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Abstract:

CO; sequestration in coal seams represents an effective strategy for mitigating CO;
emissions. However, the complicated interaction of CO;-water-coal at the micro-scale may
compromise the structural integrity and mechanical strength of coal, thereby adversely
impacting the efficacy and safety of CO, sequestration in coal seams. This study
introduces a novel indentation testing method that reveals the scale-dependent evolution
mechanisms of coal microstructures, enabling the accurate and reliable quantification
level of degradation in the micromechanical properties caused by supercritical CO»2-
water-coal interactions. Using this method, the extent of mechanical degradation in three
types of coal microstructures could be accurately evaluated under supercritical CO»-
water-coal interaction. The pure organic matrix exhibited remarkable stability under all
fluid treatments, with minor changes in microstructure feature and a mechanical property
reduction of less than 25%. In contrast, the mineral structures were significantly altered
by treatment with fluid mixed with supercritical CO, and brine, with erosion depths and
mechanical property reductions reaching 1.6 pm and 80% in granular structures, and 6.4
wm and 90% in banded structures. However, in the absence of brine or supercritical CO»,
the erosion depths and mechanical property reductions of fusinite were limited.

1. Introduction

In 2024, global energy-related carbon dioxide (CO,) emis-

implementing sustainable action to reduce atmospheric CO»
levels is essential to mitigate the global greenhouse effect and

sions exceeded 37.8 billion metric tons. Among these, Chinese
carbon emissions reached 12.6 billion metric tons, solidify-
ing its position as the world’s largest emitter (Friedlingstein
et al., 2025). These substantial CO;, emissions significantly
exacerbate climate challenges, such as global warming and
the rising frequency of extreme weather events. As a result,

prevent its far-reaching consequences.

By 2070, CO, geological storage technology is expected
to contribute 15% of cumulative emission reductions in the
global energy sector, making it a crucial strategy for deep
CO» emission reduction. Currently, numerous unmineable coal
seams provide suitable target reservoirs for CO, geological
storage (Fender et al., 2020; Safaei-Farouji et al., 2025). When
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the depth of target coal seams surpasses 800 m, CO; is
typically stored in reservoirs in a supercritical state (Jiang and
Yu, 2019; Liu et al., 2023b; Shen et al., 2024). Supercritical
COy (ScCO,) interacts with coal and brine, altering the
reservoir’s physical and chemical properties, and such inter-
action may increase the risk of CO, leakage from geological
formations (Sampath et al., 2019; Chen et al., 2023). There-
fore, quantifying the extent of ScCO,-water-coal interaction
and investigating the resulting evolution of the mechanical
properties of coal are essential for evaluating the safety and
feasibility of CO, sequestration in unmineable coal seams
(Zhang et al., 2022a; Bashir et al., 2024).

The acidic environment formed when ScCO, dissolves in
groundwater or brine can promote the dissolution of minerals,
thereby altering the pore structure and mechanical properties
of coal (Siqueira et al., 2017; Meng and Qiu, 2018; Zagorscak
and Thomas, 2018; Su et al., 2023). Studies have shown
that the mineral composition of coal changes significantly
under the ScCO,-water-coal interaction. While some minerals
represented by carbonates dissolve, secondary minerals such
as gypsum are also formed (Jiang and Yu, 2019; Zhang
et al.,, 2023). Furthermore, the influence of ScCO,-water-
coal interaction also leads to a slight increase in the coal
micropore volume, indicating that the dissolution of some
minerals caused by ScCO;-water-coal interaction changes the
coal’s pore structure (Liu et al., 2019; Xu et al., 2022). On
the other hand, the mechanical properties of coal also decrease
to different degrees before and after the ScCO,-water-coal
interaction, which may be related to the water content (Zhou et
al., 2024) and CO, phase state (Perera et al., 2013) during the
reaction process. These studies establish that the ScCO,-water-
coal interaction can alter the compositions, structures and
mechanical properties of coal. However, they fail to decipher
the underlying mechanisms, which presents opportunities for
further in-depth research.

The ScCO,-water-coal interaction occurs at the micro-
scale, and the macroscopic changes in coal properties are
the cumulative result of numerous micro-scale interactions
(Gathitu et al., 2009; Niu et al., 2024; Mouallem et al., 2025).
Under laboratory conditions with limited treatment durations,
the impact of this interaction on the macroscopic mechanical
properties of coal is insignificant. Therefore, many researchers
have turned to advanced techniques such as X-ray diffraction
and scanning electron microscopy (SEM) to characterize the
effects of the ScCO,-water-coal interaction on the mineral
composition and microscopic surface topography of coal. At
the microscopic scale, the injection of ScCO; significantly
increases the pore volume and porosity of coal, while the
content of carbonate minerals in coal decreases notably (Chen
et al., 2022). Observations via SEM reveal that the formation
of new pores on the coal surface after ScCO,-water-coal
interaction is mainly caused by the dissolution of carbonate
minerals, whereas no obvious dissolution of silicate minerals
occurs (Masoudian et al., 2014). Therefore, the dissolution of
carbonate minerals is the key factor contributing to the changes
in the pore structure and surface topography of coal induced
by the ScCO;-water-coal interaction.

Nanoindentation is a micro-scale technology that is es-
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pecially popular for rock characterization, which excels in
quantifying variations in the mechanical properties such as
the hardness and elastic modulus of composite materials at
the nano- and micro-scales. Studies have consistently demon-
strated such micromechanical heterogeneity in coals (Zhang
et al., 2018; Kossovich et al., 2020; Liu and Liu, 2022;
Kossovich et al., 2023). Nanoindentation is also widely used to
examine fluid-rock matrix interactions, as alterations in surface
topography and physical properties can be induced within a
short period and readily measured at the nanoscale (Manjunath
et al., 2023). In contrast, larger-scale tests would require pro-
hibitively long interaction times to capture such phenomena.
Reports show that CO,-water treatment significantly weakens
coal, manifested as drops in hardness and Young’s modulus
caused primarily by the dissolution of carbonate minerals
(Liu et al., 2023a; He et al., 2024). Such reduction has also
been verified by comparative micro-imaging analyses (Liu and
Liu, 2022; Zhang et al., 2022b). All of the aforementioned
studies focused on statistically analyzing nanoindentation on
COj-water altered coals under a single loading condition,
which is insufficient for quantifying erosion depth. On the
other hand, the continuous multi-cycle loading method fills
the gap and provides valuable information on the effect of
ScCO,-water-coal interaction as the weakening layer deepens
over time.

Although numerous studies on the ScCO,-water-coal in-
teraction have focused on the dissolution of coal mineral
components, alterations in pore structure, and the weakening
of micromechanical properties, few have comprehensively
quantified erosion depth from the perspective of surface to-
pography and changes in the mechanical properties among
different coal microstructures induced by the ScCO,-water-
coal interaction. Therefore, this study employed SEM, three-
dimensional (3D) laser confocal microscopy and nanoinden-
tation to investigate the damage of coal microstructures under
fluid treatment. The use of this novel indentation loading
method provides a reliable basis for quantifying the weakening
of micromechanical properties. By analyzing the changes in
the mechanical properties and surface topography of coal mi-
crostructures, the interaction of ScCO,-water-coal was quanti-
tatively characterized at the micro-scale. Furthermore, the ef-
fects of treatment fluid (pure ScCO,, brine, and ScCO;-brine)
and coal microstructures on the degree of mineral erosion
were systematically analyzed. The findings provide valuable
references for reservoir selection and safety evaluation in CO,
sequestration within unmineable coal seams.

2. Materials and methods

2.1 Sample and brine preparation

The coal samples used in the experiments were collected
from Baijiao Coal Mine in Gongxian County, Yibin City,
Sichuan Province, and processed into 20 mm x 20 mm X
20 mm cubic shapes using wire cutting equipment. To meet
the requirements of indentation experiments, the surface of
the resulting specimens was sequentially polished using 600,
1,200, 2,000 and 5,000 mesh sandpaper (Fig. 1). To align with
the actual geological conditions, the brine used in this exper-
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Fig. 1. ScCO,-water-coal interaction device.

Table 1. Ionic concentrations of 1 L brine used in the
experiment.

Ion Concentration (mg/L)
Ca%* 198.5
Mg 18.26
S042- 240.2
HCO3~ 438.8

Table 2. Experimental scheme for soaking.

Soaking fluid Temperature (°C) Pressure (MPa) Time (d)
Brine 40 0 10
ScCO, 40 8 10
ScCO;-brine 40 8 10

iment was prepared based on the water quality test results from
Baijiao Coal Mine, with CaCl, at 555 mg/L, MgCl, - 6H,0 at
169.2 mg/L, NaHCO3;~ at 619.7 mg/L, and Na;SO4 at 340.2
mg/L. Meanwhile, the ion concentrations of the prepared brine
was detected (Table 1).

2.2 Experimental procedures

(1) Scanning electron microscope-energy dispersive spec-
troscopy analysis

A TM4000 Plus bench-top scanning electron microscope
(SEM) with energy-dispersive X-ray spectroscopy (EDS) spec-
troscopy was used to observe the microstructures on the
surface of rock samples at 500x magnification before soaking
treatment. EDS spectroscopy was also performed to analyze
the components.

(2) High-temperature and high-pressure soaking

To investigate the characteristics of the complex ScCO»-
water-coal interaction, three forms of fluid soaking conditions
were established: ScCO; soak, brine soak, and ScCO,-brine
soak (Table 2, Fig. 1). The soak temperature was set at 40 °C,
and the CO, pressure was maintained at 8 MPa to ensure that

Thermostat water bath

CO, reached a supercritical state. To ensure a full interaction
of the samples, the soaking time was set at 10 days.

(3) Observation of surface erosion and quantification of
erosion depth

To analyze the microstructural damage on the coal surface
before and after soaking in different fluids, laser scanning was
performed using a LEXT OLS 4000 laser confocal micro-
scope. The observations focused on the surface of coal samples
before and after the treatments, with particular attention to
damage variations in the filler regions.

The scanning results (1,024 x 1,024-pixel coordinate data,
256 pm x 256 pm) were processed using MATLAB to
generate two-dimensional (2D) cloud maps of the regions.
To further quantify the extent of fluid erosion on different
components of the coal sample surface, the 1,024 x 1,024
points coordinate matrix was divided into 32 x 32 smaller
matrices, each comprising 32 x 32 points. The root-mean-
square deviation (RMSD) was calculated to quantify the
degree of erosion within each matrix. Subsequently, an RMSD
map was plotted, and the average height of the points within
each smaller matrix was calculated as the matrix height. When
the RMSD of smaller matrices were greater than that of the
microstructural surface before soaking, the smaller matrices
were considered to have been affected by erosion. Conversely,
when the RMSD of smaller matrices were less than or equal
to that of the microstructural surface before soaking, the
smaller matrices were deemed unaffected by erosion. For the
specific calculation method, please refer to Appendix A of the
Supplementary file.

(4) Indentation experiments in continuous multi-cycle load-
ing mode

This experiment utilized the Nanotest Alpha testing equip-
ment, capable of delivering a maximum load of 500 mN
with a load resolution of 3 nN. This apparatus provides a
broad testing range and high precision, fully satisfying the
experimental requirements.

The indentation test in continuous multi-cycle (CMC)
loading mode was performed using the progressive loading/un-
loading method, allowing multiple cycles with varying loads
at the same location. This approach offers the advantage of
monitoring the changes in mechanical properties, including
hardness and elasticity modulus, as a function of indentation
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Fig. 2. Changes in the surface topography of the three microstructures in coal samples under different fluid treatments (observed

using SEM).

Fig. 3. 3D sketch of a typical mineral structure in fusinite.

depth. The multi-scale micromechanical properties obtained
via this loading method facilitate the cross-scale quantification
of erosion degree induced by the ScCO,-brine-coal interaction.

The CMC loading mode indentation experiment employs
the Oliver and Pharr analysis method, akin to the standard
mode indentation experiment, to calculate the mechanical
properties during a single loading/unloading cycle. This strat-
egy facilitates the determination of mechanical properties at
each load in the CMC loading mode.

In this experiment, nanoindentation tests in the CMC load-
ing mode were performed using a Berkovich indenter on coal
samples. The samples underwent four treatment conditions:
Untreated, brine soaking, ScCO, soaking, and ScCO, + brine
soaking. A 3 x 3 grid layout of indentation tests was set across
three distinct regions of the coal samples: Granular mineral
structure, filamentous mineral structure, and organic matrices
structure. The distance between each indentation point was
set at 100 um to ensure their independence. Ten distinct peak
loads were established at regular intervals within the range
of 0.5 to 480 mN, with the peak loads of 0.5 and 480 mN
designated for the initial and final cycles, respectively. During
each cycle, the indenter was loaded to the specified value at

a rate of 8 mN/s, and the load-holding process lasted for 40
seconds. This was followed by unloading of the indenter at
a rate of 8 mN/s to 20% of the peak load in that cycle,
after which the indenter proceeded to the next cycle. Upon
completion of the final cycle, the load was fully unloaded to
Zero.

(5) Calculation of mechanical parameters (modulus and
hardness)

The classical mechanical parametric analysis method, pro-
posed by Oliver and Pharr, focuses on analyzing and calculat-
ing the measured continuous load and displacement variation
data (Joslin and Oliver, 1990). Through this process, the
load-displacement curve (known as the P-h curve) was first
obtained, and then the hardness and elastic modulus of the coal
surface were determined. For the specific calculation method,
please refer to Appendix B of the Supplementary file.

3. Results

3.1 Observation of coal microstructures
3.1.1 Typical components and microstructures

As is well-known, coal consists of organic matrices and
various minerals. Organic matrices are the predominant com-
ponents, incorporating various mineral fillings and forming
diverse organic matter-mineral structures at the micro-scale.
In our previous studies (Deng et al., 2022; Jiang et al., 2025),
we provided a comprehensive analysis of the typical mineral
types and structures observed in coal. Using SEM, the organic
matrix of vitrinite and the mineral structures of fusinite on coal
were observed (Fig. 2). In fusinite, the mineral structures are
filled in the 3D scan (Fig. 3), resulting in anisotropy on the
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Fig. 4. Changes in the surface topography of the three microstructures in coal samples under different fluid treatments (observed

using 3D laser scanning).
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2D scan. Moreover, EDS analysis of the observed areas
further revealed that carbonate and quartz minerals are the
principal components filling the mineral microstructures and
organic matrices in fusinite and vitrinite, respectively. The
surface mineral structures of the Baijiao coal sample are
mainly characterized by granular mineral and banded mineral
formations in the 2D scan.

3.1.2 Surface erosion

The surface topography changes were observed in the
three microstructures following soaking in various treatment
fluids (Fig. 2). SEM analysis revealed that the extent of
surface modification is influenced by both the treating fluid
type and the coal microstructure. Organic matrices exhibited
minimal surface topography changes after fluid exposure, with
no significant erosion pits detected. In contrast, both mineral
microstructure types exhibited noticeable surface alterations,
with a partial dissolution of surface minerals observed af-
ter treatment with ScCO, and brine. The most pronounced
topological changes occurred in filamentous mineral structures
subjected to ScCO, + brine treatment, where the extensive

dissolution of carbonate minerals resulted in the formation of
substantial surface pits.

Using 3D laser scanning, changes in the surface topologies
of coal samples can be quantitatively characterized by erosion
depth. The surfaces of microstructures exposed to different
treating fluids were submitted to 3D scanned by a laser
confocal microscope. The surface height differences of the
pure organic matrices were around 2 pum after soaking in dif-
ferent fluids (Fig. 4). For the granular and filamentous mineral
structures, there was no significant change in surface height
difference after soaking in pure ScCO, or brine. However,
after soaking in ScCO; + brine, the surface height difference
of these structures reached 10 and 15 pum, respectively.

The RMSD map is an effective tool for discerning the
surface topographic characteristics of microstructures (Fig. 5).
The RMSD of regions exhibiting pronounced erosion was
markedly larger, whereas the RMSD of regions with minimal
or no erosion was considerably smaller. The erosion depth of
the organic matrix under the action of different fluids was
calculated to be less than 0.1 pm, indicating that organic
matter remains stable under treatment with all fluids. When
exposed to ScCO; and brine, the erosion depths of two mineral
structures were comparable (within 0.5 pm). However, the
mineral structures exhibited significant and substantial erosion
under ScCO»-brine, with depths reaching 1.6 pm in granular
structures and 6.4 um in banded structures.

3.2 Continuous multi-cycle nanoindentation
3.2.1 Force-displacement curves

In order to investigate the changes in the micromechan-
ical properties of each microstructure on the coal surface
before and after treatment with different fluids, the Nanotest
Alpha testing equipment was used to measure the changes
in the mechanical properties of the pure organic matrix,
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granular mineral structures, and filamentous mineral structures
under soaking in different fluids (pure ScCO;, brine, and
ScCO,-brine). The corresponding force-displacement curves
(F-h curves) of CMC loading nanoindentation experiments
on organic matrices and mineral structures were presented.
It is worth noting that the limitations of current observation
technology result in the inclusion of mineral structures in
the indentation region of the organic matrices after ScCO»
treatment (Fig. 6), which could introduce anomalies into the
dataset (the dark blue curves in organic matrices under ScCO»
treatment). It was found that the indentation curves of the
organic matrices before and after soaking treatments exhibited
notable similarities. In contrast, the indentation curves of min-
eral structures exposed to ScCO, or brine soaking treatment
demonstrated increased dispersion. Notably, mineral structures
underwent the most significant alteration when submitted to
ScCO;, + brine treatment.

3.2.2 Changes in the mechanical parameters

Using the formula introduced in Section 2.2, the elas-
ticity modulus and hardness of each microstructure under
experimental conditions were calculated for each loading and
unloading cycle. It is worth noting that the loading force of the
first cycle was 0.5 mN, which is relatively small and closed
to the accuracy limit of the equipment, potentially leading to
significant errors in the mechanical parameter calculations.
Therefore, only the last nine cycles were considered for
analyzing the changes in the mechanical properties of coal
microstructures, and a statistical analysis of the mechanical
parameters was conducted (Fig. 7).

The variation in elastic modulus and hardness with in-
creasing loading force for each microstructure before and after
different fluid treatments was evident in that the mechanical
parameters of untreated mineral structures were higher than
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treatment with different fluids.

those of the organic matrix. This is primarily due to the
presence of numerous mineral fillings, which have stronger
mechanical properties compared to organic matters (Fig. 7).
Howeyver, after treatment with various fluids, the mechanical
properties of the mineral structures decreased significantly.
Notably, for mineral structures subjected to ScCO, + brine
soaking, their mechanical parameters fell below those of the
organic matrix, which may be attributed to the formation of
new pore structures (Figs. 2 and 4) resulting from mineral
dissolution.

Moreover, both mineral fillings and dissolution-induced
hollow pores contribute to the increased heterogeneity of
mineral structures. This led to a more scattered distribution
and a higher standard deviation (Fig. 7) of the mechanical
parameters in mineral structures compared to the organic
matrix, which primarily consists of organic matters. At low
loading forces, the indenter may interact individually with or-
ganic matters (the weaker component), minerals (the stronger
component), or hollow pores. However, as the loading force
increases, the indenter’s contact area expands, gradually en-
compassing both strong and weak components within the
mineral structure. This results in the convergence of the
mechanical parameters, ultimately reflecting the composite
mechanical properties of the mineral and organic components,
a phenomenon known as Indentation Size Effect (ISE), which
will be discussed in detail in Section 4.2.1.

4. Discussion
4.1 Extent of ScCO;-water-coal interaction
4.1.1 Mechanism

The erosion depths of mineral structures were relatively
minor. The partial dissolution of carbonates in the mineral

structures and the height difference formed by the expansion
of organic matters around the mineral structures (due to water
absorption or CO;, adsorption) were the most likely reasons
for the slight erosion of the mineral structure when treated by
ScCO; or brine (Shi et al., 2023). However, the ScCO,-brine
treatment resulted in the dissolution of a considerable number
of calcite-based carbonate minerals due to the formation of an
acidic solution from CO;, and H,O. This led to a pronounced
erosion effect, with a significantly increased depth of erosion
compared to the other two treatments.

Egs. (1)-(3) depict the chemical interaction occurring in
some minerals (Armitage et al., 2013; Wu and Zhu, 2025).

CO, +H,0 S HY +CO5~ (1)

CaCO; +H" < Ca*" + H,0+CO, )
CaMg(CO3), +HT S Hy0+CO, +Ca?t +Mg*™  (3)
Conversely, a significant discrepancy in erosion depth
was observed between the granular and filamentous mineral
structure areas subjected to ScCO;-brine soaking treatment.
The experimental results demonstrated that the erosion depth
of the filamentous mineral structure area was significantly
greater than that of the granular mineral structure area, which
is attributed to the larger contact area of the banded mineral

structure compared to the granular mineral structure (Sundal
and Hellevang, 2019).

4.1.2 Mineral dissolution manifested in indentation

The indentation force-displacement curves of the two min-
eral structures under ScCO;-brine treatment exhibited pro-
nounced pop-in phenomena (Fig. 8) (Nie et al., 2024). This
phenomenon refers to the brittle failure of microstructures
within the coal samples during the loading process, charac-
terized by a sudden increase in displacement and, in some
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cases, a slight decrease in loading force. In ScCO,-water-
coal interaction, the dissolution of carbonate minerals such as
calcite and dolomite can lead to the formation of new pore
structures (Figs. 2 and 4 under the condition of ScCO, +
brine treatment). The failure of pore structures may trigger
the pop-in phenomenon. However, when the indentation depth
surpasses the mineral erosion depth, the force-displacement
curves become continuous. Therefore, the depth at which pop-
in events occur can indicate the erosion depth.

The force-displacement curves with multiple pop-in events
for the two mineral structures under ScCO; + brine treatment
were observed. Numerous pop-in events occurred at indenta-
tion depths of less than 20 wm in granular structures and less
than 30 wm in banded structures (Fig. 8). This suggests that the
new pore structures induced by mineral dissolution primarily
formed at these depths. Beyond these points, the pop-in events
ceased and the force-displacement curves became continuous.
The effects of mineral erosion on the two mineral structures
diminished and eventually disappeared.

To further investigate the effects of different fluids on
the indentation curves of each microstructure, the average
and standard deviation of maximum indentation depth for
each loading stage under various treatments were analyzed
(Fig. 9). The maximum indentation depths for each loading

stage in organic matrices under different fluid treatments were
relatively consistent with the pre-treatment observations, along
with their standard deviations (Fig. 9). In contrast, a notable
discrepancy was observed in the maximum indentation depths
of granular and banded structures, with the ScCO, + brine
treatment showing the highest standard deviation, followed by
the brine and ScCO, treatments. This indicates that ScCO;-
brine treatment exerted the most pronounced erosive effect
on the two mineral structures. Notably, the differences in
maximum depth between the organic matrix, untreated mineral
structures, and mineral structures treated with ScCO, + brine
were 20 and 30 um for granular and banded structures, re-
spectively. These values approximately approached the depths
where pop-in events occur frequently (Fig. 8), suggesting
that mineral erosion in the two structures under ScCO,-brine
treatment predominantly occurs up to coal surface depth of 20
and 30 pm under the fluid treatment conditions of this study.

It is worth noting that the erosion depths from the surface
topography analysis using 3D laser scanning were generally
smaller than those inferred from the indentation curve re-
sponses. This discrepancy may have arisen because deeper
mineral erosion and minor structural damage are not directly
detectable via 3D laser scanning. Nevertheless, both meth-
ods of erosion depth analysis indicate that banded structures
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mineral structures decreases with increasing force, (b) untreated organic matter decreases with increasing force and (c) mineral

structures increases with increasing force under ScCO,-Brine.

experienced the most severe erosion, followed by granular
structures, under ScCO; + brine treatment. In contrast, mineral
structures were only slightly affected under either ScCO, or
brine treatment. The inherent homogeneity and chemical sta-
bility of organic matter largely preserve its surface topography,
rendering it resistant to erosion.

4.2 Evolution of mechanical properties
4.2.1 Indentation size effect

As discussed in Section 3.2, the heterogeneity of min-
eral structures induces a scattered distribution of hardness
and elastic modulus (Fig. 7). However, as the indentation
depth increases, the mechanical parameters converged toward
to a certain value (Manika and Maniks, 2006; Ebisu and
Horibe, 2010; Han et al., 2015; Chua et al., 2019). ISE
has been well-documented in numerous studies (Manika and

Maniks, 2006; Ebisu and Horibe, 2010; Han et al., 2015; Chua
et al., 2019). At the nanoscale, the size effect is often attributed
to material deformation caused by intergranular dislocation
slip (Mukhopadhyay and Paufler, 2006; Yang et al., 2020).
At the micro-scale, the increase in indentation area reduces
the impact of intergranular dislocation slip to a negligible
level, where structural heterogeneity (including pre-existing
and newly generated pore and fracture microstructures) and
compositional heterogeneity (organic matter and minerals)
within the indentation area are likely the primary contributing
factors to ISE. This ISE is manifested as either a decrease
or increase in hardness upon varying loading magnitudes for
different fluid-treating conditions (Fig. 10) (Wang et al., 2024).
As the loading force increases, the indenter gradually engages
minerals, organic matter and pre-existing pores/fractures in
mineral structures (Fig. 10(a)); organic matter and pre-existing
pores/fractures in organic matrix (Fig. 10(b)); and newly
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formed pores/fractures and organic matter in newly formed
pore structures (Fig. 10(c)). This results in a decrease in
hardness (Figs. 10(a) and 10(b)) and an increase in hard-
ness (Fig. 10(c)). Before ScCO,-brine-coal interaction, the
indentation area under a small load mainly focuses on the
mineral structure. As the load increases, the indentation area
gradually covers structures such as the organic matrix. This
causes a gradual decrease in the mechanical properties of the
mineral structure with increasing load. After the ScCO;-brine-
coal interaction, many minerals are eroded and dissolved,
resulting in a loose coal skeleton. However, as the indentation
depth increases, the indenter gradually comes into contact with
the uneroded parts. The coal skeleton under the indentation
area gradually transitions from loose to dense, leading to an
increase in hardness as the load increases.

To minimize the influence of structural and compositional
heterogeneities on the uniform mechanical properties of coal
microstructures, the hardness values of the three coal mi-
crostructures were analyzed for indentation depths ranging
from 5 to 20 pm. The results highlighting the ISE aid in
selecting appropriate mechanical parameters from a specific
loading stage to quantitatively evaluate changes in the me-
chanical properties of the coal microstructures under different
fluid treatments (Fig. 11).

The hardness of the three coal microstructures under dif-
ferent fluid treatments demonstrated a noticeable size effect
at indentation depths of 5-20 pm (Fig. 11). The function was
selected for trend fitting based on the distinctive characteristics
of the indentation experimental hardness test data, particularly
the maximum indentation depth.

y=ax’ )
It is evident that as erosion intensity increases, the fitted
curve gradually flattens. To further analyze the variation trend
of hardness with maximum indentation depth (/,.x) under the
effect of different fluids, the tangent slope (S;) and secant slope
(S.) of the fitted curve were used as indicators to determine
the stability of hardness when the maximum indentation depth
changes. The maximum indentation depth in the 5-20 pm
interval was selected for calculation (Fig. 12).
Erosion caused by different fluids resulted in a decrease in
S; and S, of the mineral structures, while those of the organic
matrices remained stable (Fig. 12). The dissolution of mineral
components induced by fluid treatment reduces compositional
heterogeneity in the indenting area, thereby decreasing the
fluctuation of mechanical parameters at different indentation
depths and making the ISE less pronounced (Luo et al., 2020;
Wang et al., 2022). This phenomenon coincides with the
results that continuous multi-cyclic indentation experiments
using SiO; crystals do not produce ISE (Li and Chen, 2009).
However, due to pre-existing and newly generated pore struc-
tures, structural heterogeneity still influences the ISE until
hmax > 12 pum (Fig. 12). At this scale, the measured me-
chanical parameters should be considered as an effective value
representing the mechanical properties of coal microstructures.
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4.2.2 Quantitative characterization

Due to the heterogeneity of coal microstructures, their
mechanical parameters varied across different loading stages
during the indentation experiments. This variability intro-
duces uncertainties in the quantitative characterization of the
weakening effect under the ScCO,-water-coal interaction. As
discussed in Section 4.2.1, the effects of heterogeneity on the
mechanical parameters decrease with increasing indentation
depth, ultimately stabilizing at a value that represents the
mechanical properties of the bulk microstructure. In our exper-
iments, when the maximum indentation depth (f,«) surpassed
12 pm, the ISE became negligible. After reviewing all the data
(Fig. 7), it was found that only the last two loading stages met
the requirements for all coal microstructures under different
treatment conditions.

From the mechanical parameters of all microstructures
under different fluid treatments from the first and the last two
loading stages, it could be observed that the absolute values of
H and E in the first cycle were significantly higher than those
in the last two cycles, while the difference between the last
two cycles was minimal (Fig. 13), consistent with the previous
analysis (Fig. 12). Due to the ISE, the H and E values of
the coal microstructure exhibited greater variability when the
indentation depth was small. Only as the indentation depth
increases can stable H and E values be used to accurately
quantify the effect of fluid interactions on the mechanical
properties of coal microstructure.

It could be observed that the mechanical parameters of
the organic matrix after exposure to brine and ScCO; + brine
fluids were slightly lower than those in the untreated state (Fig.
13). However, the overall difference was minor, indicating that
the impact of these fluids on the organic matter component is
limited. In contrast, all three fluids caused varying degrees
of reduction in the mechanical parameters of the two mineral
structures. The ScCO;-brine fluid had the most pronounced
effect (decreased 90% to 70%), followed by brine (decreased
60% to 40%), and ScCO;, (decreased 20% to 30%) had the
least impact. It should be noted that the mechanical parameters
of organic matrices after ScCO, treatment are not discussed in
detail due to equipment limitations and observation methods,
which may not have fully captured the effects of 3D structural
features on the indentation experiments.

In summary, the results of the 3D scanning experiments
combined with the aforementioned analysis indicate that the
three fluids exert a discernible erosive effect on the different
microstructure areas of coal samples. The erosion effect on the
organic matrices of coal samples is relatively weak, whereas
the effect on the two mineral structures is more pronounced.
On the one hand, ScCO,-water-coal interaction can reduce the
mechanical properties of mineral structures in fusinite by up
to 90%; on the other hand, the increased porosity provides
more space for CO; sequestration. Given that the primary
component of coal is organic matter, it demonstrates stable
properties under ScCO;-water-coal interaction. Coal seams
can maintain their integrity and stable mechanical properties
while simultaneously increasing CO; storage capacity during
the long-term sequestration of COs,.
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Fig. 11. Hardness versus maximum displacement (range of 5-20 um) for each coal microstructure at different loading stages,
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loading stages.

5. Conclusions

Previous studies have primarily focused on the weaken-
ing of mechanical properties caused by ScCO,-water-coal
interaction, and they have lacked exploring the coal mi-
crostructural alterations and the underlying mechanisms of
mechanical degradation. In this study, we investigated the
changes in surface topology and mechanical parameters of coal
microstructures under different fluid-soaking treatments using
SEM, 3D laser scanning and indentation experiments, pro-
viding a quantitative framework to evaluate ScCO,-water-coal
interactions at the microscopic scale. The main conclusions
drawn from this study are as follows:

1) The responses of coal microstructures to different fluid
treatments were varied. Organic matrices demonstrated
strong stability under all fluid treatments. Significant
erosion, leading to newly formed pore structures, was
observed in mineral structures under ScCO;-brine treat-
ment, with erosion depths reaching 1.6 um in granular
structures and 6.4 pm in banded structures. However,
when exposed to ScCO; or brine alone, the erosion depths
of the mineral structures remained negligible (within 0.5
pm).

2) The frequent pop-in events during indentation experi-
ments confirmed severe damage to the mineral structures
under ScCO,-brine treatment. By employing indentation
testing under various loading conditions, the effects of
the ISE caused by structural and compositional hetero-
geneities can be evaluated, enabling the accurate quanti-
tative analysis of changes in the mechanical properties of
coal microstructures.

3) As the ISE decreased with increasing loading forces
and indentation depth, the measured elastic modulus
and hardness at the last two loading stages were found
to represent the uniform the mechanical properties of
coal microstructures. The results indicated that ScCO;-
water-coal interaction could reduce the H and E of
coal microstructures by up to 90% in the indentation
experiments.
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