
����������
�������

Citation: Zhan, H.; Li, X.; Hu, Z.;

Duan, X.; Guo, W.; Li, Y. Influence of

Particle Size on the Low-Temperature

Nitrogen Adsorption of Deep Shale

in Southern Sichuan, China. Minerals

2022, 12, 302. https://doi.org/

10.3390/min12030302

Academic Editors: Yi Fang, Brandon

Schwartz, Yong Li, Zhuang Sun and

Leszek Marynowski

Received: 18 January 2022

Accepted: 23 February 2022

Published: 27 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Influence of Particle Size on the Low-Temperature Nitrogen
Adsorption of Deep Shale in Southern Sichuan, China
Hongming Zhan 1,2,3, Xizhe Li 1,2,3, Zhiming Hu 3, Xianggang Duan 3, Wei Guo 3 and Yalong Li 4,*

1 School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China;
zhanhongming17@mails.ucas.edu.cn (H.Z.); lxz69@petrochina.com.cn (X.L.)

2 Institute of Porous Flow and Fluid Mechanics, Chinese Academy of Sciences, Langfang 065007, China
3 Research Institute of Petroleum Exploration & Development, Beijing 100083, China;

huzhiming69@petrochina.com.cn (Z.H.); duanxg69@petrochina.com.cn (X.D.);
pkuguowei69@petrochina.com.cn (W.G.)

4 Interdisciplinary Center for Fundamental and Frontier Sciences, Nanjing University of Science and
Technology, Wuxi 214443, China

* Correspondence: liyalong16@mails.ucas.edu.cn

Abstract: Pore characteristics are one of the most important elements in the study of shale reservoir
properties and are a key parameter for the evaluation of the potential of shale oil and gas resources.
Low-temperature nitrogen adsorption is a common laboratory method that is used to characterize
the pore structure of shale. However, the effect of shale’s particle size on the experimental results of
the nitrogen adsorption of deep shale samples is still unclear. In this paper, using deep shale samples
of different mesh sizes from the Luzhou Block as an example, we studied the effect of particle size on
the pore structure of deep shale, as characterized by nitrogen adsorption experiments. The results
showed that the pore volume of deep shale is mainly distributed in the mesoporous range, with a
pore size ranging from 2 to 20 nm. The pore volume, as measured by nitrogen adsorption, increases
slowly as the particle size decreases and then it increases rapidly. The particle size of shale has no
obvious effect on the measurement of the specific surface area. The fractal dimension of deep shale
gradually increases as the particle size of the shale samples increases and the smaller the particle
size, the higher the correlation coefficient, R2, of the fractal dimension fitting. In this paper, different
recommended sizes are given for selecting suitable particle sizes in nitrogen adsorption experiments
on deep shale with different structural parameters, which will increase the accuracy of the study of
the pore structure of deep shale.

Keywords: shale gas; low temperature nitrogen adsorption; particle size; pore size distribution;
fractal dimension

1. Introduction

The “shale revolution” in the United States has triggered interest in shale gas explo-
ration and development around the world [1]. China began shale gas exploration and
development in 2012 and is currently developing shale gas on a large commercial scale
in the Sichuan Basin. China has produced 20.04 billion m3 of shale gas, ranking second
worldwide in 2020 [2]. In addition, as the development area expands, deeper shales with
depths of more than 4000 m are being developed [3–5]. According to the Shale Gas Research
Institute of the PetroChina Southwest Oil and Gas Field Company [6], the measured shale
gas resources in southern Sichuan amount to 9.3 × 1012 m3. Among them, deep shale gas
with a burial depth of more than 3500 m accounts for 90% of the overall resources.

Shale reservoirs are usually comprised of micropores with porosity below 10%, perme-
ability below 0.1 mD, a pore throat diameter that is generally below 1 µm, and a complex
pore throat structure [7]. Therefore, the main focus in the study of shale’s pore structure is
the pore space at the micro- and nano-scales. The formation, evolution, and maintenance
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of anomalous high pressures in organic-rich shales are important as potential hydrocarbon
source rocks for conventional oil and gas reservoirs or shale gas reservoirs [8,9]. The deep
organic-rich shale formations of the Lower Paleozoic in the Sichuan Basin are generally
buried below 3500 m. Deep shale is subject to both mechanical compaction and overpres-
sure, so special analysis is required [10,11].

Various techniques have been used to characterize the pore structure of shale [12–15],
including the porosity, specific surface area, fractal dimension, and other pore structures.
The commonly used research methods are helium injection [16], cryogenic nitrogen/carbon
dioxide adsorption [17], mercury piezometry [18], and nuclear magnetic resonance [19,20].
Among them, the nitrogen adsorption method has unique advantages in characterizing
the pore size distribution and specific surface area of the micropores. Adsorption nitrogen
molecules are generally stable, have a small molecular diameter, and are nontoxic [21]. Ni-
trogen adsorption experiments are relatively less destructive to the shale samples, although
they underestimate the content of some macropores (>200 nm). They can characterize the
major micropores, mesopores, and macropores that are below 200 nm [22,23]. Therefore,
they are often used to study the structure of shale pore spaces at the 1–200 nm level.

Granular shale samples are used in nitrogen adsorption experiments. However,
different degrees of particle crushing may affect the shale’s pore structure. For example,
through comparing the test results of particle sizes of 4, 20, and 60 mesh, Chen [7] concluded
that the pore volume of mesopores increased as the particle size decreased and that the
particle size affected the shape of the hysteresis loop. Wei [24] compared five groups of shale
samples with different mesh numbers and concluded that the 60–140 mesh samples were
the most suitable for nitrogen adsorption experiments. Under similar conditions, Li [25]
recommended a 20–80 mesh size range. Han [26] conducted a comparative experiment on
shale samples from the Lower Silurian Longmaxi Formation, with particle sizes ranging
from 0.058 to 4 mm, and found that the particle size of 0.113 mm (130 mesh) was the
most suitable. Mastalerz [27] analyzed the effect of particle size on the shale samples with
different maturity levels, and recommended the use of a 200 mesh size. Evidently, the effect
of the particle size on the results of shale low-pressure gas adsorption experiments has
not been fully unified. Various shale samples of different particle sizes have been found
to be suitable for low-temperature nitrogen adsorption experiments for their structural
properties. Deep shale has a special pore structure [28,29]. Therefore, deep shale wells
should be investigated in order to analyze the particle sizes that are suitable for low-
temperature nitrogen adsorption experiments on deep shale samples.

Finally, the proposed optimum particle size range for low-temperature nitrogen ad-
sorption experiments on deep shale samples was investigated.

2. Materials and Methods
2.1. Samples

The deep shale samples were obtained from the sub-4000 m buried reservoir in the
Luzhou Block in the southern Sichuan Basin, China (Figure 1). The Luzhou block is located
in the south Sichuan low fold belt, between the south slope of the middle Sichuan ancient
uplift and the southeast Sichuan depression fold belt. The stratigraphic sequence in the area
is normal and the Jurassic strata are mainly exposed at the surface, while the Upper Triassic
Xujiahe Formation is exposed on the top of some back-sloping structures. The depth of the
burial of strata at the bottom of the Wufeng Formation–Longmaxi Formation in the study
area ranges from 3500–4500 m. Black carbonaceous shale is developed at the bottom of the
Longmaxi Formation and graptolite and pyrite are common in the cross-section.

According to the lithology and logging response characteristics (Figure 2), the Long-
maxi Formation can be subdivided into the sections Long 1 and Long 2. Section Long 1 is
well preserved in the Luzhou Block, with a thickness of 441–575 m. The regional distribu-
tion is stable and comparable. Based on the lithology, stratigraphy and electrical properties,
section Long 1 can be further divided into Long 1 Subsection 1 and Long 1 Subsection 2
from the bottom up. Subsection 1 is a set of organic-rich black carbonaceous shales, with
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different morphological graptolites, phyllite development, pyrite-rich nodules, and pyrite-
filled horizontal joints. The thickness ranges from 31 to 74 m, averaging 55 m, which is
greater than that of Changning (40 m) and Weiyuan (48 m), and with general thickening in
the southeast direction. According to the lithological, sedimentary tectonic, paleontological,
and electrical data, Subsection 1 can be further divided into four categories: L11

1, L11
2,

L11
3 and L11

4. The current shale gas production and the samples mainly originate from
Long 1 Subsection 1 and the Wufeng Formation. Shallow samples from the Weiyuan block
in southern Sichuan were compared, which were buried at 2500–2600 m and obtained
from the Long Yi 1 Subsection and Wufeng Formation. Table 1 lists the basic geological
information and lithofacies of all of the samples. Furthermore, the shale lithofacies were
classified based on their organic matter richness and mineral compositions [30]. According
to the mineral compositions, the lithofacies of the shale samples were classified into three
main types: siliceous shale lithofacies (S), calcareous/siliceous mixed shale lithofacies (CS),
and calcareous shale lithofacies (C).
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Table 1. Lithofacies, TOC (Total Organic Carbon), and mineralogy compositions of the shale samples.
TOC and minerals content are presented in weight percent (wt %).

Sample
Buried
Depth

(m)
Lithofacies TOC Quartz Total

Feldspar Carbonates Pyrite Total
Clays I/S Illite Chlorite

Y1 4140 S 3.81 61.34 6.34 6.21 4.11 22.00 16.72 3.33 1.94
Y2 4142 CS 3.84 45.30 4.80 12.40 6.90 30.60 18.97 3.37 8.26
Y3 4145 S 3.57 56.98 2.52 19.67 3.02 17.81 14.79 0.60 2.42
Y4 4146 S 3.78 57.86 3.11 27.37 3.97 7.69 5.75 0.83 1.11
Y5 4151 S 1.92 55.84 4.19 30.77 2.60 6.60 4.60 1.05 0.95
Y6 4153 CS 3.32 43.81 2.73 29.33 2.57 21.56 18.21 1.90 1.45
Y7 4156 CS 1.86 44.96 1.94 12.13 0.98 39.99 30.48 5.98 3.53
W1 2567 C 4.37 12.80 0.40 63.40 15.50 7.90 5.93 0.24 1.74
W2 2561 CS 3.53 26.80 6.00 41.70 3.60 21.90 14.45 1.75 5.69
W3 2544 C 1.65 14.20 2.20 65.90 3.20 14.50 10.59 0.87 3.05
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Figure 2. Shale sample selection by composite well log data in well YH2-7 of Luzhou block in
southeast Sichuan basin. Log data (left to right): formation, lithology, GR, AC, samples.

In this experiment, seven deep shale samples from the Luzhou Block and three shal-
low samples from the Weiyuan Block were ground and screened in order to obtain four
groups of crushed samples with different particle diameters of 20–40, 40–80, 100–160 and
200–400 mesh. To eliminate the residual bound water and capillary moisture in the sam-
ples, the samples were dried at 105 ◦C for 24 h. The samples were first degassed under
a vacuum at 105 ◦C for 12 h in order to remove the air and water from the pores. Later,
the nitrogen adsorption and desorption curves of the shale samples with different particle
diameters were obtained experimentally. The equilibrium time was set to 10 s during
the measurements.



Minerals 2022, 12, 302 5 of 18

2.2. Low Temperature Nitrogen Adsorption Experiment

Samples were analyzed using a Micromeritics ASAP 2420 specific surface area and
porosity analyzer and the equilibration time was set to 10 s [31]. The instrument has a
pore size measurement range from 0.35 to 400 nm, adsorption–desorption relative pressure
ranges between 0.004–0.995, 0.005 m2/g surface area, and 0.0001 cm3/g pore volume.

The adsorption amount of nitrogen in the medium at equilibrium was measured by
gradually increasing/decreasing the relative pressure (P/P0, where P is the partial pressure
of nitrogen and P0 is the saturation vapor pressure of nitrogen at the critical temperature).
The critical temperature was 195.8 ◦C and high-purity nitrogen (>99.999%) was employed
as the adsorbent. Subsequently, the adsorption–desorption curve was obtained and used to
characterize the pore size and specific surface area distribution of the medium. When the
relative pressure was low (<0.35), the nitrogen was mainly adsorbed onto micropores and
mesopores. Monomolecular layer adsorption and micropore filling are the main micropore
mechanisms, while monomolecular layer adsorption is the main mesopore mechanism.
When the relative pressure value increased (>0.4), capillary coalescence occurred in the
mesopores and macropores. According to Kelvin’s theory, the larger the relative pressure
value is, the larger the pore size is at the capillary coalescence, so the pore capacity and
pore size distribution can be calculated based on the adsorption curve. The common
pore size characterization methods are the Barrett–Joyner–Halenda (BJH) [32] and density–
functional theory (DFT) [33] models. The BJH method is based on the Kelvin equation,
which is not applicable to pores measuring <7 nm and needs to be corrected. The DFT
method is based on the global density distribution function, portraying the distribution of
micropores, mesopores and some macropores. In this study, the DFT model was selected
for the pore size distribution calculation and the effective pore size interval ranged from
1.48 to 117.00 nm [34].

3. Results and Discussion
3.1. Adsorption–Desorption Curve Characteristics

The test results of the deep layer Y2 and shallow layer W1 samples are considered as
examples and their low-pressure N2 isothermal adsorption–desorption curves are shown
in Figure 3.
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As shown in Figure 3, in the relative pressure range of 0.5–1, the low-temperature
nitrogen adsorption and desorption processes of the shale samples did not overlap. The des-
orption line is located above the adsorption line, forming an obvious hysteresis loop.
Furthermore, all of the curves are similar to the IV isothermal adsorption curve that is
recommended by the International Union of Pure and Applied Chemistry (IUPAC) [35],
with the hysteresis loop appearing between H3 and H4. The appearance of a hysteresis loop
is closely related to the pore structure of the shale. When nitrogen capillary condensation
occurs, it starts from the liquid surface of the annular adsorption film on the wall of the
hole and the desorption starts from the spherical meniscus of the hole. Therefore, the shape
of the hysteresis loop can reflect the pore shape and connectivity qualitatively.

When the relative pressure was close to 1, none of the samples showed a “plateau”.
This meant that they did not reach saturation, indicating that, in addition to micropores and
mesopores, macropores larger than 200 nm had developed in the experimental samples. All
of the samples showed that the adsorption curves in the high-pressure section steepened
with decreasing particle size and the maximum adsorption volume of the 200–400 mesh
samples was 1.62 times that of the 20–40 mesh samples on average, indicating that the
increase in adsorption sites as particle size decreased was not only related to the newly
created particle surface, but may have led to the connection of some unconnected large
pores of the shale with the outside world.

The isothermal adsorption curves with relative pressure P/P0 values ranging from
0.8 to 1 were further analyzed; the adsorption curves corresponded to the large pore size
pore regions [36]. As shown in Figure 4, there was no significant correlation between the
increase in the nitrogen adsorption capacity and the TOC in all of the samples at a relative
pressure of 0.8–1. Thus, the macropores of this experimental sample were not dominated
by organic matter pores. However, certain scholars have compared the adsorption capacity
of different particle sizes with the sample TOC and found that the maximum adsorption
capacity of the samples increased rapidly with the increase in particle size at a higher TOC
content [37]. Collectively, the macropore types within the different samples varied, which
warrants a separate discussion.
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Further analysis of the change in the adsorption capacity showed that the increase
in the adsorption capacity mainly occurred at relatively high pressures, which also indi-
cated that larger pores were related to the decrease in particle size. This phenomenon is
quantitatively analyzed below.

3.2. Comparative Analysis of Pore Volume

The LTNA interpretation results are shown in Figure 3 and Table 2, including the pore
volume, specific surface area, and pore content of the shale in different intervals.

Table 2. LTNA calculation results of shale samples with different particle sizes.

Sample Mesh
BET Surface

Area
(m2/g)

DFT Pore
Volume

Pore
Volume of
Interval A
(2–5 nm)
(cm3/g)

Pore
Volume of
Interval B
(5–20 nm)

(cm3/g)

Pore
Volume of
Interval C
(>20 nm)
(cm3/g)

Y1

20–40 22.44 0.0168 0.00675 0.00535 0.00470

40–80 22.57 0.0173 0.00670 0.00539 0.00519

100–160 22.85 0.0214 0.00699 0.00620 0.00820

200–400 24.90 0.0341 0.00811 0.00927 0.01667

Y2

20–40 24.68 0.0185 0.00769 0.00562 0.00360

40–80 25.46 0.0185 0.00784 0.00599 0.00469

100–160 24.71 0.0229 0.00790 0.00670 0.00826

200–400 25.59 0.0362 0.00863 0.00988 0.01774

Y3

20–40 17.99 0.0145 0.00501 0.00417 0.00386

40–80 18.33 0.0139 0.00507 0.00434 0.00453

100–160 17.76 0.0163 0.00516 0.00466 0.00645

200–400 18.50 0.0244 0.00574 0.00636 0.01230

Y4

20–40 20.04 0.0161 0.00551 0.00453 0.00444

40–80 20.07 0.0178 0.00564 0.00505 0.00714

100–160 19.94 0.0153 0.00545 0.00462 0.00520

200–400 21.50 0.0278 0.00638 0.00707 0.01439

Y5

20–40 17.45 0.0129 0.00472 0.00367 0.00452

40–80 17.76 0.0138 0.00475 0.00381 0.00520

100–160 17.42 0.0155 0.00491 0.00412 0.00642

200–400 17.42 0.0223 0.00532 0.00567 0.01130

Y6

20–40 22.26 0.0150 0.00708 0.00512 0.00172

40–80 22.76 0.0154 0.00718 0.00544 0.00280

100–160 22.49 0.0182 0.00731 0.00590 0.00501

200–400 23.12 0.0296 0.00782 0.00837 0.01345

Y7

20–40 18.72 0.0143 0.00622 0.00454 0.00233

40–80 18.08 0.0145 0.00607 0.00474 0.00367

100–160 18.95 0.0190 0.00655 0.00573 0.00667

200–400 20.39 0.0330 0.00736 0.00891 0.01668
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Table 2. Cont.

Sample Mesh
BET Surface

Area
(m2/g)

DFT Pore
Volume

Pore
Volume of
Interval A
(2–5 nm)
(cm3/g)

Pore
Volume of
Interval B
(5–20 nm)

(cm3/g)

Pore
Volume of
Interval C
(>20 nm)
(cm3/g)

W1

20–40 18.81 0.0170 0.00611 0.00494 0.00512

40–80 19.26 0.0165 0.00612 0.00486 0.00553

100–160 17.30 0.0172 0.00573 0.00491 0.00654

200–400 15.92 0.0221 0.00560 0.00604 0.01051

W2

20–40 22.47 0.0210 0.00749 0.00650 0.00698

40–80 25.64 0.0238 0.00869 0.00727 0.00786

100–160 22.36 0.0235 0.00771 0.00694 0.00887

200–400 21.89 0.0303 0.00783 0.00837 0.01405

W3

20–40 7.29 0.0107 0.00237 0.00299 0.00530

40–80 7.35 0.0111 0.00253 0.00311 0.00543

100–160 6.92 0.0115 0.00239 0.00311 0.00597

200–400 7.03 0.0161 0.00269 0.00412 0.00925

According to the variation law of the pore distribution of samples with different
particle sizes, this study divided the pore interval into three parts: interval A (2–5 nm:
small mesopores), interval B (5–20 nm: medium mesopores) and interval C (>20 nm: large
mesopores and macropores). The pores in intervals A, B and C are referred to as small
pores, medium pores and large pores, respectively. The following analysis shows that the
samples that were used in the present experiment developed pores below 5 nm and that
the pores above 20 nm were greatly affected by the pore size. Therefore, the pores were
divided into three categories based between 5 nm and 20 nm.

As shown in Figure 5, the pore volumes of the shale samples with different particle
sizes varied significantly. The average pore volume of all of the samples with 200–400 mesh
was 175.84% of the 20–40 mesh. Among them, the largest change was found in the pore
volume of sample Y7, which increased by 96%, while the pore volume of sample W1 had
the smallest increase of 30%. There was no significant difference in the shale pore volume
within the grid ranges of 20–40, 40–80, and 100–160, and the average growth rate was only
15.11%. This is far less than the average pore volume growth rate of the 200–400 mesh
samples, by 75.85%. Among the two groups of the Y7 and W1 samples, the measured pore
volume of the 100–160 mesh samples were smaller than that of the 40–80 mesh samples,
which is likely to be because the sample fragmentation process not only connected the
isolated pores, but also possibly destroyed some existing pores.

Figure 5 shows the density functional theory (DFT) pore size distribution of typical
shale samples with different grain sizes. The pore size distribution of all of the samples
with different particle sizes had obvious inheritance and similar curve patterns. The pore
volume of the deep shale sample was mainly concentrated in interval A and interval B.
This is because deep shale is subjected to strong mechanical compaction and small pores
have a stronger compressive test ability.

As shown in Figure 6, with the decrease in the particle size, the pore volumes of
interval A and interval B changed only slightly. This may be due to the fact that the
pore throats between small-aperture pores are more likely to be destroyed during the
sample crushing process, which reduces the connectivity between pores. This leads to the
volume of the newly connected pores and the volume of the damaged pores offsetting
each other. Therefore, the pore volume of interval A and interval B showed no obvious
change. However, the pore volume in the C region increased rapidly from 0.00359 cm3/g
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to 0.01464 cm3/g. This indicates that a large number of large pores in the shale were
isolated pores. Large pores find it easier to communicate as the particle size decreases.
In the reservoir environment, the gas pressure was significantly higher than that which
was found in the LTNA experiment, so the pores that were not connected for the nitrogen
adsorption experiment should be connected in the actual reservoir environment. Therefore,
in order to characterize shale’s pore structure more comprehensively, shale samples with
smaller particle sizes should be selected. However, with the deepening of the crushing
effect, more artificial secondary fractures will be generated, changing the pore structure of
the shale. Therefore, the application of the 120–160 mesh samples in the calculation of the
pore volume is recommended.
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3.3. Specific Surface Area Analysis

Figure 7 shows the specific surface area of the samples.
As shown in Figure 7, the specific surface areas of all of the samples in this experiment

were almost unaffected by the particle size. The largest rate of change was observed in the
W11 sample, with a rate of change of only 14%. The pore size distribution of the specific
surface area of the typical samples is shown in the figure below, where most of the specific
surface area constitutes intervals A and B; 76.43% of which is interval A, 19.93% interval B,
and 3.63% interval C, for the 20–40 mesh samples. Further, for the 40–80 mesh samples,
75.71% was covered by interval A, 20.17% constituted interval B, and only 4.17% constituted
interval C. For the 80–200 mesh samples, 74.11% constituted the pores in interval A, 20.89%
the pores in interval B, and only 5.00% those in interval C, whereas 67.23% constituted the
pores in interval A and 67.23% the pores in interval B for the 200–400 mesh samples.
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area of the deep and shallow shale samples from 20–40 mesh, 40–80 mesh, 80–200 mesh, and
200–400 mesh.

As shown in Figure 8, the percentage of the specific surface area that was covered
by the 200–400 mesh sample was 67.23% in interval A, 23.96% in interval B, and 8.79%
in interval C. The experiments showed that the specific surface area of the samples did
not change significantly across the four particle sizes and only a small decrease in the
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percentage of interval A occurred in the 200–400 mesh samples. This was because, as the
particle size decreased, the number of pores in interval B that communicated with the pores
in interval C increased and the percentage of the C interval that was under all of the mesh
sizes was below 10%. Therefore, the pores in area A were the main contributors to the
specific surface area of this sample. Based on the analysis in the previous section, the pores
were not significantly affected by the particle size of the samples. Therefore, the specific
surface area and the pore size of the samples did not change significantly with the particle
size. Therefore, there is no special requirement for sample mesh size when studying the
specific surface area of shale by nitrogen adsorption.
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3.4. Comparative Analysis of the Fractal Dimension

Based on the nitrogen adsorption data, Pfeifer’s Frenkel–Halsey–Hill (FHH) model
(Equation (1)) was used in order to calculate the fractal dimension of the shale. The fractal
dimension is usually 2–3. When the value of the fractal dimension is close to 2, the solid
surface is smooth and homogeneous, whereas a value close to 3 reflects a complex pore
structure with an extremely irregular and non-homogeneous pore surface and high resis-
tance to fluid flow [5,38].

ln
(

V
V0

)
= K

[
ln
[

ln
p0

p

]]
+ C (1)

where V is the adsorption volume of the sample gas at equilibrium pressure (cm3/g),
V0 is the monolayer coverage volume (cm3/g), P0 is the saturation vapor pressure of
the adsorbed gas (MPa), P is the equilibrium pressure of the system (MPa), K is the
slope of the fitted line and is related to the adsorption mechanism, and C is a constant.
When the adsorption mechanism is capillary condensation, D = K + 3 and D is the fractal
dimension. When the adsorption mechanism is van der Waals and capillary action is not
considered, according to the literature [39,40], D = 3K + 3. If the reservoir pores have fractal
characteristics, ln

(
V
V0

)
has a linear relationship with ln p0

p according to slope K and this can
be used to calculate the fractal dimension D.

In this study, the samples all showed adsorption hysteresis loops (Figure 3) when the
relative pressure exceeded 0.45. The isothermal adsorption line branches and desorption
branches obviously did not overlap and capillary condensation occurred for the nitrogen
adsorption. Therefore, D = K + 3 was selected for the calculation.

The fractal dimension of all of the samples is shown in Table 3.
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Table 3. Fractal dimension of shale samples with different particle sizes calculated in the LTNA
experiment.

Sample Mesh Fractal Dimension R2

Y1

20–40 2.8282 0.9311

40–80 2.8287 0.9349

100–160 2.8058 0.9589

200–400 2.7374 0.9925

Y2

20–40 2.8373 0.9063

40–80 2.83 0.9226

100–160 2.8054 0.9552

200–400 2.7309 0.992

Y3

20–40 2.8336 0.9386

40–80 2.8328 0.9423

100–160 2.8096 0.9654

200–400 2.7499 0.9922

Y4

20–40 2.8366 0.9364

40–80 2.816 0.9631

100–160 2.8308 0.95

200–400 2.7536 0.9941

Y5

20–40 2.8377 0.9486

40–80 2.8344 0.9552

100–160 2.8191 0.9638

200–400 2.7579 0.9911

Y6

20–40 2.8483 0.8593

40–80 2.8385 0.8881

100–160 2.8182 0.9258

200–400 2.7473 0.9861

Y7

20–40 2.8346 0.8885

40–80 2.8179 0.9218

100–160 2.7908 0.9528

200–400 2.7128 0.9913

W1

20–40 2.8119 0.9346

40–80 2.8143 0.9443

100–160 2.7973 0.9523

200–400 2.7448 0.9748

W2

20–40 2.8003 0.9481

40–80 2.8031 0.9409

100–160 2.7871 0.954

200–400 2.7371 0.9846

W3

20–40 2.7383 0.9868

40–80 2.7365 0.9805

100–160 2.7214 0.9841

200–400 2.6562 0.9938
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As shown in Figure 9, the average pore volume fractal dimension was 2.82 for the
sample sizes ranging from 20–40 mesh, 2.81 for those ranging from 40–80 mesh, 2.79
for those ranging from 80–200 mesh, and 2.73 for the 200–400 mesh sample sizes. The
pore volume fractal dimension of almost all of the samples decreased as the particle size
decreased, indicating that the irregularity of the shale pore surface decreases as the particle
size decreases. The fractal dimensions of the shallow and deep samples were significantly
smaller than those of the deep samples, which suggested that the deep samples had a more
complex pore structure than the shallow samples (Figure 9).
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As shown in Figure 10, the relationship between the specific surface area percentage
and the fractal dimension of regions A, B, and C were analyzed. The fractal dimension was
highly positively correlated with the fractal dimension percentage of the small pore region,
with a correlation coefficient R2 of 0.95; however, it had a high negative correlation with
the medium and large pore contents, with a correlation coefficient R2 of 0.92 and 0.91.

Minerals 2022, 12, x  13 of 17 
 

 

smaller than those of the deep samples, which suggested that the deep samples had a 
more complex pore structure than the shallow samples (Figure 9). 

As shown in Figure 10, the relationship between the specific surface area percentage 
and the fractal dimension of regions A, B, and C were analyzed. The fractal dimension 
was highly positively correlated with the fractal dimension percentage of the small pore 
region, with a correlation coefficient R2 of 0.95; however, it had a high negative correlation 
with the medium and large pore contents, with a correlation coefficient R2 of 0.92 and 0.91. 

 
Figure 9. The fractal dimensions measured by low-temperature nitrogen adsorption (LTNA) at 20–
40, 40–80, 80–200, and 200–400 mesh for all experimental samples 

 
Figure 10. The relationship between the fractal dimension of all the samples and the proportion of 
the specific surface area of pores in the intervals of A, B, and C. 

The fractal dimension of shale is considered to be related to the distribution of the 
specific surface area of differently sized pores. When the ratio of the total specific surface 
area that is occupied by micropores increases (i.e., the ratio of the specific surface area 
occupied by medium and large pores is smaller), the fractal dimension of the shale in-
creases holistically. The reason for this may be that the larger the specific surface area is, 
the greater the surface area of the shale in unit volume is, and the shale is more likely to 
have a complex structure and be rougher, so the fractal dimension of the shale is larger. 

Figure 10. The relationship between the fractal dimension of all the samples and the proportion of
the specific surface area of pores in the intervals of A, B, and C.



Minerals 2022, 12, 302 14 of 18

The fractal dimension of shale is considered to be related to the distribution of the
specific surface area of differently sized pores. When the ratio of the total specific surface
area that is occupied by micropores increases (i.e., the ratio of the specific surface area
occupied by medium and large pores is smaller), the fractal dimension of the shale increases
holistically. The reason for this may be that the larger the specific surface area is, the greater
the surface area of the shale in unit volume is, and the shale is more likely to have a complex
structure and be rougher, so the fractal dimension of the shale is larger. The pore-specific
surface area is the subject contributor to the specific surface area, so the higher the pore
content is, the greater the fractal dimension will be.

Subsequently, the samples from different layers with the same particle size in the same
well were compared. The fractal dimension of the samples of each layer was found to not
be significantly different nor uniform, but there was a certain gap between the different
wells. It showed that the geological tectonic movement in the same well was similar and
there was no significant difference in the complexity of the pores.

As shown in Figure 11, by further analysis of the regional pore volume ratio, the
fractal dimension was found to be highly positively correlated with the small pore content.
The small pore content yielded a correlation coefficient R2 equals 0.82; the medium pore
content a correlation coefficient R2 equals 0.52; and the large pore content a correlation
coefficient R2 equals 0.76. This indicates that the fractal dimension is mainly controlled by
the development degree of the small and large pores. Greater development of small pores
and the less development of large pores correlates with a larger fractal dimension and a
more complex internal structure of the samples. This can be attributed to the fact that the
pore structure of the small pores is more complex than that of the medium and large pores.
This also indicates that the fractal dimension of the samples decreases as the particle size
decreases, because more large pores appear when the particle size decreases. Therefore,
the decrease in the proportion of the pores leads to a decrease in the fractal dimension of
the sample.
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The fractal dimension of the samples, the pore volume and the specific surface area
have been analyzed [41] and it has been concluded that the fractal dimension, pore volume,
and specific surface area values are correlated. This is because the fractal dimension reflects
the overall complexity of the sample. For example, when the pore volume of the sample
increases, the overall pore content of each part of the sample does not change; if the pore
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volume of mesopores and macropores increases proportionally, the overall complexity does
not increase. Therefore, the fractal dimension of the sample is related to the relative content,
but not to the absolute content of the pores. There was no significant relationship with the
absolute content of the pores.

As shown in Figure 12, the correlation coefficients, R2, of the fractal dimensions of the
samples with different particle diameters in the same group were 0.889 for the 20–40 mesh
samples, 0.922 for 40–80 mesh samples, 0.953 for the 160–200 mesh samples, and 0.991 for
the 200–400 mesh samples. The correlation coefficients of the fractal dimensions of almost
all of the experimental samples increased as their particle size decreased, indicating that
the samples showed stronger fractal characteristics as the particle size decreased. Therefore,
200–400 mesh size samples are recommended in the study of the fractal characteristics of
deep shale via nitrogen adsorption.
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4. Conclusions

In this study, the effects of different particle sizes in deep shale samples on nitrogen
adsorption results were analyzed.

1. Grain size has a great effect on pore volume and pore distribution measurements.
The total shale pore volume measurements showed a small increase followed by a
large increase as the grain size decreases, which is not significantly related to TOC.

2. The particle size exerts a certain influence on the accuracy of the fractal dimension and
the correlation coefficient of the fractal dimension increases significantly as the particle
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size of the sample decreases. Furthermore, the complexity of the pore structure of
deep samples is influenced by more controlling factors. The use of 200–400 mesh size
samples is recommended when studying fractal dimensions.

3. The micropores and small mesopores (<20 nm) of the shale samples provide many
pore volumes and this intensifies with increasing burial depth. Isolated pores are
developed in larger mesopores and macropores (>20 nm) and further analysis is
needed under reservoir conditions.

4. The specific surface area of shale is almost unaffected by the particles’ size. The surface
area’s size is mainly controlled by the micropores and small pore size mesopores.
The specific surface area of the small pores contributes most of the total specific surface
area of deep shale samples.

5. There are different requirements for the sample mesh for the study of different shale
characteristics by nitrogen adsorption. Among them, 120~160 mesh size samples
are recommended for the study of pore volume, and 200~400 mesh size samples are
recommended for the study of the fractal dimension. The study of specific surface
area grid samples has no specific grid requirements.
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