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Methane (CH4) adsorption of Ca2+-montmorillonite (Mt), kaolinite (Kaol) and illite (Il) at 60 °C and pressures up
to 18.0 MPa was investigated, during which the adsorption capacity was evaluated by the Langmuir adsorption
model. The influences of adsorbed water and the interlayer distance of the clayminerals on CH4 adsorption were
explored by usingheatedMtproductswith different interlayer distances as the adsorbent.Mt, Kaol and Il showed
high CH4 adsorption capacities, and their maximum Langmuir adsorption capacities were Mt, 6.01 cm3/g; Kaol,
3.88 cm3/g; and Il, 2.22 cm3/g, respectively. CH4 was adsorbed only on the external surface of Kaol and Il; how-
ever, adsorption also occurred in the interlayer space ofMt, which had a larger interlayer distance than the size of
a CH4molecule (0.38 nm). CH4 adsorption in the interlayer space of Mtwas supported by the lower CH4 adsorp-
tion capacity of heatedMt products (with the interlayer distance b0.38 nm) than that ofMt at high pressures de-
spite the higher external surface areas of the heated Mt samples. The entrance of CH4 into the interlayer space of
Mt occurred at low pressures, andmore CH4molecules entered the interlayer space at high pressures. Moreover,
the adsorbedwater occupied the adsorption sites of the clayminerals and decreased the CH4 adsorption capacity.
These results indicate that clay minerals play a significant role in CH4 adsorption of shale and indicate that the
structure and surface properties of clayminerals are the important parameters for estimating the gas storage ca-
pacity of shale.

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

Shale gas, which is derived from organic matters in shale and stored
in shale deposits, is an important unconventional gas resource and has
recently attracted attention for its promising exploitation (Chalmers
and Bustin, 2008; Curtis, 2002; Jing et al., 2011; Loucks et al., 2009;
Ross and Bustin, 2007, 2009; Zhang et al., 2012). Methane (CH4)
sourced from thermogenesis and/or biogenesis of organisms is the
dominant component of shale gas (Hill et al., 2007; Strapoc et al.,
2010; Zhang et al., 2012). The adsorption state is one of themost impor-
tant forms of CH4 in shale, and the content of adsorbed gases is up to 20–
85% of total gases (Curtis, 2002; Jing et al., 2011; Montgomery et al.,
2005). Therefore, investigating the adsorbed gases in shale is required
not only to understand the reservoir and deliverability of shale gas but
also to reduce the risks of exploration and to determine the economic
feasibility of exploiting this resource (Chalmers and Bustin, 2008;
Curtis, 2002; Ross and Bustin, 2007, 2008; Strapoc et al., 2010; Zhang
et al., 2012).

Pressures and temperatures were proposed to be the main factors
that influence CH4 adsorption and CH4 reservoir (Cheng and Huang,
chemistry, Chinese Academy of
86 20 85290341.
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2004; Cui et al., 2009; Lu et al., 1995; Ross and Bustin, 2009). The exper-
imental evaluation showed that the CH4 adsorption capacity of shale in-
creaseswith the increment of pressure (Cheng andHuang, 2004; Loucks
et al., 2009; Lu et al., 1995; Ross and Bustin, 2007, 2008), implying that
the high pressures in the actual shale gas reservoir might result in a
large CH4 adsorption amount. In contrast, high reservoir tempera-
tures are unfavorable with respect to CH4 adsorption and decrease
the adsorption capacity of shale (Ross and Bustin, 2008; Zhang
et al., 2012).

Organic matters and clay minerals are the main components of
shale. Abundant studies have focused on CH4 adsorption in organicmat-
ters of shale, and the results have revealed a positive correlation be-
tween the organic content and the CH4 adsorption capacity in raw
shale samples (Cui et al., 2009; Lu et al., 1995). The mechanism of CH4

adsorption in organic matters has been well documented, illustrating
that the surface functional groups andmicropores provided the adsorp-
tion sites for CH4 (Loucks et al., 2009; Ross and Bustin, 2007, 2008, 2009;
Zhang et al., 2012). The effects of the characteristics of organic matters
on CH4 adsorption, including the total organic carbon (TOC) content
(Cluff and Dickerson, 1982; Harris et al., 1970), kerogen type (Zhang
et al., 2012) and thermal maturity (Loucks et al., 2009), have also been
investigated.

Compared with extensive studies of CH4 adsorption in organic mat-
ters, less attention has been paid to CH4 adsorption of clay minerals,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.clay.2013.09.009&domain=pdf
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Table 1
The chemical compositions of Mt, Kaol and Il.

Samples Chemical compositions (% mass)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O MnO TiO2 P2O5 L.O.I.

Mt 58.16 16.95 5.26 2.29 3.57 0.15 0.19 0.03 0.20 0.08 13.25
Kaol 46.66 38.20 0.69 – 0.10 0.37 0.04 – 0.36 0.03 13.60
Il 50.66 32.77 1.69 0.14 0.32 6.80 0.22 0.04 0.47 0.16 6.78

– represents trace, and L.O.I. denotes loss on ignition.
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although clay minerals are the important component of shale. This lack
of researchmay be because it is assumed that clay minerals have higher
hydrophilicity and lower porosity than organic matters; consequently,
it is expected that clay minerals would encounter difficulty in the ad-
sorption of CH4. However, Schettler and Parmoly proposed that clay
minerals played an important role in CH4 adsorption in their study of
CH4 adsorption on shale samples from Appalachian basin shales,
which had low kerogen contents (Schettler and Parmoly, 1990). Since
then, CH4 adsorption on clay minerals has been investigated by others
(Cheng and Huang, 2004; Lu et al., 1995; Ross and Bustin, 2009). In ex-
perimentalmeasurements of CH4 adsorption on clayminerals at various
temperatures and low pressures, clay minerals were found to provide
adsorption sites and space for CH4 storage (Cheng and Huang, 2004;
Lu et al., 1995; Ross and Bustin, 2009). The maximum CH4 adsorption
capacity of pure illite at 37.8 °C and ≤8.0 MPa was higher than that of
shale samples obtained from wells of Michigan, West Virginia and
Kentucky, USA (Lu et al., 1995). Unexpectedly, the evaluation of the
CH4 adsorption capacity on montmorillonite and kaolinite showed
higher CH4 uptake by kaolinite than Na+-saturated montmorillonite at
low pressures (≤0.3 MPa) (Cheng and Huang, 2004). Ross and Bustin
further found that at low pressures (6.0 MPa), the CH4 adsorption ca-
pacities of illite (0.4 cm3/g) and montmorillonite (0.6 cm3/g) were
lower than that of kaolinite (0.7 cm3/g) on a moisture-equilibrated
basis, but were significantly higher (montmorillonite: 2.9 cm3/g
and illite: 2.1 cm3/g) than that of kaolinite (0.7 cm3/g) under dry
conditions (Ross and Bustin, 2009).

Although the abovementioned studies investigated the CH4 absorp-
tion capacity of clay minerals, unfortunately, the CH4 adsorption mech-
anisms, including CH4 adsorption sites and influencing factors, remain
unclear. One of the major reasons for this lack of progress is the co-
existence of organic matters during adsorption measurements; thus,
the effects of organic matter could not be avoided (Ross and Bustin,
2009), which prevented the adsorption mechanism of clay minerals
from being exclusively addressed. Another major reason is that the
pressure, which is an important evaluation parameter of the CH4 ad-
sorption capacity, ranged less extensively (≤8.0 MPa) in the previous
studies (Cheng and Huang, 2004; Crosdale et al., 1998; Lu et al., 1995;
Ross and Bustin, 2007; Sun et al., 2009). Further, such pressure values
are not representative of the actual reservoir pressures of shale gas
(Chalmers and Bustin, 2008). Moreover, the clay mineral samples
were inappropriately selected for the evaluation of CH4 adsorption.
For example, clay minerals with a small interlayer distance, such as
Na+-saturated montmorillonite, were used to represent the group
of swelling clay minerals (Cheng and Huang, 2004; Ross and Bustin,
2009). However, the interlayer distance of Na+-saturated montmoril-
lonite was approximately 0.1–0.3 nm (Aylmore et al., 1970; Heller-
kallai, 2006; Michot and Villieras, 2006), which is smaller than the size
of a CH4 molecule (approximately 0.38 nm) (Suzuki et al., 1995; Volzone
and Ortiga, 2004). Therefore, CH4 adsorption on montmorillonite with a
large interlayer distance (such as montmorillonite with calcium
ions as the main interlayer cation species: Ca2+-montmorillonite,
with an interlayer distance N 0.4 nm) was neglected. Thus, the re-
sults were also not representative from this perspective, which has
resulted in a misunderstanding of the CH4 adsorption sites of clay
minerals. Swelling clay minerals with a large interlayer distance,
such as Ca2+-montmorillonite, should be selected for a complementary
investigation to estimate the influence of the interlayer distance on CH4

adsorption. However, to the best of our knowledge, very few studies
have been reported on this topic.

In this study, CH4 was adsorbed onto Ca2+-montmorillonite, kaolin-
ite and illite at high hydrostatic pressures (up to 18.0 MPa), whichwere
applied to simulate the reservoir pressures of shale gas. Themain objec-
tives of this study were to explore i) the CH4 adsorption capacity of
various clay minerals and ii) the corresponding adsorption mechanism,
such as the adsorption sites and influencing factors. Heatingwas carried
out to change the interlayer distance of Ca2+-montmorillonite to
investigate CH4 adsorption in the interlayer space, and the structure–
adsorption correlation of clay minerals was examined by combining
thermogravimetric (TG) analysis, X-ray diffraction (XRD) and N2 ad-
sorption–desorption methods.
2. Materials and methods

Montmorillonite, kaolinite and illite were sourced from Inner
Mongolia, Guangdong, and Hebei, China, respectively. A purification
method of hand picking followed by repeated sedimentationwas applied
to remove impurities. The chemical compositions of the purifiedmontmo-
rillonite, kaolinite and illite (denoted as Mt, Kaol and Il, respectively) are
showed in Table 1. The structural formula of Mt is Ca0.168 Na0.025 K0.013

(Si3.806 Al0.194) (Al1.172 Fe0.270 Mg0.367 Ti0.010 Mn0.002) O10 (OH2)∙nH2O, and
the CEC value is 110.5 cmol (+) kg−1. The structural formula of Il is
Ca0.010 Na0.028 K0.572 (Si3.030 Al0.970) (Al1.570 Fe0.084 Mg0.032 Ti0.023 Mn0.002)
O10 (OH2)∙nH2O, and the CEC value is 3.9 cmol (+) kg−1. The structural
formula of Kaol is (Si2)IV (Al2)VI O5 (OH)4, and the CEC value is near to
zero.

Heating treatment of Mt was performed in a programmed
temperature-controlled muffle oven at 200, 400 and 600 °C for 3 h
each. The heated samples were then ground by hand for 1 min in an
agate mortar and denoted as Mt-200, Mt-400 and Mt-600. To avoid
the re-adsorption of water, these samples were placed in a desiccator
in which allochroic silica gel had been loaded, and vacuumization was
subsequently performed to maintain a dry environment.

XRD patterns were recorded on a Bruker D8 Advance diffractometer
with a Ni filter and Cu K alpha radiation (λ = 0.154 nm) using a gener-
ator voltage of 40 kV and generator current of 40 mA. A scan rate of 1°
(2θ)/min was used to record the XRD patterns.

N2 adsorption–desorption isotherms were measured on a
Micromeritics ASAP 2020 system (Micromeritics Co., Norcross, USA) at
the temperature of liquid nitrogen. Samples were outgassed at 60 °C,
which corresponded with the CH4 adsorption temperature, for 12 h at
the degas port and then transferred to the analysis port for 6 h of further
degassing below a relative pressure of 0.01 before being measured. The
specific surface area, SBET, was calculated using the multiple-point
Brunauer–Emmett–Teller (BET) method.

The CH4 adsorption measurement of clay minerals was performed
on an automated Sieverts' apparatus (PCT-Pro-E&E from Setaram In-
strumentation) over a pressure range of 0–18.0 MPa and at 60 °C with
an error (Δt) of ±0.2 °C. Helium gas (He, 99.999 mass %) was used as
the calibration gas, and nitrogen gas (N2, 99.999 mass %) was used as
the carrier gas. The Langmuir equation, a model related to the coverage
or adsorption of gas molecules on a solid surface at a fixed temperature,
was used to evaluate the CH4 adsorption capacity of clay minerals. This
model describes themonolayer adsorption state of CH4 on the claymin-
erals, which offers many nearly energetically homogenous adsorption
sites at various pressures (Gregg and Sing, 1967; Keller and Staudt,
2004; Langmuir, 1918); the model is expressed as V = VLP/(PL + P),
where V (cm3/g) is the volume of absorbed gas at pressure P (MPa), VL
(cm3/g) is the Langmuir maximum adsorption capacity, P (MPa) is the
gas pressure and PL (MPa) is the Langmuir pressure.



Table 2
Langmuir equation parameters for CH4 adsorption, surface areas and the interlayer
distance of various absorbents.

Sample VL
(cm3/g STP)

PL
(MPa)

R2 SBET
(m2/g)

Interlayer distance
(nm)

Mt 6.01 3.5 0.9787 56.5 ~0.51
Mt-200 7.61 1.9 0.9574 74.5 ~0.48
Mt-400 4.83 1.2 0.9649 65.7 ~0.01
Mt-600 4.76 2.4 0.9879 56.6 ~0
Kaol 3.88 3.0 0.9671 15.7 ~0.01
Il 2.22 3.1 0.9958 11.2 ~0.04
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3. Results

3.1. XRD of Mt, Kaol, Il and heated products of Mt

The XRD patterns of Mt, Kaol and Il illustrate the main phases of
highly ordered crystalline of montmorillonite, kaolinite and illite
(Fig. 1a). The (001) characteristic diffraction reflections of Mt, Kaol
and Il appear at approximately 6°, 9° and 13° (2θ) with d001 values of
1.47, 1.00 and 0.72 nm, respectively. The interlayer distances of Mt
and Il were obtained by subtracting the thickness of the structural
layer unit (tetrahedron–octahedron–tetrahedron, TOT, approximately
0.96 nm) from the basal spacing (d001 value), yielding values of approx-
imately 0.51 and 0.04 nm, respectively (Table 2). Accordingly, the
interlayer distance of Kaol was obtained by subtracting 0.71 nm (the
thickness of the TO layer) from the basal spacing, resulting in a mea-
surement of approximately 0.01 nm. Quartz impurities were also
found in the three clayminerals,withweak reflections at approximately
22° and 27° (Fig. 1a). The contents (mass %) of quartz were semi-
quantitatively determined as 3% in Mt, 4% in Kaol and 5% in Il.

The interlayer distance of Mt products was significantly affected by
heating. The interlayer distance of the Mt samples decreased with the
increasing temperature (Table 2) due to desorption of the interlayer
water and dehydroxylation (He et al., 2006; Heller-kallai, 2006). This re-
sult was consistent with the TG analysis (see Supplementary data,
Fig. S1). The interlayer distance ofMt after heating at 200 and 400 °Cde-
creased from approximately 0.51 to 0.48 nm (Mt-200) and 0.01 nm
(Mt-400). The interlayer distance of Mt-600was near zero (Table 2) be-
cause the interlayer space had collapsed after the complete dehydration
and removal of the partial hydroxyl groups.

3.2. CH4 adsorption

3.2.1. CH4 adsorption of Mt, Kaol and Il
The CH4 adsorption isotherms of Mt, Kaol and Il show that the ad-

sorption capacity increased with the increasing pressure at low pres-
sures and remained nearly constant at high pressures (Fig. 2a). The
Fig. 1. XRD patterns of (a) Mt, Il and Kaol; (b) heated products of Mt.
adsorption data were fitted to the Langmuir model (R2 N 0.96) (Fig. 2a
and Table 2, Sun et al., 2009; Zhang et al., 2012). It is noteworthy that
the effect of quartz on CH4 adsorption of the clay minerals was negligi-
ble because therewere very fewquartz impurities and quartz had a very
low adsorption capacity for CH4 (VL: 0.55 cm3/g, see Supplementary
data, Fig. S2).

The VL values for the three samples followed the order of Mt
(6.01 cm3/g) N Kaol (3.88 cm3/g) N Il (2.22 cm3/g) (Table 2). Mt
showed the largest CH4 adsorption capacity, indicating that it contrib-
utes more to CH4 adsorption of shale than do Kaol and Il. The Langmuir
pressure (PL) represents the pressure at which the gas adsorption ca-
pacity equals one-half of the maximum gas adsorption capacity. PL
values are typically used to evaluate the CH4 affinity of absorbents and
the feasibility of gas desorption under reservoir pressures; lower PL
values indicated that CH4 adsorption occurs more readily and that de-
sorption is more difficult to achieve (Ross and Bustin, 2007; Zhang
et al., 2012). As showed in Table 2, the PL values of Kaol and Il had
very slight differences, exhibiting similar CH4 affinities; additionally,
the fact that the values were smaller than that of Mt indicated that
CH4 was readily adsorbed on Kaol and Il at low pressures, which
might be attributed to the lower contents of adsorbedwater on the sur-
faces of Kaol and Il.

3.2.2. CH4 adsorption of the heated Mt products
The adsorption data of the heated Mt samples were fitted to the

Langmuir model (R2 N 0.95, Table 2), similarly to those of the raw clay
minerals (Mt, Kaol and Il). The CH4 adsorption capacity of Mt varied
with heating. The VL value (7.61 cm3/g) of Mt-200 was the largest
among all the Mt samples (Table 2). The VL values for Mt-400 and
Mt-600 were both similar and smaller than that of Mt. However, the
order of the CH4 adsorption capacity for Mt and its heated products var-
ied with the pressure. At low pressures (P b 2.4 MPa), the CH4 adsorp-
tion capacity followed the order of Mt-200 N Mt-400 N Mt-600 N Mt
(Fig. 2b), which exhibited the same order as the SBET values of Mt and
its heated products; in the pressure range of 2.4 b P b 7.2 MPa, the
order was Mt-200 N Mt-400 N Mt N Mt-600; When P N 7.2 MPa, the
orderwasMt-200 N Mt N Mt-400 N Mt-600. The CH4 adsorption capac-
ity of Mt was equal to the values obtained for Mt-200 at 2.4 MPa and
Mt-400 at 7.2 MPa. The smallest PL value (1.2 MPa) was observed in
Mt-400, which suggests that CH4 was more readily adsorbed on
Mt-400 than the other Mt samples.

4. Discussion

CH4 and N2 have often been used as probe molecules to evaluate
the gas adsorption capacity and porosity of Mt and its derivatives
(Bakandritsos et al., 2005; Barrer and Reay, 1957; Maes et al., 1997;
Volzone and Ortiga, 2004). The estimation parameters of Mt based on
N2 and CH4 adsorption are comparable (Volzone and Ortiga, 2004) be-
cause i) both CH4 and N2 are nonpolar molecules and are physically
adsorbed onMt, and ii) the kinetic diameter of CH4 (0.38 nm) is similar
to that of N2 (0.35 nm). Considering that the mechanism of N2 adsorp-
tion onMt, such as the adsorption sites and influencing factors, has been
well investigated (Aylmore et al., 1970; Kaufhold et al., 2010; Maes



Fig. 2. The adsorption isotherms of CH4 on (a) Mt, Kaol and Il; (b) Mt and its heated products.
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et al., 1997; Michot and Villieras, 2006; Volzone and Ortiga, 2004), the
N2 adsorption data and parameters of clay minerals are herein
referenced in the evaluation of the adsorption property of CH4.

N2 adsorption has typically been performed to obtain the surface
area of clay minerals (Aylmore et al., 1970; Barrer and Reay, 1957;
Kaufhold et al., 2010; Maes et al., 1997; Michot and Villieras, 2006).
The obtained SBET values varied according to the measurement condi-
tions and samples in previous reports. This is because N2 adsorption
on clay minerals was affected by adsorbed water and the structure of
the clay minerals (Aylmore et al., 1970; Michot and Villieras, 2006).
For the former, the water was adsorbed on the hydrophilic surface of
clay minerals and occupied the most adsorption sites and space,
which left little space for N2 molecules. For the latter, the interlayer dis-
tancewas proposed to determinewhether N2molecules could enter the
interlayer space of clay minerals. It is possible that N2 entered the
interlayer space of clay minerals only when the interlayer distance
was larger than the molecular size of N2 (0.35 nm) (Kaufhold et al.,
2010; Michot and Villieras, 2006). This proposed explanation agrees
with our results, indicating that the N2 adsorption capacity (the adsorp-
tion capacity when P/P0 ≤ 0.1; Hernaandez et al., 2000; Pierotti and
Rouquerol, 1985) in micropores which was primarily derived from the
interlayer space was low when the adsorbed water was not removed,
althoughMt is known to contain abundantmicropores. Very fewmicro-
pores were detected in Kaol and Il due to their smaller interlayer dis-
tances relative to the size of the N2 molecule (see Supplementary data,
Fig. S3); thus, the SBET values of Kaol and Il were proposed to represent
their external surface areas.

The interlayer distance of Mt decreased with the increasing temper-
ature, as demonstrated by the decreasing d001 value (Fig. 1), due to the
removal of interlayer water and hydroxyl groups (see Supplementary
data, Fig. S1). After heating to 400 °C, almost all of the interlayer
adsorbed water was removed, and dehydroxylation occurred at
600 °C (see Supplementary data, Fig. S1), during which the layered
structure of Mt was destroyed and the interlayer space gradually
disappeared (Fig. 1). As mentioned above, heating decreased not only
the content of adsorbed water of Mt, but also the interlayer distance.
Therefore, heating changed the SBET value of the Mt samples. After
heating at 200, 400 and 600 °C, both the adsorbed water and interlayer
distance of Mt decreased, and the SBET values increased (Table 2). These
trends occurred due to the increased availability of CH4 adsorption sites
following the removal of adsorbed water. Compared with Mt-200, the
SBET values of Mt-400 and Mt-600 were smaller, although more
adsorbed water was removed after heating to 400 and 600 °C. This ob-
servation can be explained by the decrease in the interlayer distance to a
size smaller than a N2 size (Table 2), which prevented N2 from entering
the interlayer space. Therefore, the SBET values of Mt-400 and Mt-600
reflect only their external surface areas. In light of the fact that the lay-
ered structure was retained in Mt-400 but destroyed in Mt-600 by
heating (Noyan et al., 2006), the measured SBET of Mt-400 could accu-
rately represent the external surface area ofMtwithout the interference
of adsorbed water.

CH4 adsorption was similar to N2 adsorption on layered clay min-
erals because of the comparable size and adsorption properties of N2

and CH4. CH4 adsorption was also affected by adsorbed water and the
interlayer distance of clay minerals. Similar to N2, CH4 could not be
adsorbed in the interlayer space of Kaol and Il and was adsorbed only
on the external surface. Accordingly, the adsorption capacity of Kaol
and Il depended on the external surface area (SBET of Kaol and Il). Com-
pared with Il, Kaol had a higher external surface area (Table 2) and less
adsorbed water (see Supplementary data, Fig. S1), which should have
led to a higher CH4 adsorption capacity. This assumptionwas supported
by the results of CH4 adsorption (Table 2). Mt had a larger CH4 adsorp-
tion capacity (Table 2) and higher PL value than either Kaol or Il, and
these findingswere attributed to the larger surface area and higher con-
tent of adsorbed water of Mt, respectively.

To explore the influence of adsorbed water and whether the CH4

molecules were adsorbed in the interlayer space, Mt derivatives were
used as CH4 absorbents. These derivatives were obtained by heating at
various temperatures and had different interlayer distances as a result
(Table 2). After heating to 200 °C, the adsorbed water on the external
surface of Mt had been removed (see Supplementary data, Fig. S1);
therefore, the CH4 adsorption capacity of Mt-200 was higher than that
ofMt (Table 2). This result can be explained by the occupation of the ad-
sorption sites of CH4 by the water molecules present on the clay min-
erals, which decreased the CH4 adsorption capacity; this finding is in
agreement with the results that the CH4 adsorption capacity decreased
with the increasing moisture content (Krooss et al., 2002; Ross and
Bustin, 2007, 2008, 2009).

At pressures N 2.4 MPa, Mt had a higher CH4 adsorption capacity
than Mt-600. However, it was expected that Mt-600 would have a
higher adsorption capacity than Mt because the adsorbed water of
Mt-600 had been removed (see Supplementary data, Fig. S1), resulting
in a higher surface area (SBET) (Table 2), which generally favors CH4

adsorption. Similarly, at pressures N 7.2 MPa, Mt had a higher adsorp-
tion capacity than Mt-400, although Mt-400 had less adsorbed water.
These interesting results demonstrate that some CH4molecules entered
the interlayer space ofMt under the experimental conditions, indicating
that CH4 was adsorbed not only on the external surface but also in the
interlayer spacewith a large interlayer distance.Moreover, theVL values
of Mt andMt-200were higher than those of Mt-400 andMt-600, which
was attributed to the fact that Mt-200 had a larger interlayer distance
than a CH4 size, whereas the interlayer distances of Mt-400 and
Mt-600 were smaller. It is noteworthy that the CH4 adsorption capacity
of Na+-saturated Mt (Cheng and Huang, 2004; Ross and Bustin, 2009)
was lower than that of Ca2+-Mt, possibly because the interlayer dis-
tance of Na+-saturated Mt is smaller than the CH4 molecule.

image of Fig.�2
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When P = 2.4 MPa, the CH4 adsorption capacity of Mt was equal to
that of Mt-600. In view of the fact that Mt had a smaller SBET value than
Mt-600, CH4 molecules were able to enter the interlayer space of Mt at
or even below this pressure. Similarly, the CH4 adsorption capacities of
Mt and Mt-400 were the same at 7.2 MPa. A pressure of 2.4 MPa, at
which CH4 adsorption occurred in the interlayer space of Mt, is lower
than the actual reservoir pressure (from 2.9 to 17.6 MPa) of the Lower
Cretaceous shales in northeastern British Columbia (Chalmers and
Bustin, 2008). This result indicates that under actual reservoir condi-
tions, CH4 is very likely to be adsorbed in the interlayer space of Mt.
To the best of our knowledge, this study is the first to propose that
CH4 adsorption occurs in the interlayer space of clay minerals with
large interlayer distances.

Therefore, as showed in Fig. 2b, the various adsorption capacity orders
of Mt samples at different pressures can be interpreted as follows. At low
pressures (P b 2.4 MPa), the sequence of the CH4 adsorption capacity
followed the order of SBET (Mt-200 N Mt-400 N Mt-600 N Mt). With in-
creasing pressure, more CH4 molecules entered the interlayer space of
Mt and Mt-200, however, CH4 molecules were not able to enter the
interlayer space ofMt-400 andMt-600, resulting in the adsorption capac-
ity order of Mt-200 N Mt N Mt-400 N Mt-600 at pressures N 7.2 MPa.
Moreover, Mt-200 had little adsorbed water on its external surface, and
its interlayer distance was N 0.38 nm (Table 2), which resulted in the
highest CH4 adsorption capacity among all the samples.

Comparedwithmost raw shale samples (including organic rich-shale
samples), Mt had the higher CH4 adsorption capacity (Langmuir maxi-
mum adsorption capacity: 6.01 cm3/g) (Chalmers and Bustin, 2008;
Ross and Bustin, 2007, 2008, 2009; Zhang et al., 2012). For example,
the CH4 adsorption capacity of organic-rich (TOC content ≤ 11.8, mass
%) Lower Jurassic Gordondale Member shales was up to 2.01 cm3/g
under simulated reservoir conditions (at pressures ≤ 9.0 MPa and a
temperature of 30 °C) (Ross and Bustin, 2007), and the values of some
shale samples (TOC content ranged from 6.6 to 20.7, mass %)
sourced from the Barnett Shale well were only 0.12–0.24 mmol/g
(2.69–5.38 cm3/g) obtained at pressures ≤ 15.0 MPa (Zhang et al.,
2012). Moreover, it is noteworthy that the CH4 adsorption capacity
of some shale samples without or with very small fractions of Mt
was low, although these samples contained abundant content of
other clay minerals, such as Il and Kaol. For example, the Langmuir
maximum adsorption capacity of CH4 in clay-rich shale samples
(total clay content: 77, mass %, and primarily composed of Il, chlo-
rite and Kaol) was 0.65 cm3/g at reservoir pressures (from 2.9 to
17.6 MPa) (Chalmers and Bustin, 2008), and the value in a shale
sample derived from Besa River (total clay content: 88.3, mass %,
primarily composed of Il and Kaol) was only b0.01 cm3/g at the reser-
voir temperature of 154.9 °C and pressures up to 40.0 MPa (Ross and
Bustin, 2008). These results are in good agreement with our results
that Mt demonstrated significantly more adsorption capacity than
other primary shale clay minerals, such as Kaol and Il, indicating that
Mt plays an important role in the adsorption and storage of CH4 in shale.

The CH4 adsorption capacity of Mt was less than that of organic
matters in shale samples obtained from Barnett Shale (Langmuir
maximum adsorption capacity ≥ 1.21 mmol/g (27.10 cm3/g), at
pressures ≤ 16.0 MPa; Zhang et al., 2012), showing that organic
matters contribute much more to CH4 adsorption than clay minerals.
The high CH4 adsorption capacity of organic matters was attributed to
the abundance of adsorption sites, such as surface functional groups
onwhich CH4was adsorbedmainly by hydrogen bonds andmicropores
(Loucks et al., 2009; Ross and Bustin, 2007, 2008, 2009; Zhang et al.,
2012). Kaol and Il exhibited lower CH4 adsorption capacities than
organic-rich shale samples (Ross and Bustin, 2007; Zhang et al., 2012).

Similar to our results, the CH4 adsorption capacity of clay minerals,
as obtained in previous studies, increased with the increasing pressure,
and the adsorption isotherms were fitted to the Langmuir model (Lu
et al., 1995; Ross and Bustin, 2009). It is noteworthy that the order of
the adsorption capacity of clay minerals obtained by Ross and Bustin
(2009) was different with ours, and showed Il N Mt. The difference is
mainly due to the variation among the Mt samples. In the report,
Na+-saturated Mt with a low surface area (24.7 m2/g) was used as
the adsorbent. Due to the smaller interlayer distance of Na+-saturated
Mt relative to the size of the CH4 molecule, CH4 could only be adsorbed
on the external surface of Na+-saturated Mt, and thus the adsorption
capacity of this mineral was smaller than that of Ca2+-Mt used in our
experiment. Moreover, the Il sample used in the report had a larger ex-
ternal surface area (30.0 m2/g) than that of Na+-saturated Mt. There-
fore, for these specific clay minerals it is reasonable that the CH4

adsorption capacity of Il was higher than that of Na+-saturated Mt be-
cause CH4 adsorption only occurred on the external surface of the Il
and Na+-Mt. Based on this knowledge, the results of CH4 adsorption
evaluation on clay minerals presented in previous reports and in this
study cannot be generalized to all cases due to the variations among
the properties of a given type of claymineral. Examples include the sur-
face area of themineral. However, our study focused on the influence of
the interlayer distance before and after heating on the CH4 adsorption
andwas not concernedwith a comparison of the CH4 adsorption capac-
ities of various samples of one claymineral with different origins. More-
over, the changes in the interlayer distance by heating for one clay
mineral (such as Ca2+-Mt) are not expected to be influenced by its ori-
gin due to the common basic structure possessed among samples of one
clay mineral type. Therefore, it is more likely that the differences of the
CH4 adsorption capacity resulted from changes to the interlayer dis-
tances of Mt.

Moreover, as reported in some literatures (Lu et al., 1995; Ross and
Bustin, 2007, 2009), low pressures were selected for the CH4 adsorption
evaluation. In these cases, the adsorption of CH4 on clay minerals had
not reached saturation levels, even at the highest pressure, and the ad-
sorption capacity still showed an increasing trend according to the ad-
sorption isotherms presented under the experimental conditions.
Based on these results, the obtained Langmuirmaximum adsorption ca-
pacity differed compared to that obtained by saturated adsorption. For
example, in our study, the Langmuir maximum adsorption capacity of
Mt obtained from the adsorption capacity at a pressure range from 0
to 8.0 MPa is 7.42 cm3/g, which is higher than that obtained at pres-
sures ranging from 0 to 18.0 MPa (6.01 cm3/g); this result demon-
strates an overestimation of the CH4 adsorption capacity. Therefore,
high pressures based on actual reservoir pressures should be used to ac-
curately evaluate the CH4 adsorption capacity of clay minerals.

5. Conclusions

In this study, the respective CH4 adsorption capacity andmechanism
of Mt, Kaol and Il at 60°C and pressures up to 18.0 MPa were inves-
tigated. Mt, Kaol and Il showed different CH4 adsorption capacities,
and the Langmuir maximum adsorption capacities were 6.01, 3.88 and
2.22 cm3/g, respectively, indicating the high contribution of clay min-
erals to CH4 adsorption in shale. Both adsorbedwater and the interlayer
distance of clay minerals affected CH4 adsorption. Adsorbed water can
occupy the adsorption sites, leaving little space for CH4 adsorption.
Kaol and Il had the lower contents of adsorbed water than Mt and
showed more readily to adsorb CH4. Mt was able to adsorb the CH4

molecules in its interlayer space because the interlayer distance of this
mineral was larger than the size of the CH4 molecule. The entrance of
CH4 into the interlayer space of Mt occurred at low pressures, and
more CH4 molecules entered the interlayer space at high pressures.
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