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Abstract

To address the major safety hazard that heat released from mining polyurethane (PU)
reinforcement materials may induce spontaneous combustion of residual coal in goaf, this
study selected No. 3 coal from Wangzhuang Coal Mine, Shanxi Lu’an, as the research
object. A self-developed large-capacity, large-scale experimental system was used to con-
duct programmed heating experiments on 2.0 kg multi-particle-size coal-PU mixed sam-
ples. The effects of PU content on characteristic gas release, crossing point temperature
(CPT), residue morphology, and TGA-DSC characteristic temperatures were systemati-
cally investigated, and the reaction-kinetic evolution was further analyzed using the dis-
tributed activation energy model (DAEM). The results show that coal and PU exhibit a
significant synergistic enhancement effect during co-heating. As the PU content increased,
the release concentrations of CO, Cz2H4, and C2Hs increased markedly, and their initial re-
lease temperatures decreased, whereas CHs4 generation was inhibited by hydrogen-radical
competition; no C2Hz was produced below 400 °C. The CPT decreased linearly with an
increasing PU content, with an average decrease of approximately 8.5 °C for every 10%
increase in PU content. Residue morphology showed clear critical features: glassy agglom-
erates appeared when the PU content exceeded 16.67%, and dense bulk coking occurred
when the PU/coal mass ratio was greater than 1:10. TGA-DSC analysis showed that when
the PU/coal ratio was lower than 1:10, the ignition temperature of the mixed sample was
higher than that of pure coal, indicating an inhibitory synergistic effect. When the ratio
exceeded 1:10, the ignition temperature decreased significantly, and the synergy shifted
to promotion; increasing the heating rate shifted the characteristic temperatures to higher
values and increased the reaction intensity. DAEM analysis further confirmed that when
the PU ratio exceeded 1:10, the apparent activation energy of the mixed samples was
lower than that of pure coal. Coal powder also acted as a physical skeleton that effectively
dispersed molten PU, eliminated the activation-energy peaks of pure PU in the conversion
ranges of 30-50% and 70-90%, and substantially improved combustion stability. Mecha-
nistically, low-temperature PU melting and coating optimized heat and mass transfer,
medium-temperature pyrolysis released active radicals and combustible gases that al-
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tered coal pyrolysis pathways and the radical reaction environment, and high-tempera-
ture hydrogen-radical competition reshaped the gas-product distribution. Together, these
processes form a complete chain of synergistic spontaneous combustion. This study iden-
tifies key safety threshold parameters for PU reinforcement materials, recommends a PU
content of <9.10%, and identifies CO and C2Hs as priority early-warning gases, providing
direct experimental evidence for characteristic-gas-based early warning and mine fire pre-
vention.

Keywords: polyurethane reinforcement; residual coal; programmed heating; spontaneous
ignition; fire safety; crossing point temperature

1. Introduction

Coal remains a major industrial energy source and accounts for a substantial share
of global energy consumption [1]. Spontaneous combustion of coal is a persistent safety
challenge in underground mining [2]. Polymer grouting can improve the structural sta-
bility of coal walls and roofs, reduce potential hazards, and protect workers during mine
production [3]. Polyurethane (PU) reinforcement material is a polymer produced by the
reaction between isocyanate groups (R-NCO) and polyols (R'-OH). Owing to its molecular
structure, PU exhibits a high compressive strength, favorable mechanical performance,
and good weather resistance [4]. The use of PU for coal and rock reinforcement was tested
in China as early as February 1982, when Kailuan Fangezhuang Mine and Bayer jointly
conducted field trials and obtained favorable results [5]. In recent years, polymer rein-
forcement materials have been widely applied in coal mines. PU can fill and bond frac-
tures and voids in coal and rock, reinforce the coal body, and improve its compressive
resistance, thereby helping to prevent rock fracturing, roof collapse, and related mine ac-
cidents [6]. In working faces, PU-based coal-wall reinforcement is commonly combined
with support advancement under a load and timely roof support to control rib spalling
and roof falls. However, the interaction between PU and coal releases heat. As a result,
the field application of polymer reinforcement materials can introduce secondary hazards,
including smoke generation, overheating, combustion, and excessive carbon monoxide
concentrations. These hazards pose a serious threat to the stability of coal mine safety
production [7].

In response to these problems, many studies have examined the safe use of PU ma-
terials in underground mines. Xu et al. [8] reported that underground fires associated with
PU mainly arise from two mechanisms: direct self-ignition of PU after contact with oxygen
at high temperature, and indirect ignition of coal seams caused by heat released during
PU combustion. Wang et al. [9] conducted TGA-DSC programmed heating experiments
on three coal samples with different metamorphic degrees and found that coal combus-
tion characteristic parameters were positively correlated with the heating rate and nega-
tively correlated with the coal metamorphic degree. Yang et al. [10] investigated the oxi-
dation behavior of five particle-size fractions of coal using a programmed heating system
and found that apparent activation energy increased with the particle size. The particle
size was positively associated with the minimum thickness of loose coal and the lower
limit of the oxygen volume fraction, but negatively associated with the upper limit of air
leakage intensity. Wang et al. [11] examined the spontaneous-combustion kinetics and
gas-release behavior of a coal-PU binary system by thermogravimetric analysis and spon-
taneous-combustion simulation experiments. They found that a higher PU mass fraction
lowered the release temperatures of COz, CO, Cz2Hs, and C2Hs; the release amounts of COz,
CO, and C2Hs increased with the PU content, whereas C2Hs showed the opposite trend.
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Ye et al. [12] combined FTIR and programmed heating experiments and found that aro-
matic hydrocarbons increased, oxygen-containing functional groups decreased, and char-
acteristic temperatures increased with an increasing coal metamorphic degree. Tang et al.
[13] performed adiabatic oxidation and TG-DTG analyses and found that PU showed pro-
nounced pyrolysis behavior during combustion of coal-PU mixed samples. Tian et al. [14]
investigated gas release during spontaneous combustion of PU-coal mixtures, the evolu-
tion of PU spontaneous combustion in goaf, and the migration of generated gases through
experiments, chemical analysis, and numerical simulation. Wang et al. [15,16] demon-
strated a synergistic effect between coal and PU during combustion, with inhibition at
coal-to-PU ratios lower than 1:15 and promotion at ratios higher than 1:15.

Research on PU use and flame-retardant modification in coal mines has also been
conducted from the perspectives of grouting technology [17-19], surface-modified coal
gangue powder (MCG) [20], expandable graphite (EG) and dimethyl methyl phosphonate
(DMMP) [21], reduced graphene oxide/polyaniline (rGO/PANIf) [22], and formulation op-
timization [23-26]. Gao et al. [27] prepared a microencapsulated diatomite-supported
flame retardant (MDFR), which improved the mechanical performance, preserved the cel-
lular structure, and enhanced the thermal stability of mining rigid polyurethane foam
compared with conventional flame retardants such as DMMP and tris(2-chloropropyl)
phosphate. Wang [28] analyzed the mechanism by which resin heat release causes fire and
proposed prevention strategies. Yang et al. [29] used an L9(3%) orthogonal experiment to
determine an optimal formulation that balanced flame retardancy and compressive per-
formance. Cheng et al. [30] found that cement incorporation improved the flame-retardant
performance of resin materials. Wang et al. [31] developed rigid PU foam synergistically
modified with expandable graphite, melamine phosphate, and 2-carboxyethyl(phe-
nyl)phosphinic acid, effectively improving the flame-retardant grade. Ma et al. [32] stud-
ied the fire risk of rigid PU foam under high-pressure, low-oxygen conditions and identi-
fied oxygen reduction as a key factor for controlling combustion intensity. Chen et al. [33]
investigated the effect of sample thickness on thermoplastic PU combustion behavior. Ren
et al. [34] summarized fire risks and countermeasures during resin foam storage and use.
Zhang [35] reduced the maximum reaction temperature below 100 °C and achieved com-
pressive strength above 40 MPa by optimizing catalyst-to-main-agent ratios. Zhang et al.
[36] established a gas-release model for coal-resin co-combustion and confirmed that resin
addition can reduce the CPT of mixed samples.

Overall, existing studies have provided detailed insights into coal spontaneous com-
bustion and the thermodynamic interaction between coal and PU. However, most exper-
iments have used small-mass, single-particle-size samples, which differ substantially from
the large-volume, multi-particle-size residual coal environment in underground mines.
The formation behavior of high-temperature gas products and the critical disaster-trig-
gering conditions remain to be clarified systematically. Therefore, this study used 2.0 kg
large-scale multi-particle-size mixed samples to simulate the actual particle-size distribu-
tion of underground coal. Programmed heating experiments were conducted to analyze
the effects of PU content on gas release, CPT, and residue morphology, and key critical
parameters were identified to provide an experimental basis for the safe underground
application of polymer materials and fire prevention.

2. Materials and Methods
2.1. Preparation of Coal and Polyurethane Samples

To accurately characterize the spontaneous-combustion behavior of residual coal in
goaf induced by heat released from PU, No. 3 coal from the Wangzhuang Coal Mine of
Shanxi Lu’an was selected as the test coal. After removal of the surface oxidized layer, the
coal was crushed and sieved into six particle-size fractions, which were then mixed ac-
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cording to field proportions. The particle-size fractions and corresponding mass percent-
ages are listed in Table 1.

Table 1. Particle size distribution and mass fraction of coal samples.

Particle Size of Coal Sample/mm <1 13 3~5 5~10 10~20 20~30
Mass Fraction/% 10 10 20 25 25 10

The PU reinforcement material (Shanxi Lu’an Jin’an Mining Engineering Co., Ltd.,
Changzhi, Shanxi, China) used in the experiments was a two-component system. Compo-
nent A was a polyether polyol blend, and Component B was a polymeric MDI system.
The two components were mixed at a mass ratio of 1:1 and cured to form a nonfoaming,
dense solid. The cured PU was then crushed, sieved, and blended according to the parti-
cle-size distribution shown in Table 2.

Table 2. Polyurethane particle size distribution and mass fraction.

PU Particle Size/mm <1 1~3 3~5 5~10 10~20
Mass Fraction/% 5 10 20 25 40

During programmed heating, PU particles in the 20-30 mm fraction are prone to de-
layed internal pyrolysis, surface melting and coating, and delayed gas release, which can
reduce data accuracy. Considering the particle-size distribution commonly used in large-
particle coal spontaneous-combustion experiments, the 10-20 mm fraction was selected
instead because it better represents large bulk materials underground while ensuring suf-
ficient heat transfer and relatively uniform pyrolysis. Preliminary experiments confirmed
that this substitution had no significant effect on the pyrolysis behavior or gas-release pat-
tern of PU [10,37].

2.2. Experimental Scheme
2.2.1. Large-Scale Programmed Heating Experiment

Eight sample groups were prepared with different coal-to-PU mass ratios, and each
group had a total mass of 2.0 kg. The specific mixing proportions are listed in Table 3.

Table 3. Composition of experimental samples.

Sample Number Proportioning (PU: Coal) PU Content/%
C 0:1 0
P-C-1 1:30 3.26
P-C-2 1:20 4.76
P-C-3 1:10 9.1
P-C-4 1:5 16.67
P-C-5 1:3 25
P-C-6 1:1 50

Each sample was mixed at 90 r/min for 10 min to ensure homogeneity, dried at 105
°C to a constant mass, and then loaded into the coal reaction vessel. During loading, lay-
ered vibration compaction was used, with each 5 cm coal layer vibrated for 30 s, to reduce
porosity heterogeneity caused by local accumulation of fine particles. A porous ceramic
distributor plate with a pore size of 2-3 mm and a thickness of 1 cm was installed at the
bottom of the furnace to improve gas-flow uniformity. Synthetic air, consisting of 21% O2
and 79% N2, was used as the experimental atmosphere. The heating program was staged:
the temperature was increased from 20 °C to 150 °C at 0.5 K/min and from 150 °C to 400
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°C at 1 K/min. The inlet gas flow rate was set to 80 mL/min from 20 °C to 200 °C and 120
mL/min from 200 °C to 400 °C. Each experiment was performed in triplicate, and average
values were used; the relative error was less than 5%. The gas chromatograph was a Bei-
jing Purui GC7800A (Beijing Purui Analytical Instruments Co., Ltd., Beijing, China), and
the temperature recorder was a Changzhou Haierpa HPS3032 multi-channel temperature
tester (Changzhou Haierpa Electronic Technology Co., Ltd., Changzhou, China). The pro-
grammed heating and gas chromatography experimental system is shown in Figure 1,
and photographs of the coal reaction vessel and electrothermal blast drying oven are
shown in Figure 2.

Gas mixing tank ~ Multi channel temperature tester  Gag chromatography
Electric blast Oil gas separator
I Drying tube PC

drying oven /v
= g

=]

—
l:ll:al
ooo||@
ooo||m

Hydrogen generator

Air generator
Coal sample and polyurethane
reaction tank

|

Oxygen
cylinder

Nitrogen
cylinder

Figure 1. Schematic diagram of the programmed heating and gas chromatography experimental

system.

Figure 2. Photographs of the coal reaction vessel and electrothermal blast drying oven.

2.2.2. TGA-DSC Test

To investigate the synergistic or inhibitory effect between coal and PU during co-
pyrolysis, eight mixed samples with different mass ratios were prepared, as shown in Ta-
ble 3. For each test, 10 mg of sample was used. Thermogravimetric analysis was per-
formed at three heating rates (5, 10, and 20 K/min) over the temperature range of 30-800
°Cin an air atmosphere consisting of 79% N2z and 21% Os.
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2.3. Experimental Test

After the outlet gas was passed through a saturated NaHCOs solution to remove tar
and then dried with silica gel, the concentrations of CO, CHs, C2Hs, C2He, and C2H: were
measured using a ZRD-II coal spontaneous-combustion characteristic tester and a gas
chromatograph. The temperature inside the reactor and the furnace temperature were rec-
orded using a multichannel temperature recorder to determine the CPT. In this study, the
initial release temperature of each characteristic gas was defined as the central tempera-
ture of the reaction vessel when the gas concentration first remained above the chromato-
graph detection limit (CO <1 ppm; hydrocarbons < 0.5 ppm) and subsequently showed a
monotonic increasing trend. The average value from parallel experiments was used.

3. Results and Analysis
3.1. CO Release Behavior

The CO release pattern during spontaneous combustion of the mixed samples is
shown in Figure 3. For the pure coal sample, the CO concentration increased rapidly above
200 °C and reached 4843 ppm at 400 °C. As the PU content increased, the initial CO release
temperature decreased and the CO concentration increased. For sample PC6, the CO con-
centration rose sharply above 280 °C and reached 15,340 ppm at 400 °C. This increase may
be attributed to PU pyrolysis, which promotes the decomposition of oxygen-containing
functional groups in coal. In addition, PU melting and coating increased the effective re-
action surface area, thereby markedly enhancing the CO release rate.
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Figure 3. CO gas release pattern during spontaneous combustion of mixed samples.

As shown in Figure 3, when the temperature reached approximately 200 °C, isocya-
nate began to decompose into amine compounds (R-NHz) and other by-products, and CO
was released slowly. PU is produced by the reaction between polyols (R-OH) and isocya-
nates (R-N=C=0), and its thermal decomposition can interact with coal oxidation during
co-combustion. Between 280 °C and 350 °C, thermal activation promoted the cleavage of
C-Cbonds in aldehyde groups (R-CHO) and the removal of carbonyl groups (-C=0), gen-
erating R-H species with one fewer carbon atom and CO; consequently, the CO concen-
tration gradually increased. Above 350 °C, the synergistic decomposition of oxygen-con-
taining functional groups in coal became more pronounced, leading to a sharp increase in
CO concentration. In addition, PU melted and coated the coal particles during heating.
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With increasing temperature, coal particles became more fragmented, cracks developed,
and oxygen diffusion was enhanced. These changes increased the contact area between
PU and coal and expanded the effective reaction zone, thereby promoting CO generation
and release.

3.2. CH4 Release Behavior

The CHu release pattern during spontaneous combustion of the mixed samples is
shown in Figure 4. For the pure coal sample, the CHs concentration reached a peak of 3592
ppm at 355 °C and then decreased to 1970 ppm at 400 °C. PU inhibited CH4 generation: as
the PU content increased, the peak CHas concentration decreased and the release peak
shifted to a higher temperature. For sample PC6, the CH4 concentration reached only 372.4
ppm at 390 °C. This inhibition can be attributed to the molten coating layer formed by a
high PU content, which restricted the cleavage of aliphatic side chains and the escape of
CHa.

In the mixed samples, aliphatic side chains in coal molecules began to cleave above
250 °C and generated CHa through free-radical reactions. As the PU proportion increased,
the amount of CHas released decreased. This decrease occurred because CHs was mainly
generated from the cleavage of methyl groups in coal. Although PU can produce hydro-
carbon gases during combustion, it lacks a reaction pathway for the formation of stable
alkanes. In addition, a high PU proportion promoted the formation of large molten ag-
glomerates at a high temperature. These agglomerates not only impeded CHa release but
also caused PU and coal particles to bind together, thereby further suppressing CHa gen-

eration.
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Figure 4. CHs gas release pattern during spontaneous combustion of mixed samples.

More importantly, PU and coal differ fundamentally in their pyrolysis chemistry.
Active intermediates generated during PU pyrolysis strongly compete for hydrogen rad-
icals (H-). PU pyrolysis mainly produces oxygen-containing gases and olefins, and the
highly reactive free radicals formed in this process compete with methyl radicals gener-
ated from coal pyrolysis for available hydrogen sources. At the reaction pathway level,
this competition suppresses the key chain-termination step responsible for CHs formation
during coal pyrolysis (-CHs + H-— CHa), thereby chemically inhibiting the methane gen-
eration pathway. In addition, the early decomposition and molten state of PU may pro-
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mote secondary reactions involving methane, further reducing its apparent release con-
centration.

3.3. C2Hs and C2Hs Release Behavior

The release patterns of the indicator gases C2Hs and C2Hs during spontaneous com-
bustion of the mixed samples are shown in Figures 5 and 6. In the pure coal sample, the
release amounts of C2Hs and C2Hs were extremely low. As the PU content increased, the
concentrations of both gases increased markedly. For sample P-C-6, the concentrations of
C2Hs and C2Hs reached 3472 ppm and 90.17 ppm, respectively, at 400 °C.

The sharp increase in C2Hs and C2Hs concentrations with an increasing PU content
can be attributed to the combined effects of direct gas generation from PU and PU-induced
enhancement of coal degradation pathways. This behavior indicates a pronounced syner-
gistic effect in the coal-PU mixed system during thermal oxidation and suggests that PU
can accelerate coal spontaneous combustion.
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Figure 5. C2Ha gas release pattern during spontaneous combustion of mixed samples.
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Figure 6. C2Hs gas release pattern during spontaneous combustion of mixed samples.
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3.4. C2Hz Release Behavior

The C:H: release pattern during spontaneous combustion of the mixed samples is
shown in Figure 7. C2H2 was not detected in either the pure coal sample or the coal-PU
mixed samples, indicating that PU did not directly generate C2Hz under the experimental
conditions. In PU, polymeric MDI reacts with polyols to form urethane bonds containing
benzene-ring structures. Below 400 °C, these benzene-ring-containing urethane bonds
mainly decompose into amines, CO, and CO2, while ether-bond cleavage primarily gen-
erates C2Hs. In addition, the aliphatic chains in coal are relatively short and do not provide
sufficient long-chain hydrocarbon precursors for C2H: formation below 400 °C. Therefore,
the conditions required for C2H2 generation were not reached in this temperature range.
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Figure 7. C2H: gas release pattern during spontaneous combustion of mixed samples.

3.5. Temperature Trend and CPT Analysis During Spontaneous Combustion

The temperature trends during spontaneous combustion of the coal and mixed sam-
ples are shown in Figure 8.
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Figure 8. Temperature trends during spontaneous combustion of coal and mixed samples.

The CPT is the critical temperature at which the self-heating rate of the sample ex-
ceeds the programmed heating rate, and it directly reflects the susceptibility of the sample
to spontaneous combustion. As shown in Table 4, the CPT decreased and occurred earlier
as the PU content increased. The CPT of the pure coal sample was 231.6 °C, whereas that
of PC6 decreased to 199.9 °C. On average, each 10% increase in PU content reduced the
CPT by 8.5 °C. Below 150 °C, samples with a lower PU proportion showed a slower tem-
perature increase. This stage was dominated by endothermic processes, mainly moisture
loss from coal, and the sample temperature lagged behind the furnace temperature.
Above 150 °C, the increased inlet gas flow accelerated the temperature rise inside the re-
actor, intensified coal-oxygen complex exothermic reactions, and enhanced the oxidation
heat release of volatile compounds, leading to the turning point marked by the CPT.

The decrease in CPT was mainly caused by the synergistic interaction between PU
and coal. PU pyrolyzed at a relatively low temperature and generated abundant volatile
and combustible gases, which rapidly oxidized and released heat. This process initiated
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the coal-oxygen self-heating reaction earlier, causing coal to participate in oxidation at a
temperature lower than its intrinsic ignition temperature.

Table 4. CPT values during spontaneous combustion of coal and mixed samples.

Sample Number CPT/°C CPT Occurrence Time/Min

C 231.6 480
P-C-1 2139 440
P-C-2 210.5 430
P-C-3 208.7 430
P-C-4 208.6 430
P-C-5 204.7 420
P-C-6 199.9 410

3.6. Surface Morphology Before and After Combustion

The surface morphology of the pure coal sample before and after combustion and
that of the mixed samples after combustion are shown in Figure 9.

U5
o

After pure coal
- combustions
; 4’., Y

Unbumed pure coal 3 8

' Afitei PC-2 PO AR RT3
| ‘combustion 'z, combustion "/

Figure 9. Surface morphology of the pure coal sample before and after combustion and of mixed

samples after combustion.

Before combustion, the pure coal surface was mostly dark black and glossy. After
combustion, the loose residue on the coal surface consisted of fine particles similar to coal
ash and was mainly gray-black. In the mixed samples, a higher PU content led to larger
agglomerates in the post-combustion residue and a more consolidated overall structure.

When the PU content was below 9.10%, the residue mainly consisted of coal slag,
with no clear agglomeration. When the PU content reached 16.67%, glassy and glossy
lumps appeared on the residue surface. When the mass ratio exceeded 1:10, the entire
residue showed coking characteristics and formed a dense, hard structure. At a high tem-
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perature, PU melted and infiltrated coal fissures, bonding coal particles and forming a
ceramic-like bridging phase. Upon cooling, this phase solidified into a strong coke-like

mass.

3.7. TGA-DSC Results and Combustion Kinetic Analysis of Mixed Samples

TGA-DSC tests were conducted on mixed samples with different proportions. The
TG-DTG curves obtained at a heating rate of 5 K/min are shown in Figure 10. The com-
bustion characteristic temperatures of samples with different proportions at different

heating rates are listed in Table 5.
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Figure 10. TG-DTG curves of mixed samples with different proportions at a heating rate of 5 K/min.

Table 5. Combustion characteristic temperatures of mixed samples with different proportions at

different heating rates.

Characteristic Heating Rate Mixed Samples in Different Proportions
Temperature (K/min) CcC P-C1 P-C2 P-C3 P-C4 P-C5 P-C6
5 4622 4673 4644 4512 4385 4202 1754
Ti 10 4824 4852 4835 4623 4487 4221 1885
20 4922 4985 4953 4781 4654 4381 2082
5 6269 639.3 632.6 6429 6312 6335 634.8
Tb 10 655.2 654.5 653.1 640.8 6654 658.7 652.3
20 7104 730.1 7156 7205 7288 7152 715.6
5 538.5 5352 5325 5284 5251 5352 535
Tmax 10 558.6 552.4 562.7 548.1 5752 5565 5954
20 5825 646.2 5771 6315 6358 6284 6342
5 -46 41 -46 43 42 41 34
DTGmax 10 -63 -7 67 -66 -58 -68 62
20 -11.8 -104 -122 -129 -121 -114 -93

According to Figure 10 and Table 5, the ignition temperature of the pure coal sample
(C) was higher than that of P-C-3 to P-C-6 (1:10 to 1:1), but lower than those of P-C-1 (1:30)
and P-C-2 (1:20). When the PU/coal ratio reached 1:10, the ignition temperature of the
mixed samples decreased sharply, and the synergistic effect was enhanced. When the
PU/coal ratio was lower than 1:10, the ignition temperature of the mixed samples was
higher than that of pure coal, indicating inhibition. When the ratio exceeded 1:10, the ig-
nition temperature was lower than that of pure coal, indicating promotion. At a heating
rate of 5 °C/min, the ignition temperature of pure coal was 462.2 °C, whereas that of P-C-
6 decreased sharply to 175.4 °C. This behavior is related to the degradation of many un-
stable chemical bonds in PU at high temperature, which generates volatiles and releases
heat. As the heating rate increased, the characteristic temperatures of the mixed samples
shifted overall to higher temperature ranges, and the reaction intensity per unit time in-
creased, with a significant increase in maximum mass-loss rate (DTGmax). Differences in
molecular structure and thermal stability between coal and PU changed the reaction
mechanism of the mixed fuel from concentrated heat release by a single component to
staged combustion of multiple components across temperature ranges, effectively decou-
pling low-temperature ignition from high-temperature burnout.

It should be noted that the DAEM model is strictly based on the assumption of a first-
order pyrolysis reaction under an inert atmosphere. In this study, DAEM was applied to
combustion TGA-DSC data obtained in air mainly as a mathematical approximation to
compare the evolution trends of apparent activation energy among different mixed sam-
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ples, rather than to obtain intrinsic kinetic parameters with absolute physical meaning.
Therefore, the analysis emphasizes relative trends, and the absolute values should be in-
terpreted cautiously in connection with the reaction mechanism. Based on DAEM, the ap-
parent activation energy of coal-PU mixed samples during combustion was calculated
and analyzed, and the variation trend is shown in Figure 11.
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Figure 11. Variation trend of apparent activation energy of coal-PU mixed samples based on the
DAEM model.

As shown in Figure 11, the apparent activation energy of pure coal (C) first increased
and then decreased with conversion. When 5% < a < 40%, the apparent activation energy
increased within the range of 130.6-140.7 kJ/mol and reached 140.5 k]J/mol at a =5%. When
40% < o0 < 95%, the apparent activation energy fluctuated downward within the range of
106.5-125.6 kJ/mol and reached the minimum value of 106.5 kJ/mol at a = 95%. This evo-
lution reflects the complex multi-stage combustion behavior of coal. In the early stage («
< 40%), aliphatic side chains (-CHs and -CH>-) and oxygen-containing functional groups,
including hydroxyl (-OH), carboxyl (-COOH), and carbonyl (-C=0), preferentially cleaved
and oxidized. Breaking these functional groups required overcoming moderate energy
barriers, causing the activation energy to increase as the reaction proceeded [38]. In the
middle and late stages (a > 40%), macromolecular aromatic nuclei in coal began to un-
dergo condensation and oxidation. However, because many active functional groups had
already been consumed and pore structures had formed, oxygen diffusion and reaction
accessibility improved, leading to a downward trend in apparent activation energy [39].

In the first stage (5% < a < 45%), the activation energy increased continuously from
95.2 to 196.7 kJ/mol and reached a peak at ot = 45%. This stage corresponds to cleavage of
thermally less stable urethane bonds in PU molecules. The C-O bond in urethane groups
(-NH-COO-) begins to break at 170-200 °C, generating isocyanates and polyols, which
further decompose into amines, olefins, and COz. As the reaction proceeds, the chemical
environment of the remaining urethane groups becomes more stable, for example,
through protection by adjacent benzene-ring conjugation, requiring higher energy for
bond cleavage and leading to the activation-energy peak of 196.7 kJ/mol.

In the second stage (50% < a < 65%), the activation energy decreased sharply from
175.1 to 124.3 kJ/mol, reaching the minimum value of this interval at a = 65%. This stage
corresponds to intense oxidative release of volatiles. Isocyanate and polyol fragments gen-
erated by earlier urethane-bond cleavage decomposed rapidly as temperature increased,
releasing small molecules such as CO, COz, and olefins. The release of these volatile prod-
ucts involved a lower energy barrier, and the pore structure formed during earlier reac-
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tions improved mass transfer, jointly causing a marked decrease in apparent activation
energy.

In the third stage (70% < a < 80%), the activation energy increased again from 133.4
to 151.2 kJ/mol and reached a peak at & = 80%. This stage corresponds to cleavage of the
more stable ether bonds (-C-O-C-) in the polyether polyol backbone of PU and oxidation
of the residual carbon skeleton. Ether bonds have a higher bond energy than urethane
bonds and therefore require higher activation energy for cleavage. In addition, benzene-
ring structures in PU begin oxidative ring-opening reactions in this stage, further increas-
ing activation energy.

In the fourth stage (85% < a < 95%), the activation energy decreased again to 118.1
kJ/mol. This stage corresponds to deep oxidation and burnout of residual carbon. The re-
actants became more homogenized, and the pore structure formed during earlier reac-
tions allowed more sufficient oxygen diffusion, causing the activation energy to continue
decreasing.

For the mixed samples (P-C-1 to P-C-6), during the stage of 5% < a < 40%, when the
PU/coal ratio was lower than 1:10, the apparent activation energy of the mixed samples
was higher than that of pure coal, indicating an inhibitory synergistic effect. When the
PU/coal ratio was higher than 1:10, the apparent activation energy of the mixed samples
was lower than that of pure coal, indicating a promoting synergistic effect. With an in-
creasing PU proportion, the apparent activation energy showed an overall decreasing
trend.

4. Mechanism of the Coal-PU Synergistic Spontaneous-Combustion
Effect

Based on the experimental results presented above, the thermal interaction between
coal and PU during programmed heating is not a simple superposition of their individual
effects. Instead, coal and PU exhibit a pronounced synergistic effect that intensifies coal
spontaneous combustion. The mechanism of this synergistic spontaneous-combustion ef-
fect is illustrated in Figure 12. This effect extends throughout the process from low-tem-
perature oxidation to high-temperature pyrolysis. Essentially, the introduction of PU sys-
tematically alters the self-heating and combustion behavior of coal through two coupled
pathways: physical heat and mass transfer, and the chemical reaction network.

(1) Low-temperature melting (<200 °C). At relatively low temperatures, approximately
150-200 °C, PU first softens and melts, forming a viscous liquid phase. This liquid
phase wets and coats coal particles, forming a continuous polymer film on particle
surfaces and within pores. This process increases the effective contact area for gas—
solid-liquid multiphase reactions and enhances oxygen transport, pyrolysis-product
migration, and interfacial reactions at the coal/PU interface. Meanwhile, molten PU
fills the voids between coal particles, reducing the internal pore space and forming a
denser continuous phase with improved thermal conductivity. This improves heat-
transfer efficiency within the system and reduces local cold zones caused by poor
contact in pure coal samples, allowing the coal to heat more uniformly and rapidly.
As the temperature increases, high PU contents (>16.67%) promote the formation of
a ceramic-like bridging phase between coal particles, resulting in a dense coked mass
after cooling (Figure 9). During the reaction, this viscous molten phase, or initially
formed coked network, may temporarily restrict the escape of some macromolecular
products, prolonging their residence time in the high-temperature zone and promot-
ing deep cracking or secondary reactions that generate more small-molecule combus-
tible gases, such as CO and C2Ha. In addition, the molten phase may act as a micro-
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reactor for the coupling and rearrangement of free radicals and active intermediates,
thereby promoting pathways such as methyl-radical coupling to form ethane.
Medium-temperature pyrolysis (250-350 °C). The ether bonds (-C-O-C-) and ure-
thane bonds (-NH-COO-) in PU have relatively low bond energies and cleave within
the range of 250-350 °C. This decomposition directly releases large amounts of small-
molecule combustible gases, including CO, C2Hs, and C2Hs. These gases can undergo
gas-phase oxidation with oxygen at relatively low temperatures and release addi-
tional heat. This heat acts as an external heat source that compensates for the limited
heat release from coal oxidation at low temperatures, enabling the mixed system to
reach the heat-release rate required for a self-sustaining reaction at a lower overall
temperature. This mechanism directly explains the systematic decrease in CPT (Table
4). PU pyrolysis not only produces combustible gases but also generates highly reac-
tive oxygen-containing radicals, such as R-O-, alkyl radicals, and isocyanate-derived
radicals. These exogenous radicals can attack relatively stable aliphatic side chains
and bridge bonds in the coal macromolecular structure, causing coal molecules to
cleave at temperatures lower than their normal pyrolysis temperature and generating
new coal-derived radicals. In this sense, PU acts as a promoter for the chain reactions
involved in coal oxidation and pyrolysis, substantially reducing the activation energy
of the initial coal reaction and leading to earlier release of products such as C2Hs and
C2He.

High-temperature coking (>350 °C). During high-temperature coking, PU pyrolysis
and coal pyrolysis compete for hydrogen radicals (H-), which are key active species
in the system. This competition strongly modifies the final gas-product distribution.
For CHas generation, the key chain-termination step, -CHs + H-— CHs, is suppressed
because H- is extensively consumed by PU-derived radicals. As a result, CHs produc-
tion decreases as the PU content increases (Figure 4). In contrast, for C2 hydrocarbons,
PU pyrolysis directly provides precursors such as ethyl radicals (-C2Hs). In addition,
C: fragments produced from coal under the initiation of PU-derived radicals are
more readily stabilized as C2Hs through hydrogen abstraction or converted to C2Ha
through (-elimination in a radical-rich environment. This mechanism explains the
sharp increase in C2Hs and C2Hs concentrations with an increasing PU content (Fig-
ures 5 and 6). It should be noted that the proposed mechanisms of hydrogen-radical
competition and active-radical attack on coal molecules are mainly inferred from the
final gas-product distribution and existing knowledge of PU and coal chemical struc-
tures. Because of experimental limitations, this study did not directly detect in situ
radical concentrations during the reaction, for example, by electron paramagnetic
resonance (EPR). Further verification using in situ radical capture and quantum
chemical calculations is needed.

The decomposition of oxygen-containing functional groups in coal, including hy-

droxyl, carboxyl, and carbonyl groups, is the main source of CO. Amine compounds, iso-
cyanate fragments, and other nitrogen-containing species generated during PU heating,
together with the local reducing atmosphere formed by PU pyrolysis, may catalyze or
synergistically participate in the decomposition of oxygen-containing functional groups
in coal. This promotes CO release at lower temperatures and at higher rates (Figure 3). PU
decomposition may also directly generate CO. At the same time, PU melting and coating
increase the reaction interface, further accelerating this synergistic deoxygenation process.
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Figure 12. Schematic diagram illustrating the mechanism of the coal-PU synergistic self-ignition
effect.

5. Conclusions

Based on the experimental results, programmed heating tests using 2.0 kg multi-par-

ticle-size mixed samples provided a more realistic basis for analyzing the chemical reac-

tions between coal and PU during heating. This approach also enables the direct observa-

tion of PU penetration and coating on coal particles of different sizes in the post-combus-

tion residue.

)

()

€))

(4)

A pronounced content-dependent synergistic effect occurred during co-combustion
of coal and PU. Increasing the PU content increased the release concentrations of CO,
C2Hy, and CoHs and lowered their initial release temperatures, while inhibiting CHa
generation. This inhibition was attributed to competition between PU-pyrolysis rad-
icals and methyl radicals for hydrogen sources, which interrupts the -CHs + H-— CHa
pathway. No Cz2Hz was generated below 400 °C.

The CPT decreased linearly with an increasing PU content. For every 10% increase in
PU content, the CPT decreased by approximately 8.5 °C on average, and a higher PU
content produced a stronger tendency toward spontaneous combustion. The mecha-
nism is that combustible gases released by low-temperature PU pyrolysis rapidly ox-
idize and release heat, providing an additional heat source for coal-oxygen reactions
and allowing the system to reach the self-sustaining heat-release rate at a lower tem-
perature.

Residue morphology and reaction kinetics showed consistent critical features. Glassy
agglomerates appeared when the PU content exceeded 16.67%, and bulk coking oc-
curred when the PU/coal ratio was greater than 1:10. TGA-DSC and DAEM analyses
indicated that PU/coal = 1:10 was the critical point at which the synergistic effect
shifted from inhibition to promotion. Under the coal conditions used in this study,
the safe critical PU content is recommended to be controlled below 9.10%, and CO
and C2Ha should be prioritized as early-warning gases. This threshold is coal-specific
and was obtained for No. 3 coal from Wangzhuang Mine. It should not be directly
applied to coal samples of different ranks or metamorphic degrees without system-
atic testing and calibration using the experimental method established in this study.
Future work should conduct comparative studies on multiple coal types to develop
a more general prediction model for critical parameters.

Considering residue morphology and kinetic transition, the recommended safe crit-
ical PU content is £9.10%, and CO and C:Hu are priority early-warning gases. This
threshold is based on No. 3 coal from Wangzhuang Mine and is coal-specific; targeted
verification is required for other coal ranks. The synergistic effect proceeds through
three stages: low-temperature melting and coating, medium-temperature pyrolysis
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that supplies gases and free radicals, and high-temperature radical competition.
Thermodynamically, this effect decreases CPT and increases heat release. Kinetically,
it changes reaction pathways and the gas-product distribution by promoting CO,
C2H4, and CoHs while inhibiting CHa. Macroscopically, it substantially increases the
spontaneous-combustion risk of coal.
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