productivity of low-permeability reservoirs. This technique
relies critically on injected proppants, which form stable, porous chan-
nels within induced fractures to maintain long-term fracture conduc-
tivity [1]. Compared with natural quartz sand, ceramic proppants offer
higher mechanical strength, superior chemical stability, and more uni-
form particle size and sphericity, making them better suited to reservoir
conditions characterized by high temperature and closure stress [2].
Conventional ceramic proppants are typically fabricated from
high-grade bauxite with minor additives via disk granulation followed
by high-temperature sintering. However, the high Al,O3 content of

* Corresponding authors.

E-mail addresses: jzhang@swpu.edu.cn (J. Zhang), lei.ge@unisq.edu.au (L. Ge).

https://doi.org/10.1016/j.conbuildmat.2026.145689

bauxite results in elevated sintering temperatures and increased mate-
rial density. According to the Stokes law, the settling velocity of prop-
pants increases with particle density. Therefore, dense particles tend to
settle rapidly, potentially causing premature deposition and blockage
within fractures, which diminishes fracture conductivity [3]. Although
the use of high viscosity fracturing fluids can mitigate this issue, it
substantially increases operational costs and may cause irreversible
reservoir damage [4]. Moreover, the emergence of supercritical CO,
fracturing has intensified the demand for lightweight proppants due to
the inherently low viscosity of CO2 [5]. Previous studies have demon-
strated that low-density proppants can extend transport distance and
enhance fracture support efficiency [6].

To develop lightweight proppants, two primary strategies have been
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explored: structural modification and raw material optimization [7].
The former involves designing hollow or porous structures to reduce
density, while stress concentration around voids often compromises
particle strength [8]. In contrast, the latter approach partially sub-
stitutes bauxite with low-cost industrial solid wastes that possess similar
chemical compositions, such as silica-rich by-products including coal
gangue, fly ash, and red mud, thereby achieving density reduction while
maintaining acceptable mechanical performance. For instance, Ren
et al. [9] developed proppants with a bulk density of 1.352 g/cm3 and a
breakage ratio of 5.3 % at 35 MPa by replacing 30 % of bauxite with fly
ash. Zhao et al. [10] synthesized proppants from bauxite, fly ash, and
coal gangue with MnO, and MgO additives, demonstrating an apparent
density of 1.03 g/cm® and a breakage ratio of 8.3 % at 35 MP. Similarly,
Liu et al. [11] employed oil-based cuttings, red mud, and bauxite with
MnO, to fabricate proppants with a bulk density of 1.45 g/cm® and a
breakage ratio of 8.6 % at 52 MPa. Notably, the Fe;O3 in red mud
facilitated the formation of closed pores, thereby contributing to weight
reduction. Our previous work demonstrated that incorporating 30 wt%
coal gangues into bauxite with MnO,-TiO, additives produced prop-
pants with a bulk density of 1.88 g/cm® and a breakage ratio of 2.71 % at
52 MPa [12].

Raw perlite, a volcanic glassy rock rich in SiO5 and Al;Os, typically
contains 90-97 % amorphous phases and 3-10 % crystalline phases
[13]. When heated to 800-1100 °C, perlite undergoes rapid expansion
due to water vaporization, yielding porous particles with volumes 5-20
times those of the original particles, forming a lightweight and porous
structure. Owing to these features, perlite and its expanded form have
been widely applied in insulation materials, lightweight concrete [14],
ultrafiltration membranes [15], and horticulture substrates [16]. How-
ever, their applications in the ceramic field remain relatively limited. In
ceramics systems, perlite is most commonly used as a pore-forming
agent. Rzepa et al. [17] prepared porous ceramics with excellent ther-
mal insulation by co-firing perlite and clay, while Tarhan et al. [13]
found that perlite addition improved sintering shrinkage and mechani-
cal strength in kaolinite systems. In ceramic proppant raw material
systems, coal fly ash exhibits significant variability in chemical
composition and morphological features due to differences in combus-
tion modes, fuel composition, and operating conditions [18,19]. In
addition, certain fly ashes contain appreciable amounts of SO3, which
can decompose and release gaseous species during high-temperature
sintering, thereby inducing abnormal pore formation and structural
defects that are detrimental to the stable development of mechanical
properties [20], while red mud is enriched in heavy metal elements that
pose potential environmental and health risks [21], thereby limiting
their application in high-performance proppants. In contrast, perlite
contains no volatile or harmful components and is rich in alkali metal
oxides and SiO,, enabling it to act simultaneously as a fluxing agent and
a promoter of mullite formation, while its glassy structure and control-
lable expansion behavior offer new possibilities for the structural design
of lightweight, high-strength ceramic proppants. However, the role of
perlite (and expanded perlite) in ceramic proppant systems has not yet
been systematically investigated, particularly with respect to the
valence-state evolution of iron oxides during sintering and its influence
on phase evolution and property regulation.

To address the knowledge gap in applying perlite as an additive in
bauxite-based proppants and to elucidate the role of iron’s chemical
states during high-temperature sintering, this study incorporates
5-20 wt% perlite or expanded perlite into bauxite-based formulations to
fabricate low-density ceramic proppants through optimized composi-
tions and sintering regimes. The effects of perlite type, dosage, and
sintering temperature on phase evolution, microstructure, bulk density,
breakage ratio, and acid solubility were systematically evaluated.
Furthermore, the conductivity of the obtained proppants was assessed
under closure stress. This work not only expands the utilization pathway
of perlite-based materials but also provides theoretical and technical
insights into the rational design of lightweight ceramic proppants for
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hydraulic fracturing applications.
2. Experimental
2.1. Materials

Bauxite (65 wt% AlyO3, 200 mesh, Zhengzhou Ruiyide New Mate-
rials Co., China) and perlite/expanded perlite (325 mesh, Xinyang
Yongkai Thermal Insulation Materials Co., China) were used as the
primary raw materials. The chemical composition of the three raw
materials was analyzed by X-ray fluorescence, and the results are sum-
marized in Table 1. The analysis indicates that SiO2 and AlyOs3 are the
predominant components in bauxite, perlite, and expanded perlite.
Phase composition was examined using X-ray diffraction, as shown in
Figure S1. Bauxite primarily consisted of corundum and mullite, with
minor aluminum phosphate. In contrast, perlite and expanded perlite
exhibited broad, featureless diffraction patterns, characteristic of an
amorphous structure, indicating that their main phase exists in a glassy
state. Morphological features of the raw materials were observed via
scanning electron microscopy, as illustrated in Figure S2. Natural perlite
appeared as blocky particles, whereas expanded perlite, subjected to ball
milling, exhibited sheet-like morphology due to the collapse of its
original hollow structure. During ball milling, sodium hexametaphos-
phate (analytical grade, Chengdu Kelong Chemical Reagent Co., China)
was used as a dispersant to prevent agglomeration. Polyvinyl alcohol
(PVA, AR, Chengdu Kelong Chemical Reagent Co., China) was employed
as a binder during the granulation stage. The quartz sand and com-
mercial proppants (40-70 mesh) used to test fracture flow capacity were
sourced from Sichuan Bingyang Technology Co., Ltd.

2.2. Proppant preparation

The preparation procedure of the ceramic proppants is illustrated in
Fig. 1. Initially, the raw materials were wet-milled using a planetary ball
mill (QM-QXO04, Zhejiang Jiechen Instrument Co., China) at a rotation
speed of 300 r/min for 6 h. The mass ratio of powder, milling balls, and
deionized water was 1:2:2. The resulting slurry was dried in an electric
blast oven (101A-2ET, Shanghai Experimental Instrument Factory,
China) at 140 °C for 24 h. The dried powder was then ground, passed
through a 350-mesh sieve (=40 pm), and its particle size distribution
was measured using a laser particle size analyzer (Mastersizer-2000,
Malvern Instruments Ltd.), yielding a D50 of 1.27 pm (Figure S3b). A
portion of the powder was granulated in a coating machine (BY-300A,
Guangzhou Daxiang Electronic Machinery Co., China) at 50 r/min.
During granulation, 1.5 wt% PVA solution was added in stages with the
powder until the target granule size was achieved. Granules with par-
ticle sizes corresponding to 40-70 mesh were collected, dried in an oven
for 4 h, and pre-calcined at 600 °C for 30 min to remove the binder. Final
sintering was carried out in a tubular furnace (STG-60-17, Henan Sante
Furnace Technology Co., China) under the following schedule: heating
from room temperature to 1000 °C at 5 °C/min, further heating to the
target sintering temperature at 3 °C/min, followed by a 90 min dwell at
the final temperature. Detailed experimental parameters are provided in
Table S1. Representative samples were selected for analysis. First, the
effects of different raw perlite and expanded perlite contents on the
properties of the proppants were investigated at a single temperature.
The influence of sintering temperature on the performance of raw perlite
and expanded perlite proppants was then studied. To more effectively
evaluate the effect of sintering temperature on the performance of
different perlite-based proppants, the maximum additive amount that
yielded a breakage ratio below 9 % was selected for each case.

For clarity, the raw materials and proppant samples were distin-
guished using simplified abbreviations. Expanded perlite, bauxite, and
raw perlite raw materials were denoted as EP, B, and RP, respectively.
The proppant samples were named according to their dominant aggre-
gate type. Proppants prepared using expanded perlite as the aggregate
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Table 1
Chemical composition of raw materials (wt%).
Al,03 SiO, TiO4 Fe,03 K>,0O Cao MgO Na,O Other
Bauxite 68.88 19.83 3.30 5.05 0.41 1.01 0.18 0.18 1.16
Perlite 12.08 67.19 0.06 0.82 3.34 1.20 0.96 1.27 13.08
Expanded perlite 13.97 75.37 0.10 0.64 5.56 0.94 0.26 3.02 0.14
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Fig. 1. Schematic illustration of the fabrication process of ceramic proppants.

were labeled EP1-EP6, those prepared proppants with raw perlite were
labeled RP1-RP8, and the proppant fabricated solely from bauxite was
denoted as BP. The detailed compositions are listed in Table 2.

2.3. Materials characterization

The phase composition of the proppants was analyzed by X-ray
diffraction (XRD , Bruker D8 Advance) over 10-80° with a step size of
0.02°. Phase identification and semi-quantitative analysis were per-
formed using HighScore software. The macroscopic morphology of the
proppants was observed with a stereomicroscope (SZM7045, Sunny
Optical Co., Ltd.). For microstructural analysis, the samples were cold-
mounted, polished, and etched, then examined using a field-emission
scanning electron microscope (FE-SEM, Thermo Scientific Apreo 2)
coupled with an energy-dispersive X-ray spectrometer (EDS, OXFORD
ULTIM Max65) to characterize the cross-sectional morphology and

Table 2
Proppant sample naming and process temperature.

Proppant Sample
Abbreviations

Expanded perlite/perlite
addition content ( wt% )

Sintering
temperature ( °C)

BP 0 1450
EP1 5 1450
EP2 10 1450
EP3 15 1450
EP4 20 1450
EP5 15 1400
EP6 15 1500
RP1 5 1450
RP2 10 1450
RP3 15 1450
RP4 20 1450
RP5 5 1400
RP6 5 1500
RP7 20 1500
RP8 20 1400

elemental distribution. Pore structure and grain size were quantified
using ImageJ Pro Plus. Key performance metrics, including breakage
ratio, bulk density, apparent density, acid solubility, and sphericity,
were measured in accordance with the Chinese Petroleum and Natural
Gas Industry Standard SY/T 5108-2014 for hydraulic fracturing and
proppant evaluation. The breakage ratio, bulk density, apparent density,
and acid solubility tests were each repeated three, five, three, and three
times, respectively. The fracture conductivity of the proppants was
assessed according to SY/T 6302-2019 using an NF-3 long-term con-
ductivity tester under sequential closure stresses of 6.9, 13.8, 27.6, 41.4,
55.2, and 69 MPa, each applied for 10 min, and the corresponding
fracture conductivity was recorded. The chemical states of Fe and Ti ions
were determined using X-ray photoelectron spectroscopy (XPS, Nexsa,
Thermo Scientific), with all spectra calibrated to the Cls peak at
284.6 eV.

3. Results and discussion
3.1. Phase analysis of ceramic proppants

Fig. 2 illustrates both the macroscopic advantages and the phase
evolution mechanism of the lightweight proppants. In hydraulic frac-
turing operations, conventional high-density proppants exhibit limited
transport distance within the fracture network and require the use of
viscous thickening agents to maintain suspension, thereby increasing
operational costs and potentially causing water contamination [4]. In
contrast, lightweight proppants with lower bulk density exhibit superior
suspension and long-distance transportability, leading to cleaner, more
efficient fracturing processes (Fig. 2a). This performance improvement
originates from the compositional and structural design of the prop-
pants. As shown in the XRD patterns, all samples exhibit two primary
phases: corundum (PDF#98-016-0605) and mullite
(PDF#98-004-3297). In Fig. 2b, a characteristic diffraction peak of
Fe-enriched mullite appears at approximately 37°, indicating that under
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Fig. 2. Macroscopic transport advantages and the microscopic phase-evolution mechanism of lightweight proppants. (a) Schematic illustration of the transport
behavior difference between conventional and lightweight proppants during hydraulic fracturing. (b) XRD patterns of ceramic proppant BP-EP4. (c) Semi-

quantitative analysis of mullite and corundum phases in BP-EP4.

the present sintering conditions, Fe ions can be stably incorporated into
the mullite crystal structure [22,23]. With increasing EP content, the
intensity of mullite diffraction peaks gradually increases, whereas the
corundum peaks, particularly the (012) crystalline surface, significantly
decrease, demonstrating the strong dependence of phase assemblage on
raw material composition. Semi-quantitative analysis using HighScore
software (Fig. 2c) confirms that the relative mullite content increases
with increasing EP fraction, while the corundum content decreases. This
phase evolution trend is likely associated with the variation in the Al/Si
ratio of the raw material system. The Aly03/SiO5 mass ratio of low-grade
bauxite is 3.47, which decreases to 2.05 at 20 wt% addition for EP,
respectively (Table 1). The increased SiOy content in the system
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promotes mullite formation, consistent with a previous report [24].
Furthermore, at identical addition levels, the phase and relative phase
contents in EP- and RP-based proppants exhibit similar trends
(Figure S4), indicating that despite the structural differentials between
EP and RP, the comparable Al/Si ratios result in analogous phase evo-
lution during sintering.

Fig. 3 shows the XRD patterns of proppants incorporating 15 wt% EP
sintered at different temperatures. The dominant phases are identified as
corundum (PDF#98-016-0605) and mullite (PDF#98-004-3298). At
1500 °C, the emergence of $-Al;O3 is observed, which can be ascribed to
the presence of NayO in the raw materials. NapO promotes the partial
transformation of «-Al,O3 into p-Ay03 during high-temperature
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Fig. 3. XRD characterization and phase composition of adding 15 wt% EP ceramic proppant samples at different sintering temperatures. (a) XRD patterns of the
ceramic proppants. (b) Semi-quantitative analysis of mullite and corundum phases in the ceramic proppants.
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sintering [25]. This interpretation is further supported by EDS analysis
(Figure S5), which reveals trace amounts of Na within the corundum
phase. As the sintering temperature increases, the diffraction intensity of
mullite peaks strengthens. Semi-quantitative phase analysis (Fig. 3b)
confirms a progressive increase in mullite content, reflecting the
enhanced diffusion of AI* and Si** and the accelerated reaction be-
tween Al;,O3 and SiO; at elevated temperatures [26]. Nevertheless, in
the 1400-1450 °C range, the growth rate of mullite formation decreases.
This phenomenon is most likely related to the presence of alkali oxides
such as K20 and Nay0, which form a viscous glassy phase at relatively
low temperatures. The glassy phase encapsulates unreacted particles,
hindering further migration of Al and Si ions and thereby suppressing
mullite development [27]. As reported by Wang et al. [28], each 1 wt%
increase in KO raises the liquid-phase fraction by 3-5 wt%, while NaxO
exerts an even stronger effect [29]. In line with this, EDS mapping
(Figures S6, S7) demonstrates that Na and K are predominantly
concentrated in the glassy phase, thereby confirming their critical role in
liquid-phase generation during sintering. A comparable trend is also
observed in samples containing 5 wt% RP sintered at 1400, 1450, and
1500 °C (Figure S8), further validating the above interpretation.

3.2. Morphological analysis of ceramic proppants

Fig. 4 shows the macroscopic morphology of proppants containing
20 wt% RP sintered at different temperatures (1400-1500 °C). The
sphericity and roundness of the proppant particles were evaluated using
the Krumbien/Sloss template method [30]. The results indicate that all
samples exhibit an average sphericity greater than 0.8, meeting the
technical requirement of roundness and sphericity > 0.7 as specified in
the Chinese petroleum and natural gas industry standard
SY/T5108-2014. Visually, the proppants appear light red, with the color
gradually deepening as the sintering temperature increases. This phe-
nomenon is likely related to the high-temperature behavior of FeyOs3 in
the raw materials, which can undergo partial reduction at elevated
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temperatures, thereby influencing both the color and certain properties
of the final proppant [31,32].

Fig. 5 presents cross-sectional SEM images of the proppants con-
taining different mass fractions (0-20 wt%) of EP after acid etching at
1450 °C. All samples exhibit distinct porous structures, and the porosity
increases progressively with increasing EP content. This trend is likely
associated with a decrease in the Al/Si ratio in the raw materials, leading
to an increased proportion of amorphous phases and a reduced degree of
crystallization, thereby inhibiting complete densification of the samples
[33]. The sample without perlite addition shows the most compact
microstructure, with the lowest porosity (4.24 %, Table S2a). In this
case, the grain boundaries between mullite and corundum are indistinct,
and the grains are densely packed, indicating extensive grain growth
and effective densification during sintering [34]. With increasing EP
content, the grain boundaries between mullite and corundum become
progressively clearer, and the amount of blocky corundum grains de-
creases significantly, suggesting that part of the corundum participates
in the reaction and transforms into mullite. This observation is consis-
tent with the XRD semi-quantitative analysis, which shows an increase
in mullite content accompanied by a decrease in corundum content.
Correspondingly, when the EP content reaches 20 wt% (EP4), the in-
ternal porosity increases to 8.71 % (Table S2e), indicating that the
introduction of EP at 1450 °C significantly impedes the densification
process of the proppants.

Further microstructural analysis reveals that, with increasing EP
addition, the morphology of mullite grains gradually evolves from short
rod-like crystals with lengths of approximately 6-8 pm to finer crystals
of 2-5 pm, accompanied by the appearance of ellipsoidal mullite par-
ticles. This evolution indicates that the increased SiO; content in the raw
materials suppresses the preferential growth of rod-like mullite along
the c-axis, thereby hindering the formation of a typical interlocking
structure [35]. Meanwhile, the reduction in mullite grain size further
promotes the formation and expansion of pores [36]. The combined
effects of increased porosity and degradation of the interlocking
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Fig. 4. Macroscopic morphology of ceramic proppants and the Krumbein/Slos template. (a) RP8, (b) RP4, (c) RP7, (d) Krumbien/Sloss template.
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Fig. 5. Microstructures of ceramic proppants prepared at 1450 °C with varying mass fractions of EP. (a) BP added; (b); EP1; (c) EP2; (d) EP3; (e)EP4.

structure ultimately lead to a deterioration in the crushing resistance of
the proppants. In addition, alkali metal oxides such as Na;O and K0
introduced by EP act as fluxing agents during sintering, facilitating the
formation of a silica-rich glassy phase. Consequently, besides the
commonly observed glassy and corundum phases, micron-scale mullite
agglomerates can be identified in the microstructure (Fig. 5el), which is
consistent with SEM observations reported for glass—ceramics and por-
celain stoneware systems [37].

By comparison, under the same mass fraction conditions, RP-based

proppants exhibit a highly similar trend in microstructural evolution
to that of EP-based samples (Figure S9). As the RP content increases, the
degree of densification is likewise significantly reduced. Notably, when
the RP content reaches 10 wt%, ellipsoidal mullite particles with
markedly reduced grain size begin to appear (Figure S9b1), accompa-
nied by a pronounced weakening of the interlocking structure. In the
RP4 proppant, such ellipsoidal particles become more prevalent
(Figure S9d1), corresponding to a significant increase in the breaking
ratio. These results indicate that, under comparable chemical
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compositions, the influence of perlite morphology on the overall
microstructural evolution mechanism of the proppants is relatively
limited, while their performance is predominantly governed by phase
composition and crystal growth behavior regulated by the Al/Si ratio
[38].

Fig. 6 presents the cross-sectional SEM images of proppants con-
taining 15 wt% EP after acid treatment at different sintering tempera-
tures. The porosity of the proppants first decreases and then slightly
increases, while the overall densification of the structure becomes
evident with increasing sintering temperature, as shown in Table S3. At
1400 °C, pores are mainly concentrated in the central region of the
particles, while the outer layers exhibit higher densification (Fig. 6a). At
1450 °C, the central region densifies significantly. This evolution is
likely associated with the heat-transfer mechanism during sintering: the
particle surface directly absorbs radiative heat, whereas the interior is
heated primarily by conduction, creating a radial temperature gradient.
As a result, the outer layer densifies first, while the center initially lags
behind in reaching the critical densification temperature. Further
increasing the sintering temperature compensates for this temperature
difference, promoting internal densification and enhancing the overall
structural uniformity and compactness [39]. In addition, short rod-like
mullite crystals (3—-4 pm) are observed in the sample sintered at 1400
°C (Fig. 6al). At 1500 °C, mullite grains grow further, forming numerous
interwoven columnar structures with lengths of 7-13 um (Fig. 6c1).
These well-developed columnar mullite crystals exhibit strong inter-
locking ability, working synergistically with Al,Os particles to construct
a three-dimensional network, which significantly improves the mate-
rial’s densification and mechanical performance. Therefore, an appro-
priate sintering temperature not only facilitates the formation and
growth of mullite crystals but also plays a crucial role in structural

1450 °C

1500 °C.
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densification and performance enhancement [40].

Fig. 7 shows the cross-sectional SEM images of proppants containing
5 wt% RP after acid treatment at different sintering temperatures. At
1400 °C (Fig. 7al), the microstructure is dominated by granular mullite
with relatively small crystal sizes, indicating the initial stage of mullite
crystallization [41]. Locally, a few rod-like mullite crystals measuring
3.25-8.70 ym in length are observed, alongside large pores with di-
ameters ranging from 36.74 to 40.76 um within the particle cores. The
overall porosity is 14.26 % (see Figure S10a), suggesting incomplete
mullite crystallization and relatively low structural densification at this
temperature. When the sintering temperature is increased to 1450 °C,
granular mullite largely disappears, while rod-like mullite grains grow
significantly to 8-12 ym in length, exhibiting a more well-defined
crystal morphology. Concurrently, the internal structure of the prop-
pants becomes denser [42]. At 1500 °C, transition metal oxides and
alkali metal oxides generate a substantial liquid phase during sintering,
which accelerates densification via a viscous flux mechanism [43]. This
further promotes particle densification, reduces the number of pores,
and leads to a more uniform pore distribution, with overall porosity
decreasing to 7.1 % (see Figure S10c).

3.3. Influence of Fe/Ti oxidation states on proppant performance

Based on the experimental results (Table S4), it was observed that
ceramic proppants prepared with 20 wt% RP exhibit significant differ-
ences in breakage ratio when sintered at 1450-1500 °C. EDS analysis
(Figures S11 and S12) indicates that Fe is distributed in both corundum
and mullite phases, with mass fractions exceeding those of Ti, Na, and K.
Correspondingly, the macroscopic color of the proppants gradually
deepens to a dark red with increasing sintering temperature (Fig. 4),
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Fig. 6. SEM images of ceramic proppants prepared with 15 wt% EP at different sintering temperatures.
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Fig. 7. SEM images of ceramic proppants prepared with 5 wt% RP at different sintering temperatures.

while the breakage ratio decreases, suggesting that Fe plays a critical
role in regulating the mechanical performance of the proppants.

To further investigate the changes in the chemical valence states of
Fe, Ti, and other elements before and after sintering, and their influence
on proppant performance, samples prepared with 20 wt% RP were
sintered at 1450 °C and 1500 °C and analyzed by X-ray photoelectron
spectroscopy (XPS) for Al, Si, O, Fe, and Ti. As shown in Fig. 8a, the
overall XPS survey signal intensity increases with sintering temperature,
indicating that higher temperatures promote particle diffusion and pore
filling, thereby enhancing the sample density and reducing porosity
[44]. Deconvolution of the O 1 s peak (Fig. 8b) reveals that lattice ox-
ygen content increases with temperature, while the concentration of
oxygen vacancies decreases significantly. This is likely due to enhanced
grain boundary connectivity at elevated temperatures, facilitating oxy-
gen migration and vacancy rearrangement, and thereby reducing oxy-
gen vacancy density [45]. Figs. 8c and 8d show that Fe exists in both
Fe?" and Fe®* states, while Ti is predominantly present as Ti*"™ With
increasing temperature, the relative proportion of Fe3 increases
markedly, likely resulting from further oxidation of Fe?" at 1500 °C.
This trend correlates with the decrease in oxygen vacancy concentra-
tion, confirming that high-temperature sintering promotes Fe" oxida-
tion. Moreover, the smaller ionic radius of Fe3t (65 pm) compared to
Fe?t (77 pm) and its closer match to APt (54 pm) favors its substitution
into the mullite structure, enhancing structural stability and proppant
densification [46]. Ti** similarly substitutes for Al¥*in the [AlO]g
octahedra of mullite, promoting crystal growth [47]. The progressive
darkening of the proppant color with increasing sintering temperature
(Fig. 4) further corroborates the change in the oxidation state of Fe.

The sintering process and subsequent mullitization are shown in
Fig. 8e, as evidenced by the XRD, SEM, and XPS results. Owing to the

relatively low melting temperature of perlite (~1200 °C) and the high
content of transition metal oxides in both bauxite and perlite, the system
undergoes a transformation from solid-solid sintering to liquid-solid
sintering. In the range of 1200-1400 °C, the liquid phase begins to
envelop the surfaces of quartz and corundum particles, facilitating the
formation of mullite nuclei at the liquid—solid interface. Subsequently, at
1400 °C, elliptical mullite crystals are formed, which progressively grow
with increasing sintering temperature, and transform into columnar
mullite at 1500 °C.

3.4. Evaluation of derived low-density ceramic proppants

Fig. 9 illustrates the effect of EP on the performance of ceramic
proppants. Panel (a) shows the influence of EP content, while panel (b)
shows the effect of sintering temperature on EP3 proppants. In Fig. 9a,
with increasing EP content, both bulk density and apparent density
gradually decrease, whereas the breakage ratio increases. Combined
with the SEM observations in Fig. 5 and the semi-quantitative phase
analysis in Fig. 2, higher RP/EP content leads to increased internal
porosity and promotes a higher mullite phase fraction. Since the density
of mullite (3.165 g/cm3) is lower than that of corundum (3.8-4.05 g/
em®), and the porosity further increases, the overall density of the
proppants consequently decreases [48].

Notably, a comparison between Fig. 9a (EP-based proppants) and
Figure S13a (RP-based proppants) indicates that, at the same doping
level, the bulk and apparent densities of EP and RP proppants are not
significantly different. Despite the large difference in raw material
densities (EP: 0.8-1.3 g/cm?; RP: 2.2-2.4 g/cm®), the sintered samples
exhibit highly consistent phase composition and microstructure, as
confirmed by XRD and SEM. These results suggest that the density of
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sintered proppants is primarily governed by phase composition and
structural densification rather than the intrinsic density of the raw
materials. Previous studies have shown that increasing mullite content
in mullite-corundum composites typically reduces overall mechanical
performance [49,50]. Furthermore, with increasing RP/EP content, the
porosity further increases, while acicular mullite becomes shorter and
gradually transforms into elliptical grains (Figs. 5 and S9). These
microstructural changes increase the presence of pores, weaken the
interlocking network between grains, and provide more initiation and
propagation paths for cracks, collectively reducing the breakage ratio of
the proppants [36,51]. Comprehensive performance testing shows that
proppants prepared with 15 wt% EP at 1450 °C exhibit a balanced
combination of properties in this system: a bulk density of 1.46
+0.01 g/cm3, an apparent density of 2.74 + 0.02 g/cms, and a
breakage ratio of 8.21 + 0.56 % under 35 MPa closure stress.

Additionally, the influence of temperature on the performance of
ceramic proppants is described. As shown in Fig. 9b and Figure S13b,
increasing the sintering temperature leads to a gradual increase in both
bulk and apparent densities, while the breakage ratio continuously de-
creases. At 1500 °C, the proppants achieve peak densities and minimum
breakage ratio, indicating optimal mechanical performance. SEM anal-
ysis indicates that at 1400 °C, significant porosity remains inside the
proppant, resulting in lower bulk and apparent densities. As the tem-
perature increases, the microstructure becomes progressively denser,
contributing to a marked density increase. This densification is primarily
attributed to accelerated reaction kinetics at higher temperatures, pro-
moting pore elimination and volumetric shrinkage [52]. Furthermore, at
1400 °C, mullite mainly exists as granular particles (Figs. 6 and 7). When
the sintering temperature rises to 1500 °C, mullite preferentially grows
along the C-axis, gradually forming columnar structures that interlock
with the corundum phase to construct a three-dimensional cross-linked
network. This network significantly enhances the compressive strength
of the proppants, thereby further reducing the breakage ratio [53].

3.5. Service performance of ceramic proppants

Acid solubility is a critical measure of chemical stability for prop-
pants in acidic environments; lower values generally indicate superior
corrosion resistance and longer service life [54]. Fig. 10 presents the
acid solubility trends of two types of perlite-bauxite-based proppants.
Fig. 10a shows the acid solubility of proppants containing varying mass
fractions (0-20 wt%) of EP or RP sintered at 1450 °C. For the EP series,
acid solubility first decreases and then increases with EP content. The
minimum solubility of 4.99 + 0.16 % is observed at 10 wt% EP, which
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microstructure and phase distribution, enhancing overall acid resistance
[55]. When the EP content increases to 20 wt%, the acid solubility rises
to 6.3 + 0.17 %, likely due to enhanced fluxing effects of transition
metal oxides and increased glassy phase content, which reduces corro-
sion resistance [56]. In contrast, acid solubility in the RP series rises to a
maximum at 10 wt% perlite before decreasing at higher contents. As per
SEM (Figure S9, RP1-RP4), higher RP contents reduce rod-like mullite
and increase oval-shaped mullite, concurrently tightening intergranular
spacing. The denser microstructure thereby restricts acid penetration
and reduces solubility. Nevertheless, the largest pores observed in the
10 wt% RP sample after acid exposure suggest that structural defects
may contribute to the temporary increase in acid solubility [57].
Fig. 10b shows the acid solubility of proppants containing 15 wt% EP
and 5 wt% RP at different sintering temperatures. As the temperature
increases from 1400 to 1500 °C, the acid solubility of both samples
decreases significantly, indicating that higher sintering temperatures
enhance acid resistance. This improvement stems from
high-temperature mullite formation, via reaction of soluble silicate glass
phases with Al;0s3, along with densification of particles, which reduces
pathways for acid penetration [58]. Among the samples, the one con-
taining 5 wt% RP sintered at 1500 °C exhibits the lowest acid solubility
of 3.76 + 0.31 %.

Flow conductivity, as a key evaluation metric in hydraulic fracturing,
reflects the efficiency of fluid transport within fractures and directly
influences reservoir productivity [59]. Among the various factors
affecting flow performance, the breakage resistance of proppants is
particularly critical [60]. Based on experimental data (Table S4), three
laboratory-prepared proppants-BP (breakage ratio 5.66 %), EP3
(breakage ratio 8.21 %), and RP7 (breakage ratio 3.46 %) were selected
and compared with two commercial proppants: a quartz sand proppant
with a bulk density of 1.58 g/cm® and a 35 MPa breakage ratio of
12.63 %, and a ceramic proppant with a bulk density of 1.57 g/cm® and
a 35 MPa breakage ratio of 2.16 %. Fig. 11 compares the performance of
the laboratory-made proppants with that of the commercial fracturing
proppants. As shown in Fig. 11a, the fracture conductivity of all five
proppants decreases with increasing closure stress, resulting from par-
ticle compaction, breakage ratio, and pore structure contraction.
Notably, the commercial ceramic proppant exhibits a breakage ratio
comparable to the laboratory-prepared RP7 at 35 MPa, and corre-
spondingly shows similar fracture conductivity. In contrast, quartz sand
undergoes severe crushing under high closure stress, producing fines
that can block pore channels, thereby significantly reducing conduc-
tivity [61]. At a closure stress of 69 MPa, the quartz sand as well as EP3
and BP proppants display varying degrees of aggregation; however,

can be attributed to the formation of mullite and the improved some loose, uncrushed particles remain (Figure S14). This
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aggregated-loose structure further indicates that particle compaction
and crushing increasingly impair effective flow paths under higher
stress, while residual loose particles allow partial conductivity to be
maintained, though at a reduced overall level [62], the underlying
mechanism is illustrated in Figure S15. Fig. 11b compares the overall
physical performance of the five proppants. Density, breakage ratio, and
acid solubility are treated as negative indicators, whereas fracture
conductivity is a positive indicator. All parameters were normalized to
the 0-1 range using min-max scaling, with higher values representing
superior performance [63]. The results indicate that EP3 combines low
density with good mechanical strength and exhibits significantly higher
fracture conductivity than quartz sand, demonstrating the best overall
performance among the tested proppants.

4. Conclusion

In this study, lightweight ceramic proppants were successfully pre-
pared by partially replacing bauxite with raw perlite (RP) and expanded
perlite (EP) using disc granulation and high-temperature sintering. The
incorporation of perlite effectively regulated the phase composition and
microstructure, promoting mullite formation. At elevated temperatures,
Fe3* jons were incorporated into the mullite lattice to form Fe-enriched
mullite, thereby enhancing structural stability. The proppant density
was governed by the combined effects of phase composition and
porosity.

(1) Effect of perlite content: With increasing perlite addition, mullite
grains gradually evolved from rod-like to ellipsoidal morphol-
ogies, accompanied by increased porosity and reduced densifi-
cation. At 1450 °C, when the contents of EP and RP were limited
to < 15 wt% and < 5 wt%, respectively, ordered mullite growth
was maintained, resulting in stable mechanical performance.
Effect of sintering temperature: Increasing the sintering temper-
ature to 1500 °C favored the formation of well-developed rod-like
mullite and a dense interlocking structure, leading to simulta-
neous improvements in mechanical strength and acid resistance.
XPS results indicated that the transformation of Fe?* to Fe®* and
the reduction of oxygen vacancies at high temperatures are key
factors contributing to microstructural stability and performance
enhancement.

Optimal composition and performance: Under optimal conditions
of 15 wt% EP addition and sintering at 1450 °C, the proppant
(EP3) exhibited excellent comprehensive performance, with a
bulk density of 1.46 & 0.01 g/cm®, a breakage ratio of 8.21
+ 0.56 %, and an acid solubility of 5.98 + 0.09 %. A fracture
conductivity of 29.435 um?.cm was achieved at a closure stress of
41.4 MPa. This formulation achieves a balanced combination of

(2

—

3

-

11

low density, high crushing resistance, and good acid resistance,
demonstrating strong potential for applications in low- to
medium-closure-stress reservoirs. Overall, this study provides a
clear processing window and experimental basis for the design of
high-performance lightweight proppants.
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