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ABSTRACT: CO, sequestration in shale reservoirs is an economically viable option to alleviate carbon emission. Kerogen, a major
component in the organic matter in shale, is associated with a large number of nanopores, which might be filled with water.
However, the CO, storage mechanism and capacity in water-filled kerogen nanopores are poorly understood. Therefore, in this
work, we use molecular dynamics simulation to study the effects of kerogen maturity and pore size on CO, storage mechanism and
capacity in water-filled kerogen nanopores. Type II kerogen with different degrees of maturity (II-A, II-B, II-C, and II-D) is chosen,
and three pore sizes (1, 2, and 4 nm) are designed. The results show that CO, storage mechanisms are different in the 1 nm pore and
the larger ones. In 1 nm kerogen pores, water is completely displaced by CO, due to the strong interactions between kerogen and
CO, as well as among CO,. CO, storage capacity in 1 nm pores can be up to 1.5 times its bulk phase in a given volume. On the
other hand, in 2 and 4 nm pores, while CO, is dissolved in the middle of the pore (away from the kerogen surface), in the vicinity of
the kerogen surface, CO, can form nano-sized clusters. These CO, clusters would enhance the overall CO, storage capacity in the
nanopores, while the enhancement becomes less significant as pore size increases. Kerogen maturity has minor influences on CO,
storage capacity. Type II-A (immature) kerogen has the lowest storage capacity because of its high heteroatom surface density,
which can form hydrogen bonds with water and reduce the available CO, storage space. The other three kerogens are comparable in
terms of CO, storage capacity. This work should shed some light on CO, storage evaluation in shale reservoirs.

1. INTRODUCTION

Since the industrial revolution, the concentration of carbon

huge potential and holds its distinct advantages.””” First, from

an economic perspective, the enhanced gas/oil production by

dioxide (CO,) in the atmosphere has increased from ~280
ppm to the current level of ~410 ppm." The excessive CO,
emission has caused serious climate concerns (e.g, global
warming).2’3 To reduce CO, content in the atmosphere, CO,
capture and storage (CCS) in geological underground media
becomes vitally important.”* According to the Global Status of
CCS (2019)," the majority of the sequestrated CO, (~30 out
of 37 million tonnes per year) is by means of CO, enhanced oil
recovery (EOR). On the other hand, CO,-EOR is a promising
method for shale exploitation after the primary recovery,” and
the shale oil/gas production would continue to increase for the
next few decades.” Therefore, compared with the plain CO,
geological sequestration, CO, stored in shale reservoirs has a
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CO, injection can significantly offset the financial burden. In
addition, the surface and underground facilities such as wells
and pipelines are readily available to reduce the construction
cost.”” Second, from a technical perspective, the geological

conditions of shale reservoirs have been sufficiently studied.”’
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Shale reservoirs are typically associated with an organic
content from 0.5 wt % to more than 10 wt %.° The organic
matter (i.e., kerogen) in shale reservoirs contain a considerable
number of nano-scale pores.””"* Type II kerogen is commonly
seen in shale media (such as in Bakken formation and Eagle
Ford formation).”'* Type II kerogen can be further divided
into four sub-types (types II-A, 1I-B, II-C, and II-D) from low
to high maturity as the atomic O/C and H/C ratios
decrease.'*™'° On the other hand, during the development
of shale reservoirs, there is a massive amount of water existing
in the shale formations. The possible water sources include (1)
connate water, which typically accounts for 10—30% of the
pore volume;'”'*(2) hydraulic fracturing, in which a large
amount of water is injected with only a small portion being
recovered (e.g., only 7—22% of the injected fluid is recovered
in the Marcellus formation'?); and (3) water alternating gas
flooding, in which massive amounts of water is injected into
shale formations. While the traditional wisdom is that kerogen
is hydrophobic and its hydrophobicity increases as maturity
increases,”””" a few experimental and simulation studies have
shown that water can be trapged in kerogen nanopores even
for an over-matured kerogen.”” >* As a result, it is probable
that a considerable number of kerogen nanopores are filled
with water.

In water-filled kerogen nanopores, the CO, storage
mechanism and capacity are still unknown. For example,
CO, mi%ht exist in kerogen nanopores in the dissolved
form.”»>*> Tt is observed that gas solubility in the solvent in
nanopores differs from that in bulk due to the strong
confinement effect.”® There have been some studies on the
gas solubility in the solvent in nano-scale pores.”””* They
concluded that nano-confinements have significant impacts,
either enhancing or reducing the gas solubility in the solvent
depending on the confinement properties, pore size, as well as
configurations of §as and solvent molecules and their size ratio,
and so forth.”**"3%*>%5 The enhanced and reduced gas
solubilities are referred to as “over-solubility” and “under-
solubility”, respectively. The detailed review of the above
works can be found in our recent work"* and a recent review
paper.”® According to our recent works,**** CO, solubility in
water/brine in the kaolinite and silica nanopores strongly
depends on the confinement surface chemistry. Therefore,
CO, solubility in water in kerogen nanopores might be
dependent on its maturity. In addition, Jin and Firoozabadi*’
reported that when the pore size is small, CO, can displace
water in graphene nanopores which are in chemical
equilibrium with an aqueous phase with CO, dissolved therein,
while in larger pores, CO, can only be adsorbed on the
hydrophobic pore surface. Therefore, the coordinated effect of
kerogen maturity and pore size should be explicitly explored,
which determines the CO, storage form and capacity in the
water-filled kerogen nanopores.

Therefore, in this work, we use molecular dynamics (MD)
simulation to study the coordinated effect of kerogen maturity
and pore size on CO, storage mechanisms and capacity in
water-filled kerogen nanopores. MD simulation is applied
because it is challenging for experiments to investigate the
underlying mechanisms in nanopores at an atomic scale and
under high-temperature and high-pressure geological con-
ditions.”® We use type II kerogen with four different degrees of
maturity (types II-A, II-B, II-C, and II-D'*) associated with
three pore sizes (1, 2, and 4 nm) to represent slit-shaped
kerogen nanopores. While there have been studies on water

and CO, adsorption in the kerogen matrix,"”™>*we use slit-
shaped kerogen nanopores to study the structural properties of
CO, and water as such a geometry is one of the most common
pore shapes in kerogen.”” The temperature and pressure are
353 K and 187.2 + 2.2 bar, respectively, which are the typical
shale reservoir conditions.”**

2. METHODS

In this section, we first describe the simulation setup, and then
molecular models as well as the simulation details are introduced
thereafter.

2.1. Simulation Setup. An example of the simulation setup is
shown in Figure la. The center of the simulation box has water

. BulkCO, | Bulkwater ;  Kerogen nanopore | Bulk water | Bulk CO,
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Figure 1. Simulation system setup: (a) initial configuration of the
simulation system, taking 2 nm nanopore and type II-A kerogen as an
example and (b) morphology of the inner surfaces of the bottom
matrices [see (a)] with their sizes in the x—y plane.

f—— 11.14nm —

confined in a slit-shaped kerogen nanopore. On both ends of the pore,
in the x-direction, two water slabs (serve as outside bulk water
reservoirs) and two CO, slabs (serve as injected CO,) are
symmetrically placed. The kerogen molecules (types II-A, II-B, II-C,
and II-D) are from Ungerer et al,,"*who developed different kerogen
models based on the experimental indexes, such as atomic ratios of
H/C and O/C, aromatic carbon fraction, and heteroatom (N, O, and
S) content. The procedure of constructing the kerogen matrices can
be found in the “Kerogen Matrices Generation” part in the Supporting
Information. The final morphology of the inner surfaces of the bottom
matrices (see Figure 1a) with their sizes in the x—y plane is illustrated
in Figure 1b. From type II-A to type II-D, the number of aromatic
carbons on the pore surface gradually increases, while the number of
hydrogen atoms gradually decreases. The morphology of the inner
surfaces of the upper matrices (see Figure 1a) as presented in Figure
S2 shows a similar phenomenon. The thicknesses of all the bottom
and upper kerogen matrices are 2.13 + 0.03 nm in the z-direction.
The pore size is denoted as the distance between the innermost atoms
on the kerogen inner surfaces in the z-direction. Three pore sizes (1,
2, and 4 nm) are designed to represent the kerogen nanopores, which
are within the dominant pore size distribution in kerogen."*** CO,
and water molecules can freely move in the system via molecular
diffusion. Once the system reaches equilibrium (chemical potentials
of water and CO, in the nanopore and bulk water reservoirs are
equal****), the distributions of CO, and water in the nanopore and
bulk water reservoirs can be obtained in the corresponding regions.
To minimize the pore end effect, we only use the center region of the
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kerogen nanopore (6 nm in the center in the x-direction, marked as
“analysis region” in Figure la) for analysis. The parameters of the
system configurations are listed in Table 1. For the 4 nm pore cases,

Table 1. Configuration Parameters of All the Simulation
Systems”

kerogen type
pore
size
parameter (nm) II-A 1I-B II-C II-D
bulk water thickness 1 ~6.12 ~6.08 ~6.11 ~5.93
of each side, nm
2 ~6.12 ~6.08 ~6.11 ~5.93
~4.12 ~4.08 ~4.11 ~3.93
bulk CO, thickness of 1 ~6.50 ~6.50 ~6.00 ~6.50
each side, nm
2 ~6.50 ~6.50 ~6.00 ~6.50
~6.50 ~6.50 ~6.00 ~6.50
total number of water 1 13,708 13,985 13,993 14,140
molecules
2 18,625 18,625 19,000 18,625
4 20,000 20,000 20,600 20,000
total number of CO, 1 4430 4270 4080 4380
molecules
2 4740 4740 4420 4830
4 6265 6275 5925 6345
pressure, bar 1 186.8 186.1 185.3 188.3
2 189.1 187.6 187.2 186.8
4 187.2 186.1 185.6 185.4

“The pressures are obtained by comparing the equilibrated bulk
density of CO, slab with NIST Chemistry Webbook.®* The
temperature for all the systems is 353 K, and the uncertainties of
all the pressures are within +0.3 bar.

to reduce the computational cost, the thickness of the bulk water
reservoirs in the x-direction is ~4 nm, which is smaller than that in
other cases (~6 nm). It is noted that the ~4 nm water slab is thick

enough to obtain the water bulk density and CO, solubility in bulk
water.

2.2. Molecular Models. Water and CO, molecules are simulated
by SPC/E®” and EPM2°® models, respectively. The Lennard-Jones
(1)) interaction between CO, and water molecules are adopted from
Vicek et al,” who optimized the unlike-pair parameters. In our
previous works,"*® we conducted a thorough validation of water and
CO, force fields. It has been proven that the optimized SPC/E +
EPM2* have excellent performances in terms of CO, bulk density,
CO,—water interfacial tension, CO, solubility in bulk water, and CO,
diffusion coefficient in bulk water. Therefore, in this work, we use the
optimized SPC/E + EPM2°° to describe water and CO,. The force
field parameters can be found in Table S1 in Supporting Information.
The kerogen matrices are described by the consistent valence force
field (CVEF).®° While the original force field used in Ungerer et alt?
is polymer consistent force field extension (PCFF+), it is difficult to
couple with other force fields such as SPC/E and EMP2. This is
because PCFF+ uses L] 9-6 to describe the repulsion and dispersion
interactions, while SPC/E and EMP2 use L] 12-6. On the other hand,
CVFF is a good alternative, which has been widely used to model
kerogen and its interactions with others (such as CO,,* %0
water,””*° and methane®****°). To further validate the CVEF force
field, we calculate the densities of different kerogen matrices. The
simulated densities (unit: g/cm®) of types II-A, II-B, II-C, and II-D
are 1.151 + 0.003, 1.147 + 0.003, 1.202 + 0.002, and 1.359 + 0.003,
respectively, at 353 K and 187 bar (conditions used in this work).
Except for type II-B, whose density is not available in the literature,
the corresponding experimental densities for types II-A, II-C, and II-D
are 1.18—1.29, 1.18—1.25, and 1.30—1.40, respectively.'* The good
agreement between the simulated density and experimental data
indicates the validity of the CVFF force field. To test whether water
can imbibe into the kerogen nanopores, we set up a number of
systems including a kerogen (from immature to over-mature) slit pore
and two water slabs on both ends of the pore (see details in the
“Water Imbibition into Kerogen Nanopores” part in Supporting
Information). We note that water gradually imbibes into all the
kerogen nanopores even in 1 nm pores. In addition, we also calculate
the water contact angles in the water—vacuum—type II-D kerogen
systems (see details in the “Water Contact Angle” part in Supporting
Information). The water contact angles on the bottom and upper
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Figure 2. Density profiles of water and CO, normal to the kerogen surface in 4 nm slit pores at 353 K and 186.3 + 1.2 bar. The bands with lighter
colors represent the uncertainties of the corresponding density distributions.
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Figure 3. Density profiles and orientation parameters of water and CO, normal to the kerogen surfaces in 4 nm slit pores at 353 K and 186.3 1.2
bar. The bands with lighter colors represent the uncertainties of the corresponding distributions.

kerogen surfaces are consistent, which are 43.2 + 3.2°. Type II-D
kerogen shows water-wet properties, which is consistent with the
other simulation results** and experiments.””** Therefore, we believe
that CVFF can faithfully model the kerogen and can be coupled with
water and CO, with a reasonable accuracy.

2.3. Simulation Details. All the simulation systems are assembled
by PACKMOL package®' and conducted by the GROMACS package
(version 2019.5).>%* The systems are first relaxed by the steepest
descent algorithm until the maximum force on any atom is less than
1000 kJ/(mol'nm), then followed by an NVT ensemble simulation
with a 2 fs time step for equilibration. The equilibration time for each
system varies, which is 200, 90, and 100 ns for the systems with pore
size of 1, 2, and 4 nm, respectively. When both water and CO, density
profiles in the nanopores and outside bulk water reservoirs are stable,
we consider that the systems have reached equilibrium. Figures S6
and S7 present an example to determine the equilibrium. Then, a 20
ns NVT ensemble simulation for production is followed with a 2 fs
time step for each system. The kerogen matrices are always fixed
throughout the simulations. The trajectory in the production stage is
saved every 200 time steps (400 fs); thus there are total 50,000 frames
for data analysis in each system. Three dimensional (3-D) periodic
boundary conditions are applied. System pressure is dictated by the
density in the bulk CO, slabs as shown in Figure la from NIST
Chemistry Web book® as the CO, model used can accurately
reproduce its density in the studied pressure range.***® The pressure
for each system can be found in Table 1, which is in the range of
187.2 + 2.2 bar. The system temperature is controlled by a velocity
rescaling thermostat®at 353 K. Except for the interaction between
water and CO,,*” the L] interaction between other unlike pairs further
than three bonds or in different molecules is calculated by geometric
average.'® 1] potential is truncated at 1.2 nm with tail corrections.*®
The electrostatic interaction is addressed by the particle-mesh Ewald
method.”” Water and CO, molecules are rigid, which are achieved by
the SETTLE algorithm® and by introducing two virtual atoms,*”
respectively.

3. RESULTS AND DISCUSSION

In this section, we first present the kerogen maturity effect on
water and CO, distributions in 2 and/or 4 nm slit pores and
then compare water and CO, distributions in type II-B
kerogen nanopores with different pore sizes to elaborate the

pore size effect. Thereafter, CO, storage mechanisms and
capacity in kerogen nanopores are discussed.

3.1. Kerogen Maturity Effect. Kerogen maturity effect is
illustrated based on density profiles and molecular orientations
normal to each kerogen surface, density contour maps parallel
to each kerogen surface, and heteroatom and hydrogen bond
(H-Bond) distributions on each kerogen surface.

3.1.1. Density Profiles Normal to the Kerogen Surface.
Figure 2 depicts the number density distributions of oxygen
and hydrogen atoms in water molecules (denoted as Ow and
Hw, respectively) and carbon and oxygen atoms in CO,
molecules (denoted as Cc and Oc, respectively) in 4 nm slit
pores normal to the kerogen matrices. The data is extracted
from the analysis regions in the slit pores (see Figure 1a) to
minimize the pore end effect. Water (Hw and Ow) is generally
depleted from the kerogen surface regardless of its maturity,
while it is relatively less depleted on type II-A kerogen surfaces
compared to others. On the other hand, CO, is strongly
adsorbed on the kerogen surfaces, forming a prominent
adsorption layer on each surface of the pore, in line with
previous simulation work.”* While the CO, adsorption amount
on the type II-A kerogen surface is relatively small, the
adsorption amounts on the other three kerogen surfaces are
comparable. Both water and CO, densities converge to their
respective bulk values in the middle of the pores. In contrast to
the pure water density distributions in the 4 nm pores (see
Figure S4c), the water adsorption layer on the kerogen surface
is displaced by CO, when CO, is injected. As shown in Figure
S6, CO, gradually accumulates on the kerogen surface, while
water is gradually depleted.

In Figure 3, we present the density profiles of CO, and water
altogether in various 4 nm kerogen pores. In addition, we also
present the orientation parameters of water and CO, in Figure
3, which are given as’0™73

S, = 1.5 X (cos” ) — 0.5 (1)

where S, represents the orientation parameter of water or CO,,
0, is the angle between the z-axis and molecular axis (the lines

https://dx.doi.org/10.1021/acs.langmuir.0c03232
Langmuir XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03232/suppl_file/la0c03232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03232/suppl_file/la0c03232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03232/suppl_file/la0c03232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03232/suppl_file/la0c03232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c03232/suppl_file/la0c03232_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03232?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03232?ref=pdf

Langmuir

pubs.acs.org/Langmuir

Roughness

Figure 4. 2-D density contour in the adsorption zone of Ow (first column) and Oc (middle column) parallel to the bottom kerogen surface in 2 nm
pores as well as the kerogen surface roughness (third column) in type II-A (first row), type II-B (second row), type II-C (third row), and type II-D
(fourth row) kerogen nanopores. The roughness shows the deviation from the average position. Red, green, and yellow circles are the positions of

O, N, and S on the kerogen surface, respectively.

connecting two Hw for water and two Oc for CO,,
respectively, as shown in the schematic diagrams in Figure
3b), and (---) implies the ensemble average. Positive
orientation parameters represent that the molecules are
perpendicular to the kerogen surface (fully perpendicular to
the surface at S, = 1); negative values mean that the molecules
are parallel to the kerogen surface (fully parallel to the surface
at S, = —0.5); and S, = 0 indicates a random orientation. We
find that CO, molecules present a parallel alignment near all
the kerogen surfaces, whereas water forms a perpendicular
orientation. Both water and CO, are randomly distributed in
the middle of the pore. The density profiles and orientation
parameters in 1 and 2 nm kerogen pores are depicted in
Figures S8—S11. The distributions and orientations of water

and CO, near the kerogen surfaces in 2 nm pores are similar to
those in the 4 nm pores, while in the 1 nm pores, CO, can
completely displace water molecules. Only a negligible number
of water molecules exist in the 1 nm pores, while CO, can form
layering structures. This phenomenon will be further discussed
in Section 3.2.

3.1.2. 2-D Density Contour Parallel to Kerogen Surfaces.
To have a better visualization of water and CO, distributions
near the kerogen surfaces, we depict 2-D density contour plots
of Ow and Oc in the adsorption zone parallel to the kerogen
surfaces (the x—y plane of 2 nm slit pores) as well as the
roughness of the kerogen surfaces in Figure 4. The adsorption
zone is defined from the first position where Oc density is 1.1
times of its bulk value (the average density in the middle of the
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Figure 5. (a) Heteroatom surface density (sum of O, N, and S) as well as H-Bond surface densities between water and heteroatoms in various
kerogen nanopores; (b) sorted heteroatom surface densities; (c) H-Bond surface densities between water and sorted heteroatoms; (d) H-Bond
densities between water and sorted heteroatom per each heteroatom. py_p,,q means the H-Bond between water and heteroatoms in the systems of
H,0 + CO, in the kerogen nanopores and p p,,q means the H-Bond between water and heteroatoms in the systems of pure H,O in the kerogen

nanopore. All of the results are obtained in 2 nm slit pores.

pore) to the second one in the z-direction. The roughness is
estimated by the method provided in the study of Diiren et
al.”* by rolling a probe particle (with a diameter of 0.2 nm in
this work) around the surface of each atom of the kerogen
matrix. It shows that in all the kerogen types, water generally
accumulates around the heteroatoms (i.e., O, N, and S) at the
convex positions, especially O atoms, while it is less densely
distributed in the areas where heteroatoms are absent or the
concave parts of kerogen surfaces (see the black rectangles
highlighted in Figure 4d,g, in which water is less densely
distributed while CO, accumulates around the O atoms on the
concave kerogen surfaces). On the other hand, CO, strongly
accumulates in the concave parts of kerogen surfaces and
weakly accumulates on the convex areas where heteroatoms
are absent, while it is generally depleted on the convex areas
with the presence of heteroatoms. Overall, the planar CO,
distribution is mainly dependent on the surface roughness,
while that of water is determined by both surface roughness
and the presence of heteroatoms. It is also noted that the
planar distributions of water and CO, in the adsorption zone
are similar in 4 nm pores.

3.1.3. Kerogen Surface Property Effect. To further
understand the effect of various heteroatoms on water
distribution, we present heteroatom surface density (# of
heteroatoms per surface area), H-Bond surface densities (# of
H-Bond per surface area), and H-Bond formation abilities (#
of H-Bond per heteroatom) between water and heteroatoms in
2 nm pores in Figure 5. The heteroatom surface density is
obtained by the number of heteroatoms on both bottom and
upper surfaces (a thin slab with a thickness of 0.4 nm from the
innermost atom of the kerogen toward the kerogen matrix in
the z-direction. 0.4 nm is chosen as it is close to the diameters

of the heteroatoms) in the analysis region (see Figure la)
divided by the projected area of both the bottom and upper
surfaces in the x—y plane. The H-Bond is determined when the
donor—acceptor distance is less than 0.35 nm and the angle
between the vectors of donor-H and H-acceptor is less than
30°.7% As depicted in Figure Sa, type II-A kerogen has the
highest heteroatom surface density, followed by type II-D, type
II-C, and type II-B. Interestingly, the heteroatom surface
density does not monotonically decrease as kerogen maturity
increases even though it is believed that the heteroatoms are
gradually lost as kerogen evolves from low to high maturity.”’
This is understandable because, from type II-A to type II-D,
while the overall trend is that the number of heteroatoms
decreases per kerogen molecule (the experimental measure-
ments indicate that the atomic ratios of heteroatoms and
carbon for types II-A, II-B, II-C, and II-D are 0.140, 0.091,
0.077, and 0.078, respectively.'* The above ratios of kerogen
models in this work are 0.131, 0.091, 0.083, and 0.08S,
respectively, which are quite similar to the experimental data),
the kerogen molecule becomes smaller (see kerogen molecular
formula in Figure S1a). Therefore, to generate a given volume
of the kerogen matrix, more kerogen molecules are needed as
maturity increases (see “Kerogen Matrices Generation” part in
Supporting Information), and the absolute number of
heteroatoms in the high maturity kerogen matrices might be
larger than that in the low maturity one. Likewise, the
heteroatom density on the high maturity kerogen surface might
also be higher than that on the low maturity one. In addition,
H-Bond surface density between pure water and heteroatoms
on type II-A kerogen surface is also the highest (~1.9/nm?)
among the four kerogen types, while those for the other three
kerogen types are comparable (~1.0/nm?). As CO, is
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adsorbed on the kerogen surfaces, the H-Bond densities
between water and heteroatoms are only half of those when
there is no CO,. In Figure Sb, we sort the O and N atoms into
several subgroups according to the functional groups shown in
the inset of Figure Sb. The O atoms in ether, carbonyl, and
hydroxyl groups are denoted as Oe, Oc, and Oh, respectively;
the N atoms in pyrrole and pyridine groups are denoted as
Nprl and Nprd, respectively; and S represents all the S atoms
including those in sulfide, thiolane, and thiophene groups.
Type II-A has the highest O surface density (summation of Oe,
Oc, and Oh), especially for Oc and Oh, while type II-D only
has Oe, which is the highest among these four kerogen types.
In Figure Sc,d, we illustrate the H-Bond surface densities of
different types of heteroatoms and the H-Bond number per
heteroatom. The results indicate that O atoms (especially Oc
and Oh) generally have the highest H-Bond surface density
and formation ability. It is also in line with the fact that water
tends to accumulate around O atoms on the kerogen surface
(see Figure 4). In addition, water on type II-A kerogen surfaces
is less depleted compared to others (see Figure 2), because
type II-A kerogen with more Oc and Oh on its surfaces can
form more H-Bonds than other kerogens.

3.2. Pore Size Effect and CO, Storage Mechanisms.
To study the pore size effect, we present water and CO,
density profiles along the z-direction in type II-B kerogen
nanopores with various pore sizes in Figure 6. In 2 and 4 nm
pores, water and CO, have similar distributions: water is
depleted from the kerogen surface, where CO, is strongly
adsorbed. This is also supported by the snapshots depicted in
Figure 7b,c. Both water and CO, density distributions
converge to (pseudo) bulk densities in the middle of the
pore, and the molar fraction of CO, in the (pseudo) bulk
region is identical to that in the outside bulk water reservoirs
(see Figure la). In addition, the CO, and water orientations
are random in the (pseudo) bulk region (see Figures 3 and

Figure 7. Snapshots of water and CO, distribution in type II-B
kerogen nanopores with various pore sizes. Panels (a—c) are shown in
the x—z plane and panels (d—f) are shown in the x—y plane near the
kerogen surface. The magenta and blue points represent CO, and
water, respectively.

S11). Therefore, the CO, distribution in the middle of the
pore is governed by the solubility mechanism in which CO, is
hydrated by water molecules. On the other hand, water and
CO, molecules near the kerogen surfaces in 2 and 4 nm pores,
as depicted in Figure 7ef, form their respective clusters. The
density of CO, near the kerogen surface is 1 order of
magnitude higher than that in the (pseudo) bulk region in the
middle of the pore. A similar result was also observed by the
experiment and MD simulation.”” The non-uniform distribu-
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tion of water and CO, can be attributed to the presence of
heteroatoms and surface roughness.75 On the other hand, in
the 1 nm pore, water is initially filled in the nanopores, but it is
almost completely displaced by CO, after equilibration, and
CO, can form layering structures as revealed in Figures 6 and
7a,d. A similar phenomenon is also reported by Jin and
Firoozabadi,*” where CO, can displace water in 1 nm graphene
pores. In small-sized pores, the confinement effect is relatively
strong. The strong interactions between kerogen and CO, as
well as among CO, result in a gradual accumulation of CO,
molecules adsorbed on the kerogen surface and the depletion
of water molecules. Thus, CO, storage in 1 nm kerogen pore is
mainly by adsorption, which is different from that in 2 and 4
nm kerogen pores. The corresponding data for the other types
of kerogen can be found in Figures S12—S14, which behave
similarly to the type II-B kerogen.

3.3. CO, Storage Capacity. After the discussion of the
effect of kerogen maturity and pore size on water and CO,
distributions and CO, storage mechanisms, we evaluate the
CO, storage capacity S, in various kerogen nanopores, which
is defined as

Scap = mCOZ/‘/pore (2)

where mcq, is the molar number of CO, molecules in the

analysis region within nanopores (see Figure 1a) and Viore 18
the effective pore volume obtained from helium uptake
method.*** More details can be found in the “Effective
Pore Volume” part in the Supporting Information.

In Figure 8, we present CO, storage capacity in kerogen
nanopores. For comparison, CO, solubility in bulk water and
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Figure 8. CO, storage capacity in all the systems.

CO, bulk density under the same conditions (353 K and 187.2
+ 2.2 bar) are given as 0.98 + 0.02 and 12.76 + 0.15 mmol/
cm?®, respectively. CO, solubility in bulk water is obtained from
that in the outside bulk water reservoirs (see Figure 1a), which
agrees well with experimental data.”® Type II-A kerogen has
the lowest storage capacity among the four types of kerogen
due to its high content of heteroatoms on the surface,
especially as Oc and Oh which can form strong H-Bonds with
water. Thus, more water molecules are trapped in type II-A
kerogen pores, while the available pore space for CO, is
reduced. However, the other three types of kerogen (types II-
B, II-C, and II-D) have comparable CO, storage capacities. On
the other hand, CO, storage capacity decreases as pore size
increases. Nevertheless, CO, storage capacity in the water-
filled kerogen nanopores in this work is always higher (at least
1.7 times) than that based on the CO, solubility in bulk water.

In 1 nm kerogen pores, CO, storage capacity is even higher
than CO, bulk density, reaching up to ~1.5 times of CO, bulk
density. These results suggest that the adsorption mechanism
renders the highest CO, storage capacity, followed by nano-
scale CO, clusters formed on the kerogen surface.”” The
solubility mechanism in bulk water has the lowest storage
capacity in a given volume.

4. CONCLUSIONS

In this work, we use MD simulation to study the effects of
kerogen maturity and pore size on CO, storage mechanism
and capacity in water-filled kerogen nanopores. We find that
fluid distributions in 1 nm kerogen pores are different from
those in larger pores. In the 1 nm kerogen pore, water is
completely displaced by CO,, while CO, forms layering
structures, due to the strong interactions between kerogen and
CO, as well as among CO,. This leads to a high CO, storage
capacity in the 1 nm kerogen pores, which can be even more
than 50% higher than CO, bulk density. On the other hand, in
the relatively larger pores (2 and 4 nm), CO, is stored by the
solubility mechanism in the middle of the pore. However, near
the kerogen surface, CO, and water generally form their
respective nano-clusters, due to the presence of heteroatoms
and surface roughness. The aggregation of CO, molecules on
the kerogen surface enhances the overall CO, storage capacity
in kerogen pores. The increased storage capacity by CO,
clusters on the surface becomes less significant as pore size
increases. The kerogen maturity also imposes a minor
influence on CO, storage capacity. Type II-A kerogen has a
relatively small CO, storage capacity compared with others
due to its high Oc and Oh contents on its surface, which can
form strong H-Bonds with water, thereby reducing the
available space for CO,. The other three types of kerogen
(types 1I-B, 1I-C, and II-D) have comparable CO, storage
capacities. This work should provide some important insights
into the CO, storage evaluation in the shale reservoirs and
geological CO, sequestrations.
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