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The pore characteristics of the low-rank coal are different from medium- and high-rank coals. The low-temperature N2 adsorption
(LP-N2A) measurements with a single low-rank coal were launched, and the dynamic change of pore structures under various
pretreatment temperatures from 120°C to 300°C was studied. The isothermal curves of the DFS coal sample feature IV type, the
hysteresis loops convert from H4 type to H2 type, and the hysteresis loops tend to be closed with the increased pretreatment
temperatures. The mesopores are dominant in the DFS coal. The dynamic of pore volume (PV) and pore specific surface area (SSA)
features the three-step-style change with the cut-off temperature points at 150°C and 240°C, and this has a relationship with the loss
of the moisture and volatiles in the DFS coal sample. The pores with an aperture below 10nm are the dominant mesopores in the
DFS coal, and the mesopore volume features bimodal pattern distribution with a higher left peak of approximately 1.7 nm and a
lower right peak of approximately 3-5 nm, and the right peak continuously right shift with the increase pretreatment temperatures.
The total mesopore volume decreases with the upgrading temperatures, while the ratio of pores greater than 5nm increases. Finally,
the mesopore evolution model with the increased pretreatment temperatures was summarized.

1. Introduction

The low-rank coal generally has a maximum vitrinite
reflectance of 0.65% (Ro,max < 0:65%), with the typical char-
acteristics of high content of moisture and volatiles [1–4].
The low-rank coalbed methane has been commercially devel-
oped in America, Canada, and Australia, which also acceler-
ates the research on the low-rank coalbed methane in China
[5–7]. As an essential evolution parameter, the pore structure
plays an important role on low-rank coal reservoir, and it has
attracted more attention in recent years [8–12].

The coalification, macerals, ash yield, moisture, and the
content of vitrinite feature significantly influence on the pore
structure of the low-rank coal [6, 12–14]. Nugroho et al. [15]

reported that the mesopores (2-50 nm) and macropores
(>50 nm) are dominant in the low-rank coal, especially that
for the mesopores, and the pore specific surface area (SSA)
is mainly contributed by the mesopores ([16]). Besides, the
pore diameters in the low-rank coal are commonly below
10nm [17], and the pores with the aperture less than 2nm
are open and semiopen; the typical pore structure determines
it favors the adsorption rather than the seepage of the meth-
ane [1, 13]. However, it should be noted that the low-rank
coal from Ordos Basin shows a high proportion of the meso-
pores ranging from 10nm to 50nm [6]. The plant tissue
pores in the low-rank coal are developmental, and these
pores are mainly macropores; the macropore volume reaches
the minimumwhen the Ro,max = 0:5% [2]. With the increased
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coalification of the low-rank coal, the rapid decrease of the
quantity of the plant tissue pores also contributes to the
decreased pore volume [18]. Besides, the clay minerals would
also damage the plant tissue pores [11, 19].

When the Ro,max reaches 0.6%, the low-rank coal would
also produce certain amounts of pyrolysis oil, and the pyrol-
ysis oil is the condensation of the pyrolysis gas from the low-
rank coal [20]. Due to the thermodynamic action, the surface
of the micropore becomes coarse [21, 22], the ratio of the
macropores increases [23], and the proportions of the pores
in various range tend to balance. Once the thermal tempera-
ture exceeds 450°C, there would be a significant change of the
coal molecule structure for the low-rank coal [24].

The low-rank coal also contains high moisture content.
During the upgrading temperature of the coal thermal evolu-
tion, the loss of the moisture has a significant influence on
pore structure, which will finally lead to the dynamic change
of the pore structure of the low-rank coal [25, 26]. The pores
and intermicellar capillaries of the low-rank coal contain a
thickness of 4 to 5 water molecules [4]. These water can be
generally divided into adsorbed water, free water, and chem-
ically bonded water [27], and the water can also be classified
finely into interparticle water, capillary water, adhesion
water, surface adsorption water, and interior adsorption
water [24, 28–31]. When the test temperature exceeds the
boiling point of the water, the content of water in the low-
rank coal would decrease ([32]; [24]). The interparticle water
and adhesion water commonly exist in the macropores, and
these types of water could be evaporated when the test tem-
peratures range from 100°C to 250°C [31]. Although there
would be a certain pore collapse at these temperatures, it is
weak [33]. When the test temperature exceeds 200°C, the
PV and SSA of the mesopores would decrease [34]. When
the water that exists in the pore with the aperture of 5 nm
tends to decrease, the shrink caused by the emptying would
lead to the collapse of the pores [25, 33], especially when
the pore diameter corresponds to two water molecular layers
([35]); there would be a significant decrease of the pore vol-
ume.With the increased temperature, there would be irrevers-
ibility shrinkage of the transition and macropore (mainly with
a range from 5nm to 120nm), leading to the continuous
decrease of the pore volume [33]. During these processes,
the SSA of pores with an aperture of 2nm to 18nm present
a continuous decrease [36]. The loss of the water in the low-
rank coal leads to the collapse of the pore [37].

Due to the typical property characteristics of high mois-
ture and volatiles for the low-rank coal, the evaporation of
moisture and decomposition of the volatiles under high tem-
peratures from the coal would change the pore structure of
the low-rank coal. As known, the low-temperature N2 adsorp-
tion (LP-N2A) measurements are dominantly utilized to
acquire the pore structure of the porousmedium under certain
temperatures.With various temperatures, different pore struc-
ture characteristics of the low-rank coal could be acquired,
which may lead to an inaccurate evaluation of the low-rank
coal. Although the dynamic change of the low-rank coal pore
structure, PV and SSA, with the increased coalification has
been studied in detail, these researches mainly launched with

the massive series coal samples, and there is seldom attention
on the dynamic change of pore structure for the single low-
rank coal sample under various pretreatment temperatures.
In this study, a low-rank coal sample was collected from the
southwestern of the Ordos Basin, with the artificial coal grain
sizes of 60-80 mesh; this single coal sample was primarily dealt
with various pretreatment temperatures ranging from 120°C
to 300°C with an interval of 30°C; then, the LP-N2A measure-
ments of this coal sample were carried out to investigate the
dynamic change of the pore structure.

2. Samples and Measurements

2.1. Samples. The low-rank coal sample was collected from
the Dafosi (DFS) coal mine in Binchang mining area,
southwestern Ordos Basin. The target stratum is the middle
Jurassic Yan’an Formation, which is the coal-bearing stratum
in the mining area. Yan’an Formation is a plain river terres-
trial deposit with 6 coal seams, 3-1#, 3-2#, 41-1#, 41-2#, 41#,
and 4# coal seams from the upper to the lower, respectively,
and the 4# coal seam is the main mining coal seam. It is easy
for the low-rank coal to lose the water under room tempera-
ture; then, the fresh coal sample was packaged with the sealed
valve bag immediately once it is collected from the working
face, and the coal samples were sent to the laboratory to
launch the measurements rapidly.

2.2. Preparation and the Measurements of the Samples

2.2.1. Properties of the Low-Rank Coal. To avoid the probable
oxidation on the low-rank coal, the surface of the bulk coal
was scraped before it is ground to the normative coal parti-
cles for the basic property measurements and the LP-N2A
measurements. Subsequently, the coal was pulverized with
the grain sizes from 60 mesh to 80 mesh using standard
laboratory test sieves. The basic properties were measured
to acknowledge coal samples, including the maximum reflec-
tance of the vitrinite and the proximate analysis. The maxi-
mum reflectance of the vitrinite was measured according to
the Chinese national standard (GB/T 6948-2008), and the
Chinese national standard of GB/T 212-2008 was used to
measure the proximate analysis of the coal samples.

2.2.2. The LP-N2A Measurements under Various Pretreatment
Temperatures. Before the LP-N2A measurements, the sample
tube was firstly dried under 150°C with the Micromeritics
VacPrep 061 Sample Degas System. The Micromeritics
VacPrep 061 Sample Degas System can provide a wide tem-
perature range from 20°C to 330°C with a precision accuracy
of ±0.1°C, which can accurately control the pretreatment tem-
peratures. Themain purpose of the pretreatment of the sample
tube is to wipe the moisture on the surface of the tube. After
drying 3h, the sample tube would be cooled and balanced.

Table 1: The Ro,max and proximate analysis of DFS coal sample.

Sample Ro,max (%)
Proximate analysis (%)

Mad Ad Vdaf
DFS 0.62 5.07 17.55 38.18
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To acquire the pore structure of the low-rank coal under
various pretreatment temperatures, the moderate fine coal
sample would be added into the sample tube, and the sample
would be dried under 120°C firstly. In order to ensure the same
vacuum condition for the following various pretreatment tem-
peratures, the vacuum degree of 0.05mbar was utilized to
identify the completed vacuum drying measurement. After
the drying, the mass of the sample and the sample tube would
be balanced again to acquire the mass of the coal sample.
Finally, the LP-N2A measurement would be launched under

the -196°C (77.15K) with a maximum relative pressure at
approximately 1. When the LP-N2A measurement under the
pretreatment temperature of 120°C was completed, the coal
sample would not be discarded, and it would be dried again
under various pretreatment temperatures, 150°C, 180°C,
210°C, 240°C, 270°C, and 300°C, respectively. With the same
measurement procedures, the LP-N2A measurements under
various pretreatment temperatures could be carried out.

During the whole measurements, the room temperature
was controlled to 20°C. The Barrett-Joiner-Halenda (BJH)
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Figure 1: The isothermal adsorption and desorption curves of coal under various pretreatment temperatures.
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Figure 2: The dynamic change of the average pore sizes under various pretreatment temperatures.
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method was used to calculate the PV and the pore size
distribution (PSD), and the Brunauer-Emmett-Teller (BET)
method was utilized to acquire the pore SSA.

3. Results and Discussion

3.1. The Properties of the Coal Sample. As shown in Table 1,
the Ro,max of the DFS coal sample is 0.62%, which is the
long-flame coal. The moisture content on the air-dry basis
of the coal sample is 5.07%, the ash yield on a dry basis is
17.55%, and the volatile matter yield on a dry, ash-free basis

is 38.18%. It can be seen that the moisture in the DFS coal
sample is low, whereas that for the volatiles are high.

3.2. The LP-N2A Curves. The IUPAC pore classification
method was utilized to distinguish the pores in the coal,
micropore (<2nm), mesopore (2-50 nm), and macropore
(>50 nm), respectively. The previous studies have shown that
the pores in low-rank coal are mainly meso- and macropores
([15]; [16]; [1, 17]). Then, the dynamic changes of the meso-
and macropores were mainly focused. According to the
recommended IUPAC classification method, there are six
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Figure 3: The dynamic change of total PV under various pretreatment temperatures.
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different adsorption curves for the porous materials, and it
can form four types of hysteresis loops [38].

With the minimum pretreatment temperature, the low-
rank coal presents the maximum N2 adsorption quantity,
and the N2 adsorption quantities decrease with the
increased pretreatment temperatures (Figure 1). For the
adsorption branch, the N2 adsorption quantity increases
stably when the relative pressure is below 0.9. When the
relative pressure exceeds 0.95, there is a sharp increase in
the N2 adsorption quantity. The N2 adsorption rates are
quite quicker when the pretreatment temperature of the
coal is below 240°C. The desorption branch of the coal
presents step-style change. The desorption branch shows

a sharp decrease with the relative pressure reduces to
0.9; then, it features slowly with the relative pressure rang-
ing from 0.5 to 0.9. There is an obvious decrease when the
relative pressure ranges from 0.4 to 0.5. Subsequently, the
desorption branch features a slow decrease under the lower
relative pressure. Under the various pretreatment tempera-
tures, the shapes and sizes of the hysteresis loops are var-
ious, indicating the dynamic change of the shapes and
connectivity of the pores. Figure 1 shows that the isother-
mal curves of the low-rank coal under various pretreat-
ment temperatures are IV type, and the hysteresis loops
convert from H4 type to H2 type with the increased pre-
treatment temperatures.
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Figure 5: The dynamic change of meso- and macropore volumes under various pretreatment temperatures.
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3.3. The PV and SSA of the Coal under Various
Pretreatment Temperatures

3.3.1. The Change of PV. With the increased pretreatment
temperatures of the coal, the average pore diameter of the coal
increases from 4.92nm to 9.92nm (Figure 2). The total PV
decreases from 0.01539cm3/g to 0.00535cm3/g with the
increased pretreatment temperatures (Figure 3), and there is
almost a decrease of 65.24%. The decrease of the total PV

presents as a three-step-style. Below the 150°C, there is a slow
decrease of the total PV from 0.01539cm3/g to 0.01474cm3/g.
With the continuous increase of the pretreatment tempera-
tures, the total PV decreases sharply, and the total PV is only
0.00838 cm3/g when the pretreatment temperature reaches
240°C. Subsequently, the decrease of the total PV of the coal
slows down again, and it decreases to 0.00535 cm3/g when the
temperature is 300°C (Figure 4).
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Figure 5 shows that the mesopores are dominant in the
low-rank coal. Under the pretreatment temperature of
120°C, the meso- and macropore volumes are 0.01329 cm3/g
and 0.00211 cm3/g, respectively. When the pretreatment tem-
perature rises to 300°C, the meso- and macropore volumes
decrease to 0.00364 cm3/g and 0.00171 cm3/g, respectively. It

can be found that the macropore volume decreases weakly
with the increased temperatures, while there is a significant
decrease of the mesopore volume. The reduction features
between the mesopore volume and the total PV are homolo-
gous, indicating the total PV is determined mainly by the
mesopore in the DFS coal (Figure 5). The total PV is mainly
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contributed by the pores with the aperture below 10nm
(Figure 4), which is the same with the results from Cai et al.
[17]. The cumulative PV presents a quick increase with the
pore diameter below 10nm, while the rise rates under the var-
ious pretreatment temperatures are different, and it can be
divided into three different types (Figure 4). Type I corre-
sponds to the coal under the pretreatment temperatures of
120°C, 150°C, 180°C, and 210°C, which has the quickest rise
rate of the cumulative pore volume. When it comes to Type
II (with a pretreatment temperature of 240°C), the rise rate
of the cumulative pore volume has been decreased. Type III
(the pretreatment temperatures are 270°C and 300°C) shows
the lowest cumulative pore volume rising rate. As for the
cumulative PV rise rates for the greater pore diameters
(>10nm), it seems the same (Figure 4).

3.3.2. The Change of SSA. The dynamic change of SSA of the
coal with the increased pretreatment temperatures presents
almost the same with that of the PV (Figure 6). The SSA
decreases slowly when the pretreatment temperatures below
150°C, then there is a sharp decrease of SSA from 180°C to
240°C, and the SSA decreases insignificantly under the high
pretreatment temperature of 270°C and 300°C. The initial

SSA is approximately 17.5046m2/g under 120°C, and it
decreases to 2.6955m2/g when the pretreatment temperature
reaches 300°C, with a decreasing amplitude of 83.16%. The
decreasing amplitude of the pore volume under 300°C is
about 65.24%, and the decrease of the SSA is significantly
higher than that of the PV. The pores with an aperture less
than 10nm contribute the dominant SSA of the coal
(Figure 7), and dynamic of the cumulative SSA can also be
divided into three types with the temperature of 240°C, the
sharp increase of cumulative pore SSA (≤210°C), the slow
increase of cumulative pore SSA (≥270°C), and the neutral
increase of cumulative pore SSA (240°C), respectively.

Figure 8 shows that the macropores contribute rarely to
the total SSA. The mesopores, especially the mesopores with
an aperture below 10nm, contribute to the total pore SSA.
With the increased pretreatment temperatures, there is a
significant decrease of the mesopore SSA when the pretreat-
ment temperature reaches 240°C (61.23%).

3.3.3. The Change of PSD. The mesopores (<10 nm) are dom-
inant in the DFS coal sample (Figures 9 and 10). The dV/dD
and dA/dD can be divided into three types with the increased
pretreatment temperatures. Type I corresponds to the PSD of
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coal with the pretreatment temperature below 240°C. The
dV/dD presents a bimodal pattern distribution with a higher
left peak of approximately 1.7 nm and a relatively lower right
peak of approximately 3nm, indicating the smaller pore aper-
ture under the low pretreatment temperatures (Figure 9). The
dA/dD is almost linear decrease, and the difference contribu-
tion of the dA/dD from the various pore range decrease, indi-
cating the increase of pore connectivity (Figure 10). When the
pretreatment temperature reaches 240°C (Type II), the dV/dD
still presents a bimodal pattern distribution with the right peak
of approximately 5nm, indicating the increased average pore
diameter under the higher pretreatment temperature. For
Type III, with the pretreatment temperatures of 270°C and
300°C, the bimodal pattern distribution with the left and right

peaks is the same with that of Type II, the dV/dD and dA/dD
tend to be balanced, which means the improved pore
connectivity.

3.4. The Influence of Various Pretreatment Temperatures on
Pore Structure. The change of the LP-N2A curves, pore aper-
tures, PV, and SSA under various pretreatment temperatures
indicating the pore structure of the coal sample has been
changed. The dynamic changes of the pore apertures, PV,
and pore SSA of the single coal under various pretreatment
temperatures present the three-step-style change, with two
cut-off temperature points, 150°C and 240°C, respectively.
The mass of the coal sample continuously decreases with
the increased pretreatment temperatures (Figure 11). The
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decrease of the sample mass has a relative to the loss of the
water and volatiles in the low-rank coal. The coal samples
were first dried under 120°C, it has exceeded the boiling point
of the water, and the water in the macropores and part of the
mesopores would evaporate ([33]; [32]; [31]). However,
when the test temperatures exceed 100°C, the interparticle
water and the adhesion water would be evaporated continu-
ously [31], but the moisture in the DFS coal sample is low
(Table 1); the loss of the water would not be the key factor
that leads to the decrease of the sample mass.

Thereby, the decomposition of the volatiles should be
another factor that contributes to the decrease of the mass.
When the pretreatment temperature reaches 240°C, there is
a certain amount of pyrolysis oil occurrence on the surface
of the sample tube (Figure 12). The content of volatiles in

the DFS coal is high, which could produce the pyrolysis gas
from the coal, and it would condensate to the pyrolysis oil
([20, 39]: [40]). The decrease of the volatiles would provide
extra space in the coal, resulting in the slow decrease of the
PV and pore SSA (Figures 3 and 6). Under the lower pretreat-
ment temperatures (≤150°C), only a small amount of volatile
is decomposed. With the decrease of the volatiles, the pore
aperture increased. However, with the continuous increase
of the pretreatment temperatures, the volatile features mas-
sive decomposition, and when the pretreatment tempera-
tures reach 240°C, it can be found that the gas condensate
occurs on the surface of the sample tube. Because of the mas-
sive decomposition of the volatiles, the pores in the low-rank
coal start to collapse, leading to the sharp decrease of the PV
and SSA of the coal, whereas the pore apertures increase. For
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the DFS coal sample, there is a certain amount of ash; the ash
could maintain the coal skeleton ([41]); then, the decrease of
the PV and SSA tends to be decreased under high pretreat-
ment temperatures (≥270°C).

3.5. Evolution of the Mesopores for DFS Coal

3.5.1. The PV and SSA of the Mesopores for DFS Coal. The
mesopores are dominant in the DFS coal sample, and the
PV and SSA are contributed with the pore below 10nm.
The dynamic change of dV/dD and dA/dD also shows that
the pore aperture below 5nm has a significant influence on
the PV and pore SSA. Then, the mesopores are divided with
the pore aperture of 5 nm and 10nm. The PV and pore SSA
with the three different pore ranges present a continuous
decrease with the increased pretreatment temperatures. The
smaller pore apertures, the much more decrease of the PV
and SSA. The PV and SSA of the pore aperture below 5nm
present the most significant decrease, while those for pores
with an aperture greater than 10nm feature the weakest
decrease (Figures 13 and 14). Although the PV and SSA
decrease, the ratio of the pore apertures greater than 5nm
increases, especially that for the pore aperture exceeding
10 nm (Figures 13 and 14).

3.5.2. The Mesopore Evolution Model of DFS Coal. The
pore structure characteristics change significantly with the
increased pretreatment temperatures, and the diagrammatic
sketch of the evolution of mesopore structure under various
pretreatment temperatures is shown in Figure 15. With the
low pretreatment temperature of 120°C, the PV and SSA
are mainly contributed with the pore aperture below 5nm,
and those for the pores with an aperture greater than 10nm
are least. With the increasing pretreatment temperature,
especially when it comes to 240°C, the pore volumes of
<5nm, 5-10 nm, and 10-50 nm pores tend to equilibrium.
With the continuous increase of the pretreatment tempera-
tures, the content of the pore volumes of <5nm, 5-10nm,
and 10-50 nm is contrary with that in the lower pretreatment

temperatures, and the pore connectivity of the mesopore is
enhanced with the increased pretreatment temperatures.

4. Conclusions

(1) The pore structure of the low-rank coal features dif-
ferent characteristics under various pretreatment
temperatures, the PV and SSA feature the three-
step-style change with the increase of pretreatment
temperatures, and the pretreatment temperatures of
150°C and 240°C can be selected as the cut-off tem-
perature points. The decrease of the PV and SSA
under low temperatures (≤150°C) is mainly because
of the loss of water and small amount of volatiles in
the coal. The massive loss of the volatiles in the coal
leads to the rapid decrease of PV and SSA with the
temperature ranges from 180°C to 240°C. When the
pretreatment temperature exceeds 240°C, the ash in
the coal slows down the decrease of PV and SSA

(2) The mesopore evolution model of the low-rank coal
is summarized as the conversion from the left branch
uptake to the right branch uptake. The pore system
converts from favorable methane adsorption to the
seepage of the methane with the increase of pretreat-
ment temperatures
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