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Abstract: In order to study the effects of different compression loads on the pore characteristics
of coal, taking remolded coal as the research object, the mercury intrusion method was used to
determine the pore structures of the briquettes under the compression loads of 50, 70, 90 and 110 MPa,
and the Menger sponge model was used to conduct fractal research on the measured parameters.
The results show that the compression load has a significant effect on the pore structure parameters
of the briquettes. The hysteresis loop generated by the mercury-intrusion and mercury-extrusion
curves of raw coal is small, and the pore connectivity is better. After different loads are applied
for briquettes, the hysteresis loop becomes larger, and the pore connectivity becomes worse. From
the process of the raw coal to the briquettes loaded at 50 and 70 MPa, the pore-specific surface area
reduced from 5.069 m?/g to 1.259 m? /g, the total pore volume increased from 0.0553 cm3/g to
0.1877 cm®/g, and the average pore size increased from 43.6 nm to 596.3 nm. When the compression
load reached 70 MPa, the specific surface area, total pore volume, and average pore diameter of
briquettes remained basically stable with the change in the compression load. The minipores and
visible pores and fissures of raw coal contribute 78% of the pore volume, and the micropores and
minipores contribute 99% of the specific surface area. After being pressed into briquettes, the volume
of mesopores and macropores increases, the volume of visible pores and fractures decreases and the
volume of minipores changes little; additionally, the pore surface area contributed by mesopores
and macropores increases, and the pore surface area contributed by micropores decreases, indicating
that the effect of compression load on pores of 10-100 nm is not obvious, mainly concentrated in the
100-10,000 nm region. The fractal curve of briquettes is fitted into three sections, which are defined
as low-pressure sections 1 and 2 and high-pressure section 3, and the fractal dimensions are Dy,
D, and Dj respectively. The fractal dimension Dy of briquettes with different compression loads is
close to 2, D, is close to 3 and Dj is greater than 3. The pore structures of briquettes have obvious
fractal characteristics in the low-pressure sections 1 and 2 but do not conform to the fractal law in the
high-pressure section. Furthermore, in the micropore stage of briquettes, the measured surface area
and volume are both negative, indicating that the mercury intrusion method used to test the pore
structure of the loaded briquette is more likely to cause the collapse of and damage to the pores in
the micropore (<10 nm) stage.

Keywords: briquette; load; pore structure; fractal dimension; mercury intrusion method

1. Introduction

Disasters such as coal and gas outbursts are still the main disasters that endanger
safety in coal mines. Scholars have conducted a great deal of in-depth research and practice
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on the prevention of outbursts and have achieved relatively significant results. However,
outburst disaster accidents still occur from time to time in recent years [1,2]. Coal mine
disasters mainly occur in geological tectonic belts and areas of rock cross-cut coal, where
the original structure of the coal body in the geological structure belt and the coal body in
the area of rock cross-cut coal that has been pre-drained will be seriously damaged, and
the strength is low; therefore, it is difficult to drill the columnar raw coal on site. Even
when the samples are prepared, they are still single samples in the coal seam that are not
typical or representative of the actual geological tectonic belts and the area of rock cross-cut
coal [3,4]. Furthermore, the high heterogeneity of coal sometimes makes it difficult to inter-
pret the results of laboratory experiments. Therefore, more homogeneous samples with
reproducible characteristics in the laboratory will provide some key advantages [5,6]. Coal
samples of similar materials can be obtained by pressing pulverized coal particles under
certain conditions, and it is possible to use briquettes to carry out relevant experimental
research from the previous research experience. Previous researchers used briquettes as
the experimental sample and made some progress in infiltration [7-10], freezing [11-13],
adsorption and desorption [14-16], gas outburst [17,18], etc. Jia et al. [9] studied the re-
sponse characteristics of permeability to stress by taking raw coal samples and briquette
samples as research objects and found that it was feasible to use briquette samples instead
of raw coal samples to study the seepage characteristics of gas-containing coal; this also had
certain advantages in some specific occasions. Gan et al. [19] used a new method of heating
briquette samples to study the effect of heating temperature on the strength, porosity, and
fracture structure of briquettes and concluded that with the increase in heating temperature,
the pore volume, specific surface area; average pore diameter of the briquette samples first
decreased and then increased; the smooth and complete layered structure transformed into
a rough fractured layered structure; and the pores changed from indistinct micropores to
observable mesopores and macropores and determined the appropriate heating tempera-
ture for the briquette forming process. Zhao et al. [20] studied the structural characteristics
of carbonized anthracite briquettes obtained at different pyrolysis temperatures and found
that the pyrolysis of anthracite briquettes mainly includes three processes: drying, de-
composition, and binding-repolymerization. Norbert et al. [21] prepared briquettes with
porosity ranging from 13.5% to 33% and analyzed the mechanical and gas properties of the
briquette, and they determined that the changes in the porosity of the briquettes allowed for
obtaining coal materials with parameters typical of in situ coal; additionally, the mechanical
and gas properties of briquette made them amenable to representative outstanding studies.
Li et al. [22] selected samples of medium coal rank from Xinjiang mines, prepared four
kinds of briquette samples with different particle sizes and studied the pore structure char-
acteristics, gas adsorption characteristics and their correlations of briquette under different
particle size conditions. They found that the peak areas of the medium and large pores
and the total pore spectra were negatively correlated with the particle size of the briquette,
the peak area of the micropore spectrum was positively correlated with the particle size
and the smaller the average particle size of the briquette, the greater the total amount of
adsorbed gas. Xu et al. [23] used briquettes made from coal with different particle sizes
and used analysis software to study the pore structure of the briquette, and they found
that as the particle size of the briquettes gradually decreased, the radius of the briquette
pores gradually decreased, the total number of pores increased, the fractal dimension
increased the degree of pore development increased and the degree of uniformity of pore
distribution increased gradually. Pores in coal are the storage sites and migration channels
of coal seam gas, and the characteristics of pore structure directly affect the migration and
enrichment of coal seam gas [24,25]. Accurate and quantitative description of coal pore
structure characteristics is important for understanding coal seam gas occurrence state, gas
desorption, diffusion and seepage, gas drainage and other indicators [26-29].

It is necessary to study the influence of different forming conditions on the characteris-
tics of briquettes. Prior researchers have studied the pore characteristics of briquettes of
different particle sizes, but there are few studies on the pore structure characteristics of
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briquettes under different compression loads. Therefore, in this paper, the pore structure of
briquette is tested with mercury intrusion experiments, and the fractal laws are obtained
by combining fractal theory analysis; pore structure characteristics are characterized. This
study is expected to provide a theoretical basis for laboratory research on briquettes and to
lay a foundation for the study of gas migration characteristics in coal.

2. Materials and Methods
2.1. Sample Collection and Processing

The experimental coal samples are taken from the fresh coal samples of the 3514
working face of No. 3 coal seam in Yonghong Coal Mine, and the coal rank is anthracite.
The coal sample preparation steps are as follows:

(1) Crush the obtained fresh coal samples and select two coal samples, of particle sizes
0.25-0.50 mm and below 0.25 mm, for the production of reshaped coal bodies (shown in
Figure 1a,b). The raw coal is used for comparative experiments.

Different loaded briquettes

a b v

0.25-0.5 mm

Figure 1. The processing and production of briquettes.

(2) Put the two coal samples screened above into a 105 °C drying oven for 12 h. After
the dried coal samples are cooled to room temperature in the laboratory, the coal samples
with particle sizes of 0.25-0.50 mm and below 0.25 mm are weighed according to the ratio
of 1:2, a certain mass is weighed and 10% distilled water is added to stir well.

(3) Put the fully stirred wet coal sample into the briquette mold embedded with
an inner tube, and use an EHC-3100 microcomputer-controlled electro-hydraulic servo
universal machine to press the experimental coal.

(4) Set the compression load for 50 MPa and hold the pressure for 0.5 h.

(5) Turn the mold upside down, and then use the servo universal testing machine to
withdraw the reshape coal safely and slowly to make a briquette sample with a 16 mm
and a height of 16 mm for mercury intrusion experiments (shown in Figure 1c).

(6) The briquette samples are dried in a drying oven for 12 h, and the drying oven
temperature is set to 105 °C.

(7) Change the compression load in step (4) to 70, 90, and 110 MPa in turn, and repeat
steps (5)—(6)

2.2. Experimental Method

Mercury intrusion is widely used when testing the structures of pores and fissures in
porous media. The method is to inject liquid mercury into the pores and fissures of the
coal sample through external pressure. The greater the external mercury injection pressure,
the smaller the effective width of the liquid mercury that can be pressed into the pores
and cracks of the coal. Therefore, a specific pressure corresponds to a specific effective
width of cracks and fissures, and the corresponding amount of injected mercury is equal to
the volume of pores and fissures under the effective width. An Autopore IV9505 mercury
porosimeter (made by Micromeritics of Norcross, Georgia, United States) is used in the
mercury intrusion experiments in this paper. The experimental steps are as follows:
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(1) Weigh the coal sample with an electronic balance with an accuracy of 0.0001 g and
put the weighed coal sample into the sample tube.

(2) Install the tube containing the coal sample in the low-pressure station of the
instrument for low-pressure analysis.

(3) After the low-pressure analysis, install the sample tube in the high-pressure station
of the instrument and perform high-pressure analysis.

When mercury intrusion is used to analyze the pore structure, the commonly used B.B.
Hodot pore classification method is followed: pores in the coals are classified as micropores
(<10 nm), minipores (10-102 nm), mesopores (10>~10° nm), macropores (103~10° nm) and
visible pores and fissures (>10° nm) [30].

3. Results and Discussion
3.1. Pore Characteristics of Briquette with Different Compression Loads

Wu et al. [31] used mercury intrusion—extrusion curves to characterize the pore mor-
phology and connectivity of coal and divided the morphology into three types: open pores,
transition pores and closed pores. The detailed mercury intrusion test curves are shown in
Figure 2.
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Figure 2. Mercury intrusion-extrusion curves of briquettes under different compression loads.

The mercury intrusion—extrusion curves of the coal samples constitute an obvious
hysteresis loop that can be used to determine the pore type of coal. It can be seen from
Figure 2 that the amount of mercury injected into the raw coal increases slightly when the
pressure reaches 10~2 MPa; then, with increasing pressure, the amount of mercury intrusion
tends to be flat, and there is no significant change. After the mercury injection pressure
reaches 10 MPa, the mercury injection amount increases slightly, and the total mercury
injection amount of the raw coal is generally less. The mercury intrusion—extrusion curves
of the briquettes under the four different compression loads are basically the same. The
mercury injection in the low-pressure area increases slowly, while the amount of mercury
injected into briquettes increases sharply when the pressure reaches 0.1 MPa, and when
the pressure reaches 100 MPa, the mercury injection curve shows a slow decrease again. In
the process of applying loads of 50, 70, 90 and 110 MPa, the mercury intrusion-extrusion
curves of briquettes are relatively consistent, and they are basically concentrated in the
same area, indicating that the pore size distribution characteristics of briquettes under the
load are basically the same. When the mercury injection pressure of raw coal is 10~2 MPa,
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the corresponding pore width is 101,685 nm, and when the mercury injection pressure is
10 MPa, the corresponding pore width is 95.4 nm. Therefore, raw coal is mainly composed
of intergranular pores, visible pores, fissures and micro-pores, with fewer mesopores
and macropores. Under the action of the external load, the large pores of briquettes are
compacted. When the mercury injection pressure is between 0.1 MPa and 100 MPa, the
smaller pores in the briquettes with different compression loads increase more. After the
mercury injection pressure is greater than 100 MPa, the excessive pressure causes serious
damage to the pore structure of the briquettes, causing some pores to collapse. Compared
with raw coal, the hysteresis loops of loaded briquettes are significantly larger than that of
raw coal, showing that the pore connectivity of raw coal is better. Meanwhile, the difference
between mercury intrusion and mercury extrusion becomes larger after higher loads are
applied, and the hysteresis loop becomes larger, indicating that the pore connectivity of
briquettes becomes worse under the action of external pressure. This is consistent with
previous research [32,33].

The average pore size in the mercury intrusion method refers to the weighted average
of the corresponding pore volumes of each pore size section. Figure 3 is the average pore
size of briquettes with different compression loads; as the picture shows, the average pore
size of the raw coal is smaller, and with increases in the applied load to 50 and 70 MPa,
the average pore diameter of the briquettes increases linearly; the average pore diameter
of the briquette under 110 MPa is basically the same as the briquette under 70 MPa. The
average pore diameter of the briquette under 90 MPa is slightly smaller than those under
70 and 110 MPa, but they are all in the range of mesopores, which further shows that
the applied load has a significant effect on the pore size distribution of briquettes under
less than 70 MPa. The effect of the applied load on the average pore size of briquettes is
weakened when the applied load is higher than 70 MPa. This is because the briquettes
are pressed by pulverized coal under the action of external force, the intergranular pores
cannot be completely compacted, and some pores in the coal are fractured by external force
to generate new pores, so that the average pore size increases and then remains stable.
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Figure 3. Average pore diameter of briquettes under different compression loads.
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3.2. Pore Volume and Distribution of Briquette with Different Compression Loads

Figures 4 and 5 are the total pore volume and cumulative pore volume of briquettes
with different compression loads, respectively. As shown in the figures, the pore volume
of raw coal is small, and when the external load on the briquette is 50 MPa, the total
pore volume is the largest. When the applied loads are 70, 90 and 110 MPa, the total pore
volumes of the briquettes are basically the same, indicating that the greater the applied load,
the more densely the intergranular pores of briquettes are compressed, and the total pore
volume of the briquettes tends to be stable. Figure 6 shows the incremental pore volume
distribution of briquettes under different compression loads, and Table 1 shows the pore
volume distribution of briquettes under different compression loads. As can be seen from
Figure 6, the pore volume peaks of raw coal are mainly concentrated in the range of pores
diameters larger than 10,000 nm and smaller than 10 nm, and the rest of the diameter ranges
have fewer peaks and little fluctuation. Under the action of external load, the peaks are
distributed in each pore size range, and the maximum peak pore volumes under different
compression loads of briquettes shift to the left and are mainly concentrated in the pore
size range of 100-10,000 nm. It is further shown that the pore volume distribution of raw
coal changes from “large at both ends and small in the middle” to “small at both ends
and large in the middle” with the applied load, which destroys the original large-diameter
pores in the coal sample and changes its pore volume distribution characteristics; the peak
shifts are consistent with those of Zhang et al. [34,35]. It can be seen from Table 1 that
the pore volume of raw coal is mainly contributed as minipores and visible pores and
fissures; micropores, mesopores and macropores are all distributed but contribute less.
With the increase in the external load of briquettes, compared with raw coal, the volume of
visible pores and fissures in the briquettes decreases significantly, and the pore volume of
mesopores and macropores increases greatly; the pore volume of the minipores also does
not change much, while the micropores are destroyed and all volumes are negative. Visible
pores and fissures are also destroyed, resulting in more mesopores and macropores, and the
briquettes are compacted and become more dense. In the mercury intrusion test, with the
increase of the mercury injection pressure, the micropore (<10 nm) volume in the loaded
briquettes is destroyed, but the micropore (<10 nm) volume of the measured raw coal is
intact, indicating that the external load has a great influence on the micropore (<10 nm)
structure of briquettes, making the micropores (<10 nm) more fragile and brittle.

0.25 : : :
—a—Total pore volume

T, 0.20
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£0.15
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o s
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Different compression loads (MPa)

Figure 4. The total volume of briquettes under different compression loads.
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Figure 5. Cumulative pore volume of briquettes under different compression loads.
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Figure 6. Incremental pore volume of briquettes under different compression loads.

Table 1. Pore volume distribution of briquettes under different compression loads.

Pore Volume Distribution of Briquettes under Different Compression Loads

Coal Sample (cm®-g™)
<10 nm 10-102 nm 102-10% nm 10%-10° nm >10° nm
Raw coal 0.0052 0.0132 0.0022 0.0048 0.0299
50 MPa —0.003 0.0176 0.045 0.1285 0.0118
70 MPa —0.0009 0.0145 0.043 0.1187 0.0124
90 MPa —0.0015 0.0196 0.0453 0.1183 0.0114
110 MPa —0.0018 0.0157 0.042 0.1246 0.0118
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3.3. Pore Area and Distribution of Briquette with Different Compression Loads

Figures 7 and 8 are the specific surface area and cumulative pore area of briquettes
with different compression loads, respectively. It can be seen from the figures that the
specific surface area of raw coal is the largest, and the specific surface areas of the briquettes
continue to decrease with the application of external load. When the applied loads are
70, 90, and 110 MPa, the specific surface area is basically stable. In the cumulative pore
area diagram, the cumulative pore area changes little in the early stage and then gradually
increases as the pore diameter of the loaded briquettes decreases. In the micropore stage,
part of the micropore area is destroyed, and there is a certain degree of decline due to
the excessive mercury pressure. Since the coal surface area is mainly provided by small
size pores, there is a large cliff-like decline in the micropore stage in the cumulative pore
area chart. According to the pore areas of briquettes under different compression loads in
Figure 9 and the pore area distribution of briquettes under different compression loads in
Table 2, it can be seen that the peak incremental pore area of raw coal is concentrated in
pores smaller than 100 nm, and the peak incremental pore surface area of loaded briquettes
is concentrated in pores of 10-100 nm, but the peak is significantly smaller. The surface area
of raw coal is concentrated in the stage of micropore and minipore, while the micropore
surface area of the loaded briquettes is destroyed; as a result, the surface area mainly
comprises minipores and mesopores, and the surface area contributed by macropores also
increases to a certain extent. When the applied load is greater than 70 MPa, the effect of the
applied load on the specific surface area of briquettes is constant, and the specific surface
area does not clearly change. Under the influence of the external load, the surface area of
the micropores damaged by the excessive mercury injection pressure increases in an inverse
proportion: With the continuous increase of the applied load, the damaged micropore
surface area will tend to be stable.
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Figure 7. The specific surface area of briquettes under different compression loads.
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Figure 8. Cumulative pore area of briquettes under different compression loads.
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Figure 9. Incremental pore area of briquettes under different compression loads.

Table 2. Pore area distribution of briquettes under different compression loads.

Pore area Distribution of Briquette with Different Compression Loads

Coal Sample (m?.g™)
<10 nm 10-102 nm 10%-10° nm  10%-10° nm >10° nm
Raw coal 2.813 221 0.042 0.003 0.001
50 MPa —0.208 2.11 0.505 0.148 0
70 MPa —0.769 1.38 0.497 0.151 0
90 MPa —-1.116 2.041 0.568 0.158 0
110 MPa —~1.073 1.718 0.478 0.167 0
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3.4. Fractal Characteristics of Pore Structure with Different Compression Loads of Briquette

In order to study the scale characteristics of the pore structure of briquette, we organize
and analyze the experimental data of mercury intrusion of briquette samples according
to the principle of fractal theory. When using mercury intrusion method to measure pore
structure parameters, we derive the wasburn equation based on the principle of non-
wetting capillary, and obtain the functional relationship between the mercury injection
pressure and the pore size when the mercury injection is in equilibrium [36—40]:

p = —20cosB/r (1)

where p is the mercury injection pressure, MPa; ¢ is the surface tension of mercury, usually
0.485 N/m; B is the contact angle between mercury and coal wall, taking 130°; r is the pore
size, nm.

According to Menger sponge model, the equation of porous medium dV/dp and
fractal dimension D is established to analyze the fractal characteristics of pore structure.
As follows:

lg(dV/dp)x(D — 4)1gp )

where V is the mercury volume corresponding to the pressure p, cm®/g; D is the fractal
dimension.

The mercury injection volume and the mercury injection pressure obtained from the
mercury intrusion experiment are logarithmically processed to fit, according to Formula (2),
there is a linear relationship between Ig(dV /dp) and Igp, that is, the relationship between
fractal dimension D and slope K is obtained:

K=D -4 @)

Fractal dimension is a method used to express the irregularity and complexity of
porous media [41-44]. The fractal dimension is between 2 and 3. The fractal dimension is
closer to 2, the smoother the pores, and the closer the fractal dimension is to 3, the more
complex the pore structure and the rougher the surface [45-48].

Figure 10 is the fractal characteristic curve of pore structure obtained from the exper-
imental data of mercury intrusion of briquette and raw coal. According to the different
characteristics exhibited by the coordinates, the raw coal is fitted by two-stage method. The
briquette with different compression loads is divided into three stages for fitting, which
are defined as the low pressure section 1, the low pressure section 2, and the high pressure
section 3. Among them, the low pressure section 1 corresponds to the larger effective
width of pores and fissures, the low pressure section 2 corresponds to the effective width
of medium and large pores, and the high pressure section 3 corresponds to the smaller
effective width of pores. The fractal dimension data in Figure 10 are sorted and summa-
rized, and the results are shown in Table 3. The fractal dimension D; of briquette with
different compression loads is close to 2, D, is close to 3, and Dj is greater than 3. The
corresponding pore diameters at the boundary between the low pressure section 1 and the
low pressure section 2 are 33,050.5-45,519.7 nm, and the corresponding pore diameters
at the boundary between the low pressure section 2 and the high pressure section 3 are
26.3-40.3 nm. It shows that with the action of the applied load, the fractal characteristics
of the low pressure section 1 of the briquette are similar to the raw coal, and the pore
structure of briquette becomes complicated in the low pressure section 2, and the applied
load changes the complexity and regularity of the pore structure of coal samples, and with
the continuous increase of the mercury injection pressure, the tiny pores of the briquette
are fractured, which does not conform to the fractal characteristics. The large-diameter
pore structure of briquette with different compression loads is relatively simple, while
the small-diameter pore structure are more complex, and the pore and fissure structure of
briquette coal are more developed than that of raw coal.
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Figure 10. Characteristic curve of briquette type with different compression loads.
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Table 3. Calculation results for the fractal dimensions of briquette pore structures under different
compression loads.

Coal Sample Pore width (nm) Slope K Dy R?
Raw coal >95.4 nm —1.76334 2.23666 0.82245
Low pressure 50 MPa >45519.7 nm —1.53907 2.46093 0.99468
section 1 70 MPa >33050.5 nm —1.62678 237322 0.97787
90 MPa >33066.1 nm —1.64048 2.35952 0.99289
110 MPa >45506.7 nm —1.47104 2.52896 0.99325

Coal sample Pore width (nm) Slope K D, R?
50 MPa 26.3-45,519.7 nm —1.07665 292335 0.88793
Low pressure 70 MPa 32.4-33,050.5 nm —1.03421 2.96579 0.8559
St 90 MPa 40.3-33,066.1 nm —1.02626 2.97374 0.8803
110 MPa 32.4-45506.7 nm —1.04059 2.95941 0.87566

Coal sample Pore width (nm) Slope K Ds R2
Row coal 5.5-95.4 nm —0.4298 3.5702 0.6267
High pressure 50 MPa <26.3nm —0.57138 3.42862 0.17879
section 3 70 MPa <32.4nm —0.83682 3.16318 0.22259
90 MPa <403 nm —0.9823 3.0177 0.24119
110 MPa <32.4nm —0.80605 3.19395 0.46808

4. Conclusions

(1) During the mercury intrusion experiment, it is found that the pore connectivity of
raw coal is better, while the pore connectivity of briquettes is poor. The pore-specific surface
area of coal decreases from 5.069 m? /g to 1.259 m? /g, the total pore volume increases from
0.0553 cm3/g to 0.1877 cm® /g and the average pore size increases from 43.6 nm to 596.3 nm
from the raw coal to briquettes loaded with a load of 70 MPa. When the compression
load reaches 70 MPa, the intergranular pores of briquettes are compacted, and the specific
surface area, total pore volume and average pore diameter do not change much with the
load, remaining basically stable.

(2) The minipores, visible pores and fissures contribute 78% of the pore volume of
raw coal, and the pore volume of briquettes is mainly provided by mesopores under the
external load. The micropores and minipores of raw coal contribute 99% of the specific
surface area, the pore area of the briquettes has more area contributed by mesopores and
macropores compared with raw coal, and the surface area contributed by minipores is
slightly reduced. The compression load has little effect on the pores of 10-100 nm, and the
effect on the pores is mainly concentrated in the region of 100-10,000 nm.

(8) Combined with fractal theory, the results of mercury intrusion experiments are
analyzed, and it is found that the pore structure of briquettes is relatively simple in low-
pressure section 1, the pore structure of low-pressure section 2 is obviously complicated,
and the pore structure of high-pressure section 3 is severely deformed or even collapsed
due to the strong compression of the coal body from the increasing mercury injection
pressure; section 3 does not have fractal characteristics. Furthermore, the applied load
changes the complexity and regularity of the pore structure of the coal sample.

(4) The mercury intrusion method is used to test the pore structures of loaded bri-
quettes, which are more likely to collapse and show damage to micropores (<10 nm). It is
recommended to use other testing methods for micropores (<10 nm).
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