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Abstract:

In the last decades, shale gas development has relieved the global energy crisis and slowed
global warming problems. The water bridge plays an important role in the process of shale
gas diffusion, but the stability of the water bridge in the shale nanochannel has not been
revealed. In this work, the molecular dynamics method is applied to study the interaction
between shale gas and water bridge, and the stability can be tested accordingly. CO, can
diffuse into the liquid H>O phase, but CH4 only diffuses at the boundary of the H>O phase.
Due to the polarity of HoO molecules, the water bridge presents the wetting condition
according to model snapshots and one-dimensional analyses, but the main body of the
water bridge in the two-dimensional contour shows the non-wetting condition, which is
reasonable. Due to the effect of the molecular polarity, CO, prefers to diffuse into kerogen
matrixes and the bulk phase of water bridge. In the bulk of the water bridge, where the
interaction is weaker, CO, has a lower energy state, implies that it has a good solubility
in the liquid H,O phase. Higher temperature does not facilitate the diffusion of CO;
molecules, and higher pressure brings more CO; molecules and enhances the solubility
of CO» in the HyO phase, in addition, a larger ratio of CO, increases its content, which
does the same effects with higher pressures. The stability of the water bridge is disturbed
by diffused CO», and its waist is the weakest position by the potential energy distribution.

1. Introduction

fluid behaviors can be visualized (Yang et al., 2020a), but it
is pretty hard to study the interactions between shale gas and

In the past decades, the development of shale gas has drawn
attention globally, which has been considered relatively clean
energy compared with coal and petroleum (Zhang et al., 2019;
Zhao et al., 2022). The shale reservoir is always associated
with HyO condition, and the bridge formed by H,O in the
micro pores plays an important role in the diffusion process
(Shen et al., 2019; Huai et al., 2020), thus the stability of the
water bridge is necessary to be studied in the understanding
of shale gas development.

Shale reservoirs have extremely low permeability and
porosity, and the pose size ranges from several nanometers to
hundreds of micrometers (Javadpour, 2009; Liu et al., 2022b).
By using the micro-Computed Tomography method, the micro
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the H>O phase at the nanoscale. molecular dynamics (MD)
method, which is based on the Newtonian mechanics, has
been approved as an effective and accurate tool to study the
adsorption and flow behaviors of shale fluid (Yang et al., 2017;
Feng et al., 2020; Cui et al., 2022; Liu et al., 2022d), and
the energy parameters of atoms can be evaluated precisely.
The shale rock is mainly composed of organic and inorganic
matters, and the organic matter is commonly distributed in the
shale nanopores because of the blocked property of the shale
reservoir, where kerogen is the main component of organic
(Hunt and Jamieson, 1956; Rexer et al., 2014). Ungerer et
al. (2015) constructed the molecular structure of kerogen
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monomers at different maturity. Perez and Devegowda (2019)
studied the multicomponent fluid in the nanopores of kerogen
matrix, and they found that the H>O component tended to
adsorb on the kerogen surface, while the CH4 component
preferred to enrich in the bulk pore space. However, the
stability of water bridge in the condition of shale gas has not
been studied.

Carbon capture, utilization, and storage (CCUS) is always
a hot research point in the past fewer years (Kadoura et al.,
2016; Zhou et al., 2019a; Zhang et al., 2020; An et al., 2021),
and CO; flooding is an effective way to handle large amounts
of CO, in the development of oil and gas (Liu et al., 2019;
Yang et al., 2020c). Hence, the effects of shale gas mixed with
CO» on the water bridge are necessary to be studied. Liu et al.
(2022c) studied HoO behaviors on the oil transport by using
MD simulations, and the results presented that the water bridge
would form with the effects of the channel confinement, which
would inhibit the fluid flow. The capillarity forces caused by
the water bridge in the clay pore impacted the fluid flow, and
the capillarity force would vanish once the water bridge is
broken (Ho and Striolo, 2015). CO, has also been confirmed
that can break through the water bridge in shale nano channels,
and improve the recovery of oil (Liu et al., 2022a). Aspenes et
al. (2008) imaged the water bridge in the micro channel, and
they concluded that the separate water bridge was stable in the
experimental time scale. The effects of CO, on the stability of
water bridge are still lacking. Hence, the stability of the water
bridge is critical for the development of shale energy.

In this work, the MD method is applied to study the
stability problem of water bridges in the kerogen channel,
and the effects of CHy and CO, are also examined. The
realistic kerogen monomers are adopted to build the organic
nanopore, and the one-dimensional density distribution is
analyzed. To present the interactive behaviors more clearly,
the two-dimensional contours of density and potential energy
are discussed. The sensitivities, which contain the temperature,
pressure, and molar ratio, are also tested to verify the analyses
in various conditions.

2. Methodology

2.1 Molecular models

The type II-D kerogen monomer was used to build the
realistic organic channel (Ungerer et al., 2015), because it
was commonly found in shale reservoirs. Forty-two kerogen
monomers were filled in the simulation box, and the density
of the kerogen matrix was kept at 1.1-1.2 g-cm™3 (Tesson
and Firoozabadi, 2018). The construction process of kerogen
matrix is same as our previous study (Liu et al., 2022d). The
box size was 12.55 x 8.15 x 6.28 nm?, and the thickness of
the water bridge was 3 nm. The pore space was also filled with
CHy4 and CO;, molecules. After that, the molecular model was
constructed, as shown in Fig. 1. The water bridge was built
in the center of the kerogen slit, and its width was controlled
at 3 nm to have a better quantitative analysis, because the
water bridge with a larger or smaller width is good at showing
the stable results. The visual molecular dynamics package is
applied for visualization (Humphrey et al., 1996).

Fig. 1. Molecular models of the kerogen channel (red), water
bridge (blue), CHy (green), and CO; (yellow).

All atoms in this model were applied with the parame-
ters in the polymer consistent force field plus, which had
been approved useful in the applications of kerogen models
(Collell et al., 2014; Liu et al., 2020; Yang et al., 2020b),
and the parameters between different atoms were calculated
by Waldman-Hagler combining rules (Waldman and Hagler,
1993). The electrostatic interaction was controlled by the
Ewald method (York et al.,, 1993), and the Van der Waals
interaction was handled by the Lennard-Jones equation. The
periodic condition was applied in all directions, and the cutoff
distance was 1.2 nm.

2.2 Molecular dynamic simulations

The large-scale atomic/molecular massively parallel simu-
lator package was used to carry out MD simulations (Srini-
vasan et al., 1997). Firstly, an constant-pressure, constant-
temperature ensemble simulation was calculated for 100 ps
with a timestep of 0.1 fs. After that, the canonical ensemble
was presented for 1.5 ns with a timestep of 1 fs, and the
trajectory was collected every 0.5 ns for the analysis. The
kerogen matrix was frozen during the simulation to keep
its stability. To reduce the randomness of the results, the
simulations were calculated three times independently.

3. Results and discussion

In this section, the density analysis is presented to verify
the effects of CH4 and CO,. The potential energy contours are
carried out to study the water bridge on the mechanism level,
which provides a better understanding of the stability of the
water bridge in shale reservoirs. The effects of temperature,
pressure, and the ratio of CH4 and CO, are also examined.

3.1 Spatial distribution of CH4 and CO;

The density profiles of the water bridge and gas-phase
molecules are counted by chunking the simulation box, and
the density profiles are depicted in two directions, i.e., perpen-
dicular to the water bridge and parallel to the water bridge,
as shown in Fig. 1. As can be seen in Fig. 2(a), the density
profiles of HO and CH4 show the mixed boundary, because
of the effect of molecular diffusion. Thus, the sharp interface
between H,O and CHy4 cannot be observed, which corresponds
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Fig. 2. The density profiles of the water bridge and CH,4 system in the directions that are (a) perpendicular to the water bridge
and (b) parallel to the water bridge, 7 =300 K, P =5 MPa.
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Fig. 3. The density profiles of the water bridge and CO; system in the directions that are (a) perpendicular to the water bridge

and (b) parallel to the water bridge, 7 =300 K, P =5 MPa.

to previous studies (Aimoli et al., 2014; Yang et al., 2017;
Chong and Myshakin, 2020; Ravipati et al., 2021). CHy
component shows a random distribution, and it cannot diffuse
into the water bridge. In the direction parallel to the water
bridge, as shown in Fig. 2(b), HoO and CH4 molecules both
form the adsorbed layers. CO, is also tested on the water
bridge system, as shown in Fig. 3, higher density peaks are
obtained on the water bridge surface. What is more, CO,
can diffuse into the H,O phase, since the oxygen atom of
CO» can disturb the hydrogen bond structure formed by H,O
molecules (Sadlej et al., 1998; Kumar et al., 2013). In Fig.
3(b), CO, presents an extremely strong adsorption capacity,
and most CO, molecules turn to the adsorbed phase, which
will change the surface property of kerogen matrixes, and
affects the stability of the water bridge furtherly.

On the base of the water bridge, the pure CH; and
pure CO, components are tested independently. To study the
combined effects caused by these two components, the water
bridge system, with CH4 and CO,, in the kerogen channel is
constructed. As shown in Fig. 4(a), the density profiles are

similar to the above results, and the CHs component has a
higher concentration in the channel space, as a result of the
stronger adsorption capacity of CO,. Although distinct results
can be obtained in the one-dimensional analyses, the specific
reasons and water bridge behaviors are still not clear.

3.2 Density and potential energy in two
dimensions

To obtain more information on H>O and other components,
the two-dimensional contours of density and potential energy
are counted in the computational domain. There is always
a problem that many scholars have discussed, and it is the
wettability problem (Hu et al., 2015; Jagadisan and Heidari,
2022; Zhou et al., 2022). Common sense is that H>O is non-
wetting on the organic surface, but the wetting behaviors of
H,0 always show the wetting condition on the kerogen surface
(Hu et al., 2016; Jagadisan and Heidari, 2019; Zhou et al.,
2019b). From the aspect of the model snapshot and one-
dimensional analysis, as shown in Fig. 1, the water bridge
seems like a wetting phase according to its contact angle.
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Fig. 4. The density profiles of the water bridge, CHs, and CO, system in the directions that are (a) perpendicular to the water
bridge and (b) parallel to the water bridge, T =300 K, P =5 MPa.
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However, Figs. 5(a) and 5(c) present that the main body of
the water bridge, i.e., the higher density region, tends to form
the non-wetting contact angle. The density declines at the
boundary of the H,O phase, hence the HyO molecules at
the boundary mislead the judgment of the liquid H,O phase’s
contact angle. In addition, the diffusion phenomenon can be
observed more clearly in this way.

Figs. 5(b) and 5(d) exhibit the potential energy distributions
of fluid atoms. The H>O molecules also diffuse into the
kerogen matrix, which is like the roots of trees, suggesting
that the water bridge is not easy to be moved with the effect of
roots (the hydrogen bond interaction). Therefore, the possible
methods to move the water bridge are in two different ways.
One way is the change of surface property (Walker et al.,
2017; Li et al., 2019), making the water bridge desorb from
the kerogen surface, and the second way is made by weakening
the interaction between different H,O molecules. Actually, this
is similar to the operations in the development of petroleum
(changing the wettability and reducing the viscosity). Obvi-
ously, CO; has lower potential energy sites on the boundaries
of the water bridge and kerogen surfaces, and the low potential
energy state caused by CO, will facilitate the diffusion of
the H,O phase. The linear high potential energy distribution
is generated by some H,O molecules that steamed from the

water bridge. In the water bridge system mixed with CHy and
COg, the result of potential energy contour is an intermediate
state in Figs. 5(a)-5(d), suggesting that the CH4 component
will inhibit low potential energy sites.

The results in Fig. 5 are calculated based on the entire fluid
molecules, and the specific distributions of each component are
not clear, thus the density and potential energy are counted in
two-dimensional space for CH4, CO;, and H,O components
respectively. Figs. 6(a) and 6(b) present the results of the CHy
component, where the CH4 component cannot diffuse into the
center of the water bridge, but some CH4 molecules still can
diffuse on the surface of the H,O phase, because of the weak
interaction at the boundary. In addition, the potential energy is
zero in the center of the water bridge, and a lower energy layer
can be observed on the surface of the water bridge and kerogen
matrixes, which is called the adsorbed phase. The bulk phase
is in the bulk space except for the adsorbed layer. This is more
clearly in the results of CO;, as shown in Figs. 6(c) and 6(d).
CO; has a stronger interaction with kerogen and forms denser
adsorbed layers. They diffuse into the HoO phase and have
lower potential energy states in the H,O phase, which also
corresponds to previous conclusions (Tenney and Lastoskie,
2006; Yang and Zhong, 2006). Because the water bridge is a
liquid phase, the density contour shows a high-density region.
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Some H,O molecules will be free from the liquid phase and
diffuse into the bulk phase, because of the molecular thermal
motion. These free H,O molecules form the linear potential
distributions in the bulk phase, which is similar to Fig. 5(d).
What is more, the lower potential energy is always located in
the waist position, since the molecules in the waist have less
interaction with kerogen matrixes and more CO, molecules.
Therefore, CO, can weak the stability of the water bridge by
diffusing into the H,O phase, and the most unstable position
is in the waist of the water bridge.

3.3 Sensitivity analysis

In addition to the density and potential energy analyses
displayed in Figs. 7(a) and 7(b), the effect of temperature
on different components is also tested. Obviously, a higher
temperature results in a lower density of the gas phase (CHy
and CO;y) (You et al., 2016). However, at a lower temperature,
CO; prefers to be liquid phase under certain pressure, the

density is higher means the denser adsorbed layer and more
instability of the water bridge. As shown in Figs. 7(c) and 7(d),
higher pressure means a higher density of gas phase, and CO,
turns to be liquid state. Thus, in the center of the water bridge,
more CO;, molecules are observed, which reveals that CO, can
be applied easily in its liquid state. As the shale gas is always
a mixture, the varied ratios of CHy and CO; are examined in
Figs. 7(e) and 7(f), and more CO, molecules lead to weaker
interaction between H,O molecules, caused by the diffusion
of CO,. When the molar ratio of CHy and CO, increases to
1:2, a similar result can be obtained in the case of 1:3, hence
the 1:2 ratio is a better choice for the low cost of CO,. In the
same way, more CHy4 molecules also facilitate the diffusion
on the surface of the HyO phase, however, it is still on the
surface. Therefore, the content of CO, is the main role in the
stability of the water bridge.
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4. Conclusions

In this work, the MD method is utilized to study the
stability of the water bridge in the kerogen channel, with the
effects of CHy and CO,. CH4 and CO, both tend to form
the adsorbed layers on the surfaces of the water bridge and
kerogen matrixes, and the CO, component prefers to diffuse
into the H,O phase because the hydrogen bonds are disturbed
by its molecular polarity. In the two-dimensional analyses,
the main body of the H,O phase is the high-density region,
and it shows the non-wetting contact angle, which differs
from the results in model visualization and one-dimensional
analyses. The adsorbed phase and bulk phase regions are
verified according to the potential energy contours. CH4 can
diffuse into the surface of the H,O phase, and CO, diffuses
into the bridge center, suggesting that the stability of the
water bridge is mainly affected by CO, molecules. Higher
temperature leads to less content in the gas phase, while CO,
dissolution of in the H,O phase is relatively stable. The lower
gas density can be generated by higher pressure conditions,
and CO» turns to be liquid phase accordingly, which enhances
the solubility of CO; even further. Compared with cases with
various molar ratios of CH4 and CO;, the molar ratio of 1:2
(CH4:COy) is a better choice. In summary, the stability of
water bridge is comprehensively studied in various scenarios,
and the potential energy analysis is also carried out to verify
the discussions, which provides a better understanding of the
development of shale energy, but the phase behaviors of CO,
are not presented, which is also one of our future research
points.
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