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To investigate the coupled effects of temperature and time on the evolution of coal pore structure, this
study employed low-field nuclear magnetic resonance (LF-NMR) combined with oil bath heat treatment
experiments to systematically characterize variations in T, relaxation spectra, pore size distribution,
throat structure, and porosity in coal samples. The experimental findings demonstrate that the T, spectra
of all coal samples display a bimodal distribution, wherein micropores represent the predominant pore
type, whereas macropores and fractures remain predominantly undeveloped. After heat treatment, the
micropore peak intensity decreased and shifted to a lower value, indicating pore contraction or collapse.
At 35 °C, the pore-throat volume and porosity exhibit characteristics of a dynamic equilibrium, showing
partial recovery after an initial short-term contraction. In contrast, at 65 °C, the thermal stress induced
by differential thermal expansion exceeds the strength of the coal matrix, resulting in the irreversible
collapse of micropores and a monotonic decrease in porosity. Submicron-sized pore throats (<0.1 pm)
exhibited higher sensitivity to the coupled effects of temperature and time, whereas macropore throats
remained largely unaffected. Furthermore, this study reveals that the coupled temperature—time effect
primarily governs the irreversible damage processes in the micropore-throat system through a thermal
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CSC is one of the primary hazards threatening coal mine safety.
It is fundamentally a low-temperature exothermic oxidation
process triggered by the interaction between coal and oxygen.'
This process is governed by the pore structure, wherein micro-
pores serve as the primary adsorption sites, and their connec-
tivity directly influences the efficiency of oxygen transport.
Under deep mining conditions, coal seams are persistently
subjected to geothermal environments ranging from 35 to 65 °
C. Temperature-induced cumulative thermal stress alters pore
structural characteristics, thereby accelerating the progression
of SC.*® Therefore, investigating the dynamic evolution of coal
pore structure under the coupled effects of temperature and
time, along with its influence mechanism on oxidation activity,
holds significant value for accurately predicting the risk of CSC,
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safety.

Current techniques for characterizing coal pore structures
primarily include mercury intrusion porosimetry (MIP), low-
temperature nitrogen adsorption (BET), and micro-computed
tomography (micro-CT).”® These conventional methods
exhibit certain limitations. For instance, mercury intrusion
porosimetry (MIP) applies high pressure that may compress the
microporous structure. The gas adsorption method lacks suffi-
cient resolution for pores larger than 100 nanometers. Although
micro-computed tomography (micro-CT) enables three-
dimensional reconstruction of the pore network, its resolution
is typically constrained to the micrometer scale, thereby
limiting the accurate detection of sub-micrometer pore throat
variations. In contrast, the LF-NMR technology, with its
advantages of non-destructive detection and full-pitch coverage,
has become an effective means for dynamic characterization. In
recent years, both domestic and international scholars have
conducted research and systematic analyses on the pore struc-
ture characteristics of coal from various perspectives. Zhao
et al.® investigated the pore structure of coal using techniques
such as mercury intrusion porosimetry and low-temperature
nitrogen adsorption. Their findings revealed that an increase
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in temperature led to a higher fractal dimension of large pores,
indicating more developed pore structures. Conversely, the
fractal dimension of small pores was observed to decrease with
rising temperature. Meng et al.'® employed a molecular-scale
reconstruction method to investigate coal pore structures and
proposed that with increasing coal metamorphic grade, the
specific surface area and pore volume initially decrease and
subsequently increase, while the pore quantity exhibits a tri-
phasic growth pattern characterized by rapid, followed by slow,
and then rapid increments. Jia'* employed scanning electron
microscopy to demonstrate that low-rank coal exhibits abun-
dant pore development with superior connectivity. Additionally,
mercury intrusion porosimetry and low-temperature nitrogen
adsorption experiments confirmed that the specific surface area
of micropores predominantly contributes to the total pore
surface area, serving as the principal adsorption sites for
methane in low-rank coal. Nan et al.'* applied CT scanning
technology to achieve quantitative characterization of coal's
microstructure and to visualize the seepage behavior within
macropores. Their analysis indicated that abrupt reductions in
pore radius in specific regions of the pore structure led to
a marked enhancement in seepage velocity. Wang et al.*®
investigated the impact of mixed acid solutions on the pore
structure of high-rank coal using LF-NMR combined with static
dissolution experiments. Their results revealed that the size,
quantity, and volume of all pore types in the distilled water-
treated coal samples exhibited a consistent reduction. Zhu
et al.** employed mercury intrusion porosimetry (MIP) and low-
temperature nitrogen gas adsorption (N,GA), in combination
with LF-NMR experiments, to systematically investigate the pore
structure characteristics of coal. Their results demonstrated
that the total porosity first decreases and then increases with
increasing coalification degree. Hu et al.** employed LF-NMR
technology to investigate the evolution of water states during
the wetting process of coal particles. Their observations indi-
cated that a reduction in particle size was associated with an
increase in the proportion of transition pores and micropores.
However, it was also found that when the particle size was either
excessively large or excessively small, the fractal characteristics
of these pores became less distinct. Yang et al.*® conducted
mercury injection, liquid nitrogen adsorption, and nuclear
magnetic resonance experiments, along with other methodol-
ogies, to systematically investigate the pore characteristics of
middle-rank coal reservoirs. Their findings revealed that with
increasing coal rank, the proportion of medium-to large-sized
pores and flowing pore throats progressively decreases. This is
accompanied by a deterioration in pore connectivity, ultimately
leading to a systematic reduction in permeability. Li et al.'
observed that with the increase in air pressure, the proportion
of small pores in the coal-rock first increased and subsequently
decreased, the connectivity of pore throats and fractures
improved, and the proportion of medium-to large-sized pores
initially decreased and then increased.

Most of the aforementioned studies have concentrated on
the effects of varying coal ranks and metamorphic degrees on
the pore structure of coal. However, the majority of existing
studies have primarily concentrated on coal pore responses
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under single temperature conditions or transient thermal
effects. A systematic understanding of the underlying mecha-
nisms by which the coupled effects of temperature and time
cooperatively govern the dynamic evolution of pore structure
over prolonged exposure periods remains limited. Accordingly,
this study employs a LF-NMR system to investigate the temporal
evolution of pore structures in coal samples subjected to varying
temperatures and durations. The research aims to establish
a theoretical framework elucidating the effects of temperature
and time on coal pore structures, thereby offering a novel
perspective for the prevention and control of SC.

2. Experimental approaches
2.1 Coal samples preparation

For this experiment, the coal samples were obtained from the
bituminous coal seam at Yilan No. 3 Coal Mine in Yilan County,
Heilongjiang Province. Fresh, large bulk samples were
collected, immediately packaged in sealed bags, and trans-
ported to the laboratory for analysis. A batch of cylindrical coal
cores (25 mm in diameter x 50 mm in height) was drilled using
an automatic coring machine. All experimental samples were
derived from the same raw coal block to ensure sample homo-
geneity. The drilled coal cores were initially screened to select
specimens with a homogeneous texture, regular geometry, and
no surface fissures for subsequent experiments. The results of
the proximate analysis of the coal samples are presented in
Table 1.

2.2 Experimental procedures

(1) The experimental procedure commenced with an oil bath
heat treatment of the coal samples. The selected samples were
loaded into glass test tubes, with five specimens per tube, and
hermetically sealed to prevent contamination or moisture
exchange. These sealed tubes were then placed in two inde-
pendent HH-350 oil baths, each maintaining a temperature
control accuracy of 0.5 °C, and subjected to different thermal
treatment conditions. Silicone oil was employed as the heating
medium due to its high specific heat capacity, which facilitates
rapid and uniform heat transfer, thereby ensuring consistent
and stable thermal distribution throughout the experiment.
Detailed treatment parameters and corresponding sample
designations are summarized in Table 2. Upon completion of
the designated treatment duration, the tubes were removed
from the oil baths and allowed to cool naturally to ambient
temperature over a period of 0.5 to 1 hour. Once cooled, the coal
samples were retrieved and immediately transferred into
airtight containers for subsequent characterization and
analysis.

(2) Nuclear magnetic resonance analysis. The pore structure
of the coal samples was characterized using an NMI20-040V-I

Table 1 Industrial analysis results of coal samples
M (ad)/% A (ad)/% V (ad)/% FC (ad)/%
9.58 5.08 39.50 45.84

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Processing methods and nomenclature of coal samples

Processing methods and nomenclature of coal samples

Oil bath
time Oil bath temperature Notation
. — RC
5 day 35°C M1
10 day M2
15 day M3
20 day M4
25 day M5
5 day 65 °C M6
10 day M7
15 day M8
20 day M9
25 day M10
Drill coal sample [ ¥ Selecting coal sample

______________ |
- X-X-X-1-]
I 2,

Exposed to

30MPa high- Wipe off the - LNMR Data
pressure water surface moisture I | test filtering I
I Sy —
| &1
i
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Fig. 1 Schematic flowchart of the experimental procedure.

LF-NMR analyzer. The specific procedure was as follows: The
heat-treated coal samples were first saturated by immersion in
water pressurized to 30 MPa for 12 hours. Subsequently, surface
moisture was gently blotted off with absorbent paper, and the
samples were then promptly transferred to the NMI20-040V-I
system for LF-NMR measurement. A schematic flowchart of
the experimental procedure is presented in Fig. 1.

(3) Data screening. The data from coal samples that
completed LF-NMR testing were screened. Three parallel coal
samples with comparable porosity were selected from each
group for subsequent analysis to ensure data reliability.

3. Results and analysis
3.1 T, relaxation spectrum analysis

Nuclear magnetic resonance (NMR) technology primarily
analyzes the distribution of relaxation times in time-domain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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signals to probe interactions between molecules.”®*® This
technique enables the determination of the 7, distribution of
water within the pores of fully water-saturated coal samples.
The relationship between the transverse relaxation time (T5)
and the internal pore radius () is presented in eqn (1):

eel)onl) o

where T, is the transverse relaxation time, ms; p,is the surface
relaxivity, um ms™'; § is the pore surface area, um?; V is the pore
volume, um?; F; is the pore shape factor (Fs = 3 for spherical
pores, Fs = 2 for cylindrical pores, and Fy = 1 for slit-shaped
pores); and r, is the pore radius, nm.

The relationship between the pore radius r. of the coal
samples and the transverse relaxation time T, is presented in

eqn (2):
Fe = OZTZ [2)

where « is a conversion factor, & = Fyp,.

As indicated by eqn (2), a positive correlation exists between
the transverse relaxation time (T,) and the pore radius of coal
samples. Specifically, a longer 7, value corresponds to a larger
pore size, a higher signal amplitude, and consequently,
a greater abundance of such pores. The area under the 7,
distribution curve reflects the relative proportion of pores and
fractures within the coal sample, whereas the number and
width of the peaks provide effective indicators of the distribu-
tion and connectivity of the internal pore structure.>*** The T,
distribution curves of water-saturated coal samples treated
under varying temperature and duration conditions are shown
in Fig. 2.

With ref. 22 to the pore classification method established in
the literature, pores were categorized based on their T, relaxa-
tion times as follows: micropores (0.01-1 ms), mesopores (1-10
ms), macropores (10-100 ms), and fractures/large pores (100-
10000 ms). As shown in Fig. 2, the T, distribution curves of the
experimental coal samples exhibit a bimodal pattern. The
relaxation times corresponding to the peak values fall within
the ranges of 0.1-10 ms and 20-100 ms, respectively, with the
majority of T, signals being primarily concentrated in the 0.1-
10 ms interval. Analysis of the T, distribution curves reveals that
the short relaxation time component dominates the spectrum,
suggesting that the pore structure of the experimental coal
samples consists predominantly of micropores and mesopores,
with macropores and fractures being poorly developed.
Furthermore, the lack of continuity between the two peaks
indicates relatively poor pore connectivity.

3.2 Pore size distribution characteristics

LF-NMR was utilized to perform non-destructive scanning tests
on raw coal samples and those subjected to thermal treatment
under varying temperatures and durations. The acquired NMR
signals were processed and transformed into pore size distri-
bution profiles, representing distinct pore size intervals, as
illustrated in Fig. 3. The suffixes —1, —2, and —3 denote parallel
replicate samples. According to the Hodot classification
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Fig. 2 T, distribution curves of water-saturated coal samples under varied temperature and time conditions.

method, the pore structure of coal is categorized into four types
based on diameter: micropores (<10 nm), mesopores (10-100
nm), macropores (100-1000 nm), and fractures (>1000 nm).>*
Among these, micropores serve as the primary space for
adsorbed gas storage in coal seams. Mesopores act as crucial
bridges connecting micropores to larger-scale pores, playing
a key role in gas diffusion processes. In contrast, free gas within
the coal seam is predominantly stored in the macropore
structure.

The Fig. 4 illustrates the average pore size distribution of
both raw coal and samples treated under various temperature
and time conditions. As revealed by the figure, the pore size
distribution is predominantly concentrated within the ranges of
0.0015-0.08 um and 0.1-2.9 um. This indicates a pore structure
dominated by micropores and mesopores, with a limited
development of macropores and negligible presence of frac-
tures. Compared to raw coal, the heat-treated coal sample
exhibits a reduced peak value in micropores, with the peak
shifting leftward. This suggests that the micropores may have
experienced contraction or collapse. Meanwhile, under the two
temperature conditions of 35 °C and 65 °C, the pore size
distribution demonstrates complex and divergent evolutionary
trends with prolonged heat treatment duration. Specifically, in
the 35 °C treatment group, the pore size distribution curve
exhibits a distinct peak at approximately 0.006 pum, with its
intensity demonstrating a fluctuant decline as the treatment
duration increases. Taking coal samples M1 through M5 as
examples, their peak values were 0.38%, 0.22%, 0.28%, 0.21%,
and 0.26%, respectively. The highest value was recorded at 5
days (M1), while the lowest occurred at 20 days (M4). In
contrast, under the 65 °C condition, the micropore peak
intensity at 5 days (M6) was 15.3% lower than that of the 35 °C
counterpart (M1), exhibiting a monotonically decreasing trend

44128 | RSC Adv, 2025, 15, 44125-44133

with prolonged treatment. By day 25 (M10), the peak intensity
had decreased by 40% compared to its initial state (M6),
resulting in a cumulative reduction of 55.2%. Furthermore, the
secondary peak within the 0.1-0.3 pm range in this treatment
group remained relatively stable from days 5 to 15 (M6-M8),
however, it exhibited notable attenuation during days 20 to 25
(M9-M10), suggesting that prolonged pyrolysis also induced
partial degradation of the mesoporous structure.

3.3 Pore throat structure characterization results

Pore throats refer to the narrowest constrictions between
interconnected pores and, together with the pores themselves,
collectively form the pore structure of coal. The size of pore
throats governs the lower limit of effective pore size in
connectable pores, and their distribution directly dictates
overall pore connectivity.**® According to research, pore
throats are classified into three categories by size: 0-0.25 um as
micropore throats, 0.25-1 pm as meso-macropore throats, and
greater than 1 pm as fractures. The proportional distribution of
pore throat sizes in coal samples treated under different
temperature and duration conditions is presented in Table 3.
Based on the analysis of coal pore structure evolution
mechanisms, the pore throat structure exhibits significant
scale-selective modification during heat treatment, with its size
distribution following the relationship shown in eqn (3):

2y cos 0

- @)

T
where ry, is the pore throat radius, pm; v is the liquid-solid
interfacial tension, N m™; ¢ is the contact angle; P. and is the
capillary pressure, MPa. The distribution of pore throats in coal
samples under various temperature and duration conditions is
presented in Fig. 5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Pore size distribution of coal samples under varied temperature and time conditions.

As observed in the figure, pore throat distribution values are
notably higher within the 0-0.1 pm aperture range and are
significantly more densely distributed compared to the r > 0.1
pum region. This indicates that the experimental coal samples

© 2025 The Author(s). Published by the Royal Society of Chemistry

contain abundant micropores with well-developed pore throats,
and exhibit superior connectivity compared to meso-macro-
pores. Furthermore, data analysis from Table 3 and Fig. 4
indicates that compared to raw coal, all heat-treated coal
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Fig. 4 Average pore size distribution of water-saturated coal samples
under varied temperature and time conditions.

samples exhibit a reduced proportion of micropore throats.
Specifically, in the 35 °C treatment group, the proportion of
micropore throats exhibited a nonlinear decreasing trend with
prolonged treatment duration (M1: 5.04% — M2:2.65% — M3:
3.38% — M4: 2.63% — M5: 3.20%), reaching its minimum
value at 20 days (M4). This fluctuating pattern may be attributed
to the contraction effect resulting from dehydration of clay
minerals in coal under low-temperature conditions:
AL,Si,05(0H), 25 AL,Si,0, + 2H,0. Moisture loss induces
pore throat contraction, while partial structural support from
mineral recrystallization creates a dynamic equilibrium

ony 10d
= o (o))
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Table 3 The proportion of pore throats in coal samples under
different temperature and time conditions

Micropore throats Meso-macropore Fractures

Notation (%) throats (%) (%) Overall (%)
RC 7.60 0.06 0.02 7.68
M1 5.04 0.07 0.02 5.13
M2 2.65 0.03 0.05 2.73
M3 3.38 0.08 0.04 3.50
M4 2.63 0.03 0.01 2.67
M5 3.20 0.06 0.05 3.31
M6 5.20 0.03 0.05 5.28
M7 4.81 0.06 0.03 4.90
Ms8 3.12 0.02 0.01 3.15
M9 2.02 0.04 0.02 2.08
M10 1.70 0.01 0.28 1.99

between these processes, leading to the proportional recovery
observed in M3 and M5. In contrast, the 65 °C treatment group
exhibited a monotonically decreasing trend over time. After 25
days of treatment (M10), the proportion of micropore throats
decreased to 1.70%, representing a 67.3% reduction compared
to the short-duration sample at the same temperature (M6), and
a cumulative decrease of 77.6% relative to the raw coal. Notably,
under prolonged 65 °C treatment (25 days, M10), the proportion
of fractures (>1 pm) abnormally increased to 0.28%, signifi-
cantly higher than that of other samples (generally <0.05%).
Integrated with the pronounced peak observed in the r > 1 um
region for sample M10 in Fig. 5, it can be inferred that pro-
longed high-temperature treatment amplifies the differential
thermal expansion coefficients between organic and mineral

Fig. 5 Pore throat distribution in coal samples under different temperature and time conditions.
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Table 4 Porosity of coal samples under different temperature and
time conditions

Parallel coal Porosity Average porosity

Notation sample notation (%) (%)

RC RC-1 6.66 7.69
RC-2 8.83
RC-3 7.58

M1 M1-1 5.94 5.13
M1-2 4.05
M1-3 5.4

M2 M2-1 2.77 2.73
M2-2 2.71
M2-3 2.72

M3 M3-1 3.53 3.51
M3-2 3.55
M3-3 3.45

M4 M4-1 2.27 2.68
M4-2 3.05
M4-3 2.71

M5 M5-1 3.78 3.36
M5-2 3.05
M5-3 3.26

M6 Meé-1 5.01 5.30
M6-2 5.13
M6-3 5.76

M7 M7-1 4.03 4.33
M7-2 5.12
M7-3 3.84

Ms8 Ms8-1 3.32 3.16
MS8-2 3.24
MS8-3 2.92

M9 MO-1 2.38 2.21
MO9-2 2.18
MO9-3 2.08

M10 M10-1 2.02 1.83
M10-2 2.01
M10-3 1.45

components within the coal matrix. This thereby induces
localized thermal stress concentration, ultimately exceeding the
coal's tensile strength and initiating fracture development. The
proportion of meso-macropore throats (0.25-1 pum) in all
experimental samples remained at an extremely low level
(<0.1%), showing no discernible trend with variations in
temperature or treatment duration. This clearly indicates that
heat treatment exerts significant scale-selective effects on the
pore structure of the coal matrix, particularly in terms of
modifying the seepage.

3.4 Porosity

As a heterogeneous porous medium, coal develops internal
thermal stress (ownerma) due to differential thermal expansion
coefficients among its components (organic matter/minerals),
as shown in eqn (4):

Othermal — EAO(AT (4)
where E is the elastic modulus of coal, MPa; « is the coefficient

of thermal expansion, K™'; AT is the temperature increase, K.
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Fig.6 Cumulative porosity of coal samples under various temperature
and time conditions.

Analysis of porosity evolution characteristics presented in
Table 4 and Fig. 6 indicates that the coupled effects of
temperature and time significantly influenced the pore struc-
ture of coal samples. Compared to raw coal, all heat-treated coal
samples exhibited reduced porosity, yet their evolution patterns
demonstrated distinct temperature dependence. Under 35 °C
conditions, porosity exhibited a nonlinear fluctuating decline
with prolonged treatment duration. An abrupt reduction
occurred in the short term (=10 days), driven primarily by pore
throat contraction (mainly due to clay mineral dehydration),
whereas during extended treatment, stress release facilitated
the reopening of partially closed pores. This process established
a dynamic equilibrium between contraction and re-expansion,
resulting in a modest recovery of porosity. Under 65 °C condi-
tions, however, thermal stress induced by pronounced differ-
ential thermal expansion (increased AT) exceeded the strength
of the coal matrix, resulting in a monotonically decreasing trend
in porosity with prolonged treatment duration, accompanied by
an accelerating rate of decline. This process is primarily char-
acterized by the irreversible collapse of micropores. Even
though localized thermal stress concentration induced fracture
formation during the later stage (25 days) (see Table 3), the
newly created pore volume failed to compensate for the pore
loss resulting from micropore collapse.

4. Conclusions

Using LF-NMR technology, this study systematically investi-
gated the coupled effects of temperature (35 °C and 65 °C) and
time (5-25 days) on the pore size distribution, pore throats, and
porosity of bituminous coal. The research reveals the dynamic
evolution mechanisms of coal pore structure under coupled
temperature-time conditions. The main conclusions are as
follows:

(1) The T, distribution curves of coal samples treated at
different temperatures and durations all exhibited a bimodal
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structure. The pore system was predominantly composed of
micropores, with relatively fewer mesopores, while macropores
and fractures remained largely undeveloped. The two pore peaks
exhibit a lack of continuity, indicating poor connectivity within the
coal sample. Heat treatment results in a reduction of the micro-
pore peak intensity and a shift toward shorter relaxation time
values, indicating structural contraction or collapse of the micro-
pore system.

(2) Under the 35 °C treatment condition, both pore-throat
volume and porosity exhibited non-monotonic evolution char-
acteristics, characterized by a dynamic equilibrium process of
partial recovery following initial rapid contraction. This pattern
reflects the competitive mechanism between clay mineral
dehydration and organic matter stress release within the coal.
However, under the 65 °C experimental condition, micro-pore
collapse induced by differential thermal expansion becomes
the dominant mechanism. The resulting damage cannot be
offset by the subsequent development of fractures, leading to
a continuous reduction in total pore volume. Consequently,
both pore throat dimensions and overall porosity exhibit
a synchronous and irreversible decline.

(3) The pore throat distribution is predominantly localized
within the sub-micron scale (<0.1 pm), where the reduction in
pore volume constitutes the primary contributor to the observed
decline in overall porosity. In contrast, the larger-sized pores
exhibited minimal response to the coupled effects of tempera-
ture and time, suggesting that the modification of seepage
channels is constrained by the critical size effect inherent in the
micropore throat system.

(4) This study reveals pore structure evolution patterns,
particularly the two distinct modes of “dynamic equilibrium” at
35 °C and “irreversible collapse” at 65 °C, providing new
structural perspectives for understanding how temperature—
time coupling effects modulate the potential mechanisms of
coal spontaneous combustion propensity. It is well established
that pores serve as the primary sites for gas adsorption and
diffusion. Based on findings, it can be reasonably inferred that
the dynamic pore structure changes observed at 35 °C may
intermittently affect the opening and closing of oxygen diffu-
sion pathways, thereby exerting complex modulation on the
oxidative activity of the coal mass. At 65 °C, the irreversible
collapse of micropores and the sustained reduction in porosity
may fundamentally impair oxygen transport and adsorption
capacities, while simultaneously altering the retention envi-
ronment for reaction products. These pore structure-driven
effects are likely to represent key structural determinants
underlying the complex variations in coal's propensity for
spontaneous combustion. In subsequent research, this
hypothesis will be empirically validated through direct corre-
lations between pore structural parameters and gas adsorption
or reactivity measurements.
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