
Influence of pulverization on the 
micropore structure of coal and its 
fractal characteristics
Biao Hu1, Zeyu Ren1, Rongwei Luo1, Shugang Li1, Rong Zhang2, Hang Long1 & 
Liang Cheng1

This study conducted extensive repetitive experiments by continuously adjusting the adsorption 
equilibrium judgement criteria to obtain reliable low-pressure CO2 adsorption (LPGA-CO2) isotherms 
at 273 K for coal samples of different particle sizes. And the Horvath-Kawazoe (HK) model and density 
functional theory (DFT) were then employed to analyze the true evolution laws of micropore size 
distribution and its fractal characteristics in coal samples during the pulverization. It was found that 
constrained by the gas adsorption kinetics in large-particle coal samples, coal particles exceeding 
0.3 mm are not recommended for porosity testing using LPGA-CO2 (273 K). As coal particle size 
decreased from 0.3 mm to 0.075 mm, the most probable pore size in the micropore size distribution 
decreased, while micropore volume and surface area initially increased linearly. Below 0.075 mm, 
these parameters exhibited irregular, overall declining trends. These findings suggest that when the 
coal sample is crushed to a particle size below 0.075 mm, the internal closed pores are continuously 
opened, thereby promoting an increase in micropore volume. Concurrently, with increasing 
pulverization intensity, the micropore fractal dimension exhibited a linear rise from 2.029 to 2.337, 
demonstrating significantly enhanced surface roughness and spatial heterogeneity in micropores as 
coal particle size decreased.
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Coal, as a complex porous medium, possesses internal pore structures spanning from micrometer to molecular 
scales1,2. Previous research indicates that micropores dominate the pore structure of coal and serve as the 
primary storage space for coalbed methane3,4. Due to technical limitations, it remains challenging to directly and 
accurately determine the pore fracture structure and methane storage/migration characteristics in in-situ coal. 
Therefore, domestic and foreign scholars usually utilize small particle samples for alternative tests5. Characteristics 
derived from such particle samples are applied in on-site practice. For instance, China commonly employs the 
methane adsorption characteristics of coal samples with 0.18–0.25 mm particle size to describe the adsorption 
performance of in-situ coal. However, since particle pulverization significantly influences the sample’s inherent 
properties6, investigating the dynamic evolution of micropore structure and its fractal characteristics during coal 
pulverization process is crucial for reproducing the true pore structure and properties of coal.

Various pore testing techniques have been employed in previous studies to describe the pore structure of 
coal particle samples, including field emission scanning electron microscopy (FE-SEM)2, scanning electron 
microscopy (SEM)7, atomic force microscopy (AFM)8, small-angle X-ray scattering (SAX)9, computed 
tomography (CT)10,11, mercury intrusion porosimetry (MIP)12, physical gas adsorption12,13, and nuclear 
magnetic resonance (NMR)14. Among them, MIP and physical gas adsorption are the most widely utilized. MIP 
is typically applied for characterizing macropore structures (> 50 nm) due to pore structural damage from elastic 
compression of coal at high pressures. Physical adsorption diverse gas adsorbates (argon, carbon dioxide, ethane, 
helium, krypton, methane, nitrogen, water vapor, xenon, etc.) are employed for quantitatively characterizing 
surface area, pore size distribution, and porosity of coal and other carbonaceous materials at lower cost and 
greater convenience than advanced techniques1. Among these, carbon dioxide (CO2) and nitrogen (N2) are the 
most prevalent gas adsorbates. Although CO2 has a larger molecular diameter (0.387 nm) than N2 (0.315 nm)15. 
The activation diffusion during the N2 adsorption process at 77 K is limited by temperature, which delays gas 
permeation. In contrast, the thermal energy associated with CO2 at 273 K is much greater16–20. (the diffusion rate 
of CO2 at 273 K has been confirmed to be 105 times that of N2 at 77 K)21. This indicates that the low-pressure 
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N2 adsorption experiment is not ideal in quantitatively evaluating microporosity, especially for the size range of 
ultra-micropores (pore width less than 0.7 nanometers). Therefore, low-pressure CO2 adsorption (LPGA-CO2) 
technology was often used to quantitatively characterize the micropore structure of particle coal samples in 
previous studies22.

However, scholars hold divergent views regarding whether pulverization affects the micropore structure of 
coal samples. Han et al.23 contend that simple mechanical pulverization significantly impacts mesopore and 
macropore structures in coal but cannot disrupt nanoscale micropore structures. Conversely, Wang et al.24,25 
argue that the pulverization of coal samples alters their pore structure, leading to an increase in micropore and 
mesopore volumes, thereby enhancing their gas adsorption capacity. In a separate study, Wang et al.26 investigated 
the complexity of pore structures in coal samples of varying particle sizes, finding that the pulverization process 
substantially influences the complexity of pore structure; specifically, pore structure tends to simplify as particle 
size decreases. Li et al.27 examined the effects of coal particle size and temperature on the pore structure of 
low-rank coal, observing that micropore volume decreases with increasing treatment temperature when coal is 
pulverized at elevated temperatures. In our previous studies28,29, it has been found that using the same testing 
standards to characterize the pore structures of coal samples with different particle sizes can result in significant 
errors in the pore structure testing, often overestimating the impact of pulverization on the pore structure of 
coal samples.

In order to avoid the test errors caused by adsorption disequilibrium mentioned by scholars28,29, this study 
deeply analyzed the limitations of LPGA-CO2 measurement, continuously refined the equilibrium judgment 
criteria for LPGA-CO2 measurement. Extensive repetitive experiments were conducted on samples of varying 
particle sizes to obtain reliable equilibrium CO2 adsorption isotherms. Finally, under the prerequisite of ensuring 
accurate porosity testing, the influence of pulverization on the micropore distribution and fractal characteristics 
of coal samples was systematically analyzed. This study helps scholars to accurately obtain the micropore 
structures of coal samples with different particle sizes using LPGA-CO2 (273 K) method, and to determine the 
influence of pulverization on the micropore structure of coal and it fractal characteristics.

Sample preparation and experiments
Coal sample preparation
In order to objectively evaluate the influence of coal pulverization on coal micropore structure and their 
fractal characteristics, fresh coal samples were taken from Working Face 21,070 of the No. 9–10 coal seam at 
Pingdingshan Coal Mine No. 8, Henan Province, China, following GB/T 19,222 − 2003. Fresh large pieces of 
coal samples were collected at the working face and packed into special sealed bags to prevent oxidation. After 
the coal samples were transported back to the laboratory, to avoid the impact of gangue and plastic impurities 
from on the subsequent test results, the coal samples were first subjected to secondary screening and then the 
screened coal samples were crushed. Finally, used a vibrating screen to screen the coal sample into samples of 
different particle size ranges, and put them into sealed bags respectively for future use. The particle size ranges of 
the samples were 1.0–2.0 mm, 0.5–1.0 mm, 0.3–0.5 mm, 0.2–0.3 mm, 0.125–0.2 mm, 0.075–0.125 mm, 0.045–
0.075 mm and < 0.045 mm respectively.

Particle size distribution test
To facilitate quantitative analysis of the relationship between particle size and their pore structure/fractal 
characteristics of coal samples, particle size distribution was measured for samples across different particle size 
ranges using the Bettersize2600 laser particle size analyze produced by Dandong Bettersize Instrument Co., Ltd. 
in accordance with the GB/T 19,077 − 2016 standard. To ensure the experimental data accuracy, the median 
particle size (D50) tests were repeated three times, with the average value recorded in Table  1 (Where Mad 
denotes moisture content, Ad denotes ash yield, Vdaf denotes volatile matter and FCad denotes fixed carbon). The 
picture of the testing equipment is shown in Fig. 1.

Industrial analysis test
In accordance with the GB/T212-2008 standard, moisture, ash content, volatile matter, and fixed carbon were 
measured for coal samples of various particle sizes using the 5E-MAG6600 fully automatic industrial analyzer 
manufactured by Changsha Kaiyuan Instrument Co., Ltd. To ensure experimental data accuracy, the industrial 
analysis was repeated three times with average values obtained. The test results are shown in Table 1, and a 

Particle size range (mm) D50 (mm) Mad (%) Ad (%) Vdaf (%) FCad (%)

1.0–2.0 1.054 ± 0.021 0.80 18.57 29.34 57.08

0.5–1.0 0.631 ± 0.009 0.95 18.68 28.75 57.39

0.3–0.5 0.392 ± 0.012 0.89 17.49 28.69 58.32

0.2–0.3 0.270 ± 0.002 0.98 16.03 28.96 59.07

0.125–0.2 0.180 ± 0.004 1.05 15.36 29.01 59.45

0.075–0.125 0.106 ± 0.003 1.18 14.20 29.06 60.15

0.045–0.075 0.046 ± 0.002 1.18 14.06 28.73 60.53

< 0.045 0.013 ± 0.001 1.28 13.86 28.59 60.73

Table 1.  Basic parameters of coal samples with different particle sizes.
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photograph of the testing equipment is presented in Fig. 1. Based on industrial analysis of coal samples with 
varying particle sizes (Table 1), significant variations in fundamental parameters are observed even within the 
same coal sample. Moisture content exhibits a pronounced increasing trend with decreasing particle size, rising 
from 0.80% to 1.28%. This result aligns with the test results of Jin et al.30, speculating that the pulverization 
of coal samples leads to varying degrees of enhanced pore development, resulting in the inherent moisture 
content of small-particle coal samples being higher than that of large-particle coal samples. Ash content of 
coal samples demonstrates a marked increase with larger particle size, climbing from 13.86% to 18.68%. A 
similar trend reported by Cloke et al.28,31 is speculated to result from incomplete high-temperature combustion 
for an insufficient period of time within larger particles during ashing, where unburned combustible matter 
is erroneously measured as ash, yielding elevated values. Fixed carbon content shows a significant rise with 
decreasing particle size. This can be likewise attributed to incomplete volatile matter release for an insufficient 
period of time during industrial analysis, causing anomalously high volatile readings in larger particles28. Volatile 
matter content shows no clear correlation with particle size. Collectively, these findings indicate that after the 
coal sample is crushed and sieved, there are certain alterations in industrial analysis components, including 
moisture, ash, volatile matter, fixed carbon, may be attributable to the crushing process, the sieving process and 
the industrial analysis experiment process of the coal sample.

LPGA-CO2 test
To quantitatively investigate the impact of coal pulverization on its internal pore structure and fractal 
characteristics, this study employed LPGA-CO2 (273 K) to characterize the micropore structure. The LPGA-
CO2 (273 K) tests were conducted using an Autosorb-iQ2 automated gas sorption analyzer (Fig. 1) produced by 
Quantachrome Instruments, USA, the test and data processing & analysis were carried out according to GB/T 
21650.3–2008/ISO 15901-3:2006. Prior to testing, samples were pre-dried (323 K, 48 h) to prevent damage to the 
spiral molecular pump of physical adsorption instrument by residual moisture. Samples were degassed at 373 
K for 10 h in the degas station to remove gases, moisture, and other impurities in the samples at the beginning 
of the experiment. Subsequently, the sample tube was transferred to the analysis station and immersed in a 
273.15 K ice-water bath. Adsorption data were collected within the range of relative pressure of 3 × 10− 5 to 
0.0289 (the value of CO2 saturated vapor pressure at 273 K in the analysis software was 26,200 torr, about 3.496 
MPa)32. In the setting of experimental equilibrium determination parameters (time interval), in order to ensure 
that the CO2 adsorption of different coal samples reached complete equilibrium, the experimental adsorption 
equilibrium determination time was continuously revised28,29 until the same adsorption isothermal line was 
obtained under different experimental equilibrium determination parameters (time interval). This indicated 
successful completion of the repeatability test, with the resulting LPGA-CO2 adsorption isotherm at 273 K being 
designated as the final reference. To conserve resources, the final equilibrium adsorption isotherms for ultra-
large particle size samples were not measured.

Results and analysis
LPGA-CO2 adsorption isotherms
Previous studies by Mastalerz et al.28,33–36 found that large-particle coal samples were difficult to reach gas 
adsorption equilibrium, concluding that the physical adsorption method was unsuitable for characterizing large-

Fig. 1.  Images of the experimental apparatus: (a) Bettersize2600 laser particle size analyzer; (b) 5E-MAG6600 
automatic proximate analyzer; (c) Autosorb-iQ2 Automated Gas Sorption Analyzer.
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particle coal samples’ pore structures. Moreover, comparing the isothermal data under adsorption equilibrium 
and non-equilibrium conditions of large-particle coal samples revealed that adsorption disequilibrium had a 
significant impact on pore structure characterization29. To investigate the interrelationship among the particle 
size, micropore structure and adsorption characteristics of coal samples, extensive repetitive experiments were 
conducted in this study, continuously changing the equilibrium judgment time during the adsorption test 
process. Finally, the LPGA-CO2 (273 K) adsorption isotherms of 21070Y coal samples with different particle 
sizes were obtained, as shown in Fig. 2. When testing the LPGA-CO2 (273 K) adsorption data of the 21070Y coal 
sample with a particle size of 0.3⁓0.5 mm, the adsorption equilibrium judgment time was set to 12 min, resulting 
in a total adsorption test duration of approximately 3560 min. Considering factors such as test reliability, time 
and cost, the LPGA-CO2 (273 K) adsorption data of coal samples larger than 0.5 mm were not subjected to 
repetitive testing.

Analysis of the LPGA-CO2 (273 K) adsorption curves for different particle sizes of the 21070Y coal sample 
(Fig. 2) reveals that the adsorption isotherms for particles larger than 0.5 mm exhibit a distinct linear trend 
with increasing pressure, whereas those for smaller particles tend to follow a Langmuir-type trend. At a relative 
pressure of 0.0289, the CO2 adsorption capacity of the 21070Y coal sample increases from 4.658 cm3/g to 10.997 
cm3/g (2.36 times) as particle size decreases. However, for coal particle below 0.3 mm, the CO2 adsorption 
capacity of the 21070Y coal sample rises by only 9.2%. This indicates that the near-linear adsorption isotherms 
observed for large-particle coal samples of the LPGA-CO2 (273 K) test result from adsorption disequilibrium, 
which significantly impacts the quantitative characterization of the micropore structure in coal29. Therefore, 
when utilizing the LPGA-CO2 (273 K) adsorption method to characterize the micropore structure of coal, it is 
recommended that the selected coal particle size should not exceed 0.3 mm29,36.

Pore size distribution of micropores
The commonly used data analysis methods for the LPGA-CO2 (273 K) isothermal adsorption data mainly 
include the Dubinin-Astakhow method (DA method)37, the Horvath-Kawazoe method (HK method)38,39, the 
Saito-Foley method (SF method)40,41, the Monte-Carlo molecular simulation method (MC method)42,43 and the 
density functional theory (DFT) method. For instance, Hu et al.28 processed the LPGA-CO2 (273 K) isothermal 
adsorption data of the same coal sample using different data analysis methods and obtained the pore size 
distribution characteristics, as shown in Fig. 3.

  
Figure 3 presents the pore size distribution characteristics of micropores in coal sample obtained using five 

analytical methods: DA, HK, SF, DFT and MC. Comparison reveals that the DA method exhibits the broadest 
analysis range (0.02–6.0 nm), while the HK method has the narrowest range (only 0.3–0.6 nm). The SF method 
covers a range of 0.31–1.05 nm. The DFT and MC methods share an identical pore size distribution range (0.3–
1.47 nm) and demonstrate strong consistency across this entire range. At the same time, both methods show 
excellent agreement with the HK method when analyzing the pore structure of ultra-micropores smaller than 
0.6 nm28. Considering the applicability and analysis ranges of these methods, this study ultimately employed 
the DFT and HK methods to process the LPGA-CO2 (273 K) adsorption isotherm data. The DFT method 
was selected as the primary tool for its robust theoretical basis and its ability to provide accurate quantitative 
parameters across the entire micropore range. However, we observed that the data points of the pore size 
distribution curves generated by DFT in the ultra-micropore region (< 0.7 nm) are too scattered to precisely 
resolve the distribution peaks. Therefore, to better characterize the subtle changes in the most probable pore 
size, the HK method was adopted as a supplementary means. The HK method can generate a more continuous 
curve in this narrow range, facilitating a clearer comparative analysis of the distribution characteristics of ultra-
micropores. To facilitate comparison of the particle size effect on pore structure and to exclude interference 

Fig. 2.  LPGA-CO2 (273 K) adsorption isotherms of coal samples with different particle sizes.
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from disequilibrium adsorption data, the cumulative pore volume distribution characteristics for 21070Y coal 
samples with particle sizes less than 0.5 mm were compared, as shown in Fig. 4. The fitting errors for the DFT 
method were consistently below 1%, indicating good data reliability.

Within the pore size range of 0.3–0.45 nm, the cumulative pore volume distribution curves rise with 
decreasing coal particle size. However, when the pore size increases to approximately 0.6 nm, the cumulative 
pore volume distribution curves almost overlap, indicating that the cumulative pore volumes of 21070Y coal 
samples with different particle sizes are almost the same within the range of 0.3 to 0.6 nm. Due to the overly 
discrete data points of the pore size distribution curves obtained using the DFT method for analyzing ultra-
micropores (< 0.7 nm), the HK method is employed to comparatively analyze the ultra-micropore pore size 
distribution laws of the 21070Y coal samples. The volume distribution curves of 21070Y coal samples with 
different particle sizes within the 0.3–0.6 nm range increase gradually with pore size, reach a peak of the pore 
size distribution curve, and then decline. Comparison reveals that the most probable pore size at the peak of the 
pore size distribution curve is closely related to the coal sample and its particle size. Pore size distribution for 
large-particle coal samples exhibit a faster growth rate and a more significant decay after the peak point. This 
phenomenon may be attributed to the following reasons: (1) The abundant ultra-micropore structure in small 
coal particles may be newly generated during coal sample crushing process, resulting from the destruction of 
pore structures within the 0.45–0.6 nm range. (2) Small-particle coal samples contain numerous closed pores 
at the ultra-microporous scale. During the particle crushing process, the structural weak surfaces within the 
closed pores are damaged, which leads to the continuous opening of the closed pores and causes the ultra-
micropores to increase as the particle size decreases. (3) pulverization itself may not affect ultra-micropores, but 
the diffusion path of micropores in large-particle coal samples is relatively long, which leads to insufficient filling 
of micropores during the pore testing process. Gas molecules that should have been adsorbed at lower relative 
pressures are transferred to higher relative pressures, thereby introducing bias into the pore analysis results29,36.

Fig. 3.  Comparison of pore size distribution of low-pressure CO2 (273 K) adsorption isotherms by different 
data analysis methods28.
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Fractal features of micropore structures
The LPGA-CO2 (273 K) adsorption method is based on the adsorption behavior of CO2 molecules at 273 K to 
characterize the micropore structure of coal samples. To quantify the geometric complexity of the micropore 
structure, a fractal dimension analysis was performed on the adsorption data. The selection of an appropriate 
fractal model is crucial and depends on the underlying physical adsorption mechanism. For instance, the 
Frenkel-Halsey-Hill (FHH) model is widely used for multilayer adsorption, often applied to N2 adsorption 
isotherms. However, low-pressure CO2 adsorption at 273 K is dominated by micropore volume filling rather 
than surface layering. Consequently, a model based on the principles of micropore filling is more suitable for 
characterizing the geometric complexity of the micropore network. The Sierpinski model, as adapted for gas 
adsorption, provides such a framework. The Sierpinski fractal method describes the relationship between the 
typical fractal volume V embedded in three-dimensional space and the characteristic measurement scale L as:

	 V = L(3−DSIE)� (1)

Where DSIE is volume fractal dimension.
On this basis, Angulo et al.44 argued that the LPGA-CO2 process is not a box-counting process of Sierpinski 

fractal dimension, and modified Eq. (1) to a relationship between volume and pressure:

	 V ∝ (p − pt)(3−DSIE)� (2)

Where V is the volume of CO2 adsorbed at equilibrium pressure p; pt is the threshold pressure, for the isothermal 
adsorption experiment of LPGA-CO2 (273  K), the pressure value of the first adsorption data point on the 
isothermal adsorption curve is usually taken.

Taking the logarithm of both ends of Eq. (2):

	 ln V = c + (3 − DSIE) ln (p − pt)� (3)

During the CO2 adsorption process at 273 K, CO2 molecules are adsorbed in the form of micropore filling in 
the micropore structure. To ensure the reliability of the fractal data, the CO2 adsorption data with a relative 
pressure less than 0.02 is selected for analysis. The LPGA-CO2 (273 K) adsorption data measured by different 
particle sizes of 21070Y coal samples were brought into Eq. (3), plot with ln(p-pt) as the abscissa and ln(V) as the 
ordinate, as shown in Fig. 5.

The volumetric fractal dimension DSIE of 21070Y coal samples across varying particle sizes ranges from 1.786 
to 2.337, exceeding the normal range of the fractal dimension (2⁓3). Moreover, the samples that exceed the value 
range are all from large-particle coal samples. Coupled with the LPGA-CO2 (273 K) isotherms of the 21070Y 
coal samples with different particle sizes shown in Fig. 2, it is speculated that the LPGA-CO2 (273 K) isotherm 
adsorption data of the large-particle coal samples are non-equilibrium data and cannot accurately characterize 
the micropore structure of the coal samples29,36. Therefore, the fractal dimension values DSIE derived from coal 
samples with particles sizes exceeding 0.3 mm fall below 2 due to data distortion, suggesting that such DSIE 
results for large-particle coal samples may be meaningless. To avoid the influence of non-equilibrium adsorption 
data on the characterization of pore structure, comparison of DSIE in sub-0.3 mm coal samples reveals that when 
the particle size of the coal sample decreases from 0.3 mm to < 0.045 mm, the DSIE of the 21070Y coal sample 
rises linearly from 2.029 to 2.337 (+ 15.2%) indicating an increase in the surface roughness and tortuosity of the 
micropores. This changing trend aligns with the volume and specific surface area of coal samples’ micropores 

Fig. 4.  Variation of pore with coal particle size: (a) cumulative micropore volumes (DFT method); (b) volume 
distribution of ultra-micropores (HK method).
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with different particle sizes in Sect. 3.2, demonstrating that as the particle size decreases, the internal micropore 
structure gradually increases, and the internal pore network becomes more complex. It is speculated that coal 
pulverization likely opens a large number of closed pores inside the coal, thereby increasing the number of 
micropores and elevating fractal dimensions.

The influence of pulverization on the coal pore structures
The LPGA-CO2 (273 K) adsorption isotherm data of the coal samples were analyzed using the DFT method. The 
total pore volume and specific surface area of the micropore pore structures within the 0.33–1.5 nm range for 
different particle sizes of the 21070Y coal sample were summarized in Table 2. Meanwhile, the volume fractal 
dimension (DSIE) was calculated based on the slope of the fractal fitting curves described in Sect. 3.3, and the 
fractal dimension results were also compiled in Table 2. Based on the fractal dimension calculation results for the 
0.3–0.5 mm coal samples, it was judged that the LPGA-CO2 (273 K) isothermal adsorption data for coal samples 
with particle sizes above 0.3  mm were likely disequilibrium data. Therefore, the micropore volume, specific 
surface area, and fractal dimension of the coal samples with particle size less than 0.3 mm were analyzed. The 
variation of pore characteristic parameters of micropores with median particle size during the crushing process 
is presented in Fig. 6.

Figure 6 shows that as the particle size of coal sample decreases from 0.2 to 0.3 mm (D50 = 0.270 mm) to < 
0.045 mm (D50 = 0.013 mm), the micropore volume of coal sample rapidly increases from 0.035 cm3/g to 0.038 
cm3/g and then slowly reduces to 0.037 cm3/g. The specific surface area of micropores rapidly increases from 
107.260 m2/g to 117.418 m2/g and then slowly rises to 117.493 m2/g, while the micropore fractal dimension 
increases linearly from 2.029 to 2.337. Comparing the changes of micropore volume, specific surface area and 
fractal dimension of 0.075⁓0.2 mm particle size with the particle size of the coal sample reveals a relatively stable 
impact of coal pulverization on the micropore structure of 21070Y, with these parameters basically increasing 
linearly as particle size decreases. It is speculated that when the mechanical destruction reaches a particle size 
of 0.075 mm, the closed pores inside the coal sample are continuously opened, thereby promoting the growth 
of the micropore structure. However, for sizes below 0.075 mm, both the microporous pore volume and specific 
surface area decrease to a certain extent with decreasing particle size, exhibiting no clear variation trend. It 
is speculated that when the particle size of the coal sample is mechanically damaged to below 0.075 mm, the 
internal pores are damaged, thereby promoting the collapse of the micropore structure28,29,36. Combined with 

Particle size range(mm)

Pore size distribution
Fractal 
dimension

PV (cm3/g) SSA (m2/g) DSIE R2

0.3⁓0.5 0.033 99.151 1.973 0.9885

0.2⁓0.3 0.035 107.260 2.029 0.9819

0.125⁓0.2 0.037 113.248 2.095 0.9786

0.075⁓0.125 0.038 117.418 2.213 0.9754

0.045⁓0.075 0.035 113.978 2.321 0.9909

< 0.045 0.037 117.493 2.337 0.9910

Table 2.  Results of pore volume and specific surface area of 21070Y coal samples with different particle sizes.

 

Fig. 5.  Fractal fitting curve of the low-pressure CO2 (273 K) adsorption data of 21070Y coal samples with 
different particle sizes.
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the variation law of macropore structure with particle size in coal samples by other scholars during the coal 
crushing process, it can be found that the mesoporous pore volume and specific surface area inside the coal 
particles increase rapidly with decreasing particle size, with an increase range of 348.2%⁓501.3%. This indicates 
that coal pulverization has a significant impact on the coal pore structure45, inevitably leading to drastic changes 
in the occurrence and migration characteristics of gas in coal. Schematic diagram of microporous structure 
evolution during coal pulverization process is shown in Fig. 7, which can be divided into three stages: (I) a large 
coal particle contains a network of accessible micropores (m), a limited external surface (e), and numerous 
inaccessible closed pores (c); (II) moderate pulverization breaks the particle, creating new external surfaces and 
opening some closed pores, which become part of the accessible micropore network, thus increasing the total 
measurable micropore volume; (III) intensive pulverization to very fine sizes continues to open closed pores but 
may also cause mechanical damage and collapse of the delicate pore walls, potentially leading to a stabilization 
or slight decrease in the overall micropore volume, as observed for particles smaller than 0.075 mm.

The pore structure in coal, as a typical fractal geometry, exhibits a fractal dimension that partially reflects 
the roughness and complexity of the pore structures. Therefore, a correlation analysis is conducted between the 
fractal dimension of coal samples with a particle size of less than 0.3 mm and their pore volume / specific surface 
area. The relationship between the volume fractal dimension DSIE obtained based on the adsorption data of 
LPGA-CO2 (273 K) and the pore volume / specific surface area is shown in Fig. 8.

It can be known from Fig.  8 that the fractal dimension DSIE of micropores and the pore volume of coal 
samples with particle size less than 0.3 mm show irregular changes, while the change between DSIE and the 
specific surface area shows a certain law. The least square method is used to fit the relationship between the 

Fig. 7.  Schematic diagram of microporous structure evolution during coal pulverization process. (The letter 
“c” denotes closed pores, the letter “m” represents micropores, and the letter “e” indicates the external surface.)

 

Fig. 6.  The relationships between the median particle size of coal samples and their pore volume, specific 
surface area, and fractal dimension.
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fractal dimension of micropores and the specific surface area, indicating that there is a positive correlation 
between the two (SSA = 23.716DSIE + 61.727, R2 = 0.5950). It manifests that the finer the coal sample particles are, 
the more complex the surface of the micropores is, which is consistent with the conclusion proposed by Hao et 
al. that “the surface area of the micropores dominates the fractal dimension”.

It should be noted that the coal samples employed in this study are medium-rank coal. The pore testing 
technique adopted is only LPGA-CO2 to characterize micropores, without using alternative fractal theories to 
analyze micropore fractal characteristics. Therefore, it is possible to consider preparing more coal samples with 
varying metamorphic degrees and utilize more testing methods to analyze their pore structures in the future, 
such as SANS or FIB-SEM to analyze the changes in micropore characteristics, apply diverse fractal theories to 
conduct deeper investigations into their fractal properties.

Conclusions
This study employs a rigorous methodology to ensure the attainment of true adsorption equilibrium, providing a 
more reliable dataset to address existing controversies regarding the impact of pulverization on coal micropores 
in previous research. It enables scholars to accurately characterize the micropore structure of coal samples with 
different particle sizes using the LPGA-CO2 (273 K) method, and to determine the effects of pulverization on 
both the micropore structure and fractal characteristics of coal.

	(1)	 For coal samples with particle sizes exceeding 0.3 mm, the LPGA-CO2 (273 K) adsorption test duration of 
over 3560 min, and the measured data cannot guarantee adsorption equilibrium. Therefore, it is not recom-
mended that the particle size of coal samples exceed 0.3 mm when using the LPGA-CO2 (273 K) adsorption 
method to test the porosity of coal samples;

	(2)	 Micropore size distribution of coal samples with different particle sizes increases gradually with pore size, 
reach a peak of the pore size distribution, and then decline. Comparison reveals that the most probable pore 
size at the peak of the pore size distribution curve is closely related to the coal sample and its particle size. 
Micropore size distribution for large-particle coal samples exhibit a faster growth rate and a more signifi-
cant decay after the peak point;

Fig. 8.  Relationship between fractal dimension DSIE and the pore volume / specific surface area.
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	(3)	 For coal samples with particle size ranges from 0.075 to 0.2 mm, the micropore volume, specific surface 
area and fractal dimension with the particle size of the coal sample basically increasing linearly as particle 
size decreases, revealing that when coal pulverization reaches a particle size of 0.075 mm, the closed pores 
inside the coal sample are continuously opened, thereby promoting the growth of the micropore structure. 
For sizes below 0.075 mm, both the microporous pore volume and specific surface area decrease to a cer-
tain extent with decreasing particle size, exhibiting no clear variation trend. This is likely due to the partial 
collapse or merging of some micropores caused by intensive mechanical damage;

	(4)	 With the decrease of particle size, the fractal dimension DSIE of the pore system of the coal sample shows a 
regular increase, rising linearly from 2.029 at 0.3 mm to 2.337 at < 0.045 mm (an increase of 15.2%), indi-
cating that with the increase of pulverization degree, the pore surface roughness and spatial heterogeneity 
of micropores are significantly enhanced.

Data availability
The original contributions presented in this study are included in the article, further inquiries can be directed to 
the corresponding author.
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