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Abstract: Characterization of microscopic structure and macroscopic physical property
are the basis for better understanding of coalbed methane reservoirs. X-ray computed
tomography (CT), as an nondestructive measurement, has been widely and successfully
applied to characterize the internal structure of coal. In this study, we introduce the
principle of CT imaging and the microstructure recognition. A summary of CT
imaging-based coal microstructure characterization follows, including three-
dimensional (3D) microstructure reconstruction, pore and mineral quantification, and
equivalent pore network model construction. We reviewed the methods used for
evaluating the macroscopic properties of coal, including porosity calculation, gas
adsorption/diffusion rate test, permeability simulation, and mechanical behavior
evaluation. This study discusses the application of CT to investigate the evolutionary
mechanisms of microstructure and macroscopic properties during gas adsorption,
temperature change, and damage deformation. We conclude this review with a
summary of the challenges and application perspectives of CT. The small scanning
range, limited observation accuracy, functional limitations, lengthy testing process, and
high cost are some of the major hurdles in the broad application of CT for coal
characterization. In the future, CT should be combined with other techniques to
establish full-scale pore and fracture models, identify mineral types in microstructures,

and effusively use the advantages of CT by selecting the key points in the evolutionary
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mechanisms of microstructure and macroscopic properties.
Keywords: Computation Tomography (CT); Coal Characterization; Microstructure;
Macroscopic properties; Evolutionary mechanisms

1. Introduction

A comprehensive understanding of coal characteristics—such as adsorption, porosity,
permeability, wettability, matrix deformation, and mechanical behavior,—is essential
to design the exploration and development of coal and its associated gases.'> The
microstructure is the primary factor affecting the macroscopic properties of coal, and
scholars have been studying it extensively using mercury intrusion porosimetry (MIP),
liquid nitrogen adsorption, scanning electron microscopy (SEM), atomic force
microscopy (AFM), and nuclear magnetic resonance (NMR).#® MIP can be used to
evaluate the porosity and pore-size distribution in coal; however, high pressures
damage the pores,’ and the samples cannot be recovered after the test. Liquid nitrogen
adsorption can be used to investigate the pore-size distribution of coal when the pore-
size range is limited to under 300 nm.®* NMR cannot be used to ascertain the pore and
fracture morphology when conducting quantitative microstructure characterization of
the pores and fractures in coal.'” However, SEM and AFM can be used to characterize
the surface microstructures and morphology of pores and fractures,'!'! but they are
slightly inadequate for three-dimensional (3D) structure characterization. Compared to
the aforementioned these techniques, X-ray computed tomography (CT) enables a
visual description of the morphological characteristics of pores, fractures, and minerals
in coal,'*!5 and the reconstruction of the 3D structure of coal.!®-!7

Studying coal characteristics using CT dates back to 1879, when scholars first used it
to distinguish the organic and inorganic materials in coal.'® At present, in addition to

the microstructural characterization of coal, CT is widely used for investigating gas
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adsorption, gas diffusion, permeability, mechanical behavior, and the evaluation of
matrix deformation.!”-?> Previous reviews on CT application in coal characterization
focused on pore and fracture characterization methods and 3D model establishment.?3-24
The influence of coal microstructures on macroscopic properties has been investigated
by extensively studying the correlation between them, but the characterization of coal
properties using CT has not been systematically reviewed yet.

Therefore, this study aims to extensively review the research on coal characterization
conducted using CT. Furthermore, the imaging principle of CT and the recognition
method of microstructure are introduced, and the research progress of CT in the
quantitative characterization of coal microstructures and the qualitative evaluation of
macroscopic properties is summarized systematically. The dynamics of microstructure
and macroscopic properties under gas adsorption, temperature change, and damage
deformation are discussed (Table 1). Finally, the challenges and application
perspectives are considered, based on the limitations and advantages of existing studies
on CT. This review lays the foundation for the in-depth application and development
of CT in coal characterization.

Table 1 Research objectives and methods for CT in different applications

Applications Research objects Research methods
Microstructure 3D reconstruction Work with 2D CT images.

Pores and fractures Calculate the content and fractal dimension of different
scale pores and fractures based on a 3D reconstruction
model of coal.

Minerals Calculate the content and fractal dimension of different
scale minerals based on a 3D reconstruction model of
coal.

Macroscopic Porosity Calculate using Avizo.
properties Adsorption/diffusion ~ Perform CT tests based on the temperature increment
method.

Permeability Establish a mathematical model or perform flow
simulation.

Mechanical behavior =~ Compare the mechanical behavior differences of coal
samples with different microstructures.

Evolutionary ~ Gas adsorption Perform CT tests on the key points of coal matrix
mechanisms Temperature change  deformation and analyze the evolution of pores and

Stress loading

fractures, porosity, and permeability of coal.
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2. CT imaging and microstructure recognition

2.1 The principle of CT imaging

CT is a unique nondestructive testing technique that allows coal internal structure
visualization, which is not achievable with conventional imaging techniques.?>-?’ The
basic principle of imaging is that after passing through the coal sample, the X-rays
emitted by a ray source will be received by a detector, which converts the collected X-
ray signal into a digital high-resolution image reflecting the information about the
material components (Fig. 1(a)). When X-rays are emitted from the source and passed
through materials of different densities, the light intensity is attenuated to different
degrees due to reflection, scattering and refraction. The relation between light intensity
and attenuation coefficient can be expressed as:?82

I =Ige - (D

where [ is the intensity of the incident X-ray, / is the intensity of X-ray received by the
detector, u is the attenuation coefficient when the ray passes through the object, and d

is the thickness of the object.
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Fig. 1 (a) Schematic diagram of CT imaging principle. Modified with permission from ref 30.
Copyright 2018 Elsevier B.V. (b) CT image. (c) CT values at different position. Fig. 1(b) and Fig. 1(c)

are modified with permission from ref 32. Copyright 2014 Elsevier B.V.

After applying X-rays to the sample in a 360° full-angle step scan, the intensity values
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of X-ray transmitted through the sample are monitored and recorded by a detector to
obtain digital distribution information of the transmitted light intensity distribution at
different angles. The X-ray attenuation coefficient distribution maps of each individual
element of the sample can be obtained by converting and arranging the acquired signals,

and then the CT images of different layers in the sample can be established.?*3°
2.2 Recognition method of microstructure

Coal is composed of pores and fractures, minerals, and organic macerals (matrix). The
minerals and matrix are the solid skeleton, and the pores and fractures are distributed
within the skeleton.?! Due to the differences in the density of pores and fractures,
minerals, and matrix in coal, the attenuation coefficients of X-rays passing through
different components also differs. The attenuation coefficient is linearly related to the

density, which can be expressed as:*’

u=pp @

where p is the sample density, and £ is the Compton scatter constant of proportionality.
Based on the Equations (1) and (2), different components in coal show different CT
values in the images (see Fig. 1(c)). Therefore, the different components can be
classified qualitatively according to the magnitude of CT gray scale values,*?3 where
the least dense of pores and fractures are shown as dark black, the high-brightness areas
(white parts) are minerals, and the medium-gray areas are various organic macerals
(matrix) (see Fig. 1(b)).

3. Quantitative characterization of microstructure

3.1 3D reconstruction of microstructure

In 2D CT slide, pores and fractures, minerals, and matrix of coal sample can be easily

identified, allowing a qualitative characterization of the microstructure in a certain
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cross-section. However, 3D reconstruction using CT images is required for
characterization and analysis of the overall microstructure inside the coal sample.

In the 3D reconstruction of the coal microstructure, the specific grayscale ranges of
pore fractures, minerals, and matrix normally determined by threshold
segmentation.’*3 As an important basis for 3D reconstruction, the accuracy of
threshold determines the accuracy of the final 3D reconstruction model,’® and the
existence of noise in the image makes it inevitably deviate from the real image.’’
Therefore, the CT images usually requires further processed, including adjusting the
image contrast, filtering the scatter dots noise, priors to segmentation.*8-#! Use the pre-
processed 3D image, the threshold segmentation is calibrated along with measured
porosity (MIP or other methods), and then to obtain the 3D coal microstructure (see

Flg 2).34,42,43

Fig. 2 3D reconstruction model of coal microstructure. (a) 3D reconstruction model of the whole coal
rock; (b) pore and fracture model; (c) mineral model; (d) organic maceral model. Reproduced with

permission from ref 43. Copyright 2020 Elsevier B.V.
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3.2 Characteristic of pores and fractures

Coal is a dual-pore structure rock, with internal pores and fractures serving as storage
space and flow channels for coalbed methane, respectively.*** Quantitative
characterization of the microscopic parameters of pores and fractures in coal are
essential for coal porosity and permeability evaluation.*

3.2.1 Distribution of pores and fractures

The pore size, scale of fractures, and pore and fracture locations are vital microscopic
parameters of coal. Pores and fractures are formed in the entire process of coal rock
sedimentation and evolution, and the differences between the formation conditions of
different periods and types of pores and fractures increase the complexities in their
forms and sizes.

When characterizing the distribution of pores with varying coal sizes, it is standard to
consider each pore as a sphere equal to its volume and calculate its equivalent size.?
The calculation formula can be expressed as:

Deg =1 [6V pore/T 3)

Where D4 is the equivalent pore size (um), and Ve 1s the individual pore volume
(um?).

When describing the distribution characteristics of fractures with different scales in coal,
the types were firstly classified based on the width of fractures (W) and the length of
fractures (L), where type A: W > 5 uym and L > 10 mm; type B: W > 5 ym and 1 mm <
10 mm; type C: W <5 pm and 300 um <L < 1 mm; and type D: W <5 pm and L <
300 pm.#

In the 3D pore and fracture model (Fig. 2(b)), the distribution of pores and fractures in
coal can be quantitatively characterized by separately labeling the pores of varied sizes
and fractures of different scales using the Avizo software (Fig. 3).48-0
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Fig. 3 Distribution characteristics of pores and fractures with different sizes. (a) 1x103-5x103 nm. (b)
5x103-1x10* nm. (¢) more than 5x103 nm. (d) The counts and contribution of pores and fractures with

different sizes. Reproduced with permission from ref 49. Copyright 2017 Elsevier Ltd.

3.2.2 Fractal characteristics of pores and fractures

Fractal dimension is an important parameter reflecting the complexity and irregularity
of fractal objects.?’>! Among many fractal methods, the box counting method is widely
used in the characterization of pore and fracture fractal features in coal due to its
simplicity and computability.>>-34

When using this method to calculate the fractal dimension of pores and fractures in 2D
images obtained from CT, a square study range should first be determined and the pores
and fractures within the range should be extracted. Then it is covered using a square
grid of equal size to the study range with the edge lengths uniformly divided into  equal
parts,>> and the number of non-spaces Nr among them is counted. The number of non-
spaces has a certain correlation with the grid edge lengths and the 2D fractal

dimension.>®
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Ny~r~P (4)
The 2D fractal dimension D, can be obtained from the slope of the fitted curve of Nr

versus 7.7

Dy = — limie 5
2= _Tl_r)r(l)lg(r) ()

In the same manner, the volume fractal dimension of the 3D pore and fracture structure
can be calculated. After determining the study area and extracting the 3D pore and
fracture structure, it is covered with square boxes of equal size to the study area with
the side lengths uniformly divided into & equal parts, and the number of non-empty
boxes Ne among them is counted, then the volume fractal dimension D; can be

expressed as: !

. lgN.
D3 = — lm(l)lg ® (6)
E—

Counting Nr (or Ng) at different values of » (or ¢) using the above method and plotting
a scatter plot of the logarithm of Nr (or Ne) versus the logarithm of » (or €). Then its
slope, which is the fractal dimension D, (or D3), can be obtained using the least squares
method.

3.2.3 Equivalent pore network model

The 3D reconstructed pore and fracture model (Fig. 4(a)) of coal sample can reflect the
morphological characteristics and spatial distribution of pores and fractures inside the
sample. However, the complex pore and fracture structure makes the application of this
model for fluid seepage and other simulations very computationally intensive. In order
to optimize the calculation process, a simplified equivalent pore network model with
topological structure was developed.*$>°

The equivalent pore network model effectively includes the geometric features of pores

and fractures in coal (Fig. 4(b)). Its establishment not only solves the problem of
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excessive computation during the simulation, but also enables the statistics of
parameters such as throat length and coordination number, which are important for
studying the connectivity of coal. The pore space and pore throat can be extracted
separately in this model, which can describe the distribution of pore space and pore
throat more clearly.®® Meanwhile, the maximum sphere algorithm is used to calculate
the coordination number of pore network and the pore throat distribution of coal

sample,®-%2 which is the fundamental for coal permeability calculation.

(b)

Fig. 4 3D visualization of microfractures. (a) Reconstructed microfracture network. (b) Pore network
model skeleton of the microfractures. Reproduced with permission from ref 59. Copyright 2020 Elsevier

B.V.

3.3 Characteristic of minerals

Minerals, which have a relatively high density, are one of the components that make up
the coal skeleton. The characteristics such as content, size, distribution, and complexity
of minerals have important effects on the flow of fluids in the coal and the mechanical
behaviors of the coal. Based on the 3D mineral model of coal (Fig. 2(c)), the mineral
characteristics in coal can be evaluated quantitatively.®3-64

The equivalent diameter is an important parameter for quantifying the irregular

10
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structure.® Similar to analysis of pores and fractures, minerals can be divided into four
categories according to their equivalent diameters: small-size minerals with an
equivalent diameter d < 500 pm, medium-size minerals with 500 um < d < 1000 pm,
larger-size minerals with 1000 um < d <2000 pm and large-size minerals with d > 2000
um. According to Eq. (3), the equivalent diameter of minerals can be calculated. Then,
the content and volume of minerals at different scales can be counted using Fig. 2(c).
Based on this, the fractal dimension of minerals can be calculated according to Eq. (6),
and then the complexity of mineral structure can be evaluated.

4. Qualitative evaluation of macroscopic properties

The microstructure of coal is the fundamental factor affecting its macroscopic
properties. In addition to be simulated and tested directly, the macroscopic properties
of coal can be quantified by establishing the relationship between different
microstructural parameters and macroscopic properties.

4.1 Porosity

Porosity refers to the ratio of the total volume of pores and fractures in the coal sample,
including unconnected and dead pores that are closed, to the volume of the study area,
and this parameter directly reflects the development degree of pores and fractures in
coal. However, interconnected pores and fractures in coal are the actual spaces and
channels for fluid storage and flow, and the effective porosity calculated from the
volume of interconnected pores and fractures is a better guide for evaluating the
adsorption, diffusion, and seepage properties of coal. By using the Avizo software, the
volumes of interconnected pores and fractures in the 3D pore and fracture model are
determined, and the effective porosity of the coal samples can be calculated.®® The

equation can be expressed as:¢’

11
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9 =% 100% )

where ¢ is the effective porosity of the coal sample (%), Ve is the volume of
interconnected pores and fractures (um?), V is the total volume of the studied part of
the coal sample (um?).

According to Eq. (7), by extracting pores and fractures at different scales from the 3D
pore and fracture model, the porosity of pores and fractures at each scale and their
contribution to the effective porosity can be calculated separately. The pore and fracture
volumes and porosity of the coal samples correlate with the size of the constructed
model,®® and after comparing the pore and fracture characteristics of the constructed
models with different sizes of coal samples, it was found that the larger the model size,
the larger is the porosity of the study area.*

4.2 Adsorption and diffusion

Coal is a natural porous medium, and the complex combination of pores and fractures
affects the adsorption, diffusion, and seepage patterns of gases in coal.®® Among the
full-scale pores and fractures in coal, pores smaller than 100 nm constitute a relatively
small proportion of the total pores, but they contribute to a majority of the specific
surface area (Fig. 5). This scale of pores, which significantly influences the adsorption
capacity and kinetic characteristics of coal, is the main space for gas adsorption in coal,
and pores smaller than 100 nm are typically defined as adsorption pores.”®’!

The density variation and temperature increment methods are used to evaluate the gas
content in coal using CT. The free gas content test based on the density variation of
coal samples is primarily performed for inert gases.”>’®> This method first determines
the density distribution of coal based on the CT images of vacuum coal samples.
Subsequently, a CT test is performed on the coal samples after the gas invasion. In the
test results after inert gas filling, both the matrix and gas in pores and fractures cause
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X-ray attenuation, and the X-ray attenuation coefficient caused by the gas at each

location can be expressed as follows:

oNOYTULT D WN =

: Mk = I~ K ®

where u, 1. and g are the attenuation coefficient when the X-ray passes through the

vacuum coal sample, gas filling coal sample, and gas respectively.

16 10 3 Adsorption/diffusion Seepage

<
<

Gas <
l »

Desorption/diffusion Seepag

o

—_
O
nm )

10" 3

o

N
N
d(r) (cm

107 3§

N
D
dJ

1 (a)

Pore size (nm)
d
e dV
o dV

10°

177/d(r) of S1

d(r) of S2
d(r) of S3
d(r) of S4

10°

, g e dV
ds/d(r) of S1

a4 : » dS/d(r) of S2
far i a dS/d(r) of S3

: 4 dS/d(r) of S4

nm’)

w
w
-
-
-

w
(9]
dS/d(r) (m* g
»
»
»
»
»

10” Adsorption pores N . A

< > Aa » %
37 10° 4 ; B e R
(b) : .

0.1 1 10

et
10 10
Pore size (nm)

10* 10

Fig. 5 (a) Volumes and (b) specific surface areas distribution of pores with different sizes in coal.

Modified with permission from ref 71. Copyright 2019 Elsevier B.V.

The gas density in coal pores and fractures can be obtained using equations (2) and (8).
The free gas content in coal can be calculated based on the pore and fracture volumes.
The degree of development of effective pores and fractures in coal primarily influences
the free gas content; the larger the effective porosity of coal, the larger is the space for
gas storage and the greater is the amount of free gas.

For gases primarily adsorbed in coal, such as CO, and CHy, the gas content testing
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method based on the density variation is inapplicable owing to the matrix expansion
occurring when coal adsorbs these gases. The primary approach for CT-based gas
adsorption measurement in coal is the temperature increment method, which considers
that the increase in the system’s temperature is proportional to the gas adsorption
amount. The gas adsorption rate and amount can be calculated based on the system
temperature change during the experiment and the final temperature increase in the
system after the adsorption equilibrium.’*7>

After CO, and CH,4 enter the coal through the fracture network, they transfer between
the fractures and coal matrix via diffusion. The gas adsorption rate in coal primarily
depends on the gas diffusion rate; therefore, the diffusion rate is evaluated based on the
gas adsorption rate. The adsorption kinetic characteristics of coal samples at various
pressures and in various regions are evaluated using the temperature increment method,
and Fig. 6 shows the variation curves of the increment in system’s temperature with
time.

As shown in Fig. 6(a), the coal adsorption amount increases with the increase in gas
pressure, and the gas adsorption/diffusion rate also increases. The
pressure/concentration difference affects the coal’s gas adsorption/diffusion rate. The
gas adsorption/diffusion rate is more significant at the beginning of adsorption when
the pressure/concentration difference is larger. As the pressure/concentration difference
gradually decreases, the adsorption/diffusion rate gradually decreases and finally
reaches adsorption equilibrium. The gas adsorption/diffusion process can be divided
into fast increasing, slow increasing, and stable stages.

A comparison of the temperature increment variation curves for different
microstructures of the coal samples showed that the overall gas adsorption is low, and
the gas adsorption/diffusion rate in regions with fewer pores and fractures (A1, A2, and

14
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A3) is lower than in regions with well-developed pores and fractures (B1, B2, and B3)
(Fig. 6(b) and Fig. 6(c)). Similarly, the gas adsorption/diffusion rate in regions with
more clay minerals (C1, C2, and C3) is lower than in the normal regions (B1, B2, and
B3) (Fig. 6(c) and Fig. 6(d)). The gas adsorption amount and the adsorption/diffusion
rate are positively correlated with the pore and fracture contents but negatively

correlated with the mineral content.”
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Fig. 6 Temperature rise characteristics of coal with CH, adsorption. (a) The overall trend. (b) Regions
with fewer pores and fractures. (c) Regions with a well-developed pores and fractures. (d) Regions with

more clay mineral. Modified with permission from ref 74. Copyright 2016 Elsevier B.V.

Furthermore, the different molecular properties of various gases lead to differences in
their adsorption kinetic characteristics in coal. Since the molecular weight of CHj is
lower than that of CO,, the adsorption/diffusion rate of CH, is more significant than
that of CO, at the low-pressure stage. However, the CO, adsorption affinity is higher

than that of CHy4, and the CO, adsorption/diffusion rate increases and gradually exceeds
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that of CHy as the pressure increases.”® The difference in the coal’s adsorption
characteristics for different gases provides an essential theoretical basis for studying

CO,-enhanced coalbed methane recovery (CO,-ECBM).””.78
4.3 Permeability

Permeability is a crucial parameter in the physical properties of coal reservoirs, and
there are two primary methods for evaluating the permeability using CT according to
the influence of the type, development, distribution, scale, connectivity, and filling of
pores and fractures in coal. On the one hand, a mathematical model of permeability
evaluation can be established based on the quantitative characterization of the
microstructures of coal.’> On the other hand, a fluid flow simulation in coal can be
performed using the Avizo software based on the equivalent pore network model of
coal, and the permeability of coal can be evaluated.”®° Accordingly, the degree of
influence of different parameters on permeability can also be evaluated by comparing
the correlation between permeability and each pore and fracture parameter.

During seepage simulations, the differences in flow rates in different coal regions reveal
that areas with developed pores and fractures, good connectivity, and large pore throat
size exhibit high flow velocity zones. The pore throat radius decreases in the fluid’s
medium velocity region due to the poorly developed pores and fractures in the coal
sample, resulting in a weak connectivity between the pore throat channels and a partial
momentum loss when the fluid passes through the seepage channels. The connectivity
of pores and fractures is poor in the coal sample’s outer parts; consequently, the fluid’s

flow velocity is the lowest in these parts (Fig. 7).

Differences in the pore and fracture structures in coal at different flow rate regions

reflect the microstructural influence on the macroscopic permeability of coal. The
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seepage velocity of the fluid in coal correlates well with the degree of pore and fracture
development, connectivity, and pore throat size.®! The more developed the pores and
fractures are, the better is their connectivity, and a larger pore throat size in coal leads
to a higher flow rate and a better permeability.®? The effect of these three factors on
permeability is in the following order: pore and fracture connectivity > pore throat size
> pore and fracture development.®* To some extent, the coal’s permeability tends to
increase with the increase in effective porosity;**-8¢ however, this trend is not absolute,®’
and effective porosity is not a single influence on permeability. Low porosity is a
sufficient nonessential condition for low permeability, whereas high permeability is a
sufficient nonessential condition for high porosity.®®-2 Furthermore, the fractal
dimension value primarily reflects the roughness and complexity of pores and fractures
in coal'*?! and correlates with coal permeability. Coal samples with higher fractal
dimensions usually have lower permeability,>’ and this relationship is pronounced in

higher-order coals.

|Oullel

Medium-speed area

High-speed area
High-speed area

I Inlet

(a) Z direction seepage path (b) X direction seepage path

Low-speed area

Medium-speed area

(¢) Flow trajectory of Z direction in pore network model (d) Flow trajectory of X direction in pore network model
Fig. 7 Simulation results of the flow pattern of fluids in coal (the fluid direction is set to flow from left

to right, and the gray flow lines represent the low velocity region of seepage; the purple flow lines
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represent the medium velocity region of fluid; the yellow flow lines represent the high velocity region of
fluid). (a) Z direction seepage path. (b) X direction seepage path. (c) Flow trajectory of Z direction in
pore network model. (d) Flow trajectory of X direction in pore network model. Reproduced with
permission from ref 83. Copyright 2021 Jing et al. Authors under Creative Commons Attribution 4.0

International License (CC BY 4.0).

4.4 Mechanical behavior

The complex microstructure makes coal highly heterogeneous, resulting in significant
differences in gas adsorption, diffusion, and seepage patterns and causing substantial
differences in the strength and compressibility of coal at different locations.”>** CT
cannot be used to directly test and simulate the mechanical behavior of coal, but the
effect of the microstructure on the mechanical behavior of coal can be obtained by

comparing the mechanical behavior differences in coal samples with different

microstructures.
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Fig. 8 Relationship between macroscopic mechanical behavior of coal and microscopic parameters of
minerals. Modified with permission from refs 64, 65. Copyright (ref 64) 2020 The Authors, published
by Journal of Mining & Safety Engineering. Copyright (65) 2020 Yu Fu and Zhongliang Feng. Authors

under Creative Commons Attribution 4.0 International License (CC BY 4.0).

18

ACS Paragon Plus Environment

Page 18 of 44



Page 19 of 44

oNOYTULT D WN =

Energy & Fuels

The geometry, size, and distribution of irregular minerals in coal are primary factors
that constitute its heterogeneity characteristics and significantly influence the
macroscopic mechanical behavior of coal. The specific influence of minerals on the
mechanical behavior of coal has been investigated by constructing finite element
models containing different mineral structures and performing uniaxial compression
simulations.®* ¢ The results showed that the larger the size and higher the content of
minerals, the more complex is the distribution. Under uniaxial conditions, the presence
of minerals and the increase in mineral sizes increase the peak strength, elastic modulus,
and residual strength of coal (Fig. 8). When a specific circumferential pressure is
applied, the minerals reduce the coal’s brittleness. The difference in density between
the coal matrix and the minerals creates a discontinuity surface that allows the fractures
generated during coal breakage to propagate along the junction of the minerals and the
coal matrix.”

In addition to minerals, the degree of pore and fracture development,’®°7 distribution
characteristics,’® and connectivity of pores and fractures have a direct influence on the
mechanical properties of coal.”® Initial fractures are critical factors affecting the
strength and failure patterns of coal samples.?!-100-103 On the one hand, the presence of
pores and fractures weakens the ability of coal to store elastic strain energy and undergo
impact damage. On the other hand, original pores and fractures affect the coal’s fracture
location, and most of the final fracture surface will pass through the initial fracture
during coal damage. Overall, the larger the fracture size and higher the development of
fractures in the coal, the lower is its compressive strength.!%%105 Coal strength is
negatively correlated with the logarithm of porosity, and the elastic modulus decreases
with increasing initial damage.'%

5. Dynamic evolution of microstructure and macroscopic properties of
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coal

The coal matrix is deformed due to gas adsorption, temperature change, and stress
loading. For visualizing the dynamic evolution of coal microstructures during this
complex deformation process, calculating and simulating the changes in macroscopic

properties (e.g., porosity and permeability) are vital to understand the mechanisms of

coal matrix deformation.

5.1 Gas adsorption

(a) 0 MPa (b) 0.5 MPa (c) 1.0 MPa
(d) 1.5 MPa (e) 2.0 MPa (f) 2.5 MPa

Thickness (Micrometers)

0.0 4.8 9.7 14.5 19.4 24.2 29.1 33.9 38.8
Fig. 9 Characteristics of fracture evolution under different pressure based on CT pseudocolor images.
Reproduced with permission from ref 106. Copyright 2018 Xiangrong Nie et al. Authors under

Creative Commons Attribution 4.0 International License (CC BY 4.0).

Coal is a natural heterogeneous porous medium with strong adsorption properties. The
coal matrix will experience swelling deformation after the adsorption of gases, such as
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CH,4 and CO,, and the change in the internal microstructure will further cause changes
in the macroscopic properties of coal. Deformation of the coal matrix during gas
adsorption is a complex process. As gas adsorption requires the coal sample to
continuously remain under the adsorption pressure, it is challenging to characterize the
coal’s microstructure during the adsorption process using conventional experimental
instruments. The development of CT technology has solved this problem by evaluating
the pore and fracture structures of coal under different adsorption conditions and
analyzing the evolution of pore and fracture volume and porosity of coal during gas

adsorption.

Adsorption time, adsorption pressure, and the microstructure affect the swelling
deformation of the coal matrix after gas adsorption, and the changes in the porosity and
permeability of coal after adsorption are closely related to the gas pressure in the pores
and fractures and the degree of coal matrix swelling deformation. By evaluating the
internal microstructure of coal under different adsorption pressures using CT and
simulating coal swelling deformation using the Avizo software, the results showed that
as the adsorption pressure of gas increases, the thickness of typical fractures in the coal
decreases significantly, causing a negative exponential decrease in porosity and
permeability.!0%197 The preswelling stage of the coal matrix shows a significant

decrease in fracture length, followed by a substantial decrease in fracture width.*!

w oo -
L n L s
to

| ] in
| | Region-2 Region-3 2 Region-1 — 1.70MPa-22min

R;ginn-p Region-3
<

%

Mass change

Porosity

Region-2 | Region-3

N Region-1 ‘\& Nl L
0 5 10 15 20 25
Position (mm) Position (mm)

Fig. 10 The deformation difference of different areas in coal after adsorption of CO,. (a) CT image of
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coal (b) Porosity of coal at different positions. (¢c) Mass changes under different gas pressure and time

at different regions. Modified with permission from ref 107. Copyright 2003 Elsevier Science B.V.

In addition to increasing the adsorption amount and enhancing the matrix swelling
deformation, the gas pressure promotes the porosity and permeability of coal. For the
loaded coal samples, the reduction in effective stress caused by the entry of high-
pressure gas into the coal fractures immediately increases the fracture size. Then, the
matrix swelling deformation becomes more robust with the continuous gas adsorption,
and the fracture scale decreases.!® When the matrix contraction caused by effective
stress reduction and the matrix expansion caused by gas adsorption occur
simultaneously, the low-density structure tends to shrink, the high-density structure

tends to expand, and a local uniformity can develop in the coal density.!%:110

Before the coal samples reach the adsorption equilibrium, the swelling deformation of
coal increases continuously with the increase in adsorption time. However, the mass
variation of coal varies significantly in different microstructure regions.”>197.10% The
regions with higher porosity, where the adsorbed gas amount is high, show a greater
degree of overall mass change in the coal matrix after CO, adsorption, whereas the
lower porosity areas have an overall lower degree of mass change after the adsorption
(Fig. 10). Furthermore, the deformation during adsorption and desorption of the coal
matrix is irreversible. Pores and fractures will only partially recover after gas desorption,
and the coal matrix swelling deformation will gradually decrease when multiple gas

adsorption—desorption cycles are performed.!!!
5.2 Thermal effect

The coal skeleton comprising minerals and organic macerals is highly temperature-

sensitive, and its microstructure and macroscopic properties change significantly when
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the coal’s temperature changes. The internal microstructures and macroscopic
properties of coal samples differ considerably before and after thermal shock,
microwave heating, and liquid CO, freezing—thawing. The coal matrix generates
numerous fractures as the temperature increases. The increase in the number and width
of fractures and the volume of pores and fractures increase the coal’s porosity and
permeability, and this increase is positively related to the increase in heating time and
the temperature of coal.''?!'* The coal’s volume and matrix densities decrease after
liquid CO, freezing—thawing, and the generation and transformation of numerous pores
and fractures in coal significantly increase the coal’s porosity.!!> To further study the
pore and fracture evolution mechanisms during the change in temperature of coal, the
pore and fracture changes in four coal samples from three ranks (low, medium, and
high coal ranks) listed in Table 2 during the temperature change were evaluated. The
obtained CT images and the plotted porosity evolution curves of the coal samples at

different temperature stages are shown in Fig. 11.

Table 2 The basic characteristics of each coal sample studied

Coal Coal rank Coal types Ash Moisture Volatile Sulphur
sample ID (%) content (%) mater (%) content (%)
R1-1116 Low-rank Lignite 21.00 1.86 39.80 1.43
R1-2'17 Low-rank Lignite - - - -
R3 18 Medium-rank  Lean coal 28.01 0.84 35.73 0.51
R4 119 High-rank Anthracite 12.47 1.24 8.95 1.44

As shown in Fig. 11, the coal samples’ pore and fracture structures change significantly
when the temperature increases, but the overall porosity is not positively correlated with
temperature. The evolution of porosity with temperature varies in the coal samples of

different coal ranks (Fig. 11(a)).

The porosity of the low-rank coal sample (R1) shows three primary stages of “rapid
increase—smooth—rapid increase” with increasing temperature. As evident from the CT
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images taken at different temperature stages, the temperature of the low-rank coal
sample increases to 200°C, and the water and free gas dissipation ruptures the coal
matrix. The scale of the original pores and fractures in the coal increase visibly,
generating new pores and fractures, and the overall porosity increases significantly.
When the temperature varies between 200°C and 400°C, the positive effect for the pores
and fractures increases caused by the dissipation of water and free gas gradually
weakens, and the negative effect for the reduction in pores and fractures caused by coal
matrix expansion after the temperature change increases. Under the coupling of the
above two effects, the overall porosity changes relatively smoothly. When the
temperature exceeds 400°C, the low-rank coal sample pyrolyzes. As a result, the scale

of pores and fractures increases, and the overall porosity grows further (Fig. 11(b)).!!”
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Fig. 11 Porosity evolution pattern of (a) all coal samples, (b) lignite, (c) lean coal, and (d) anthracite

at different temperatures. Fig. 11(a) is modified with permission from refs 116-119. Copyright (116)
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2020 Qiaorong Meng et al. Authors under Creative Commons Attribution 4.0 International License
(CC BY 4.0). Fig. 11(b) is modified with permission from ref 117. Copyright 2018 Journal of China
Coal Society. Authors under Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by-nc-nd/4.0/). Fig. 11(c) is modified with permission from

ref 118. Copyright 2012 Elsevier Ltd. Fig. 11(d) is modified with permission from ref 119. Copyright

2016 Springer-Verlag Wien.

The medium-rank (R2) coal sample’s porosity showed a fluctuating trend of “small
decrease-rapid increase—decrease” with increasing temperature. The number of pores
and the maximum pore radius decrease slightly with increasing temperature until 200°C,
indicating that the matrix expansion effect caused by the increasing temperature
dominates at this stage. When the temperature is between 200°C and 400°C, the number
of pores decreases, but the maximum pore radius increases considerably, indicating that
the coal samples ruptured at this stage. Then, the scale of pores increases after the small-
scale pores are connected, and the overall porosity increases significantly. When the
temperature exceeds 400°C, the depolymerization and decomposition of coal release a
large amount of gas and coal tar to increase the overall porosity, and the coal tar and
other products occupy the pore and fracture space after precipitation. The overall
porosity decreases again under the coupling of the two effects (Fig. 11(c)).'!8

The porosity of the high-rank coal sample (R3) shows an exponential increase with
increasing temperature. Before the temperature reaches 200°C, some water and free gas
dissipate to form a few pores, and the coal’s porosity increases slightly. When the
temperature reaches 300°C, the coal matrix starts to rupture, and numerous pores and
fractures are generated in the coal, increasing its overall porosity. As the temperature
increases, the number of fractures in the coal increases, the fractures become wider, and

the overall porosity increases significantly (Fig. 11(d)).!"?
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Comparing the variation laws of pore and fracture structures in coal samples of different
coal ranks with temperature changes shows that the porosities of the coal samples
during temperature changes are primarily affected by the coupling of the negative effect
of matrix expansion caused by the temperature increase, the positive effect of pores and
fractures increase caused by gas and water dissipation at the low-temperature stage, and
the effects of organic matter pyrolysis at the high-temperature stage. The higher the
coal rank (corresponding to higher coal density), the more challenging it is for the coal
matrix to rupture. Therefore, the temperature required for the massive generation of
pores and fractures in high-rank coal is higher, and the rapid increase stage of porosity

in coal occurs later.
5.3 Stress loading

The damage characteristics of coal are closely related to the evolution law of internal
microstructures during stress loading, and its study is essential for understanding the
stability of coal reservoirs and the fracture development mechanisms under different
stress conditions. The deformation and failure of coal occur in four phases: the
compaction phase (from O to A), the apparent linear elastic deformation phase (from A
to B), the accelerated nonelastic deformation phase (from B to C), and the rupture and
development phase (from C to D) (Fig. 12(a)).>?> The evolution of the internal
microstructure at different stages can be visualized using the CT testing of key nodes
(O, A, B, C, and D) during stress loading. Fig. 12(c) shows that the effective stress in
the compaction phase gradually closes the pores and fractures in the coal sample. Then,
the pores and fractures remain closed in the linear elastic deformation phase. The coal
matrix starts to rupture, and numerous fractures are formed during the accelerated
nonelastic deformation phase. During the rupture and development phase, the coal

sample’s fractures are massively expanded and connected, eventually destroying the
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coal sample.!20:121

The fracture volume and porosity at different phases show a similar evolutionary
pattern. The coal’s fracture porosity gradually decreases in the compaction phase. Then,
the influence of compaction weakens, and the fracture porosity remains stable in the
linear elastic deformation phase. In the accelerated nonelastic deformation phase, the
coal matrix ruptures, increasing the fracture volume and porosity. Finally, numerous
fractures in the coal sample are expanded and connected, rapidly increasing the fracture
porosity in the rupture and development phase (Fig. 12(b)).!2%124

For the loaded coal sample, the surrounding pressure counteracts part of the axial stress
and provides some protection to the coal sample. The actual effective stress acting on

the sample can be expressed as:

Py
o4=—3%10 ——(PC Py) ©)
where P, is the applied axial load on coal, MPa; P, is the confining stress, MPa; r is
the radius of coal core (cm); v is the stationary Poisson's ratio; Py is fluid pressure in

pores and fractures, MPa.
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Fig. 12 (a) Stress—strain curve. Modified with permission from ref 123. Copyright 2022 American

Chemical Society. (b) Dynamic evolution of fracture volume and fracture porosity during stress

loading. Modified with permission from refs 122 and 124. Copyright 2020 and 2022 Elsevier B.V.

(c) 3D reconstructed fracture network at different stress loading phases. Modified with permission

from ref 121. Copyright 2018 Springer-Verlag GmbH Austria.

Therefore, the higher the surrounding pressure applied to the coal sample, the higher is

the axial stress required to destroy the coal sample. The fracture network formed after

destroying the coal samples is denser and more complex with the higher surrounding

pressure.!?!

Table 3 The specific parameters of each coal sample studied. Table 3 is modified with permission

from ref 32. Copyright 2014 Elsevier B.V.

Coal D L Ro.m Density Uniaxial mechanical properties
sample ID (mm) (mm) (%) (%) Young's modulus (MPa) v
Pl 38.00 77.50 1.94 1.38 2200 0.3
P2 38.49 82.02 2.20 1.40 3610 0.32
P3 38.14 80.85 2.24 1.44 3690 0.21
P4 38.33 82.08 2.68 1.47 4830 0.28
P5 39.04 81.48 3.28 1.68 2270 0.37
10 7
—— Sample Pl
~—— Sample P2
Sample P3
Sample P4
E Sample P5
E ) ) -
2
107 ‘ T ! ‘ ‘ ‘ .
0 4 12 16 20 24 28 32 36 40

Axial differential stress (MPa)

Fig. 13 Evolution of permeability during the deformation of coal samples. Modified with permission

from ref 32. Copyright 2014 Elsevier B.V.

28

ACS Paragon Plus Environment

Page 28 of 44



Page 29 of 44

oNOYTULT D WN =

Energy & Fuels

The permeability of coal is highly sensitive to stress.!?> By evaluating the permeability
of coal samples at the four key nodes O, A, B, and C (the coal sample was damaged at
node D, the permeability was substantial and thus not comparable), the evolution of
permeability during the deformation of the coal samples can be revealed. Table 3 shows
the specific parameters of each coal sample, and Fig. 13 shows the permeability
evolution curves. As shown in Fig. 13, the permeability of the coal sample shows a V-
shaped evolution law with an increase in the effective stress. The higher the coal
sample’s degree of metamorphism (corresponding to a higher density), the higher is the
peak strength. Thus, the effective stress required for the coal sample to reach the
minimum permeability value is higher, and the permeability reduction stage is longer.

6. Challenges and Perspectives

Compared to other testing techniques, CT has the advantages of being nondestructive,
characterizing the internal microstructure visually, and constructing 3D structural
models. Therefore, this technique is highly favored in coal characterization and has
been widely applied in the quantitative characterization of coal microstructures,
evaluation of macroscopic properties, and evolutionary mechanisms evaluation of
microstructure and macroscopic properties. However, with the increasing applications,
the development of this technique has encountered some challenges, and overcoming
these challenges is vital to promote the further application of CT in coal characterization.
First, the quantitative characterization of microstructures is the basis for understanding
coal and conducting macroscopic property evaluations. Due to the limitations of the
scanning range and observation accuracy of CT, the accuracy and range of
microstructures quantitative characterization cannot be satisfied simultaneously.
Moreover, the influence of the model size on pore volumes and porosity interferes with

the microstructure characterization results. Currently, CT is mainly used to observer
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pores and fractures at the micron level. However, multiscale pores and fractures
constitute the fluid storage and transport space in coal. Combining CT with other
measurement methods to establish full-scale pore and fracture models is necessary for
a finer and comprehensive characterization of the microstructure of coal samples, which
is more conducive to guiding the study of gas adsorption, diffusion, and seepage
properties in coal.

Second, when evaluating macroscopic properties based on the microstructures of coal,
the influence mechanism of pores and fractures on macroscopic properties is primarily
considered. However, minerals are a component of the coal skeleton and play an equally
crucial role in defining coal properties. The mineral content, particle size distribution,
and complexity of coal can be quantitatively characterized using CT, but the mineral
types cannot be distinguished. There are differences in the composition, water
absorption, and stress sensitivity of different minerals, which can directly affect the
changes in the porosity, permeability, and mechanical properties of coal during wetting,
stressing, and chemical treatment. Identifying different mineral types in the
microstructure of coal allows for a finer evaluation of its macroscopic properties.
Finally, as the application of CT in coal characterization gradually evolves from static
to dynamic, the dynamic evolution of microstructure and macroscopic properties under
different effects becomes a crucial development trend. In addition to the effects of gas
adsorption, temperature change, and stress loading, future research also has more
significant advantages in explaining the transport and blockage mechanisms of solid
particles in coal fractures, and the influence of liquid (water or acid solution) content
and contact time on the microstructure and permeability of coal. Furthermore, the CT
test process is complicated and expensive; therefore, this technology cannot be widely
used as a conventional method. Thus, selecting the key points of the dynamic evolution
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process of microstructure and macroscopic properties is critical for achieving better

research results.
7. Conclusions

In this study, we introduced the principle of CT imaging and microstructure recognition.
The methods of coal microstructure characterization and macroscopic property
evaluation using CT are summarized. Furthermore, the applications of CT in studying
the evolution mechanism of coal microstructure and macroscopic properties during gas
adsorption, temperature change, and damage deformation are discussed. Based on our
comprehensive review, the following conclusions are obtained.

1) Although several methods are available for the effective characterization and
quantification of coal microstructure, CT can be used to reconstruct a 3D microstructure
model, and its application in coal microstructure characterization is indispensable.

2) By establishing the relationship between microstructure and macroscopic properties,
CT can be used to evaluate the macroscopic properties of coal, including its porosity,
gas adsorption/diffusion rate, permeability, and mechanical properties.

3) By visualizing the evolution of the pore and fracture structures, porosity, and
permeability of the coal sample at various stages of gas adsorption, temperature change,
and stress loading, CT provides a feasible method to study the mechanism of coal
matrix deformation and its effects on microstructure and macroscopic properties.

4) CT technology faces limitations, such as a small scanning range, limited observation
accuracy, functional limitations, lengthy testing process, and high cost, which present
hurdles in the broad application of CT in coal characterization. In the future, it should
be combined with other techniques to establish full-scale pore and fracture models,
identify the mineral types in microstructures, and effusively use the advantages of CT

by selecting the key points in the evolutionary mechanisms of microstructure and
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macroscopic properties.
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