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ABSTRACT: To enhance the mechanical properties of coal gangue ceramsite (CGC) proppants, a technology combining
epoxy resin (EP) coating with silane coupling agent KH-792 was employed. Fourier transform infrared (FTIR) analysis
confirms that while the epoxy resin forms a physical coating on the ceramsite surface, KH-792 participates in interfacial
chemical reactions to construct a dense and rigid siloxane cross-linked network. Studies have shown that coal gangue
proppants treated with silane coupling agent were greatly improved in terms of density, crushing rate, turbidity, and
water absorption. The CGC proppants modified with a silane coupling agent display the best overall performance.
Compared with the untreated CGC proppants, its bulk density falls from 1.56 g/cm3 to 1.43 g/cm3 and its apparent
density from 2.61 g/cm3 to 2.43 g/cm3. Turbidity drops from 65.8 to 10.8 NTU, and 24-h water absorption decreases
from 8.8% to 4.8%. Most importantly, the crushing ratio under 69 MPa declines from 3.04% to 2.46%. These
improvements have broadened the application prospects of the coal gangue ceramsite proppants in the petroleum
industry.
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INTRODUCTION

With rising global energy demands, efficient develop-
ment of unconventional oil and gas resources (e.g.,
shale gas and tight oil) increasingly depends on hy-
draulic fracturing technology [1–3]. Proppants serve
as critical materials in this technology, maintaining
fracture conductivity while directly determining reser-
voir production capacity and well productivity life
[4, 5]. Ideal proppants should exhibit low density,
high strength, low crushing rates, excellent water re-
sistance, and thermal stability to withstand complex
subsurface environments featuring high temperature,
high pressure, and fluid erosion [6]. Although widely
used, traditional quartz sand and sintered bauxite
proppants face limitations including high density, in-
adequate mechanical properties, and elevated costs
[7, 8]. Consequently, developing novel proppants that
combine high performance with cost-effectiveness and
environmental benefits has emerged as an active re-
search focus [9].

Coal gangue, a primary solid waste from coal min-
ing and washing operations, not only occupies sig-
nificant land resources during storage but also poses
environmental pollution and geological hazard risks
[10, 11]. Nevertheless, its high silicon and aluminum
content (typically >50% combined SiO2 and Al2O3)
enables transformation through high-temperature sin-
tering into coal gangue ceramic aggregates (CGC).
These aggregates feature quartz and mullite as dom-
inant crystalline phases, offering an economical and

eco-friendly base material for proppants [12–16].
However, sintered CGC surfaces exhibit inherent
roughness, porosity, microcracks, and structural de-
fects. These characteristics result in inadequate crush
resistance, surface spalling propensity (evidenced by
elevated turbidity), high water absorption, and sus-
ceptibility to particle migration and fracture blockage
under high-pressure conditions.

To enhance CGC performance, epoxy resin (EP)
coating technology is widely employed [17–19]. The
excellent adhesion, chemical inertness, and tunable
curing properties of EP enable protective layer forma-
tion on ceramic surfaces, improving mechanical prop-
erties and media resistance [20, 21]. However, simple
physical coating often yields uneven layers, interfacial
micropores, or weakened bond strength due to poor
organic-inorganic compatibility. This leads to coating
spalling and failure under prolonged stress or fluid
erosion. Studies indicate silane coupling agents effec-
tively strengthen organic-inorganic interfaces [22–24].
Their hydrolyzed alkoxy groups (e.g., Si−OR) undergo
condensation with surface hydroxyls to form Si−O−Si
covalent bonds, while terminal active groups (e.g.,
amines) participate in resin cross-linking. This creates
a chemical bridge structure that significantly enhances
interfacial bonding strength and coating density. KH-
792 ([3-(2-aminoethyl) aminopropyl] trimethoxysi-
lane), a bifunctional coupling agent, demonstrates ex-
ceptional modification potential in polymer composites
through amino-epoxy reactions [25, 26]. Nevertheless,
how silane dosage governs interface structure and
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EP-CGC proppant properties—including density, crush
resistance, water resistance, and thermal stability—
requires systematic investigation.

Building upon this foundation, our groups utilized
CGC as the matrix and epoxy resin (EP) as the coat-
ing to systematically investigate how KH-792 silane
coupling agent dosage regulates the structure and
performance of EP-CGC composite proppants. The X-
ray fluorescence spectroscopy (XRF), X-ray diffraction
(XRD), and scanning electron microscopy (SEM) were
used to characterize material composition, crystalline
phases, and microstructure. The bulk density, ap-
parent density, and crushing rate of proppant also
were evaluated according to industry standard SY/T
5108-2014 (China): Water resistance was quantified
through turbidity and 24-h water absorption analysis,
while thermal stability was assessed via thermal con-
ductivity and thermogravimetric analysis (TGA). The
main purpose of this paper is to systematically analyze
the concentration gradient of KH-792 to reveal the
micro-mechanism of “chemical bridging” at the resin-
ceramic interface and determine its optimal dosage
range, thereby providing a theoretical and technical
foundation for developing high-performance, low-cost
green proppants based on coal gangue and promoting
solid waste recycling alongside cost-effective oil and
gas extraction.

MATERIALS AND METHODS

Experimental materials

CGC proppant (40–70 mesh) was provided by Xinjiang
Ruikewo New Materials Co., Ltd., China. Epoxy resin
(QY-E8800) and aromatic amine curing agent (QY-
H3002) were bought from Hangmo Jiafa New Mate-
rials Co., Ltd., China; Silane coupling agent KH-792
was purchased from Dongguan Kangji Co., Ltd., China;
anhydrous ethanol (analytical grade) was bought form
Tianjin Zhiyuan Co., Ltd., China.

Preparation of epoxy resin-coated proppants

CGC was washed with deionized water and then dried
at 100 °C for 12 h. The dried CGC was immersed
in an ethanol/water solution (1:9 v/v) containing
0.5–2.0 wt% KH-792 silane coupling agent (relative
to CGC mass). After silane coupling agent was hy-
drolyzed at 50 °C for 3 h under continuous stirring, the
silane coupling agent coated CGC was taken out and
dried at 100 °C for 6 h. The modified CGC was added
into epoxy resin (EP), including curing agent 593 (at
a mass ratio of 3:1), and the mixture was stirred for
20 min.

The curing process was conducted at 80 °C for 1 h
and then at 140 °C for 1 h. The obtained samples were
labeled as EP-CGC, 0.5% KH-792 EP-CGC, 1.0% KH-
792 EP-CGC, 1.5% KH-792 EP-CGC, and 2.0% KH-792
EP-CGC.

Density and crushing rate testing of proppants

The bulk density (ρbulk, g/cm3), apparent density (ρp,
g/cm3), and crushing rate (m′pan, %) of the proppant
were determined in accordance with the SY/T 5108-
2014 standard. Bulk density and apparent density are
calculated using Formulas (1) and (2), respectively.
Bulk density is determined using the cylinder method,
where a specified mass of proppant (mp) is placed
in a cylinder (Vcyl) for testing. Apparent density is
determined using the density bottle method, where ρl
is the density of the test liquid, mf+l is the total mass
of the density bottle and test liquid, and mf+l+p is the
total mass. The crushing rate test involves placing a
certain mass of proppant into the crushing chamber
and maintaining a pressure of 69 MPa for 2 min. The
crushing rate is calculated using Formula (3), which
involves the mass of microparticles, mpan, produced
by the crushing of the proppant and the total mass
of the proppant, ms. Each test was conducted in
five parallel experiments per group, and the results
were averaged. The final results are expressed as
the mean (x)± standard deviation (S), with the error
bars in the figures representing the sample standard
deviation. The mean and sample standard deviation
were calculated according to Eqs. (4) and (5), where
n is the number of parallel experiments (n= 5) in this
study; x i is the individual test result of the i-th parallel
experiment (i.e., the individually measured ρbulk, ρp,
and m′pan); and x is the arithmetic mean of the five test
results.

ρbulk =
mp

Vcyl
(1)

ρp =
mpρl

mf+l+mp−mf+l+p
(2)

m′pan =
mpan

ms
×100% (3)

x =
1
n

n
∑

i=1

x i (4)

S =

√

√

√

∑n
i=1(x i − x)2

n−1
(5)

Characterization of proppants

The following methods were used to characterize the
proppants: To determine the elemental composition
and content of coal gangue clay pellets, 5 g of dried
powder was pressed into tablets for XRF (ARL 9900,
Thermo Fisher Scientific, USA) analysis. XRD (D8
Advance A25, Brook GmbH, Germany) analysis was
performed to identify the phase composition and crys-
tal structure, with a scanning range of 5°–80° at a speed
of 8°/min. SEM (Quattro S, Thermo Fisher Scien-
tific) analysis was used to observe surface morphology
and microstructure. Fourier transform infrared (FTIR)
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spectroscopy (Cary 630, Agilent Technologies, USA)
was employed to analyze the surface functional groups
of the composite sample strips in reflectance mode,
over a wavenumber range of 400 to 4000 cm−1. The
turbidity of the proppant was assessed using a tur-
bidity meter (WGZ-1A, Lichen Scientific Instruments,
China). Five parallel turbidity tests were conducted
at room temperature in accordance with the SY/T
5108-2014 standard, and the average value was taken.
To evaluate the water resistance of proppants, water
absorption tests were conducted at room temperature
by weighing the samples immersed in deionized water
at regular intervals to measure changes in mass. To
study the thermal properties of proppants, analysis was
performed using a thermal conductivity meter (DZDR-
S,Nanjing Dazhan Testing Instrument, China), and
TG (TGA/DSC-1, Mettler Toledo, Switzerland) testing
was conducted under nitrogen protection from room
temperature to 800 °C at a heating rate of 10 °C/min.

RESULTS AND DISCUSSION

XRF and XRD analysis

XRF compositional analysis of the CGC is presented
in Table 1. The material exhibits a characteris-
tic silicate-aluminate composition dominated by SiO2
(64.52 wt%) and Al2O3 (20.64 wt%), collectively con-
stituting 85.16 wt% of the matrix. Minor constituents,
in decreasing order of abundance, include Fe2O3, K2O,
Na2O, CaO, MgO, TiO2, P2O5, and MnO2.

XRD analysis (Fig. 1a) reveals quartz (SiO2) as
the dominant crystalline phase, consistent with the
inherent silica richness of coal gangue. Its thermal
stability provides structural integrity through skele-
tal support. Secondary phases include anorthite
(CaAl2Si2O8), cordierite (Mg2Al4Si5O18), and mullite
(Al6Si2O13). Anorthite formation derives from CaO-
Al2O3-SiO2 liquid-phase reactions at elevated temper-
atures, catalyzed by K2O/Na2O fluxing agents [27].
Cordierite crystallizes via MgO-Al2O3-SiO2 solid-state
reactions at intermediate temperatures with its lay-
ered morphology enhancing mechanical performance
[28]. Mullite nucleation signifies high-temperature
phase transformation, where acicular intergrowths re-
inforce compressive strength [29]. Iron and titanium
oxides partition between amorphous silicate glass and
microcrystalline hematite (Fe2O3)/ilmenite (FeTiO3),
influencing both coloration and thermal behavior.

FTIR analysis

FTIR spectroscopy (Fig. 1b) confirms the group
changes of proppant surface before and after KH-792
modification. The spectrum of raw CGC shows the
characteristic Si−O−Si skeleton stretching vibration
(∼1154 cm−1), and there is almost no obvious hy-
droxyl signal around 3430 cm−1 [30, 31]. Epoxy resin
coating (EP-CGC) significantly alters the spectrum:
there are new peaks due to epoxy resin (aliphatic C−H

stretching of methylene −CH2− and methyl −CH3 at
∼2935 and 2829 cm−1 [32], a distinct aromatic C−−C
skeletal vibration of the benzene ring at ∼1510 cm−1,
N−H bending of primary amines from the amine curing
agent near ∼1600 cm−1), and the intensity of the free
hydroxyl (−OH) broad peak (∼3430 cm−1) increases
sharply [33]. The appearance of these organic char-
acteristic peaks directly proves the successful physi-
cal coating of epoxy resin on the ceramsite surface.
More critically, with the introduction of KH-792, the
Si−O−Si vibration peak (∼1154 cm−1) significantly
shifts to a higher wavenumber (shorter wavelength
direction) [33]. Meanwhile, the benzene ring peak at
∼1510 cm−1 becomes even stronger. This blue shift in-
dicates that the silane coupling agent successfully par-
ticipates in the interfacial chemical reaction, building
a denser and more rigid siloxane cross-linked network,
and the enhanced aromatic signal further confirms
an improved coating integrity and better densification
after silane modification.

Density and crushing rate test

Density is a fundamental physical property of prop-
pants. Lower bulk density reduces the proppant mass
needed to fill fractures, while lower apparent density
slows the settling rate, thereby improving particle sus-
pension and transportability in the fracturing fluid. As
shown in Fig. 2, the bulk density of the original CGC
proppant is 1.56 g/cm3, and its apparent density is
2.61 g/cm3. After coating with EP (forming EP-CGC),
these values decrease to 1.47 g/cm3 (bulk) and 2.47
g/cm3 (apparent). This represents reductions of 5.8%
in bulk density and 5.4% in apparent density compared
with the uncoated CGC. This decrease arises from the
introduction of lower-density EP and the formation of
micro-pores due to insufficient interfacial compatibility
between the resin and ceramic particles during the
physical coating process. Increasing the amount of the
silane coupling agent KH-792 initially further reduces
density, followed by an increase. Specifically, within
the KH-792 dosage range of 0.5 wt% to 1 wt%, bulk
density decreases from 1.45 g/cm3 to 1.43 g/cm3

and apparent density from 2.44 g/cm3 to 2.43 g/cm3.
Compared with EP-CGC (without KH-792), the sample
with 1 wt% KH-792 (1% KH-792 EP-CGC) exhibits a
2.7% reduction in bulk density and a 1.6% reduction
in apparent density. Relative to the original CGC,
the reductions are 8.3% (bulk) and 6.9% (apparent).
The mechanism illustrated in Fig. 3 involves the amino
groups of KH-792 reacting with epoxy groups in the
epoxy resin to form C−N bonds. Subsequently, the
silane alkoxy groups (Si−OR) in KH-792 hydrolyze to
silanol groups (−SiOH), which then condense with
silanol groups (Si−OH) on the CGC surface to form
Si−O−Si covalent bonds. This reaction constructs an
interfacial bridging network [34], significantly enhanc-
ing interfacial adhesion. Improved adhesion promotes
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Table 1 XRF analysis results for CGC.

Coal gangue ceramsite

Ingredient SiO2 Al2O3 Fe2O3 K2O Na2O CaO MgO TiO2 P2O5 MnO2 Others
Content (wt%) 64.52 20.64 6.07 2.42 1.85 1.50 1.42 1.10 0.12 0.08 0.28

(a
rb

. u
.)

Fig. 1 (a) XRD patterns and (b) FTIR spectra of the raw CGC, EP-CGC, and KH-792-modified proppants.

Fig. 2 Effect of silane coupling agent content on the (a) bulk density and (b) apparent density of coal gangue proppants.

Fig. 3 Schematic diagram of KH-792-modified gangue proppant.
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Fig. 4 Effect of silane coupling agent content on the crushing
rate of coal gangue proppants.

the formation of a more uniform resin coating, effec-
tively reducing interfacial micro-pores. Concurrently,
the intertwining of silane long chains within the epoxy
resin crosslinking network induces volume expansion
of the resin matrix, contributing to the observed den-
sity reduction. However, when the KH-792 addition
is increased to 1.5–2 wt%, bulk density recovers to
1.44–1.46 g/cm3 and apparent density increases to
2.46–2.47 g/cm3. This reversal beyond the 1.5%
additive concentration is attributed to the aggregation
of excess self-polymerized Si−O−Si units, which po-
tentially induces micro-cracks, converting closed pores
into open pores accessible during pycnometric density
measurement. This pore accessibility change reduces
the measured volume, consequently increasing the
apparent density.

To further illustrate the complete preparation
route and the formation of the interfacial “bridge”,
the fabrication process is schematically presented in
Fig. 4. Initially, the raw CGC particles are treated
with the silane coupling agent KH-792, during which
the alkoxy groups hydrolyze and condense with the
hydroxyl groups on the ceramic surface, grafting a
silane layer onto the particles via Si−O−Si bonds. The
KH-792-modified CGC is then coated with epoxy resin
and curing agent; the anchored KH-792 reacts with
the epoxy resin, forming covalent C−O−C linkages
between the inorganic core and the organic coating.
After subsequent curing, a robust KH-792 molecular
bridge is established at the ceramic-resin interface,
resulting in a tightly bonded epoxy coating on the
ceramsite surface.

The crushing rate test provides a direct assessment
of proppant mechanical strength, with lower values
indicating superior performance. Results of crushing
rate are presented in Fig. 4. The crushing rate of
the original CGC was 3.04%. After CGC was coated
with EP (forming EP-CGC), the crushing rate decreased
to 2.65%. This reduction is attributed to the resin
layer filling and covering surface defects, combined

with its stress-buffering effect. Upon addition of the
silane coupling agent KH-792, the crushing rate again
further decreased to 2.46% for the 1 wt% KH-792
EP-CGC sample. This represents reductions of 19.1%
compared with the original CGC. The reinforcement
effect stems from the chemical “resin-ceramic parti-
cle” bridge established by KH-792. Specifically, the
amino groups of KH-792 cross-link with the epoxy
resin, while its silane alkoxy groups (Si−OR) hydrolyze
and subsequently condense with surface silanol groups
(Si−OH) on the CGC to form Si−O−Si covalent bonds
[35]. This significantly enhances interfacial bonding
strength, enabling the epoxy resin coating to effectively
distribute external loads and inhibit crack propaga-
tion. However, when the KH-792 content increased
to 2 wt%, the crushing rate rebounded slightly to
2.64%. This increase is attributed to the formation
of brittle siloxane products at the interface due to
self-polymerization of excess silane [36, 37], coupled
with localized stress concentration caused by crosslink
density imbalance.

SEM characterization

To better illustrate changes in surface morphology
resulting from coating, SEM images of the original
CGC proppant, epoxy-coated CGC (EP-CGC), 1 wt%
KH-792-modified EP-CGC (1% KH-792 EP-CGC), and
2 wt% KH-792-modified EP-CGC (2% KH-792 EP-CGC)
are presented in Fig. 5. The uncoated CGC (Fig. 5a)
exhibits a rough and porous surface. Following epoxy
resin coating, EP-CGC (Fig. 5b) displays a continuous
film layer. However, localized resin agglomeration
(indicated by the red frame) and uncovered pores (in-
dicated by the purple frame) are observable, highlight-
ing the limitations of the physical coating process in
fully masking surface defects. In contrast, the sample
modified with 1 wt% KH-792 (1% KH-792 EP-CGC,
Fig. 5c) shows a dense, smooth, and complete coating
layer. This improvement results from the chemical
bridging facilitated by KH-792, involving dual bond-
ing: Si−O−Si bonds with the ceramic particle surface
and C−N bonds (via amino groups) with the EP. Conse-
quently, original cracks and pores are effectively elim-
inated. Furthermore, the inherent wettability and sur-
face tension of the resin promote self-leveling, ensuring
coating uniformity and consistent thickness. However,
increasing the KH-792 concentration to 2 wt% (2% KH-
792 EP-CGC, Fig. 5d) leads to adverse effects. Excess
silane molecules undergo self-condensation, forming
flocculent protrusions (highlighted in the yellow box).
These protrusions are excessively thick, resulting in the
formation of microcracks (denoted by green arrows)
and resin cracking (denoted by blue arrows).

Water resistance analysis

Turbidity serves as a key indicator for characterizing
the presence of fine particles on proppant surfaces,
with the results presented in Fig. 6a. The uncoated
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Fig. 5 SEM images of coal gangue proppants with different silane coupling agent contents (a–d).

Fig. 6 Effect of KH-792 dosage on the (a) turbidity and (b) 24 h water absorption of the coal gangue proppants.

CGC proppant exhibits a rough, porous surface con-
taining impurities, resulting in a high turbidity of 65.8
NTU. The EP coating (EP-CGC) significantly reduces
turbidity to 17 NTU, primarily due to its hydrophobic
barrier effect. Turbidity further decreases to 15 NTU
for the 0.5 wt% KH-792 EP-CGC sample, attributed to
the initial contribution of chemical bonding between
the resin and the ceramic particles. When the KH-
792 content increases to 1 wt%, the chemical bonding
effect dominates the resin-ceramic particle interfacial
adhesion in the 1 wt% KH-792 EP-CGC sample. Specifi-
cally, the amino groups of KH-792 form covalent bonds
with the EP, while its silanol groups react with surface
functionalities on the CGC to form a dense Si−O−Si
network. This significantly enhances coating integrity,
leading to a continued decrease in turbidity to a min-
imum value of 10.8 NTU. This represents reductions

of 36.5% relative to EP-CGC and 83.6% relative to the
uncoated CGC. However, when the KH-792 addition
is increased to 1.5–2 wt%, turbidity rises to 12.4–
18.3 NTU. This increase is caused by excess KH-792,
leading to silane self-polymerization that forms brittle
protrusions [38, 39] and localized regions of exces-
sively dense crosslinking. These factors induce internal
stress and microcracks, which collectively promote the
accelerated release of fine particles under hydraulic
shear.

Water absorption behavior of the proppant was
investigated, with results presented in Fig. 6b. The
uncoated CGC proppant exhibits high water absorp-
tion (8.8% after 24 h), attributed to capillary ac-
tion through open pores. Following EP coating (EP-
CGC), water absorption decreases to 7.3% (24 h)
due to the physical barrier effect of the resin. For
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Fig. 7 Thermal properties of the coal gangue proppants. (a) Effect of silane coupling agent content on the thermal conductivity.
(b) TG curves of CGC, EP-CGC, and EP-CGC with 1 wt% and 2 wt% KH-792.

the 0.5 wt% KH-792 EP-CGC sample, absorption fur-
ther declines to 6.7% (24 h), indicating initial ef-
fectiveness of chemical bonding and enhanced resin-
ceramic interface compaction. At 1 wt% KH-792,
chemical bonding dominates interfacial interactions:
silanol groups condense with the CGC surface to
form a dense Si−O−Si network, while amino groups
establish a hydrophobic cross-linked layer with the
resin. Consequently, water absorption reduces to
4.8% (24 h), representing decreases of 34.2% rela-
tive to EP-CGC and 45.5% relative to uncoated CGC.
Importantly, this confirms high interfacial densifica-
tion. However, at KH-792 concentrations ⩾1.5 wt%,
localized over-crosslinking, silane-self-polymerization-
induced microcrack networks [38], and residual hy-
drophilic silanol groups collectively increase water
absorption. For 2 wt% KH-792 EP-CGC, absorption
rebounds to 6.8%.

Thermal conductivity analysis

To evaluate the effect of KH-792 addition on ther-
mal transfer properties, thermal conductivity measure-
ments were performed (Fig. 7a). The uncoated CGC
proppant exhibits a thermal conductivity of 0.1760
W/(m·K). After EP coating, EP-CGC shows reduced
conductivity (0.1675 W/(m·K)), primarily due to the
inherently low thermal conductivity of the resin. With
KH-792 addition, conductivity further decreases sig-
nificantly: 0.5 wt% KH-792 EP-CGC reaches 0.1634
W/(m·K), while 1.0 wt% KH-792 EP-CGC achieves
a minimum value of 0.1396 W/(m·K). This repre-
sents reductions of 16.7% relative to EP-CGC and
20.7% relative to uncoated CGC. This trend aligns with
microstructural and macro-property evolution. SEM
characterization confirms the uniform, intact coating
of 1 wt% KH-792 EP-CGC. Its lowest bulk density
(1.43 g/cm3) indicates increased porosity, while mini-
mal 24-h water absorption (4.8%) confirms that these
additional pores are predominantly closed. The air
trapped within these closed pores creates effective
thermal barriers that inhibit conduction [38], explain-

ing the significantly lower thermal conductivity. Con-
versely, at KH-792 concentrations >1 wt%, conductiv-
ity increases substantially: 1.5 wt% KH-792 EP-CGC
(0.1595 W/(m·K)) and 2 wt% KH-792 EP-CGC (0.1606
W/(m·K)). This reversal stems from excessive silane
coupling agents causing non-uniform resin crosslink-
ing, microcrack formation, and localized heat con-
duction channels that reduce thermal resistance and
promote heat transfer.

To better evaluate the thermal stability of the
coated modified proppant, TG testing was performed
on CGC, EP-CGC, 1 wt% KH-792 EP-CGC, and 2 wt%
KH-792 EP-CGC samples. The results are presented
in Fig. 7b. Uncoated CGC exhibits excellent thermal
stability due to the inherent inertness of its silico-
aluminate matrix, retaining 99.5% of its mass at
800 °C. In contrast, the coated samples displayed de-
composition characteristics dominated by the resin
component within the 200–800 °C range. An initial
slight weight loss occurred from room temperature to
approximately 150 °C, primarily attributed to moisture
desorption and residual solvent evaporation. The pri-
mary decomposition stage commenced at 350 °C, fea-
turing a steep weight loss between 350 °C and 450 °C.
This main weight loss phase accounted for up to 33.6%
of the total mass loss, corresponding to the scission
of molecular main chains (e.g., C−N and C−O bonds)
and the formation of volatile products, with the max-
imum decomposition rate observed at 429 °C. Subse-
quent secondary decomposition occurred from 450 °C
to 800 °C, characterized by a more gradual weight loss
resulting from the further cracking of carbonaceous
residues formed during the initial stage. At 800 °C,
the residual mass for EP-CGC was 97.7%. Increasing
the KH-792 content from 0.5 wt% to 1 wt% enhanced
thermal stability. Specifically, the residual mass of
1 wt% KH-792 EP-CGC at 800 °C increased to 98.2%,
compared with 97.7% for EP-CGC. This improvement
arises from the previously confirmed uniform and
dense interface, which inhibits thermal decomposition
and volatilization, the formation of thermally stable
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C−N bonds within the amino-resin, and the protective
skeletal effect provided by the Si−O−Si network. The
higher residual mass of both 1 wt% and 2 wt% KH-
792 EP-CGC compared with unmodified EP-CGC is
primarily due to their lower overall organic fraction,
which intrinsically decomposes more readily. However,
excess KH-792 (2 wt%) reduced the residual mass
to 97.9% (compared with 98.2% for 1 wt% KH-792
EP-CGC). While unmodified EP-CGC has the highest
organic content and thus the lowest residual mass
(97.7%), the decrease for 2 wt% KH-792 EP-CGC cor-
relates directly with the microcracks observed via SEM
on the uneven surface, which kinetically accelerated
thermal decomposition.

CONCLUSION

KH-792 (1 wt%) synergistically enhances EP-CGC
proppants as both a reinforcing agent and pore
sealer. FTIR analysis corroborates this dual modifica-
tion mechanism, confirming the physical encapsulation
by the EP and demonstrating that KH-792 partici-
pates in interfacial chemical reactions to construct a
dense siloxane cross-linked network. The EP forms an
effective core-shell structure, reducing crushing rate
to 2.46%, representing a 19.1% improvement over
uncoated CGC. Simultaneously, KH-792 seals surface
defects via chemical bridging, decreasing apparent
density to 2.43 g/cm3 (6.9% lower than that of CGC),
water absorption to 4.8% (34.2% reduction from EP-
CGC), and thermal conductivity to 0.1396 W/(m·K)—
a 20.7% decrease relative to CGC—through trapped
insulating air. Critically, exceeding 1 wt% KH-792
triggers silane self-polymerization, generating micro-
cracks that compromise interfacial integrity. Thus,
1 wt% KH-792 optimally balances reinforcement and
sealing functions for high-performance proppant de-
sign. Ultimately, this optimized approach not only
facilitates the sustainable, high-value recycling of coal
gangue to mitigate environmental burdens but also
provides a highly promising, cost-effective alternative
for industrial hydraulic fracturing.
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