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Abstract

Understanding storage characteristics of CH4 and COz in shale media is important for enhanced
gas recovery and geological CO2 sequestration. This work reports a molecular simulation study of CHa
and CO: storage behaviors in kerogen nanopores partially saturated with brines. Molecular
distributions of pure CH4, pure CO2 and their mixtures in the kerogen nanopores are quantified and
divided into three distinct zones: adsorption between kerogen surfaces in Zone 1, aggregation at the
kerogen-brine (water) interface in Zone 2, and gas dissolved in the confined brine in Zone 3. The gas
uptake is found to be affected by two different types of storage mechanisms: adsorption (i.e. in Zone
1) and dissolution (i.e. in Zones 2 and 3). Uptake of CH4 and CO:2 decreases linearly with increasing
salinity, but with different mechanisms. CH4 uptake is dominated by its adsorption in Zone 1, where
its density distribution is not affected, but the available volume decreases as salinity increases. On the
other hand, COz2 solubility in brine contributed by Zone 2 and Zone 3 can be comparable to its
adsorption in Zone 1. As salinity increases, significant decrease in CO2 solubility in brine is observed,
besides the available volume reduction in Zone 1. For mixture sorption, the CO2 density is enhanced
in the region of CH4/CO2/brine (water) interface, while that of CHa slightly decreased. Furthermore,
increasing salinity leads to decreased amounts of recovered CH4 and sequestrated CO2. Our work
provides new and important insights into enhanced gas recovery by CO:2 injection and geological CO:
sequestration in shale reservoirs.
Keywords: Molecular simulation; Enhanced gas recovery; CO:2 sequestration; Adsorption;

Dissolution; Salinity
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1. Introduction

Driven by the sustained economic development, the global energy consumption has been growing
continuously [1]. As a result, CO2 emissions from fossil fuel combustion have created many
environmental concerns. CO2 enhanced shale gas recovery (CO2-ESGR) is regarded as a promising
technology which can not only satisfy the ever-growing global energy demands, but also mitigate the
global warming and climate change by injecting CO: into the underground [2,3]. The injected COz is
capable of promoting shale gas production [4]. In the meantime, depleted shale gas reservoirs possess
huge potentials for geological CO2 sequestration [5]. Besides, the enhanced CH4 production can help
offset the cost of CO2 sequestration, which makes it economically more viable [6].

Shale gas is mainly composed of CH4. Kerogen makes up the majority of organic matters in shale
and has been reported to have a significant number of nanopores, which is recognized as the main
storage site for shale gas [7,8]. Shale gas storage has been classified into three distinct forms: gas
adsorption on pore surfaces, free gas filling in open pores and microcracks, and dissolved gas in
formation fluid and kerogen matrix [9]. Generally, adsorption is thought to play a crucial role in the
total gas uptake due to the strong fluid-surface interactions in nanopores [10,11] and the larger
adsorption capacity of CO2 than CH4 makes it possible for CO2-ESGR [12-14]. On the other hand,
kerogen can be partially saturated with formation water (brine) due to the presence of connate water
and hydraulic fracturing, which carries varying degrees of salinity [21-23], while CO2 solubility
trapping is one of the key geological CO2 sequestration mechanisms [19]. Therefore, understanding
the mechanisms for gas storage in kerogen nanopores is essential to determining shale gas production
and the potential of geological CO2 sequestration in depleted shale gas reservoirs.

Many experimental studies have been conducted on the adsorption of CH4 and COz2 in shale at a

macroscale level, such as measuring gas uptake in shale samples under controlled temperature and
3



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

pressure conditions. Previous research showed that the total organic carbon (TOC) is a key factor
controlling the gas uptake in shale and a strong positive correlation of sorption capacities for both CHa
and COz with TOC has been widely reported [18,20-22]. Many experiments have addressed the
moisture effect on gas adsorption by comparing the adsorption capacities in dry and moisture
equilibrated shale samples [18,20,23-26]. The results generally indicated that the presence of water
results in lower gas adsorption capacities by occupying the pore volume and competing for adsorption
sites. These experimental studies have shed light on the macroscopic adsorption properties of CHa or
CO:z2 in kerogen or shale samples. However, experimental techniques have some inherent limitations
in probing the microscopic mechanisms of gas adsorption and recovery process.

Molecular simulation approaches, such as molecular dynamics (MD) and grand canonical Monte
Carlo (GCMC) simulations, can provide useful information from a molecular perspective. To represent
kerogen nanopores, simplified carbon slit models have been widely used in previous studies.
Kurniawan et al. [27] studied the adsorption of CH4 and CO: in carbon slit pores and found that the
interaction potential between CO:z and the pore surface is much stronger than that between CH4 and
pore surface. Similar trends were also reported in other simulation works [28]. A realistic kerogen
matrix is far more complicated than the perfect graphite surface in terms of chemical compositions
and structural properties. Zhao et al. [29] investigated the effect of moisture content on the adsorption
behavior of CHs in type Il kerogen matrix. They reported that the CH4 adsorption capacity on moist
kerogen decreases with the increasing moist content. Similar conclusions were also obtained for CH4
and CO2 adsorption in Huang et al. [30]. Zhou et al. [31] also studied the moisture effect on the
CH4/CO2 adsorption in kerogen slit pores. Water forms clusters in the middle of kerogen slit pores,
which reduces CH4 pore filling, thereby leading to a decrease in the CHa adsorption capacity. For

CH4/CO2 binary mixtures, CHs adsorption capacity decreases as the moisture content increases,
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whereas the effect of moisture on CO2 adsorption capacity depends on its mole fractions. In general,
previous studies on gas adsorption reported a negative effect of moisture on CH4 and CO2 adsorption
capacity, while they generally ignored gas dissolution in water. On the other hand, a number of studies
reported an enhanced CHs and COz2 solubility in nanopores filled with water. For example, Liu et al.
[32] reported that CHa solubility in water confined in nano-porous silica materials can be two to three
orders of magnitude higher than its bulk solubility. Besides, enhanced CHs and CO2 solubility in water
confined in zeolites and metal—organic frameworks [33] as well as clay interlayer nanopores [34] have
been reported. In other words, the brine confined in kerogen nanopores may dissolve a non-negligible
amount of CO2. Moreover, in these studies, pure water has been commonly used, which cannot
represent the formation water in shale reservoirs which is highly saline [35-37], with its salinity
increasing with the burial depth [35,38]. When CO: is injected, it gets in contact with brine. Both
moisture and salinity could affect the adsorption and dissolution of CH4 and COz in kerogen nanopores
and subsequently affect CH4 recovery and geological CO2 sequestration. Thus, it is imperative to
explicitly study the effect of brine salinity on gas adsorption and dissolution in an integrated manner
to reveal the underlying mechanisms of enhanced gas recovery by CO: injection and geological CO2
sequestration in partially saturated kerogen nanopores.

Therefore, the current study aims to investigate the effect of salinity on adsorption and dissolution
of pure and binary mixtures of CH4 and COz in kerogen nanopores in the presence of brine by using
GCMC simulations under typical shale reservoir conditions (338.15 K and pressure up to 60 MPa).
This work attempts to provide potential guidance for CHa4 recovery and geological CO2 sequestration
in shale reservoirs. Previous studies suggested that slit-shaped pores constitute the majority of the pore
structures in shale formations [39—-41]. Thus, in this work, an atomic model of kerogen slit nanopores

is created to describe the common pore structures in organic matters. NaCl solutions of varying salinity
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are used to represent brine. The adsorption behaviors of pure CHa, pure CO2 and their binary mixtures
in the kerogen slit pores filled with brines of varying ion concentrations are analyzed systematically.
We use 2 nm kerogen slit nanopores to study the storage mechanisms of CH4 and CO:z in the presence
of brine. The pore system in shale is commonly characterized by micropores (pore diameter <2 nm),
mesopores (2-50 nm), and macropores (larger than 50 nm) [13]. The 2 nm kerogen pores are used as
a representative of micropores, which have relatively large pore volume and specific surface area,
regarded as the main gas storage space [42]. Interactions between CHs, COz2, brine, and kerogen are
discussed in details. Moreover, the salinity effect on CH4 recovery and CO2 sequestration is assessed.
2. Methodology

2.1. Construction of kerogen slit nanopores

The over-mature type 11 kerogen in the gas window with high potential in producing shale gas, is
selected in this work. The corresponding molecular model proposed by Ungerer et al. [43] based on
experimental data [44] is adopted to build kerogen matrixes and slit nanopores. The kerogen chemical
formula is C17sH10209N4S2 and its molecular structure is shown in Fig. la.

The kerogen matrix is generated by performing MD simulations in the canonical ensemble (NVT)
and the isobaric isothermal ensemble (NPT) using the LAMMPS package [45]. The time step for all
MD simulations is 1 fs. The Dreiding force field [46] is adopted to calculate kerogen intramolecular
interactions. Firstly, the initial structure of kerogen macromolecule is relaxed individually by NVT-
MD simulations. Then, 160 relaxed kerogen molecules are randomly placed in a large simulation box
of 20 x 20 x 20 nm? and NVT simulations are conducted at 900 K for 250 ps. The final configuration
of the kerogen matrix is generated following the MD relaxation procedure proposed by Collell et al.
[47]. The density of the final kerogen matrix converges to 1.24 g/cm?, which is within the range of

mature kerogens (1.18 ~1.35 g/cm?®) [48]. The kerogen matrix is extended in the Z-direction to create
6
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a slit pore as illustrated in Fig. 1b. Slit models with a pore width of 2 nm are selected. The pore width
W is defined as the distance between the very last atoms from each kerogen surface in the Z-direction.
The kerogen slit pore is then filled with brines of different salinities (0 M for pure water, 2.03 M, 4.06
M and 6.09 M), assuming that the amount of pre-adsorbed water/brine remains constant during
simulations. NaCl aqueous solution is selected to represent the brine in kerogen [38]. In detail, 1970
water molecules as well as 0, 72, 144 and 216 pairs of Na* and ClI" ions are placed in the space between
two kerogen sheets, corresponding to the salinity of 0 M, 2.03 M, 4.06 M and 6.09 M, respectively.
The brine densities within nanopores are 0.451 g/cm? for pure water, 0.505, 0.558 and 0.612 g/cm? for
2.03 M, 4.06 M and 6.09 M, respectively, which are defined as the total mass of brine per unit pore

volume.

@ (b) |

eC OH @O eN @S X

Fig. 1. (a) Molecular model of type I1-D kerogen. (b) Molecular model of the kerogen slit nanopore.
The pore width is 2 nm. Carbon atoms are represented by gray, hydrogen by white, oxygen by red,
nitrogen by blue, and sulfur by purple spheres, respectively.

2.2. Intermolecular Interactions
The TraPPE-UA force field [49] is adopted for CH4 molecules. The CO2 molecules are described
by a rigid TraPPE model [50]. The length of the C-O bond and the O-C-O bending angle are fixed as

1.16 A and 180°, respectively. For water molecules, the simple point charge extended model (SPC/E)
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[51] is chosen, in which the O-H bond length is 1 A and the H-O-H bending angle is 109.47°. The
Smith-Dang potentials [52] are applied for Na* and CI~ ions. The Lennard-Jones (LJ) parameters are
summarized in Table 1. The Lorentz-Berthelot mixing rules [53] are employed to calculate the
interactions between unlike atoms. The non-bonded interactions include contributions from the short-
range interactions (LJ 12-6 potential energy) and the Coulombic (electrostatic) interactions. A cutoff
radius of 1.4 nm is used to compute LJ interactions with a tail correction [54]. The Coulombic energy
is computed using the Ewald summation method [55].

Table 1 The LJ parameters and partial charges [49-52]

Atom gk (K) o (A) q (e)
CH4 148.0 3.73 0.00
C-CO2 27.0 2.80 +0.70

0-CO2 79.0 3.05 -0.35

0-H20 78.18 3.166 -0.8476

H-H-0 0 0 +0.4238
Na 65.42 2.35 +1.0
cl 50.32 4.4 -1.0

2.3. Simulation details

The systems containing brines of varying salinities are first equilibrated through a 26-ns NVT
MD simulation at 338.15 K. The kerogen sheets are rigid, while water molecules and ions are allowed
to move freely. Subsequently, the produced configurations are used for gas adsorption in kerogen slit
pores. GCMC simulations are carried out to simulate the adsorption of pure CHa, pure CO2 and
CHa4/CO2 mixtures in kerogen slit pores filled with brines at 338.15 K. The GCMC technique is a

stochastic method that simulates a system with a constant volume V in equilibrium with an infinite
8



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

reservoir imposing chemical potential x and system temperature T [56]. During GCMC
simulations, kerogen is treated as a rigid material. For each system, the numbers of water molecules
and ions are constant, assuming that the brine remains within the pore during the gas recovery and CO2
sequestration process. For CH4, three types of moves are attempted, including translation, insertion,
and deletion, whereas for CO2 and H20 molecules, rotational moves are additionally implemented. For
Na* and CI ions, only translational moves are applied. A total number of 40,000 cycles per fluid
molecule is carried out for each pressure condition, with the first half used for the equilibration stage
and the second half for the sampling stage. The gas chemical potentials are obtained by the Widom’s
insertion method [57,58] using Monte Carlo simulations in the NVT ensemble, where the fluids are
simulated in the bulk phase. The density of bulk mixtures is calculated by the Peng—Robinson equation
of state (PR-EOS) [59]. MCCCS Towhee [60] is applied in all the MC simulations.

Helium adsorption [61,62] is used to estimate the effective pore volume within kerogen slit pores
with water/brine filled. Helium is assumed to be a non-adsorbing gas and its solubility in water is
negligible [63,64]. The pore volume can be calculated based on the number of helium molecules filled

within the kerogen pores (excluding those in the kerogen matrix),

v, = Ml 1)

Ple bulk

where <NHe> is the ensemble-averaged number of helium molecules filled in kerogen nanopores, and
Prepa 1S the bulk number density of helium at given temperatures and pressures. Detailed simulation
parameters of helium adsorption in kerogen can be found in our previous work [65]. Effective pore
volumes of the moist kerogen slit pores as a function of salinity are plotted in Fig. S1. The effective

pore volume decreases linearly with salinity.
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3. Results and Discussion

In this section, we first investigate the single-component gas uptake of CH4 and COz2, and then
CHa4/CO2 binary mixtures in kerogen nanopores. The effect of salinity is analyzed in detail. In the last
part, the salinity effects on CHa recovery and CO2 sequestration during pressure drawdown and CO2
injection processes are discussed.
3.1. Adsorption and dissolution of pure gases in kerogen nanopores

The equilibrium configurations of CHa4 and brine in kerogen nanopores at 338.15 K and 40 MPa
are shown in Fig. 2. Due to high water/brine content, large water/brine clusters form in the middle of
the pore and ions are distributed evenly within. Compared to our previous work [31] with a lower
water density, water/brine clusters in this work are much wider and large areas of water/brine clusters
are in contact with the kerogen surface. CH4 molecules surround each water/brine cluster but negligible
intermolecular diffusion has occurred. Equilibrium snapshots of CO2 and brine in kerogen nanopores
at 338.15 K and 40 MPa are shown in Fig. 3. Similarly, a large water/brine cluster is formed in the
middle of each pore and occupies a large volume. There is a significant difference, however, between
Figs. 2 and 3, that CO2 molecules in the COz/brine(water)/kerogen system wrap tightly around the
water/brine cluster, especially under low salinities. This is because CO: has a stronger affinity than

CHa to both water/brine and kerogen surface.
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(a) 0 M, pure CH, (b) 2.03 M, pure CH,

@CH, <~ HO @Na Cl

Fig. 2. Equilibrated snapshots of CH4 and brine in kerogen nanopores with different salinities: (a) O
M; (b) 2.03 M; (c) 4.06 M; (d) 6.09 M at 338.15 K and 40 MPa with an average H20 density of 0.451
g/cm?® within kerogen nanopores.

(a) 0M, pure CO, |

12 03 W pae S

®00CO, ~ H,O0 Cl @Na

Fig. 3. Equilibrated snapshots of CO2 and brine in kerogen nanopores with different salinities: (a) 0
M; (b) 2.03 M; (c) 4.06 M; (d) 6.09 M at 338.15 K and 40 MPa with an average H20 density of 0.451
g/cm? within kerogen nanopores.
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The total gas uptake of pure CH4 and CO2 in moist kerogen nanopores with varying brine salinities
under different pressures is plotted in Fig. 4. Under the same pressure and salinity, pure CO2 uptake is
much larger than that of CH4. Both CH4 and COz uptakes decrease linearly with salinity. In Fig. 5, we
present the 2-D density contour plots of pure CH4 and CO2 at 338.15 K and 40 MPa. For clarity, the
kerogen sheets are not shown. We find that the CHadensity is close to 0 at the center of the pore, where
the water/brine clusters reside. In Fig. 5a, an extremely thin CHa layer forms between the water/brine
cluster and kerogen surfaces. As salinity increases, the CHs layer becomes thinner and nearly
disappears at 6.09 M as shown in Fig. 5d. On both sides of the water/brine cluster, the CH4 density
near the kerogen surface is very high with an obvious adsorption layer, which is similar to the dry
conditions as reported in Jiang et al. [66]. For COz, as depicted in Figs. 5e-f, a very distinct COz layer
is formed at the kerogen-brine (water) interface as in Li et al. [67]. Similar to CHa, this layer becomes
thinner as salinity increases. On both sides of the water/brine cluster, CO2 density is higher than that

of CH4 and the adsorption layers are more obvious.
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Fig. 4. Uptake of (a) CHas; (b) CO2 in kerogen nanopores under various pressures and salinities at
338.15 K. The scatter points are obtained from GCMC simulations and the lines are from linear fitting.
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Fig. 5. Two-dimensional contour plots of CH4 (a-d) and CO2 (e-h) density distributions in 2-nm
kerogen pores under different salinities at 338.15 K and 40 MPa. (i) Schematic diagram of three

distinctive zones of CHa4 and CO: distributions in a 2 nm moist kerogen pore. The position X =0 A, Z
=0 A dictates the center of the pore.

According to the distributions of CH4 and COz in kerogen slit pores, their density profiles can be
divided into three distinct zones as presented in Fig. 5i. Zone 1 consists of the gas molecules adsorbed
in the pore space away from the water/brine cluster. Zone 2 represents the gas molecules accumulating
at kerogen-brine (water) interfaces. Zone 3 contains the gas molecules dissolved in the water/brine
cluster. As in the previous study [67], gas molecules in Zone 2 and Zone 3 can be denoted as dissolved

gas in confined brine. To better study the salinity effect, density profiles of CHs and CO: in these three
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zones along the Z-direction are plotted in Figs. 6 and 7, respectively. The density profiles in Zone 1
are given as those at X = -34 A, while those in Zones 2 and 3 are at X = 0 A. As shown in Fig. 6a,
there is only a slight decrease in the CH4 density in Zone 1 with the addition of NaCl. As salinity
further increases, such a trend is not obvious. In Zone 2, the CH4 density corresponds to the thin CH4
layer in Fig. 5. As salinity increases, the CHa density in Zone 2 slightly decreases. Combining Fig. 6b
and Fig. 6¢, we find that in Zone 2, CH4 and H20 co-adsorb on the kerogen surfaces. In Zone 3 (see
Fig. 6b), the CHa4 density is close to 0, indicating that only a small number of CH4 molecules are
dissolved in the water/brine cluster.

For COgz, Fig. 7a dictates that the trend of CO2 density in Zone 1 is similar to that of CH4 except
that the decrease in COz density is more obvious upon the addition of ions. As can be seen in Fig. 7b,
the density of the CO2 layer in Zone 2 is comparable to that in Zone 1. As salinity increases, CO2
density in Zone 2 decreases. Interestingly, in contrast to the CHa case (Fig. 6¢), the H20 density near
the kerogen surface (Zone 2, Fig. 7c) is suppressed when salinity is less than 2.03 M. It suggests that
the presence of CO2 has a great influence on the wetting behavior of the kerogen surface. Without COz,
the kerogen surface exhibits a partially water-wetting feature. With CO2, kerogen is transformed into
a less-water-wetting substrate. However, such a transition is not observed with CHa. This finding
agrees with the previous simulation results [68]. Moreover, as salinity increases, the density of the CO2
layer decreases. Density profiles in Zone 3 as depicted in Fig. 7b, present that CO2 dissolution within
the water/brine cluster is obvious and its solubility is much higher than that of CH4. Moreover, the
ratios of CH4 and CO2 uptake in each zone to their total uptake and the corresponding uptake are
plotted in Fig. S2. As shown in Fig. S2a, over 90% of the total CH4 uptake is contributed by its
adsorption in Zone 1, while CO2 uptake in Zone 2 and Zone 3 contributes more than 20% to the total

uptake. As discussed in Fig. 6a and Fig. 7a, the density distributions in Zone 1 are generally

14



241  independent of salinity, while those in Zone 2 and Zone 3 decrease as salinity increases. Therefore,
242 salinity shows a larger effect on the total uptake of CO2 than that of CHa.

243 Following the previous works using completely water-filled nanopores [67,69], we define the
244  COg solubility in confined brine as the sum of gas uptake in Zone 2 and Zone 3. The CO2 uptake in
245 Zone 2 is included because CO2 and H20 can be co-adsorbed in this region (see Figs. 6 and 7). The
246 schematic diagram of CO: dissolution and the corresponding COz2 solubility in confined brine under
247  different salinities are given in Fig. S3. COz2 solubility in confined brine is generally three or four times
248  of its bulk solubility, while CO2 uptake at the kerogen-brine (water) interface (Zone 2) is an important
249  contribution to the over-solubility. A similar phenomenon is also observed in the enhanced CO:

250  solubility in hydrophobic kaolinite nanopores under typical geological conditions [67].
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252 Fig. 6. CHa4 density profiles in (a) Zone 1; (b) Zone 2 and Zone 3; (c) Water; (d) lon density profiles
253 in Zone 2 and Zone 3 at 338.15 K and 40 MPa. The position Z = 0 A is the center of the pore.
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3.2. Adsorption and dissolution of CH4/CO> mixtures

Gas uptake of CH4/CO2 equimolar mixtures in kerogen nanopores filled with brines of varying
salinities is also calculated by GCMC simulations. The corresponding snapshots of gas mixtures in the
moist kerogen slit pores with different salinities at 338.15 K and 40 MPa are shown in Fig. S4. Similar
to pure gas adsorption, water/brine clusters form in the kerogen slit pore. We also note that some CO2
molecules are distributed at the kerogen-brine (water) interface, where CHs molecules can hardly be
seen. Besides, more CO2 molecules stay around the brine cluster. Fig. S5 displays the uptake of CH4
and COz2 in the equimolar mixtures as a function of salinity over a wide range of pressures up to 60

MPa. Under the same pressure and temperature condition, a greater uptake of CO2 over CHas is
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observed, which can be explained by the stronger fluid-surface affinity. The uptake of CH4 and CO2
in the kerogen nanopores almost linearly decreases with salinity.

To explore the effect of salinity on the storage mechanism of CH4/CO2 binary mixtures, we
present the 2-D density contours of CHs and CO: at different salinities and 40 MPa in Fig. 8. The
density distributions of mixtures also conform to the schematic diagram in Fig. 5i, which can be
divided into three zones. As salinity increases from 0 to 6.09 M, both the CH4 and CO: layers at the
kerogen-brine (water) interface (Zone 2) become thinner, although the CH4 layer is not obvious. In
Zone 1, the density distributions of CH4/CO2 mixtures are similar to those in pure component
adsorption. However, two different phenomena are noticeable for CH4/CO2 binary mixtures. As shown
in Fig. 8 (a) and (b), in the region very close to the brine cluster at X = -22 A and X = 20 A (white
dashed lines in Fig. 8), a thin COz2 film wraps around the water cluster, where CHa density is close to
zero. On the other hand, at the CO2/CHa/brine (water) interface (the region within the black dotted
circles in Fig. 8b), a pronounced enhancement in COz density is observed. The same phenomenon is

also reflected in Fig. 8d at 6.09 M.
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Fig. 8. 2-D Contour plots of CH4/CO2 density distributions in 2-nm kerogen slit pores under different

salinities: (a) CH4 and (b) CO2 at 0 M; (c) CH4 and (d) CO2 at 6.09 M at 338.15 K and 40 MPa. The
unit of density is mmol/cm?®. The position X =0 A, Z = 0 A dictates the center of the pore.

The density profiles of CHs4 and CO2 along the X-direction are depicted in Fig. 9a. In Fig. 9a,

CO: distribution exhibits two peaks at X = +27.5 A for a salinity of 0 M, while the CHa distribution
17
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presents two shoulders at X = +29.5 A. Comparing the positions of the peaks/shoulders in the density
profiles of CO2/CHa, we observe that CO: is closer to the water/brine cluster. This observation is
consistent with the 2-D density contours shown in Fig. 8. For comparison, density distributions of pure
CO2 and pure CHg4 are also shown in Fig. 9b and Fig. 9c, respectively. In Fig. 9b, the peak in the CO2
density profiles disappears, suggesting that the CO2 density is enhanced at the CH4/CO2/brine (water)
interface, while a slight decrease occurs in the CH4 density compared to Fig. 9c. As salinity increases,
the peaks/shoulders of CO2/CH4 density distributions migrate towards the directions away from the
water/brine cluster and occupy less volume, resulting in a reduced gas uptake. Moreover, the increased
salinity also leads to a reduction in the densities of both CO2 and CH4 in the center, consisting of the

combined densities from Zone 2 and Zone 3.
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Fig. 9. Density profiles along the X-direction of (a) CH4/CO2 equimolar mixtures; (b) pure COz; (c)
pure CH4 at 338.15 K and 40 MPa.

To clarify the salinity effect on mixture adsorption and dissolution, density profiles of the

CHa4/CO2 binary mixtures in the three zones are illustrated in Fig. 10. In Fig. 10a, the CO2 density in
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Zone 1 slightly decreases with the addition of NaCl, while the salinity effect on CHas density is less
pronounced. In terms of the gas dissolution perspective, in Zone 2 (see Fig. 10b), both the densities of
CHa4 and COz2 decrease as salinity increases. Besides, salinity has a negative effect on the dissolution
of CHs and COz2 in Zone 3. Solubility of CH4 and CO2 mixtures in Zone 2 and Zone 3 with increasing
salinity is shown in Fig. S6. In addition, water density distribution is enhanced near the kerogen surface,
when salinity is higher than 0 M (see Fig. 10b). With increasing salinity, larger enhancement is

observed. This feature is due to the combined effect of CH4 and CO2 adsorption.
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Fig. 10. Density profiles of (a) CH4/CO2 binary mixtures in Zone 1; (b) CH4/CO2 binary mixtures and
water in Zone 2 and Zone 3 at 338.15 K and 40 MPa.

3.3. Implications for shale gas recovery and geological CO; sequestration

In the above sections, we investigated the sorption mechanisms of pure gases and their mixtures
in moist kerogen nanopores. In this section, we discuss how these results could be applied to improve
the efficiency of shale gas recovery and geological CO2 sequestration. To assess salinity effect on shale
gas recovery and geological CO2 sequestration, a simplified recovery process is proposed as in the
previous works [31,70,71]. In this work, the shale gas recovery routine only consists of one traditional
pressure drawdown stage and one CO:2 injection stage. Fig. S7 shows the evolution of CHs average
density during the shale gas recovery process. A typical shale gas reservoir condition at 338.15 K and

an initial pressure of 40 MPa is considered. First, the pressure is dropped from 40 MPa to 20 MPa,
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then CO:z is injected until CO2 and CH4 become equimolar in the bulk mixtures. The final pressure is
determined by the PR-EOS to be 40.5 MPa.

The CH4 recovery amount for the two stages and the corresponding CO2 sequestration amount in
different zones under different salinities are presented in Fig. 11. With increasing salinity, the CHa
recovery amount decreases in both pressure drawdown process and CO2 injection process. Besides,
during the pressure drawdown stage, around 89.9% of methane is recovered from the adsorption region
as Zone 1, while the ratio is a little higher (93.4%) in the CO: injection stage, which suggests that the
recovery mainly occurs in Zone 1, especially for CO2-CH4 competitive adsorption. This can be
explained by the large fraction (~90%) of CHa in Zone 1 in the total CH4 uptake as discussed in Section
3.1. Evolution of CH4 density distributions in the three zones is also depicted in Figs. S8 and S9. In
Zone 1 (see Fig. S8), CHa in the middle of the kerogen slit pores is recovered during the pressure
drawdown process, while the injected CO2 mainly replaces the adsorbed CH4 from the adsorption layer,
which is in line with the previous research [31]. In Zones 2 and 3 (see Fig. S9), CHa density is relatively
low compared to that in Zone 1.

COz2 sequestration amount also decreases with increasing salinity, as depicted in Fig. 11b. As
salinity increases, both the uptake of adsorbed gas (Zone 1) and dissolved gas (Zone 2 and Zone 3)
decrease. The ratio of each zone to the total CO2 sequestrated amount is plotted in Fig. S10. When
salinity is 0 M, around 19.1% of the sequestrated COz is dissolved in Zone 2 and Zone 3. As salinity
increases, the ratio of dissolved CO2 decreases, while that of adsorbed gas slightly increases. The
amount of dissolved CO2 decreases by 14.6%, 24.3% and 33.2% at 2.03 M, 4.06 M and 6.09 M,
respectively, which suggests that the presence of brine has a great impact on the solubility trapping of

CO2 sequestration.
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Fig. 11. CH4 recovery amount (a) and CO2 sequestration amount (b) in different zones with respect to
salinity during the shale gas recovery process in 2-nm kerogen slit pores at 338.15 K.

In summary, density distributions of CHa4, CO2 and their mixtures show that gas uptake in
water/brine-filled kerogen nanopores can be divided into three zones, while salinity has a negative
effect on the total gas uptake. Gas density distributions in Zone 1 are independent of salinity, but the
effective pore volume decreases as salinity increases. In Zone 2 and Zone 3, gas solubility decreases
with salinity. CHa total uptake is mainly controlled by its adsorption in Zone 1, while CO2 dissolution
in brine (i.e. in Zone 2 and Zone 3) can significantly contribute to its total uptake. For CH4/CO2
mixtures, CO2 density is enhanced at the CO2/CHa/brine (water) interfaces, while that of CHa is slightly
reduced due to the stronger affinity of COz2 to both water and kerogen than CHa.

4. Conclusions

The ubiquity of brine in shale formations indicates that the study of brine effects in CH4 and COz2
sorption in kerogen nanopores is essential for the enhanced gas recovery by CO: injection and
geological CO2 sequestration in shale reservoirs. In this work, brine effects on the sorption behaviors
of pure CHy4, pure CO2 and their binary mixtures in kerogen slit pores are investigated through GCMC
simulations. We find that the gas uptake in water/brine-filled kerogen slit pores can be divided into
three distinctive zones and is affected by two mechanisms: adsorption between kerogen surfaces in

Zone 1, dissolution at kerogen/water interface as Zone 2 and in water/brines as Zone 3. The total uptake
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of CH4 and CO2 decreases linearly with increasing salinity. For pure CHs, CH4 density in Zone 1
dominates its total uptake. Salinity has little influence on CHa density distribution in Zone 1, but results
in a decrease in the available pore volume. Salinity effects on CO2 uptake are profound and delicate.
Besides the pore volume decrease in Zone 1, remarkable enhancement in CO: solubility in confined
brine (in Zone 2 and Zone 3) compared to its bulk solubility is observed, which is mainly contributed
by CO2 uptake in Zone 2. Although the presence of brine occupies the volume for gas adsorption, CO2
uptake can be compensated to some extent thanks to its high solubility in confined brine. The CO2
density in Zones 2 and 3 also decreases as salinity increases. Interestingly, with the existence of CO:
adsorption, the kerogen surface is transformed from a partially water-wetting into a less-water-wetting
interface, though this effect is inhibited by the addition of salt. The influence of salinity on the
efficiency of shale gas recovery and COz sequestration is also investigated. Increasing salinity leads to
decreased amounts of recovered CHs and sequestrated CO.. It is also expected that as brine saturation
in kerogen nanopores increases, the contribution of CO2 dissolution mechanism to the total CO2 uptake
decreases.

Our work provides new insights into the brine effects on CH4 and CO2 adsorption in kerogen
nanopores partially saturated with brine under shale reservoir conditions in relation to CO2 enhanced
gas recovery and geological CO2 sequestration. However, in this work, we only considered the pore
width of 2 nm, which is a representative of micropores in kerogen, and the condition of partial brine
filling. Preliminary studies have shown that pore size plays an important role in gas adsorption kerogen
nanopores [27,72]. In addition, the dependence of solubility of CH4 [32,73] and CO2 [33,34] in water
on pore size has been well documented. In the meantime, kerogen surface wettability is dependent on
its maturity [74]. The kerogen surface wettability may have a great influence on the wall/water/gas

interaction [75], which can significantly affect gas adsorption and dissolution in kerogen nanopores.
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The effects of brine content, pore size and kerogen surface wettability on gas adsorption and
dissolution in relation to CO2 enhanced gas recovery and geological CO:z sequestrations in shale
reservoirs would be explicitly studied in our future work.
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