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Abstract

Pore structure characteristics are significant factor in the evaluation of the physical characteristics of low-rank coal. In this
study, three low-rank coal samples were collected from the Xishanyao Formation, Santanghu Basin, and low-temperature
liquid-nitrogen adsorption (LP-N,A) measurements were taken under various pretreatment temperatures. Owing to the
continuous loss of water and volatile matter in low-rank coal, the total pore volume assumes a three-step profile with knee
temperatures of 150 °C and 240 °C. However, the ash in the coal can protect the coal skeleton. Pore collapse mainly occurs
for mesopores with aperture smaller than 20 nm. Mesopores with apertures smaller than 5 nm exhibit a continuous decrease in
pore volume, whereas the pore volume of mesopores with apertures ranging from 5 to 10 nm increases at lower pretreatment
temperatures (<150 °C) followed by a faint decrease. As for mesopores with apertures larger than 10 nm, the pore volume
increases significantly when the pretreatment temperature reaches 300 °C. The pore structure of low-rank coal features a
significant heating effect, the pretreatment temperature should not exceed 150 °C when the LP-N,A is used to evaluate the
pore structure of low-rank coal to effectively evaluate the reservoir characteristics of low-rank coal.

Keywords Low-rank coal - Low-temperature liquid-nitrogen adsorption - Pore structure - Refined upgrading temperatures -
Heating effect

1 Introduction Santanghu Basin in northwestern China; Ordos Basin in

central China; and Zhaotong Basin in southwestern China

Lignite and long-flame coal are typical types of low-rank
coal, and their extraction is well developed in China. For
example, the Erlian Basin, Hailer Basin, Hunchun Basin
and Tiefa Basin in northeastern China; Turpan-Hami Basin,
Junggar Basin, Yili Basin, Tarim Basin, Qaidam Basin and
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are all basins that contain not only abundant low-rank coal
resources (Jian et al. 2015; Xin et al. 2019), but also large
amounts of low-rank coalbed methane. The potential of low-
rank coalbed methane resource in China is approximately
1.7 % 10" m?, which contributes almost 40% of the total
Chinese coalbed methane resources (Wang et al. 2017).
There has been commercial development of high-rank coal-
bed methane in Qinshui Basin, whereas the development of
low-rank coalbed methane in China is still at the preliminary
stage. Currently, the research of low-rank coalbed methane
in China is mainly focused on accumulation (Xu et al. 2012;
Fu et al. 2016; Li et al. 2018).

The pore structure is one of the key factors that can sig-
nificantly influence the adsorption, desorption, diffusion and
seepage of coalbed methane in coal, and detailed research
on the pore structure of coal can favor the development of
low-rank coalbed methane. The pore structure characteristics
of low-rank coal are different from those of medium- and
high-rank coal (Jian et al. 2015). Low-rank coal exhibits
high porosity; however, with an increase in the degree of
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coalification, the porosity of low-rank coal continuously
decreases (Wang et al. 2018; Zhang et al. 2018). Jian et al.
(2015) collected 42 low-rank coal samples, and the dynamic
changes of the pore volume and specific surface area of
the micropores (<10 nm), transition pores (10—100 nm),
mesopores (100-1000 nm) and macropores (>1000 nm)
were studied in detail with increased coalification. For low-
rank coal with the maximum vitrinite reflectance (Ro,max)
ranging from 0.24% to 0.65%, the pore volume, pore specific
surface area and porosity decrease first and then increase
with increased thermal maturity, reaching minimum at
R,.max=0.5%. This is mainly due to compaction and water
loss during the deposition process (Jian et al. 2015). The
pore aperture in low-rank coal is typically below 10 nm
(Cai et al. 2013), which favors the adsorption of methane.
Mesopores with apertures ranging from 100 to 1000 nm
are largely undeveloped, and macropores in low-rank coal
are mainly plant tissue pores (Fu et al. 2017). However, the
results from Jian et al. (2015) showed that pores with aper-
tures from 10 to 100 nm are the most developed in low-rank
coal. This difference in the results may be due to regional
differences. Lignite and long-flame coal are developed in
eastern Junggar Basin, whereby the inertinite content, pore
volume, pore connectivity and pore specific surface area of
the lignite are superior to that in long-flame coal (with ten
coal samples) (Tao et al. 2018). For long-flame coal, the pore
specific surface area is mainly provided by the micropores
(<10 nm), particularly the pores with apertures from 2 to
3 nm. However, the pore specific surface area of the lignite
is mainly derived from the transition pores (10—100 nm)
(Tao et al. 2018). The micropore volume (<10 nm) con-
tributes dominantly to the total pore volume of low-rank
coal in Ordos Basin (with 12 coal samples), and those for
the mesopores (10—100 nm) and macropores (>100 nm) are
approximately equal; in fact, the heterogeneity of the pore
size distribution in the various types of low-rank coal is
strong (Xu et al. 2012). The distribution of the pores in the
various macrolithotypes is also varied for different types of
low-rank coal; macropores in the dull coal are few, whereas
the pore structure of bright coal is complex (Zhao et al.
2019). The structure of the pores in inertinite is typically
single with larger pore aperture, which favors the migration
of methane, whereas the pores in vitrinite are complex with
smaller pore apertures that favor the adsorption of meth-
ane (Sakurovs et al. 2012; Liu et al. 2015). Minerals may
be filled into the plant tissue pores in low-rank coal, which
would also influence the pore structure (Tao et al. 2018). It
can be concluded that the coal rank, mineral content and
types of the macerals in low-rank coal would significantly
influence its pore structure (Wang et al. 2018).

Various methods can be used to investigate the pore struc-
ture of low-rank coal, such as scanning electron microscopy
(SEM), low-temperature liquid-nitrogen adsorption (LP-N,A),
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high-pressure mercury intrusion (MIP), constant-rate mercury
intrusion (CR-MI) and low-field nuclear magnetic resonance
(LF-NMR) (Jian et al. 2015; Pan et al. 2019; Xin et al. 2019).
LP-N,A is mostly used to measure the pore structure of low-
rank coal. Before the implementation of LP-N,A, the coal
sample is pretreated below 300 °C to avoid adsorbed impuri-
ties on the coal. Under the measurement pretreatment tem-
perature, with the loss of moisture in the coal, the porosity,
meso- and macropore specific surface areas decrease (Deevi
and Suuberg 1987; Salmas et al. 2001; Sakurovs et al. 2016).
The moisture in macropores with pore apertures larger than
120 nm would be lost first, which would lead to a decreased
porosity of approximately 43% (Evans 1973). When the mois-
ture in the pore aperture ranging from 4 to 120 nm tends to be
lost, pore collapse occurs, especially for pores with apertures
ranging from 2 to 18 nm (Deevi and Suuberg 1987). Further-
more, low-rank coal typically features high volatile content
(Tao et al. 2018); thus, a higher pretreatment temperature
may lead to the volatilization of the volatile matter from the
low-rank coal. Yin et al. (2019) performed pyrolysis measure-
ments on lignite from Erlian Basin under temperatures of 600,
750 and 900 °C and found that a large amount of volatiles
separate out under those conditions. In addition, the pores col-
lapse under high pyrolysis temperatures. However, it should be
noted that the pyrolysis temperature is much higher than that
in the pretreatment of LP-N, A process. Thus, the issue arises
whether moisture and volatiles can be separated out under the
lower pretreatment temperature before the implementation of
LP-N,A. This is important because the pore structure of low-
rank coal under various pretreatment temperatures would be
different with the continuous decrease in moisture and vola-
tiles, which would finally determine the true pore structure of
low-rank coal.

Previous studies on the pore structure of low-rank coal
were mainly based on coal samples with various thermal
maturities. However, the heterogeneity of low-rank coal
is strong; thus, there would be different indications as to
its pore structure (Cai et al. 2013; Jian et al. 2015; Tao
et al. 2018). There has been very little attention paid to the
dynamic change in the pore structure underrefined upgrad-
ing pretreatment temperatures with LP-N,A. In this study,
low-rank coal samples were collected from Santanghu Basin
in Xinjiang, China, and the pore structure of low-rank coal
samples with LP-N,A under refined upgrading pretreatment
temperatures was studied.

2 Samples and measurement procedures
2.1 Samples

Low-rank coal samples were collected from the Middle
Jurassic Xishanyao Formation (XSY) in Santanghu Basin,
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Xinjiang, northwestern China. The Xishanyao Formation is
a transition facies deposition from shore—shallow-lake facies
to lacustrine—delta facies, and the coal bearing formation
was mainly developed at the lacustrine—swamp facies and
the delta—front facies. The average thickness of the Xishan-
yao Formation was 476.59 m with a maximum coal seam
of 22 layers, and the cumulative thickness of the coal can
reach 100 m.

In Xishanyao Formation, three coal samples were col-
lected from drilling cores with a diameter of 25 mm, and the
length of the cores ranged from 5 to 8 cm. Low-rank coal
can be weathered easily. The moment the fresh coal samples
were acquired, they were immediately packaged with valve
bags and sent to the laboratory for measurements.

2.2 Measurements

2.2.1 Measurements of the basic properties of the coal
samples

Measurements of the basic properties of the coal samples
included proximate analysis, maceral identification, mean Ro
and SEM. The proximate analysis of the coal samples was
carried out following the Chinese national standard GB/T
212-2008. According to the Chinese national standards
GB/T 8899-2013 and GB/T 6948-2008, the macerals were
inentified, and Ro of the coal samples was measured. SEM
of the coal samples was performed according to the Chi-
nese national standard GB/T 17722-1999 with the MAIA3
model 2016 (LM) ultrahigh-resolution field-emission scan-
ning electron microscope.

2.2.2 LP-N,A measurements of the low-rank coal samples

Mesopores and macropores are dominant in low-rank coal
(Nugroho et al. 2000; Mahidin et al. 2003; Cai et al. 2013),
and LP-N,A can accurately reveal the structure of the pores
with apertures larger than 0.7 nm accurately (Lee et al. 2006;
Thommes and Cychosz 2014; Li et al. 2019). Then, the pore
structure of the low-rank coal samples was analyzed through
LP-N,A measurements with the TriStar II specific surface
area instrument, and the determination of the specific surface
area of solids by gas adsorption using the BET method was
taken as the reference. Before the LP-N,A measurements
are taken, the coal samples should be dried to discharge any
available moisture and adsorbed gas from the surface of the
coal; this procedure should be completed at a particular tem-
perature. In this study, the pore structure differences of low-
rank coal were studied under refined upgrading pretreatment
temperatures, where the pretreatment temperatures here refer
to the various drying temperatures. There were seven various

pretreatment temperatures set from 120 to 300 °C at inter-
vals of 30 °C, and the concrete procedures were as follows:

First, the sample tube was washed with alcohol to clean
the probable impurities on the surface, followed by dry-
ing with the Micromeritics Vac Prep 061 Sample Degas
System for 3 h at 150 °C and balancing. Next, a certain
amount of the coal samples was added into the sample
tube. Then, the sample was dried with Micromeritics Vac
Prep 061 Sample Degas System again at the pretreatment
temperature of 120 °C; when the vacuum degree reached
to 0.05 mbar, it was thought to be dried completely. The
sample tube with sample was balanced again to calculate
the mass of the sample. Finally, the LP-N,A measurement
of the low-rank coal sample at a pretreatment temperature
of 120 °C was taken at —196 °C with a maximum relative
pressure of approximately one. When the LP-N,A meas-
urement was completed, the coal sample was treated again
at various pretreatment temperatures 150, 180, 210, 240,
270 and 300 °C. After the various pretreatment tempera-
tures, the LP-N,A measurements of the coal samples were
taken.

To reduce the deviation, the vacuum degree should reach
0.05 mbar under the various pretreatment temperatures. In
addition, three coal samples were utilized at the same time
to avoid abnormal results arising from the testing of a
single sample. The adsorption curve and desorption curve
can be acquired from the LP-N,A measurements, whereby
the adsorption curve is typically used to reveal the pore
structure of the coal (Groen et al. 2003; Thommes and
Cychosz 2014). The Barrett-Joyner—Halenda model was
used to calculate the pore volume and pore size distribu-
tion, and the Brunauer—-Emmett—Teller model was utilized
to acquire the specific surface area.

3 Results and discussion

3.1 Maceral and proximate analysis of the coal
samples

The R, of the three coal samples ranges from 0.352% to
0.374% (Table 1), indicating that the coal is lignite. Vit-
rinite (with a range of 68.67% to 68.72%) is dominant in
the low-rank coal samples, followed by inertinite (with a
range of 22.95% to 24.67%), and exinite is the least abun-
dant (Table 1). The moisture content on an air-dried basis
ranges from 14.48% to 17.12%, ash yield on a dry basis
varies from 12.74% to 16.28%, and the volatile content
on a dry, ash-free basis ranges from 41.24% to 41.56%
(Table 1), which indicates that low-rank coal in Xishanyao
Formation features medium and high moisture content,
medium and low ash yield and high volatile content.
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Table 1 Results of the proximate and maceral analyses and the R, of the coal samples

Sample Formation Ry, % Coal composition, % Proximate analysis, %

Vitrinite Inertinite Exinite M,y Ay Viat
XSY-1 Ix 0.352% 68.67 24.67 6.66 15.94 12.74 41.33
XSY-2 Ix 0.371 68.58 23.41 8.01 14.48 16.28 41.24
XSY-3 Ix 0.374* 68.72 22.95 8.33 17.12 15.12 41.56

*Quantity of the coal sample is less, the result is suggested for reference; ad, air-dried basis; d, free basis; daf, dry ash free basis

3.2 Change in the pore structure of XSY coal
samples under various pretreatment
temperatures

3.2.1 Changein LP-N,A curves

There are six types of LP-N,A curves and four types of
hysteresis loops for porous media (Sing et al. 1985). The
LP-N,A curves of the XSY coal samples are present as
type IV; meanwhile, the shapes of the adsorption/desorp-
tion curves of the XSY coal samples are different under the
various pretreatment temperatures, and can be classified as
H, type or H, type, according to the IUPAC classification
method (Fig. 1). The H, type hysteresis loop appears when
the pretreatment temperature of the coal samples is below
240 °C, and the H, type hysteresis loop emerges with higher
pretreatment temperatures of 270 °C and 300 °C.

The dynamic change in the adsorption curves under
various pretreatment temperatures is similar. Under a lower
relative pressure (<0.8), the increase in the N, adsorption
quantity is slow. When the relative pressure reaches 0.8-0.9,
it shows a quick increase, and the N, adsorption quantity fea-
tures a sharp and rapid increase when the relative pressure
exceeds 0.9, reaching the maximum N, adsorption quantity
rapidly (Fig. 1).

The difference between the H, type and H; type hyster-
esis loop is the size. For coal with an H, type hysteresis
loop, which corresponds to lower pretreatment temperatures
ranging from 120 to 240 °C, the desorption curve decreases
rapidly when the relative pressure decreases to 0.9, and the
narrow hysteresis loop indicates parallel plate pores with
all sides open. With the continuous decrease in the relative
pressure, desorption and adsorption curves are not reversible
and are nearly parallel, with a relative pressure range of 0.5
to 0.8. The size of the hysteresis loop becomes larger, indi-
cating cylindrical or prismatic pores with two sides open,
while there are some fine pore throat structures in these
pores, suggesting complex pore system. When the relative
pressure decreases to 0.5, there is a sharp inflection point
on desorption curve, which is a reflection of fine-neck pores
and ink-bottle pores. When the relative pressure decreases
sequentially, the hysteresis loop tends to be closed, and
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the morphology of the pores is impermeable with one side
almost closed. In fact, the hysteresis loop is not completely
closed at the lower relative pressure, which is common for a
porous medium (Burgess et al. 1989; Chen et al. 2018). Bur-
gess et al. (1989) reasoned that the unclosed hysteresis loop
is related to the size difference between the adsorbent pore
and adsorbate. With approximately equal diameters for the
pore and adsorbate, the hysteresis loop would not be closed.
The H, type hysteresis loop emerges when the coal samples
are used with higher pretreatment temperatures (270 °C and
300 °C), and it is similar to the H, type hysteresis loop. The
hysteresis loop of the H; type is narrow for a relative pres-
sure range of 0.4 to 1, and there is no sharp inflection point
at a relative pressure of 0.5, indicating parallel plate pores
with all sides open and cylindrical pores with two sides open
in the coal. For a relative pressure below 0.4, the hysteresis
loop is closed, signifying the coniform pores and sphenoid
pores with one side closed (Song et al. 2017).

3.2.2 Change in total pore volume and specific surface area

The dynamic change in the total pore volume (TPV) of the
XSY coal samples is presented as a three-step profile. The
TPV reaches the maximum when the pretreatment tempera-
ture is 150 °C. Afterward, it decreases with increasing pre-
treatment temperatures. The TPV of XSY-1 and XSY-2 coal
samples reach a minimum at the pretreatment temperature of
240 °C, whereas that for the XSY-3 coal samples is 270 °C.
Finally, there is a weak increase for the TPV of the XSY coal
samples (Fig. 2). The dynamic changes of TPV for the three
low-rank coal samples are various, indicating the strong
heterogeneity of the coal. With regard to the total specific
surface area (TSSA), it decreases linearly at pretreatment
temperatures below 240 °C (Fig. 2). When the pretreatment
temperatures exceed 240 °C, the decrease in TSSA is slow.

3.2.3 Change in cumulative pore volume and specific
surface area

The cumulative pore volume (CPV) increases slowly for
pores with apertures below 10 nm, and it increases lin-
early for pore apertures larger than 10 nm (Fig. 3). The
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Fig. 1 LP-N,A curves of the XSY coal samples

increase in the cumulative specific surface area (CSSA)
varies with different pretreatment temperatures. The rapid
increase in the CSSA is almost the same for coal samples
under lower pretreatment temperatures (<180 °C); then, it
increases to the maximum and remains stable in the case
of macropores.

3.2.4 Change in incremental pore volume and specific
surface area

XSY coal samples present a wide range of pores, and the

pores can be divided into two sections at the aperture of
5 nm. The PV of the XSY coal samples are mainly provided
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Fig. 2 Dynamic change in TPV and TSSA of the three coal samples under various pretreatment temperatures

by the pores with apertures below 20 nm (Fig. 4). With an
increase in the pretreatment temperatures, the PV and SSA
of the pores with apertures smaller than 20 nm decrease
continuously, whereas that for pores with apertures larger
than 20 nm is stable. The incremental pore volume (IPV)
and specific surface area (ISSA) of the XSY coal samples
feature a bimodal pattern distribution, which is quite differ-
ent from those for medium- and high-rank coal (Jian et al.
2015). The left peak of the IPV and ISSA is approximately
2 nm, whereas that for the right peak ranges from 5-10 nm.
With an increase in the pretreatment temperatures, the right
peak gradually shifts to the right (Fig. 4). Furthermore, when
the pretreatment temperature reaches to 300 °C, the I[PV and
ISSA of the pores with apertures smaller than 5 nm cannot
be detected with the N, probe. This is primarily because
of the irreversible shrinking of the pores during the loss of
moisture under high pretreatment temperature (Deevi and
Suuberg 1987).

3.2.5 Change in mesopores and macropores in the coal

The pores in the coal can be classified as micropores
(<2 nm), mesopores (2-50 nm) and macropores (>50 nm)
according to the recommended IUPAC pore classification
method. With an increase in the pretreatment temperatures
from 120 to 240 °C, the mesopore volume and macropore
volume of the XSY coal samples increase first and then
decrease. When the pretreatment temperature reaches
270 °C, there is a weak increase in the mesopore volume
and macropore volume. In addition, the dynamic change in
the mesopore volume and macropore volume is coincident.
When the pretreatment temperature rises to 300 °C, the
mesopore volume decreases, whereas the macropore vol-
ume increases (Fig. 5). Previous studies on the pore struc-
ture of low-rank coal show that the mesopores are dominant
(Nugroho et al. 2000; Mahidin et al. 2003; Cai et al. 2013),
whereas the XSY coal samples demonstrate that the pore
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volumes are determined mainly by the macropores, and the
mesopores account for most of the pore specific surface area
(Fig. 5).

3.3 Influence of various pretreatment temperatures
on the change in the pore structure

3.3.1 Influence of pretreatment temperatures on sample
mass

The XSY coal samples feature high moisture and volatile
content, which would be decomposed under high tempera-
tures (Yin et al. 2019). With an increase in pretreatment
temperatures, the mass of the XSY coal samples decreases
continuously (Fig. 6). Particularly as the pretreatment
temperature reaches 240 °C, the mass of the coal sample
rapidly decreases. The maximum decrease in the sample
mass ranges from 2.27% to 2.73%. The moisture and vola-
tiles in the coal may decompose under high temperature,
whereby a decrease in the coal sample mass may be related
to a loss of moisture and volatiles under refined upgrading
pretreatment temperatures. The water in the coal exists
as interparticle water, capillary water, adhesion water,
surface adsorption water and interior adsorption water
(Le Roux and Campbell 2003; Peng et al. 2011; Daigle
et al. 2014; Pickles et al. 2014). The XSY coal samples
present low thermal maturity, in which the moisture con-
tent in the XSY coal samples is high (Table 1). Under a
pretreatment temperature of 120 °C, which exceeds the
boiling point of the water, the interparticle water in the
coal would be evaporated first (Pickles et al. 2014). Higher
temperatures would be needed to enable the loss of sur-
face adsorption water and interior adsorption water in the
coal; thus, decreasing the coal sample mass through the
evaporation of adsorption water with higher pretreatment
temperatures (>120 °C) would be difficult. However, the
XSY coal samples contain high volatile content (Table 1).
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Fig.3 CPV and CSSA of the three coal samples under various pretreatment temperatures

When the pretreatment temperature reaches 270 °C, there
is little pyrolysis oil that remains on the surface of the
sample tube (Fig. 7). Owing to the high volatile content
of the XSY coal samples, the volatiles would decompose
to the pyrolysis gas under high temperatures; then, the
pyrolysis gas would condense to pyrolysis oil upon the
sufficient decrease in temperature. For an increase in the

pretreatment temperature to 300 °C, large quantities of
pyrolysis oil can be found on the surface of the sample
tube (Fig. 7). Then, the continuous decomposition of the
volatile matter may contribute dominantly to the decrease
in the coal sample mass. The evaporation of the moisture
and decomposition of volatiles from the low-rank coal
would lead to a change in the pore structure.
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Fig.4 IPV and ISSA of the three coal samples under various pretreatment temperatures

3.3.2 Influence of pretreatment temperatures on pore

structure

The thermal maturity of the XSY coal is low. Further-
more, the coal is loose and plant tissue pores and inter-
granular pores are the primary pores in the coal, with the
former being is dominant. Figure 8 shows the plant tissue
pores in the XSY coal samples without the inclusion of

@ Springer

minerals. The plant tissue pores in the XSY coal samples
are arranged directionally, in which parts of the plant tis-
sue pores are compacted with an elliptical morphology.
The pore aperture of the plant tissue pores is larger, rang-
ing from 4.27 to 7.51 pm, and the maximum plant tis-
sue pore diameter reaches 52.73 pm. The aperture of the
intergranular pores is small. Besides the plant tissue pores
and intergranular pores in the XSY coal samples, there are
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Fig.5 PV and SSA of mesopore and macropore for the three coal samples under various pretreatment temperatures

also gas pores. The shape of the gas pores is solely ellip-
tical, and almost all gas pores are filled with asphaltene
(Fig. 8), with the fractures in the XSY coal samples serv-
ing as mainly water loss fractures. When the pretreatment
temperatures exceed 270 °C, the asphaltene decomposes,
which increases the macropore volume.

The hysteresis loop of the same coal sample becomes
narrower with an increase in the pretreatment temperatures
(Fig. 1). The pores are mainly parallel plate pores for XSY
coal samples, which favor the loss of moisture. When the
pretreatment temperatures are improved, the water that exists
in parts of the mesopores and micropores decomposes. The
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loss of moisture in the micropores leads to an increase in
the pore aperture, which can finally enhance the pore con-
nectivity of the coal. Under lower pretreatment tempera-
tures, the hysteresis loop is larger, and fine-neck pores and
ink-bottle pores are developed in the coals; however, these
pores decrease with increased pretreatment temperatures.
Furthermore, the dynamic change in the morphology is also
controlled by the loss of volatiles in the coal. According to
the SEM of the XSY coal samples, there is a certain amount
of asphaltene in the XSY coal samples; the asphalteneis
presented as scattered punctate on the surface of the coal
matrix, with the asphaltene residing around the pores and
fractures of the coal (Fig. 8). Wang et al. (1998) conducted
the coal rock pyrolysis measurements with the low-rank coal

sample from the Turpan-Hami Basin and reported that there
would be a large amount of liquid hydrocarbon produced
at the temperature of 240 °C, with the liquid hydrocarbon
adsorbed into the micropores of the coal. Although Jian et al.
(2015) reported that there should not be a large amount of
liquid hydrocarbon produced during the low coalification
stage, the SEM results of the XSY coal samples demon-
strate the contrary, supporting the views of Wang et al.
(1998). With an increase in the pretreatment temperatures,
the asphaltene and volatiles in the low-rank coal would
be decomposed and discharged from the coal, altering the
change in the pore structure. This would ultimately lead to a
change in the LP-N,A curves of the XSY coal sample with
increased pretreatment temperatures.

3.3.3 Influence of pretreatment temperatures on pore
volume and specific surface area

With a continuous decrease in the coal sample mass, the
TPV of the coal samples demonstrates a three-step pro-
file (Fig. 2). Under lower pretreatment temperatures, an
increase in the TPV is related to the loss of the interparti-
cle water in the macropores, which results in the shrinking
of the coal matrix, and the shrinking and swelling of the
low-rank coal response to later loss and uptake is quite
common (Evans 1973; Deevi and Suuberg 1987; Suuberg
et al. 1993; Kelemen et al. 2006; Fry et al. 2009). With
further increase in the pretreatment temperature, the loss
of the water would lead to the collapse of the pores in the
coal (Evans 1973; Deevi and Suuberg 1987), contribut-
ing to the rapid decrease in TPV. When the low-rank coal
samples were utilized with higher pretreatment tempera-
tures, the asphaltene and volatiles in the low-rank coal

270 °C 300 °C 270 °C
XSY-1

XSY-2

300 °C 270 °C 300 °C
XSY-3

Fig.7 Condensates on the tube surfaces at the treatment temperatures of 270 and 300 °C for the three XSY coal samples
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were decomposed, which provided additional space in the
coal, resulting in a weak increase in TPV (Fig. 8). Under
higher pretreatment temperatures, with the quick evapora-
tion of the moisture and decomposition of the volatiles,
large amounts of pores would tend to collapse, and the
TPV would further decrease; however, the TPV increases
when the pretreatment temperatures exceed 240 °C. This
may be related to the ash in the coal (Yin et al. 2019); the
ash would sustain the coal skeleton, promoting the stabil-
ity of the PV. Furthermore, pore collapse mainly occurs for
pores with apertures ranging from 2 to 18 nm (Deevi and
Suuberg 1987), in which some of the mesopores collapse
to the macropores, which ultimately leads to an increase
in the TPV. As for the TSSA, owing to the pore collapse
with increased pretreatment temperatures, the quantity of
the micropores would decrease, leading to a continuous
decrease in the TSSA.
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3.3.4 Influence of pretreatment temperatures
on mesopores

The PV and SSA of the XSY coal samples are mainly deter-
mined by pores with aperture smaller than 20 nm, and these
pores can be divided into those of 5 and 10 nm apertures.
The mesopore volumes are mainly contributed by pores with
aperture in the range of 10 to 20 nm, followed by pores with
apertures between 5 and 10 nm, and finally, pores with aper-
tures smaller than 5 nm (Fig. 9).

With an increase in the pretreatment temperatures, the
PV of the pores with apertures smaller than 5 nm decreases,
which is due to the collapse of the pores in the XSY coal
samples. When the pretreatment temperature reaches to
300 °C, the pore volume contributed by pores with apertures
smaller than 5 nm almost disappears. Although the pore vol-
ume of the pores with apertures below 5 nm is smallest, this
pore category is responsible for most of the pore specific
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Fig.9 PV and SSA with various pore ranges of mesopores for the three coal samples under various pretreatment temperatures

surface area at low pretreatment temperatures, whereby it
decreases with increased pretreatment temperatures. The
dynamic change characteristics of pores with apertures of
5-10 nm is similar to those for pores with pore apertures
smaller than 5 nm, whereby the decrease in the pore volume
and pore specific surface area is weak. In terms of pores
with the apertures of 10-20 nm, the dynamic change in the
pore volume and pore specific surface area is much more

@ Springer

complicated, indicating the complexity and heterogeneity
of the pores. When the pretreatment temperature reaches
300 °C, there is a sharp increase in the pore volume for
pores with apertures of 10-20 nm, whereas the pore spe-
cific surface area decreases continuously until it reaches the
minimum at the pretreatment temperature of 300 °C (Fig. 9).

The dynamic change in mesopores with an aperture of
2-20 nm can be determined with the XSY coal samples in
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this study. With an increase in the pretreatment tempera-
tures, the contribution of mesopores volume is mainly pro-
vided by pores with apertures of 10-20 nm, and that for
pores with the apertures of 2-5 nm decreases continuously.
The mesopores with pore apertures of 5—10 nm are regarded
as an intermediate between the two extremes. The contribu-
tion to pore specific surface area changes significantly with
an increase in pretreatment temperatures. The pore specific
surface area is accounted for mainly by mesopores with
apertures smaller than 5 nm, whereas 5-10 nm mesopores
are primarily responsible under high pretreatment tempera-
tures. It is known that the pores with apertures below 10 nm
are dominantly adsorption pores, the continuous decreases
of these pores (<10 nm) will decrease the adsorption capac-
ities of the low-rank coal, leading to the decrease of the
adsorbed quantity (Fig. 1). However, it should not be ignored
that the pore volumes of the pores with the apertures greater
than 10 nm feature stable or a faint decrease, and the hys-
teresis loops also decreased with the increased pretreatment
temperatures (Fig. 1), indicating the enhanced pore connec-
tivity, which will promote the migration of the methane in
low-rank coal.

4 Conclusions

(1) The pore structure characteristics of low-rank coal
feature a significant heating effect. With increased
pretreatment temperatures, the total pore volumes of
the XSY coal samples exhibits as three-step profile,
which involves the continuous loss of water and vola-
tiles in the low-rank coal. Under lower pretreatment
temperatures (<150 °C), the loss of moisture from the
meso- and macropores results in an increase in the pore
volume. With further increase in the pretreatment tem-
perature, the pore collapse produced by the massive
decomposition of the volatiles leads to a decrease in the
pore volume. However, the coal skeleton remains stable
under high pretreatment temperatures (>240 °C) owing
to the ash in the coal; consequently, the decomposition
of the volatiles serves to increase the pore volume.

(2) The influence of the heating effect on pore structure
mainly occurs on the pores with apertures smaller
than 20 nm. When the pretreatment temperature is
lower than 150 °C, pores with an aperture smaller
than 5 nm collapse dominantly. As for the mesopores
with aperture ranges from 5 to 10 nm, these pores can
also collapse under higher pretreatment temperatures
(150-270 °C). When the pretreatment temperature
reaches 300 °C, the mesopores with apertures smaller
than 5 nm almost disappear, and the pore volume of the
mesopores with apertures larger than 10 nm increases
significantly.
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