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Abstract: The interaction between shale and various fluids is crucial as it modifies pore structures,
which govern the effective development of shale gas and the geological storage of carbon dioxide
in shale formations. In this study, samples from the Longmaxi Formation shale in Sichuan Basin of
China were exposed to different fluids, including 6 MPa CO,, 12 MPa CO;, 6 MPa CO,+brine, and
12 MPa CO,+brine, at 45 °C for 100 days. Various methods, including X-ray diffraction (XRD), X-ray
fluorescence (XRF), field-emission scanning electron microscopy (FESEM), and the low-pressure
gas adsorption (N;) test, were adopted to evaluate chemical and structural changes during the
exposure process. After being treated with supercritical CO;+brine and subcritical CO,+brine, the
shale underwent significant changes in its major element composition. The content of Ca, Al, and
K in shale saturated with supercritical COy+brine decreased from 13.00% to 10.34%, from 3.65% to
3.36%, and from 1.56% to 1.37%, respectively. Meanwhile, the content of Si and Na in the same shale
increased slightly after saturation. The amount of quartz and dolomite increased, while the levels of
clay and calcite slightly decreased. The surface of the shale sample became rougher and small bumps
and cracks appeared after saturation with different fluids, as shown by the FESEM analysis results.
Furthermore, the changes in both the total pore volume and pore size followed a similar pattern to
the alterations in the specific surface areas. The highest level of variation occurred with the shale
that was saturated with 12 MPa of CO,, indicating that gas pressure and CO, phase state have a
significant influence on the shale’s pore structure. In addition, the distribution of pore sizes showed a
bias towards larger sizes across all diameters; this suggests that the reaction resulted in a decrease
in the number of micropores. This also highlights that the impact of varying fluid saturation was
primarily focused on micropores and macropores. The results of this study provided experimental
evidence to further test the mechanisms and permeability of geological storage of CO; in organic-rich
self-sourced shale.

Keywords: shale gas; CO, sequestration; supercritical CO,; pore structure; Longmaxi shale formation

1. Introduction

The successful large-scale commercial development of shale reservoirs in the US has
altered the global petroleum supply and energy landscape, further triggering a boom in
exploration and development for shale reservoirs around the world [1]. Shale gas is a
crucial resource in China due to its abundance and potential. China’s shale gas indus-
try has developed rapidly in the past decade and has achieved consistent oil and gas
production. It is estimated that the global recoverable shale gas resources come to approx-
imately 2.07 x 10 m3, accounting for 32% of the world’s total natural gas resources [2].
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Meanwhile, shale has a stronger affinity for CO, than CHy [3]; thus, injecting CO; into
organic-rich gas shale not only allows the possibility of storing billions of tons of CO; in
shale formations, but also enhances gas recovery, which is beneficial for achieving CO,
source-sink matching and reduces the entire cost for CO, sequestration [4]. In addition,
the microstructure of shale, composed of diagenetic minerals, organic matter, and a pore
network, is a key factor in determining its gas storage capacity.

Carbon dioxide sequestration in shale gas reservoirs has been established as an ef-
fective method to reduce CO, emissions and mitigate the greenhouse effect. Recently,
shale gas reservoirs have attracted significant attention and have been widely investigated
for their potential in CO, geological storage and utilization. Though improvements have
been achieved by many researchers, CO, sequestration and enhanced gas recovery in shale
formations are still in their preliminary stages [5]. It is difficult to accurately characterize the
process of CO, sequestration in shale because of its complex heterogeneous and anisotropic
composition and pore structure, as well as the expensive equipment and experimental
conditions required [6,7]. The CO; injected into shale formations is trapped through a
series of mechanisms including solubility, residual trapping, mobility trapping, and mineral
trapping, while solubility trapping is the primary mechanism for rock mineral and pore
structure alteration [8], affecting CO, storage capacity and storage effects. Shale rocks have
complex, multi-scale pore structures with pores ranging in size from nano- to micrometers,
which are distributed in a disorderly and unsystematic manner [9,10]. According to the
International Union of Pure and Applied Chemistry (IUPAC), these pores can be easily
found within the shale matrix or organic matter. Pores with a diameter lower than 2 nm
are classified as micropores, those with a diameter greater than 50 nm are classified as
macropores, and those pores with a diameter between 2 and 50 nm are categorized as
mesopores [11]. To effectively model the sequestration of CO; in shale gas reservoirs, it is
essential to determine pore volume (PV), pore size distribution (PSD), pore width (PW),
and specific surface area (SSA). These pore parameters provide quantitative information
on the pore structures. Additionally, these pore structures should be figured out in the
geophysical, petrophysical, and geomechanical modeling of CO; sequestration in shale gas
reservoirs. The storage and fluid conductivity of shale depend highly on its pore structures.
This becomes even more important for revealing storage mechanisms, enhanced shale gas
recovery with CO,, and actual field operations [4,7,12].

When CO; is injected into shale rock, it dissolves and alters the acid-base balance trig-
gering mineral dissolution and precipitation [4]. As a result of the dissolution, new pores,
fractures, and flow channels will be formed in shale, and the porosity and permeability
will increase to some extent, while as a result of the precipitation, pores will collapse and
the pore throat will be blocked [4]. The long-term exposure of shale to CO, may lead to
structural and chemical changes in shale that induce plume migration behavior and/or
changes to the sealing efficiency of caprocks immediately above the sCO; zone over a
geological timescale. Furthermore, CO, is an acidic and corrosive gas, and CO, will most
likely be at either a gaseous, supercritical, or subcritical phase state after being injected into
a shale gas reservoir. To be more specific, the injected CO; exists in a supercritical state
because temperature and pressure surpass the critical value (critical temperature: 31.04 °C,
critical pressure: 7.38 MPa) as the depth increases. While the properties of supercritical
CO; (5¢COy) are quite different from gaseous and subcritical-phase CO, (SubCO;), ScCO,
has the characteristics of high diffusivity, low viscosity, and surface tension, and it can be
used as the fracturing fluid in shale gas reservoir stimulation. It can easily penetrate into
the matrix and pores of the shale to dissolve the nonpolar and weakly polar material in
the shale. In addition, considering the existence of underground water in shale formations,
the chemical reactions among water, CO,, and shale rock may be even more significant.
Chemical reaction mechanisms in underground conditions can be impacted by the anions
and cations present in groundwater [13]. Hence, it is important to understand how different
fluids (6 MPa CO,, 12 MPa CO,, 6 MPa CO,+brine, 12 MPa CO,+brine) alter the pore
structure of shale.
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Compared with conventional reservoirs, shale formations are characterized by an
abundant complex pore structure, which is strongly associated with the shale gas resource
potential and production and CO, storage capabilities and risks [10]. Given the significance
of pore structure evaluations, plenty of methods have been used to analyze and characterize
pore structures of shale, including direct and indirect methods. Direct methods such
as atomic force microscopy (AFM), computed tomography scanning, scanning electron
microscopy (SEM), etc., can directly observe the size, morphology, and type of pores in
shale, while indirect methods such as the low-pressure gas adsorption method (LPGA),
mercury intrusion porosimetry (MIP), small angle neutron scattering (SANS), ultrasmall
angle neutron scattering (USANS), nuclear magnetic resonance (NMR), etc., probe the
pore structure usually with the help of other media. Each of the techniques listed above
has its strengths and limitations and can provide acceptable information, but does not
provide specific information on the geometric details of the pore structure of shale. In
order to measure pore structural changes as accurately as possible, these changes must be
characterized using reliable and accurate void space descriptions. As commonly adopted
methods, the gas adsorption methods and SEM belong to nondestructive and time-saving
methods, which can detect pores smaller than 2 nm. In this regard, the LGAM and SEM
methods are applied to characterize the pore structure of shale in this study.

Generally, CO;, can be injected into aquifers or old gas reservoirs as a way to sequester
carbon, and can also be used to displace methane from shale [14]. It is self-explanatory that
the pore structure of shale shows significant changes associated with exposure to different
fluids [15,16]. Sanguinito et al. [17] exposed shale to dry CO,, and discovered that the
SSA remained relatively stable, and the SSA and PV associated with micropores showed
a substantial decrease and only small changes in the pore volume and size distribution
of ultra-micropores. Lu et al. [18] reported the influencing mechanism of pore structure
changes on mechanical properties, and showed that the proportion of micropores and
mesopores decreased while the proportion of macropores increased after CO, saturation.
Furthermore, the effect of supercritical CO, on the pore structure of shale is stronger than
that of gaseous CO,—that is, the pore structure alteration is strongly related to the kind of
fluid to which the shale is exposed. Li et al. [19] conducted a series of high-temperature
and high-pressure immersion experiments to investigate the impacts of water/supercritical
COy—rock interaction on the micro-mechanical properties of shale, and experimental results
showed that the aperture of induced fracture was smaller after soaking with supercritical
COy, and the induced fracture width increased with the increase in soaking pressure
and temperature but was not sensitive to soaking time. Alafnan [20] revealed that CO,
interacted with kerogen, resulting in adsorption and swelling at supercritical conditions,
and the effect of CO, was more pronounced at higher pressure. Hazarika et al. [21]
discussed the important factors of shale formation for CO, gas storage, and pointed out
that different types of clay minerals had excellent cation-exchange capacity, interlayer
spacing, and swelling capacity, which had significant impacts on the pore structure of shale;
meanwhile, when CO, was injected into shale formation, over the time it gradually altered
the clay minerals” structure in micro and mesopores of shale and increased the surface
area due to the precipitation of CO,. Yang et al. [22] confirmed that ScCO,-water soaking
had significant impacts on the minerals and pores in shale, the content of clay minerals
and carbonate decreased, and the pore size of shale was enlarged after being soaked with
S5cCO,—water, while the total pore volume increased. In particular, these alterations were
positively related to the soak pressure and negatively related with the soak temperature.
Collectively, the interaction of ScCO, and shale causes pore structure changes with the
influence of temperature and pressure. However, previous studies mainly focused on
changes in shale pore structure after several days of CO, exposure, while few investigated
the effects of underground water over a longer period of time. Ozotta et al. [23] investigated
pore structure alteration of organic-rich shale with ScCO, exposure for 3, 8, 16, 30, and
60 days, and found that the influence of ScCO, was related to the shale sample and the
exposure time.
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Considering the influence of exposure time and underground water, it is necessary to
research CO, /brine-induced pore structure alteration in shale. Thus, this study attempts
to study the changes that will occur in the pore structures when the shale is exposed to
different fluids (6 MPa CO,, 12 MPa CO,, 6 MPa CO,+brine, 12 MPa CO,+brine) for a long
period (100 days). This study evaluates the impact of various fluids on shale by analyzing
changes in mineral dissolution and quantifying pore structure parameters such as PSD,
PV, and SSA. This information is of great significance to develop an appropriate injection
strategy, estimate injection potential, and quantify injection-induced seismicity risks for a
more successful sequestration in similar formations.

2. Materials and Methods
2.1. Samples

Sichuan Basin, China, is a shale gas-rich basin with extensive development of the
Lower Silurian Longmaxi Formation shale [24]. The thickness of the Lower Silurian
Longmaxi Formation shale ranges from 65 to 516 m, and the Longmaxi Formation shale is
becoming the target for CO; storage [25]. Hence, the field outcrop of Longmaxi Formation
shale in the Changning region of Sichuan Basin, China, was collected and sampled in this
study. The shale from the outcrop is distributed continuously and well stratified, with clear
laminations, and the total organic carbon of the shale is 2.52% and the vitrinite reflectance
value is 2.54%.

2.2. Methods
2.2.1. Sample Preparation and Saturation Experiments

In order to avoid the influence caused by the heterogeneity of shale, the same layer of
shale was collected, dried, crushed, and sieved with <250 pm mesh for homogenization.
The crushed samples were divided into four groupings via the quartering method, and a
portion of each grouping was used for laboratory analysis before CO; saturation, while
the rest was placed in a vacuum stainless steel high-pressure reactor and saturated with
different fluids for 100 days of exposure. The saturation conditions are shown in Table 1.
A total of 8 samples were prepared for geochemistry, mineralogical, and pore structure
analyses. It should be pointed out that the chemical components of groundwater were very
complex and 10% Nacl (with NaCl concentrations of 10% by weight) was used instead of
the groundwater [4,26-28]; the amount of brine used in these experiments was kept the
same and the brine just swamped the shale sample.

Table 1. The saturation conditions of shale.

Saturation Fluids Carbon Dioxide Temperature Volu{ne of Exp.osure Label
Pressure Brine Time
CO;, saturation 6 MPa 45 °C - 100 days L6
CO; saturation 12 MPa 45°C - 100 days L12
10%NaCl (brine) + 6 MPa 45°C 300mL  100days  Lé*
CO; saturation
10%NaCl (brine) + 12 MPa 45°C 300mL  100days  L12¥

CO, saturation

The laboratory setup used for the saturation experiments is shown in Figure 1. The
setup mainly consisted of an ISCO pump, a thermostatic water bath with a relative un-
certainty of less than +0.2 °C, and a high-pressure reactor with a maximum pressure of
50 MPa. The high-pressure reactor placed in a constant temperature water bath was con-
nected to a high-pressure CO; cylinder, while the pressure was monitored with a regulator
on the cylinder to keep the pressure constant. The high-pressure reactor was checked for air
tightness before the experiment, and the high-pressure reactor was closed tight, leaving the
valve open to inject the CO, from a gas cylinder. The temperature of saturation experiments



Minerals 2023, 13, 1387

50f17

was set at 45 °C to ensure different CO, phases. The high-pressure reactor was opened to
collect crushed samples for characteristic analysis after 100 days of saturation.
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Figure 1. The laboratory setup was used for saturation.

The procedures of the saturation experiment can be summarized as follows: (1) before
the saturation experiment, the shale sample was crushed, dried, and wrapped with gauze;
(2) the equipment was tested to avoid any leakage during the experiment; (3) the sample
was gently placed in the bottom of the high-pressure reactor, and then the high-pressure
reactor was heated to the target temperature and kept constant; (4) the high-pressure reactor
was filled with brine/CO; through a constant-rate and constant-volume/pressure syringe
pump until the target pressure was reached. When using supercritical CO, to saturate the
sample, the CO, was preheated to the target temperature by heating the pipeline to ensure
the phase in the high-pressure reactor was supercritical; and (5) when the designed exposure
time was reached, the fluid pressure in the high-pressure reactor was slowly released to
the atmospheric pressure. After the high-pressure reactor was cooled to room temperature
naturally, the sample was taken out for surface cleaning and drying treatment and the
residual liquid was collected for further analysis. It should be noted that the residual liquid
collected only referred to the experiment involving brine. Furthermore, it is important
to point out that the saturated sample was not polished and metal sprayed to avoid any
mechanical damage to the shale surface, which may interfere with the experimental results
of shale damage observation and micro-mechanical parameters.

2.2.2. Characterization of Shale Saturated with Different Fluids

Before and after the saturation with different fluids, the chemical composition and
mineralogy of shale were characterized using X-ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM), the low-pressure gas adsorption test (LPGA),
and X-ray fluorescence (XRF), and the elements of the residual liquid were detected via
inductively coupled plasma optical emission spectrometry (ICP-OES). Considering the
reaction that may have occurred in the saturation experiment, the main elements (Ca, Mg,
Fe) were determined.

The X-ray diffraction analysis of the shale was conducted using a Powder X-ray
Diffractometer (Rigaku D/MAX-2500pc, Rigaku, Tokyo, Japan) with a Cu-K« radiation
X-ray tube. The normal operating power was30 kV and 20 mA (3.0 kW). Data were collected
from 4 to 85 degrees 20 with a scanning step size of 0.02°. The obtained X-ray diffraction
data were analyzed qualitatively and quantitatively using Jade 6.5.

X-ray fluorescence: The X-ray fluorescence spectrometer analysis (XRF-1800 from
Shimadzu Corporation, Kyoto, Japan) was performed to analyze the variation of sample
elements.

Field-emission scanning electron microscope: The FESEM analysis was performed
using a TESCAN MIRAS3 Brno, Czech Republic. The potential difference was set to 15kV, the
device had an acceleration voltage of 200 v—30 kv and could be amplified 3.5-100,000 times.



Minerals 2023, 13, 1387

60of 17

Low-pressure gas adsorption test: The low-pressure gas adsorption tests were con-
ducted using a Micromeritics ASAP-2020 porosimeter and surface area analyzer. To remove
the gas and moisture, samples were also automatically degassed under high-vacuum con-
ditions (<10 mmHg) at 110 °C for about 12 h. N; adsorption—desorption isotherms were
obtained at —195.8 °C. The adsorption branches of the N, adsorption-desorption isotherms
were used to obtain the pore structure parameters. The meso-macropore size distribution
was estimated using the Barrett-Joyner—-Halenda (BJH) equation and the specific surface
area was determined using the Brunauer-Emmett-Teller (BET) equation.

Inductively coupled plasma optical emission spectrometer and inductively cou-
pled plasma-mass spectrometry: After collecting the residual liquid of ~4 mL from the
high-pressure reactor, the dissolved constituents were determined by ICP-OES; Agilent
5100, Agilent Technology, Santa Clara, CA, USA. The analytical measurement uncertainty
is £10%.

3. Results and Discussion
3.1. Mineralogical and Chemical Characteristics of Shale Treated with Different Fluids

Mineralogical and elemental compositions of shale were characterized via XRD and
XREF tests. Tables 2 and 3 show the XRF and XRD test results of all the tested shale samples,
respectively. According to Table 2, the elements O (ranging from 41.4 to 44.46%) and Si
(ranging from 34.57 to 36.54%) were the dominant elements in the samples. After saturating
different fluids, almost all elements changed to a certain extent, and the content of the
main elements O and Si increased [26], while the elements Ca, Al, Fe, and K slightly
decreased with the increase in CO, pressure and the addition of brine. This indicated that
the changes in element content in shale were mainly dependent on the saturated fluids,
and some complex chemical reactions and ion exchanges existed between the fluids and
shale minerals [4,7,9,29]. The content of Ca in samples of L6 and L12 was around 12.95%
and 11.56%, respectively, and these values were slightly higher by 2.12% and 1.12% than
for L6% and L12¥, respectively. Similarly, the same tendency can be seen in elements like
K, Fe, and Al Nevertheless, the elements S, Na, and P barely changed. Considering the
addition of brine, a noticeable increase in Na content was observed with a 4.6% increment,
which indicated that NaCl may deposit in shale.

Table 2. Results of XRF analysis of shale saturated with different fluids.

Main Elements (%)

Shale Samples
(0] Si Ca Al Fe K S Mg Na P
Before reaction 4140 3462 13.00 3.65 252 156 1.03 1.06 0.89 0.06
Lo6 41.60 3457 1295 3.63 250 154 104 105 089 0.06
L12 4225 3562 1156 348 243 142 103 110 086 0.05
Lo6" 4341 3516 1083 342 186 147 117 107 119 0.06
L12# 4460 36.54 1034 336 209 137 090 09 129 0.06

In the XRD test results (Table 3), mineral composition data totaled 100%, which meant
that the percentage of each mineral depended on the contents of other minerals. The XRD
analysis identified that the mineral composition of selected shale was mainly composed of
quartz, dolomite, clay, and calcite, with a total content of over 80%, indicating that the shale
has remarkable brittleness characteristics. In the untreated shale specimens, the content
of quartz was the highest, up to 44.8%, followed by calcite, contributing 19.8%, and the
content of dolomite and clay was 13.9% and 8.1%, respectively.
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Table 3. Results of XRD analysis of shale saturated with different fluids.
Mineralogical Before Saturation L6 L12 L6* L12*
Analysis (%, W) (%, Wt) (%, wt) (%, wi) (%, wt)
Quartz 44.8 449 47.1 46.8 49.2
Calcite 19.8 19.7 19.3 18.4 17.6
barite 1.0 1.0 1.1 1.2 1.3
plagioclase 3.5 3.4 3.1 3.3 3.0
Dolomite 13.9 14.0 13.4 14.2 15.1
marcasite 15 1.5 1.2 1.3 0.9
K-feldspar 14 1.4 11 1.2 1.0
pyrite 5.1 5.0 48 494 47
analcite 0.9 0.9 1.0 0.9 1.1
clay 8.1 8.2 79 7.76 6.1

The main component of quartz was silica, which did not react with CO,, and the
change in quartz content reflected the degree to which the other mineral components
were produced in the reaction. Quartz content increased after CO, /brine saturation and
remarkable increases were found in samples of L6* and L12*. The main reason was that
the clay and carbonate were dissolved and new quartz grains were generated in the acidic
environment [30]. When the CO, saturation pressure was 12 MPa, the content of quartz
reached the maximum value of 47.1% and 49.2%, respectively. Calcite is the main carbonate
mineral of shale, and it had the opposite change trend to quartz. When the CO; saturation
pressure was 12 MPa, the calcite content decreased from 19.8% to 19.3% (L12) and 17.6%
(L12%), representing a decrease of 11.1%. This result indicates that when the CO; saturation
pressure was 12 MPa, the degree of reaction between shale mineral components and CO,
was stronger than that at 6 MPa due to the pH of water decreasing with the increase in CO,
saturation pressure. This is because the higher the CO; saturation pressure, the greater
the solubility of CO, within a certain range [4,9]. Furthermore, Tables 2 and 3 show that
the addition of brine accelerated the chemical reactions among shale and fluids [4,9]. It
should be noted that the solubility of CO, decreases with the addition of brine, and high
pH may exist in experiments of L6* and L12%; however, the hydrolysis reaction may exist
between minerals and water, causing the minerals to change. It can be concluded that the
variations in mineral composition are attributed to the physicochemical activity of the CO,
with carbonates and clay minerals that are dissolved in an acidic and high-gas-pressure
environment [31].

During the saturation, the minerals in shale underwent alteration due to mobilized ele-
ments, and the main chemical reactions of various mineral types were as follows [6,23,32]:

H,O + CO, <+ HyCO3 ++ HCO;~ + HY (1)

Calcite: CaCO3; + H* «» Ca®* + HCO;3 ™~ 2)

Dolomite: CaMg(CO3), + 2H* ¢+ Ca?" + Mg?"+ 2HCO3 ™~ (3)
Kaolinite: Al;Si;Os5(OH)y + 6H* » 2A13* + 2Si0, (quartz) + 5H,0 4)
illlite: KAl (OH),AlSi3019 + 10H* «» Kt + 3A13%* + 3Si0, + 6H,0 (5)

Chlorite: [Fe/Mg]5Alzsi3010(OH)g + 5CaCO3 + 5C02 <~ 5Ca[Fe/Mg](CO3)2 + (6)
Al,SipO5(0OH),4 (kaolinite) + SiO; (quartz) + 2H,O



Minerals 2023, 13, 1387 8of 17

K-feldspar: 2KAISizOg + 2H* + HyO «» 2K* + AL,Si;O5(OH)4 + 45i0, @)

Albite: 2NaAISi308 + C02 + 11H2O < 2Na*t + 2HCO3_ + 2H4SiO4 + (8)
Al,SirO5(OH)y4

As shown in the above reaction, once CO; was injected into a shale formation, it
interacted with the water phase and formed carbonic acid, which released active H+ ions
into the system [9,33]. As a consequence, free H+ ions may react with some minerals
during the saturation period. Generally, the elements in shale can be mobilized by carbonic
acid [4]. Based on the above main chemical reactions, Ca and Mg elements existed mainly
in the form of carbonate minerals (calcite, dolomite), and Na, K, and Al elements existed
mainly in kaolinite, illite, chlorite and feldspar minerals (K-feldspar, albite), which can be
mobilized in carbonic acid environments, leading to mineral alterations in shale. From
Equations (1)—(8), it is easy to understand that the contents of carbonate, clay, and feldspar
minerals in shale generally showed decreasing trends after CO,—shale interaction, while the
quartz showed increasing trends due to the newly formed quartz and the decrease in the
relative content of other more easily dissolved minerals. Generally, clays and carbonates
were common mineral components that can be dissolved in the presence of weak acid
conditions or with CO, exposure, and the content of lays and carbonates played great
active roles in the development of pore systems in shale. It was noted that the alterations
of minerals in shale induced by CO, exposure were closely related to the pressure, the
temperature, and the phase state of CO;. ScCO; can not only induce the corrosion and
dissolution of inorganic minerals in shale, but also act as an organic solvent to dissolve
and extract organic matter in shale. Thus, compared with subcritical CO, (SubCO,), the
chemical reaction between ScCO, /brine and shale caused more significant alterations in
the minerals of shale.

Finally, to further confirm the chemical reaction process, especially the dissolution
in shale, the fluid in experiments L6% and L12* was collected and possible elements such
as Ca, Fe, and Mg were detected via ICP-OES. The results show that the concentration of
Ca, Fe, and Mg in experiment L6" was 48.691 pug/mL, 0.449 ug/mL, and 5.815 ng/mL,
respectively. In experiment L12, the concentration was 21.944 pg/mlL, 0.662 pg/mL, and
8.268 ng/mlL, respectively. It was certain that the elements in the solution came from the
shale due to the chemical reaction between fluids and shale. Furthermore, it should be
pointed out that the concentration of elements in the solution may not be complementary
to the results detected in XRE, which may be caused by the anisotropy and heterogeneity of
the shale.

3.2. SEM Measurements

Micrographs of shale grains before and after saturation with different fluids were
obtained through SEM measurements. The SEM results of the shale samples before and
after saturation are shown in Figure 2. Though variations in the same position of shale were
sought, it was very hard to reach the same position due to the reaction between shale and
fluids in the long term. Some regions of shale were marked in advance, while the marked
regions were missing in the final SEM detection.
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SEM HV: 10.0 kV WD: 10.47 mm I 1 MIRA3 TESCAN SEM HV: 7.0 kV WD: 9.09 mm
View fleld: 43.7 pm Det: SE 10 pmi View field: 43.7 ym Det: SE

|

SEM HV: 10,0 kV WD: 7.55 mm
View field; 3.13 mm Det: SE
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Figure 2. Cont.



Minerals 2023, 13, 1387 10 of 17

SEM HV: 10.0 kV WD: 11.80 mm | MIRA3 TESCAN| SEM HV: 10.0 kV WD: 10.02 mm
View field: 5.58 mm Det: SE 1mm View field: 5.58 mm Det: SE

-
SEM HV: 10.0 kV WD: 10.47 mm MIRA3 TESCAN  SEM HV: 70KV WD: 9.08 mm | MIRA3 TESCAN
View field: 12.7 pm Det: SE View figld: 12.7 pm Det: SE 2 pm

L6*

SEM HV: 10.0 kV WD: 10.45 mm | MIRA3 TESCAN SEMHV: 7.0 kV . MIRA3 TESCAN
View field: 6.99 mm Det: SE 2 mm

SEM HV: 10.0 kV WD: 10.45 mm I MIRA3 TESCAN  SEM HV: 7.0 kV MIRA3 TESCAN
View field: 2.39 mm Det: SE View field: 2.39 mm

L.12%

Figure 2. The morphology of shale before and after saturation with different fluids.
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In general, shale has high clay and organic matter contents, and pores in shale can be
divided into interparticle pores, intraparticle pores, organic matter pores, and fractures.
For the shale gas reservoirs, the pore system provided a significant internal surface area
and pore volume. As shown in Figure 2, it was found that the shale had abundant pore
structures; after 6 MPa CO; and 12 MPa CO; saturation, the surface of the shale sample
became rougher, small bumps and cracks appeared on the shale, while the pores in the
shale seem to be squeezed, which may have been caused by the adsorption induced matrix
swelling /shrinkage [34]. The adsorption capacity of shale was closely related to the gas
pressure, and it was positively correlated with the amount of swelling; thus, the gas
pressure directly affected the volume swelling deformation. It can be inferred that the
pore structure alterations of shale under 6 MPa CO; saturation were more obvious than
those under 12 MPa CO, saturation. Unlike the CO; saturation, after being saturated with
CO,+brine, some obvious tiny pores were generated on the surface of the shale, which
indicated that ion exchanges may happen inside the shale. It can be seen that these tiny
pores connected into the shale, suggesting that the permeability of the shale cap would
increase and security risks arise after a period of CO,+brine sequestration [35]. Moreover,
significant corrosion and dissolution were found in CO,+brine-saturated shale samples,
and some blocks of shale were missing (Figure 2). This was because of the generation of
H*-dissolved minerals such as calcite, dolomite, kaolinite, illite, and K-feldspar (Equations
(1)—(5) and (7)), resulting in a decrease in carbonate mineral contents. Mineral corrosion
and dissolution induced increases in the porosity, average pore size, and specific surface
area of micropores and mesopores in shale, as they induced the micropores and mesopores
in shale to gradually transform into macropores. Generally, the higher the pressure of
COg, the greater the amount of CO; dissolved in solution, and the lower the pH, leading
to remarkable mineral corrosion and dissolution. In addition, new minerals were formed
on the surface and inside the shale after CO,+brine saturation, which further verified
that the chemical reaction produced now precipitated substances, and these flocculent
substances also changed the pore structure of the shale, possibly because the dissolution
of the minerals consumed protons in an acid solution, increasing its pH. As the pH value
rose to a certain extent and the mineral ion concentration achieved a certain level, mineral
precipitation occurred. Compared with shale saturated with CO, at 6 MPa and 12 MPa, the
phenomenon of matrix swelling/shrinkage was not obvious, although the shale displayed
a strong adsorption of water. This may be related to the content of clay minerals expanded
with water in shale, and the swelling inhibition effect of cations in fluids.

After being saturated with CO; /brine, the CO, /brine—shale interaction triggered min-
eral dissolution and precipitation in shale, as well as the extraction induced by the ScCO,
dissolution effect on some special organic matter. Furthermore, CO; /brine filled in the
pores of shale, being absorbed and adsorbed in shale, inevitably affecting the morphology
and pore structure of shale. In a word, the pore structure alterations can be impacted by min-
eral dissolution/precipitation, ScCO, extraction, and CO, /brine adsorption/desorption-
induced matrix swelling/shrinkage, each of which was closely related to the kind of
saturated fluid and the pressure of the gas. To some extent, the SEM measurements can
only judge the changes in pore structure qualitatively, while to evaluate the pore structure
alterations quantitatively, it was necessary to conduct the low-pressure gas adsorption test.

3.3. Low-Pressure Gas Adsorption Test

The nitrogen adsorption isotherms of eight samples of Longmaxi shale before and
after saturation with different fluids are displayed in Figure 3. All the adsorption isotherms
showed similar morphological patterns in shale samples. During the adsorption process,
the adsorbed gas quantity increased gradually as the relative pressure increased from 0
to 0.8, and then increased rapidly until it reached the maximum relative pressure. The
isotherm curves present an anti-S-shape and the isotherms can be classified as Type Il based
on the IUPAC category of pore shapes [11], which indicates that a multilayer adsorption
behavior occurred in these shale samples. The adsorption—desorption isotherms formed an
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obvious hysteresis loop at a relative pressure of 0.4-0.99, and each hysteresis loop displayed
similar morphological attributes, which can be categorized as type H3 and type H4 [11],
which revealed the complexity of the pore structure and demonstrated slit-type pores and
open pores existing in the shale.
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Figure 3. Low-temperature N; adsorption-desorption isotherms of shale before and after saturation
with different fluids.

After saturation with different fluids, the curves of the isotherms moved down to a
certain extent at all stages of relative pressure, the maximum quantity of adsorbed N of
all the samples decreased, and the hysteresis loops became narrower, which suggested
that the obstruction of gas molecule movement was reduced and the connectivity of pores
was enhanced, and it can be inferred that the proportion of mesopores and macropores
increased due to more gas flow channels being offered by mesopores and macropores in
shale. This further meant that the permeability of shale may be enhanced and the risk of
CO; sequestration may increase [36]. As shown in Figure 3, saturation with different fluids
decreased the nitrogen adsorption ability of the shale sample primarily because the adsorp-
tion ability was largely controlled by micropores, which provided lots of specific surface
areas and adsorption sites. As CO; saturation induced mineral dissolution/precipitation,
extraction and swelling/shrinkage, a portion of the pore space and pore throats were
thus dissolved, collapsed and ultimately blocked in shale. It can be concluded that the
interaction of shale with different fluids had a great influence on the pore structures of
the shale samples in this study. Through further analyzing the results of low-pressure gas
adsorption, the pore structure parameters are summarized in Table 4.
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Table 4. Distribution of pore size, pore volume, and specific surface area of shale before and after
saturation with different fluids.

Special .
Surface Area  Variation Pofg V°13““1e1 Variation Pore Size Variation
Sample 2 1 o (10-2 cm’-g~1) o (nm) (Be- o
(m?-g ) (%) (Before/After) (%) fore/After) (%)
(Before/After)

L6 18.77/10.09 —46.24 151/144 —4.6 6.25/7.91 26.6
L12 18.87/5.55 —70.60 153/107 -30.1 6.34/9.20 45.1
Le* 17.04/16.51 -3.10 147/143 —-27 6.57/6.78 3.2
L12# 19.32/12.33 —36.20 155/146 —5.8 6.34/6.86 8.2

The surface area of the pores in the samples was determined using the BET equa-
tion, and the special surface area varied from 10.09 m?/g to 5.55 m?/g, 16.51 m?/g, and
12.33 m?2/ g after saturation with different fluids. After 6 MPa CO, saturation, the SSA
decreased from 18.77 m?/g to 10.09 m?/g with 46.24% reduction and decreased from
18.87 m? /g to 5.55 m? /g with 70.6% reduction, which indicated that although SubCO,
dramatically affected the pore structure of shale, the ScCO, had a more significant effect
than that of SubCO,. After the addition of brine, the reduction in SSA was alleviated.
The reduction in SSA is 3.10% and 36.20% in samples L6% and L12*, respectively, which
suggested that the addition of brine can inhibit the SSA decrease caused by CO; to some
extent. As the gas pressure increased, the reduction in SSA increased from 46.24% to 70.60%
and from 3.10% to 36.20% for shale samples without brine and shale samples with brine,
respectively, which indicated that the gas pressure and phase state displayed a remarkable
impact on the pore structure of shale.

The pore volume and pore size of shale samples were derived from the BJH desorption
and BJH adsorption models, respectively. As can be seen in Table 4, the total pore volume
decreased from 1.51 m?-g~! to 1.44 m3-g~! with a 4.6% reduction for shale samples under
6 MPa CO; saturation, and the reduction in pore volume was 30.1%, 2.7% and 5.8% in
samples L12, L6* and L12*, respectively. Meanwhile, the pore size increased after fluid
saturation, and the pore size increased from 6.25 nm to 7.91 nm with a 26.6% increment
for shale samples under 6 MPa CO, saturation, and the pore size of L12, L6*, and L12*
increased by 45.1%, 3.2%, and 8.2%, respectively. These results further illustrate that adding
brine can partially inhibit pore structure alteration, and the gas pressure and phase state
of CO, showed great influence in CO, geological sequestration. Interestingly, the shale
sample saturated with 12 MPa CO; displayed the highest variation in special surface area,
pore volume, and pore size. This suggests that ScCO, had the greatest impact on the pore
structure. It is also noteworthy that the variation in pore volume and pore size followed a
similar trend to the special surface area when different fluids were used for saturation.

The BJH desorption model was used to calculate the pore size distribution of shale
under varying fluid saturation levels. The results are presented in Figure 4. The ordinate
parameter dV/d log W was referred to as the log differential pore volume versus diameter.
At every stage of pore diameter, it was apparent that each curve of the pore size distribu-
tion exhibited a noticeable difference. The curves were skewed towards larger pore sizes,
indicating a decrease in the number of micropores due to the reaction between shale and
different fluids. Table 5 shows the distribution and percentage of pore volume of shale sam-
ples treated with different fluids. It was seen that the pore volume was mainly contributed
by mesopores and macopores, with the percentage varying from 20.10% to 31.27% and from
44.44% to 75.97%, respectively. After saturation with different fluids, the total pore volume
decreased (Table 4), and the pore volume of micropores also decreased, in particular for the
shale-saturated 6 MPa and 12 Mpa CO,, varying from 36.53 to 6.38 and from 37.10 to 4.21,
respectively. Following the saturation with different fluids, there was a notable alteration in
the percentage of pore volume for both micropores and macropores. This was determined
by analyzing the pore volume percentage of pore diameter variation. The outcomes of the
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pore size distribution indicated that the fluid saturation had a significant impact on both
micropores and macropores.
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Figure 4. Pore size distribution of shale treated with different fluids.

Table 5. Pore volume distribution and percentage of shale samples treated with different fluids.

Sample

State

Pore Volume (102 cm3-g~1)

Percentage (%)

Micropore Mesopore Macorpore Micropore Mesopore Macorpore
L6 Before 36.53 47.32 67.47 24.14 31.27 44.58
After 6.38 32.79 104.99 443 22.75 72.83
B Before 37.19 47.08 68.68 24.28 30.87 44.84
After 421 21.56 81.46 3.93 20.10 75.97
. Before 29.63 43.48 73.83 20.16 29.59 50.24
L6 After 26.73 44.10 82.72 17.41 28.72 53.87
Y Before 38.10 47.96 68.84 24.60 30.96 44.44
L12 After 12.76 40.63 92.36 8.75 27.88 63.37

Exposure to various fluids caused violent physical and chemical reactions in shale,
resulting in significant changes to its pore structure. The increase in the number of larger
pores improves pore connectivity and provides more flow conduits. Ultimately, this is
expected to improve the permeability of the shale matrix during CO, sequestration. Al-
though laboratory investigation and field practices have proven the feasibility of storing
CO; in shale while enhancing hydrocarbon production recovery, it is important to em-
phasize that future research is necessary to address fundamental issues associated with
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CO, sequestration. The Longmaxi Formation in Sichuan Basin, China, as the main site
for shale gas exploration and development [37], is identified as the prospective target
formation for CO, sequestration, and much more research is badly needed. Although
this paper found that fluid saturation affects shale formations, it should be noted that
there are differences between brine and actual underground conditions. Shale formations
experience compaction due to pressure from the Earth’s crust [19], which may change
the swelling/shrinkage direction and decelerate the physicochemical activity rates in the
process of CO, sequestration. Thus, the comparison between the laboratory results and the
reservoir conditions requires further investigation.

4. Conclusions

Samples collected from the Longmaxi Formation shale in Sichuan Basin, China, were
exposed to different fluids for 100 days, to determine the effect that CO, storage has on
the mineral composition and pore structure of shale. To do so, the XRD, XRF, SEM, and
gas adsorption tests were conducted on the shale samples. After conducting research, the
following conclusions were drawn:

1.  The XRF analysis revealed that the content of Si increased slightly, while Ca, Al Fe,
and K contents decreased to 10.34%, 3.36%, and 1.37%, respectively, with the increase
in CO; pressure and the addition of brine. XRD results showed that the Longmaxi
shale was mainly composed of quartz, dolomite clay, and calcite, with a total content
of over 80%, and the content of quartz and dolomite increased, while the content of
clay and calcite decreased slightly after saturation.

2. The FESEM analysis results indicate that the surface of the shale sample became
rougher, and small bumps and cracks appeared on the shale after saturation with
different fluids, revealing mineral dissolution/precipitation, swelling/shrinkage, and
development of fractures after long-term exposure to CO, /brine.

3. Based on the low-pressure gas adsorption test results, the curves of the isotherms
moved down to a certain extent at all the stages of relative pressure. The special
surface area decreased sharply after saturation, in particular for the shale saturated
with 6 MPa and 12 MPa CO,. In addition, the variation of total pore volume and
the pore size showed a similar trend to the special surface areas and reached the
maximum variation for the shale saturated with 12 MPa CO,, which indicates that
the gas pressure and phase state displayed a remarkable impact on the pore structure
of shale.

4. The curves of pore size distribution were skewed to larger pore sizes at all diameters,
indicating that the number of pores decreased as a result of the reaction, while also
illustrating that the effect of saturation with different fluids was mainly concentrated
in the micropores and macropores.
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