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Methane adsorption in porous carbon systems such as coal and the organic matrix of gas shales is an impor-
tant factor in determining the feasibility of CO2 injection for enhanced natural gas recovery and possible se-
questration of CO2. Methane and CO2 adsorb competitively on carbon surfaces and an understanding of each
gas individually is important for determining a model to predict the feasibility of this approach for permanent
CO2 storage. Coal and gas shales have a very heterogeneous pore system, ranging from the micro, meso, and
macro-scales, with the pore size strongly affecting the adsorption behavior. In micropores, the force fields of
opposing pore walls are close enough that they will overlap and significantly influence the adsorption
behavior, which affects adsorbate packing and density. To determine the size at which these effects become
non-negligible and to determine the magnitude of this impact, grand canonical Monte Carlo simulations have
been carried out to estimate the adsorption isotherms of methane across a range of pore sizes and at various
temperature and pressure conditions characteristic of subsurface conditions. These isotherms have been
calculated on graphitic surfaces as an initial model of coal and kerogen of gas shales. The general trend
within pore sizes is that larger pores exhibit lower excess density compared to smaller pores. However, at
pressure above 1 MPa, the adsorption capacities of 0.6-nm pores drop below those of the wider pores,
ultimately decreasing below that of the 1.2-nm pore at 18 MPa. The density of adsorbed methane changes
non-monotonically with increasing pore width, and drops to a minimum in 1.2-nm pores at 12 MPa. The
isotherms have been compared with experimental data to gauge their accuracy, and the behavior of the
adsorbed layer has been examined in detail. At pressures less than 2.5 MPa, the molecular simulation esti-
mates underpredict the excess adsorption, while at pressures greater than 2.5 MPa up to 20 MPa, the
simulation estimates overpredict the excess adsorption. This discrepancy is likely due to the limitation of
the experimental-based model that was used to generate the pore size distribution and the surface function-
alities of the porous media that were ignored in the molecular simulation investigations, but likely play an
important role in determining accurate capacities under confinement at the nanoscale.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Currently, global CO2 emissions from the energy sector are ap-
proximately 30 billion tons per year with this number expected to
double by 2050 under business-as-usual practices (IEA, 2010). It has
been estimated that to stabilize CO2 levels in the atmosphere, they
will have to be reduced by up to 85% over the next century and to
do this requires a reduction of approximately 20 billion tons of CO2

each year (Davis et al., 2010; Hoffert et al., 2002). Carbon capture
and sequestration (CCS) has the potential to reduce emissions by up
to 5–10 billion tons per year with a minimum storage capacity of up
to 2000 billion tons in geologic formations (Benson and Orr, 2008).
With fossil fuels representing 80% of global energy production, it is
clear that CCS must be a component of the portfolio for mitigating
global CO2 emissions. Storage capacities of unmineable coalbeds are
+1 650 725 2099.

rights reserved.
estimated to range between 100 and 300 Gt CO2. This is low com-
pared to the potential storage capacity of deep saline aquifers
(i.e., 1000–10,000), but there are incentives with storage in
unmineable coalbeds as it may allow for enhanced coalbed meth-
ane recovery (ECBM) (Wilcox, 2012). A similar approach of using
CO2 for enhanced methane recovery from gas shales may also
lead to advancements in the technological feasibility of storing
CO2 in depleted shale reservoirs. Significant effort has been made
to develop an understanding of CBM (Moore, 2012) and ECBM
processes using CO2 (Busch and Gensterblaum, 2011). Coal and
the organic matrix of gas shales are heterogeneous materials both
physically, in terms of their pore size, structure and connectivity,
and chemically, in terms of the pore surface functional groups.
The petrographic composition of coals has been investigated for meth-
ane sorption previously, and indicates that vitrinite-rich coals have a
greater capacity for methane than inertinite-coals, likely due to the mi-
croporosity associated with vitrinite (Chalmers and Bustin, 2007). Sim-
ilar analyses of gas shales link increases in total organic content (TOC)
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Table 1
Pore volume percentages of coals (Gan et al., 1972) and shales (current work).

Sample Rank V3 (%)
b1.2 nm

V2 (%)
1.2–30 nm

V1 (%)
>30 nm

Coalsa

PSOC-80 Anthracite 75.0 13.1 11.9
PSOC-127 LV bit. 73.0 ~0 27.0
PSOC-135 MV bit. 61.9 ~0 38.1
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and micropore volume (related to TOC) to increased methane adsorp-
tion (Ross and Bustin, 2009; Zhang et al., 2012).

Understanding the adsorption of methane in micro- and
mesoporous carbon has practical application in both the recovery
of methane from subsurface coal and gas shales, as well as the se-
questration of CO2 in the gas-depleted pore space of each of these
systems. Enhanced natural gas recovery processes address not
only the increasing importance of natural gas for energy security,
but also the increasing awareness of and concern regarding the
role of CO2 as a greenhouse gas.

Capacity estimation based upon adsorption has consistently been
one of the most valuable and important topics of this field (Heuchel
et al., 1999). High-level trends affecting the adsorption quantity are
sorbent chemical composition, porosity, pore size distribution, tem-
perature, and pressure. For ECBM applications, simulations and ex-
periments have demonstrated that CO2 will preferentially adsorb in
pores over methane (Cracknell et al., 1996; Dreisbach et al., 1999;
Kurniawan et al., 2006). In a recent study by Liu and Wilcox, it was
shown that the selectivity of CO2 over CH4 is approximately five
when the gas mixture is adsorbed in slit pores containing oxygen
functional groups at temperature and pressure conditions relevant
to ECBM applications (Liu and Wilcox, 2012a). This has the beneficial
effect whereby adsorbed methane is displaced by CO2, releasing more
methane than could be accessed through the use of standard recovery
techniques. Separation processes continue to be improved as addi-
tional selectivity simulations, such as methane and ethane in carbon
slit pores, are carried out (Cracknell et al., 1994). An additional con-
cern for ECBM practices is the impact of H2O (typically present in
coal) on methane and CO2 adsorption. Simulations suggest that for
micropores (i.e., b2 nm), water may prevent a significant percentage
of methane adsorption that would otherwise occur (Müller and
Gubbins, 1998; Müller et al., 1996, 2000).

In the current work, molecular simulations have been carried out
using a grand canonical Monte Carlo (GCMC) algorithm (Allen, 1989;
Frenkel, 2001) to predict the adsorption isotherms for carbon-based
slit pores of a given width, spanning both micro and mesoporous re-
gimes. There are many complex aspects that may influence adsorption,
including pore surface functional groups, water interference, and sur-
face irregularities; however, to isolate the influence of pore size on ad-
sorption phenomena, we adopt a simplified model of these complex
porous carbon-based systems using an ideal graphite-based simulation
cell. The primary force considerations for adsorption include the inter-
actions between gas molecules and the pore surfaces, neighboring
pore wall interactions, as well as the interactions between the gas mol-
ecules themselves either in a free gas state or adsorbed state. However,
it can be inferred that for a specific pore size, in particular nearing the
molecular dimensions of the adsorbing gas, the forces from the oppos-
ingwalls will be more significant as well as forces from the neighboring
molecules adsorbed to the porewalls. There are twoprimary factors in a
given coal or shale sample that changes with the pore size distribution
(PSD), which may significantly affect adsorption. These are the surface
area associated with the pore walls and the overlapping force fields by
micropores 
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Fig. 1. Pore size distribution in a bituminous coal from the Illinois Basin (Mardon,
2008).
opposingwalls in sufficiently narrowpores. How these factors affect ad-
sorption is not straightforward, and is not well documented in the liter-
ature. To improve understanding of adsorption in such systems and to
create more reliable predictions of adsorption behavior, we have inves-
tigated via molecular simulation, adsorption phenomena over a wide
range of pore sizes, for various temperature and pressure conditions ap-
plicable to subsurface applications. The goal of the current study is
to characterize the effect of pore size on methane adsorption and to
quantify this impact to improve understanding of methane adsorption
in micro and mesoporous carbon systems for natural carbon-based
systems.

2. Adsorption terminology

Coal and gas shales are complex systems that contain carbon-
based 3D pore networks with a significant amount of surface area
contained in the micropores as demonstrated in Fig. 1. Based upon
the IUPAC (International Union of Pure and Applied Chemistry) defi-
nition, a micropore is defined as a pore having a width of less than
2 nm, while a mesopore is defined as having a width between 2 and
50 nm (Sing et al., 1985).

Examples of various pore size distributions from a variety of coals
(Gan et al., 1972) and three shales investigated in the current work
are shown in Table 1. The parameters V1, V2 and V3 were defined in
the earlier study carried out in 1972 as the fractions of pore volumes
with diameters greater than 30 nm, between 1.2 nm and 30 nm, and
less than 1.2 nm, respectively. Although the definition between
micro-, meso- and macropores in the earlier study is different than
the current IUPAC definitions, this example provides insight into the
relationship between the pore size of a given coal and its rank. For in-
stance, in the case of anthracite, a high-rank coal, at least 75% of the
pore volume is dominated by micropores, which is consistent with
Fig. 1. In the case of lignite, a low-rank coal, the majority of the pore
volume is dominated by macropores in all three of the samples
investigated.

It is important to note that determining the percentage of pore
volume in the micro- versus mesopore domains depends upon the
probe gas used. For instance, it is well-known that N2 and Ar are
non-adsorbing gases, but that CO2 in porous carbons has the propen-
sity to adsorb. These properties may influence gas uptake in the pores
and in the case of using CO2, may lead to overestimates of the pore
volume since the density of CO2 is likely greater than it would be in
PSOC-4 HVA bit. 48.5 ~0 51.5
PSOC-105A HVB bit. 29.9 45.1 25.0
Rand HVC bit. 47.0 32.5 20.5
PSOC-26 HVC bit. 41.8 38.6 19.6
POC-197 HVB bit. 66.7 12.4 20.9
PSOC-190 HVC bit. 30.2 52.6 17.2
PSOC-141 Lignite 19.3 3.5 77.2
PSOC-87 Lignite 40.9 ~0 59.1
PSOC-89 Lignite 12.3 ~0 87.7

Shalesb

Eagleford – 7.7/7.7 45.4/50.9 46.9/41.4
Haynesville – 11.9/9.5 41.9/45.4 46.2/45.2
Barnett – 10.0/7.7 46.7/47.5 43.3/44.8

a LV=low-volatile bituminous coal; MV=medium-volatile bituminous coal; HVA,
HVB and HVC bit.=high-volatile bituminous coal rank A, B and C, respectively;

b Two numbers indicate results from adsorption of two probe gases, i.e., N2 or Ar.



Table 2
3D snapshots of slices through adsorbed and bulk phases at 298 K in a 2-nm pore; red=surface carbon atoms and blue=methane molecules.

1 MPa 6.2 MPa 18 MPa

Adsorbed

Bulk

Table 3
Potential parameters for force field calculations.

εff/kB
(K)

σff

(nm)

CH4
a 148 0.375

C (graphite)b 28 0.34

a Ref (Martin and Siepmann, 1998);
b Ref (Steele, 1973).
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a traditional condensed liquid phase. The different pore sizes can also
be expected to exhibit different pore filling (adsorption) mechanisms
as pressure increases. For instance, microporeswill experience primar-
ily physisorption at a pore-filling stage only, whereas meso and macro
pores will undergo two stages of adsorption, first with single and mul-
tilayer adsorption, and second, capillary condensation (Lowell, 2004;
Wilcox, 2012). In micropores, adsorption is governed by combined
gas-surface and gas-gas interactions, and thus is limited to a single
layer or very few condensedmolecular layers. Inmany cases the density
of the adsorbed (condensed) phase is even higher than that of the liquid
density. The micropores reflect a continuous filling process due to the
overlapping forces of the pore walls, which differs from pore condensa-
tion representative of a gas–liquid phase transition that takes place in
mesopores.

One of the challenges in evaluating adsorption behavior is differ-
entiating between the number of gas molecules that would fill a
given volume in the absence of pore walls versus the number of mol-
ecules that would fill that same volume, but with the inclusion of
pore-wall effects at the same temperature and pressure conditions.
In other words, in micropores and smaller mesopores, the gas in the
pore will experience interactions with the pore walls that will influ-
ence adsorption properties such as packing and density. There are
several terms that are used in the literature to characterize adsorp-
tion, i.e., total gas content, absolute, and excess adsorption.

Before defining these terms it is important to first understand how
one determines the volume a gas occupies at a given temperature and
pressure in the absence of pore walls, which is termed the bulk phase.
When carrying out molecular simulations for predicting adsorption,
densities are calculated as a function of fugacity rather than pressure,
with fugacity loosely defined as the deviation in the vapor pressure
exerted by a real gas from the corresponding ideal gas. Within the
current work, the fugacity (i.e., ‘corrected’ pressure) is calculated
using the Peng–Robinson equation of state (Eq. (1)), with this pres-
sure used in plotting the adsorption isotherms.

p ¼ − RT
Vm−b

− aα
V2
m þ 2bVm−b2

ð1Þ

such that:

a ¼ 0:457235R2T2
c

pc
;

b ¼ 0:077796RTc

pc
;

α ¼ 1þ κ 1−T0:5
r

� �� �2
;

κ ¼ 0:37464þ 1:54226ω−0:26992ω2
;

Tr ¼
T
Tc

:

such that Tc, pc, and ω are the critical temperature, critical pressure
and acentric factor, respectively.

Total gas content is defined as the entire quantity of gas that re-
sides in the pore space at a given temperature and pressure and in-
cludes both the gas in the center of the pore (i.e., ‘free’ gas) as well
as the gas adsorbed directly to the pore surface. Defining the bound-
ary at which the gas is ‘free’ in the pore versus adsorbed to the surface
is difficult, but more easily done with molecular simulation than with
experiments. Given a large enough pore with minimal influence of
the pore walls, the free gas in the pore center may be thought of as
the gas that occupies the same volume of space at a given tempera-
ture and pressure as it would in its bulk phase. Theoretically, the
free gas is not influenced by the pore walls, or any differently by its
neighboring gas molecules as it would be in its bulk phase.

Absolute adsorption is defined as the quantity of gas present only in
an adsorbed state. This metric is challenging because of the difficulty
in identifying the molecules that are in fact adsorbed and not ‘free’ in
the pore space. In practice this information must include the density
of the adsorbed layer, single or multi-layer characteristics, and the
overall surface area associated with a given pore volume. This term
is often calculated based upon the assumption that the density in
the adsorbed layer is equal to the liquid-phase density, which is
often an incorrect assumption, especially with adsorbing gases at
high pressures and in small pores.

Excess adsorption is defined as the additional amount of gas
adsorbed per unit pore volume compared with the amount of gas in
the same volume of a given pore in the absence of pore walls. Gas
in the adsorbed phase is higher in density than the same gas in the
bulk phase, so subtraction of the expected density of gas in the bulk
from the total adsorption yields the additional density of gas in the
system as a result of adsorption.

Table 2 contrasts two volumetric slices of a 2-nm pore, showing all
gas molecules between a wall of graphite and the center of a graphitic
pore. In the case of the bulk phase, the wall is present only for com-
parison and its effect is not included in the simulation. Pressure con-
ditions of 1, 6.2, and 18 MPa are shown. Even at the highest pressure,
the density difference between the bulk and adsorbed phases is sig-
nificant, and at lower pressures the adsorbed density is clearly higher
than the bulk-phase density. It is worth noting that, while the density
of the adsorbed phase is much higher, the pressure increase changes

Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image


Fig. 2. Adsorption isotherm for total, excess and bulk adsorption of methane in a 1-nm pore at 298 K over a pressure range of 0.01 to 18 MPa.

39K. Mosher et al. / International Journal of Coal Geology 109–110 (2013) 36–44
the number of particles in the bulk from 1 to 7 and then 30, but in the
adsorbed layer the number increases from 36 to 72 and finally 90. The
rate of increase, and even the number of molecules added from a
pressure increase of 6.2 to 18 MPa is greater in the bulk phase than
in the adsorbed phase.
3. Theoretical methodology

In the current work, GCMC simulations have been carried for the
prediction of methane adsorption in carbon-based systems at tem-
perature and pressure conditions relevant to applications of en-
hanced gas recovery and permanent storage of CO2 in coal and gas
shales. Complex porous carbon structures have been modeled ideally
as a collection of independent, non-interconnected, graphitic slit
pores as a first step. Within the molecular simulations, each pore
wall is represented using a 3-layer perfect graphite slab. The GCMC
simulation box containing a given slit pore has dimensions of
4.272×4.932 nm in the x- and y-directions, respectively and with pe-
riodic boundary conditions. The distance between the two slabs in the
z-direction was adjusted to model the various widths of the slit pores.
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Fig. 3. Excess loading as a function of bulk den
To describe the adsorption of methane in carbon-based slit pores,
methane was treated simply as a one-center Lennard–Jones (12–6)
sphere due to the fact that methane has a relatively weak octupole
moment (Martin and Siepmann, 1998). To reduce the computational
time, a rigid graphite framework was assumed, which is based on the
fact that the geometries of the framework were not significantly
influenced by methane adsorption. The LJ 12–6 parameters for the
slit-pore surface carbon atoms were taken from the Steele 10-4-3
potential (Steele, 1973). As shown in Table 3, the ratio εff/kB is the
depth of the potential well, and σff is the finite distance at which
the intermolecular potential is zero. The potential energies associated
with different Leonard-Jones sites were calculated using standard Lo-
rentz–Berthelot mixing rules (Allen, 1989).

The GCMC simulations (Allen, 1989; Frenkel, 2001) of methane ad-
sorption on perfect graphitic slit pores were carried out in the μVT
ensemble (Gupta et al., 2003). Temperatures of 298 K, 318 K and
332 K, and pressures up to 20 MPa have been investigated for their rel-
evance to CCS applications. The fugacities are required simulation in-
puts and as previously discussed were calculated using the Peng–
Robinson equation of state (Reid et al., 1987). The critical temperature
and pressure of methane are 190.4 K and 4.6 MPa, respectively, with
6 

y (mmol/cm3)
8 10

sity of methane in a 1-nm pore at 298 K.
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Fig. 4. Adsorption isotherms of methane adsorption in a 1-nm pore at temperatures of 298 K, 318 K and 332 K.
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an acentric factor of 0.011. To speed up the convergence, energy-biased
insertions of the gas molecules were employed and acceptance ratios
for insertions and deletions were above 1% (slightly lower at higher
loadings) to ensure reasonable equilibration in the GCMC simulations.
A total of 100 million GCMC moves were attempted during each
GCMC simulation.

4. Results and discussion

4.1. Isotherm predictions as a function of pressure and temperature

Fig. 2 shows the predicted isotherm for the total gas content, bulk
and excess adsorption of methane in a 1-nm pore at 298 K and over a
pressure range of 0.01 to 18 MPa. Adsorption creates a layer of gas at
a higher density near the pore surface than would be expected from a
gas in its bulk phase without a nearby surface at the same tempera-
ture and pressure. Subtracting the bulk from the total gas content,
the additional methane density (i.e., excess) attributed to surface
Fig. 5. Excess adsorption isotherms at 298 K in slit po
effects can be seen in Fig. 2. The pore volume was calculated by as-
suming that the effective pore width is equal to the distance between
the two graphitic slabs minus the collision diameter of a surface car-
bon atom (i.e., 0.34 nm). The pore volume is typically determined
using helium as the probe gas at ambient temperature before initiat-
ing adsorption experiments, and in the molecular simulation investi-
gations of the current work helium is used in a similar manner to
determine the reference pore volume (Liu and Wilcox, 2012b).

With sufficient pressure increase, most systems reach a point
where the adsorbed state has a density identical to that of the bulk
phase and at this point the total and bulk isotherms intersect. The
amount of excess therefore increases up to a specific pressure, and
then decreases to zero at the pressure for which there is no noticeable
change in density as a result of adsorption. The increase with pressure
followed by a subsequent decrease suggests there exists a maximum
adsorbed quantity, or a layering of adsorbed molecules up to a certain
distance from the pore wall. The increase corresponds to the many
available locations within the adsorbed layer, up to the peak of the
res with pore sizes ranging from 0.4 nm to 9 nm.

image of Fig.�5


Table 4
Maximum excess adsorption at 298 K in pores of sizes ranging from 0.4 nm to 9 nm.

Pore size
(nm)

Pressure
(MPa)

Loading
(mmol/cm3)

0.4 2.900 19.94
0.6 4.578 12.79
0.7 7.226 15.92
0.8 6.206 15.15
0.9 6.206 13.23
1.0 6.206 12.25
1.2 8.413 11.56
1.5 9.795 9.66
1.7 9.795 8.67
2.0 9.795 7.50
3.0 13.27 5.12
6.0 9.795 2.47
9.0 9.795 1.60
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isotherm, at which point all of the “easily available” sites become
filled.

As pressure (and hence fluid density) continues to increase, the
available adsorption sites in the adsorbed layer(s) fill up, until the ad-
ditional pressure required to add another adsorbed molecule is equal
to the pressure needed to add one more molecule to the bulk phase,
from which point there are no more molecules added to the adsorbed
state. As pressure increases with no additions to the adsorbed layer,
the density in the bulk phase increases. Because no molecules are
added into the adsorbed layer, the relative difference in the density
decreases, following the isotherm down to zero, where the bulk den-
sity is identical to the adsorbed density and thus there is no gain as a
result of adsorption. This behavior can create misleading or confusing
artifacts in the isotherms, but by graphing the excess as a function of
the bulk density at the same pressure, as shown in Fig. 3, trends can
be reliably identified up to very high pressures.

To examine the effect that temperature has on methane adsorp-
tion in carbon slit pores, the same isotherms calculated at different
temperatures are compared in Fig. 4. The results show similar trends,
except that at higher temperatures a reduced density increase due to
adsorption takes place at lower pressures. Excess density also peaks
later, causing an intersection or greatly diminished distance between
the curves for different temperatures, implying that higher tempera-
ture reduces adsorption for equivalent pressures, but the maximum
Fig. 6. Density profiles of the adsorbate molecules along the pores with
number of adsorbed molecules remains constant. As pressure in-
creases at higher temperatures, the pores still have space available
in the adsorbed layer, causing the isotherm to peak and descend at
higher pressures than for the same sized pores at lower temperatures.

4.2. Isotherm prediction based upon pore size

Fig. 5 shows excess methane adsorption as a function of pore size.
Several interesting features and patterns are apparent from these iso-
therms. The general trend among the varying pore sizes is that the
larger pores have a lower excess adsorption density than the smaller
pores. Smaller pore sizes also reach their excess adsorption density
peak at lower pressures and have that density decrease at a greater
rate than larger pore sizes. Although not shown, adsorption as a func-
tion of temperature was also investigated. It was found that increased
temperature causes a lower peak in excess adsorption density, but
with a shift to higher pressure. At higher temperatures the excess ad-
sorption density also diminishes less rapidly as pressure increases be-
yond the peak exhibited at lower temperatures.

Table 4 demonstrates this, listing themaximum adsorption for each
pore size and the pressure at which it occurs. The smaller pores peak
clearly and at very low pressureswhereas the larger pores have a flatter
andmore indeterminate peak, but at higher pressures. The 0.4-nmpore
shows a density resulting from adsorption that is nearly 20 times the
bulk density at 2 MPa,whereaswithin a 9.0-nmpore, the excess density
has diminished to only a small fraction of the bulk density at all pres-
sures considered. For the largest pore sizes (i.e., 2, 3, 6, and 9 nm) the
loading curve is very flat neighboring themaximum. This makes the ac-
tual “maximum” value not as instructive as it is for the smaller pores.
The maximum value for the 3-nm pore, for example, appears to occur
at a much higher pressure than for the 2-, 6- and 9-nm pores. For all 4
pore sizes, however, the difference in the loading between 8 and
16 MPa is very small (i.e., b1%).

The trends discussed in the current work agree with the concept
of an adsorption layer with some maximum thickness. The pores
that are 1.2 nm or less show additional curvature around the maxi-
mum loading point as well as demonstrating more excess adsorption
than suggested by simple layering. This effect is significantly pro-
nounced in smaller pores, suggesting a direct pore size effect on the
adsorption layer thickness. A few notable exceptions to the trends
raise some interesting questions. Note that the isotherm of the
pore diameters ranging from 0.4 nm to 2 nm at 1 MPa and 12 MPa.

image of Fig.�6


Fig. 7. Density profiles of the adsorbate molecules along the pores with pore diameters ranging from 2 nm to 9 nm at 1 MPa and 12 MPa.
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0.6-nm pore does not conform to the pattern shown. The behavior is
as expected at very low pressures, but above 1 MPa, the isotherm
drops below those of the wider pores, ultimately decreasing below
the isotherm of the 1.2-nm pore. To describe this phenomenon it is
important to consider the Lennard–Jones diameter of methane (or
the distance at which repulsive forces two molecules of methane
dominate) when examining very small sized pores. This collision di-
ameter, or σ, is 0.3751 nm for methane in these simulations. The
0.4-nm sized pores hold only one single molecular layer between
two pore walls, while an 0.8-nm sized pore may hold up to two
layers, one adsorbed to each wall; however, the formation of a layer
on one wall of the 6- and 0.7-nm sized pores will interfere with the
formation of a second layer on the opposing pore wall and therefore
the change of the adsorption layers with the increase of pore width
is not monotonic. The result is that, despite a pore volume increase
from the 0.4-nm pore, and despite having more actual molecules in
Fig. 8. Excess adsorption isotherm from simulation and experiments (Ottiger et al.,
2006) at 318 K and 332 K.
place than found in the 0.4-nm pore, the density increase per unit vol-
ume increase is significantly less than that between the isotherms of
the 0.4- and 1.2-nm pores. Furthermore, note that the isotherm of
the 0.6-nm pore resembles a smaller version of the isotherm of the
0.4-nm pore, suggesting a single adsorbed layer rather than the
rounder arc seen in the 0.8-nm isotherm, corresponding to double
layering. The non-monotonic behavior was also reported in the mo-
lecular simulation work of Liu and Wilcox on CO2 adsorption by
employing the one-center Lennard-Jones model (Liu and Wilcox,
2012b).

4.3. Density predictions of adsorbed methane

One of the challenges in adsorption experiments is that it is diffi-
cult to directly probe the adsorbed phase in small pores. This forces
experimentalists to make assumptions about the layering and density
of the adsorbed state. The typical assumption is that the adsorbed
state of the gas has the same density as its liquid state. Molecular sim-
ulation allows the unique opportunity to view the positions of all of
the gas molecules in a given slit pore, while gathering very specific
data about the density and layering of the gas molecules, which
may be subsequently applied to the experiments to draw further con-
clusions from sorption isotherms such as pore volume and pore size
distribution.

To gain statistically relevant data associated with the adsorbed
layer, many snapshots containing the locations of all particles were
taken from different iterations. A full simulation involved running
1×108 iterations, with 5×102 snapshots taken (1×103 in total)
equally spaced within the last 2×107 iterations. The particles in all
of the snapshots were aggregated and then incrementally grouped
according to the particle coordinates corresponding to distance be-
tween the pore walls. Figs. 6 and 7 show one-dimensional projections
of the methane density up to 18 MPa from a 3D space shown for sim-
ulations as a function of pressure. Only the axis along the width of the
pore was considered, and the height of the graph reflects the number
of gas molecules that have their center at the given position across
the pore width, which can then be readily converted to a density
given the volume element that the molecules were divided among.
The dominant trend is that the majority of the methane molecules,
especially at low pressures, can be found in very close proximity to
the pore walls. As pressure rises, the density across the pore increases

image of Fig.�7
image of Fig.�8
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generally, but with the greatest increases seen in the height and
width of the first adsorption layer. Beyond the low-pressure regime,
there is also clearly a second adsorption layer forming, which can be
interpreted as a second peak forming after a low-density gap. This
low-density gap is particularly interesting since it demonstrates that
the adsorption layer is not geometrically perfect (which would force
a zero density band), but that there is a clear preference to be adja-
cent to the pore wall. The second peak may also be interpreted to cor-
respond with a distance roughly equal to the Lennard–Jones σ value,
from the first peak. Finally, the density between the secondary layers,
in the center of the pore exhibits a steady increase similar to the near-
ly linear bulk density increase with pressure as shown previously in
Fig. 2.

In particular, Fig. 6 shows only the smaller pores, i.e., between
0.4 nm and 2 nm. The significantly higher peaks shown for the
0.4-nm pore are a clear result of the overlapping forces from opposing
pore walls that allow for increased methane density and subsequent
adsorption. The wall effects also appear to dominate over pressure ef-
fects, as the adsorbed layer is already nearly at its maximum density
at 1 MPa with little change seen up to 12 MPa. The 0.6-nm sized
pore has the most dramatic deviation, with much lower peaks than
expected. There are clearly two layers forming, similar to the larger
pores, but the layers are prevented from forming normally as is
shown by the low density of the peaks. The 0.7-nm sized pore
shows higher than expected density layers, but also thinner, which
agrees with the non-monotonic change of methane adsorption with
increasing pore width. With a 0.8-nm sized pore there is still an in-
crease in density from the opposing pore wall effect, resulting in a
slightly higher than expected density, but the layers are now the stan-
dard width as exhibited in the largest pores. The 0.9- and 1.0-nm
sized pores allow for slight formation of a single central layer and
both have slightly lower than the expected density. The density in
the 0.9-nm sized pore is diminished since it has unoccupied space,
while the 1-nm sized pore exhibits the slight formation of a central
layer which creates additional space in the pore center additional
gas molecules.

Fig. 7 shows only the larger pores, i.e., between 2 nm and 9 nm. It
shows quite clearly that for all pores greater than 1.2 nm themaximum
density exhibited at the wall is essentially the same. This holds true at
both lower and higher pressures. The density of the layer at the wall in-
creases with pressure, but two pores greater than 1.2 nm at the same
pressure demonstrate nearly identical adsorption layers corresponding
to the given pressure. In the case of the 1.2-nmpore, this trend deviates
slightly, but once again considering the geometry of the pore and the
methane diameter of 0.375 nm, four layers will not fit into a 1.2-nm
sized pore, but rather there exists a single, higher central peak corre-
sponding to a single and denser layer taking the place of two less
dense secondary layers in a larger pore. Another clear pattern is the
bulk phase behavior in the cores of the pores. After the second peak,
all of the larger pores have a density nearly identical to one another
and corresponding with the concept of bulk phase behavior at a
Table 5
Adsorption layer densities in pores with three different pore sizes (0.4 nm, 0.8 nm, and
9 nm) at 1 MPa and 12 MPa.

Condition Density at 1 MPa
(g/L)

Density at 12 MPa
(g/L)

Pore size 0.4 nm 1944 2346
Pore size 0.8 nm 674 1500
Pore size 9.0 nm 520 1389
Bulk gas at 298 Ka 6.59 93.2
Liquid at boiling point, 101.3 kPaa NA 423
Methane hydrate (fire ice)b NA 900

a Ref (Lemmon et al., 2012);
b Ref (Max, 2003).
distance from thewall where adsorption forces based upon the proxim-
ity of the pore walls are no longer dominant.

4.4. Impact of total adsorption on pore size

Based on the isotherms calculated from the molecular simulations
in the current work, pore size has the capability of influencing the ad-
sorption capacity of a given material. As a demonstrative example,
consider two samples with identical pore volume but differing pore
size distributions. The first consideration is surface area, i.e., for an
equivalent volume of pores of smaller diameter; more pores will be
required for a given volume, which corresponds to a larger total sur-
face area. The second consideration is increased density in the
adsorbed layer caused in small pores (i.e., 1.2 nm or smaller) by
wall-wall interactions, allowing for an increased density in the
adsorbed phase.

The surface area impact is a result of the density differences be-
tween the bulk phase and the adsorbed phase. For most pressures
the adsorbed phase has a much higher density but only exists in
close proximity to a pore wall. The amount of adsorbed material
therefore scales directly with surface area of the pore walls, with
the total amount of methane in a sample being a strong function of
the amount of methane adsorbed. The effect on methane density
from the overlapping force fields of the opposing pore walls can be
seen in a comparison of the adsorption layer densities from Figs. 7
and 8 as shown in Table 5. At low pressures the difference is more
pronounced, with the adsorbed layer nearly four times as dense in
the 0.4-nm sized pore compared to the 9-nm sized pore and three
times as dense as in the 0.8-nm sized pore. At higher pressures, the
difference drops to 1.7 times the density of the 9-nm sized pore and
1.6 the density of the adsorbed layer in the 0.8-nm sized pore.

Combining both aspects, i.e., greater number of narrower pores
(hence more surface area) in an equivalent pore volume and in-
creased density in narrower pores and assuming that the effects are
independent, the worst-case scenario comparing the densities of
0.4- and 9-nm sized pores at 1 MPa suggests that a sample consisting
of 0.4-nm sized pores may contain 84 times more methane than a
sample containing 9-nm sized pores, as demonstrated by the volume
predictions in Table 6.

Given the potential impact micropore effects may have on adsorp-
tion capacities, and also the abundance of micropores often found in
coal and shale gas samples, the consideration of pore size effects is
very important for adsorption studies and predictions.

4.5. Comparison of simulation to experiment

To validate the simulated data and to gauge the effectiveness of
the simulation model, two adsorption comparisons were made with
available experimental data from the literature (Ottiger et al., 2006)
and are shown in Fig. 8.

The experimental data was collected using coal samples with a rank
of high-volatile bituminous coal from the Sulcis region in Italy (Ottiger
et al., 2006). The micropore size distribution for the coal was calculated
based upon low-pressure CO2 adsorption measurements and the
Dubinin–Astakhov equation, which is based on the assumption of
Table 6
Methane volume converted to standard temperature and pressure (STP).

Pore size
(nm)

Methane at 1 MPa
(scf)

Methane at 12 MPa
(scf)

0.4 1609 1924
0.8 790 1631
9.0 85 581
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volume filling of micropores and a single Gaussian pore size distribu-
tion. On the other hand, the simulated adsorption isotherm is calculated
by:

ρsimulated jð Þ ¼
Xm

i¼1

aiρi jð Þ ð2Þ

such that ai is the fraction of pores with corresponding widths. Similar
to previouswork, the set of isotherms for a given systemwere obtained
from GCMC simulations (Liu andWilcox, 2012b). From Fig. 8, the theo-
retical predictions deviate from experimental measurements up to
2 mmol/cm3, with increased deviation at pressures between approxi-
mately 5 and 15 MPa. There are several possible reasons for these dis-
crepancies. The first reason is that the measured PSD does not account
for the complete pore structure adsorbed by methane. The probe gas
CO2 may “see” different pore volumes than methane (Lowell, 2004).
For instance, CO2 is an adsorbing gas in porous carbons, while methane
has been generally considered to be nonadsorbing. The second possible
reason is the PSDs predicted are not necessarily identical to the real sys-
tem due to the idealized single Gaussian pore size distribution used in
the experimental-based approach. The third is due to the fact that the
real organic pore structures of coal are more complex than the simpli-
fied perfect graphite slit-pore model, which includes highly structural
and chemical heterogeneities that may enhance (or hinder) methane
adsorption (Liu andWilcox, 2012a, 2013). Additionally, the model pre-
dictions do not allow swelling or expansion of the pore walls, which
coal has been known to exhibit. In addition, it is important to recognize
that pore structure of the Sulcis bituminous coal considered might be
more heterogeneous than the accepted slit-pore structure of themolec-
ular simulations. Hence, future work will involve the investigation ex-
perimental pore size analysis on higher-ranked coals such anthracite
to determinewhether the pore structuremay play a role in determining
the extent of adsorption.
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