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Deformation of Coal Induced by Methane Adsorption at Geological Conditions
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The quenched solid density functional theory (QSDFT) is employed to study methane adsorption on coal
at geological conditions. Themain focus is made on coal deformation in the course of adsorption that may
result in either expansion/swelling or contraction, depending upon the pressure, temperature, and pore
size. Twoqualitatively different types of deformation behaviorwere found depending upon the porewidth.
Type I shows a monotonic expansion in the whole pressure range. This behavior is characteristic for the
smallest pores<1.3σff (0.5 nm) that cannot accommodatemore than one layer of methane. Type II displays
contraction at low pressures followed by expansion. Type II behavior was found for several groups of
pores, which can accommodate dense packingwith an integer number (from 2 to 6) of adsorbed layers. The
results of the QSDFT model are compared to literature experimental data, and the model is employed to
study the adsorption behavior of model coals at elevated pressures and temperatures. We established the
relationships between themethane capacity and the solvation pressure that it exerts on the coal matrix and
the depth of coal bed for pores of different sizes.We found that the coal deformation depends upon the bed
depth, and at different depths, it either swells or contracts depending upon the pore size distribution. The
implications of these findings for evaluating coal gas resources and coal mine recovery are discussed.

1. Introduction

Adsorption of methane on coal plays a crucial role in a
variety of natural and technological processes, such as gas
outbursts in coalmines,1,2 global warming caused bymethane
emissions,3 evaluation and exploitation of coal methane
resources,4 andmethane storage.5Natural gas,mainly consisted
ofmethane, is retained in coal beds in threemain forms: (1) free
gas in cleats, fractures, and macropores, (2) gas dissolved in
water formations, and (3) gas adsorbed inmicropores ofwidth
<2nmandmesopores ofwidth from2 to 50nm.Adsorption in
pores is the primary mechanism of methane retention in
coal.6-8 In the past few years, methane adsorption and adsorp-
tion-induced coal swelling and contraction were extensively

investigated depending upon various factors, including pressure,
temperature, pore structure, surface properties, coal types, coal
ranks, moisture content, mineral matter (ash content), and
others.9-22

Various empirical methods10,14-17 as well as the non-local
density functional theory (NLDFT)23 and Grand Canonical
Monte Carlo (GCMC) simulation24 were employed to model
methane adsorption capacity. In general, methane adsorption
capacity increases with increasing pressure until a certain
saturation pressure is reached but decreases with increasing
temperature.9 The effect of the temperature on the storage
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capacity of coal is negligible in the range from25 to 60 �C.11A
linear decrease of the adsorption capacity with the tempera-
ture was reported by Levy et al., with a gradient of approxi-
mately -0.12 mL g-1 K-l.10 It has been found that samples
with higher specific surface area (SSA), higher micropore
volume (MPV), and narrower pore size distribution (PSD)
have higher methane adsorption capacity.12 For example,
vitrinite-rich coals display a larger MPV and, hence, greater
adsorption capacities than inertinite-rich counterparts of the
same rank.13,14,25Although the ash content imparts a negative
effect on the overall adsorption capacity, it can be neglected in
the case of micropore adsorption.16,17 Samples with slightly
morehydrophobic surfaces exhibit superiormethaneadsorption
properties compared to less hydrophobic ones.12 Kurniawan
et al.24 adopted NLDFT and GCMC simulation to study
binary adsorption of methane and carbon dioxide in slit-
shaped pores, ranging from around 0.75 to 7.5 nm in width.
With increasing pressure, the selectivity of carbon dioxide
relative to methane in a binary mixture initially increases to a
maximum value of ∼35 bar and, subsequently, drops before
attaining a constant value at pressures higher than 300 bar.

While the adsorption capacity was studied in great detail,
the adsorption-induced deformation of coal, which can result
in gas outburst, still remains an enigmatic problem. Thus far,
experimental studies on coal deformation were performed
mostly at room temperature and pressures up to 10MPa, with
only a few up to 80MPa.26-28Within these regimes, Levine26

found a linear swelling ratio of 0.18% in CH4 at 5.2 MPa.
Chikatamarla et al.29 studied CH4-induced swelling on four
coal samples with pressures up to 5.0 MPa. The volumetric

strain at 0.6 MPa is found to be from 0.09 to 0.30% for CH4.
Cui et al.30 studied the adsorption-induced swelling of three
western Canadian coals. The volumetric strain magnitude in
their work is up to 0.75%. Sizov et al.31 studied the influence
of pore width, temperature, pressure, and surface properties
on the solvation pressure using Monte Carlo and molecular
dynamic methods. They adopted either strong (strong ad-
sorption site) or zero (vacancy) local field to account for the
surface heterogeneity and found that the effect of vacancies is
even more significant than that of strong adsorption sites
within the pore width range of 0.65-2.40 nm. Ustinov and
Do22 studied deformation of slit pores adsorbed with sub-
critical fluid based on NLDFT. Ravikovitch and Neimark20

used the QSDFT model to describe the non-monotonic ad-
sorption-induced deformations typical for microporous zeo-
lites and carbons. They explained this behavior by competition
between the attraction of adsorbedmolecules to porewalls and
packing effects. Pan and Connell32 developed another theo-
retical model, which is able to describe the differences in
swelling behavior with respect to different gas species and at
very high gas pressures, at which the coal swelling reaches a
maximumand then decreases. Do et al.33 usedGCMC simula-
tion to study argon adsorption into graphitic slit pores that
can deform in the presence of adsorbate by introducing a
number of graphic layers at the internal pore surfaces that can
move in a direction normal to the surface under the constraint
of van derWaals forces. They found that pore widths that are
incommensurate with respect to an exact number of layers
showed the greatest deformation, especially at high pressure
andathigher temperatures.Expansions of up toa 6%increase
in the original width for a high adsorbate density were found
for the 8 Å pore. Kowalczyk et al.21 calculated the solvation
pressure of argon adsorption on carbide-derived activated
carbonat243Kandupto1.2MPabymeansofMCsimulations
and found that the elastic deformation strongly depends upon
thePSD. Inmicroporousmaterials, the reportedmagnitudeof
the adsorption-induced elastic moduli may be on the order of
gigapascals, which in turn implies very high internal stresses
on the order of megapascals.34,35 Such high stresses can
change the stability of coal formations and mining safety
during methane recovery and lead to an outburst hazard.36,37

Although the relationships between solvation pressure and
adsorption deformation are well-documented,20,21 a system-
atic study of the effect of PSD on coal deformation under
supercritical conditions is still lacking.

In this paper, the quenched solid density functional
theory (QSDFT) is employed to study methane adsorption
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on coal at geological conditions. The main focus is made on
coal deformation in the course of adsorption that may result
in either expansion/swelling or contraction, depending upon
the pressure, temperature, and pore size. In section 2, the
QSDFT methodology and the method of calculating adsorp-
tion and solvation pressure isotherms are described. The
results of methane adsorption capacity, density profile, and
salvation pressure on coal in pores from 0.5 to 50 nm at 298
and 360Kwith pressure up to 100MPa are given in section 3.
Two qualitatively different types of deformation behavior
were found depending upon the pore width. Type I shows a
monotonic expansion in the whole pressure range. This behav-
ior is characteristic for the smallest pores <1.3σff (0.5 nm) that
cannot accommodate more than one layer of methane. Type II
displays contraction at low pressures followed by expansion.
Type II behaviorwas found for several groups of pores, which
can accommodate dense packing with an integer number
(from 2 to 6) of adsorbed layers. Then, the results of the
QSDFT model are compared to literature experimental
data, and the model is then employed to study the adsorp-
tion behavior of model coals at elevated pressures and tem-
peratures. An instructive example of a coal bed with the tem-
perature gradient of 0.03 K/m and the pressure gradient of
0.01MPa/misgiven in section4.Weestablished the relationships

between the methane capacity and the solvation pressure that it

exerts on the coalmatrix and the depth of the coal bed for pores

of different sizes. We found that the coal deformation depends

upon the bed depth, and at different depths, it either swells or

contracts depending upon the PSD. In section 5, general con-

clusions are summarized and the implications of these findings

for evaluating coal gas resources and coal mine recovery are

discussed.

2. Methodology

2.1. Basic Formulation of QSDFT. The density functional
theory implies that, at the conditions of thermodynamic equi-
librium, the spatial distribution of adsorbed species corre-
sponds to a minimum of the grand thermodynamic potential
at a given chemical potential, pore volume, and temperature.
The QSDFT model is based on the multi-component density
functional theory, in which the grand thermodynamic potentialΩ
is defined as

Ω½fFiðrÞg� ¼ Fint½fFiðrÞg�þ
X
i

Z
drFiðrÞ½ψiðrÞ-μi� ð1Þ

where Fint is the intrinsic Helmholtz free energy, Fi and μi are the
local number density and chemical potential of component i,
respectively, and ψi is the local external potential.

Figure 1.Adsorption isotherms of methane in pores of width from 0.5 to 50 nm. (A and B) Isotherms of total adsorption and excess adsorption
at 298 K, respectively. (C and D) Isotherms of total adsorption and excess adsorption at 360 K, respectively.
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In the QSDFT model of single-component adsorption, we
consider the solid as a quenched component of the two-component
solid-fluid system. Adsorption interactions are reduced to pair-
wise interactions between the molecules of adsorbate (fluid) and
adsorbent (solid), and external potentials are not considered.
Thus, the grand thermodynamic potential is given as

Ω½FsðrÞ; FfðrÞ� ¼ Fint½FsðrÞ; FfðrÞ�- μs

Z
drFsðrÞ-μf

Z
drFfðrÞ

ð2Þ
Minimization of the grand thermodynamic potential is per-
formed with respect to the fluid density Ff(r), keeping the solid
density Fs(r) and the contributions from solid-solid atomic
interactions unchanged.

δΩ½FsðrÞ; FfðrÞ�=δFfðrÞ ¼ 0 ð3Þ

Further detailed information on the QSDFT method is well-
documented and can be found in the literature.38,39

2.2. Parameters of Intermolecular Interactions. The Lennard-
Jones (LJ) potential was used to represent both fluid-fluid and
fluid-solid interactions.The standardWeeks-Chandler-Andersen
(WCA) scheme was adopted to calculate the van der Waals
attraction potentials.

uattij ðrÞ ¼ - εij re21=6σij

4εij ½ðσij=rÞ12 - ðσij=rÞ6� rg21=6σij

�
ð4Þ

Figure 2.Density profile in pores at different pressures and temperatures of 298 and 360K.The thick solid line represents the porewalls, and the
thin line denotes the solid density.

(38) Ravikovitch, P. I.; Neimark, A. V. Density functional theory
model of adsorption on amorphous and microporous silica materials.
Langmuir 2006, 22, 11171–11179.

(39) Neimark, A. V.; Lin, Y.; Ravikovitch, P. I.; Thommes, M.
Quenched solid density functional theory and pore size analysis of
micro-mesoporous carbons. Carbon 2009, 47, 1617–1628.
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For the methane-methane interaction, εff/kB = 148.1 K and
σff= dHS=0.381 nm.For the carbon-methane interaction, the
effective LJ parameters for solid-fluid interactions were chosen
as εsf/kB= 64.4 K and σsf = 0.3605 nm from combining rules.40

2.3. Pore Model. Within the QSDFT model, the surface
heterogeneity is effectively characterized by the roughness param-
eter δ that represents an average characteristic scale of surface
corrugations. We employed the slit pore model developed earlier
for nanoporous carbons39,41 to represent the coal pore geometry.
According to the prescription,39,41 the surface density distribu-
tion is described by the following equation:

FsðzÞ ¼
Fs

0

0:75Fs
0 1-

z- h0

2δ

� �
0

0ez < h0
h0ez < h0 þ 2δ

zgh0 þ 2δ

8><
>: ð5Þ

where Fs = 0.114 Å-3 is the density of bulk carbon and h0 is the
effective thickness of the solid wall assumed to be h0 = 2� 0.34
nm. The hard sphere diameter of carbon atoms is 0.2217 nm.
The roughness parameter δ represents the half-width of the
density ramp (5) and was taken as δ = 0.13 nm.39

2.4. Calculation of Solvation Pressure and Volumetric Strain.
Solvation pressure because of fluid adsorption is the cause of
elastic deformation of the adsorbent, which can be measured
directly. The calculated solvation pressuremay be either positive
or negative, which causes either contraction or swelling,
respectively.20-22 The solvation pressure fs can be obtained by
the following equation:34

fs ¼ 1

A

DΩ
DH

� �
T,μ,A

- p¥ ð6Þ

where A is the surface area, Ω is the grand free energy, H is the
pore width,T is the temperature, μ is the chemical potential, and
p¥ is the bulk fluid pressure.

Assuming that the carbon matrix is incompressible, the
volumetric strain is given by

ε ¼ ΔV

V
¼ j

k
f s ð7Þ

where j is the porosity and k is the elastic modulus, which is
related to the bulkmodulusK, byK= k/j. Here, k is assumed to
be independent of the pore size.21

3. Results and Discussion

3.1. Adsorption Isotherms and Density Profile of Methane

in Coal Pores. The simulated methane adsorption isotherms
in porous coal at various pore widths are shown in Figure 1.
They belong to the type I adsorption isotherm.42 The adsorp-
tion capacity decreases with increasing temperatures for all
pores, as expected.43-45 As the pressure increases from 0.1 to
10MPa, the adsorption capacity increases rapidly.When the
pressure is higher than 20 MPa, the adsorption capacity
increases linearly with the pressure but at a much slower rate.
In addition, the adsorption capacity increases with a decreas-
ing pore width (Figure 2). The excess adsorption adsorption
reaches amaximumat 10-15MPa.Moffat andWeale found
a similar trend in their methane adsorption experiments on
10 coal samples. The apparent adsorption reaches a maximum
of 20-61mL/g [standard temperature and pressure (STP)] at
a pressure of 10 or 15 MPa.46

From 0.5 to 5 nm, the density profiles in Figure 2 show a
typical transition from a one-layer adsorption to that of a
multiple-layer adsorption. The density profile at a temperature
of 360 K has a similar trend as 298 K, but with a lower density.
In the densest case of the 0.5 nmpore, the peak density at 298K
is larger than that of 360K.This difference in density caused by
temperature becomes smaller as the pressure increases. In a
0.7 nm pore, two layers are formed at 100 MPa and 298 K,
while at 360K,onlyone layer ispresent.Atgeological conditions,

Figure 3. Solvation pressure in pores from 0.2 to 50 nm at temperatures of (A) 298 K and (B) 360 K.

(40) Neimark, A. V.; Ravikovitch, P. I. Calibration of pore volume in
adsorption experiments and theoretical models. Langmuir 1997, 13,
5148–5160.
(41) Fitzgerald, J. E.; Sudibandriyo,M.; Pan, Z.; Robinson,R. L., Jr.;

Gasem, K. A. M. Modeling the adsorption of pure gases on coals with
the SLD model. Carbon 2003, 2203–2216.

(42) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.;
Pierotti, R. A.; Rouquerol, J.; Siemieniewska, T. Reporting physisorp-
tion data for gas/solid systems with special reference to the determina-
tion of surface area and porosity. Pure Appl. Chem. 1985, 57, 603–619.

(43) Kaneko, K.; Murata, K. An analytical method of micropore
filling of a supercritical gas. Adsorption 1997, 3, 197–208.

(44) Sakurovs, R.; Day, S.; Weir, S.; Duffy, G. Temperature depen-
dence of sorption of gases by coals and charcoals. Int. J. Coal Geol. 2008,
73, 250–258.

(45) Krooss, B. M.; van Bergen, F.; Gensterblum, Y.; Siemons, N.;
Pagnier, H. J. M.; David, P. High-pressure methane and carbon dioxide
adsorption on dry and moisture-equilibrated Pennsylvanian coals. Int.
J. Coal Geol. 2002, 51, 69–92.

(46) Moffat, D. H.; Weal, K. E. Sorption by coal of methane at high
pressures. Fuel 1955, 34, 449–462.
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in which both pressure and temperature increase with depth,
the adsorption capacity may either increase or decrease depend-
ing upon the local geothermal gradient.

3.2. Solvation Pressure and Volumetric Strain. Figure 3
shows the effect of the porewidth on the solvation pressure at
temperatures of 298 and 360 K. A non-monotonic depen-
dence of the solvation pressure upon the pore size is found,
which is in agreement with findings byKowalczyk et al.,21 who
studied the deformation of microporous carbon because of
supercritical adsorption of argon. From 0.2 nm, the solvation
pressure increases quickly to the maximum at ca. 0.4 nm and
then decreases to a lower limit around 0.7 nm. For pores larger

than 2nm, the solvation pressure approaches 0.With increasing
temperature, the solvationpressure increases for all porewidths.

The solvation pressure exerted on the walls ofmicropores is
governed by a competition of two major factors: fluid-solid
van der Waals attraction that causes pore contraction and
hardcore fluid-fluid and fluid-solid repulsion that causes
pore expansion because of dense packing of adsorbed mole-
cules. Two qualitatively different types of deformation be-
havior can be distinguished depending upon the pore size
(see Figure 4E). Type I behavior shows a monotonic expan-
sion in the whole pressure range. This behavior is typical for
the smallest pores <1.3σff (0.5 nm) that cannot accommodate

Figure 4. Solvation pressure and volumetric strain under external pressures up to 100MPa. (A and B) Solvation pressure and volumetric strain
at 298 and 360K, respectively. (C) Solvation pressure curve for pores from1σff to 8σff for better understanding of the classification. (D)Average
density under different pore widths at 100MPa. (E) Types of solvation pressure. Detailed classification information for C can be found in the
Supporting Information.
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more than one layer ofmethane, as shownby the density profile
in 0.5 nm pore. In this case, adsorption of additional molecules
is necessarily associated with pore expansion. Type II behavior
displays contraction at low pressures followed by expansion.
This behavior is typical for the pores that can accommodate
more than one molecule in their cross-section and is well-
documented in the literature for a variety of zeolites and
carbons.47-49 As described in ref 20, themaximum contraction
at low pressures caused by attractive adsorbate-solid inter-
actions is achieved at the density of so-called “most comfort-
able” packing, when the adsorbate molecules are densely
packed within a given confinement without overlapping.
A further increase of adsorbate density leads to gradual expan-
sion that is required to accommodate additional molecules.
This behavior is illustrated by the density profiles in 1.8σff
(0.7 nm) pore (see Figure 2C). Themost comfortable packing
with one pronounced layer is achieved at ∼1 MPa that
corresponds to the maximum contraction. Type II behavior
was found for several groups of pores, which can accom-
modate dense packings with an integer number (from 2 to 6)
of layers (see Figure 4D). However, the solvation pressure
magnitude and, respectively, deformation rapidly diminish
with the increase of pore sizes. It is worth noting that,
because of molecularly rough walls, dense packings are not
necessarily regular. In the pores, where the dimensions do
not commensurate the dense adsorbate layering, the pore
expansion can be followed at sufficiently high pressures by
contraction that, in turn, should lead to the packing densi-
fication.This effectwas observed for both types of deformation
behaviors, and the corresponding characteristic strain-pressure
curves are given in Figure 4, as Ia and IIa types. Type Ia
was found for 1.4σff pore, with contraction at pressures
>57 MPa. Type IIa behavior was found for several groups
of pore sizes, as shown in Figure 4D. Assuming the bulk

modulus of 2 GPa,32,50 we found that the volumetric strain
in micropores is significant, varying from 10% (0.5 nm) to
-2% (0.7 nm), which is consistent with other estimates.32

Note that the deformation in pores>2.1 nm (5.6σff) is negli-
gibly small, <0.1%.

3.3. Comparison to Experiments. 3.3.1. Methane Adsorp-
tion Capacity. The experimental isotherm is taken from the
paperofMoffat andWeal,46where a cylindrical blockof coalH
was immersed in molten Wood’s metal. The molten Wood’s
metal was solidified, leaving a hole of about 0.125 in. in
diameter accessible by methane. This method allows for the
isotherm to be measured, preventing coal expansion. The
PSD was obtained by the QSDFTmethod.39 With this PSD,
the calculated isotherm fits the experimental data quite well
(Figure 5).

3.3.2. Volumetric Strain.We attempted to describe the experi-
mental deformation data of Moffat and Weal,46 Levine,26 and
Cui et al.30 by varying the PSDs. The PSD (see Table 1) was
determined to give the best fit with the experiment. Because of
the lack of PSD information, we use four pores (closed, 0.5 nm,
0.7 nm, and 50 nmpores) in different proportions to account for

Figure 5. (A) Comparison between normalized model methane isotherm and experimental data calculated on the basis of the PSD shown in B.
(B) PSD of the sample used in the isotherm calculation.

Table 1. Parameters Used in the Calculation of Volumetric

Strain (298 K)

model PSD (%)

bulk modulus
(GPa) closed pores 0.5 nm 0.7 nm 50 nm

coal A46 2
15 2.2 2 80.8 ads
50 9.5 0 40.5 des

coal B46 2
10 8 10 72 ads
18.5 11 5 65.5 des

coal C46 2
14 7.2 5 73.8 ads
42 18 35 5 des

coal D46 2
18 5 8 69 ads
40 13.1 20 26.9 des

coal E46 2 16 23.5 55 5.5
coal F46 2 8 24.5 35 32.5
coal G26 2 4 9.6 10.5 75.9
coal H30 3 7 5.5 3 84.5

(47) Bering, B. P.; Krasilnikova, O. K.; Sarakhov, A. I.; Serpinskii,
V. V.; Dubinin, M. M. Alteration of zeolite granule dimensions under
krypton adsorption. Bull. Acad. Sci. USSR, Div. Chem. Sci. (Engl.
Transl.) 1977, 26, 2258–2261.
(48) Krasilnikova, O. K.; Bering, B. P.; Serpinskii, V. V.; Dubinin,

M. M. Deformation of zeolite CaNaX during xenon adsorption. Bull.
Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.) 1977, 26, 1099–1101.
(49) Fomkin, A. A. Adsorption of gases, vapors and liquids by

microporous adsorbents. Adsorption 2005, 11, 425–436.

(50) Medhurst, T. P. Estimation of the in-situ strength and deform-
ability of coal for engineering design. Ph.D. Thesis, Department of
Mining, Minerals, and Materials Engineering, The University of
Queensland, Brisbane, Queensland, Australia, 1996.
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Figure 6. Calculated adsorption-induced volumetric strain compared to experimental data: (A-F) data from Moffat and Weal,46 (G) data
from Levine,26 and (H) data from Cui et al.30
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the effect of the pore size. The bulk modulus of the samples by
Moffat and Weale and Levine was taken as 2 GPa, which is
consistent with a general estimate of the bulk modulus of 1-3
GPa for black coal.51 The bulk modulus of the sample by Cui
et al. is taken from ref 30. The results of our theoretical predic-
tions of the volumetric strain in comparison to experiments are
given in Figure 6. Because all experimental data available are of
type I, the theoretical dependences inFigure 6were calculatedby
fitting the experimental data by varying the PSDwith restriction
to non-negative strains. Note that, for the samples that show a
significant hysteresis, the fitted PSDs for adsorption and desorp-
tiondataarequitedistinct,whichconfirmsan irreversible change
in the coal pore structure at high pressure sorption.

It is worth noting that Pan and Connell32 developed an
energy balance model to describe adsorption-induced volu-
metric changes. They used the Langmuir equation to mimic
the experimental isotherm. The calculated volumetric strain
was consistent with the desorption branch of the coal
deformation curves of Moffat and Weale46 and Levine.26

4. Methane Adsorption on a Model Coal

Consider a coal bed model in a basin with a temperature
gradient of 0.03 K/m, pressure gradient of 0.01 MPa/m, and
bulk modulus of 2 GPa. The variation of the methane density
with bed depth in pores of different sizes is given in Figure 7.
Obviously, micropores (e2 nm) present much higher adsorp-
tion capacity than the mesopores (>2 nm). The adsorption
capacity of pores (e1 nm) increases tremendously with depth
and reaches a maximum amount of ca. 14 000 mol/m3 at
a depth of about 500 m. In contrast, for 5 nm pore, the
adsorption capacity keeps increasing evenas thedepth reaches
2000 m, indicating that it might have a greater effect on the
adsorption capacity at deeper levels (>2000 m). For the coal
mine recovery process, great attention should be paid to the
coals possessing large fractions of micropores. It is worth
noting that the equilibrium adsorption amount in the pores at
the depth of 100 m is about 3-11 times than that on the

ground. In this calculation, the greatest amount exerted comes
from the pores with a width of 0.5 nm. Our calculations cor-
respond to the general conclusion thatmicropore volume is the
controlling factor for all gas adsorption capacities of coals.25

The adsorption-induced deformation behavior is given in
Figure 8.Three typesof strain-depthdependences areobserved.
First, in the caseof 0.5nmpore, the volumetric strain increases
quickly, with buried depth increasing up to 500 m, and then
slowly increases afterward. Second, for pores of 0.7 and 1 nm,
volumetric strain decreases to a minimum when the depth is
about 100 m and then slowly increases, diminishing as the
depth increases. Third, for poresg2 nm, the volumetric strain
is negligible at all of the depths. Tomimic the conditionof coal
recovery, with the depth drop up to 1000 m, it is obvious that
the solvation pressure in the micropores will have the dom-
inating effect. On one hand, if the coal is comprised mainly of
micropores of ∼0.5 nm width, the coal is expected to swell
significantly. On the other hand, larger micropores of 0.7-
1.0 nm contribute to the coal contraction. Thus, the pore size
distribution should be taken in account as one of the major
factors affecting coal deformation. Special attention shouldbe
paid to the working depths around 100 m, because the
volumetric strain changes with the depth very rapidly, which
may lead to a gas outburst with a sudden drop of pressure
during unloading.

5. Conclusions

We employed the QSDFTmodel to studymethane adsorp-
tion on coal at geological conditions. We established the
relationships between the methane capacity and the solvation
pressure that it exerts on the coal matrix and the depth of coal
bed for pores of different sizes. Our results are compared to
literature experimental data, and the model is then employed
to study the adsorption behavior of model coals at elevated
pressures and temperatures. It provides a useful tool to better
understand the adsorption-induced deformation problem,
highlighted by the following two points.

(1) Adsorption capacity: The micropore volume is the
controlling factor of the coal adsorption capacity. The highest

Figure 7. Combined effects of the temperature and pressure on the
adsorption capacity of coal pores under geological conditions. Figure 8. Volumetric strain induced by methane adsorption in coal

pores with various pore widths.

(51) Wang, G. X.; Massarotto, P.; Rudolph, V. An improved perme-
ability model of coal for coalbed methane recovery and CO2 geoseques-
tration. Int. J. Coal Geol. 2009, 77, 127–136.
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adsorption capacity per unit pore volume is exhibited bypores
of width around 0.5 nm. For larger pores, the adsorption
capacity decreases with the pore width. From the excess
adsorption isotherms, the adsorption amount increases
rapidly with pressure to 10-15MPa (corresponding to about
1000-1500m in depth), where it reaches a maximum. For the
purpose of resource evaluation of coal gas, the coal formation
at depth >500 m has a greater potential to adsorb more
methane in micropores.

(2) Adsorption-induced deformation effect: The coal de-
formation depends upon the bed depth, and at different
depths, it either swells or contracts depending upon the pore
size distribution. Two qualitatively different types of defor-
mation behaviors were found depending upon the porewidth.
Type I shows a monotonic expansion in the whole pressure
range. This behavior is characteristic for the smallest pores
<1.3σff (0.5 nm) that cannot accommodate more than one
layer of methane. Type II displays contraction at low pressures

followedby expansion.Type II behaviorwas found for several
groups of pores, which can accommodate dense packing with
an integer number (from 2 to 6) of adsorbed layers. Special
attention should be paid to the working depths around 100m,
because the volumetric strain changes with the depth very
rapidly, which may lead to a gas outburst with a sudden drop
of pressure during unloading.
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