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Molecular dynamics simulations of the enhanced
recovery of confined methane with
carbon dioxide
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For the first time, the enhanced recovery of confined methane (CH4) with carbon dioxide (CO,) is
investigated through molecular dynamics simulations. The adsorption energy and configuration of CH,4
and CO, on the carbon surface were compared, which shows that CO, is a good candidate in
displacing confined CH,4. The energy barrier required for displacing CH,4 by CO, injection was found to
depend on the displacement angle. When CO, approached vertically to the carbon surface, the

Received 2nd November 2015, displacement of CH4 occurred most easily. The curvature and size effects of the carbon nanopores on

Accepted 5th November 2015 CH,4 recovery were revealed and indicated that there exists an optimum pore size making the
DOI: 10.1039/c5cp06649b displacement occur most efficiently. The underlying mechanisms of these phenomena were uncovered.

Our findings and related analyses may help to understand CO, enhanced gas recovery from the atomic
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Introduction

Over the last decade, the shale gas, which is primarily
composed of methane (CH,), has grown in importance as a
renewable energy source, because of its wide distribution,
abundant reserves and low pollution."* Shale gas is stored in
shale reservoirs. The shale has large internal surface area and
strong affinity for gases such as methane, hydrogen and etc. In
addition, a significant part of the pores distributed in the shale
is on the nanometer scale.>” Therefore, a large proportion of
natural gas in shale reservoirs is in an adsorbed state adsorbing
in the nanopores.® Owing to the low porosity and low perme-
ability of the shale,” ' a variety of technical difficulties in the
shale gas extraction urgently require effective methods to enhance
the shale gas recovery (ESGR), especially in the organic-rich shale.
Recently, the use of supercritical carbon dioxide (CO,) in ESGR
attracts widespread interest because of its low price, general
accessibility and its physical-chemical properties.'* For example,
supercritical CO, is a better fracturing fluid, because of its lower
viscosity and similar density compared with water.'* Its surface
tension is nearly zero, therefore it could easily flow into nano-
pores. Since CO, has a stronger affinity for the shale surface
compared with CH,4, CO, injection has proved to be a potential
way to displace CH, in ESGR."*'* Compared with other techni-
ques, using CO, to displace CH, is a feasible, efficient, economic
and sustainable method in shale gas exploitation.'>*°
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level and assist the future design in engineering.

The investigations on the adsorption of gas on the shale
surface and the displacement of shale gas by injecting CO,
are important in ESGR. Gubbins and coworkers studied the
influence of pore geometry on the design of microporous
materials for methane storage.’** And they reported that
there exits an optimum pore size that maximizes the excess
adsorption. At 274 K, the optimal material for methane storage
is a porous carbon having a pore size large enough to contain
two adsorbed layers of methane. Busch, Gensterblum and Krooss
studied the sorption and desorption behavior of CH, and CO, on
a set of well-characterized coals.”® Wilcox et al explored the
influence of the pore size on CH, adsorption in microporous
carbon systems.® Recently, Zhu and Zhao investigated the atomic
mechanisms of CH, adsorption in carbon nanopores and estab-
lished the equation of state for the adsorbed phase.>* Jessen, Tang
and Kovscek explored the unsteady flow of gas mixtures through
one-dimensional coal systems to study the enhanced methane
recovery by gas injection.”® Shi and Durucan developed a bidis-
perse pore-diffusion model for the displacement and desorption
of CH, in coal by CO, injection.>® However, the atomic mechan-
isms of the displacement of adsorbed CH, by CO, injection are far
from being well understood.

In this paper, the enhanced recovery of confined CH, with
CO, is investigated using molecular dynamics (MD) simula-
tions to reveal the mechanisms for the displacement of
adsorbed CH, by CO, injection from the atomic level for the
first time. Firstly, the comparison between the adsorption of
CH, and CO, on graphene was made in the aspects of energy,
configuration, adsorption structure, adsorption capacity and etc.,

Phys. Chem. Chem. Phys., 2015, 17, 31887-31893 | 31887


http://crossmark.crossref.org/dialog/?doi=10.1039/c5cp06649b&domain=pdf&date_stamp=2015-11-14

Paper

which are fundamental for investigating the displacement of
adsorbed CH,4 by CO, injection. Then, the energy variations in the
process of the CO,-injected displacement of CH, on graphene under
different situations were explored. The energy barriers, which
should be overcome in the displacement process, varied with the
displacement angle. Based on these results, the process and effi-
ciency of the displacement of CH, by CO, injection in carbon
nanotubes (CNTs) were further investigated. The effect of the CNT
diameter on the adsorption and displacement was quantitatively
revealed. It was found that there exists an optimum CNT diameter.
In CNTs with this optimum diameter, the injecting CO, could
displace the adsorbed CH, with the highest efficiency. The under-
lying mechanism of this phenomenon was uncovered. Our findings
and related analyses may help to understand the CO, ESGR from
the atomic level and assist the future design in engineering.

Model and method

Molecular dynamics (MD) simulations implemented in the
LAMMPS*” have been carried out to explore the CO, enhanced
shale gas recovery. The focus is on the underlying mechanisms
for the displacement of adsorbed CH, by CO, injection and
how the pore size influences the displacement. In the first
place, the displacement of CH, molecules by injecting CO,
molecules on the graphene surface was investigated. The NVT
ensemble (constant number of atoms, volume and temperature)
was used. The Nosé-Hoover thermostat with a time-step of 1 fs
was employed to regulate the temperature at 300 K.

The CVFF (consistent valence force field)*® was adopted to
predict the adsorption/desorption behaviors of CH, and CO, on
graphene. The total potential energy consists of two parts: the
bond energy B and the nonbond energy E. B is the sum of the
bond, angle and torsion energy:

B=ko(l—h)* + > ka(0— 0

bonds angles
+ > kil +cos(ng — ). 1)
torsions

The first term represents the energy between covalently bonded
atoms, where ky, [ and [, are respectively the spring constant of
the harmonic bond, real and equilibrium bond distance. The
second term represents the energy due to the geometry of
electron orbitals involved in covalent bonding, where k,, 6
and 6, are, respectively, the force constant of the angle bond,
real and equilibrium angle. The third term represents the
energy for twisting a bond due to the bond order and neighbor-
ing bonds, where k;, n, ¢ and ¢, are, respectively, the force
constant, the periodicity, the dihedral angle and the factor
phase. Ej; between two atoms i and j separated by ry; is the
sum of Lennard-Jones (LJ) and electrostatic potential energy:

XY 12 OXY 6
Tij Tij

where exy is the L] potential well depth, oxy is the zero-potential
distance. X and Y represent the types of atoms. k. is the
electrostatic constant. The parameters of CVFF used in the
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Table 1 Parameters of CVFF used in the MD simulations

Bond parameters

Bond type kp (keal mol™! nm™?) lp (nm)
C-C in graphene 48000.00 0.1340
C-H in CH, 34061.75 0.1105
C=0 in CO, 31886.80 0.1300
Angle parameters

Angle type ka (kcal mol " rad?) 0o (%)
C-C-C in graphene 90.0 120.0
H-C-H in CH, 39.5 106.4
O=—C=O0 in CO, 200.0 180.0
Torsion parameters

Torsion type k4 (keal mol ™) n $o ()
C-C-C—C in graphene 3.37 2 180.0
Nonbond parameters

Nonbond type ¢ (kcal mol ™) ¢ (nm) q (e)
C-C in graphene 0.148 0.3617 0.000
C-C in CH, 0.160 0.3474 —0.400
H-H in CH, 0.038 0.2450 0.100
C-C in CO, 0.148 0.3617 0.574
0-0 in CO, 0.228 0.2860 —0.287

MD simulations are listed in Table 1. The values of ¢ and ¢
between elements were calculated according to the Lorentz-
Berthelot (LB) rule: oxy = (0xx + 0yy)/2 and exy = (exx X exy)">

In the second place, we focus on how the pore size influences
the displacement. CNTs were used as the representation of the
pores of the shale to exclude other factors that could influence the
displacement, such as pore size distribution, the connectivity of
the pore, etc. For the simplification of large-scale simulations, a
coarse-grained model was used: the molecular structures of CH,
and CO, were ignored, CH,, CO,, and CNT carbon atoms were
treated as LJ particles. The 1] parameters of CH, and CO, were
obtained by considering both the CVFF force field and the grand
canonical Monte Carlo (GCMC) predictions to the thermo-
dynamics data,”® while those for the CNT carbon atoms were
taken from the Steele 10-4-3 potential’® as shown in Table 2.
However, to validate the coarse-grained model, we also performed
full-atomic simulations and compared with the results.

The adsorption of CH, (or CO,) in our simulations is
physical adsorption.>® The adsorption energy E,q is defined as

Eaa = Ea@s —Es — Ea, (3)

where E,gs, E, and Eg are the energy of the adsorbent on the
substrate, the adsorbent and the substrate, respectively. When
the adsorbent is far away from graphene, E,;, equals zero.

Table 2 LJ parameters of CH,4, CO, and carbon atoms in CNTs

Atom/molecule ¢ (kcal mol ™) ¢ (nm)
CH, 0.294 0.3751
CO, 0.481 0.3615
C in CNT 0.056 0.3400
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Results and discussion
Adsorption of CH, and CO, on graphene

Firstly, the potential energy surface of the interaction between
CH, (or CO,) and the graphene surface was scanned as shown
in Fig. 1. The energy surface indicates that the most stable
adsorption site of CH, on graphene locates at the hollow site
of a carbon ring with one C-H bond pointing outwards the
graphene surface. When CH, approaches graphene as shown in
Fig. 1(b), E,q first decreases from 0 to the lowest E,q, and then
increases. The equilibrium distance between CH, and graphene
is 0.34 nm. From Fig. 1(b), E,q of CH, on the graphene surface is
—5.9320 kecal mol~". As shown in Fig. 1(c), the most stable
adsorption site of CO, on graphene locates at the bridge site of
the C-C bond in graphene with two C—O bonds pointing
towards the hollow sites of the neighboring carbon rings. When
CO, approaches graphene as shown in Fig. 1(d), E.q first
decreases from 0 to the lowest E,q, and then increases. The
equilibrium distance between CO, and graphene is 0.35 nm.
The corresponding E,q of CO, is —7.7092 kcal mol *. From the
results, E,q of CO, is about 30% lower than that of CH,, which
implies that CO, adsorbs on graphene more easily than CH, and
can be a good candidate in displacing CH,.

Then, the atomic configuration of one layer CH, (or CO,)
molecules adsorbing on graphene was simulated (Fig. 2). As
shown in Fig. 2(c) and (f), the radial distribution function (RDF)
shows that the nearest neighbor of CH, is about 0.382 nm,
which is less than that of CO, of about 0.386 nm. The RDF
indicates that the number density of CH, is a little bit larger
than that of CO,. The adsorption densities of one layer CH, and
CO, on graphene are 7.2979 x 10'® and 6.0152 x 10'® m 2,
respectively. The corresponding adsorption energy per unit area
of CH, and CO, on graphene is —0.2561 and —0.3359 ] m 2,
respectively. The adsorption energy per unit area of CO, is
about 31.16% lower than that of CH,, which implies that CO,
could be a good candidate in displacing CH,.

E,q (keal/mol)

02 04 0.6 08 1.0 02 04 0.6 08 1.0
Distance to graphene (um) Distance to graphene (m)

Fig. 1 The potential surface of (a) CH4 and (c) CO, molecules adsorbing
on graphene. The blue, white and red balls represent carbon, hydrogen
and oxygen atoms, respectively. The gray balls and sticks represent
graphene. Adsorption energy (b) between CH,4 and graphene, (d) between
CO, and graphene with respect to the distance to graphene.
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(d) One layer CO,

(f) RDF of CO,
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Fig. 2 The atomic configuration of one layer molecules adsorbing on
graphene: top view of (a) CH,4 and (d) CO,; side view of (b) CH4 and
(e) CO,. The blue, white and red balls represent carbon, hydrogen and
oxygen atoms, respectively. The gray lines represent graphene. The radial
distribution function (RDF) of (c) CH4 and (f) CO».

Displacement of CH, by injecting CO, on graphene

We prefer CH, molecules to desorb from the substrate rather
than adsorbing on the substrate when exploiting shale gas.
Therefore, CO, molecules were used to displace CH, molecules
(Fig. 3). The CO, molecule was forced to approach the CH,
molecule with different displacement angle o, which is defined
as the angle between the substrate and the route of the CO,. The
rotation of CO,, CH, and the substrate is free in the approaching
processes. When o = 0°, CO, approached CH, parallel to gra-
phene; when « = 90°, CO, approached CH, vertically to graphene.

Initially, CH, adsorbed at its most stable adsorption site on
graphene. This state corresponds to E = 0 in Fig. 4(a)-(e). When
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Fig. 3 Side views for the evolutions of displacing a CH4 molecule by
injecting a CO, molecule with displacement angles of (a) 0°, (b) 45°, and
(c) 90°. The dashed lines represent the position of the adsorption site of
CH,. The blue, white and red balls represent carbon, hydrogen and oxygen
atoms, respectively. The gray lines represent graphene.
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Fig. 4 The variation of the energy with respect to the distance between
the CO, molecule and the adsorption site of CH4 when the displacement
angle is (a) 0°, (b) 26.57°, (c) 45°, (d) 63.43° and (e) 90°, respectively. (f) The
variation of the energy barrier B with respect to the displacement angle 6.
kg and T are the Boltzmann constant and absolute temperature, respec-
tively. Black squares are MD results. The red line is a linear fit to the MD
results: B/kgT = 1.62057 — 0.006930.

CO, approached CH,, the energy increased. Then, CO, went
over an energy barrier to displace CH,. After that, CO, took the
adsorption site, while CH, was displaced to another adsorption
site on graphene. In the displacement process, we found that
the CO, molecule rotated to achieve the local stable state at
a certain position. The energy variation with respect to the
distance between the CO, and the adsorption site was recorded
when CO, approached CH, in Fig. 4(a)-(e). The energy barrier B
decreases with an increase of the displacement angle 0 as
shown in Fig. 4(f). A linear fit to the MD results showed that
BlkgT = 1.62057 — 0.006930, where kz and T = 300 K are the
Boltzmann constant and absolute temperature, respectively.
Furthermore, a CO, molecule was injected to approach an
adsorption layer of CH, on graphene, as shown in Fig. 5. The
CO, molecule approached the adsorption layer in Fig. 5(a)-(c),
then was forced by the surrounding CH, molecules to rotate
vertically to the graphene surface in Fig. 5(d)-(f), and finally

@@ . (b) (© (@)
b, 0 T i . R T W e W &gtxatxmggxﬂ
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St B R S M B G B e b B B B Y B
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0.0 02 014 0..6 018 1.0 12
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Fig. 5 (a-h) Side view of the displacement of a CH, molecule in one

adsorption layer by injecting a CO, molecule on graphene. The blue, white

and red balls represent carbon, hydrogen and oxygen atoms, respectively.

The gray lines represent graphene. (i) The energy variation with respect to

the distance between the CO, molecule and the graphene surface.
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resumed in parallel to the graphene surface in Fig. 5(g) and (h).
The corresponding energy barrier was about 3.74 kcal mol ™, as
shown in Fig. 5(i). Because the adsorption layer was initially
saturated with CH, molecules, one of the CH, in the adsorption
CH, layer was displaced by CO, in this process. Therefore, the
energy barrier is much larger than the cases in Fig. 3 because of
the surrounding CH, molecules.

Displacement of CH, by injecting CO, into CNTs

The above discussions are all about adsorption/desorption of
CH, on open surfaces. However, it has been known that most of
the shale gas is stored in the nanopores of the shale. Therefore,
to be more realistic, CNTs were chosen as the representation for
the nanopores in the shale. The displacement/desorption pro-
cesses of CH, by injecting supercritical CO, into CNTs were
explored using large-scale MD simulations in this section.
Before exploring the desorption of CH, from CNTs, CH,
molecules were pre-adsorbed on the CNT wall firstly. The
adsorption model was established as shown in Fig. 6. The
CNT was fixed during the whole process and connected with
the bulk phase of CH,. The adsorption pressure was controlled
by the density of the bulk phase. To further explore the
displacement of pre-adsorbed CH, by CO, injection in the
CNT, one side of the CNT was connected with the bulk phase
of CO,, while the other side was plugged as shown in Fig. 7(a)
and (b). The pressure of the bulk CO, was set to be equal to
the adsorbed CH, in the CNT. In addition, the desorption
processes by pressure drawdown were simulated to make a
comparison with that by CO, injection, shown in Fig. 7(d) and (e).
We mainly focus on how the pore size influences the CO,
injected desorption of CH,. Thus, six types of CNTs [(9, 9),
(11, 11), (15, 15), (19, 19), (23, 23), (32, 32)] with diameters
ranging from 1.2 to 4.3 nm were chosen to mimic the carbon
nanopores. The adsorption and desorption processes were
modeled at a temperature of 320 K and a pressure of 100 bar.
We began our analysis by exploring the adsorption and
desorption in the (15, 15) CNT as an example. At 320 K and
100 bar, the (15, 15) CNT with 4.919 nm long can adsorb 133
CH, molecules. However, under the same conditions, the bulk
phase can only accommodate 40 CH, molecules. This is
because the adsorbed phase bears additional pressure exerted

}é Pressure

Fig. 6 Adsorption model of MD simulations. The blue and gray balls
represent CH4 molecules and carbon atoms, respectively.
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Fig. 7 MD simulations of (a and b) desorption by CO, injection, and (d and e)
desorption by pressure drawdown. The blue, red and gray balls represent
CHg, CO, molecules and C atoms, respectively. Evolutions of the CH,4 density
in the CNT with respect to time during the desorption processes (c) by CO,
injection and (f) by pressure drawdown, respectively.

by the CNT wall compared to the bulk phase. To desorb and
exploit the pre-adsorbed CH, in the CNT, two methods were
used and compared, as shown in Fig. 7. The first method is to
inject CO, into the CNT, shown in Fig. 7(a) and (b). From the
above discussions, we have learnt that the interaction energy
between CO, and the CNT is stronger than that between CH,
and the CNT. Thus, those CO, molecules that entered into the
CNT would displace the adsorbed CH, molecules. In this way,
the CH, molecules were desorbed from the CNT wall and then
produced into the left box. At 5 ns, 99.25% CH, molecules were
released. The second method to desorb CH, is by pressure
drawdown. Fig. 7(d) and (e) shows the limiting case that the
pressure outside the CNT is 0 bar. Due to the existence of the
chemical potential gradient, the CH, molecules were desorbed
from the CNT wall. At 5 ns, 86.46% CH, molecules were
produced into the left box.

The variation of the CH, density in the CNT with respect to
time during the desorption processes was plotted in Fig. 7(c)
and (f). The gradual decrease of the CH, density with time
indicates the reduction of the CH, molecules in the CNT and
the production of the CH, molecules into the left box. More-
over, this fig. clearly showed that the CH, recovery by CO,
injection is more efficient than that by pressure drawdown. To
be more exact, the injection of CO, into the CNT can enhance
CH, recovery by at least 14.79% over that achieved by pressure
drawdown.

Further insight was gained into how the pore size influences
adsorption and desorption. The black line in Fig. 8(a) shows the
variation of the CH, adsorption density as a function of CNT
diameter. With the increase of CNT diameter, the adsorption
density increases up to a maximum value, and then decreases.
This implies the existence of an optimum CNT diameter for
maximum methane storage, which is caused by the competi-
tion between the curvature effect and the size effect of the CNTs
as has been uncovered in previous studies.”*

The red line in Fig. 8(a) shows the variation of the CH,
density in the CNT as a function of the CNT diameter after

This journal is © the Owner Societies 2015
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Fig. 8 (a) Variations of the CH,4 density in the CNT with respect to the

CNT diameter D at t = 0 ns (black) and t = 5 ns (red), respectively.
(b) Variation of p (the percentage of displaced CH,4) with respect to
D. Black and red lines represent results using coarse-grained and full-
atomic models, respectively.

injecting CO, at t = 5 ns. With the increase of the CNT diameter,
the CH, density decreases to a minimum value, and then
increases. This indicates the existence of an optimum CNT
diameter that minimizes the density of remaining CH, in CNTs.

Since the amount of CH, recovered is more concerned in the
industry, the percentage of CH, that was desorbed from the
CNT was calculated by

p= (pad - premain)/pady (4)

in which p,q4 is the adsorption density and premain is the CH,
density in the CNT after injecting CO, at ¢t = 5 ns. The variation
of p with respect to the CNT diameter was plotted in Fig. 8(b).
This figure shows that there exists an optimum CNT diameter
that maximizes p. And the optimum CNT diameter is 2.034 nm.
This shows that CH, recovery by CO, injection is most efficient
in the CNT with this optimum diameter.

We also simulated the displacement of CH, by CO, using a
full-atomic model to see whether the displacement would be
influenced by the atomic structure which is neglected in the
coarse-grained model. As shown in Fig. 8(b), despite some
difference between these two models, the tendency does not
change, and there remains an optimum CNT diameter of about
2.034 nm that maximizes p. This result implies that the
displacement depends on the adsorption energy, density, inter-
actions, but not on the packing structure.

Why does the CH, recovery occur most efficiently in the CNT
with a certain diameter? To address this question, the variation
of the adsorption capacity difference between CO, and CH,
with respect to the CNT diameter should be investigated. If the
adsorption capacity difference between CO, and CH, was
higher, CO, injected CH, recovery should be more efficient.
To obtain the adsorption capacity of CO, and CH,, the potential
energy surface of the interaction between CH, (or CO,) and the
CNT wall was scanned and shown in Fig. 9. The potential
energy surface is a curved surface, which can be characterized
by two variables. One variable is adsorption energy E.q (Eag < 0),
the other is the potential well depth H (H > 0). With lower the
adsorption energy and the higher the well depth, the gas molecule
should be bound stronger to the CNT wall, which indicates
stronger adsorption capacity of the gas. As shown in Fig. 10, with
the increase of the CNT diameter, the difference of the adsorption
energy between CO, and CHy, AE = Eaqcn, — Fadco, decreases.

Phys. Chem. Chem. Phys., 2015, 17, 31887-31893 | 31891
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(b) CO,@CN

(2) CH,@CNT

Fig. 9 (a) Potential energy surface of the interaction between a CH4
molecule and the CNT. (b) The potential energy surface of the interaction
between a CO, molecule and the CNT.
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Fig. 10 Variations of (a) AE = Ead,CH4 — Ead-co, and (b) AH = Hc02 - HCH4
with respect to D, respectively.

However, the difference in the potential well depth between CO,
and CHy, AH = Heo, — Hcn,, increases with the CNT diameter. This
implies the opposite variation trends of the adsorption capacity
difference between CO, and CH, with respect to D, which explains
the existence of the optimum CNT diameter.

Conclusions

Employing MD simulations, the adsorption of CH, and CO,
was compared in the aspects of energy, configuration, struc-
ture, capacity and etc. And the displacement of CH, by CO,
injection was explored for the first time. E,q.co, On graphene is
about 30% lower than E,q.cu,, which indicates that CO, adsorbs
more easily on graphene than CH, and could be a good
candidate in displacing CH,. First, the displacement of one
CH, molecule by injecting one CO, molecule on graphene was
investigated. It was found that the energy barrier required for
the displacement process decreases with the increase of the
displacement angle. And the displacement of CH, occurs most
easily when CO, approached CH, vertically to graphene. More-
over, the energy barrier required for displacing a CH, molecule
in one adsorption layer by CO, injection is larger than that
required for displacing an isolated CH, adsorbed on graphene.
Second, the displacement/desorption of pre-adsorbed CH, in
CNTs by CO, injection was explored. Comparison between the
desorption process by CO, injection and that by pressure
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drawdown indicates that the injection of CO, into the CNT
can enhance CH, recovery by at least 14.78% over that achieved
by pressure drawdown. In addition, the CO,-injected displace-
ment of CH, depends on the CNT diameter. There exists an
optimum diameter that makes CO,-injected CH, recovery occur
most efficiently. The underlying mechanisms of this pheno-
menon were uncovered.
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