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Classification and identification of pore
structure and adsorption
characteristics of liquid nitrogen in

coal reservoir

CHUANTAO WANG', YUCHENG XIA', DONGMIN,
MA?

Abstract. This paper analyzes the law of different layers of coal layer pore characteris-
tics of different regions, the specific surface area, adsorption curve and phase distribution of the
pore configuration, specific surface area with FHH fractal features several aspects characterize the
micropore characteristics of coal reserves. At the same time, the coal pore of low temperature ni-
trogen adsorption experiments were conducted respectively by liquid nitrogen surface data analysis
of BET nano pore fractal characteristics of coal, the coal pore of low temperature nitrogen adsorp-
tion curve with the change of the coal rank, coal and mineral composition, microstructure of coal
adsorption curve (Kong Jing structure) and FHH fractal features. Also known as the "relationship
between the specific surface area pore structure of coal composition and chemical structure, and to
classify and identify the adsorption curve. The fractal characteristics of the micro pore structure of
the coal reservoir can comprehensively reflect the structural characteristics of the evolution of the
micro porosity system of the coal reservoir with various factors, which may be the characteristic
parameters of characterizing the micro pore system of the coal reservoir.

Key words. Classification and identification Pore structure Adsorption characteristics Coal
reservoir FHH.

1. Introduction

In recent years, the in-depth study of coal reservoir exploration under the uncon-
ventional condition has been carried out step by step, and because of a large amount
of coal resources stored in stratum of coal shale, more and more attention has been
paid to it, and traditional understanding has been broken through. Many literatures
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are devoted to the study and analysis [1~2] of the pore characteristics of coal shale
stratum in order to achieve the study for coal storage mechanism of coal shale stra-
tum. The super compactness is the typical characteristic for coal reservoir of coal
shale, the pore of coal shale has smaller pore structure comparing with carbonate
rock and sandstone reservoir, of which the diameter can be up to Nanoscale. For
instance, according to relevant study, it is reported that the pore diameter distribu-
tion scope of coal shale in coal stratum at Mississippian basin is 5~750nm, of which
the mean value of pore diameter is 100nm, the pore diameter distribution scope of
coal shale in coal stratum at Beaufort Mackenzie basin is 25~1000nm, the pore di-
ameter of shallow coal shale in coal stratum at Haynesville basin is 20nm, however,
the pore diameter of deep coal shale is 2.5~5nm. The pore diameter of coal shale
with high maturity at coal exploration area of our country is about 15~100nm. The
absorbability and reservoir properties of stratum to coal will be directly influenced
by pore structure characteristics of coal shale, and at the same time the movement
of coal will also be influenced [4].

In this paper, after disposing the surface of shale sample by liquid nitrogen ad-
sorption and testing coal pore by low temperature nitrogen adsorption, mutual rela-
tion between “pore specific surface area—pore structure—coal material composition
and chemical structure” is achieved, so as to obtain the structural features which
can reflect the evolution of the micro pore system of coal reservoir with various fac-
tors, which may become characteristic parameters which characterize the micropore
system in coal reservoir.

2. Experimental test
2.1. Testing materials

The test samples are collected from sample product of coal shale core of domestic
coal mine. This sample is located in the Jurassic shale stratum, at the depth of 1800
meters underground, lift to surface through the crustal movement. The depth of
shale core with 41~51m shall be searched, which is located in carbonate stratum,
and it is the mature coal shale with vitrinite reflectance Ro of 0.88 %. The porosity
is measured about 1%. The excellent bedding is shown in samples of dark gray
to black, and the gray belt with the maximum thickness of 1mm is the embedded
parallel melnikovite-pyrite.

The compressive strength (UCS) parallel to bedding is about 35%, less than that
of vertical bedding (axis-Z direction) or obviously below that of oblique bedding
(45 ° direction) which is about 48%. In the meantime, there is anisotropy on Young
modulus, E,,/E, =n~ 1.7. The Poisson’s ratio is v,, = n - v,,, of which v, is
Poisson’s ratio in the opposite direction of load and is a prerequisite condition for
transversely isotropic elasticity. The shear modulus of normal coal shale bedding
can be estimated to be G, = E, /(1 +n+ 2nv,,).. Bedding shear modulus that
is symmetry plane can be estimated to be Gy = E;y /(2 + 2v,y).. The measured
physical and mechanical parameters are respectively shown in Table 1 and Table 2.
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Table 1. Test for physical parameters of coal shale reservoir

Maturity 0.88

Porosity (%) 1.1+0.3
Average pore radius (nm) <41

Calcite content (wt %) 47.3 £ 0.5

Clay content (wt %) 27.8 £ 1.6

Quartz content (wt %) 172+ 0.4

Pyrite (wt %) 5.3 £ 0.2

(wt%) Total organic carbon TOC (wt %) 5.8 + 0.3
Water content (wt %) ~1

Table 2. Uniaxial compressive strength (UCS) and elastic property

Eg, 17.3 GPa E¢ 10.4 GPa
Vzy 0.18 Vzy 0.30
Gy 8.9 GPa G, 5.5 GPa
UCSzy 75 £ 7 MPa UCS, 115 £+ 7 MPa
UCSys5 60 £+ 10 MPa Vyz 0.17
n 1.66

2.2. Sample preparation

Under the drying condition, the cylindrical sample shall be drilled along bedding
plane (o = 90° — ) of core materials witha € [30°,86°]. The diameter of sample
is 40mm, the length is 80mm and the precision is < 20um parallel to end face.
Finally, the sample shall be drilled with drilling diameter of 8mm by solid carbon
bit. The specific size of sample is shown in Table 3. The sample picture of coal shale
collected from above four different areas is shown in Fig. 1, which shows the black
coal shale at sampling point @ , with high carbon feature and containing Ostracoda,
Thilobita and other biological fossil and the obvious sage green feature is shown in
weathering part due to obvious trace of weathering. The sample is rich in organic
matter, organic carbon content of more than 5%, but with low organic maturity. The
sampling point @ also shows black coal shale sample, and content of trilobites as well
as brachiopods fossils is abundant with small clumps and small spots locally, with
fine bedding features and calcite veinlets filling, and weathering characteristics of
coal shale is not obvious, and its maturity is between 2.5%~2.7%, reaching a higher
maturity. There is an obvious black compactness for coal shale of sampling point
@ , which contains higher siliceous, with more fractures developed and cemented by
calcite, there is apparent bituminous material on the shale surface, the weathering
of sample is not obvious and the sample has a higher maturity. The shale coal
sample shown in sampling point @ is brown, produced from stability sedimentary
area under warm humid environment area of lacustrine facies and lacustrine, which
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is mainly coal shale of mud component. This peat shale is rich in organic matter
content, between 0.76%~0.98%, with moderate degree of thermal evolution, and
organic maturity is distributed between 2.2%~2.7%.

@ [ b

(a) Sampling point @ (b) Sampling point @
© ¢ .

(c¢) Sampling point ® (d) Sampling point @

Fig. 1. Sample picture of coal shale

3. Experimental analysis

3.1. Experiment for influencing factor of specific surface
area and pore

There are a large number of nanopores developed in collected coal shale and
Kerogen sample and the pore diameter distribution range from a few nanometers
to hundreds of nanometers. Distribution curve for pore volume changing with pore
diameter of different coal shale samples is shown in Fig.2a~Fig.2d. There is a
certain similarity in coal shale of all sampling points with the distribution of pore
diameter. It can be seen that the peak pore volume appears at the location with pore
diameter around 6nm in the sampling point @ , which indicates that the number
of micropores in the sampling point @ is dominant, similar to the results of above
experiment. There are a number of "Peak" pore volume between the micropores
and mesopores in the coal shale of sampling point @ , which indicates that the pore
diameter of the coal shale in sampling point @ is mainly dominated by micropore
and mesopore. Sampling point @ is mainly dominated by the macropore coal shale,
and the “Peak” pore volume appears in the 700nm, while in the micropores and
mesopores, the change of pore volume is not obvious, and the number of nanopores
in such section is limited. Feature of distribution curve of pore volume changing with
pore diameter for coal shale in sampling point @ is slightly different from sampling
point @ , dominated by mesopores and supplemented by the number of micropores,
which is related to developmental maturity of shale.

There is a certain difference in the specific surface area of Kerogen in different
samples of coal shale mainly related to aperture size of Kerogen and influenced by
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type and maturity of organic matter. At the sampling point @ , the pore of kerogen
is in immature development, and is in the original nonporous or micropore stage
because it has not gone through expulsion and decomposition of hydrocarbon; the
maturity of sampling point @ and sampling point @ is relatively high, of which the
kerogen after the expulsion and decomposition of hydrocarbon will enter into “gas
window” of coal shale, to produce a large number of nanopores development, which
can obviously improve porosity and specific surface area of coal shale. It is generally
believed that a large number of nanopores can be produced only when the maturity
reaches a certain value, which is related to the development and maturation of the
nanopores inside the kerogen. For instance, in the literature [7], it is believed that a
large number of nanoscale pores can be produced by secondary decomposition when
the kerogen is in high maturity. In literature [8], based on the thermal simulation
experiment of low-maturity coal shale samples, it is deduced that a large mount of
development of manopores can be found inside the kerogen only when the temper-
ature is heated to above 500°. There is a certain feature shown in the distribution
of pore-pore volume when the kerogen is in the stage of over-maturity at sampling
point ® ;| but such feature is also related to the type of kerogen and other factors
at the same time. The kerogen of sampling point @ and sampling point @ is in the
mature stage, however, the kerogen of sampling point @ is in immature stage, and
the former kerogen has superior development of pore and specific surface area, and
the experimental results show that the kerogen in this stage is prone to produce
a large number of nanopores feature. In literature [9], the results show that the
kerogen in mature stage has stronger coal adsorption properties than immature and
overmature kerogen, which is in good agreement with the results presented in this
study. In literature [10], the results show that the overmature kerogen has obvious
aromatization characteristics and it is difficult to distinguish the type of kerogen
due to more stable chemical structure. The pore volume and specific surface area
of kerogen will not be affected by type, but related to component. Therefore, it is
necessary to carry out in-depth experimental analysis and discuss when analyzing
the pore structure of overmature kerogen.

3.2. Structural analysis of pore

According to the experimental data of liquid nitrogen adsorption, the calcula-
tion on the specific surface area of coal shale samples is shown in Table 3. The
calculation range for specific surface area of above collected coal shale samples
is 5.61~10.20m2/g and the calculated mean value of the specific surface area is
8.38m2/g. The distribution range of the total pore volume of coal shale samples is
0.00675~0.01297cm3/g and the calculated mean value is 0.00995cm3/g. The distri-
bution range of the micropore volume of coal shale samples is 0.00052~0.00122cm3 /g
and the calculated mean value is 0.00087cm3/g; the distribution range of the meso-
porous volume of coal shale samples is 0.00463~0.01029cm3/g and the calculated
mean value is 0.00751cm3/g; the distribution range of the macropore volume of coal
shale samples is 0.00116~0.00202cm3/g and the calculated mean value is 0.00146cm3/g.
The distribution range of pore diameter of coal shale samples is 2~50nm mesopore,
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Fig. 2. Pore diameter distribution curve for different coal shale and kerogen

which is the main source of pore volume, to build main storage space of ga
shale.

Table 3. Calculation for pore diameter and specific surface area of coal shale

s for coal

Sampling location Sample  Specific surface area/(m2/g)  Average pore diameter/nm
Sampling point @ Sample 1 7.30 19.68
Sample 2 7.10 19.52
Sampling point @ Sample 1 1020 13.18
Sample 2 9.42 13.24
Sampling point @ Sample 1 5.61 25.14
Sample 2 6.57 25.25
Sampling point ® Sample 1 9.75 14.76
Sample 2 9.26 14.62

3.3. Curve shapes for liquid nitrogen adsorption

The microcosmic size and connectivity of pore of coal shale samples can be greatly
characterized by experimental curves of liquid nitrogen adsorption, and the experi-
mental curve of liquid nitrogen adsorption for eight groups of above samples in total

collected from sampling point @ ~® of domestic coal mine is shown in Fi

g.3.
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Fig. 3. Experimental curves for liquid nitrogen adsorption of coal shale

According to the experimental curves of liquid nitrogen adsorption of coal shale
in Fig. 3, we can see that there are two types of liquid nitrogen adsorption modes in
the experimental samples: (1) Immature mode (model I), (2) Mature mode (model
II), (3) Overmature mode (model IIT). In model I, the volume change of liquid nitro-
gen adsorption is not obvious in the initial and medium stage of pressure increase,
however that increases obviously in late stage of high pressure, mainly resulted from
low sample maturity of sampling point @ , dominated by on micropores. In model
II, with the increase of pressure, the volume change of liquid nitrogen adsorption in
initial stage is not obvious, with very slow increase process, but with the increase
of pressure, the volume change of liquid nitrogen adsorption increases rapidly in
medium stage when pressure is higher than 10MPa, during which mercury injection
volume can account for more than 50% of the total mercury volume and the mer-
cury will exit quickly from pore of coal shale with the pressure reduction of mercury
ejection. The differences between model I and model II are mainly reflected in that
the pore at sampling point @ is mainly dominated by micropores, however, the pore
of sampling point @ and sampling point @ is mainly dominated by mesoporous and
micropores with preferable connectivity. In model III, the volume of liquid nitro-
gen adsorption increases rapidly in initial stage of increasing initial pressure, but if
increasing to 10MPa, the volume of liquid nitrogen adsorption changes vary slow,
which shows that the shale sample is dominated by macropores. As shown in the
experimental curves of liquid nitrogen adsorption in sampling point ® , the differ-
ences of liquid nitrogen adsorption curves between model I, model IT and model III
are mainly related to the difference of pore feature in shale sample, mainly caused
by the maturity of shale.
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The result of above experiment shows that, the rapid change of liquid nitrogen
adsorption volume and mercury ejection volume of model II after I0MPa indicates
great pore structure development and connectivity of the shale sample in such model,
and at the same time, for model I, the sample of coal shale has bad pore structure
development and connectivity as well as poor coal storage property, however, for
model ITI, the sample has oversize pore and poor absorbability for liquid nitrogen.

3.4. Fractal feature for FHH

The fractal model of coal shale pore is set up (see Fig.4). It can be seen from
Fig.5, there is a significant fractal feature for pore of shale reservoir, and the cor-
relation factors of sample are all above 0.96. The fractal dimension has a certain
geological significance, and if fractal dimension is 3, corresponding to the volume
filling, and is 2, corresponding to smooth surface without pore. If fractal dimension
is between 2.760~2.850, the sample has a minimum of pore space and has complex
pore structure with powerful anisotropy.
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Fig. 4. Relation curve between different samples in experiment of low temperature
nitrogen adsorption

The total pore volume, specific surface area of BET, average pore diameter and
other pore structure parameter and the liner correlation between reservoir material
component and fractal dimension are shown in Fig.5. It can be seen from Fig.5,
there is a negative correlation between pore volume, average pore diameter and
fractal dimension (see Fig. 5a~ Fig. 5C), of which the negative correlation factor
of pore volume and fractal dimension is 0.8669 and the negative correlation factor
of average pore diameter and fractal dimension is 0.8982. There is a better positive
correlation between the specific surface area of BET and fractal dimension, and the
correlation factor is 0.935. The smaller the average pore size is, the smaller the pore
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Fig. 5. Liner correlation between fractal dimension and pore structure parameter
as well as reservoir material component

volume is and the larger the BET surface area is, the fractal dimension is closer to 3,
which indicates that the pore volume, average pore diameter and specific surface area
of BET in shale reservoir are important influencing factors for the fractal dimension
of shale reservoir close to 3.

4. Conclusion

In this paper, based on the analysis of low temperature nitrogen adsorption
experiment on the characteristics of coal reservoir, the experimental analysis from
the index such as specific surface area, adsorption curve shapes, stage distribution
of the pore structure, stage contribution of specific surface area of pore diameter
and fractal feature of FHH is carried out to analyze BET fractal feature of coal
nanopores, so as to get the change of low temperature nitrogen adsorption curve for
coal pore with coal level, and the influence of coal micro composition and mineral
composition on adsorption curve shapes (pore diameter structure) and FHH fractal
feature, so that the structural features which can reflect the evolution of the micro
pore system of coal reservoir with various factors are obtained, which may become
characteristic parameters which characterize the micropore system in coal reservoir.
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