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Abstract Studying on the pore size distribution of coal is
vital for determining reasonable coalbed methane devel-
opment strategies. The coalbed methane project is in
progress in the southern Junggar Basin of northwestern
China, where high volatile bituminous coal is reserved. In
this study, with the purpose of accurately characterizing the
full-scale pore size distribution of the high volatile
bituminous coal of the southern Junggar Basin, two
grouped coal samples were applied for mercury intrusion
porosimetry, low-temperature nitrogen adsorption, low-
field nuclear magnetic resonance, rate-controlled mercury
penetration, scanning electron microscopy, and nano-CT
measurements. A comprehensive pore size distribution
was proposed by combining the corrected mercury
intrusion porosimetry data and low-temperature nitrogen
adsorption data. The relationship between transverse
relaxation time (7,, ms) and the pore diameter was
determined by comparing the 7, spectrum with the
comprehensive pore size distribution. The macro-pore
and throat size distributions derived from nano-CT and
rate-controlled mercury penetration were distinguishingly
analyzed. The results showed that: 1) comprehensive pore
size distribution analysis can be regarded as an accurate
method to characterize the pore size distribution of high
volatile bituminous coal; 2) for the high volatile bitumi-
nous coal of the southern Junggar Basin, the meso-pore
volume was the greatest, followed by the transition pore
volume or macro-pore volume, and the micro-pore volume
was the lowest; 3) the relationship between 75 and the pore
diameter varied for different samples, even for samples
with close maturities; 4) the throat size distribution derived
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from nano-CT was close to that derived from rate-
controlled mercury penetration, while the macro-pore
size distributions derived from those two methods were
very different. This work can deepen the knowledge of the
pore size distribution characterization techniques of coal
and provide new insight for accurate pore size distribution
characterization of high volatile bituminous coal.

Keywords pore size distribution, coalbed methane, high
volatile bituminous coal, low field nuclear magnetic
resonance, the southern Junggar Basin

1 Introduction

The pores and fractures of coal provide spaces for coalbed
methane (CBM) desorption and diffusion as well as
seepage (Yao and Liu, 2012; Okolo et al., 2015; Zhou
et al., 2017a) during the process of CBM production. The
pore size distribution (PSD) of coal can effectively
demonstrate the development degrees of pores with
different scales (Zhou et al., 2018a). Based on PSD
identification, CBM geologists cannot only judge the gas
bearing capacity and permeability of coal reservoir, but
also evaluate the reservoir conditions and predict the CBM
development potential (Karacan and Okandan, 2000; Fu
et al., 2017; Song et al., 2017). According to the
characteristics of methane adsorption and migration in
pores with different sizes, Xomor (1966) proposed a
scheme for pore classification, which has been widely
applied in study of CBM reservoirs (Kang et al., 2018;
Zhang et al., 2018), namely micro-pores (< 0.01 pm),
transitional pores (0.01-0.1 um), meso-pores (0.1-1 pm),
and macro-pores (> 1 pm).



238 Front. Earth Sci. 2021, 15(2): 237-255

The methods and technologies characterizing the PSD of
coal have been continually improved. Outcrop observa-
tions (Cooper et al.,, 2007) and optical microscope
observations of coal (Cai et al., 2011; Zhao et al., 2017;
Zhou et al., 2018b; Wang et al., 2018), providing first-hand
geological information for the evaluation of CBM
reservoirs, were initially applied to characterize PSD of
coal. Subsequently, multiple methods such as mercury
intrusion porosimetry (MIP; Yao et al., 2009; Zhou et al.,
2017b), low temperature nitrogen adsorption (LTNA; Song
et al., 2017), scanning electron microscopy (SEM; Liu and
Nie, 2016), and transmission electron microscopy (Zhao
and Ren, 1995), developed rapidly during the second half
of last century, making high-resolution characterizations of
pore morphology and full-scale characterization of PSD
realistic. In recent years, new technologies including small
angle X-ray scattering (Bale and Schmidt, 1984; Pan et al.,
2016; Sang et al., 2018; Liu et al., 2019), low field nuclear
magnetic resonance (LF-NMR; Yao et al., 2010a, 2010b),
micro-computed tomography (Micro-CT; Bai et al., 2013;
Li et al., 2017b; Ni et al., 2017; Shi et al., 2018), rate-
controlled mercury penetration (CMP; Yao and Liu, 2012),
and focused ion beam scanning electron microscopy (FIB-
SEM; Gomord et al., 2017), have been used to characterize
the PSD of coal, which has further enhanced the
characterization resolution and accuracy and effectively
improved the research depth of coal microscopic
desorption and gas and water seepage mechanisms.
Although technologies with different precisions have
been widely applied in the joint characterization of the
PSD of coal, two deficiencies still exist: 1) previous
comparative studies on the PSD are mainly limited to using
MIP and another method (LTNA, LF-NMR, or micro-CT).
MIP data may not be correct considering that the coal

88°E

matrix is compressed under high pressure, leading to the
occurring of errors during the process of the transfer from
T, value of LF-NMR data to pore diameter; 2) the macro-
pore and throat size distribution characterization methods
were scarcely analyzed and distinguished.

To address the above two issues and with the purpose of
deepening CBM exploration theories of the southern
Junggar Basin (SJR), where high-volatile bituminous
coal (HVBC) was deposited, the pore characteristics of
HVBC in the SJR were characterized using multiple
methods, including MIP, LTNA, LF-NMR, CMP, SEM,
and nano-CT. The comprehensive pore size distribution
(CPSD) characterization combining LTNA data and
corrected MIP data was first reported in this work. The
relationship between 7, and the pore diameter was
determined by comparing the CPSD and LF-NMR data.
The macro-pore and throat size distribution characteriza-
tions using CMP and Nano-CT were distinguished and
analyzed. The results of this work can deepen the
knowledge on the PSD of coal.

2 Geological background

HVBC are accumulated in the Mesozoic coal measures in
the SJR (Fig. 1(a)), north-western China, where the
samples of this study were collected. The SJR is
characterized by a multi-depositional and multi-type
structural system including reverse faults and anticlines
as well as synclines (Guan et al., 2012), covering an area of
6035 km? (Zhou et al., 2016) (Fig. 1(a)). The Lower
Jurassic Badaowan Formation (J;,) and the Middle
Jurassic Xishanyao Formation (J,4) are main coal-bearing
strata (Fig. 1(b)) (Li et al., 2019). The coal samples of this
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Fig. 1 (a) Sampling sites in the SJR (after Zhou et al. (2016)); (b) Generalized coal-bearing stratigraphic column for the SJR (after Tian

and Yang (2011)).
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study were collected from the J;;, consisting of glutenite,
siltstone, silty mudstone, gray mudstones and interbedded
coal seams (Mao and Xu, 1999). The CBM resources are
3.54 x 10" m® in the SJR (Zhou et al., 2016). Recently a
CBM development block named Baiyanghe was estab-
lished as the first demonstration base of CBM development
in the SJR (Fu et al., 2016), with annual gas production of
30 million m* (Li et al., 2018). This progress in CBM
development demonstrates good prospects for CBM
development in the SJR.

3 Methods

Figure 2 displays the workflow of this study. The CPSD of
HVBC were studied by combining the corrected MIP data
and LTNA data. The relationship between 7, and the pore
diameter was determined by comparing 7, spectrum with
the CPSD, and then, the PSD derived from LF-NMR
(NMR-PSD) was determined. Comparative analyses of the
macro-pore and throat size distributions derived from
nano-CT and CMP were conducted. In addition, SEM was
applied to verify the accuracies of the CPSD and NMR-
PSD. The pore size classification of Xogot (1966) stating
that the diameters of the micro-pores, transition pores,
meso-pores and macro-pores are < 10 nm, 10-100 nm,
100-1000 nm, and > 1000 nm, respectively, was applied in
this research. The pictures of all the experimental facilities
can be seen in Fig. 3, and the details of the procedures of
these experiments are introduced as follows.

3.1 Sample collection and treatment

Coal blocks (approximately 30 cm x 30 cm x 30 cm) were
sampled from the Wudong coalmine (WD) and Kuangou
coalmine (KG) located in the SJR (Fig. 1). The basic
measurements of the maximum vitrinite reflectance,

LF-
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Data correction

LTNA

proximate analysis, and coal composition were conducted
using the collected samples, according to the standards of
ISO 7404-5-2009, ISO 17246-2010 and ISO 7404-3-2009,
respectively (Table 1). The samples from the WD and KG
are HVBC, according to the American Society of Testing
Materials Standard ASTM D388-2015.

The geometric specifications of the samples used in
different experiments are different due to the differences in
the experimental principles. Taking MIP, LF-NMR, CMP,
and LTNA samples for instance, the experimental
principles of the former three can be summarized as
volume detection by injecting fluid, hence, cylindrical
samples are required for convenient and smooth injection;
however, the principle of LTNA is to detect the adsorbed
liquid nitrogen volume, hence, powder samples are
required to ensure the accuracy. In this work, the samples
were categorized into six types from the same block coal,
abbreviated to S-I, S-II, S-III, S-1V, S-V, and S-VI, which
were used for the MIP, LTNA, LF-NMR, CMP, SEM, and
Nano-CT experiments, respectively. The details on these
samples are introduced as follows.

S-1 were cylindrical coal samples used for the MIP tests,
with dimensions of 10 mm in height and 25 mm in
diameter. S-II were 60—80 meshed powder coal samples
applied for the LTNA tests. S-III, used for the LF-NMR
measurements, were cylindrical coal cores 25 mm in
diameter and 30 mm in length. S-IV were cylindrical coal
samples used for the CMP tests, with dimensions of 10 mm
in height and 25 mm in diameter. S-V were 10 mm x
10 mm X 3 mm in dimension and used for the SEM
observations. S-VI was a needle sample, which was used
for the nano-CT test, with dimension of 1 mm in length and
1 mm in diameter. It should be noted that S-I, S-III, and S-
IV were obtained by cutting the same long cylindrical
sample, which was drilled along the direction parallel to
the bedding plane from the coal block, to weaken the
influences of heterogeneity. For the MIP, LTNA, LF-NMR,
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Fig. 2 Workflow diagram of this study.
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Fig. 3 Pictures of all the experimental facilities: (a) Autopore IV 9500 mercury injection apparatus; (b) automatic specific surface and
pore analyzer Tristar 113020; (c) LF-NMR device RecCore-2500; (d) CMP device-APSE730; (e) double beam electron microscope system
FEI Helio 650; and (f) NanoVoxel-3502 series X-ray three-dimensional microscope.

Table 1 Results of the proximate analysis and coal composition of the coal samples

L . Proximate analysis/% Coal composition/%
Sampling sites Coal seam  Macroscopic coal petrography Ro max/%
Mad Ad Vdaf Vv 1 E
WD No. By Semi-bright coal 0.72 2.53 4.12 32.24 342 62.2 3.6
KG No. By, Semi-bright coal 0.73 3.66 5.38 36.73 57.2 41.0 1.8

Notes: WD—Wudong coalmine; KG—Kuangou coalmine; R, n.x—maximum reflectance of vitrinite, %; M,q—moisture content at the air-dried basis, %; 44—ash
content at the dried basis, %; Vg,—volatile matter yield at the dry and ash-free basis, %; V—vitrinite content, %; I—inertinite content, %; E—exinite content, %.

CMP, and SEM tests, two samples (collected from the WD  Nano-CT test, one sample (collected from the WD) was
and KG, respectively) were used in each test. For the used.
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3.2 MIP and LTNA

An Autopore IV 9500 mercury injection apparatus
(Fig. 3(a)) was used to conduct the MIP tests using the
S-1 samples. The parameters of MIP test were set,
including maximum mercury injection pressure of
100 MPa (corresponding to pore diameter of 18 nm),
mercury surface tension of 485 dyne/cm, and contact angle
of 130° (Table 2). The MIP tests in this work include
evacuating the atmospheric gases and water of the sample,
low-pressure mercury injection, and high-pressure mer-
cury injection. The details on the MIP procedures can be
found in international standard ISO15901-1-2005. In the
MIP measurements, with the increase in the mercury
intrusion pressure, significant compression in the coal
matrix can be observed (Shao et al., 2018), leading to
errors in the PSD measurement. Hence, the MIP data need
to be corrected. An effective MIP data correction method
proposed and applied by Han et al. (2015), Shao et al.
(2018), and Zhang et al. (2019) was applied in this study,
the details can be found in Appendix A.

An automatic specific surface and pore analyzer, Tristar
113020 (Fig. 3(b)), was applied for the LTNA tests. After
high temperature drying and degassing processes, S-1I
were applied for LTNA tests at 77.3 K with relative
pressures ranging from 0.001 to 0.995 (Table 2). The
Barrett-Joyner-Halenda model, describing the capillary
condensation phenomenon in cylindrical pores (Pan et al.,
2017), was applied to obtain the PSD of pores with
diameters between 2 nm and 50 nm based on the LTNA
data. The basis of this method is to measure the quantity of
nitrogen adsorbed in pores at 77.3 K as a function of its
relative pressure. The details on the LTNA principles and
procedures can be found in international standard
ISO15901-2-2006.

3.3 LF-NMR and NMR-PSD
The fluid content and PSD can be reflected by proton
nuclear magnetic resonance under radio-frequency field,

and there is a consistent one-to-one match between the
relaxation time (7,) value and the pore diameter value,

Table 2 Specific experimental condition of each test

namely the greater 7, is, the greater corresponding pore
diameter (Li et al., 2019). In this study, a LF-NMR device
named RecCore-2500 (Fig. 3(c)) developed by the
Research Institute of Petroleum Exploration & Develop-
ment of China was applied to detect the PSD of the S-III
samples. The echo time (7%), waiting time (7%,) and echo
numbers for the LF-NMR tests, were set to 0.2 ms, 3000
ms, and 4096, respectively. Prior to the experiment, the S-
III samples were first dried at 70°C for 24 h and then
vacuumed for 24 h; second they were saturated in 100%
distilled water for 24 h. After the experimental preparation
was finished, the NMR measurements were performed at
the 100% water-saturated condition for the S-III samples.
More details on each LF-NMR procedure using RecCore-
2500 can be found in Yao et al. (2010a, 2010b).

The relationship between the 7, value and pore diameter
was quantitatively determined by means of comparing the
CPSD, derived by combining the corrected MIP data and
LTNA data, and 75 spectrum curve. In the CPSD, the PSD
of the pores with diameters greater than 18 nm was
characterized using corrected the MIP data, and the PSD of
the pores with diameters ranging between 2 nm and 18 nm
was characterized using the LTNA data. After determining
the relationship between 75 and the pore diameter, which
can be referred to Appendix B, NMR-PSD can be derived
after transferring 75 to the pore diameter.

34 CMP

CMP can realize extremely low speed mercury intrusion.
The quasi-static process of CMP cannot only distinguish
the pores and throats, but also calculate pore-throat
quantity ratio (Yuan and Swanson, 1989; Toledo et al.,
1994). A CMP device named APSE730 (Fig. 3(d)) was
used for the measurements of S-IV. The S-IV samples were
first dried for 24 h at 120°C, and then mercury was injected
into the samples at an extremely low speed of 0.00005 mL/
min, with the pressure periodically rising and falling
during the injection. The maximum injection pressure was
6.2057 MPa. Real-time monitoring and automated data
acquisition, processing and output were enabled with the
help of the specialized computer system. The contact angle

Test Specific experimental condition

MIP

The maximum mercury injection pressure, mercury surface tension, contact angle, and experimental temperature were 100 MPa, 485 dyne/cm,

130°, and 25°C, respectively

LTNA
LF-NMR

The experimental temperature was 77.3 K with relative pressures ranging from 0.001 to 0.995

The experimental temperature, resonance frequency, echo time, waiting time, and echo numbers were set to 25°C, 2.38 MHz, 0.2 ms, 3000 ms,

and 4096, respectively

CMP

The mercury injection speed, maximum injection pressure, mercury surface tension, contact angle, and experimental temperature were set to

0.00005 mL/min, 6.2057 MPa, 485 dyne/cm, 130°, and 25°C, respectively

SEM
Nano-CT

The experimental temperature, acceleration voltage, and working distance were set as 25°C, 5 kV and 4 mm, respectively

The experimental temperature, X-ray source voltage and currency, and rotation step were set to 25°C, 80 kV, 95 pA, and 0.4°, respectively
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and surface tension between coal and mercury were 130°
and 485 dyne/cm (Table 2), respectively. The uniformity
coefficient of throat (a), throat sorting coefficient (RCy,),
and averaged pore throat ratio (R,y.,), which are
parameters reflecting the pore-throat structural complex-
ities, can be calculated according to the following
equations:

a= (Z riai)/rmaxa (1)
\/Z (rifRavfth)zai

Ravfth

RCy, = : @)

Ravfpt = Z Ribia (3)

where, a; is distribution frequency of normalized radius of
a throat; 7; is diameter of a throat, nm; R,,.q, is averaged
throat diameter value, nm; 7., is diameter of the largest
throat, nm; R; is pore throat ratio; b; is distribution
frequency of normalized pore-throat ratio. The greater a is,
the diameters of throats of the sample are closer to those of
the largest throats of the same sample, and the throat
diameter of the sample is more evenly distributed. The
smaller the value of RCy, the closer the diameters of
throats of the sample are to the mean, and the better the
sorting of throats of the same sample is. The greater Ry,
is, the more complicated the pore-throat structure of the
sample.

3.5 SEM and Nano-CT

The surfaces vertical to the bedding layer of the dry S-V
samples were first polished using abrasive paper for SEM
observations. Then, argon ion polishing of these surfaces
was conducted using a HITACHI IM4000 argon polishing
device. After drying in an oven at 65°C for 12 h and being
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coated with carbon to prevent electrostatic charging, the
SEM maps of the S-V samples were observed using a
double beam electron microscope system named FEI Helio
650 (Fig. 3(e)), with an acceleration voltage of 5 kV and a
working distance of 4 mm (Table 2).

A NanoVoxel-3502 series X-ray three-dimensional
microscope (Fig. 3(f)), developed by Sanying Instrument
Co., Ltd., Tianjin, China, was used to detect the pore
structure of the WD S-VI sample. The WD S-VI sample
was scanned with an X-ray of 80 kV source voltage and a
current of 95 pA. The volume data were obtained during a
rotation of 360° with each rotation step equal to 0.4°.
(Table 2). When the X-ray penetrated a sample, the
detector received the X-ray passing through the sample,
then the device converted it into a digital signal through an
analog/digital converter, and finally, a three-dimensional
reconstructed image data volume was obtained. To avoid
the influence of moisture in the air on CT scanning, the
sample was first sealed in paraffin and then scanned. The
image data volume was clipped, denoised, segmented and
reconstructed using Avizo 9.0 software. The pores and
throats of the volume data were extracted using the local
thresholding method and the 3D pore and throat structures
were subsequently re-constructed. The nano-CT resolution
of S-VI sample was 0.63 pm. The Pore-Network-Model
(PNM) model (Dong and Blunt, 2009; Li et al., 2017b;
Zhou et al., 2017a) was applied to analyze the pore and
throat size distributions.

4 Results
4.1 MIP, LTNA, and LF-NMR results
The uncorrected MIP curves in Fig. 4 show that the PSDs

of the two experimental HVBC samples were dominated
by transition pores, followed by meso-pores, and macro-
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Fig. 4 PSDs of the WD sample (a) and KG sample (b) derived from MIP and LTNA.
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pores, according to pore classification of Xomor (1966).
The PSD of the WD sample derived from MIP (Fig. 4(a))
was very similar to that of the KG sample (Fig. 4(b)). The
volumes of transition pores and meso-pores as well as
macro-pores of the WD sample, derived from MIP, were
0.0257 cm’/g, 0.0187 cm?/g, and 0.0074 g/cm®, respec-
tively. The volumes of the KG sample were 0.0218 cm’/g,
0.0229 cm’/g, and 0.0114 cm’/g.

The LTNA curves in Fig. 4 show that for the two HVBC
samples, the transition pore volumes were greater than the
micro-pore volumes. The PSD of the WD sample derived
from LTNA was quite different from that of the KG sample
(Fig. 4). Both the micro-pore volume (0.0017 ¢m?/g) and
transition pore volume (0.0052 ¢cm?/g) of the WD sample
derived from LTNA were far greater than those of the KG
sample (0.0005 c¢cm’/g for the micro-pore volume and
0.0012 c¢cm®/g for the transition pore volume). For both of
the WD and KG samples, the MIP transition pore volumes
were far greater than those of the LTNA transition pore
volumes (Fig. 4). Explanations on this phenomenon are
discussed in Section 5.1. Figure 5 demonstrates that the 7,
spectra of the two HVBC samples were bimodally
distributed, manifesting as two peaks. The signal intensity
of the right peak of the WD sample was greater than that of
the KG sample, and the signal intensity of the left peak of
the WD sample was lower than that of the KG sample. This
phenomenon indicated that the volume proportion of the
relatively larger pores (primarily meso-pores and macro-
pores) of WD sample was greater than that of the KG
sample, while the volume proportion of the relatively
smaller pores (primarily micro-pores and transition pores)
of the WD sample was lower than that of the KG sample.

4.2 CMP results

The diameter distributions of the macro-pores and throats
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Fig. 5 T, spectra of the WD and KG samples.

of the WD and KG samples are displayed in Fig. 6. The
macro-pore size distributions of the two HVBC samples
were almost the same, displaying approximate peak
centers. However, the throat size distribution curve of the
WD sample was very different from that of the KG sample,
manifesting as the narrow throat (with diameter < 20 um)
and wide throat (with diameter > 50 um) quantities of the
WD sample being greater than those of the KG sample. In
particular, the range of the throat diameter of the WD
sample (10200 um) was relatively larger than that of the
KG sample (648 um). Additionally, for the WD sample,
more throats could contribute to the permeability
(Fig. 7(a)) and the pore-throat diameter ratio distribution
was wide than that of the KG sample (Fig. 7(b)).
Correspondingly, the values of k. and RCy, of the WD
sample were greater than those of the KG sample, while
values of a and R, ., of the WD sample were lower than
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Fig. 6 Pore and throat size distributions of the (a) WD sample and (b) KG sample, derived from the CMP data.
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Fig. 7 Pore-throat diameter ratios and permeability contributions of the throats of the (a) WD sample (b) and KG sample.

Table 3 Parameter information of the S-IV samples applied for CMP experiment

Sample Pu/% k/mD a RCy, Raypt
WD S-1IV 12.75 2.895 0.16 0.84 144.08
KG S-1IvV 10.86 0.140 0.51 0.45 201.04

Note: gye—helium porosity; k—Klinkenberg permeability; a—uniformity coefficient of throat; RCy,—throat sorting coefficient; and R,,.,—averaged pore throat

ratio.

those of the KG sample (Table 3), showing that the
penetration ability of the WD sample was better than that
of the KG sample.

4.3 SEM and nano-CT results

Figures 8(a)-8(c) and Figs. 8 (d)-8(f) depict the pore sizes
of WD and KG S-V samples, respectively. It could be
observed that pores with diameters ranging between
dozens of nanometers and several microns were distributed
in the two HVBC samples (Fig. 8); namely, a large number
of transition pores and meso-pores as well as macro-pores
were developed in the HVBC samples. Micro-pores were
not easily found in the SEM map and may not have been
very developed in the two HVBC samples.

Figure 9(a) shows the 2D micro-CT slice of the WD S-
VI sample with a resolution of 0.63 um. Figure 9(b)
displays the details of the macro-pores of the slice in
Fig. 9(a). The macro-pores with diameter greater than 1 pm
were quite developed. A micro-fracture with an aperture of
3.64 um and a macro-pore with a diameter of 19.74 um
were found. Figure 9(c) demonstrates the 3D picture of the

WD S-VI sample with the color rendered. Figure 9(d)
demonstrates the 3D reconstructed map of the connected
macro-pores of the sub-extracted data volume. The sub-
extracted data volume had dimensions of 504 pm X
504 um x 126 um, which was as large as possible to reflect
the actual pore distribution of the WD S-VI sample.
Figure 9(e) displays the pore network of Fig. 9(d), showing
that the connectivity between macro-pores was very good.
Figure 9(f) shows the 3D distribution of the connected and
unconnected macro-pores of the sub-extracted data
volume. The porosities of the former and the latter were
1.23% and 2.98%, respectively. Figure 9(g) shows the
unconnected pores of the sub-extracted data volume which
were marked by different colors. Figure 9(h) depicts the
frequency distribution of the connected pores and throats,
demonstrating that the throats with diameters ranging
between 4 um and 30 pm accounted for a dominated
proportion of the total connected throat volume and that
macro-pores with diameters ranging between 30 pm and
80 um accounted for a dominated proportion of the total
connected macro-pore volume.
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Fig. 9 Micro-CT scanning results of sample WD S-VI: (a) 2D CT slice; (b) detailed description of the 2D slice; (c) 3D structure demonstration;
(d) 3D structure of the connected macro-pores; (¢) 3D pore-throat skeletal structure; (f) 3D structure demonstration of the connected and

unconnected macro-pores; (g) 3D distribution of the isolated macro-pores marked by different colors; and (h) macro-pore and throat size
distributions.
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5 Discussion

5.1 CPSD characterization

Figure 4 and Section 4.1 demonstrate that the LTNA
incremental pore volumes were dramatically lower than
those of the MIP data, for both HVBC samples. This
phenomenon verified the conclusion that the experimental
MIP data were greater than the actual situation due to coal
matrix compression under high pressure mercury intrusion.
Hence, the correction of the MIP data are necessary. Figure
10 demonstrates the corrected and uncorrected cumulative
mercury intrusion volumes of the two HVBC samples,
displaying that cumulative intrusion volume data
decreased obviously after correction, particularly for the
high pressure section of the cumulative curve. The
decrease was insignificant at a low injection pressure,
while it could be dramatic by a decrease approximately
ranging between 10% and 30%, as the mercury injection
pressure increased from 17.3 MPa to 100 MPa (Fig. 10).
The matrix compressing coefficients of the WD and KG
samples were 1.74 x 10* MPa ' and 1.77 x 10 MPa ™',
respectively. These results were close to the compressing
coefficient values of HVBC calculated by Guo et al. (2014)
(1.64 x 10*-2.90 x 10* MPa' for HVBC with R, jyax =
0.65%—0.88%) and Shao et al. (2018) (1.72 x 10 MPa™'
for HVBC with R, . = 0.65%), which validated the
accuracy of the correction approach of the MIP data used
in this paper.

The matrix compression was negligible when mercury
was injected into the pores with diameters greater than
0.1 um, as displayed in Fig. 11. Correspondingly, the
corrections of the incremental pore volumes of the two
HVBC samples were slight. As mercury was injected into
the transition pores with diameters ranging between
0.01 pm and 0.18 pm, the compression of the matrix
was significant, and the correction of the incremental pore

0.07
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volume was apparent (Fig. 11). These phenomena
indicated that matrix compression may mainly occur in
the micro-pores and transition pores during the mercury
intrusion process. The corrected incremental transition
pore volume derived from the MIP was close to that
derived from the LTNA data, as displayed in Fig. 12
demonstrating the CPSDs of the two HVBC samples.
Hence, the CPSD approach could be regarded as a correct
PSD characterization method, which took the matrix
compressing issue of the MIP data and the application of
the LTNA data into consideration. The CPSD of the WD
sample and that of the KG sample was close, manifesting
as the meso-pore volume being the greatest, followed by
the transition pore volume or macro-pore volume, and the
micro-pore volume was the lowest (Fig. 12). The CPSD
results above were consistent with the SEM results, which
showed that the transition pores and meso-pores as well as
macro-pores were developed, while the micro-pores were
not easily found (Fig. 7).

5.2 Full-scale PSD comparisons between the CPSD and
NMR-PSD

While scholars have performed much research work on the
relationship between the 75 value and pore diameter using
uncorrected MIP data (Li et al., 2015; Huang et al., 2018;
Gong and Liu, 2020) or LTNA data (Tang et al., 2016) or
the 7, cutoff method (Yao et al., 2010b), they seldom work
on the relationship using the CPSD data, which combines
the corrected MIP data and LTNA data together and can be
regarded as an approximate full-scale PSD. Considering
that LF-NMR is an efficient tool for nondestructively
quantifying the full-scale coal PSD (Yao and Liu, 2012),
the determination of the relationship between the 75 value
and pore diameter using the CPSD data can be more
accurate compared with the traditional methods using only
the uncorrected MIP data or LTNA data.
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Fig. 10 Corrected and uncorrected cumulative pore volume curves derived from the MIP data: (a) WD sample; (b) KG sample.
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Fig. 12 CPSDs derived from the MIP and LTNA data: (a) WD sample; (b) KG sample.

By applying the determination approach described in
Appendix B and using the CPSD data discussed in section
5.1, the quantitative relationships between the 7, value and
pore diameter of the two HVBC samples were revealed, as
demonstrated in Fig. 13. The cumulative pore volume
frequency curve derived from the CPSD was close to that
derived from LF-NMR for both HVBC samples (Fig. 13).
The key parameters of Eq. (B-4) were determined by
applying the least-square method of Eq. (B-6). The n
values of the two HVBC samples were very close while the
C value of the KG sample was almost two times that of the
WD sample (Fig. 13), indicating that the relationship
between 7, and the pore diameter varied for different
samples, even for samples with close maceral composi-
tions and R, m,x values (Table 1).

The NMR-PSDs of the two HVBC samples were
derived from the LF-NMR data after transferring 75 to
the pore diameter, and the comparison between the CPSD
and NMR-PSD is demonstrated in Fig. 14. It can be
observed that the NMR-PSDs of the two HVBC samples
were overall similar to the CPSDs of the samples (Fig. 14);
hence, the transfer of 7, to the pore diameter was accurate.
The macro-pore volumes derived from the NMR-PSDs
were relatively lower than those derived from the CPSDs
(Fig. 14). For the WD sample, the macro-pore volume
derived from the CPSD was 0.0074 cm’/g, which could
be verified by the connected macro-pore volume of
0.0103 cm?/g derived from the nano-CT of the WD S-VI
sample. Hence, the characterization of the macro-pore
volume derived from NMR-PSD may not be sufficiently
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Fig. 14 PSDs derived from the LF-NMR data after transferring 7, to the pore diameter and the PSDs derived from the CPSD data: (a)

WD sample; (b) KG sample.

accurate. This phenomenon could be explained by the
following reasons: 1) free water loss occurred for the
macro-pores during LF-NMR testing process, although the
sample was saturated before testing, leading to a lesser
detected macro-pore volume; 2) systematic errors existed
during the use of the method introduced in Appendix B
because the method pursue to realize that the accumulative
pore volume curve of the LF-NMR can mostly resemble
that of the CPSD, rather than making the former
completely the same as the latter.

The applications of the NMR-PSD, which were derived
from the LF-NMR data after transferring 7, to the pore
diameter using the CPSD data, can be beneficial for

quantitatively determining the scales of the volume-varied
pores before and after reservoir stimulation for improving
gas and oil recovery or reservoir damage leading to a low
yield of CBM well, considering that LF-NMR is
nondestructive. For instance, regarding reservoir stimula-
tion using low temperature liquid nitrogen as reported by
Qin et al. (2017), the NMR-PSD characterizations before
and after stimulation using low temperature liquid nitrogen
will reveal the scales of the nitrogen-stimulated pores. Clay
migration is thought to be an important mechanism for
reservoir damage (Kang et al., 2014; Alhuraishawy et al.,
2018; Wang et al., 2019), and the migrating pathways
between different scaled pores will be revealed by applying
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NMR-PSD characterizations before and after reservoir
damage simulation. Hence, the NMR-PSD derived from
LF-NMR data after transferring 7 to the pore diameter can
be useful in gas and oil reservoir development research in
future studies.

5.3 Macro-pore and throat size distributions derived from
CMP and nano-CT

As introduced in Sections 4.2 and 4.3, both CMP and
nano-CT technologies can characterize the distributions of
the macro-pores and throats with diameters greater than
1 um. Figure 15(a) depicts that the throat size distribution
derived from nano-CT method was close to that derived
from CMP, displaying that the throats with diameters
ranging between 10 um and 40 pm were the most
developed. Figure 15(b) depicts that the macro-pore size
distribution derived from nano-CT was very different from
that derived from CMP, showing that the former macro-
pore diameter was mainly concentrated in the range
between 10 pm and 100 um while the latter macro-pore
diameter was mainly concentrated in the range between
200 pm and 400 pm.

The large differences in the macro-pore size distribu-
tions displayed in Fig. 15(b) can be attributed to the
following reasons: 1) the S-VI sample used for the nano-
CT test was approximately 1 mm in length and 1 mm in
diameter to realize nanometer resolution; hence, detecting
macro-pores with diameters greater than 100 pm (one tenth
of the sample diameter) using nano-CT would be highly
impracticable. However, the S-IV sample used for the
CMP tests was 10 mm in height and 25 mm in diameter,
and mercury could invade the macro-fractures with
apertures greater than 100 pm or the macro-pores with

30]_ Throat size distribution derived from Nano-CT
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diameters greater than 100 um. In summary, the differ-
ences in the detected pore diameter ranges between the
nano-CT and CMP methods led to the different results; 2)
due to the first reason discussed above, the macro-pores
detected by nano-CT (Fig. 15(b)) could probably be
regarded as throats in the CMP tests, leading to macro-
pores with diameters less than 100 pm being scarcely
measured; and 3) the heterogeneities between S-IV and S-
VI and the inversion process of the nano-CT volume data
could influence the results as well.

5.4 Full-scale PSD of HVBC of SJR

As introduced in Section 5.1, the PSD characterization
results of the WD and KG HVBC samples of this study,
showed that meso-pore volume was the greatest, followed
by the transition pore volume or macro-pore volume, and
the micro-pore volume was the lowest. Jia et al. (2015),
Luo etal. (2016), Liet al. (2017a), Tao et al. (2018), Zhang
(2019), Lin et al. (2019), and Hou et al. (2020) derived the
PSD of HVBC of SJR using uncorrected MIP data, and
found that the micro-pore volume or transition pore
volume was the greatest, and the meso-pore volume or
macro-pore volume was the lowest. However, micro-pore
and transition pore volumes of the same samples derived
from the LTNA data in Tao et al. (2018), Lin et al. (2019),
and Hou et al. (2020) were also far lower than those
derived from the uncorrected MIP results. Hence, using
uncorrected MIP data alone cannot accurately describe
full-scale PSD because it can result in enlarged micro-pore
or transition pore volumes. We reconstructed the PSD of
HVBC by combining the LTNA data (2-50 nm) and
uncorrected MIP data (> 50 nm) of Tao et al. (2018), Lin
et al. (2019), and Hou et al. (2020), and found that their
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Fig. 15 (a) Throat size distributions of the WD sample derived by nano-CT and CMP metnods; (b) pore size distributions of the WD

sample derived by nano-CT and CMP metnods.
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Fig. 16 Typical PSDs of HVBC derived by combining the LTNA data and uncorrected MIP data published in the work by (a) Tao et al.

(2018) and (b) Lin et al. (2019).

PSD results were close to those of our study, demonstrating
that for HVBC of SJB, the meso-pore volume was the
greatest, followed by the transition pore volume or macro-
pore volume, and the micro-pore volume was the lowest
(Fig. 16). Wang et al. (2017) applied corrected MIP data
and LTNA data to characterize the PSD of HVBC with
different macrolithotypes. We reconstructed the PSD of
HVBC by combining the LTNA data (2-50 nm) and
corrected MIP data (> 50 nm) of Wang et al. (2017), and
found that the overall meso-pore volume was the greatest,
followed by the macro-pore volume, and the transition
pore volume or micro-pore volume was the lowest
(Fig. 17). This result was also close to that of our study,
and all the data discussed in this section validated that full-
scale PSD characterization using the LTNA data and
corrected MIP data are relatively more accurate than that
derived from the uncorrected MIP data alone.
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Fig. 17 PSDs of HVBC derived by combining the LTNA data
and corrected MIP data published in Wang et al. (2017).

6 Conclusions

The main conclusions are summarized as follows:

1) The CPSD, combining the corrected MIP data and
LTNA data, can be regarded as a correct method for the
PSD characterization of HVBC in this study;

2) For HVBC of SJB, meso-pore volume was the
greatest, followed by transition pore volume or macro-pore
volume, and micro-pore volume was the lowest;

3) LF-NMR can accurately characterize PSD after
transferring 7, to the pore diameter using the CPSD data;

4) The relationship between 7, and the pore diameter
varied for different samples, even for samples with close
macerals compositions and R, ax values;

5) The throat size distribution derived from nano-CT
method was close to that derived from CMP; however,
because of the differences in the detected pore diameter
ranges of the nano-CT and CMP methods, the macro-pore
size distribution derived from nano-CT was very different
from that derived from CMP.
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Appendix A
The coal matrix compressibility can be expressed as:
dr,
K =-—° A-1
= e (A-1)

where, K, is the coal matrix compressibility, MPa™'; ¥, is
the coal matrix volume, cm?/g; and dV./dP is the change in
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the coal matrix volume as mercury injection pressure
changes, cm*/(g* MPa).

For compressible porous coal, the following equation
exists during mercury injection:

AV, = AV, + AV, (A-2)

where, AV, AV, and AV, are the injected pore volume,
filling pore volume, and compressing matrix volume,
respectively, g/cm’.

A proportional relationship between AV, and P was
found for the HVBC samples in this study as P increased
from 35 MPa (corresponding to pores with 51.0 nm in
diameter) to 100 MPa (corresponding to pores with a
diameter of 18 nm) (Fig. 9), and the proportional constant
f can be expressed as:

AV,
B=—p

Combining Egs. (A-1), (A-2) and (A-3), it can be found

that:
1 AV,
K.=—|[(p-—2L
A < AP

where, AV}, is the volume of pores with diameters ranging
between 18 nm and 51.0 nm, which can be obtained from
LTNA data.

Assuming that K. is a constant during mercury injection,
the coal matrix volume can be corrected using the
following equation:

(A-3)

) b (A'4)

AV,

Ve = Vc*E(Pi*PO)s
where, Ve(p, is the coal matrix volume under the mercury
injection pressure of P;, cm®/g; P, is the initial injection
pressure and is equal to 0.0035 MPa.

Then the actual mercury filling pore volume can be
calculated:

(A-5)

VPi = Vo(Pi)ch Vc(Pi)(Pi7P0)7 (A-6)

where, Vp and Vyp, are the actual mercury filling pore
volume and actual injected pore volume under the pressure
of P;, respectively, cm’/g.

Appendix B

The fluid content and pore structure can be reflected by
proton nuclear magnetic resonance under radio-frequency
field. The relaxation characteristics can be expressed as:

1 S P2

— =~ pp = F,
r

T, v (B-1)

where, T, represents the transverse relaxation time, ms; S
represents the pore surface area, pum?; V' is the pore volume,
um?®; p, denotes the transverse surface relaxivity coeffi-

cient, um/ms; r is the pore radius, pm; and F represents

the geometry factor. Therefore, there is a consistent one-to-

one match between 7, value and the pore radius.
Equation (B-1) can be transferred to Eq. (B-2), namely:

p
pZF s'
In the actual situation, the pores in rocks are quite

complex and previous studies (Li et al., 2015; Huang et al.,
2018) found the following relationship between 7, and r:

T2:

(B-2)

rn

szS’

where, n is a power exponent constant. Define C = 2 X
(p2F5)"" and Eq. (B-3) can be expressed as:

T, = (B-3)

p=cr", (B-4)

where, D is the pore diameter, pum. In this study, MIP data
could reflect PSD of pores with diameters greater than 18
nm, and the increment pore volume derived from MIP was
greater than the actual pore volume due to the compres-
sibility of the coal matrix. Hence, the PSD of the pores with
diameters greater than 18 nm was obtained using the
corrected MIP data as illustrated in Appendix A, and the
PSD of the pores with diameters ranging between 2 nm and
18 nm was derived from the LTNA data. Therefore, the
comprehensive PSD (CPSD) derived from the corrected
MIP data and LTNA data was addressed. The T, curve
derived using a water saturated specimen can describe the
PSD of all the pores in coal. Comparing the 7, curve and
CPSD, the unknown parameters in Eq. (B-4) can be
calculated. The details are as follows:
Take logarithm on both sides of the Eq. (B-4):
Inr = InC + %lnTz. (B-5)
Based on the least-square method, the values of C and n
can be derived by calculating the minimum value of L,
which can be expressed as:

mo [l 2
L= Zl_zl [;mT2 + 1nClnr] . (B-6)
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