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Abstract

The low-temperature nitrogen adsorption measurement is commonly used to describe the pore structure of porous medium,
while the role of degassing temperature in the low-temperature nitrogen adsorption measurement does not attract enough
attention, various degassing temperatures may lead to the different pore structure characterization for the same coal. In this
study, the low-rank coal collected from Binchang mining area, southwest of Ordos Basin was launched the low-temperature
nitrogen adsorption measurement under seven various degassing temperatures (120 °C, 150 °C, 180 °C, 210 °C, 240 °C,
270 °C and 300 °C), respectively, the dynamic change of the pore structure under refined upgrading degassing temperatures
are studied, and it was also quantitative evaluated with the multi-fractal theory. The results show that the pore specific sur-
face area and pore volume decrease linearly with the increased degassing temperatures, ranges from 12.53 to 2.16 m%/g and
0.01539 to 0.00535 cm?/g, respectively. While the average pore aperture features the contrary characteristics (various from
4.9151 t0 9.9159 nm), indicating the pore structure has been changed during the refined upgrading degassing temperatures.
With the upgrading degassing temperatures, the sizes of hysteresis loop decrease, and the connectivity of pore structure
enhanced. The multi-fractal dimension and multi-fractal spectrum could better present the partial abnormal of pore structure
during the refined upgrading degassing temperatures, and the quality index, D spectrum, D_;,-D,, and multi-fractal spec-
trum could describe the homogeneity and connectivity of the pores finely. The degassing temperatures of 150 °C, 180 °C
and 270 °C are selected as three knee points, which can reflect the partial abnormal of the pore structure during the refined
upgrading degassing temperatures. Under the lower degassing temperature (< 150 °C), the homogeneity and connectivity
of the pore feature a certain increase, following that it presents stable when the degassing temperatures various from 150 to
180 °C. The homogeneity and connectivity of the pore would further enhanced until the degassing temperature reaches to
270 °C. Because of the melting of the pore when the degassing temperature exceeds 270 °C, the complexity of pore struc-
ture increased. In this study, we advise the degassing temperature for low-temperature nitrogen adsorption measurement of
low-rank coal should not exceed 120 °C.
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Introduction seepage and migrate of methane. There are various meth-
ods to acquire the pore structure parameters of coal, and

Coal is a natural porous medium with complexity pore  the low-temperature nitrogen adsorption (LP-N,A) is one
structure, and the development and distribution of pores  of the most useful and effective tool, especially that for the
with various apertures contribute significantly to the  low- and middle-rank coal. When the LP-N,A is used to
study the pore structure of the coal, the coal is commonly

54 Teng Li pretreated under vacuum with a certain temperature, which
liteng2052@163.com is named as degassing temperature. Commonly, the degas-
sing temperatures used by the previous researchers for the
porous mediums are different, such as 110 °C for Devonian
shale (Luffel and Guidry 1992), 110 °C for coal beds in
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Run of Mine (Okolo et al. 2015), 80 °C for coal samples
in Hancheng Block (Zhao et al. 2016), 105 °C for coal
samples in western Guizhou (Chen et al. 2018), and so on.
Liet al. (2020, 2021a, b) have studied the dynamic change
of pore structure under various degassing temperature, the
thermal effect on the pore structure and the thermal evolu-
tion of meso-pore structure under various degassing tem-
peratures have been discussed, while these studies do not
pay much attention on the quantitative characterization of
the dynamic change of the pore structure.

The porous medium features complexity pore structure,
the conventional Euclid language could not present the
pore structure characteristics in coal and shale ideally.
Mandelbrot (1967) built and developed the fractal theory
when studied the length of the coast of Britain, which pro-
vide a useful tool to quantitative describe the change rule
of the object with irregular shape (Grassberger and Pro-
caccia 1983; Halsey et al. 1987). In the field of unconven-
tional oil and gas, the geology characteristics commonly
feature strong heterogeneity and nonlinear characteristics,
such as the micro-fractures, cleats (Hirata et al. 1987; Pan-
ahi and Cheng 2004; Li et al. 2007), pore structure (Yao
et al. 2008), and so on. These characteristics present a
certain fractal behavior. The fractal theory has been widely
used in analyzing the pore structure of porous mediums as
a nonlinear science (Naveen et al. 2018). For the pores in
the porous mediums, even the pores under nano-scale also
features complexity and refined structure, which is similar
to the pores with mm-scale, this is named as similarity.
The Sierpinski model, thermodynamic model, FHH model,
Langmuir model and fully penetrable sphere model are
quite commonly used in the fractal theory (Liu et al. 2015;
Kumar et al. 2019; Li et al. 2019; Ma et al. 2019; Maha-
mud et al. 2019; Mangi et al. 2020; Gonzalez 2021), and
the single fractal and multi-fractal methods are frequently
used to analyse the pore structure in coal and shale. The
single fractal could only reflect the whole characteris-
tics of the pore structure, while the multi-fractal could
describe both the whole and partial characteristics of pore
structure. Caniego et al. (2000) studied the singularity fea-
tures of pore size soli distribution and found that the reveal
dimensional analysis was quite useful to characterize
the soil structures, and the multi-fractural parameters to
evaluate the soil structure stability (Ferreiro and Vazquez
2010), and the multi-fractal model could refine the verti-
cal spatial heterogeneity of porous medium significantly
(Martinez et al. 2010; Ghanbarian et al. 2015). With the
detailed analysis of the singularity exponent parameter,
generalized dimension parameter, information dimension
and correlation dimension, the tight sandstone reservoir
types are classified, which could guide the development
of the tight sandstone gas (Jiang et al. 2018). With the
multi-fractal parameters of f(a) and H, the heterogeneity
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and connectivity of the pores in the Upper-Lower Bakken
shale were also distinguished (Liu et al. 2018).

The multi-fractal has been widely used to describe the
complexity structure characteristics from the nano-scale
pores to km-scale faults (Hirabayashi et al. 1992; Kiyash-
chenko et al. 2004; Panahi and Cheng 2004; Xie et al. 2007,
Zhao et al. 2011), especially for the former one (Shivaku-
mar et al. 1996; Li et al. 2015; Liu et al. 2018; Song et al.
2018; Zhang et al. 2021). Zheng et al. (2019) provided a new
method to calculate the NMR T, cutoff value in the coal with
the multi-fractal theory, and the NMR 7, cutoff values fea-
ture significantly linear relationships with the fractal dimen-
sions (Zhao et al. 2021), which could be used to analyse the
distribution of fluids in the coal (Zhang et al. 2021). With
the gas adsorption method and the multi-fractal theory, the
multilayer adsorption and porosimetry effect of the gas on
the pore structure are studied by Wang et al. (2019). Accord-
ing to the distribution of fractures and the density of the frac-
tures, the multi-fractal theory could present the connectivity
of the fractures based on the images, which could predict the
effective seepage area of coalbed methane (Chen et al. 2017,
Cheng et al. 2020). Li et al. (2015) and Song et al. (2018)
studied the pore structure of the tectonically deformed coal
with the multi-fractal theory found that the pore aperture
decreased, and the pore connectivity of the pores in the
deformed coal is poor, because the tectonic deformation con-
tributes to the concentrate of the pores. Zhang et al. (2021)
studied the pore structure characteristics in the shale with
multi-fractal and found that the TOC features linear negative
correlation with the H and Aa. The porosity of the porous
mediums presents significantly relationships with the fractal
dimensions (Gonzalez 2021). The measurements method for
the pore structure, such as the mercury intrusion porosimetry
(MIP), low-field NMR spectral analysis (LFNMR) and gas
adsorption, could be used to analyse the pore structure of
tight sandstone, coal and shale (Lai et al. 2015; Liu et al.
2018; Guo et al. 2019; Yuan and Rezaee 2019; Wang et al.
2020). Hou et al. (2020) reported that the high probability
measure areas are much more sensitive when the LFNMR
was used to study the pore structure of the coal beds, and the
other multi-fractal parameters, such as A, Dy—D, and Dy-D,
are also quite useful.

Although substantial works have been done on the pore
structures of porous medium with multi-fractal theory, the
quantitative evaluation of the homogeneity and connectiv-
ity of the pores in the coal with multi-fractal method under
refined upgrading degassing temperatures is still lack. In
this study, the low-rank coal collected from Binchang min-
ing area, southwest of Ordos Basin was ground with a size
of 60—-80 mesh, and the LP-N,A measurements with vari-
ous degassing temperatures were launched to investigate the
dynamic change of the pore structure. Finally, the quantita-
tive evaluation of the homogeneity and connectivity of the
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pores during the refined upgrading degassing temperatures
were carried out.

Samples and method
Measurements

The coal sample was collected from Binchang mining area,
southwest of Ordos Basin, China. The reflectance of vitrin-
ite in coal (R, ,,,), proximate analysis of coal and scanning
electron microscope (SEM) are carried out to acknowledge
the basic properties of the coal, and the LP-N,A measure-
ments were launched to acquire the pore structure param-
eters of the coal.

The coal sample was polished, and the Carl Zeiss Pri-
motech optical microscope was used to measure the R, .«
of coal, and the method of determining microscopically the
reflectance of vitrinite in coal (GB/T 6948-2008, Chinese
standard) was taken as reference. The coal sample was pol-
ished with a size of 200 mesh, with the proximate analysis
of coal (GB/T 212-2008, Chinese standard) and KY-2000
instrument, the proximate analysis of coal was measured.
For the SEM measurement, the coal sample was first pol-
ished with a size of 10 mm X 10 mm X 1 mm; following that,

Basic properties measurements

e N

Reflectance of vitrinite

Coal samples Proximate analysis of coal

Scanning electron microscope

Fig. 1 The flow chart of measurements in this study

the coal sample was sprayed with gold, the pore shape and
pore types were viewed with the MAIA3 model 2016 (LM)
scanning electron microscope for ultra-high resolution field
emission scanning electron microscope, and the gold-plated
thickness measurement by SEM (GB/T 17722-1999, Chi-
nese standard) was consulted. When it comes to the LP-
N,A measurements, seven degassing temperatures were set,
120 °C, 150 °C, 180 °C, 210 °C, 240 °C, 270 °C and 300 °C,
respectively, and the LP-N,A measurements were launched
on the TriStar II Plus Series adsorption instrument according
to the determination of the specific surface area of solids by
gas adsorption using the BET method (GB/T 19587-2017,
Chinese standard). The LP-N,A measurements were meas-
ures under — 196 °C (Fig. 1).

Multi-fractal theory

The multi-fractal theory includes two equivalent math-
ematical descriptions, multi-fractal singular spectrum
(a~f(@)) and fractal dimension (¢~D,) (Halsey et al. 1987),
and various fractal parameters could be used to describe
the whole and partial abnormal of pore structure charac-
teristics (Li et al. 2015; Zhang et al. 2021). For the gas
adsorption measurement, the distribution of the relative
pressure would be divided into several boxes with equal

LP-N;A measurements with various

degassing temperatures

Degassing temperature: 120 °C
LP-N;A measurement temperature: -196°C
Relative pressure: 0~1

Degassing temperature: 150 °C
LP-N;A measurement temperature: -196°C
Relative pressure: 0~1

Degassing temperature: 180 °C
LP-N;A measurement temperature: -196°C
Relative pressure: 0~1

Degassing temperature: 210 °C
LP-N;A measurement temperature: -196°C
Relative pressure: 0~1

Degassing temperature: 240 °C
LP-N;A measurement temperature: -196°C
Relative pressure: 0~1

Degassing temperature: 270 °C
LP-N;A measurement temperature: -196°C
Relative pressure: 0~1

Degassing temperature: 300 °C
LP-N;A measurement temperature: -196°C
Relative pressure: 0-1

2
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length, and the size of the box is presented as ¢ (Liu et al.
2018). Aims to the relative pressure, the probability dis-
tribution function (P;(¢)) of No. i box could be defined as:

Pie) = — )

where N,(¢) is the adsorbed quantity in the No. i box, i=1,
2, 3,...; N, is the total adsorbed quantity. P;(¢) could also be
featured with the exponential function as:

Pie) ~ g% )

where @; is the singular index, which can reflect the par-
tial singular strengthen of P;(g) (Vazquez et al. 2008). The
quantity of subintervals with the same probability of @ could
be recorded as N, (¢). The smaller the size of €, the greater
N,(¢) would be, and the N, (¢) could also be transformed as:

N,(€) ~ e7/@ 3)

where f{a) is the fractal dimensions labeled by singular
index a, the multi-fractal singular spectrum with the rela-
tionships between f{a) and a, which can reflect the partial
abnormal of the adsorbed quantity in the various pores with
different pore apertures. a(g) and f{lar) could be acquired with
Egs. (4) and (5) (Chhabra and Jensen 1989),

N(e)
1
a(q) @[21 1:(q €)1g(Pe)] @)
1 N(e)
ﬂ@«gjé%@wwm%@] )
N(e)
x(q.€) = Pl(e)/ Y Ple) ©6)
i=1

where ¢ is the order of the statistical operator
(— 00 < g <+ ). In this study, g is the integer ranges from
—10 to 10 with a step length of 1. For the multi-fractal the-
ory, y:(g,€) is the partition function, and it could also be
rewritten as:

N(e)
2. 8) =) Ple) ~ @ @)
i=1
or
. lgx(g,€)

where 7(g) is the quality index. The relationship between
fractal dimension (D,) and g could be obtained as:
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Dq=qf(_—”1<q¢1) ©)

When ¢ > 0, it commonly reflect high probability zone of
the distribution of pores. While, ¢ <0 means the low prob-
ability zone of the distribution of pores (Caniego et al. 2003;
Vazquez et al. 2008; Li et al. 2015). In order to ensure the
continuity of D,, D can be acquired from the L’hospital
rule (Li et al. 2015),

N(e)
D, = imolgie{;})i(l,g)lg[g(Le)]} (10)
Then, series of (g, Dq) could be obtained, and the q~Dq
fractal dimension spectrum could be acquired. D, is the
information dimension, and D, is the related dimension
(Song et al. 2018). D, can feature the concentration degree
of pores with various apertures, the smaller D, means the
pores would be mainly concentrated in partial apertures. For
D,, it mainly presents the connectivity of the pores with
various apertures, the greater D, is, the better pore connec-
tivity would be.

Results and discussion
The basic properties of coal

The average R, ., of the coal sample is 0.62%, the average
content of moisture and ash yield are 5.07% and 17.56%,
respectively, while the average content of volatile matters is
quite high, which reaches to 38.18% (Table 1), meaning the
coal sample from Binchang mining area is the low-rank coal.
The pores in the coal sample are mainly plant tissue pores
and gas pores (Fig. 2). The plant tissue pores are squeezed
and deformed (Fig. 2a), indicating the sediment compaction
has significantly influence the shape of the pores. The gas
pores mainly developed on the surface of the coal matrix
(Fig. 2b), meaning a brief hydrocarbon generation. Besides
the gas pores, there are also a certain amount of in-organic
minerals distributed on the surface of coal matrix (Fig. 2).
It can be found that the pores mainly developed in isolation,
indicating the poor connectivity of pores in the coal.

Table 1 The basic properties parameters of the coal in Binchang min-
ing area

Samples Ry max % M % Ay % Vat %
S1 0.63 5.16 17.53 38.22
S2 0.61 4.98 17.58 38.14
Average 0.62 5.07 17.56 38.18
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| | MAIA3 TESCAN

50 ym

WD: 11.87 mm
Det: In-Beam SE
Est. Beam: 3.3 nA

SEM HV: 20.0 kV
SEM MAG: 1.19 kx

View field: 214 ym Performance in nanospace

Fig.2 The SEM of coal samples in Binchang coal mining

Pore structure characteristics from the LP-N,A
measurements

It can be found that the adsorption/desorption curves for
the same coal sample are different under different degassing
temperatures (Fig. 3). When the degassing temperature is
lower than 240 °C, the adsorption curve features as obvious
up-bulge as the relative pressure is less than 0.1. With the
continuously increase of the relative pressure, the adsorbed

gas pores

MAIA3 TESCAN
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WD: 11.93 mm
Det: In-Beam SE
Est. Beam: 3.3 nA

SEM HV: 20.0 kV
SEM MAG: 1.20 kx

View field: 211 pm Performance in nanospace

quantity of the coal sample increases linearly. At relative
pressure of 0.9, the adsorbed quantity increase sharply. The
desorption curve also features sharply decrease at the rela-
tive pressure ranges from 0.9 to 1, and the desorption curve
approximately parallels to the X-axis when the relative pres-
sure decreased to 0.5, and there is an obviously knee point of
the adsorbed quantity at the relative pressure of 0.5. With the
continuously decrease of the relative pressure, the desorp-
tion curve almost parallels to the adsorption curve. Under

Fig.3 The adsorption/desorp- - -
tion curves of coal sample under ®  Adsorption curve at 120 °C O Desorption curve at 120°C
various decassing temperatures 14 = ® Adsorption curve at 150°C  ©  Desorption curve at 150°C
gassing temp! A Adsorption curve at 180°C & Desorption curve at 180°C
" v Adsorption curve at 210°C 7 Desorption curve at 210°C
4 Adsorption curve at 240°C <1 Desorption curve at 240°C
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L #  Adsorption curve at 300°C <& Desorption curve at 300°C
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the degassing temperatures range from 120 to 240 °C, the
hysteresis loop mainly features the H; type. When the degas-
sing temperature exceeds 240 °C, the adsorption curve is
almost parallels to the X-axis, the increase of the adsorbed
quantity is slow, and when the relative pressure reaches to
0.9, the adsorbed quantity increases sharply. The desorption
curve is almost parallels to the adsorption curve, and the
knee point at relative pressure 0.5 is also not obvious. The
hysteresis loop for the coal sample under high degassing
temperature features as H, type (Fig. 3).

With the increased degassing temperatures, not only the
adsorption/desorption curves, but also the pore structure
is dynamic change. The cumulative pore specific surface
area and cumulative pore volume feature as continuously
decrease, the incremental pore specific surface area and
incremental pore volume present contrary, the pores with
aperture below 20 nm contribute dominantly to the decrease
of pore volume and pore specific surface area (Fig. 4). With
the increased degassing temperatures, the BET specific
surface area, BJH pore volume and maximum adsorbed
quantity feature linearly decrease, while the average pore
aperture features contrary, especially when the degassing
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temperature reaches to 270 °C, the average pore aperture
increases sharply (Fig. 5).

For the LP-N,A measurements of the coal sample, the
only variable is the degassing temperatures. Due to the
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Fig.5 Dynamic change of pore structure parameters under various
degassing temperatures
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low maturity of the Binchang coal sample, it presents high
content of volatile matters, and the volatile matters may be
decomposed under high degassing temperatures. With the
continuously decrease of the volatile matters in the low-
rank coal, the pore structure would be changed. The degas-
sing temperatures and content of volatile matters may be
the essential factors that alter the pore structure of low-rank
coal.

Quantitative characterization of pore structure
The hysteresis loop

The various adsorption/desorption curves under various
degassing temperatures indicates that the degassing tempera-
ture features significantly influence on the pore structure of
coal. With the increased degassing temperatures, the hys-
teresis loop obviously decreases, indicating the amount of
the ink-bottle pore decreases, and the pore connectivity has
been enhanced. In order to describe the size of the hysteresis
loop quantitative, the hysteresis loop aperture was utilized in
this study. The greater hysteresis loop aperture of the coal,
the more complexity pore structure would be. The hysteresis
loop could be defined as:

d(q =) ddeti)y ~ Dad(i) (11)

where d; is the hysteresis loop aperture at relative pres-
de

9ae=ga)
sure of i, cm’/g; Gae(i) 18 the adsorbed quantity from the des-

orption curve relative pressure of i, cm®/g; Gaay 18 the
adsorbed quantity from the adsorption curve at relative pres-
sure of i, cm3/g.

The hysteresis loop aperture is almost stable when the rel-
ative pressure is lower than 0.5. When the relative pressure
exceeds 0.5, there is the obvious increase of the hysteresis
loop aperture, and the increase of the hysteresis loop aper-
ture is significantly. With the increase of the degassing tem-
peratures, the hysteresis loop aperture features continuously
decrease, especially when the degassing temperature exceeds
150 °C, the hysteresis loop aperture decreases sharply at
high relative pressure zone. Under the low relative pressure,
although there is a decrease of the hysteresis loop aperture,
it is not obvious. According to the Kelvin equation, when
the relative pressure exceeds 0.5, the pore aperture would
exceed 5 nm, it indicates that the increased degassing tem-
perature mainly influenced the pores with aperture greater
than 5 nm (Fig. 6).

Multi-fractal characteristics of pore structure
There is a significantly linearly relationship between In &

and In y(q, ¢€), indicating € and y(q, ¢) feature the scaling
invariance, then the pore structure of the coal under various
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Fig.6 The hysteresis loop aperture of coal sample under various
degassing temperatures

degassing temperatures features the multi-fractal character-
istics (Song et al. 2018) (Fig. 7).

The quality index

7(g) features the distribution of pore. For the single fractal,
the relationship between 7(g) and ¢ is linear, indicating the
homogeneity of the pore structure. For the multi-fractal, the
relationship between 7(g) and ¢ is nonlinear. It can be found
that 7(g—) > 7(g+), meaning the multi-fractal characteristics
of the pore structure under various degassing temperatures
(Fig. 8). The slope of 7(g)~q at g >0 is different with that of
7(q)~q at g<0, meaning the heterogeneity of the pore struc-
ture. When ¢ <0, 7(g) is almost coincided, 7(q)~g features
almost-linear. With the increased degassing temperatures,
the value of 7(g) is increased, but it is not obvious. When
g >0, the differences among the coal sample under various
degassing temperatures are obvious, and the 7(g)~¢ tends to
linear with the increased degassing temperatures, indicating
the pore structure tends to be homogeneity. 7(g) is lower
than that at higher degassing temperatures, it indicates that
the homogeneity of the pore structure is enhanced with the
increased degassing temperatures.

The fractal dimensions

The shape of D, spectrum and the sizes of D_,;-D,, could
describe the partial difference of porosity at various pore
apertures (Halsey et al. 1987; Li et al. 2015; Liu et al. 2018).
The wider D, spectrum means the greater D_,;~D,, which
indicates the obvious differences of pores in the coal, and the
pore structure is complexity. Figure 9 shows that D_,;-D) is
greatest when the degassing temperature is 120 °C, meaning
the maximum pore complexity of pores at the low degassing
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Fig.7 The double In curves between ¢ and y(g, €) of coal under vari- »

ous degassing temperatures

temperatures; while the D_,;—D, is smallest at the degas-
sing temperature of 300 °C, and the difference of D_,,—D,,
presents continuously decrease with the increased degassing
temperatures.

The shape of D ~q at various degassing temperatures is
different. At the degassing temperature of 120 °C, the shape
of Dq~q features as reverse “S”; while it presents as almost-
linear shape at the degassing temperatures of 150 °C and
180 °C at g <0 zone, and it is still features as reverse “S” at
>0 zone; when the degassing temperature exceeds 210 °C,
the D ~q presents as almost-linear shape wholly. The left
branch and right branch of D, spectrum represent the differ-
ent information of the pore structure in the coal. Compared
with the pore size distribution of the coal sample (Fig. 4), it
can be inferred that the right branch (D,-D,,) mainly rep-
resent the dynamic change of pore structure with the pores
aperture below 20 nm, while the left branch (D_;,—D,)
mainly describe the various pore structure of pores aperture
greater 20 nm. The almost-linear shape reflect the pore struc-
ture is generally homogeneity, and the reverse “S” shape
dominantly represents the complexity pore structure in the
coal. It can be found that the pores with apertures greater
than 20 nm is almost stable when the degassing temperature
exceeds 150 °C. When it comes to the pores with aperture
below 20 nm, there are two obvious knee points at the degas-
sing temperatures of 150 °C and 270 °C. There is a certain
enhancement of the homogeneity of pore structure at the
degassing temperature of 150 °C, and then the homogeneity
of pore structure is stable when the degassing temperature
increased to 180 °C. The homogeneity of pore structure
presents a sharply increase when the degassing temperature
reaches to 270 °C, and it reaches to the maximum (Fig. 9).

The information dimension D; mainly represents the aver-
age distribution of pores with various apertures, the smaller
D, means the poor pore size distribution, the pores mainly
concentrated with a certain pore apertures. D; mainly ranges
from 0.9530 to 0.9932 (Table 2), D, is quite close to 1, indi-
cating that the homogeneity of the pores is increased. With
the increased degassing temperatures, the pore size distribu-
tion of the pores is enhanced, and the average pore aperture
is also increased (Fig. 5). However, it should notice that D,
features a certain decrease when the degassing temperature
reaches to 300 °C (Table 2), indicating the homogeneity of
pore structure decreases at the higher degassing tempera-
ture. The related dimension D, could represent the connec-
tivity of pores in the coal admirably. The higher D, value
commonly features the better pore connectivity. With the
continuously increase of the degassing temperatures, the D,
value increases, it can be inferred that the increased degas-
sing temperatures could also increase the pore connectivity
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Fig.7 (continued)

in coal. Similar, the D, value also decreases at the degassing
temperature of 300 °C, the pore connectivity features a cer-
tain reduce at high degassing temperature. It can be found
that the Dy—D,, is higher than that of D_,,—D, at the same
degassing temperature. Therefore, the complexity of the pore
is mainly reflected by the pores with aperture below 20 nm,
and the distribution of the pores with aperture greater than
20 nm just accelerate the complexity of pores in the coal.
With the increased degassing temperatures, the pores
in the coal would be collapsed with the higher tempera-
tures (Li et al. 2020, 2021a, b), and this may accelerate the
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Fig.8 The 7(g) of coal under various degassing temperatures
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Fig.9 The fractal dimensions (Dq) spectrum of coal under various
degassing temperatures

heterogeneity of the pore structure. However, the collapse of
the pores mainly occurs in pores with aperture ranges from
5to 15 nm (Li et al. 2020, 2021a, b), the ash in these pores
could maintain the shape of the pores, and the connectivity
and homogeneity of the pores are enhanced. However, with
the increased degassing temperatures, the pores with aper-
ture below 5 nm begin to collapse, and the supporting of the
ash in these pores are weak, which leads to the complexity
pore structure (Li et al. (2020).

Multi-fractal spectrum (a~f(a))

The a~f(a) multi-fractal spectrum features as up-bulge. The
singular index a; could provide the pore size distribution
characteristics in the coal. The higher o, means the partial
fluctuation of pores. It can be found that with the increased
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Table 2 The fractal dimensions

parameters of coal E;ifslsli;rslg( tgn Dy, D D, Dy D_yg D_jg-Dig Dy=Dyg D_15=Dy

120 1 0.953 0.9061 0.7364 1.1200  0.3836 0.2636 0.1200

150 1 0.9768 0.9536 0.7745 1.0732  0.2987 0.2255 0.0732

180 1 0.9788 0.9576 0.7778 1.0567 0.2789 0.2222 0.0567

210 1 0.9838 0.9675 0.8309 1.0659 0.2350 0.1691 0.0659

240 1 0.9907 0.9814  0.8944 1.0607 0.1663 0.1056 0.0607

270 1 0.9932 0.9863 0.9428 1.0612 0.1184 0.0572 0.0612

300 1 0.9926 0.9852 0.9463 1.0673 0.121 0.0537 0.0673
1.0- e represent the various pore structure characteristics in the
o5 &.3.. " coal. a, decreases with the increased degassing tempera-
0.8 - v '; t{", 0l tures, and it reaches to minimum when the degassing tem-
" 5 {‘ ;{’,‘ '-_ perature is 270 °C; following that, there is a faint increase,
0.6 . . 5 {': indicating a certain increase of the pore structure at high
he degassing temperature (Table 3). The relationship between
S 044 . ) .‘ degassing temperatures and a_, is similar to that of a,
s W o 120°C| while that is contrary for that of ;. The deviation of a~f(a)
0.2 __-' i . : :ggé | also decreases with the increased degassing temperatures.
. v . 2109 However, it should notice that when the degassing tempera-
0.0 F 3 . 240°C§ ture exceeds 240 °C, the deviation of a~f(a) changes from

: %gé: right avertence to left avertence (Table 3).
0.2 T T T T —
0.6 0.7 0.8 0.9 1.0 1.1 1.2

Fig. 10 The curves of a~f(a) for coal under various degassing tem-
peratures

degassing temperatures, the value of a decreases, which
reflects the increased homogeneity of the pores in the coal
(Fig. 10).

The width of a~f(a) multi-fractal spectrum (a,_-a,,)
could present the complexity of the pore size distribution.
The wider a,_-a,, is, the stronger heterogeneous of pore
structure would be. With the increased degassing tempera-
tures, the Ay~ decreases, it means the partial difference
of the pore structure is reduced, and the pore structure tends
to be simple (Fig. 10). ay, a_;y—a, and ay—a,, could also

Conclusions

The coal sample was launched the LP-N,A measurements
under various degassing temperatures, the dynamic change
and quantitative characterization of the pore structure was
studied, several conclusions could be acquired.

(1) The degassing temperature could alter the pore struc-
ture of the Binchang low-rank coal significantly, this
may dominantly relate to the continuously decomposi-
tion of volatile matters in the coal. With the increased
degassing temperatures, the pore specific surface area
and pore volume feature as decrease, while that for the
average pore aperture is contrary.

Table3 The a~f(a) multi-

fractal spectrum parameters I?;i?ji:slg(jecr)n_ % -0 o0 #-107% %o (@oaip)-at-10-%0)
120 1.0378 1.1653 0.6769 0.1275 0.3609 0.2334
150 1.0171 1.1171 0.6929 0.1000 0.3242 0.2242
180 1.0146 1.0920 0.6986 0.0774 0.3160 0.2386
210 1.0130 1.1075 0.7566 0.0945 0.2564 0.1619
240 1.0083 1.1088 0.8249 0.1005 0.1834 0.0829
270 1.0070 1.1091 0.9053 0.1021 0.1017 -0.0004
300 1.0078 1.117 0.9177 0.1092 0.0901 -0.0191
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(2) The higher degassing temperatures does not favor the
true pore structure of coal, and the lower degassing
temperature (<120 °C) would be suitable degassing
temperature.

(3) The multi-fractal model would be an useful tool to
describe the dynamic change of pore structure under
various degassing temperatures.

The fractal dimension (¢~D,) and multi-fractal spec-
trum (a~f(a)) are two essential parameters to describe the
homogeneity and connectivity of the pores in the coal. The
homogeneity and connectivity of the pore features a certain
increase when the degassing temperature reaches to 150 °C,
and it is almost stable during the degassing temperature raise
to 180 °C, and the homogeneity and connectivity of the pore
enhance sharply subsequently; because of the collapse of
the pores with aperture below 5 nm, the homogeneity and
connectivity of the pore decreases when the degassing tem-
perature exceeds 270 °C.
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