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The spontaneous combustion of coal (CSC) presents severe safety and environmental challenges, demanding advanced,
thermally stable inhibitors. This study reports the design and fabrication of a porous ceramic—polymer composite foam gel
(CPCFG) integrating an amorphous silica scaffold with a polyacrylamide hydrogel network via sol-gel foaming and in-situ
polymerisation. The CPCFG exhibits a hierarchical structure with tuneable porosity (76-93 %) and a BET surface area
decreasing from 352.4 m*-g” for the pure ceramic foam to 48.5 m>-g” for the CPCFG-H sample, confirming complete pore
infiltration. The thermal analysis demonstrated that CPCFG-H delayed the coal ignition temperature from 350 °C to 480 °C
and increased the final char residue to 48.8 %. The cone calorimetry revealed a five-fold increase in time to ignition (25 vs.
158 s for the raw coal), a 70 % reduction in the peak heat release rate (76.3 kW-m™), and a significant decrease in smoke
production. The temperature-programmed oxidation experiments showed that the onset of oxygen consumption was delayed
from 70 °C to above 180 °C, and CO emission at 170 °C dropped from 180 mmol-cm™-s” to 25 mmol-cm™-s”, corresponding
to an 85 % inhibition efficiency. These results confirm a synergistic suppression mechanism combining physical oxygen
isolation, endothermic water evaporation, thermal insulation by the silica scaffold, and self-sealing crack behaviour.
This facile and scalable CPCFG design offers a robust, long-lasting barrier against CSC, representing a promising next-

generation material for mine fire prevention and storage safety applications

INTRODUCTION

Coal remains a cornerstone of global energy se-
curity, accounting for a substantial portion of the total
energy consumption worldwide [1]. However, its extrac-
tion and storage are fraught with significant safety
challenges, chief among them being the phenomenon
of coal spontaneous combustion (CSC). CSC is a com-
plex, low-temperature exothermic oxidation process
that occurs when the rate of heat generated by the slow
reaction between coal and atmospheric oxygen exceeds
the rate of heat dissipation [2]. This process initiates as
the physical adsorption of oxygen onto the vast surface
area of porous coal, which then transitions into a more
energetic chemisorption phase, forming unstable coal-
oxygen complexes [3]. If this generated heat is not effec-
tively removed, it accumulates, leading to a thermal run-
away that can culminate in smouldering or open flame
ignition [4]. The propensity for CSC is influenced by
a multitude of intrinsic and extrinsic factors, including

the coal rank, with lower-rank coals like lignite being
more susceptible due to the higher moisture and volatile
content, as well as the particle size, moisture levels, and
the presence of catalytic minerals such as pyrite [5].

The consequences of uncontrolled CSC are severe,
posing substantial risks to personnel, the environment,
and economic stability. The process releases a cocktail
of toxic and explosive gases, including carbon monoxide
(CO), carbon dioxide (CO,), sulfur dioxide (SO,), and
methane (CHa4), which can create hazardous atmospheres
in both underground mines and surface stockpiles [6].
The accumulation of these gases, particularly methane,
in confined spaces can lead to catastrophic explosions,
which are responsible for a significant number of mining
fatalities globally [7]. Furthermore, long-burning coal
fires result in the irreversible loss of valuable energy re-
sources, emit pollutants that contribute to regional air
quality degradation, and can be notoriously difficult and
costly to extinguish [8]. The progression of gas genera-
tion is temperature-dependent, with CO appearing
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around 80 °C and flammable hydrocarbons like CH,
emerging at temperatures approaching 250 °C, serving
as critical indicators of an escalating fire hazard [9].

In response to these dangers, various technologies
have been developed to prevent and control CSC. These
methods can be broadly categorised into three groups:
inert gas injection, grouting, and the application of che-
mical inhibitors [10]. Inert gas injection, using nitrogen
or carbon dioxide, aims to displace the oxygen from the
fire zone, but its efficacy is highly dependent on the ability
to create and maintain a sealed environment, which is
often impractical and cost-prohibitive in fractured goaf
areas [ 11]. Grouting with materials like fly ash slurry can
create physical barriers, but may have poor penetration
into smaller fissures. More recently, gel and foam-
based technologies have gained prominence due to their
unique properties, including excellent three-dimensional
coverage, inherent water retention for cooling, and the
ability to form an effective oxygen-isolating layer [12].
However, conventional polymer-based gels and foams
often suffer from poor thermal stability, dehydrating and
degrading at the elevated temperatures characteristic of
advancing CSC, which compromises their long-term
effectiveness.

This study proposes a novel solution to overcome
these limitations through the design and synthesis of a po-
rous ceramic—polymer composite foam gel (CPCFQ).
The central hypothesis is that by creating a hierarchical,
interpenetrating network of a thermally stable, porous
amorphous silica scaffold and a highly water-retentive,
adhesive polyacrylamide hydrogel, a synergistic material
can be fabricated. This composite is designed to combine
the high-temperature resilience and structural integrity of
a ceramic with the superior sealing, cooling, and adhesive
properties of a polymer hydrogel. The resulting material
is expected to form a robust, heat-resistant physical
barrier that effectively seals coal surfaces, retains water
for prolonged cooling, and physically blocks oxygen
ingress, thereby offering a superior and more durable
suppression of CSC across a wide temperature range. This
paper details the synthesis of this novel CPCFG, provides
an exhaustive physicochemical characterisation, and
presents a comprehensive evaluation of its performance
in inhibiting the spontaneous combustion of coal.

EXPERIMENTAL

Materials

All the chemicals were of analytical grade and
used as received unless otherwise specified. Tetraethyl
orthosilicate (TEOS, 99.9 %) was procured from Sigma-
Aldrich (St. Louis, MO, USA) and served as the silica
precursor. An acrylamide (AM, 99 %) monomer and
N,N’-methylenebisacrylamide (BIS, 99 %) cross-linker
were obtained from Alfa Aesar (Haverhill, MA, USA);
the AM monomer was purified by recrystallisation

from ethanol prior to use. The redox initiator system,
comprising an ammonium persulfate (APS, > 98 %)
and N,N,N’,N’-tetramethylethylenediamine (TEMED,
99 %), was purchased from Sigma-Aldrich. Hydrochloric
acid (HCI, 37 %) and ammonium hydroxide (NH,OH,
28-30 %) were used as catalysts for the sol-gel process.
Sodium dodecylbenzenesulfonate (SDBS) was sourced
from Sigma-Aldrich and used as a foaming agent.
Poly(methyl methacrylate) (PMMA) microbeads with
a diameter range of 50-150 pum, used as a sacrificial po-
rogen, were supplied by Acros Organics (Geel, Bel-
gium). All the aqueous solutions were prepared using
deionised water with a resistivity of 18.2 MQ cm. For the
performance evaluation, bituminous coal was sourced
from the Fengshuigou Coal Mine, Inner Mongolia,
China. The raw coal was crushed, ground, and sieved
to obtain a particle size fraction of less than 200 mesh
(<74 um) for all the experiments [13].

Synthesis of porous ceramic—polymer
composite foam gels (CPCFGs)

The fabrication of the CPCFG was conducted via
a two-stage process involving the synthesis of a porous
ceramic foam scaffold followed by the in-situ poly-
merisation of a hydrogel network within its pores. The
first stage involved the preparation of a rigid, open-cell
amorphous silica foam scaffold using the combined sol-
gel, direct foaming, and sacrificial template method [14].
A silica sol was prepared by mixing TEOS, ethanol,
deionised water, and HCI (catalyst) in a molar ratio
of 1:4:4:0.01. The mixture was stirred vigorously for
1 hour at 60 °C to facilitate hydrolysis. After cooling
to room temperature, 2 wt. % SDBS (foaming agent)
and 10 wt. % PMMA microbeads (sacrificial template)
relative to the final ceramic weight were dispersed into
the sol. The pH of the sol was then adjusted to approxi-
mately 9 by the dropwise addition of NH«OH to catalyse
the condensation reaction. The resulting slurry was
mechanically frothed using a high-speed homogeniser at
5000 rpm for 10 minutes to generate a stable wet foam
[15]. This foam was immediately cast into cylindrical
moulds and allowed to gel and age at 60 °C for 24 hours.
The resulting green bodies were carefully dried at
80 °C for 48 hours. Pyrolysis was carried out in a tube
furnace under a flowing argon atmosphere to achieve
ceramic conversion and create the porous structure. The
temperature was ramped at 3 K-min™ to 500 °C and held
for 2 hours to completely burn out the PMMA template,
followed by a ramp at 5 K-min™ to a final temperature of
800 °C with a 2-hour hold to consolidate the amorphous
silica network [16].

In the second stage, an interpenetrating polyacry-
lamide hydrogel network was formed within the ceramic
scaffold via in-situ free-radical polymerisation [17].
The prepared porous ceramic scaffolds were placed in
a desiccator and evacuated to 0.01 MPa. An aqueous
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precursor solution containing the AM monomer,
BIS cross-linker, and TEMED (0.5 vol. %) was then
introduced to fully immerse the scaffolds, ensuring
the complete infiltration of the porous network [18].
After 1 hour of impregnation, the saturated scaffolds
were removed and transferred to a separate aqueous
solution containing the APS initiator (0.5 wt. %). The
polymerisation reaction was carried out in a water bath at
50 °C for 6 hours. This process resulted in the formation
of a cross-linked polyacrylamide hydrogel network
interpenetrating the ceramic matrix. The final CPCFG
samples were thoroughly washed with deionised water
for 72 hours, with the water changed every 12 hours, to
remove any unreacted monomers and initiators before
characterisation and testing.

Sample formulations

For a comprehensive and comparative evaluation,
a series of samples were prepared, as detailed in Table 1.
The primary experimental samples consisted of CPCFGs
with a varying polymer content, achieved by adjusting
the concentration of the AM/BIS precursor solution.
These are designated as CPCFG-L (Low), CPCFG-M
(Medium), and CPCFG-H (High). In addition, several
control samples were included: untreated raw coal (RC),
a pure ceramic foam scaffold without the hydrogel com-
ponent (CF), and a pure polyacrylamide hydrogel pre-
pared without the ceramic scaffold (PG). This experi-
mental design allows for the isolation and analysis of
the contributions of the individual components and the
synergistic effects of the composite structure.

CSC suppression performance
evaluation

The thermal stability and inhibitory effect of
the materials on coal oxidation were evaluated using
a Netzsch STA 449 F3 Jupiter simultancous thermal
analyser for the Thermogravimetric Analysis and Diffe-
rential Scanning Calorimetry (TGA-DSC). For each test,
a 10 mg mixture of coal and inhibitor (in a 10:1 mass
ratio) was heated from 30 °C to 800 °C at a constant
heating rate of 10 °C-min”' under a dry air flow of
50 mL-min™ [19].

Table 1. Formulations of the CPCFG samples and controls.

The flammability characteristics of the treated coal
samples were assessed using a Fire Testing Technology
(FTT) cone calorimeter in accordance with the ISO
5660-1 standard [20]. Samples consisting of 100 g of
coal mixed with 10 wt. % of the respective inhibitor were
prepared in a 100 x 100 x 25 mm specimen holder. The
samples were exposed to a constant external heat flux of
35 kW-m™ in a horizontal orientation with a spark igniter
[21]. The key parameters, such as time to ignition (TTI),
heat release rate (HRR), total heat released (THR), mass
loss rate (MLR), and smoke production rate (SPR), were
continuously recorded.

A temperature-programmed oxidation experiment
was conducted in a custom-built fixed-bed reactor sys-
tem to simulate the low-temperature oxidation stage of
CSC [22]. A 50 g sample of the coal/inhibitor mixture
(10:1 mass ratio) was placed in a quartz tube reactor
and heated from 30 °C to 300 °C at a linear rate of
5°C'min”. A constant flow of dry air (100 mL-min™")
was passed through the sample bed. The composition
of the outlet gas, specifically the concentrations of O,,
CO, and CO,, was continuously monitored using an on-
line gas analyser (MRU, Vario Plus) to determine the
oxygen consumption rate and the generation rates of the
indicator gases.

RESULTS AND DISCUSSION

Synthesis and characterisation of
the CPCFGs

The successful synthesis of the ceramic-polymer
composite was confirmed through Fourier-Transform
Infrared Spectroscopy (FTIR) and X-ray Diffraction
(XRD) analyses, which provided insights into the che-
mical bonding and phase structure of the material.
The FTIR spectra of the key components and the final
composite (CPCFG-M) are presented in Figure 1.
The spectrum of the composite foam (CF) displays
characteristic absorption bands of an amorphous silica
network. A strong, broad band centred at approximately
1080 cm™ is assigned to the asymmetric stretching vib-
ration of Si—O-Si bonds, while the peak at 800 cm™
corresponds to the symmetric Si—-O-Si stretching mode
[23]. A smaller, distinct peak at 960 cm™* is attributed

Polymer precursor solution

Sample ID Ceramic scaffold (AM/BIS wt. %) Description

RC N/A N/A Raw Coal (untreated)

CF Silica Foam N/A Pure Ceramic Foam

PG N/A 15%/0.5% Pure Polyacrylamide Gel

CPCFG-L Silica Foam 5%7/70.15% Composite with Low Polymer Content
CPCFG-M Silica Foam 15%/0.5% Composite with Medium Polymer Content
CPCFG-H Silica Foam 25%1/0.8% Composite with High Polymer Content
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to the stretching vibration of the surface silanol groups
(Si-OH). The spectrum of the pure polyacrylamide
gel (PG) exhibits prominent peaks characteristic of its
amide structure: a broad band between 3100-3500 cm™
containing N-H stretching vibrations (~3340 cm™! and
3190 cm™), a strong peak at 1670 cm™! corresponding to
the C=0 stretching vibration (Amide I band), and a peak
at 1610 cm™ from the N—H bending vibration (Amide I1
band) [24].

The FTIR spectrum of the CPCFG-M composite is
effectively a superposition of the spectra of its constituent
CF and PG components, confirming the presence of both
the silica network and the polyacrylamide hydrogel.
Critically, a subtle but significant change is observed in
the Amide I band. The C=0 stretching peak is broadened
and shifts to a lower wavenumber of approximately
1665 cm™. This redshift is indicative of the formation
of hydrogen bonds between the carbonyl oxygen of the
polyacrylamide and the hydrogen of the silanol groups
(Si—OH) present on the surface of the ceramic scaffold
[25]. This interaction is not merely a physical mixing, but
a strong interfacial coupling at the molecular level. The
in-situ polymerisation process facilitates this intimate
contact, allowing the polymer chains to form strong,
non-covalent bonds with the inorganic matrix. This ro-
bust interfacial adhesion is crucial for the composite’s
mechanical integrity, enabling an efficient stress transfer
between the rigid ceramic and the flexible polymer,
which helps to prevent delamination and cracking under
thermal or mechanical stress.
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Figure 1. FTIR spectra of the CF, PG, and CPCFG-M com-
posite.

The phase structure of the materials was investigated
using XRD, with the patterns shown in Figure 2. The
CF exhibits a single, broad, and diffuse diffraction halo
centred at a 20 value of approximately 22°. This feature
is the hallmark of an amorphous material, confirming that
the pyrolysis conditions used for the polymer-to-ceramic
conversion resulted in an amorphous silica glass rather
than a crystalline phase like cristobalite [26]. The XRD
pattern of the CPCFG-M composite is nearly identical to
that of the pure CF, showing the same broad amorphous
halo. The absence of any sharp diffraction peaks confirms
that the polyacrylamide component is also amorphous
and that the polymerisation process did not induce any
crystallisation in the system [27]. This fully amorphous
nature is beneficial for the intended application, as it
avoids potential stress points that can arise at the grain
boundaries of crystalline phases, contributing to the
overall structural stability of the composite foam gel.
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Figure 2. XRD patterns of the CF and CPCFG-M composite.

The morphology of the CPCFG was examined at
multiple length scales using Scanning Electron Micro-
scopy (SEM) and Transmission Electron Microscopy
(TEM) to visualise its hierarchical porous structure.
Figure 3 presents an SEM micrograph of the CF scaffold
prior to hydrogel infiltration. It reveals a highly porous,
open-cell structure with well-interconnected macropo-
res, consistent with the direct foaming and sacrificial
template fabrication method [28]. The macropores are
roughly spherical and range in diameter approximately
100 pm, forming a continuous network throughout the
material. Figure 4 shows the SEM image of a fractured
surface of the CPCFG-H sample. It is evident that the
macropores of the ceramic scaffold have been complete-
ly filled by the polyacrylamide hydrogel, resulting in
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a dense, continuous composite material with no visible
voids or delamination at the interface. This confirms
the success of the vacuum-assisted impregnation and
in-situ polymerisation process in creating a truly interpe-
netrating structure.

This observed hierarchical porosity is a deliberate
design feature that underpins the material’s multi-func-
tional performance. The macroporous foam architecture
provides a lightweight, low-density structure capable of
filling large volumes, making it a cost-effective solution
for covering extensive areas of loose coal [28]. However,
these open macropores would otherwise be permeable
to oxygen. The infiltration of the hydrogel effectively
plugs these pathways, transforming the scaffold from
a permeable framework into an impermeable oxygen
barrier. Furthermore, the intrinsic mesoporosity within
the ceramic struts, confirmed by TEM, acts as a nano-re-
servoir. This dramatically increases the internal surface
area available for the hydrogel to anchor onto, which
significantly enhances the material’s water retention
capacity far beyond that of a simple surface coating.

s
Figure 3.
open-cell macroporous structure.

= g
SEM micrograph of the CF scaffold, showing its

AR ¥ —
Figure 4. SEM micrograph of a fractured surface of the
CPCFG-H composite, showing the hydrogel filling the macro-
pores.

This nano-confinement of water creates a long-lasting
and efficient cooling effect when the material is
subjected to heat. Therefore, the superior performance
of the CPCFG is a direct consequence of this engineered
porosity at both the micro- and nano-scales. The tex-
tural properties of the materials were quantitatively
assessed using N2 adsorption-desorption analysis, with
the results summarised in Table 2. Figure 5 presents
the N, adsorption-desorption isotherms for the CF and
the CPCFG samples. All the samples exhibit Type IV
isotherms according to the International Union of Pure
and Applied Chemistry (IUPAC) classification, which is
characteristic of mesoporous materials. A distinct H1-
type hysteresis loop is observed in the relative pressure
range of 0.6 to 1.0, further confirming the presence of
well-defined, interconnected mesopores [29].
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Figure 5. N, adsorption-desorption isotherms for CF, CPCFG-L,
CPCFG-M, and CPCFG-H.

As shown in Table 2, the CF possesses a very high
Brunauer—-Emmett-Teller (BET) specific surface area of
352.4 m>g" and a large pore volume, consistent with its
highly porousstructure observedin TEM. Uponinfiltration
with the polyacrylamide hydrogel, the textural properties
of the composites change dramatically. The BET surface
area and pore volume decrease systematically with in-
creasing polymer content. For the CPCFG-H sample, the
surface area is reduced to just 48.5 m*g”', a decrease of
over 86 % compared to the pure scaffold. This drastic
reduction is not a defect, but rather a quantitative con-
firmation of the successful infiltration and filling of the
mesopores within the ceramic struts by the polymer
network [30]. This pore-filling is essential for creating
the non-porous, impermeable barrier required to block
the oxygen transport.
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Table 2. Physical and textural properties of the fabricated materials.

Sample ID Bulk derlsity Porosity BET Surfaﬁcle area Average pore diameter
(grem™) (%) (m*g") (nm)

CF 0.15 93 3524 25.6

CPCFG-L 0.21 90 115.8 18.3

CPCFG-M 0.35 84 72.1 15.1

CPCFG-H 0.52 76 48.5 12.4

The optical properties of the materials were probed
using ultra violet-visible (UV-vis) diffuse reflectance
spectroscopy (Fig. 6). The CF exhibits high reflectance
across the visible spectrum due to significant light
scattering from the porous structure. In contrast, the
CPCFG samples show progressively lower reflectance
with an increasing polymer content. This phenomenon
can be attributed to the refractive index matching effect.
The hydrogel, which has a refractive index closer to
that of silica than air does, fills the pores and reduces
the scattering at the silica-pore interface, allowing more
light to be transmitted or absorbed [31]. This optical
data provides complementary evidence for the success-
ful filling of the porous structure by the polymer gel.

100

80 [

60M
40%

CF
—— CPCFG-L
~— CPCFG-M
CPCFG-H

850 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 6. UV-vis diffuse reflectance spectra of CF, CPCFG-L,

CPCFG-M, and CPCFG-H.
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20

Evaluation of the CSC suppression
performance

The effectiveness of the CPCFG in inhibiting coal
oxidation and thermal decomposition was evaluated
using TGA-DSC. The TGA curve for raw coal (Fig. 7)
shows an initial slight weight loss below 100 °C due to
moisture evaporation, followed by a stable region and
then a sharp, major weight loss beginning at approxima-
tely 350 °C. This rapid decomposition corresponds to the
ignition and combustion of the coal. The corresponding
DSC curve (Figure 8) shows a small endothermic peak
for moisture loss, followed by a large, sharp exothermic
peak coinciding with the major weight loss, indicating a
massive release of heat during combustion.

The PG-treated coal sample exhibits a more sig-
nificant initial weight loss stage below 150 °C due to
the evaporation of the large amount of water contained
within the hydrogel. This process is associated with
alarge endothermic peak in the DSC curve, demonstrating
the cooling effect of the gel. However, after the water
is driven off, the polymer itself begins to decompose,
and the onset temperature for the main combustion
stage is only marginally improved compared to the raw
coal (RC). In stark contrast, the CPCFG-H-treated coal
sample demonstrates vastly superior thermal stability
and inhibitory performance. Its TGA curve shows three
distinct stages: (1) a pronounced weight loss of nearly
40 % between 50 °C and 200 °C, corresponding to the
evaporation of water from the hydrogel, which produces
a very large and broad endotherm in the DSC curve; (2)
a region of enhanced thermal stability where the rate of
weight loss is significantly slower than that of the RC; and
(3) a dramatically delayed onset of major combustion,
with the ignition temperature shifted from 350 °C for the
RC to approximately 480 °C for the CPCFG-H treated
sample. Furthermore, the final char residue at 800 °C is
48.8 %, more than double that of the raw coal (21.5 %),
indicating the formation of a protective, non-combustible
barrier [32].

These TGA-DSC results reveal a multi-stage, syner-
gistic inhibition mechanism. In the critical low-tempe-
rature range (< 200 °C) where the CSC initiates, the
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40+

50

60

70

Mass (%)

801

90

ol I/_,,—(
0 100 200 300 400 500 600 _ 700 _ 800
Temperature (°C)

Figure 7. TGA (weight loss) curves for the RC, PG-treated
coal, and CPCFG-H-treated coal.
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CPCEFG acts as a powerful heat sink. The endothermic
evaporation of its retained water actively counteracts the
exothermic heat generated by coal oxidation, preventing
the temperature from escalating. This is the primary
“cooling” function. As the temperature rises further, the
polymer component decomposes, but the thermally stable
silica scaffold remains intact. This scaffold, combined
with the char from both the coal and the polymer, forms
a robust, insulating ceramic-char layer. This layer acts as
a physical barrier, hindering the transport of both oxygen
to the coal surface and volatile combustible gases away
from it. This is the “barrier” function [33]. This com-
bination of a low-temperature cooling mechanism and
a high-temperature barrier mechanism, which is not
present in either the pure polymer gel or the pure ceramic
foam, is the key to the composite’s superior performance.

— RC
24 —— PG-treated
—— CPCFG-H

Heat Flow (mW/mg)

300 400 500 600 700 800
Temperature (°C)

Figure 8. DSC (heat flow) curves for the RC, PG-treated coal,
and CPCFG-H-treated coal.

0 100 200

Cone calorimetry was used to assess the fire ha-
zard of the treated coal samples under forced-flaming
conditions, providing key metrics related to fire growth
and intensity. The HRR profiles as a function of time are
shown in Figure 9, and the key flammability parameters
are summarised in Table 3. The RC sample ignited quick-
ly, with a TTI of only 28 seconds, and exhibited a very
high and sharp peak HRR (pHRR) of 254.6 kW-m?,

Table 3. Key flammability parameters from the cone calorimetry.

indicating rapid fire development and intense burning
[21]. The THR over the duration of the test was
85.3 MJ-m™ (Figure 10).

All the inhibitor-treated samples showed improved
fire performance, but the CPCFG samples were excep-
tionally effective. The performance scaled directly with
the polymer content of the composite. The CPCFG-H
treated sample demonstrated the best fire-retardant pro-
perties, with a TTI of 158 seconds, more than five times
longer than that of raw coal. This significant delay in
ignition provides a critical window for intervention in
a real-world fire scenario. Most importantly, the pHRR
was drastically reduced to just 76.3 kW-m?, a reduction
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Figure 9. HRR vs. time for the RC and coal treated with PG,

CPCFG-L, CPCFG-M, and CPCFG-H.
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Figure 10. THR vs. time for all the samples.

Time to ignition Peak HRR Total heat released Final residue

Sample ID > 5

(s) (kW-m™) (MJ-m~) (%)
RC 28 254.6 85.3 21.5
PG-treated 45 189.2 71.8 25.1
CPCFG-L 95 121.5 58.4 38.6
CPCFG-M 124 98.7 51.2 432
CPCFG-H 158 76.3 45.9 48.8
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of 70 % compared to the raw coal. This indicates a much
slower and less intense fire. The THR was also signi-
ficantly lowered to 45.9 MJ'm™. The MLR profiles
(Figure 11) mirror the HRR data, with the CPCFG-H
sample showing a much slower rate of consumption.
Furthermore, the SPR was also substantially reduced
(Figure 12), indicating that the composite not only sup-
presses the fire, but also reduces the generation of smoke,
a major contributor to toxicity and visibility reduction
during a fire. The high final residue of the CPCFG-H
sample (48.8 %) is consistent with the TGA results and
confirms the formation of a protective char-ceramic layer
that insulates the underlying fuel and limits the release of
combustible volatiles [34].

The temperature-programmed oxidation experi-
ment was designed to directly measure the ability of
the CPCFG to suppress the low-temperature oxidation
reactions that define the initial stages of CSC. The
results for O, consumption and the production of CO
and CO, are shown in Figures 13-15. For the RC sample,
significant oxygen consumption begins at a relatively
low temperature of approximately 70 °C and accelerates
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Figure 12. SPR vs. time for all the samples.

rapidly as the temperature increases (Figure 13). The pro-
duction of CO (Figure 14) and CO, (Figure 15) follows asi-
milar trend, indicating the onset and progression of exo-
thermic oxidation reactions [35].

The application of the CPCFG-H inhibitor funda-
mentally alters this behaviour. The onset temperature
for significant oxygen consumption is delayed to above
180 °C, and the overall rate of consumption is drastically
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Figure 13. O, consumption rate as a function of temperature

for the RC and CPCFG-H-treated coal.
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Figure 14. CO production rate as a function of temperature for
the RC and CPCFG-H-treated coal.
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reduced throughout the entire temperature range studied.
Consequently, the generation of CO and CO, is almost
completely suppressed at temperatures below 180 °C.
For instance, at 170 °C, the CO release rate for the
CPCFG-H treated sample was only 25 mmol-cm™-s”,
compared to over 180 mmol-cm™-s™ for the raw coal.
This corresponds to an inhibition efficiency of over 85 %
at this critical temperature. This data provides direct
evidence that the CPCFG forms a highly effective bar-
rier that physically prevents oxygen from accessing the
reactive sites on the coal surface, thereby stifling the very
first step of the spontaneous combustion process [33].

Elucidation of the suppression
mechanism

The collective results from the comprehensive cha-
racterisation and performance evaluations allow for the
proposal of a synergistic, multi-faceted sup-pression me-
chanism for the CPCFG, which is illustrated schemati-
cally. The superior performance of the composite mate-
rial arises not from a single property but from the intricate
interplay of the multiple functions enabled by its unique
hierarchical structure.

First, the physical barrier effect is paramount. The
composite foam gel, when applied to loose coal, forms
a continuous and adhesive layer. As confirmed by SEM
and gas production analysis, the hydrogel-filled macro-
porous structure creates a non-permeable coating that
physically blocks the diffusion pathways for atmosphe-
ric oxygen to reach the coal surface. This oxygen isola-
tion is the primary mechanism for preventing the initial
oxidation reactions.

Second, the composite provides excellent thermal
insulation and stability. The amorphous silica network,
which remains stable at temperatures well above the
decomposition point of the polymer, acts as a rigid,
fire-resistant scaffold. As shown by TGA and cone calo-
rimetry, this scaffold contributes to a high char yield,
forming a stable ceramic-char layer that insulates the
underlying coal from external heat sources and hinders
the escape of flammable volatile gases [36].

Third, the material leverages a powerful endother-
mic cooling mechanism. The polyacrylamide hydrogel
component has a high capacity for water retention,
which is further enhanced by the mesoporous structure
of the ceramic struts. Upon heating, the evaporation of
this water is a highly endothermic process. This phase
change actively absorbs heat generated by any initial
coal oxidation, effectively acting as a heat sink and
maintaining the coal temperature below the critical
threshold for thermal runaway. This effect was clearly
demonstrated by the large endothermic peak observed in
the DSC analysis.

Finally, the composite exhibits a crack sealing ca-
pability. Coal piles can shift and develop cracks, creating
new pathways for air leakage. The flexible and adhesive

nature of the hydrogel component allows the CPCFG
to conform to the irregular coal surface and potentially
swell to seal any micro-cracks that form, maintaining
the integrity of the oxygen barrier over time. This com-
bination of physical barrier, thermal insulation, active
cooling, and self-sealing properties makes the CPCFG
a highly robust and effective inhibitor for coal sponta-
neous combustion.

CONCLUSIONS

This research has successfully demonstrated the
design, fabrication, and comprehensive evaluation of
a novel CPCFG for the suppression of coal spontaneous
combustion. A facile and scalable two-stage synthesis
route, combining sol-gel foaming with in-situ polyme-
risation, was developed to create a unique hierarchical
material with an interpenetrating network of amorphous
silica and polyacrylamide hydrogel. The performance
evaluation of the CPCFG as a CSC inhibitor revealed
its exceptional effectiveness. The optimised composite,
CPCFG-H, significantly enhanced the fire safety of trea-
ted coal. It delayed the ignition temperature by over
130 °C in the TGA tests and increased the time to ig-
nition by more than five-fold in the cone calorimetry
experiments. Crucially, it reduced the peak heat release
rate — a primary indicator of fire intensity — by over 70%
and substantially lowered the production of toxic gases
like CO. Temperature-programmed oxidation experi-
ments confirmed that the composite achieved an in-
hibition efficiency of over 85% by effectively blocking
oxygen access to the coal surface at low temperatures.
The superior performance of the CPCFG is attributed to
a synergistic, multi-modal suppression mechanism that
is a direct result of its composite nature. This mechanism
integrates (i) a robust physical barrier to oxygen, (ii)
high-temperature thermal insulation provided by the
ceramic scaffold, (iii) powerful endothermic cooling
from the evaporation of water retained in the hydrogel
network, and (iv) effective sealing of coal surface cracks.
This study validates the CPCFG concept as a highly
promising, next-generation material for preventing CSC
in mining and storage applications. Future work should
focus on optimising the formulation by incorporating
chemical inhibitors, such as free-radical scavengers, into
the hydrogel matrix to achieve a combined physical-
chemical inhibition strategy, and on scaling up the
synthesis process for pilot-scale field trials.
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