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Abstract: CO2–slickwater hybrid fracturing technology is an essential part of shale gas recovery
and CO2 geo-storage. However, the exposure to supercritical CO2 (ScCO2) and slickwater can
result in potential changes of the pore structures and surface wetting behavior, which affect the gas
transportation and CO2 sequestration security in shale reservoirs. Therefore, in this paper, X-ray
diffraction (XRD), low-pressure nitrogen gas adsorption (N2GA), mercury intrusion porosimetry
(MIP), and fractal analysis were used to describe the pore characteristics of shale before and after
ScCO2–slickwater coupling treatments. Shale’s surface wettability was confirmed by contact angle
measurements. After the ScCO2–slickwater treatments, the number of micropores (<3.5 nm) and
mesopores (3.5–50 nm) increased, while that of macropores (>50 nm) declined based on the N2GA and
MIP experiments. Combined with fractal analysis, we argue that the pore connectivity diminished
and the pore structure became more complicated. By analyzing the results of XRD, shale pore changes
occurring after the ScCO2–slickwater treatment can be explained by the adsorption of polyacrylamide
(PAM). Contact angle measurement results showed that the shale’s surface treated by ScCO2 and
slickwater was more hydrophilic than that treated by ScCO2 and water, and indirectly prove our
argument above. Hence, the coupling using effect of ScCO2 and slickwater can impair the negative
effect of CO2 on the shale capillary force to improve shale gas productivity, but it can negatively
affect the security of CO2 sequestration in shale reservoirs.

Keywords: shale; pore structure; supercritical carbon dioxide; slickwater; CO2 sequestration

1. Introduction

Shale gas, an unconventional natural gas resource, possesses immense development
potential and vast reserves worldwide [1], making it a highly coveted commodity. The
United States stands as the pioneering nation in realizing the commercial exploitation
of shale gas, and its triumphant development has propelled the country towards energy
autonomy. The production of U.S. shale gas has surpassed 920.65 billion cubic meters,
representing a significant 74.23% of the country’s overall natural gas output [2]. According
to the Energy Information Administration report, China has the world’s most abundant
shale gas reserves, up to 31.58 trillion cubic meters, about 14.7% of the world’s shale gas
reserves [3]. With the increasing reliance on imported oil and gas resources, the potential
for shale gas development is also escalating, thereby rendering the exploration of shale gas
a highly sought-after research topic.

Shale reservoirs are typically remarkably tight, with low porosity and permeability,
and a large amount of shale gas exists in an adsorbed state, so shale reservoirs need to
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be stimulated to increase their permeability before shale gas can be extracted [4]. Hori-
zontal well hydraulic fracturing serves as the primary technology for extracting shale gas.
Nevertheless, this process is accompanied by numerous drawbacks, including significant
water resource consumption, potential contamination of underground water, and the chal-
lenge in reclaiming and draining fracturing fluids [5]. Hence, supercritical carbon dioxide
has emerged as a promising alternative to traditional fracturing fluids for the purpose of
hydraulic fracturing. This specialized phase of carbon dioxide, situated between liquid
and gas, offers unique advantages for this application. Its temperature and pressure are
higher than the critical temperature and pressure (Tc = 31.04 ◦C, Pc = 7.38 MPa) [6]. It
has a number of unique physical and chemical properties, such as a low viscosity, a high
diffusion coefficient, a surface tension close to zero, etc., [6]. Capable of penetrating the
micropores of shale reservoirs to generate micro-cracks during fracturing, it is deemed an
optimal substitute for water-based fracturing fluids in hydraulic fracturing operations [7].
However, it has been observed that the proppant-carrying capacity of supercritical carbon
dioxide is limited due to its extremely low viscosity, resulting in the inability to generate
effective fractures post-fracturing [8]. Furthermore, the exclusive utilization of CO2 for
hydraulic fracturing fails to create primary fractures of significant length and width within
the geological formations, thereby limiting the scope of the fracture stimulation [9]. There-
fore, a hybrid fracturing technique has been proposed, which utilizes the combination of
supercritical CO2 and slickwater. This approach initially involves injecting liquid CO2
into the shale formation for fracturing purposes, during which the CO2 transitions to a
supercritical state [9]. This approach can significantly augment the intricacy and extensive
development of the fracture network within the shale reservoir, thereby expediting reservoir
activation and minimizing the fracture initiation pressure [10]. Subsequently, slickwater
with proppants is injected at high pressure to fracture the shale reservoir, effectively sup-
porting the fractures and creating a large-scale fracture network to enhance the stimulated
volume of the reservoir [11]. Based on field application outcomes, the hybrid fracturing
technology utilizing supercritical carbon dioxide along with slickwater has demonstrated
its effectiveness in bolstering the extraction efficiency of shale gas [12]. Furthermore, shale
exhibits a greater affinity for CO2 compared to CH4, indicating that the injection of CO2
can efficiently displace CH4, ultimately leading to a significant enhancement in shale gas
recovery [13].

Moreover, utilizing CO2 to enhance shale gas development effectively serves the dual
purpose of advancing both shale gas extraction and CO2 geological sequestration. Notably,
CO2 is a significant greenhouse gas that contributes significantly to global warming. Var-
ious countries have recently developed carbon neutrality roadmaps to mitigate climate
change. According to the ‘China Carbon Dioxide Capture, Utilization, and Storage (CCUS)
Annual Report (2021)’, the global onshore potential for CO2 geological sequestration is
estimated to be between 6 × 1012 and 42 × 1012 tons [14]. This is 165 to 1157 times the
global CO2 emissions from energy combustion and industrial processes in 2021, which
totaled 363 × 1012 tons [14]. This underscores the immense potential of CO2 geological
sequestration as a pivotal tool in attaining carbon neutrality [15]. Currently, the primary
geological formations used for CO2 sequestration include oil and gas reservoirs, deep saline
aquifers, and unmineable coal seams [15]. Oil and gas reservoirs, traditionally utilized for
hydrocarbon storage, offer unwavering seal integrity. Furthermore, CO2 can effectively
boost the recovery of oil and gas resources, thus rendering its technical and economic
sequestration more viable. Thanks to their extensive fracture networks, depleted shale gas
reservoirs provide a significant storage capacity for CO2 [16]. The unfractured shale layers
also possess the functionality of cap rocks, effectively preventing the leakage of CO2. As a
result, these depleted reservoirs are deemed to be highly suitable geological locations for
the sequestration of CO2.

During the initial phase of shale gas extraction and the subsequent CO2 geological
sequestration, key properties such as pore characteristics and wettability hold significant
importance [17]. The pore characteristics serve as an indicator of the number of chan-
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nels present within the shale formation, whereas wettability encapsulates the mechanical
interactions between the solid and liquid phases within the reservoir [17]. Collectively,
these factors exert a considerable impact on both the extraction efficiency of shale gas and
the stability of CO2 geological sequestration [18]. However, after the hybrid fracturing
process utilizing CO2 and slickwater, there is an inevitable impact on the shale reservoir
due to the residual CO2 and slickwater [9]. For instance, the carbonic acid that results
from the reaction between CO2 and slickwater has the ability to interact with the mineral
components present in shale [9]. Supercritical CO2 may also dissolve organic materials and
clay minerals [19]. These interactions have the potential to modify the pore structure and
wettability of shale, which in turn can significantly influence both the recovery of shale gas
and the effectiveness of CO2 geological sequestration [20].

The ways in which individual fracturing fluids interact with shale and the resulting
changes in the shale pore structure are largely understood. However, despite the preva-
lent application of combined fracturing techniques, there remains a scarcity of research
investigating the combined impact of ScCO2 and slickwater on the pore structure and
wetting behavior of terrestrial shale formations. This gap in knowledge hinders the ac-
curate evaluation of pore characteristics and wettability in the formation after fracturing.
Therefore, it is essential to conduct exposure experiments on shale saturated with slickwa-
ter under different temperatures and CO2 pressures. Subsequent analyses of the treated
samples using techniques such as X-ray diffraction (XRD), atomic force microscopy (AFM),
low-temperature N2 adsorption, mercury intrusion porosimetry (MIP), and contact angle
measurements can be performed to characterize the shale samples. These tests aim to ex-
plore the variations in shale mineral components, surface morphology, pore characteristics,
and wettability. This research will aid in enhancing CO2-enhancing shale gas development
and CO2 geological storage technologies.

2. Materials and Methods
2.1. Sample Description and Preparation

The samples for the experimental study were collected from the terrestrial shale of
Zheng 083 well in the Chang 7 section of the Upper Triassic Extension Formation in the
Zhangjiatan area, Ordos Basin. The samples were buried at a depth of 495 m~512 m. Upon
completion of coring, the cores were promptly wrapped in parafilm and dispatched to
the laboratory to minimize water evaporation and oxidation of the samples due to air
exposure [9].

In this study, 1.5% KCl (as an anti-expansion agent) was used as the base liquid, and
polyacrylamide (PAM, drag-reducing agent) with a concentration of 0.1% was blended
with the slickwater. After mixing and blending the slickwater, it was left for 4 h to stabilize
its viscosity. The resistivity of the distilled water used was greater than 18 MΩ·cm, and
the KCl powder was analytically pure. PAM is a water-soluble anionic polymer with a
molecular weight of 16 million. The viscosity of the prepared slickwater was measured to
be 5.7 mPa·s and 4.7 mPa·s at room temperature and 40 ◦C, respectively, and was analyzed
using an Anton Paar rheometer (model MCR302, Graz, Austria).

2.2. CO2 Treatment Procedure

The soaking equipment used in this experiment was a self-designed high-temperature
and high-pressure shale soaking device, which includes a water bath with an accuracy of
±0.05 ◦C, a high-temperature and high-pressure reactor with internal dimension
φ60 mm × 120 mm, a vacuum pump, a syringe pump (Teledyne ISCO 260D) and a pres-
sure sensor. The reactor’s maximum working pressure and temperature are up to 40 MPa
and 100 ◦C, respectively [21].

In order to analyze and explain the mechanism of how to change the pore structure
and capillary pressure of shale when treated with ScCO2–slickwater, ScCO2-distilled water
treatment and He-slickwater treatment were added as a control group in the experiment.
The experiment was divided into three steps. Step 1: Shale saturated with distilled wa-
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ter/slickwater. The shale bulk was cracked into particles with a grain size of 10–20 mm
and put into a water saturator with a pressure of 0.1 MPa and saturated with distilled
water/slickwater until the pressure no longer changed and then taken out. Step 2: ScCO2
static soaking experiments of saturated distilled water/slickwater shale were carried out
using the above-mentioned soaking device. To simulate the effect of ScCO2 on the pore
structure of shale after entering the formation, the shale was treated at 40 ◦C and 8 MPa for
4 days. Then, shale particles were dried in a vacuum oven at 110 ◦C for 48 h to completely
remove the free and weakly bound water in the shale pores. Step 3: According to the
requirements of different testing approaches, the treated shale was crushed into powders
of different grain sizes for testing and analysis. XRD was used to characterize the changes
in the mineral compositions of the shale, combined with N2 adsorption to characterize the
changes in the pore parameters of the shale before and after treatment.

2.3. XRD Analysis

Before XRD analysis, the samples were ground to less than 200 mesh (75 µm). Powder
samples were tested at a rate of 2◦/min ranging from 3◦ to 45◦ by an X-ray diffractometer
(Bruker D8 Advance, Karlsruhe, Germany) to determine the relative mineral contents of
shale before and after pure CO2/CO2 + slickwater treatments. The relative mineral content
was obtained by fitting the XRD spectra using Jade 6 software [22].

2.4. N2 Adsorption Analysis

Powder samples were tested by a surface area and pore size distribution analyzer
(Belsorp-Max II, Matsumoto, Japan) to determine the pore structure of the shale before
and after pure CO2/CO2 + slickwater treatments. Prior to testing, the shale underwent
crushing into 60–80 mesh particles, aiming to expedite the adsorption equilibrium time
while simultaneously enhancing the effectiveness of pore testing. In order to maximize the
removal of residual gases and moisture in the pores without destroying the pore structure
and to improve the accuracy of the test, the shale was degassed under vacuum at 110 ◦C
for 15 h [23]. Then, the shale particles were subjected to N2 adsorption experiments at
−196 ◦C and the relative pressures (P/P0) of 0.01~0.99 to obtain the N2 adsorption–
desorption isotherms. Specific surface area (SSA) was calculated by the Brunauer–Emmet–
Teller (BET) model [24]. The pore volume and surface area of meso- and macro-pores were
evaluated by the application of the BJH model that accounts for the volume desorbed via
both capillary evaporation (described by the Kelvin equation) and thinning of multilayers
of adsorbed molecules in cylindrical pores. In order to eliminate the artificial error caused
by the tensile strength effect, the adsorption branch was selected for the BJH model in this
paper. The surface area and pore volume of micropores were estimated by the HK model
and the total pore volume (TPV) was set as the liquid N2 volume at the highest P/P0. The
average pore diameter (Da) was calculated from 4TPV/SBET and the pore size distribution
was derived from the nonlocal density function theory (NLDFT).

2.5. Mercury Intrusion Porosimetry (MIP) Test

A mercury intrusion pore size analyzer (PoreMaster-33, Quantachrome, Boynton Beac,
FL, USA) was used to perform mercury intrusion experiments up to 33,000 psi (227 MPa),
which corresponds to a minimum pore diameter of 6.4 nm according to the Washburn
Equation (1). The shale samples used to conduct the MIP tests were crushed into 1–3 mm
particles and then degassed at 110 ◦C for 15 h before being subjected to MIP testing [25] as
follows:

Pm = −4σcosθ

d
(1)

where Pm is the capillary pressure, MPa; σ is the surface tension of mercury, 0.48 N/m;
θ is the contact angle between shale and mercury, 130◦; and d is the pore diameter, µm.
In general, the N2 adsorption method is mainly used to characterize micropores and
mesopores, while the MIP method can better characterize macropores and make up for the
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shortcomings of the N2 adsorption method; so, the combination of the two methods can
characterize the pore structure of shale before and after treatment in a more complete way.

2.6. Contact Angle Measurement

The shale for the contact angle experiments was prepared as thin sections (about
10 mm × 10 mm × 2 mm), the surface of the shale samples was polished carefully with
1200 mesh sandpaper, and cleaned and dried to minimize the effect of surface roughness
on the contact angle. First, the roughness analysis of the shale surface before and after
treatment was carried out using an atomic force microscope (AFM) [17]. Then, the contact
angle test was carried out at room temperature using a JY-PHa (Sichuanjinhe Co., Mianyang,
China) contact angle tester. Five measuring points were selected for each sample, the drop
volume of liquid was 12 µL, and the contact time was 60 s [26].

3. Results
3.1. Mineral Compositions before and after Treatment

The mineral compositions of the shale samples before and after treatment were de-
termined by quantitative and qualitative analysis of XRD patterns (Figures 1 and 2 and
Table 1). Untreated shale is rich in quartz (SiO2) and clay minerals (kaolinite, illite and
clinochlore), of which the content of quartz is 24.2% and the total clay minerals is 48.89%.
Due to the significant clay mineral content, the interaction between water and clay within
shale results in the swelling of the clay during the water-based fracturing processes. The
composition of plagioclase stands at 14.27%, while calcite (CaCO3) comprises 9.43%. On
the other hand, dolomite (Ca Mg (CO3)2) and pyrite (FeS2) account for 1.09% and 1.12%,
respectively, both of which are under 3% in concentration. After undergoing treatment
with ScCO2–slickwater, the quartz content underwent a reduction of 9.13%. Additionally,
the calcite and clay mineral contents exhibited specific alterations. Specifically, the kaoli-
nite content increased by 3.94%, while the illite content rose by 14.2%. Conversely, the
clinochlore content decreased by 9.31%. Following the treatment, the dolomite content
exhibited a certain degree of increase, whereas the pyrite content declined accordingly,
albeit with minimal overall variation. Following treatment with ScCO2–distilled water,
the quartz content decreased by 1.38%, while the calcite content saw a reduction of 0.77%.
Furthermore, the overall clay mineral content declined by 0.24%, specifically due to reduc-
tions in the kaolinite and clinochlorite contents, with a corresponding increase in the illite
content. After undergoing treatment with He–slickwater, the quartz content underwent a
slight reduction of 3.91%, whereas the calcite and clay mineral contents (inclusive of kaoli-
nite, illite, and clinochlorite, all experiencing an upsurge) increased by 2.93% and 6.24%,
respectively. These mineral changes may be related to complex chemical reactions among
shale, CO2, and slickwater [9]. The dissolution of CO2 in water leads to the formation of
carbonic acid, and under weakly acidic conditions, a series of reactions are prone to occur
in shale minerals [26]:

CO2 + H2O ↔ H2CO3 ↔ H++ HCO−
3 + CO2−

3 (2)

calcite + 2H+ ↔ Ca2+ + CO2 + H2O (3)

dolomite + 4H+ ↔ Ca2+ + Mg2+ + 2CO2 + 2H2O (4)

illite + 1.1H+ ↔ 0.77kaolinite + 0.6K+ + 0.25Mg2+ + 1.2quartz + 1.35H2O (5)

pyrite + O2(aq) + 4H+ ↔ 4Fe3+ + 2H2O (6)

plagioclase + 8H+ ↔ Ca2++ 2Al3++ 2SiO2+ 4H2O (7)
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Table 1. Mineral composition of the shale samples before and after treatment.

Sample Quartz Calcite Dolomite Plagioclase Pyrite Total
Clay Kaolinite Illite Clinochlore

Untreated 24.2 9.43 1.09 14.27 1.12 49.89 24.41 12.36 13.12

ScCO2–slickwater 15.07 13.37 1.62 4.96 0.89 64.09 28.62 18.95 16.52

ScCO2–distilled
water 22.82 8.66 1.43 16.55 0.89 49.65 21.22 15.77 12.66

He–slickwater 20.29 12.36 0.94 9.8 0.48 56.13 26.11 13.58 16.44

As the duration of soaking increases, CO2 undergoes slow solubility in water, leading
to the production of carbonic acid [27]. This process results in a decrease in the pH level of
the system, thereby enhancing the dissolution and precipitation reactions of minerals. Mul-
tiple studies have unequivocally demonstrated that calcite possesses the utmost solubility
within the CO2–water–shale system, while minerals akin to feldspar exhibit a similar trend
of solubility [28]. Their solubility mostly influences the process of mineral dissolution.

Table 1 indicates that following ScCO2–slickwater treatment, the quartz and clinochlo-
rite content underwent a significant reduction of 37.7% and 65.2%, respectively, while the
calcite and clay minerals exhibited a marked increase of 41.78% and 28.46%, respectively.
According to Equations (3), (4), and (7) above, the dissolution of plagioclase leads to an
increase in the concentration of Ca2+, SiO2, and the pH value in the ScCO2–slickwater
system. SiO2 is the main component of quartz, so it may lead to a reverse reaction in
Equations (3) and (4), increasing the content of the calcite, dolomite, and clay minerals.
According to Equation (5), an illite reaction with ScCO2–slickwater consumes hydrogen
ions, raises the pH, and produces magnesium ions and quartz. According to Equation (7),
the reaction of plagioclase with ScCO2–slickwater also consumes H+, raises the pH, and
produces Ca2+ and quartz. On the one hand, the aforementioned reactions supply Ca2+

and M2+; on the other hand, they raise the pH, prompting Ca2+ and M2+ to react with CO2,
resulting in the formation and precipitation of the carbonate minerals calcite and dolomite.
This explains why, following ScCO2–slickwater treatment, the calcite and dolomite contents
of the samples underwent a significant increase, while the plagioclase content underwent a
notable decrease [29].

Interestingly, samples treated with slickwater exhibited a significant increase in the clay
content, in stark contrast to those treated with distilled water, which displayed virtually no
alteration in the clay content. This discrepancy may be attributed to the substantial presence
of K+ in slickwater. Furthermore, following the ScCO2–distilled water and He–slickwater
treatments, the quartz content exhibited respective declines of 5.7% and 16.1%, whereas
other mineral components underwent varied alterations. After undergoing ScCO2–distilled
water treatment, the calcite and kaolinite content underwent a reduction of 8.2% and 13.1%,
respectively, while the total clay mineral content decreased by 0.5%. Conversely, following
treatment with He–slickwater, the calcite and kaolinite content saw an increase of 31.7%
and 7.0%, respectively, leading to an overall 12.5% increase in the total clay mineral content.

Equation (6) demonstrates that the process of pyrite oxidation in shale is regulated by
the level of dissolved oxygen [30]. During the experimental procedure, the utilization of
deionized water for slickwater preparation, the saturation of shale under vacuum condi-
tions, and the implementation of a CO2 purification unit prior to the immersion of ScCO2
led to restricted levels of ambient and dissolved oxygen. Moreover, the ScCO2–slickwater
system demonstrates a minimal proportion of a pyrite oxidation reaction, attributable to
the low initial concentration of pyrite. This phenomenon can be attributed to the sluggish
oxidation reaction occurring within the system, resulting in a diminished pyrite content
within the shale.

In summary, the XRD results of the controlled experiment reveal that the decrease
in the shale calcite content upon treatment with ScCO2–distilled water is notably less
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significant than the increase in the shale kaolinite content following treatment with ScCO2–
slickwater. This phenomenon can be attributed to the fracturing fluid, such as slickwater,
which enhances the network pore structure and facilitates increased interaction between
CO2 and minerals [31]. Consequently, water exhibits more mineral reactions than distilled
water [9]. This observation suggests that the mineral mechanism reaction in shale may
be more intricate under real reservoir conditions. Shale treated with ScCO2–slickwater
has a higher solubility of plagioclase than the He–slickwater treatment. Although He is
insoluble in water, the introduction of ScCO2 enhances the acidity of the slickwater system,
subsequently leading to a decrease in the dissolution of plagioclase following treatment
with ScCO2–slickwater [9]. In contrast, it is observed that the kinetic diameter of He
molecules (0.28 nm) is comparatively smaller than that of CO2 molecules (0.33 nm). This
advantage allows the slickwater to penetrate a reduced number of apertures and achieve
effective engagement with the shale. This study’s findings reveal that the concentration of
quartz in the He–slickwater treatment surpassed that observed in the ScCO2–slickwater
treatment. Based on the observed changes in the mineral composition, we can deduce
that the shale reaction extent following the ScCO2–water treatment is anticipated to be
within the spectrum of both the ScCO2–water treatment and sole slickwater treatment.
This observation lays the groundwork for anticipating the geochemical interplay between
fluids and solids, as well as the transformation of the pore structure within the formation
following fracturing.

3.2. Analysis of the Pore Characteristics Based on N2 Adsorption Isotherms
3.2.1. Analysis of the Pore Characteristics Based on N2

Figure 3 displays the low-pressure N2 adsorption–desorption isotherms of the samples.
The adsorption isotherms of the samples are classified as type IV(a) by the International
Union of Pure and Applied Chemistry (IUPAC) [32]. Additionally, the hysteresis loop
of the samples is identified as type H3. This classification signifies that the shale pores
are predominantly comprised of slit pores, interspersed with a minority of pores exhibit-
ing the characteristic inkbottle-shaped pore throats. The samples’ adsorption–desorption
isotherms and hysteresis loops exhibited a comparable morphology before and after treat-
ment, suggesting that the pore morphology remained rather stable [33]. The isotherms
may be categorized into three stages based on the relative pressure (P/P0). When the ratio
of P/P0 is less than 0.45, the adsorption curve gradually rises as the pressure increases.
This observation suggests that N2 effectively occupies the shale’s micropores, whereas
single-layer adsorption occurs in the medium and large pores [34]. When the ratio of P/P0
exceeds 0.45, the slope of the curve exhibits an upward trend as the ratio of P/P0 gradually
increases [34]. This observation indicates that N2 is adsorbed onto the shale surface in
multiple layers, resulting in the phenomenon of capillary condensation.

When the P/P0 is more than 0.9, the curve and gas adsorption capacity experience
a significant rise as a result of capillary condensation in the macropores [9]. As the rela-
tive pressure nears 1, N2 adsorption remains unsaturated, suggesting that a considerable
percentage of macropores possess diameters exceeding the scope of the N2 adsorption
technique. Therefore, mercury intrusion porosimetry serves as an indispensable comple-
mentary instrument. The untreated shale sample exhibits a larger adsorption capacity
than the shale treated with ScCO2–slickwater, ScCO2–distilled water, and He–slickwater
at the highest relative pressure (P/P0 approaches 1). This observation suggests that the
adsorption capacity of the shale undergoes alterations during the treatment process. Prior
research has indicated that the adsorption capacity of shale is primarily influenced by
micropores and mesoporous, with a particular emphasis on micropores [35]. Hence, an
analysis was conducted on the pore characteristics of each pore in the shale both prior to
and after treatment.
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3.2.2. Changes of the Pore-Structure Parameters Based on N2

Table 2 summarizes the parameters of the pores before and after treatment based on
the N2 adsorption and desorption. As can be seen in Table 2, the contribution of micropores
to the total specific surface area and total pore volume is minimal; mesopores contribute
the most to the specific surface area (more than 80%), and mesopores and macropores
contribute equally to the total pore volume. The results showed that the specific surface
area (SBET), total pore volume (TPV), and average pore diameter (Da) decreased after the
ScCO2–slickwater treatment. However, after the ScCO2–distilled water treatment, the
SBET and Da decreased, but the TPV increased. In addition, the specific surface area and
pore volume corresponding to the micropores, mesopores and macropores were reduced
after the treatment with ScCO2–slickwater. This phenomenon indicates that the ScCO2–
slickwater treatment can simultaneously affect micro-, meso-, and macropores.

Table 2. SSA, PV, and Ra of the shale pores based on N2.

Sample
Surface Area (m2/g) Pore Volume (cm3/kg)

SBET
(m2/g)

TPV
(cm3/kg)

Da
(nm)Micro

(HK)
Meso

(BJH-ad)
Macro

(BJH-ad)
Micro
(HK)

Meso
(BJH-ad)

Macro
(BJH-ad)

Untreated 0.153 2.018 0.139 0.1299 5.384 6.374 2.128 16.199 30.443

ScCO2–slickwater 0.114 1.712 0.090 0.0976 4.560 2.943 1.822 7.656 16.812

ScCO2–distilled
water 0.207 1.982 0.140 0.174 5.521 6.702 2.477 12.341 19.932

He–slickwater 0.116 1.813 0.144 0.100 4.549 6.222 2.081 14.175 27.247

Upon treatment with ScCO2–distilled water, the specific surface area of the micropores
underwent a significant augmentation, whereas the corresponding areas of the meso- and
macropores exhibited negligible variation. Correspondingly, the pore volume of the micro-
pores increased substantially, and the pore volume of the meso- and macropores increased
slightly. The SBET increased, while the TPV and the Da both decreased. The aforementioned
findings suggest that ScCO2–distilled water primarily exerts a notable influence on the
microporosity characteristics of shale. The sample, following treatment with He–slickwater,
exhibited a diminished specific surface area of micropores and mesopores, coupled with a
marginal increase in the specific surface area of the macropores. The pore volume within
the micropores, mesopores, and macropores underwent a decline. Similarly, the SBET and
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TPV also decreased, accompanied by a reduction in the average pore diameter. Given that
helium is an inert gas, this shift in pore structure parameters is attributed to the influence
of the slickwater [9].

The pore size distribution (PSD) of the shale samples before and after treatment
evaluated from the NLDFT model are presented in Figure 4. As observed in the PSD curves
depicted in Figure 4, it is evident that the micropores within the samples exhibit limited
development. However, the mesopores, particularly those falling within the range of
3 nm to 40 nm, are more prominently developed, with the peak concentration observed in
pores possessing diameters of 4–6 nm. Despite the alterations in the pore parameters, it is
noteworthy that the PSD trend of the treated samples remained unchanged. For example,
the PSD peaks of all the samples appeared at 4–6 nm, which is consistent with the fact that
the shape of the N2 adsorption–desorption isotherm did not change substantially. Upon
treating the samples with ScCO2–slickwater, it was observed that the differential pore
volume distribution diminishes within the range of 2–30 nm. This finding aligns with the
results presented in Table 2, indicating a reduction in the pore volume of the mesopores.
After treatment with ScCO2–distilled water, the samples exhibited a significant increase
in the differential pore size distributions of both the micropores and mesopores. Notably,
the peak increase at 4–6 nm was particularly prominent, aligning with the augmentation
in the pore volume observed for both micropores and mesopores, as detailed in Table 2.
For the samples treated with He–slickwater, the differential pore size distribution increases
significantly at 3–5 nm while decreasing slightly at 7–30 nm.
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3.2.3. Fractal Dimensions of Sample Based on N2 Isotherms

The fractal dimension of the N2 isotherm can be calculated using the widely used
Frenkel–Halsey–Hill (FHH) model, which assumes that the thickness of the adsorbate layer
on a pore surface is directly related to the fractal dimension of that surface [36]. Moreover,
it implies that the adsorbate molecules’ behavior is influenced by the potential field created
by the adsorbent surface, as follows:

ln
V

Vm
= C + Aln

[
ln
(

P0

P

)]
(8)

where V implies the volume of the adsorbed N2, cm3/g at STP; the value Vm is the maxi-
mum volume of N2 needed to cover a monolayer, measured in cm3/g at STP completely
and it can be determined by using the BET model; P0 represents the saturated vapor pres-
sure of N2, MPa; P denotes the equilibrium pressure of N2 adsorption, MPa; C is a constant.
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By graphing ln(V/Vm) against ln[ln(P0/P)] using a double logarithmic coordinate system, a
linear connection may be shown. The slope of this line corresponds to the value of A.

Two types of forces predominantly govern the adsorption of gases on pore surfaces:
van der Waals forces (VDW) and capillary condensation [37]. The VDW mechanism is the
main process involved in the formation of a monolayer. Primarily, the interactions between
the solid and vapor phases govern this process. Conversely, capillary condensation occurs
in a later stage of adsorption, primarily influenced by the interactions between the liquid
and vapor phases. Researchers have documented two distinct fractal dimension values,
each stemming from the respective relative pressure ranges of 0–0.5 and 0.5–1.0. The fractal
dimension is evaluated within the VDW force regime, spanning relative pressures from
0 to 0.05, and during the capillary condensation phase, encompassing relative pressures
from 0.5 to 1.0.

D2 = A + 3 (9)

Figure 5 demonstrates that the FHH model accurately depicts the fractal characteristics
for relative pressures ranging from 0 to 0.5 and from 0.5 to 1. The correlation coefficients
(R2) are equal to or greater than 0.977 for all samples, except for the untreated sample at a
relative pressure >0.5, which suggests that the FHH model is applicable to N2 adsorption
on shale. The gentler incline on the left side of the FHH plot is associated with capillary
condensation when the adsorbate gathers within the pores. On the other hand, the greater
degree of incline on the right side of the FHH graph is interpreted as evidence of both single-
layer and multiple-layer adsorption taking place within the pores [38]. When the relative
pressure is less than 0.5, the fractal dimension increases gradually with the untreated
sample, ScCO2–slickwater-treated sample, ScCO2–distilled water-treated sample, and He–
slickwater-treated sample, as shown in Table 3. Extensive research studies have put forward
the theory that the fractal dimension observed at relatively low pressures corresponds to
the influence exerted by van der Waals (VDW) forces, thereby serving as an indicator of the
surface fractal dimension. This, in turn, can effectively represent the degree of roughness
present on the surface of the pores.
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Table 3. The parameters of fractal dimensions of shale sample derived from the FHH model.

Sample P/P0 < 0.5 P/P0 > 0.5

Fitting Equation D R2 Fitting Equation D R2

Untreated y = −1.277x + 0.455 1.723 0.977 y = −0.104x + 1.053 2.896 0.781

ScCO2–slickwater y = −0.508x + 0.434 2.492 0.998 y = −0.418x + 0.475 2.582 0.999

ScCO2–distilled water y = −0.499x + 0/425 2.501 0.999 y = −0.366x + 0.517 2.634 0.996

He–slickwater y = −0.475x + 0.430 2.525 0.999 y = −0.420x + 0.436 2.580 1

This indicates that the sole impact of slickwater results in significant alterations to the
roughness and intricacy of the shale’s micropores. This aligns with the observation that
both the specific surface area and pore volume of the micropores underwent a substantial
decrease in the sample subjected to the He–slickwater treatment. When slickwater interacts
with ScCO2 or solely ScCO2 combines with distilled water, it likewise elevates the roughness
and intricacy of the micropores, albeit to a lesser extent than ScCO2–slickwater. The fractal
dimension under elevated relative pressures corresponds to the phenomenon of capillary
condensation and signifies the fractal dimension of the pore structure, which can be utilized
to delineate the irregularity of pores [38]. Table 3 reveals that the ScCO2–slickwater and
He–slickwater treatments both significantly mitigate the irregularity of the pore structure,
though the ScCO2–distilled water treatment exhibits a relatively modest reduction in pore
structure irregularity.

3.3. Analysis of the Pore Characteristics Based on MIP

The mercury intrusion and extrusion curves for untreated and treated shale samples
are depicted in Figure 6. It is evident that the shapes of the intrusion and extrusion curves
for the treated shale samples remain largely unchanged, suggesting a minimal alteration
in the pore throat geometry of these samples. This observation aligns well with the
variations observed in the N2 adsorption and desorption isotherms prior to and following
the treatment process. The mercury intrusion and extrusion curves can be divided into
three segments. When the pressure drops below 0.1 MPa, a rapid surge in mercury content
signifies the existence of macroscopic cracks within the samples. Upon the increment of
pressure from 0.1 MPa to 10 MPa, a near-linear surge in the mercury quantity was observed,
suggesting a notably consistent distribution of macropores. Upon an increase in intrusion
pressure, from 10 MPa to 227 MPa, a notable acceleration in the mercury volume was
observed, suggestive of a substantial presence of pore throats within the mesopore size
range in the samples.

The pore size distribution of shale is shown in Figure 7. The untreated shale is dom-
inated by mesopores, accounting for 90.33% of the total porosity. After treatment with
ScCO2–slickwater, ScCO2–distilled water, and He–slickwater, the TSSA and TPV of the
shale show an increasing trend (Table 4). Observing Figures 8 and 9, it is evident that the
SSA and PV values within the mesopores underwent a decrease of 0.94% and 1.74%, respec-
tively, while the macropore proportion experienced a corresponding increase. Micropores
and fine mesopores mainly determine the SSA, and mesopores mainly determine the PV.
Therefore, the TPV increases with the increase in the number of macropores. The MIP
data showed the Da increased after the ScCO2–distilled water treatment and decreased
after the He–slickwater treatment. Therefore, the reasons for the pore changes caused by
the two treatments are different [39]. The process of extraction and dissolution, stemming
from the treatment with ScCO2–distilled water, has the potential to transform smaller shale
pores into larger ones, thereby causing a decrease in the TSSA as the number of mesopores
increases. In addition, the precipitation of secondary minerals in the pores may lead to
clogging of the macropores, resulting in a reduced TPV. The relative content of different
pore types determines the Da. After the ScCO2–distilled water treatment, the proportion
of macropore volume increased by 2.55%, and the Da also increased correspondingly. In
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addition to the mineral dissolution and ion precipitation caused by the water environ-
ment, PAM adsorption is also the reason for the decreased shale pore number after the
He–slickwater treatment [40]. The gelatinized PAM may enter the macropores under a
certain gas pressure and adhere to the inner wall of the shale pores, thus reducing the
Da. As a result, the enlargement in the pore volume within the shale subjected to the
ScCO2–slickwater treatment can be attributed to the extraction and dissolution of minerals.
Conversely, the reduction in the macropore volume may stem from the combined influence
of ion precipitation and PAM adsorption [41].
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Table 4. The SSA, PV, and Da of the shale pores based on MIP.

Sample
SSA (m2/g) PV (cm3/g)

Da (nm)Meso- Macro- TSSA Meso- Macro- TPV

Untreated 1.543 0.165 1.709 0.007 0.009 0.015 36.054

ScCO2–slickwater 1.576 0.187 1.763 0.007 0.010 0.017 38.568

ScCO2–distilled water 1.635 0.200 1.835 0.008 0.011 0.019 40.976

He–slickwater 2.328 0.181 2.509 0.010 0.010 0.020 31.253
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3.4. Effect of ScCO2 and Slickwater on the Wettability of Shale Surface

Given that the roughness of the rock surface can significantly influence the accuracy
of the contact angle measurement, it is imperative to employ an atomic force microscope to
precisely characterize the shale’s surface roughness [42]. Figure 10 illustrates the 2D and
3D surface morphology of shale treated by different conditions. It can be found that all the
chips’ surface roughness was within 1 µm, and the roughness factors of Yanchang shale
were 1.0227–1.0453. It is believed that the low surface roughness (<1 µm) is not influential
during contact angle measurements. Hence, the roughness did not influence the wettability
tests in this study [43].
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Figure 11 shows the results of contact angle measurements. The contact angles of the
untreated shale were 50◦–60◦, indicating that the raw samples’ surface was intermediate
water-wet. After the ScCO2–water treatment, the shale’s water wettability was significantly
vitiated (contact angles: 70◦–80◦). As rock wettability is closely associated with chemical
structures or mineral contents and surface morphology, the AFM results suggest that the
influence of morphology on wettability can be trivial, and the mineral contents can be the
dominant influence factor [44]. Previous studies and the results of XRD in this work have
shown that clay minerals and carbonates can be decreased in the CO2–water–shale system,
and the amount of clay minerals and carbonates determines the hydrophilicity of the rock
surface, which explicates the variation of contact angle measurements [45].

Additionally, the contact angles of the samples treated by ScCO2 and slickwater were
60◦–70◦, indicating that slickwater may deter the water wettability from weakening due to
CO2. Slickwater consists of network and crosslinked-structure PAM, which can be absorbed
on the shale’s surface. Earlier work found that PAM could interact with CO2, which may
prevent rock exposure to CO2 and mineralization, which is in accord with the results of
XRD in this work [9].
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3.5. Implications for the CO2 Geological Sequestration and Shale Gas Recovery

Previous studies have clarified that the first decade’s security of CO2 geo-storage can
be determined by the capillary force, which is related to the wettability of the rock surface,
liquid surface tension, and capillary radius [46]. This can be characterized by the following
formula:

P = (ρbrine − ρco2)gh =
2γcosθco2/water/solid

r

where P is the capillary force (mN/m2), γ is the surface tension of the liquid (mN/m),
and here it is the water surface tension, γwater = 72.8 mN/m, r is the capillary force, and
in this study, it can be regarded as the average pore radius of the shale based on LP-NA
tests. According to the results of the contact angle measurements and LP-NA, the change
of the capillary force of the shale treated by different conditions is shown in Figure 12.
Compared with the raw samples, shale samples treated by ScCO2 suffered a massive loss
of capillary force. Since the capillary force controls the efficiency of the structural trapping,
the CO2–water–shale systems impair the trapping capability of Yanchang shale. Although
using slickwater decreased the negative effect of CO2 on the shale capillary force, it may
still be in an inferior position against the buoyancy of the CO2 plume in the reservoirs.
Therefore, it is necessary to find solutions to change the capillary force of shale artificially in
the future. At the same time, the change of the capillary force will not only affect the sealing
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stability of shale but also influence unconventional natural gas recovery [45]. Reducing the
capillary force would decrease the driving force of the water flow in shale pores, which
may undermine the blocking effect of water on shale pore structures. Since the blocking
effect can be detrimental to the shale gas flow in the shale pores, the change of the capillary
force can be conducive to the shale gas recovery [45].
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4. Conclusions

In this study, low-pressure N2 adsorption tests and Mercury intrusion porosime-
try tests provide information on the change of the pore structures of Yanchang ScCO2–
slickwater-treated shale. In addition, contact angle measurements were used to observe
the surface wetting behavior to facilitate the investigation of the capillary force of shale.
Our findings indicate that after the ScCO2–slickwater treatment, pore connectivity was im-
paired due to more micro- and mesopores emerging. The fractal dimensional analysis also
suggests that the hybrid treatment strengthened the roughness with pore channels. Based
on the XRD results, we assume that the mechanism of pore characteristic changes may be
ascribed to the adsorption of PAM and mineralization. This was indirectly proved by the
shale surface wetting behavior after the ScCO2–slickwater treatment, as the network and
crosslinked-structure PAM can deter the water wettability weakening caused by exposure
to ScCO2. Therefore, using slickwater can decrease the negative effect of CO2 on the shale
capillary force to benefit the shale gas recovery, but it may negatively affect the security of
CO2 geo-sequestration.
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