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CO; sequestration in geological coal formations is a promising pathway to store a huge amount of CO,
due to a strong CO; affinity on coal. It has been reported that CO, sorption can cause a strength reduction
of coals. However, the mechanism-based understandings of CO,-coal interactions induced alterations are
still challenging in micro-to-nano scale. We conducted the combined grid-based nanoindentation tests
and FESEM-EDS analyses to understand and quantify the mechanical property variations and distribu-
tions of coals in micro- or nano-scale due to its mineral and structural variations. We also quantified the
mechanical property alterations induced by gaseous CO,, ScCO,, and ScCO,-water mixture treatments at
different treating durations. The combined results from the FESEM-EDS and XRD confirmed that the
heterogeneity of two tested coal is prevailing at micro-to-nano scale and the corresponding mechanical
properties are composition- and microstructure-dependent. The mechanical properties of coals can be
altered by gaseous CO7, ScCO,, and ScCO,-water mixture treatments primarily due to the organic carbon-
CO; interactions and water hydration effects in wetted coals, or potentially due to the dissolution and
precipitation of minerals occurred in fluid environment typically under the ScCO,-water treatment
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1. Introduction

The excessive emissions of greenhouse gasses into the atmo-
sphere have adversely been contributing to global warming and
climate crisis [1]. Carbon dioxide (CO,) sequestration, also known
as carbon capture and storage (CCS), has been attracted much
attention within the engineering community for the purpose of
reducing carbon dioxide in the atmosphere [2]. CO, sequestration
and/or storage in subsurface geological formations such as the
depleted hydrocarbon reservoirs, aquifers, manmade underground
cavity, coalbeds, and others is a proven way to store a huge amount
of CO, [3—5]. CO, storage in mineable/deep un-mineable coal seam
is one of the most economically viable for long-term CO, seques-
tration. Due to the relatively high affinity of CO, on coal, the
competitive sorption process occurs after CO; is injected into coal
seams. When CO; is injected into deep moist coal seams, it can
easily become the super-critical CO, (ScCO;) with the pressure and
temperature higher than ~7.38 MPa and 31.04 °C at in situ
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conditions. Additionally, CO, sequestration can also be coupled
with enhanced coalbed methane production and is expected to
offer the economic incentive for CBM operators [6—8]. However,
sorption-induced coal matrix swelling [9,10] and its associated ef-
fects in coal permeability and strength reduction have been iden-
tified as the main reasons controlling the low injectivity of CO; in
coal seam. Coal matrix is known to be a polymer-like porous me-
dium with developed pores instead of rigid grain-packed brittle
material. Coal matrix can swell or shrink in response to CO,
adsorption or desorption due to gas sorption-induced surface en-
ergy alternation and the induced structural changes can weaken
coal strength and trigger localized discontinuities [9]. These con-
sequences can be occurred due to the existence of moisture in coal
[11,12]. The core-scale coal specimen is widely used to define the
mechanical properties of coals as well as the associated alterations
of mechanical property under different environmental conditions
[13—15], which towards to upscale the quantified relations to field
scale for engineering practices. However, gas/water sorption is a
micro-to nano-scale behavior, a vague question is that to what scale
the sorption-induced swelling effect can exert on the coal strength
due to CO; uptake, and what are the combined effects on the coal
strength caused by CO,-water mixture uptake under the in situ
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wetted condition. Fig. 1 shows the characteristics of coal structures
from sub-nanoscale to core-scale. With the aid of optical and
scanning electron microscopes, the polymer-like porous features of
coal are obvious. Coal matrix contains rigid solid skeleton and
developed pores in micro-to nano-scale instead of visible fractures
or cleats in macro-to core-scale. By recalling the above question,
how to understand the mechanical property alterations induced by
the fluid-coal interactions occurring in sub- and nano-scale? Before
we can mechanistically model and quantify the CO; or CO,-water
mixture induced transport and failure behavior in coals, we should
define the mechanical properties variations due to CO, or CO;-
water mixture uptake, which is the focus of this study.

The effects of CO, adsorption on the mechanical properties of
coals have been extensively investigated especially at the meso- or
macro-scale. The influence of CO, adsorption on mechanical
properties of coals were related to CO, pressure, phase state, coal
ranks, CO; saturation time, type of test (i.e. uniaxial or triaxial stress
condition) et al. Masoudian found that the elastic moduli and the
strengths of coal specimens (cylindrical samples with 2.5 cm in
diameter and 5 cm in length) can decrease up to 19% and 20% when
the CO; is injected into the coal specimens under the triaxial stress
condition [16]. Hol et al. found that an average reduction of uniaxial
strength is around 59% for low rank coal while that for high rank
coal is 71% with ScCO, treatment [17]. Perera et al. reported that the
induced reductions in UCS and Young's modulus of bituminous coal
caused by gaseous CO; adsorption can be up to 53% and 36%, while
the ScCO, adsorption was observed to result in 40% greater UCS
strength reduction and 100% greater Young's modulus reduction
compared to gaseous CO;, [7]. They explained that the strength
reduction induced by gaseous CO, adsorption is because of coal
matrix swelling, which causes physical expansion of the cleats and
predisposing these structures to fail, resulting in the reduction of
overall coal bulk strength. ScCO, adsorbs more readily than gaseous
CO; and is thus associated with a more significant swelling effect,
resulting in a higher reduction in coal strength. In addition, ScCO;
has a greater potential as a solvent than gaseous CO; and therefore
causes structural plasticization in coal, accounting for the
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additional Young's modulus decrease observed for ScCO,. Sampath
et al. reported that the coal strength decreased by 13.9% after 1d
treatment of CO, saturation while further decrease in coal strength
occurred very slowly with CO, saturation treatments for contin-
uous 14 d and 45 d [18]. Based on these previous studies, it was
evinced that CO, adsorption can cause the strength reduction of
macro-scale coal specimens. However, the fractures and pores
cannot be avoided in macro-to core-scale coal specimens and thus
itis not clear how CO; adsorption can alter the rigid integrity of coal
matrix? In addition, an intractable issue associated with the inch-
sized coring specimens is the unstable physical and chemical het-
erogeneity even they were cored from the same bulk of coal. Also,
the core specimen strength tests under uniaxial or tri-axial stress
conditions are time-consuming, expensive, and most importantly
they are not repeatable due to the heterogeneity of coal.

To understand the nano-to-micro-scale mechanical property
evolution of coals caused by CO, treatments, nanoindentation test
was proposed as the alternative method to measure the elastic
modulus, hardness, and stiffness of coatings, thin films, and small
volume bulk materials [19—22]. Nanoindentation test has also been
performed to investigate the mechanical properties of various rocks
such as shale, coal, sandstone, clay, granite, and quartz et al.
[23—29]. For enhanced CO, sequestration, surfactants as additives
that are added into nanofluids or hydraulic fracturing fluids for
enhancing CO, transport and reducing formation damage are
essentially very important [3] [—] [5]. Nanoindentation-enhanced
screenings of hydraulic fracturing fluid additives was used [30],
which provides us the insights to use this advanced technique to
evaluate the mechanical property alterations across coal matrix due
to water-CO, treatments in this work. From the (P —h) curve ac-
quired by nanoindentation test (P is the load, ¢ N and h is the
deformation, nm), five important quantities can be measured,
including the maximum load, nm), the displacement at the end of
the loading stage (h;, nm), the maximum displacement (hp, nm),
the final depth (h;, nm), and the elastic unloading stiffness
(S=dP/dh) defined as the slope of the upper portion of the
unloading curve during the initial stages of unloading [31,32]. The
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Fig. 1. Imaging of coal from sub-nanoscale to core-scale using optical and scanning electron microscopes.
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deformation during the loading stage is supposed to be both elastic
and plastic as the permanent hardness impression forms, while
only the elastic deformations are recoverable during the unloading
stage. The reduced modulus E, GPa, which combines the modulus
of the indenter and the specimen, which can be expressed as [20]:

VT S ~0172, (1)

35 a0V

where A. = 24.5hZ is the contact area, nm? and § = 1.034 is the
geometric constant of a Berkovich indenter. The contact depth h,
can be calculated as he = hy, — hf, nm. Further, the relations among
the reduced modulus, and the Young's moduli and the Poisson's
ratios of the specimen and of the indenter can be expressed as [33]:
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where E, E;, v, v; are the Young's moduli (GPa) and the Poisson's
ratios (dimensionless) of the specimen and of the indenter,
respectively.

In addition, the expression proposed by Oliver and Pharr was
used to represent the hardness (H, GPa) from the load-
displacement curve [20],

Pmax

Based on the above equations, a variety of Young's modulus and
hardness of coal, ranges from 3.02 GPa to 9.04 GPa, with many
others reported the nanoindentation moduli range between 4 and
7 GPa [27,34—36]. Shi et al. identified the mechanical strength
difference on clay-rich and quartz-rich areas in shale sample and
found that the mechanical strength substantially decreases in the
clay-rich area because CO, adsorption and mineral dissolution
happen after the ScCO, treatment, while the effects on quartz-rich
area is minimal [37]. Zhang et al. measured the nanoindentation
moduli of coal before and after water adsorption and found that the
reductions in nanoindentation moduli can be up to 60—66% [38].
When gaseous CO, is injected into deep coal seams, it can easily
become ScCO, and mix with formation water, and the ScCO,-water
mixture adsorption are expected to exert influences on the me-
chanical properties on coals but no published data are available so
far. Also, the underlying mechanisms of the mechanical property
alterations induced by CO, sorption or CO,-water mixture uptake
are still not fully understood due to the absence of mechanical
properties at nano-or micro-scale.

We initially conducted the combined grid nanoindentation tests
and Field Emission Scanning Electron Microscopy (FESEM)-EDS
analyses to understand and quantify the mechanical properties of
two fresh coals in micro-to nano-scale originating from the vari-
ability in their mineral and structural compositions. Two coals were
then subjected to three different conditions for treatments
including the gaseous CO;, ScCO,, and ScCO, plus water. Subse-
quently, the nanoindentation and FESEM-EDS measurements were
conducted on those post-treated coal samples for comparisons.
Through understanding the mechanical property alterations
induced by the fluid-coal interactions occurring in sub- and nano-
scale when coals are exposed to CO; or COp-water mixture, the
results are expected to provide some insights on understanding the
root cause of dynamic reservoir property changes (i.e. permeability
and coal strength reductions) in the process of CO, sequestration
from micro- or nano-scale. This study, therefore, supports the
large-scale set-up of a CO, sequestration demonstration.
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2. Materials and methods
2.1. Specimen preparation and XRD characterization

Two coal samples including one sub-bituminous coal (Herrin
coal seam (I6)) from Illinois and one bituminous coal (Pittsburgh
No.8 coal seam) from Pennsylvania were freshly collected at the
mine sites. To characterize the mineralogical compositions of the
two samples using X-ray diffraction analysis (XRD), the bulk sam-
ples were grounded below 325-mesh sieve using hand-grinding
method. The Malvern Panalytical diffractometer (Malvern Pan-
alytical Ltd.) was used to for XRD profile measurement. The two
samples were used to detect scattering counts as a function of
scattering angle two theta (20) at the room temperature. ZnO was
added as an internal standard to quantify the amount of amor-
phous. Mineral compositions were obtained by profile fitting of the
scattering curve, as detailed in Fig. A1 in Appendix A [39].

2.2. FESEM-EDS analysis and nanoindentation measurements

Coal is a sedimentary geomaterial with high organic content and
thus it is a heterogeneous material comprised by a mixture of
organic matter (macerals), inorganic matter (minerals), and pores/
cleats network. The microscale indenter works under the micro- or
nano-scale and thus the captured mechanical properties are ex-
pected to be highly correlated with the localized microstructures
along with the solid skeleton. To approximately locate the landing
positions of the indents and the constituting compositions or
featured structures at those positions, the Zeiss Merlin FESEM and
Oxford EDS detector (Ultim Max 100) are used to conduct the
microstructure identification and elemental analysis. EDS can
measure elemental variation, but cannot measure crystalline
structure of different phases, e.g., crystalline phase like minerals or
amorphous phase like organic carbon. By combining with XRD
results, the localized mineral/organic carbon compositions of in-
dents can be identified, so does the crystalline structure of different
phases, as illustrated in Appendix A. To acquire high resolution
images and stable nanoindentation data, sample preparation pro-
cess for FESEM-EDS analysis and nanoindentation test is extremely
crucial. As shown in Fig. 2, a thin slice section with rough surface
was initially cut from a piece of bulk coal (Fig. 2 (a)), then the thin
slice section was put into a cylindrical mold with a diameter of
~38.11 mm for casting using epoxy resin that consists of the epoxy
resin and hardener by weight of 5:1 (Fig. 2 (b)). The epoxy resin was
allowed to fully cure with the setting time of around 72 h before
moving from its curing position (Fig. 2 (c)), which will prevent the
sample from spalling or damaging during the surface preparation
step. The roughness of the sample surface was expected to be
decreased by performing the grinding and polishing procedure
using the MultiPrep™ Polishing System (Allied High- Tech Prod-
ucts, Inc.). The abrasive sandpapers with grit sizes of 320, 600, 800,
and 1200 were sequentially used to polish the surface of the casted
sample. The water-free and alcohol-based lubricants and ethanol
were used at this stage to smooth this process and avoid potential
mineral hydrations. Then, each sample was further polished to
reach a finer surface using 1 um, 0.25 pm polycrystalline diamond
suspensions followed by 0.05 pm alumina suspension. To avoid
potential mineral hydrations at this stage, the suspensions were
ethylene- or glycol-based. Finally, the ethanol followed by the
pressurized clean air were used to clean the sample surface for fine
removal. The two prepared coal specimens were measured by
nanoindentation followed by FESEM-EDS imaging and elemental
analyses (Fig. 2 (d)). Subsequently, the cylindrical specimens were
cut into four quadrants for fluid treatments, labeled as ‘1’, 2°," ‘3", ‘4’
as shown in Fig. 2 (e). The four quadrants were used for gaseous
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CO3, ScCO,, ScCOy-water mixture, and non-treatment, respectively.
The fluid treatments were up to 30 days, but every 10 days the
samples were taken out for nanoindentation tests. It should be
noted that the samples were not dried before nanoindentation
tests. At final stage, after completion of 30 days treatments, each
specimen was again conducted both the nanoindentation and
FESEM-EDS analyses.

Nanoindentation tests were conducted using Hysitron TI 980
TriboIndenter (Bruker Corp., US) at Penn State. The three-sided
symmetric shape Berkovich indenter with the known Young's
modulus (i.e. 1141 MPa) and the Poisson's ratio (i.e. 0.07) calibrated
with thermal drift less than 0.05 nmy/s. The load and displacement
resolutions are 1 nN and 0.04 nm, respectively. The loading (0.5s) -
holding (0.2s) -unloading (0.5s) scheme of each indent with the
maximum load of 10000 x N was applied.

2.3. CO, adsorption and water treatment process

In Section 2.2, we prepared the untreated coal specimens for the
initial nanoindentation test and FESEM-EDS measurements. To
understand the effects of gaseous CO,, ScCO;, and ScCO,-water
treatments on the mechanical property alterations on coals, the
experimental scheme for the treatments was designed and shown
in Fig. 3. Four quadrants were crosscut from each one of the two
samples and were correspondingly loaded into different high
pressure treating vessels with different treatment conditions. The
entire experimental setup was immersed into water bath with the
temperature of 36 °C +0.1°C, which is over the critical temperature
at ~31.04 °C. Pressure vessel 1 was flooded with gaseous CO, with
pressure at around 500 psi. Pressure vessel 2 was pumped into
supercritical CO; with pressure at around 1400 psi. Pressure vessel

3 was initially poured with High Performance Liquid Chromatog-
raphy (HPLC) water and then injected supercritical CO; with
pressure at around 1400 psi. The pressure transducers were
installed and kept monitoring the pressures. As illustrated in Fig. 2,
the treatment duration can be up to 30 days and every 10 days the
specimens were taken out for nanoindentation tests. To minimize
the air exposure time, the nanoindentation tests at 10 days and 20
days were completed within 6 h. After the nanoindentation tests,
the samples were loaded back into the high-pressure vessels and
further treated by injecting the CO, with the pressure backup to the
designed pressure value.

3. Results
3.1. Mineralogical compositions in two coals

The XRD analyses of the two coals were summarized in Table 1.
The bituminous coal P8 has the maximum carbon content of ~96%,
compared with coal 16 of ~95.72%. Both two coals contain silicates
minerals such as kaolinite (~1.69% in coal 16, ~1.45% in coal P8) and
quartz (~1.69% in coal 16, ~1.67% in coal P8), and sulphides pyrite
(~0.34% in coal 16, ~0.44% in coal P8). Other minerals including
calcite (~0.11% in coal 16), muscovite (~0.22% in coal P8), and gyp-
sum (~0.45% in coal 16) also present in two coals. Since the EDS
measurements can be used to recognize the elemental composi-
tions of the landing positions of the indents through FESEM, the
localized minerals under the indents and their vicinities can be
further identified by matching with the mineralogical compositions
in three coals from Table 1. The analysis process of mineral iden-
tifications through XRD and EDS techniques is shown in Appendix
A.
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zc;lgh: percentage of the mineralogical compositions in coal samples (wt%).
Samples Amorphous Silicates Sulphides Carbonates Phyllosilicate Sulfate
Organic Carbon Kaolinite Quartz Pyrite Calcite Muscovite Szomolnokite Gypsum
16 (sub-bituminous) 95.72 1.69 1.69 0.34 0.11 - — 0.45
P8 (bituminous) 96.00 145 1.67 0.44 0.22 0.22 - -

3.2. Morphological characteristics and localized mineral
compositions at the indents

The localized morphological characteristics, and organic/min-
eral compositions at the indents can be probed and identified, as
shown in Fig. B1 in Appendix B. Before pressure and fluid treat-
ments, a total of 256 indents was measured for each coal specimen
(I6 and P8). For 16 coal specimen, it can be observed that some of
the indents landed on regions distributed with kaolinite-rich
minerals at all four locations and three indents ran into quartz-
rich regions. By comparing with coal 16, the surface morphology
of coal P8 is relatively homogeneous and most of indents landed at
organic carbon regions except for the third location ‘P8_P3(Initial)
distributing with certain kaolinite-rich minerals. After gaseous CO,
adsorption and pressure treatments, eight locations (four locations
after 10 days, two locations after both 20 days and 30days, as
shown in Fig. 2) were selected to conduct nanoindentation tests for
both coals 16 and P8. The same scheme was replicated for samples
under both ScCO, and ScCO,-water mixture treatments. As exam-
ples, after a 10-day treatment with gaseous CO, treatment, majority
of indents on coal 16 landed on organic carbon rich regions without
encountering with many minerals, while the indents landed on
regions enriched with kaolinite minerals after both 20days and 30
days treatments. It is expected that the compositional difference at
those landing sites of indents should reflect the variation of the
mechanical properties of coals. Thus, the composition-based
quantitative analyses could offer a unique site-specified compari-
son and quantification, which is the major technological innovation
of this study. Unlike the traditional bulk mechanical tests (macro-
scale to core-scale measurements reflecting statistical average of
changes) using UCS, acoustic emission test, triaxial test et al., we

can distinguish the composition-based property variation in micro-
to nano-scale offering the micro-mechanism deterioration with
fluid treatments. The microscopic insights may provide the mech-
anistic deterioration intensity and variation. These evidences could
direct us to clarify the mechanical property alterations induced by
the fluid-coal interactions occurring in sub- and nano-scale when
coals are exposed to CO, or CO,-water mixture, the results are
expected to provide some insights on understanding the root cause
of dynamic reservoir.

3.3. Hardnesses and Young's moduli alterations due to different
fluid treatment conditions

Based on Egs. (2) and (3), the hardnesses and Young's moduli of
two coals were estimated from the load-displacement curves, as
plotted in Figs. (4) and (5). In Fig. 4, hardness alterations on each
one of two coals caused by different fluids (gaseous CO,, ScCO,, and
ScCO,-water mixture) as well as treatment time were compared.
Without any fluid treatment, the hardness for coal 16 ranges from
~0.16 GPa to ~0.67 GPa, from ~0.48 GPa to ~0.71 GPa for coal P8.
After 10-day, 20-day and 30-day gaseous CO, treatments, the
hardness of coal 16 ranges from ~0.26 GPa to ~0.38 GPa, from
~0.25 GPa to ~0.45 GPa, and from ~0.29 GPa to ~0.71 GPa as shown
in Fig. 4a. Compared with raw sample without treatment, an
obvious decrease in hardness after the 10-day treatment and then
increases in hardness after the 20-day and 30-day treatments were
observed. We wanted to point out that the alterations effects
induced by gaseous CO, treatment cannot simply compare because
of the indent-site-specified mineralogical differences before and
after treatments. By recalling the visualizations and composition
identifications of indents in Fig.B1, most of indents on initial coal 16
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Fig. 4. Alterations on hardness of two coals under different treatment conditions. (a) coal 16; (b) coal P8.

landed on kaolinite-rich minerals, while the 10-day data mainly
captured the mechanical properties of organic carbon rich indents
and this may be the reason why there was an apparent drop in
hardness and modulus as shown in Fig. 4a. As comparison, the 20-
day and the 30-day indents landed on regions of kaolinite-rich
mineral sites.

Statistically, the effects of gaseous CO, treatment on the me-
chanical alterations can be compared between the initial and the
30-day data due to both sites have similar mineralogical compo-
sition. The results indicate that the mechanical alteration is not
apparent for kaolinite-rich areas as shown in Fig. 4a. For P8 coal, the
hardnesses range from ~0.37 GPa to ~0.70 GPa, from ~0.26 GPa to
~0.56 GPa, and from ~0.47 GPa to ~0.70 GPa after 10-day, 20-day
and 30-day treatments in Fig. 4b. Compared with coal 16, except
for the third location ‘P8_P3 (Initial )’ containing more kaolinite-rich
minerals, all the other three locations were landed on organic-
carbon rich sites. The hardness of ~0.48 GPa—~0.71 GPa for coal
P8 at initial testing site statistically indicates the mechanical
properties of organic carbon rich composition, and it is noted that
there are decreases in hardness after 10-day, 20-day and 30-day
gaseous CO, treatments. It is apparent that a 10-day treatment
time can provide enough interaction time for gaseous CO, because
no further hardness reduction beyond 10-day treatment. Here, we
want to pointed out that this coal hardness reduction is the surficial
mechanical alteration after gas being removed. Thus, the me-
chanical property alterations reported here only indicate the irre-
versible properties changes. It is not ideal for mechanical alteration
measurements under the fluid transport because it is not feasible to
measure nanoindentation under high pressure.

For ScCO, adsorption treatment, the hardness of coal 16 ranges
from ~0.11 GPa to ~0.39 GPa, from ~0.22 GPa to ~0.39 GPa, and from
~0.30 GPa to ~0.47 GPa with the 10-day, 20-day and 30-day treat-
ments as shown in Fig. 4. The landing position of indents on coal 16
after treatments mainly distributed on regions with kaolinite-rich
regions, which makes it comparable on the alteration effects
induced by ScCO; adsorption treatments. The obvious decreases in
hardness on kaolinite-rich regions over the 30-day treatments can
be observed. By comparing with the alterations induced by gaseous
CO, treatment, the ScCO, treatments could have an intensified the
hardness reduction of coal I6. This may attribute to the stronger
ScCO, uptake capacities of coal, as also evinced by the data from
coal P8. The hardness of coal P8 ranges from ~0.07 GPa to ~1.02 GPa,
from ~0.34 GPa to ~0.67 GPa, and from ~0.44 GPa to ~0.62 GPa after
the 10-day, 20-day and 30-day treatments. As illustrated in Fig.B1,
the landing locations of indents on coal P8 after 10-day, 20-day and
30-day treatments mainly landed on regions with encountering
obvious clusters of minerals such as quartz or kaolinite et al. Unlike
the ScCO, adsorption induced obvious changes on the mechanical
properties of coal 16, slight decrease in hardness from all these
three periodical measurements were observed for coal P8 by
comparing with the sample without treatment. This is because the
interactions between ScCO, and coal are mainly initiated by the
organic-carbon compositions and ScCO; instead of the kaolinite-
rich compositions.

For ‘ScCO,+water’ treatment condition, the hardness of coal 16
ranges from ~0.05 GPa to ~0.62 GPa, from ~0.22 GPa to ~0.30 GPa,
and from ~0.23 GPa to ~0.34 GPa after the 10-day, 20-day and 30-
day treatments. Comparing with gaseous CO, and ScCO;
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treatment conditions, the ‘ScCO,+water’ treatment severely de-
teriorates the hardness of coal 16. This apparent hardness decrease
could be due to the complex water-gas-coal interactions. To our
best knowledge, water hydration in specimens under ‘ScCO,+-
water’ treatment could be the primary reason. As shown in Fig. 2
(b), the specimens were casted using epoxy resin, which causes
only one surface of the specimen is exposed to ‘ScCO,+water’

treatment and thus can enhance water suction into the specimen. It
is highly possible that water hydration occurs inside the unsatu-
rated specimens. Since we measured the nanoindentations on
specimens after every 10-day treatment period and the nano-
indentation tests were completed within 6 h, which implicitly in-
dicates that most of the water still was still sucked and holding in
the substrate. The wetted substrate is expected to become relatively
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soft, and which can decrease the quantified hardness through
nanoindentation test conducted on the coal surface in micro-to
nano-scale.

Potentially, the CO, dissolves in water can change the acid-based
equilibrium which can trigger the dissolution and precipitation of
minerals, as shown in the below equations [40,41]. That is, the
combined effects of organic carbon- CO; interactions and dissolu-
tion and precipitation of minerals induced by acid-based fluid
environment would alter the mechanical properties of coal.

H,0 + CO, <> H,CO3 < H' + HCO3 (4)
HCO; « H' + (03~ (5)
CaCO; (Calcite)+H" « Ca?*+C0,+H,0 (6)
Si0, (Quartz) + H' < Siy, +H,0 (7)

The above statement can be further evinced based on the data of
coal P8. The landing locations of indents on coal P8 after 10days’,
20days' and 30days' treatments with ‘ScCO,+water’ mainly landed
on the organic carbon rich regions. After treatment, the hardness of
coal P8 ranges from ~0.10 GPa to ~0.66 GPa, from ~0.05 GPa to
~0.92 GPa, and from ~0.51 GPa to ~1.16 GPa after 10days, 20days and
30days, respectively. The changes on the hardness of coal P8 are not
significant, which is mainly because the organic carbon- CO; in-
teractions dominate the alterations while the dissolution and pre-
cipitation of minerals induced by acid-based fluid environment
were not obvious because of the landing positions of indents do not
rich in minerals.

In terms of the reduced moduli calculated from indentation
tests, the Young's moduli for coal samples before and after treat-
ments can be estimated based on Eq. (2) with known Poisson's
ratios. However, we cannot measure the Poisson's ratio from the
nanoindentation test, and thus the Poisson's ratios including 0.20,
0.25, 0.30, 0.35 and 0.40 were assumed for each indent case and
then the error caused by the Poisson's ratio is expected to be
calculated using the standard deviation (SD). The average of the
Young's modulus calculated from the different Poisson's ratios and
the associated standard deviation was plotted with respect to the
hardness, as shown in Fig. 5. To compare Young's moduli of raw coal
first quadrant of Fig. 5) and treated coals using different fluids
(gaseous COy — fourth quadrant, ScCO, -second quadrant, and
‘ScCOy+water’ — third quadrant in Fig. 5), the distributions of
Young's moduli were merged together in Fig. 5. The alterations of
mechanical properties induced by fluid treatments were analyzed
and plotted by dash green squares and purple arrows in Fig. 5. The
outermost and innermost squares were used to set the upper and
lower limits for tested Young's moduli. For 16 coal specimen, the
initial Young's modulus ranges from ~2.79 GPa to ~14.47 GPa with
an average of ~5.34 GPa, while the Young's moduli range from
~2.39 GPa to ~6.67 GPa with an average of ~4.04 GPa after gaseous
CO; treatment, from ~1.61 GPa to ~4.10 GPa with an average of
~3.04 GPa after ScCO, treatment, and from ~1.04 GPa to ~4.00 GPa
with an average of ~2.37 GPa after ‘ScCO,+water’ treatment. It
shows that all the treatments are expected to cause the reductions
in the average magnitudes of Young's moduli, among which the
most severely reduction of around 2.25 times was induced by
‘ScCO,+water’ treatment, followed by the ScCO, treatment of about
1.76 times and gaseous CO, treatment of around 1.32 times. As
analyzed before, the organic carbon-ScCO, interactions is stronger
than that of the organic carbon-gaseous CO, interactions, and
further the ‘ScCO,+water’ treatment will initiate water hydration
in specimens which can potentially decrease the strength of the
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substrate, and possibly initiate the acid-based fluid environment
causing the dissolution and precipitation of minerals. For coal P8,
the initial Young's modulus ranges from ~5.09 GPa to ~6.72 GPa
with an average of ~5.73 GPa, while the Young's moduli range from
~2.85 GPa to ~6.86 GPa with an average of ~5.06 GPa after gaseous
CO; treatment, from ~1.92 GPa to ~7.14 GPa with an average of
~5.25 GPa after ScCO, treatment, from ~1.45 GPa to ~3.92 GPa with
an average of ~2.66 GPa after ‘ScCO,+water’ treatment. The data
shows that very limited changes on the mechanical properties of
coal P8 were caused by gaseous CO, treatment with a reduction of
~12% and ScCO, treatment with a reduction of ~8% respectively,
while very significant reduction of around ~2.15 times caused by
‘ScCOy+water’ treatment. If we only consider the data from Table 1,
coal P8 is more organic-carbon rich than coal 16 and it should show
more obvious changes on Young's moduli after treatments espe-
cially induced by gaseous CO, and ScCO,. However, if we recall the
identification results of compositions at those landing positions of
indents under different treatment conditions, our explanations of
data for coal I6 are still valid. From Fig.B1, the initial 256 indents
mainly landed on organic-carbon rich regions, while majority of
indents landed on regions enriched with kaolinite mineral after
gaseous CO; treatment for 10-day, 20-day and 30-day treatments.
The existence of kaolinite mineral to some extend influence the
matrix swelling/shrinkage effects induced by gaseous CO; sorption
on coal. It is presumed that the ScCO; treatment should cause more
severe reduction in Young's modulus on coal P8 than the gaseous
CO, sorption because of the strong sorption capacity of coal to
ScCO,. However, if we visualize the landing positions of indents on
coal P8 after ScCO, treatment for 10-day, 20-day, and 30-day;, it can
be found that the clusters of quartz-rich minerals encounter with
the indents and thus the matrix swelling/shrinkage effects induced
by ScCO, on coal at these regions were weak and the quantified
reductions in Young's moduli at these regions were limited. By
looking at the reductions in Young's moduli caused by ScCO,+-
water’ treatment, the alteration were found to be significant, which
was due to the combined effects of organic carbon-ScCO, in-
teractions and water hydration effects in wetted coals, or poten-
tially due to the dissolution and precipitation of minerals occurred
in fluid environment typically under the ScCO,-water treatment
condition based on Egs. (4), (5) and (7).

3.4. Deformations beneath the pointed indenter during loading-
holding-unloading

For the nanoindentation test using the loading (0.5s) - holding
(0.2s) -unloading (0.5s) scheme, the depth of the indenter at the
end of the loading stage (h;), the maximum displacement (hy, ), and
the final depth (hy) can be captured. The depth h; is the deformation
of coal under pointed indenter at the end of the loading stage,
which incorporates both the elastic and plastic responses under the
loading. At the holding stage, the maximum displacements (hp,)
reached under the constant maximum load and the creep defor-
mation can be developed for deepening the deformation at this
stage. For unloading stage, the deformation starts to recover till to
the final displacement (hy) upon the load vanishes. The maximum
deformations on samples before and after different fluids (gaseous
CO3, ScCOz, and ScCO»-water mixture) treatments using the
pointed loads peak at 10000 u N in 0.5s were plotted in Fig. 6. After
each periodical treatment, the average deformation (h;) at the end
of the loading stage were calculated from all the indents and the
standard deviation (Std Dev) were calculated. For coal 16 and coal
P8, the average deformation h; at initial time are ~1160.20 nm and
~1089.11 nm, respectively. After gaseous CO, treatment, the
average deformation h; for coal I6 and coal P8 are ~1362.11 nm and
~1132.88 nm (10-day treatment), ~1263.21 nm and ~1106.56 nm
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Fig. 6. Maximum deformation (h;) at the end of the loading stage.

(20-day treatment), and ~1176.96 nm and ~1111.88 nm (30-day
treatment). After ScCO; treatment, the average deformation h; for
coal 16 and coal P8 are ~1485.50 nm and ~1153.89 nm (10-day
treatment), ~1425.11 nm and ~1108.49 nm (20-day treatment),
and ~1327.41 nm and ~1112.46 nm (30-day treatment), and which
are ~1630.44 nm and ~1153.95 nm (10-day treatment),
~1566.88 nm and ~1132.47 nm (20-day treatment), and
~1647.11 nm and ~1055.28 nm (30-day treatment) for coal 16 and
coal P8 due to ScCO,-water mixture treatment. It can be observed
that an obvious increase in the deformation h; under the pointed
loads peak at 10000 p N from initial status to gaseous CO, condi-
tion, ScCO, condition, and then the ScCO,-water mixture condition
for coal I6. For coal P8, the changes of the average deformation h;
under different treatment conditions are less obvious than that of
coal 16 does, which is mainly because the occurrence of mineral
compositions at the landing positions of periodical indentation
tests, as explained in Fig.B1. The reason behind this trend can also
be explained due to the alterations of mechanical properties such as
the hardness and Young's modulus, as illustrated in Figs. (4) and (5).
The harder the coal is, the smaller the deformation h; is expected to
be. The changes of deformations h; can provide us the direct un-
derstandings on how the CO,-coal interactions influence the
localized deformations or failures.

The findings in Fig. 6 have direct application for providing
mechanism-based quantifications of engineering encountered
problems during CO; sequestration and enhanced coalbed methane
recovery via CO, sequestration. As an example, hydraulic fracturing
has been widely used to increase the hydraulic conductivity of the
coal formation for CO, sequestration or enhanced coalbed methane
recovery via CO; sequestration. The hydraulic fracturing process
involves the injection of a high-pressure fluid(s) into the formation
to initiate and create fractures to unlock the hydrocarbons by
ensuring hydraulic conductivity through artificial fracture creation,
as shown in Fig. 7 (a). As shown in Fig. 7 (b), the propping agents
(sieved sand or ceramic proppants) are added to the injected fluid
to keep both induced and natural fractures open after flowback.
Hydraulic conductivity, representing by the fracture width, is
directly influenced by the sandwiching stress on proppant packs
because which can lead to proppant crushing and embedment.
Under the in situ stress condition, the loading deformations h; on
proppant or coal caused by the pointed load on proppant initiated
by stressed coal seam or potential pointed load on coal induced by
stressed proppant. As consequences, the loading deformation
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under the dynamic stress condition may cause proppant damages
include proppant crushing (proppants ‘P2’ and ‘P3’), proppant
embedment (proppant ‘P1’) when the loading deformations h;
exceed thresholds, as shown in Fig. 7 (c) and (d). Even at the stable
gas injection/production periods, creep deformations can be
further caused on the loading deformation till to the maximum hy,,
as shown in Fig. 7 (e). As results, the proppant damages may create
formation fines in micro-or nanoscale and results in excessive loss
of fracture conductivities. From this point, it seems the possibility of
proppant damages or coal failures in coal 16 is higher than that of
coal P8 does under the same in situ stress and gas pressure
condition.

The loading stage incorporates both the elastic and plastic re-
sponses under the loading. At the holding stage, the maximum
displacements (hy;) reached under the constant maximum load and
the creep deformation can be developed. The creep deformations
induced by the constant load (10000 u N) at the holding stage were
represented as (hm — h;) and plotted in Fig. 8. For coal I6 and coal P8,
the average deformations of h;;, — h; at initial time are ~18.6 nm and
~31.38 nm, respectively. After gaseous CO, treatment, the average
deformations of hy, — h; for coal 16 and coal P8 are ~19.31 nm and
~30.87 nm (10-day), ~25.66 nm and ~32.51 nm (20-day), and
~25.24 nm and ~26.14 nm (30-day). After ScCO, treatment, the
average deformations of h;y —h; for coal 16 and coal P8 are
~20.55 nm and ~28.92 nm (10-day), ~22.99 nm and ~36.20 nm (20-
day), and ~22.33 nm and ~31.94 nm (30-day), and which are
~22.17 nm and ~38.93 nm (10-day), ~20.09 nm and ~41.75 nm (20-
day), and ~22.56 nm and ~50.80 nm (30-day) for coal I6 and coal P8
due to ScCO,-water mixture treatment. It can be observed that an
obvious increase in the creep deformation (h;; — h;) under constant
load of 10000 u N especially for both coal 16 and coal P8. Typically,
the ScCO,-water mixture environment can cause a significant in-
crease in the creep deformation for coal 16, followed by the ScCO,
environment condition. By comparing with sub-bituminous 16 and
bituminous coal P8, the bituminous coal P8 exhibits relatively
smaller creep deformations. In other words, the bituminous coal P8
is expected to better withhold mechanical compressions under the
constant load and the coal is ‘hard’ enough to avoid permanent
deformation responses, which implicitly in consistent with the
results in Fig. 6 showing that the coal 16 is prone to occur defor-
mation under same stress condition.

After the holding stage, the unloading stage can help us un-
derstand the deformation recoverability of two coals. The defor-
mation recoveries (hm — hy) were calculated and plotted in Fig. 9.
For coal 16 and coal P8, the average deformation recoveries (hpy —
h¢) at initial time are ~655.75 nm and ~741.41 nm, respectively.
After gaseous CO, treatment, the average deformation recoveries
(hm — hy) for coal 16 and coal P8 are ~711.20 nm and ~809.35 nm
(10-day), ~674.30 nm and ~743.82 nm (20-day), and ~690.12 nm
and ~690.77 nm (30-day). After ScCO, treatment, average defor-
mation recoveries (hm — hy) for coal I6 and coal P8 are ~692.92 nm
and ~916.19 nm (10-day), ~685.87 nm and ~843.17 nm (20-day),
and ~681.12 nm and ~807.03 nm (30-day), and which are
~714.10 nm and ~1012.22 nm (10-day), ~668.15 nm and ~961.87 nm
(20-day), and ~639.74 nm and ~1025.97 nm (30-day) for coal I6 and
coal P8 due to ScCO,-water mixture treatment. In addition, it can be
found that the deformation recoverability of bituminous coal P8 is
worse than sub-bituminous coal 16. In other words, the harder
bituminous coal is more brittle than sub-bituminous coal, which is
expected to better in stiffer, but the deformations are relatively
permanent upon the deformation occur.
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3.5. Irreversible plastic work in response to the mechanical
deformation before and after CO; fluids treatments

Based on the analysis of the energy dissipated during the
nanoindentation test, the total work can be defined as:

U= JPdh, (8)

where Ut is the total work. During the indentation, the total work is
transformed into the elastic strain energy U,, the energy dissipated
due to fracture Uy, the energy dissipated due to plastic deformation
U, and thermal energy D, giving by:

Ut =Ue + Uy + Up +D, (9)

In Eq. (9), the elastic strain energy is reversible while the other
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Fig. 9. Deformation recoveries (hy, — hy) beneath the pointed indenter during the
unloading stage.

contributions are irreversible. The amount of energy dissipated
during a complete loading-unloading cycle equal Uy = Uy + Up +D,
which is equivalent to the area between the loading and unloading
curve, as illustrated in Fig. 10.

The nonlinear loading and unloading curves are concave up-
wards and can be fit by power-law functions:

h n

Pl,h:Pmax(E> ) (10)
h—he \™

Py p = Pmax ﬁ ) (11)

where n and m are the power indexes for the loading and unloading
indentation curves.
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h

(e Pm(hm — hy
o= qu,hdh=<m“> (13)
hy
The irreversible energy ratio can be easily obtained by:

Ur_q_Ue_q_ (nH)(hm_hf) (14)
Ut o Ut o (m + 1)(hm +nhy — Tlhl)

Eq. (14) gives the irreversible energy ratio by considering the
holding stage during the nanoindentation test.
As quantified in from Eq. (8) to Eq. (14), the energy dissipations

during the loading-holding-unloading nanoindentation test are
Displacement, h illustrated in Fig. 10, among which the irreversible energy is energy
used for grain loosening, crack propagation, inter-grain friction

Fig. 10. Energy dissipation during the nanoindentation test. et al. Based on Egs. (10) and (11), the loading and unloading curves

The total energy U; and the elastic strain energy U. can be
calculated by integrating the loading and unloading curves,

respectively,

Ol

Irreversible Work Ratio

(b) 1.0 ]

Irreversible Work Ratio

were fitted to obtain the exponents ‘n’ and ‘m’ for calculating the
irreversible work ratios defined in Eq. (14). The irreversible work
ratios of two samples were plotted in Fig. 11. For coal 16, the initial
irreversible work ratios range from ~0.17 to ~0.75 with an average
of ~0.46, while the irreversible work ratios range from ~0.41 to
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~0.70 with an average of ~0.53 after gaseous CO, treatment, from
~0.47 to ~0.64 with an average of ~0.57 after ScCO, treatment, from
~0.45 to ~0.74 with an average of ~0.56 after ‘ScCO,+water’ treat-
ment. For coal P8, the initial irreversible work ratios range from
~0.30 to ~0.53 with an average of ~0.44, while the irreversible work
ratios range from ~0.42 to ~0.68 with an average of ~0.57 after
gaseous CO, treatment, from ~0.40 to ~0.80 with an average of
~0.56 after ScCO-, treatment, from ~0.37 to ~0.65 with an average of
~0.57 after ‘ScCO,+water’ treatment. The increase in the irrevers-
ible work ratios on coal 16 due to gaseous CO,, ScCO,, and ScCO,-
water mixture treatments can be up to ~1.15 times, ~1.24 times, and
~1.22 times, respectively, while for coal P8 the increases can be up
to ~1.30 times, ~1.27 times, and ~1.30times. Based on the Griffith-
Irwin theory [22,42,43], a pre-existing crack with certain length
begins to grow when the stress intensity factor at the crack tip

exceeds the fracture toughness K¢ (K¢ = ‘/E;i]’ , Where Ay is the

surface area of fracture, Uy is the energy disspated due to fracture,
E; is the reduced modulus) of the solid matrix. We can see that the
fracture toughness is proportional to the fracture energy and
further the fracture energy is a partial of the total irreversible en-
ergy based on Eq. (9). Thus, the increase in the irrecerible work
ratios potententially decrease the fracture toughness. In othe
words, after gaseous CO2, ScCO,, and ScCO,-water mixture treat-
ments on coals, the fracture toughness tend to decrease and the
resistance to the growth of the pre-existing crack with certain
length was decreased.

4. Summary and conclusions

We conducted the combined grid-based nanoindentation tests
and FESEM-EDS analyses to understand and quantify the me-
chanical properties variation and distribution of coals in micro- or
nanoscale due to its mineral and structural variation. We also
quantified the mechanical property alterations induced by gaseous
CO,, ScCO,, and ScCO,-water mixture treatments at different
treating durations. The nanoscale deformation responses of two
coals (one sub-bituminous and one bituminous) in terms of its
modulus, hardness, and stage-based deformations and energy
dissipations were analyzed. Based on the study, the following major
conclusions can be summarized:

(1) The combined results from the FESEM-EDS and XRD
confirmed the heterogeneous characteristics of two coals in
microscale, and thus the nano- and micro-scale mechanical
properties are expected to be composition- and
microstructure-dependent. Thus, the heterogeneity of coal at
nano-to-micron scale is prevailing and the geochemical and
geophysical interactions of coal with fluids should consider
the heterogeneous variations.

(2) Comparing with gaseous CO; and ScCO, treatments, the
‘ScCO,+water’ treatment can significantly deteriorate the
hardness of two coals. The reductions in average Young's
moduli of coal 16 induced by ScCO,-water mixture treat-
ments can be up to 2.25 times, followed by the ScCO,
treatment of about 1.76 times and gaseous CO, treatment of
around 1.32 times. For coal P8, very limited changes on the
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average Young's moduli of coal P8 were caused by gaseous
CO, treatment with a reduction of ~12% and ScCO, treatment
with a reduction of ~8% respectively, while very significant
reduction of around ~2.15 times caused by ‘ScCO,+water’
treatment. This primarily due to the organic carbon-CO5 in-
teractions and water hydration effects in wetted coals, or
potentially due to the dissolution and precipitation of min-
erals occurred in fluid environment typically under the
ScCO,-water treatment condition.

(3) An obvious increase in the average deformation h; at the end
of the loading stage from initial status to gaseous CO; con-
dition, ScCO, condition, and then the ScCO,-water mixture
condition for coal I6. For coal P8, the changes of the average
deformation h; under different treatment conditions are less
obvious than that of coal 16 does, which is mainly because the
occurrence of mineral compositions at the landing positions
of periodical indentation tests.

(4) The bituminous coal P8 is expected to better withhold me-
chanical compressions under the constant load and the coal
is ‘hard’ enough to avoid permanent deformation responses.

(5) The increase in the irreversible work ratios on coal 16 due to
gaseous CO,, ScCO;, and ScCO,-water mixture treatments
can be up to ~1.15 times, ~1.24 times, and ~1.22 times,
respectively, while for coal P8 the increases can be up to
~1.30 times, ~1.27 times, and ~1.30times, respectively. The
increase in the irreversible work ratios potentially decrease
the fracture toughness.
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Appendix A

To identify the mineral or organic carbon compositions at the
landing positions of indents, FESEM-EDS and XRD are combined to
match the elemental distribution layers and the potential mineral
crystalline solids. As an example, the XRD fitting for coal 16 was
conducted to identify the mineral crystalline compositions in coal,
and thus the elemental compositions of different minerals based on
their chemical expressions, as shown in Fig.A1. The EDS layered
FESEM image containing a matrix of indents was shown in Fig.A2
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(a), and the elemental distribution spectrum was plotted in Fig.A2
(b). Further, the overlapped elemental layers can be separated in
Fig.A3. From Fig.A3, it can be very obvious to identify the occur-
rence of pyrite (location ‘L1’ in Fig. A1) by combining elemental
layers of sulfur (S) and iron (Fe). Also, we can select interested areas
such as locations ‘L1’, ‘L2’, ‘L3’, ‘L4, ‘L5’, ‘L6’ to focus. The specified
elemental distribution spectrums for selected areas from Fig.A2
was shown in Fig. A4. For example, location ‘L1’ contains

*  Amorphous + Others_85.1%

*  Zincite (ZnQ)_11.0% (Internal Standard)

¢+ Kaolinite-1A(ALSi,O5;(OH),) 1.5%

*  Quartz(Si0,)_1.5%

* Gypsum(Ca(S0,)(H,0);) 0.4%
Pyrite(FeS,) 0.3%
Calcite(Ca(CO,))_0.1%

Logl0 (Counts)

Two-Theta (deg)
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chemical elements ‘C’, ‘0", ‘Fe’, ‘S’ and the possible crystalline solid
there should be pyrite-rich mineral based on Fig. Al. Location ‘L2’
contains chemical elements ‘C’, ‘O’, ‘Al’, ‘Si’ and the possible crys-
talline solid there should be kaolinite-rich mineral based on Fig. A1.
Locations ‘L4’ and ‘L5’ only contains chemical elements ‘C’ and these
areas should be organic carbon-rich areas based on Fig. Al.

il V.

Fig. A1. Mineral composition identification using XRD fitting (I6)

Fig. A2. EDS layered FESEM images (a) and elemental distribution spectrum (b).
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Fig. A3. Specified elemental distribution including carbon (C), oxygen (0), silicon (Si), aluminum (Al), sulfur (S), potassium (K), iron (Fe), and chlorine (CI).
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Fig. A4. Specified elemental distribution spectrums for selected areas from Fig.A2.
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Appendix B
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Fig. B1. EDS map overlayed FESEM image showing localized morphology characteristics and organic/mineral compositions at the landing positions of indents.
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