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A series of methane adsorption isotherms were measured at 35.4 °C, 50.6 °C, and 65.4 °C at pressures up to
15.0 MPa for eight dried, overmature Lower Silurian-Upper Ordovician shale samples collected from the Sichuan
Basin with TOC values in the range of 1.87-5.74%. The measured maxima of excess adsorption capacity of
methane range from 1.25 to 2.50 cm>/g rock at 65.4 °C; the maxima are slightly enhanced at 35.4 °C, but all
are positively correlated with total organic carbon (TOC). Both the supercritical Dubinin-Radushkevich (SDR)-
and Langmuir-based excess adsorption models were found to represent the experimental excess adsorption iso-
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Shale gas therms equally well within the experimental range. The temperature-dependent densities of adsorbed methane
Methane adsorption resulting from the parameter fit of the SDR-based excess adsorption model are in the range of 297-415 mg/cm?;
Gas-in-place for the Langmuir-based excess adsorption model, the adjusted densities range from 386 mg/cm? to 1027 mg/cm?

and most of them are much larger than the liquid density of methane at its boiling point (424 mg/cm?®). Never-
theless, the maxima of absolute methane adsorption capacity fitted by both models are not significantly different
and are linearly correlated. One of the contributors to the uncertainty of the gas-in-place estimation in geological
conditions is the inconsistent utilization of experimental excess sorption data as “absolute sorption” values,
particularly at high pressures. However, the choice of adsorption model itself (Langmuir- or SDR-based) and
the fitting procedure, assuming either constant or temperature-dependent adsorbed phase density and
maximum sorption capacity, do not significantly affect the estimated GIPs for the geological system studied
here with depths of less than 4000 m.
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1. Introduction

Gas-in-place (GIP) is a key parameter for the economic evaluation of
a shale reservoir. The gas in shale reservoirs can be stored as free gas in
pores and fractures, adsorbed gas on various surfaces, and absorbed gas
dissolved in any liquids (Curtis, 2002). For shale reservoirs bearing
liquid petroleum, it is difficult to determine precisely the disposition
of adsorbed and absorbed gas, so they are generally referred to as sorbed
gas (Montgomery et al., 2005). For overmature shale reservoirs, e.g., the
Lower Silurian to Upper Ordovician shales in the Sichuan Basin, the gas
dissolved in liquid petroleum could be neglected because the retained
liquid petroleum in shale reservoirs has been totally cracked to gas.

The contribution of adsorbed gas to GIP varies significantly among
shales. For example, the sorbed gas accounts for only about 20% of
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original gas-in-place (OGIP) in the Barnett shale-gas system, but it is
as high as 60-85% in the Lewis shale-gas system (Curtis, 2002). Unlike
free gas storage capacity that is principally controlled by porosity,
temperature, pressure, and gas saturation, the gas storage resulting
from physical sorption is a complex function of chemical and pore-
structural characteristics of the rock matrix, the properties of fluid
phases, and reservoir temperature and pressure (Chalmers and Bustin,
2008; Gasparik et al., 2012; Rexer et al., 2013). Previous studies have
shown that organic matter is a main contributor to sorptive gas storage
capacity, and positive relationships were established between the total
organic carbon (TOC) and adsorbed gas capacity (Ross and Bustin,
2009; Weniger et al., 2010; Zhang et al., 2012; Gasparik et al., 2014a;
Jietal, 2014).

In some cases, clay minerals can also contribute significantly to
adsorbed gas capacity when they are dominated by a montmorillon-
ite and [-S mixed layer that has much larger methane adsorption ca-
pacities than illite and chlorite minerals (Gasparik et al., 2012; Ji
et al,, 2012). The adsorption capacity of shales or coals, however,
may be reduced substantially when water is present in the sample
because water may occupy adsorption sites and block the pore


http://crossmark.crossref.org/dialog/?doi=10.1016/j.coal.2016.01.013&domain=pdf
mailto:xmxiao@gig.ac.cn
http://dx.doi.org/10.1016/j.coal.2016.01.013
www.elsevier.com/locate/ijcoalgeo

H. Tian et al. / International Journal of Coal Geology 156 (2016) 36-49 37

system. Both processes adversely affect the methane adsorption ca-
pacity (Krooss et al., 2002; Chalmers and Bustin, 2008; Busch and
Gensterblum, 2011; Gasparik et al.,, 2014a; Gensterblum et al.,
2014a).

The experimental excess adsorption of methane can be parameter-
ized and extrapolated to geological conditions by various models,
including Langmuir, supercritical Dubinin-Radushkevich (SDR), and
simplified local density (SLD) models (Chareonsuppanimit et al.,
2012; Gasparik et al., 2012; Clarkson and Haghshenas, 2013; Rexer
et al.,, 2013). Fitted parameters such as density or volume of the
adsorbed gas phase can be used to derive “absolute” adsorption
isotherms from the experimentally measured excess adsorption
isotherms. The absolute adsorption isotherms at various temperatures
can be utilized to estimate the thermodynamic parameters of methane
adsorption, such as adsorption heat and entropy (Zhang et al., 2012;
Rexer et al., 2013; Gasparik et al., 2014a; Hu et al., 2015).

Shale gas evaluation and exploration in China are mainly focused
around South China, where the Paleozoic black marine shales are
widely developed (Zou et al., 2010; Tan et al., 2014a, 2014b). These
black shales are good-to-excellent source rocks and have sourced the
conventional petroleum systems in and around the Sichuan Basin
today (Zou et al., 2010). Abundant pyrobitumen is observed in both
the Lower Silurian-Upper Ordovician and Lower Cambrian black shales
(Tian et al., 2013, 2015), which indicates that parts of liquid oils were
retained after their primary migration and further cracked to gaseous
hydrocarbons following deep burial. These oil-cracking gases, along
with the gases from the cracking of residual kerogen, are the main
source of shale gas (Hill et al., 2007; Jarvie et al., 2007; Strapoc et al.,
2010; Xia et al,, 2013).

In recent years, significant progress on shale gas has been achieved
in Lower Silurian-Upper Ordovician shales within and around the
Sichuan Basin (EIA, 2013; Guo and Zhang, 2014). Many studies on
these shales have revealed that they are qualified as shale reservoirs
and can be compared to North American shales with respect to their
TOC, mineralogical composition, porosity, and pore size (Chen et al.,
2011; Long et al., 2012; Tian et al., 2013; Tan et al., 2014b; Wang et al.,
2014). However, the characterization and capacity of methane
adsorption of these shales are still poorly studied and documented
(Wang et al., 2013; Tan et al., 2014a; Ma et al., 2015). Therefore, the
present study collected eight core samples from Lower Silurian-Upper
Ordovician shales in the southeastern Chongqing area, near the eastern
Sichuan Basin, and performed methane adsorption experiments at
35.4 °C, 50.6 °C, and 65.4 °C at pressures up to 15.0 MPa. The objectives
of this study are to (1) investigate the methane adsorption capacity and
characteristics of Lower Silurian-Upper Ordovician shales, and (2) dis-
cuss the controls on methane adsorption and its implication to the
evaluation of GIP in the studied area.

2. Samples and methods
2.1. Samples and geological settings

Eight core samples were collected from the YC4 well in the south-
eastern Chongqing area, which is near the producing Jiaoshiba shale
gas play in eastern Sichuan Basin (Fig. 1). The sampling depth ranges
from 648.2 to 760.9 m and covers six Lower Silurian and two Upper Or-
dovician black shale samples (Table 1). The Sichuan Basin is a remnant
of the originally much larger Upper Yangtze cratonic sedimentary basin;
the southeastern Chongqing area was separated from the present Si-
chuan Basin after several tectonic collisions that have occurred since
the Late Triassic (Zeng et al., 2012). The Wufeng Formation of the
Upper Ordovician was formed in the depositional environments of the
deep-water continental shelf, which was inherited by the Longmaxi
Formation of the Lower Silurian that overlies the Wufeng Formation
without unconformity (Zou et al., 2010).

2.2. TOC, thermal maturity, and minerals

Total organic carbon (TOC) of the samples was measured by a
LECO CS-200 analyzer after treatment with hydrochloric acid to
remove carbonates. Because of the lack of vitrinite in the sampled
shales, the reflectance of pyrobitumen was measured on polished
blocks using a 3Y microphotometric system. The random reflectance
was measured in oil immersion (n = 1.518) at 546 nm using a 50 x/
0.85 objective lens.

X-ray diffraction (XRD) analysis of shale powders was carried out on
a Bruker D8 ADVANCE X-ray diffractometer at 40 kV and 30 mA with a
Cu Ko radiation (N = 1.5406 for CuKa1). Stepwise scanning measure-
ments were performed at a rate of 4°/min in the range of 3-85° (20).
The relative mineral percentages were estimated semi-quantitatively
using the area under the curve for the major peaks of each mineral,
with correction for Lorentz Polarization (Chalmers and Bustin, 2008).

2.3. Low-pressure nitrogen gas adsorption

The N, adsorption at 77.4 K was carried out on a Micromeritics ASAP
2020M apparatus. The shale samples were manually crushed and sieved
into grains of about 20-50 mesh size (300-750 um), dried in a vacuum
oven at 110 °C overnight, and degassed in the apparatus under high
vacuum (<10 mm Hg) for 12 h at 110 °C to further remove adsorbed
moisture and volatile matter. The relative pressure (p/po) for Ny
adsorption ranges from 0.0009 to 0.995. Both adsorption and desorption
isotherms were measured to investigate the hysteresis types of Ny
adsorption. The Brunauer-Emmett-Teller (BET), Barrett-Joyner-
Halenda (BJH), and Dubinin-Radushkevich (DR) equations were
applied to N, adsorption isotherms to derive the total specific surface
area, non-micropore surface area, and micropore surface area and
volume (Sing et al., 1985).

2.4. Methane adsorption

24.1. Methane excess adsorption

Adsorption isotherms with methane were measured at 35.4 °C,
50.4 °C, and 65.4 °C at pressures ranging from 0.2 to 15.0 MPa in
the Geochemistry Lab of the Bureau of Economic Geology, University
of Texas at Austin. The measurements were conducted on a setup
built on the basis of the manometric method that has been docu-
mented in the literature (Krooss et al., 2002; Gasparik et al., 2012;
Zhang et al.,, 2012; Hu et al., 2015). For our study, the main proce-
dures include: (1) sample pretreatment. The same grain fractions
as used in the low-pressure nitrogen adsorption experiment are
dried at 110 °C for about 24 h under a helium flow rate of about
5 cm?/min to remove the moisture in the sample; (2) leak test.
After loading about 6-7 g of dry sample into the sample cell, the
whole system was evacuated at experimental temperatures. Then
both reference and sample cells were pressurized with He gas up to
15 MPa for a leak test at a constant temperature. The accepted leak-
age is less than 6.89 x 10~% MPa/h (0.1 psi/h); (3) void volume de-
termination. The void volume of the loaded sample cell was
determined by helium expansion at 35.4 °C, 50.4 °C and 65.4 °C indi-
vidually and applied in the calculation of corresponding methane ad-
sorption isotherms. This procedure was found to be appropriate to
correct the systematic error in void volume caused by changing the
system temperature (Gasparik et al., 2015; Hu et al., 2015); (4) meth-
ane adsorption. A certain amount of methane was transferred to the
reference cell, and after the gas pressure in the reference cell had be-
come constant, the valve connecting reference and sample cells were
opened, and the pressure between the two cells was allowed to
equilibrate. When pressure changes were less than
6.89 x 104 MPa (0.1 psi) in 20 min, the adsorption equilibrium
was assumed to be achieved. Then the excess adsorption of methane
at a given temperature was calculated using the routine methods
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Fig. 1. Schematic map showing sampling location (modified from Guo and Zhang (2014)).

reported in the literature (Krooss et al., 2002; Zhang et al., 2012;
Gasparik et al., 2012, 2014a). The uncertainty of calculated excess
adsorption increases with pressure and varies among samples
under different temperatures (Gasparik et al., 2012, 2014b). The
maximum error derived from the uncertainty of the void volume is
estimated to be about 0.2 cm3/g rock at 15 MPa when reported
under STP conditions (temperature 0 °C and pressure
0.1 MPa), close to that reported by Gasparik et al. (2012).

2.4.2. Calculation of absolute methane adsorption

The measured excess adsorption (Mexcess) and the absolute adsorp-
tion (ngps) are related according to Eqs. (1) and (2). The transformation
of excess adsorption to absolute adsorption therefore requires a value
for either the density (pqqs) or volume (Vgg4;) of adsorbed methane
(Krooss et al., 2002; Gasparik et al., 2012; Rexer et al., 2013). These
equations indicate that the difference between “excess” and “absolute”

adsorption only becomes remarkable at high pressures, although it is
always there at low pressures.

Nexcess = Maps * (1 - &> (1)
Pads

or

Nexcess = Maps—Pg = Vads - Cstp- 2)

Here p, is the density of free methane at a given temperature and
pressure and Csyp is the coefficient of a unit conversion from mass to
volume under STP conditions and equal to 1.4 cm’/mg for methane.
The methane density was calculated according to the high-accuracy
equation of state (EoS) of Setzmann et al. (1991). Density values calcu-
lated with this EoS are available at the website of the U.S. National Insti-
tute of Standards and Technology (NIST).

Table 1

Basic geological and geochemical parameters of our eight shale samples.
Sample Age Depth (m) TOC (%) Pyrobitumen reflectance (%) XRD mineralogical composition (%) Seer”  Sgu®  Spr® Vpr®

Quartz Feldspar Carbonates Pyrite Illite Chlorite Totalclays m?/g m?*g m?/g cm’/kg

YC4-04 S; 6482 1.87 nd 254 9.6 9.9 nd 315 235 55.0 125 5.5 6.6 4.7
YC4-08 S; 657.2 245 nd 325 115 3.2 1.7 365 146 51.1 169 7.0 90 64
YC4-33 S, 7054 1.99 nd 244 15.0 nd 1.0 365 232 59.7 14.2 6.0 76 54
YC4-47 Sy 7265 3.34 2.64-3.55 24.6 10.6 7.0 4.9 314 216 53.0 18.5 7.9 99 71
YC4-54 S, 7417 4.52 3.06-3.41 36.6 154 6.2 1.6 260 144 404 20.2 88 108 75
YC4-61 S, 7549 5.44 3.28-3.62 59.0 5.2 6.1 16 210 71 28.1 19.3 92 101 71
YC4-64 O3 760.0 4.07 3.10-3.55 58.3 84 nd nd 182 15.1 333 17.8 8.6 91 66
YC4-65 05 760.9 5.74 3.20-3.53 56.5 9.1 nd nd 26.1 83 344 206 118 104 76

nd: no data.

@ Sger, the total surface area by the BET equation; Sgyy, the surface area of meso- and macro-pores by the BJH model; Spg and Vpg, the surface area and volume of micropores by the DR
equation (Sing et al., 1985).
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The absolute adsorption isotherm of methane is described by the
Langmuir model, which assumes monomolecular layer adsorption on
surfaces (Krooss et al., 2002; Gasparik et al., 2012; Zhang et al., 2012;
Gensterblum et al.,, 2013).

Ky -P
Mas = Mo 1= 1 (3)

Where ng represents the maximum absolute adsorption capacity at a
given temperature, P is the equilibrium pressure, and K; is the
temperature-dependent Langmuir constant. The Langmuir pressure
(P.), which is the reciprocal of the Langmuir constant, represents the
pressure at which the amount of adsorbed methane equals half of the
maximum adsorption capacity of methane—an important parameter
for evaluating the efficiency of gas desorption under reservoir pressures.

The absolute adsorption of methane can also be described by the su-
percritical Dubinin-Radushkevich (SDR) equation, which is based on
the pore-filling mechanism (Murata et al., 2001; Sakurovs et al., 2007;
Clarkson and Haghshenas, 2013; Rexer et al., 2013).
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Here D is a parameter related to pore structure in units of mol®-kj =2,
R is the ideal gas constant (8.314 x 10~ 2 kJ-mol~'-K™!), and T is the
temperature in Kelvin (K).

Substituting Eq. (3) or (4) into Eq. (1),

- K, -P _ P
Nexcess = Mo ‘1+K,-P’ <1 puds> .

or

2
Nexcess = Mo - €Xps —D - | In <@> ‘R- T} . (1—&> (6)
pg Pads

Here, Egs. (5) and (6) are referred to as the Langmuir- and SDR-
based excess adsorption model, respectively. The unknown parameters
in Eq. (5) include ng, K;, and pqgs. In Eq. 6, they are ng, D, and pqgs. These
parameters can be obtained by fitting Eqgs. (5) and (6) to the three
measured excess adsorption isotherms together using a least-square
minimization procedure, and the fitting error (An) was evaluated by
Eq. (7).

N
An :%'Z}niexp(piv’ri)_n?t(pi’Ti)’ "’

Where n§*?(p;, T;) and nf!(p;, T;) represent respectively the measured
and fitted excess adsorption amount at the ith paired temperature and
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Fig. 3. Relationships of specific surface areas and micropore volumes with TOC (a) and
total clay content (b) for the eight shale samples studied. Micropores are, by definition,
the pores with a diameter of less than 2 nm and meso-/macro-pores are the pores with
a diameter of larger than 2 nm (e.g., 2-50 nm for mesopores and >50 nm for macropores)
(Sing et al., 1985).

Fig. 2. Typical microphotographs of whole rock, showing pyrobitumen and micrinite
macerals. The pyrobitumen is gray and occurs in shapes of both bands and scraps (a, b),
but the micrinite occurs in the rock matrix and is usually mixed with pyrobitumen
scraps (b). The brightest areas are the pyrite crystals and/or framboid pyrites.
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Table 2

Measured excess adsorption of methane at different temperatures and pressures.®
354°C 50.4 °C 65.4°C 354°C 504 °C 65.4°C
P (MPa) CH,4(cm®/grock) P(MPa) CHy(cm?/grock) P(MPa) CH4(cm®/grock) P (MPa) CH,(cm®/grock) P (MPa) CHy(cm?/grock) P (MPa) CHg4(cm®/grock)
Sample 4-04, TOC = 1.87% Sample 4-08, TOC = 2.45%
0.26 0.27 0.27 0.23 0.27 0.20 0.26 0.38 0.25 0.31 0.27 0.24
0.75 0.53 0.76 0.46 0.73 0.40 0.72 0.71 0.72 0.57 0.73 0.48
137 0.74 1.40 0.65 137 0.59 1.34 0.99 1.34 0.88 1.39 0.76
2.09 091 213 0.81 213 0.75 2.07 1.22 2.05 1.09 2.18 0.99
2.88 1.03 2.96 0.95 3.00 0.89 2.89 1.40 2.87 1.27 3.08 117
3.75 1.14 3.87 1.05 3.94 1.00 3.76 1.55 3.75 141 4.01 1.31
4.65 1.20 4.80 1.14 4.90 1.09 4.68 1.66 4.67 1.52 4.95 1.42
5.60 1.25 5.79 1.20 593 1.15 5.64 1.75 5.64 1.61 5.92 1.50
6.56 1.31 6.80 1.25 6.97 1.20 6.61 1.80 6.63 1.67 6.91 1.56
7.52 1.34 7.79 127 8.00 1.23 7.58 1.84 7.61 1.71 7.88 1.60
8.45 1.34 8.76 1.29 9.00 1.25 8.52 1.86 8.56 1.73 8.83 1.62
9.36 1.36 9.70 1.29 9.96 1.25 943 1.87 9.48 1.74 9.79 1.63
10.48 1.34 10.83 1.28 11.10 1.24 10.53 1.85 10.59 1.73 10.91 1.63
11.75 132 12.05 1.26 12.28 1.23 11.72 1.83 11.79 1.71 12.07 1.61
12.88 1.29 13.06 1.24 13.19 1.21 12.75 1.79 12.78 1.68 12.97 1.60
13.66 1.27 13.74 1.22 13.81 1.19 13.46 1.76 1345 1.66 13.58 1.58
14.19 1.25 14.20 1.21 14.22 1.18 13.94 1.74 13.90 1.65 14.00 1.57
Sample 4-33, TOC = 1.99% Sample 4-47, TOC = 3.34%
0.26 0.34 0.25 0.27 0.25 0.23 0.25 048 0.22 0.36 0.25 0.33
0.69 0.61 0.71 0.53 0.71 0.46 0.70 0.87 0.68 0.73 0.74 0.67
1.29 0.85 1.36 0.77 133 0.68 133 1.20 135 1.05 1.38 0.95
1.99 1.05 2.12 0.97 2.06 0.86 2.06 1.47 2.15 1.31 2.12 1.18
2.78 1.22 2.95 1.13 2.90 1.02 291 1.68 3.02 1.51 2.96 1.38
3.63 1.36 3.81 1.25 3.80 1.15 3.80 1.86 3.93 1.67 3.88 1.53
4.50 1.46 4.68 1.35 4.75 1.25 4.73 1.99 4.85 1.79 4.85 1.65
541 1.54 5.59 1.42 5.77 134 5.69 2.08 5.81 1.88 5.88 1.75
6.34 1.60 6.54 1.48 6.79 1.40 6.67 215 6.81 195 6.93 1.82
7.26 1.64 7.48 1.52 7.81 1.44 7.64 2.21 7.81 1.99 7.98 1.86
8.15 1.67 8.40 1.54 8.80 1.46 8.58 223 8.78 2.02 8.99 1.88
9.02 1.68 9.30 1.56 9.75 1.48 9.50 2.24 9.73 2.03 9.97 1.89
10.08 1.68 1038 1.56 10.87 148 10.61 2.24 10.88 2.02 11.13 1.89
11.29 1.67 1155 154 1197 147 11.87 221 12.12 2.00 1234 1.86
12.35 1.64 1252 152 1283 146 12.99 2.17 13.15 1.97 13.29 1.84
13.09 1.62 13.18 1.51 1342 145 13.77 2.14 13.87 1.94 13.94 1.82
13.59 1.61 13.63 1.50 1383 145 14.30 2.12 14.35 1.92 14.38 1.80
Sample 4-54, TOC = 4.52% Sample 4-61, TOC = 5.44%
0.18 0.52 0.17 0.39 0.19 0.34 0.19 0.59 0.20 0.51 0.21 0.44
0.54 0.99 0.53 0.82 0.56 0.70 0.61 1.15 0.62 1.02 0.64 0.90
1.06 137 1.07 1.20 1.08 1.02 117 1.57 1.24 1.44 1.26 1.29
1.66 1.67 1.72 1.50 1.71 1.29 1.83 1.89 1.98 1.77 1.96 1.59
235 1.92 2.48 1.75 243 1.52 2.59 2.15 2.78 2.02 2.75 1.83
3.09 2.11 3.25 1.93 3.20 1.71 341 2.35 3.62 2.21 3.59 2.02
3.85 2.26 4.02 2.08 4.00 1.86 4.26 2.51 447 235 447 217
4.66 2.38 4.82 2.19 4.85 1.98 5.15 2.63 5.36 2.46 541 2.29
5.47 247 5.63 2.28 5.71 2.07 6.06 2.72 6.28 2.54 6.37 2.37
6.29 2.53 6.44 234 6.57 2.15 6.96 2.78 7.20 2.60 7.33 243
7.08 2.58 7.24 2.39 7.40 2.20 7.84 2.82 8.10 2.63 8.26 2.47
7.85 2.60 8.04 242 8.20 2.24 8.69 2.84 8.97 2.65 9.16 2.49
8.78 2.62 899 244 9.14 227 9.73 2.84 10.02 2.65 10.23 2.50
9.78 2.62 10.02 245 1013 229 10.91 2.82 11.17 2.62 11.34 248
10.63 2.61 10.85 244 1090 2.29 11.95 2.79 12.12 2.60 12.22 2.46
11.21 2.60 1142 243 1142 229 12.68 2.76 12.77 2.58 12.82 2.45
11.60 2.60 11.79 242 11.77 229 13.17 2.74 13.21 2.56 13.23 2.44
Sample 4-64, TOC = 4.07% Sample 4-65, TOC = 5.74%
0.23 0.55 0.27 0.51 0.28 0.42 0.22 0.64 0.23 0.54 0.22 0.42
0.66 1.03 0.76 0.96 0.77 0.83 0.65 1.18 0.67 1.02 0.65 0.85
1.27 1.44 143 1.34 1.47 1.19 1.25 1.62 1.28 143 1.25 1.23
2.01 1.77 2.25 1.65 231 1.49 1.96 1.95 2.02 1.76 197 1.53
2.86 2.03 3.19 190 3.28 1.73 2.76 221 2.88 2.02 2.80 1.79
3.78 2.23 421 2.09 431 1.92 3.62 241 3.80 2.23 3.69 1.99
4.72 2.38 5.25 2.23 5.39 2.06 4.49 2.57 4.76 2.39 4.63 215
5.71 249 6.35 233 6.51 2.16 5.40 2.68 5.76 2.50 5.64 2.27
6.72 2.56 7.46 239 7.65 223 6.33 2.75 6.77 2.59 6.65 2.36
7.72 2.60 8.55 242 8.77 2.27 7.26 2.81 7.76 2.64 7.66 242
8.70 2.63 9.59 243 9.84 2.28 8.17 2.83 8.72 2.67 8.64 2.46
9.64 2.63 1060 241 1086 2.28 9.06 2.84 9.63 2.68 9.58 248
10.80 2.61 11.77 239 12.03 227 10.13 2.83 10.70 2.68 10.67 249
12.11 2.56 1297 234 13.15 224 11.30 2.80 11.79 2.66 11.76 2.48
13.29 2.50 1392 229 1399 221 12.31 2.74 12.64 2.63 12.60 246
14.10 2.46 1458 2.26 1457 219 13.01 2.71 13.23 2.61 13.17 2.45
14.66 242 15.02 223 1496 2.17 13.49 2.68 13.63 2.59 13.56 2.44

2 The volume of excess adsorbed methane is reported in STP conditions; 1 mmol/g rock = 22.4 cm®/g rock = 22.4 m>/t rock = 791 scf/t rock.
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Fig. 4. Measured excess adsorption isotherms of methane at 35.4 °C (a), 50.4 °C (b), and 65.4 °C (c) for the eight samples.

pressure; and N is the total number of measured data points. During the
fitting, the unknown parameters in Eqs. (5) and (6) were first fitted
according to the rules that all of them, except for the D parameter, are
expected to decrease with temperature (Hildenbrand et al., 2006;
Gensterblum et al.,, 2013; Rexer et al., 2013). Once the fitted pgs values
are exceeding 424 mg/cm?> (the density of liquid methane at its boiling
temperature under 0.1 MPa), we adopted a constant pugs, either 424 or
373 mg/cm’ (based on the van der Waals volume, Gensterblum et al.

2.5. Thermodynamic parameters of methane adsorption

The thermodynamic parameters of adsorption include enthalpy of
adsorption (AH) and molar entropy of adsorption (AS®), and are utilized
to describe the pressure changes with temperature at a constant value
of absolute adsorption (n) (Myers and Monson, 2002).

0
(2013)), and a constant ng to refit the isotherms (e.g., Gasparik et al. In <£0> = % — AST (8)
(2012) and Gensterblum et al. (2013)). P/
Table 3
Fitted temperature-dependent parameters of the SDR- and Langmuir-based excess adsorption models.
Sample YC4-04 YC4-08 YC4-33 YC4-47 YC4-54 YC4-61 YC4-64 YC4-65
TOC (%) 1.87 245 1.99 334 4.52 5.44 4.07 5.74
SDR-based excess adsorption model no (cm?/g rock) 354°C 2.03 279 2.50 329 3.79 4.08 3.85 4.10
504 °C 1.97 2.66 2.36 3.03 3.60 3.87 3.62 3.96
65.4 °C 1.94 2.55 2.29 2.88 3.44 3.72 3.49 3.74
354°C 337.88 343.50 382.17 391.51 41534 406.32 359.83 376.26
Pads (mg/cm?) 504 °C 318.63 317.67 347.68 349.91 389.25 362.40 326.18 369.65
65.4 °C 297.71 307.12 326.33 315.29 388.60 338.86 320.35 347.68
D (mol?-kJ~2) 0.0111 0.0112 0.0107 0.0101 0.0089 0.0088 0.0100 0.0092
An (cm?/g rock) 0.0017 0.0020 0.0020 0.0024 0.0016 0.0021 0.0028 0.0025
Langmuir-based excess adsorption model no (cm/g rock) 354°C 1.86 2.59 2.26 294 3.13 345 3.51 3.51
50.4 °C 1.86 2.59 2.23 2.73 3.00 3.28 3.40 3.42
65.4 °C 1.86 2.59 217 2.72 2.88 3.19 3.27 3.25
354 °C 454.87 486.55 609.91 635.05 1027.00 894.91 513.42 728.89
Paas (Mg/cm?) 504 °C 408.82 400.77 476.54 571.98 940.69 787.76 430.70 702.30
65.4°C 386.42 362.27 461.05 429.27 940.69 705.95 438.19 674.51
354 °C 1.24 0.48 0.49 0.54 1.90 0.74 0.57 0.73
K (MPa—1) 504 °C 1.06 0.38 0.40 0.48 1.66 0.66 0.48 0.58
65.4°C 0.96 0.30 0.35 0.40 1.39 0.56 0.40 0.49
An (cm?/g rock) 0.0117 0.0040 0.0039 0.0055 0.0164 0.0072 0.0068 0.0074
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Fig. 5. An example showing the fitting quality using various methods. The experimental
uncertainty increases with pressure and is about 0.15-0.18 cm?/g rock at 14 MPa under
different temperatures, close to those reported by Gasparik et al. (2012).

Where p® is the atmospheric pressure (0.1 MPa) and the isosteric
heat of adsorption (Qg) is equal to the enthalpy of adsorption but
with a negative sign (Qs;= — AH). Then the Qy; and AS® can be derived
from the slope and the y-axis intercept, respectively, of the plot of
In(P) versus 1/T.
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Fig. 6. An example showing the temperature dependence of maximum absolute
adsorption capacity of methane (a) and density of adsorbed methane (b) fitted by the
SDR-based excess adsorption model. The data from Rexer et al. (2013) is used to
illustrate that the temperature dependence could be valid at high temperatures.

3. Results
3.1. TOC, organic petrology, and mineralogical composition

The total organic carbon (TOC) contents for the eight shale samples
range between 1.87 and 5.74% (Table 1). The organic fraction is domi-
nated by maceral assemblages of micrinite, interpreted as the residual
amorphous organic matter after oil generation and expulsion (Stach
et al., 1982; Ross and Bustin, 2009), and pyrobitumen formed by the
cracking of retained oil in shales (Fig. 2; Pepper and Dodd, 1995;
Bernard et al., 2012; Mahlstedt and Horsfield, 2012). The random
pyrobitumen reflectance was found to be in the range of 2.64-3.62%
(Table 1). The calculated equivalent vitrinite reflectances using the
equation of Schoenherr et al. (2007) are in the range of 2.75-3.68%Ro,
reaching the overmature stage. The mineralogical compositions of the
eight black shale samples are also listed in Table 1. Their clay contents
are in the range of 28.1-59.7% and are dominated by illite and chlorite.
The quartz and feldspar contents range from 25.4 to 59.0% and from 5.2
to 16.6%, respectively, whereas the carbonate contents vary from below
the detection limit to 9.9%.

3.2. Low-pressure N, adsorption

Using the N, adsorption isotherms at 77.4 K, total specific surface
areas (Sper) were determined by the BET equation. The values range
from 12.5 to 20.6 m?/g (Table 1). The micropore surface areas (Spg)
and volumes (Vpg) by the DR equation are in the range of
6.6-10.8 m?/g and 4.7-7.6 cm>/kg, respectively. The surface areas of
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Fig. 7. Relationship of the maximum absolute adsorption capacities of methane fitted by
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meso-/macropores (>2 nm in diameter,Sg;;) were estimated by the BJH
model and range between 5.8 to 12.3 m?/g. A positive correlation is ob-
served between the TOC and surface area/micropore volume (Fig. 3a),
but the total clay content is largely inversely correlated with the latter
(Fig. 3b), indicating that the organic matter is the main contributor to
both the surface areas and micropores of shales (Ross and Bustin, 2009).

3.3. Excess adsorption of methane

The measured excess adsorbed amounts of methane at different
temperatures are presented in the unit of cm®/g rock under STP condi-
tions and listed in Table 2. As illustrated in Fig. 4, the excess adsorbed
amount of methane (nexcss) increases at first with increasing pressures
at all experimental temperatures and reaches a maximum value at a
certain pressure (around 10 MPa), after which the ngycess begins to
slightly decrease with pressures. This phenomenon, also encountered
in previous studies (Gasparik et al., 2012, 2014a; Rexer et al., 2013;
Tan et al., 2014a), is caused by the fact that the neycss is calculated on
the basis of the void volume measured before the adsorption experi-
ment by implicitly assuming that the void volume remains unchanged
during experiment (i.e., the volume occupied by the adsorbed gas was
assumed negligible). This assumption is acceptable as long as the densi-
ty of the free gas phase is much lower than the density of the adsorbed
gas. As expected from Eqgs. (1) and (2), the neycess Will approach zero
when the pressure is high enough and the density of methane in free
state approaches the density of adsorbed methane; this inference has
been verified by experiments with CO, adsorption on activated carbon
and shales under very high pressures (Gensterblum et al., 2009;
Chareonsuppanimit et al., 2012; Gasparik et al., 2014b).

As revealed by Fig. 4d, the maxima of the excess methane adsorption
isotherms (n % ““***) are positively related to the TOC content at all
experimental temperatures. Furthermore, samples have very similar
excess adsorption characteristics throughout experimental pressure
range when their TOCs are similar, which can be clearly seen for
samples 4-61 and 4-65, and for samples 4-54 and 4-64 (Fig. 4a, b,
and c). These observations are consistent with previous results and
further illustrate that TOC is an important control on the methane
adsorption on shales because organic matter provides a large specific
surface area (Chalmers and Bustin, 2007, 2008; Ross and Bustin, 2009;
Zhang et al., 2012; Gasparik et al,, 2014a).

3.4. Fitted parameters of the SDR-based excess adsorption model

The fitted parameters of the SDR-based excess adsorption model
(Eq. (6)) are listed in Table 3, and an example for the comparison of
fitted and measured results is presented in Fig. 5. The fitted values of
no range from 2.03 to 4.10 cm?/g rock at 35.4 °C, 1.97 to 3.96 cm®/g
rock at 50.4 °C and 1.94 to 3.74 cm>/g rock at 65.4 °C; the fitted values
of pagsr range from 338 to 415 mg/cm? at 35.4 °C, 319 to 389 mg/cm’
at 50.4 °C and 298 to 389 mg/cm? at 65.4 °C. The fitted adsorbed gas

T= 35.4 °C for left columns
T=50.4 °C for middle columns
T= 65.4 °C for right columns

“l e b U L

sample 4-54  sample 4-61  sample 4-64  sample 4-65

Fig. 8. Comparison of the temperature-dependent densities of adsorbed methane fitted by the SDR- and Langmuir-based excess adsorption models.
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Table 4
Fitted parameters of the Langmuir-based excess adsorption model with constant density and maximum capacity of adsorbed methane.
Sample YC4-04 YC4-08 YC4-33 YC4-47 YC4-54 YC4-61 YC4-64 YC4-65
TOC (%) 1.87 2.45 1.99 334 4.52 5.44 4.07 5.74
Temperature-independent ny (cm>/g rock) 1.93 2.71 2.48 3.18 3.56 3.93 3.68 3.99
Temperature-independent p,qs (mg/cm?) 373 373 373 373 373 373 373 373
354°C 1.19 0.46 0.43 0.50 1.53 0.60 0.55 0.58
Temperature-dependent K; (MPa~"') 504 °C 0.98 0.34 0.32 0.35 1.16 0.44 0.39 0.43
65.4°C 0.87 0.26 0.26 0.27 0.90 0.34 0.30 0.31
An (cm®/g rock) 0.0126 0.0055 0.0058 0.0102 0.0219 0.0126 0.0101 0.0112
Temperature-independent no (cm*/g rock) 1.85 2.59 2.37 3.04 3.44 3.77 3.51 3.82
Temperature-independent p.qs (mg/cm?) 424 424 424 424 424 424 424 424
354°C 1.30 0.51 0.47 0.55 1.65 0.65 0.61 0.63
Temperature-dependent K (MPa~') 504 °C 1.06 0.37 0.35 0.38 1.25 0.48 0.43 0.46
65.4°C 0.94 0.29 0.28 0.29 0.95 0.37 0.33 0.34
An (cm?/g rock) 0.0124 0.0054 0.0055 0.0098 0.0211 0.0116 0.0097 0.0103

density values are lower than that of liquid methane at its boiling point
(424 mg/cm?> at — 161 °C and 0.1 MPa).

The fitted values of pggs and ng are both temperature dependent
(Fig. 6). The averaged reduction rate of fitted ng for the eight samples is
about 0.01 cm?/g/°C, with the maxima of 0.0136 cm>/g/°C for sample
4-47 and minima of 0.0027 cm?/g/°C for sample 4-04 (Fig. 6a). The
temperature-dependence of maximum absolute adsorption capacity of
methane on coals was also reported by Hildenbrand et al. (2006). More
recently, Rexer et al. (2013) studied the maximum absolute adsorption
capacity of methane using the SDR-based excess adsorption model at
temperatures up to 175 °C and found that the reduction rate of ng is
about 0.0214 cm3/g/°C for an Alum shale sample from Denmark
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the determination of isosteric heat and standard entropy at three different absolute
adsorption amounts (a; sample 4-54), and the linear relationship between the
averaged isosteric heats and standard entropies for our eight samples and other
shales and clays (b).

(Fig. 6a). The reduction rate of pyys ranges from the smallest value of
0.89 mg/cm?>/°C for sample 4-54 to the largest value of 2.54 mg/cm?/°C
for sample 4-47, with an average value of 1.55 mg/cm?/°C (Fig. 6b).
This is quite close to the value of 2.2 mg/cm>/°C reported by Rexer
et al. (2013) for an Alum shale sample at an experimental temperature
range of 35-175 °C.

The third parameter in the SDR-based excess adsorption model is
the D value (in mol?-kj~2), which ranges from 0.0088 to 0.0112.
Rexer et al. (2013) reported a D value of 0.0092 for one Alum shale
sample obtained from the Skelbro-2 well in Bornholm, Denmark.
Clarkson and Haghshenas (2013) also calculated the D values for some
shales using published methane adsorption dataset. For example, the
D value is 0.02 for the Rio Bonito carbonaceous shales in Brazil
(Weniger et al., 2010), 0.013 for the New Albany shales in USA
(Chareonsuppanimit et al., 2012), and is in the range of 0.0134-0.0135
for the Montney, Duvernay and Muskwa shales in Canada (Beaton
et al., 2010). The slight difference in D values between various shales
is mainly related to the difference in their pore structures and surface
chemistry (White et al., 2005).

3.5. Fitted parameters of the Langmuir-based excess adsorption model

3.5.1. Fitting with temperature-dependent pqqs and ng

Despite relatively large deviations for some data points at low
pressures, the Langmuir-based excess adsorption model (Eq. (5)) fits
the measured isotherms nearly as good as the SDR-based excess adsorp-
tion model does (Table 3, Fig. 5). Although the ng values are slightly
smaller for samples with TOC values of larger than 2.7%, they are linearly
correlated to those by the SDR-based excess adsorption model (Fig. 7).
Note that the values of p,gs fitted by the Langmuir-based excess adsorp-
tion model are much larger than those fitted by the SDR-based excess
adsorption model and also by far exceed the value of 424 mg/cm’
(Fig. 8). The very large p,4s values were also reported by other authors.
For example, Gasparik et al. (2014a) reported that the p,4s values freely
fitted by the Langmuir-based excess adsorption model at 65 °C ranges
from 500 to 637 mg/cm> for some Barnett shales and as high as
790 mg/cm’ for one Haynesville shale sample. Hu et al. (2015) even
applied an adsorbed density of 800 mg/cm? to fit the excess adsorption
of methane on artificially matured Woodford shales. The third parame-
ter K;, (in MPa~—!) ranges from 0.48 to 1.90 at 35.4 °C, 0.38 to 1.66 at
50.4 °C, and 0.30 to 1.39 at 65.4 °C, falling in the ranges reported by
other authors for shales and kerogens (Zhang et al., 2012; Gasparik
et al., 2014a; Hu et al., 2015).

3.5.2. Fitting with a fixed density value of adsorbed methane

Considering that the freely fitted p,qs values by the Langmuir-based
excess adsorption model are very large and exceed the liquid density of
methane at its boiling point (424 mg/cm?), we conducted the fitting
again by setting a temperature-independent and constant value of pggs
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Table 5
Isosteric heats (Qs) and standard adsorption entropies (AS°) obtained at different absolute methane adsorption amounts (n).
| npat354°C  m Qs AS® Ny Qs AS° ns Qs AS® Average Q;;  Average AS°
Sample
cm?/g rock cm*grock  kJ/mol  J/mol/K cm®g rock kj/mol  J/mol/K cm®'g rock kj/mol  J/mol/K kJ/mol J/mol/K

YC4-04 2.0 0.9 10.6 —58.6 1.1 9.0 —575 13 8.5 —59.6 9.4 —58.6
YC4-08 2.8 1.1 143 —68.9 13 13.2 —68.6 1.6 125 —69.2 133 —68.9
YC4-33 2.5 0.9 15.2 —721 1.1 14.6 —734 13 15.1 —78.2 15.0 —74.6
YC4-47 33 13 14.8 —70.5 1.6 14.0 —70.7 1.8 134 —714 141 —709
YC4-54 3.8 13 173 —74.7 1.8 16.1 —76.1 2.2 15.6 —793 16.4 —76.7
YC4-61 41 1.6 139 —64.7 2.0 12.7 —65.8 2.5 12.0 —66.3 129 —65.6
YC4-64 3.9 13 19.1 —82.3 1.8 175 —82.5 2.2 16.8 —84.4 17.8 —83.1
YC4-65 4.1 1.8 175 —784 2.2 154 —76.4 2.7 153 —80.2 16.1 —783

to be 424 or 373 mg/cm?, and then assuming that both the pags and ng
values are constant at different temperatures (e.g., Gensterblum et al.
(2014b) and Bruns et al. (2016)). Compared with the fitting quality
when taking absorbed methane density as a variable, a relatively poor
fitting was observed in the low pressure range, but a fairly good fitting
in the high pressure range (Table 4; Fig. 5). Gensterblum et al. (2013)
illustrated that a low value of p,qs led to a high value of ng, which is
also observed in our study (Table 4, Fig. 7). Nevertheless, no significant
difference in the maximum absolute methane adsorption capacity
between the SDR- and Langmuir-based excess adsorption models was
observed when the density of adsorbed methane is presumed to be
373 or 424 mg/cm? (Fig. 7). Our comparative studies provided further
evidence that a constant p,gs used by some authors is a valid approach
(e.g., Gasparik et al. (2012); Gensterblum et al. (2014b) and Bruns
et al. (2016)).
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Fig. 10. Relationship of TOC (a) and total clay content (b) with the maximum absolute
adsorption capacity of methane freely fitted by the SDR- and Langmuir-based excess
adsorption models in which the density of adsorbed methane is presumed to be
temperature dependent.

3.6. Thermodynamic parameters of adsorption

Based on the absolute adsorption amount of methane calculated by
the SDR-based excess adsorption model, the thermodynamic parame-
ters of methane adsorption can be determined by the plot of 1/T versus
In(P). As illustrated in Fig. 9a, the isosteric heat and entropy of adsorp-
tion decrease slightly with increased absolute adsorption amounts of
methane, which was also observed by Rexer et al. (2013). Therefore,
the isosteric heats and adsorption entropies were calculated for three
different absolute amounts of adsorbed gas (fractional occupancy; ny,
n, and n3) and listed in Table 5. Among them, the second absolute
adsorbed amount (n,) is approximately half of the maximum absolute
adsorption capacity (1) at 35.4 °C, while the first (n;) and third (ns)
amounts are somewhat lower and higher than n,, respectively. In
other studies, the thermodynamic parameters were only calculated at
the Langmuir pressure, corresponding to half of the maximum adsorp-
tion capacity (Ji et al., 2012; Zhang et al., 2012; Gasparik et al.,, 2014a).

The averaged isosteric heats (Qs,) vary from 9.4 to 17.8 kJ/mol and
the averaged adsorption entropies (AS°) vary between —58.6 and
—83.1 J/mol/K (Table 4); both are close to the values calculated at the
second absolute adsorption amount (n,), which is nearly half of the
maximum absolute adsorption capacity (11p) at 35.4 °C. Alinear relation-
ship exists between the isosteric heat and adsorption entropy (Fig. 9b);
all the data fall between the end members of the type I/l kerogen and
the main minerals in shales (Ji et al., 2012; Zhang et al.,, 2012) and are
consistent with the results of Gasparik et al. (2014a).

4. Discussion
4.1. Effects of organic and inorganic matters on ng

Asillustrated in Fig. 10a, a largely positive correlation is observed be-
tween TOC content and maximum absolute adsorption capacity of
methane (ng). This relationship was also reported for many other shales
(Weniger et al.,, 2010; Zhang et al., 2012; Gasparik et al., 2014a) and is
mainly attributed to the fact that TOC is positively correlated with
total surface area and micropore volume (Fig. 3a). The relationship of
no with total clay, however, is quite complex (Fig. 10b). For samples
with high content of total clay (>35%), the ny decreases with increasing
total clay, whereas it changes little for two samples whose total clay
content is less than 35%. This negative correlation is probably related
to the different methane adsorption capacities of clays and organic mat-
ters. The composition of clay minerals for our samples is dominated by
illite and chlorite (Table 1). As illustrated by Ji et al. (2012), the specific
methane adsorption capacity of illite and chlorite is only 1.8 cm?/g and
2.3 cm®/g, whereas the methane adsorption capacity of type I/Il kerogen
is as high as 27.3-32.7 cm?/g TOC (Zhang et al., 2012). Gasparik et al.
(2012) reported a significant contribution of clays to methane adsorp-
tion on organic-lean shales of low thermal maturity; their samples
have relatively lower thermal maturity and the composition of clay
minerals is dominated by an illite-smectite mixed layer that has a
methane adsorption capacity two times larger than that of illite and
chlorite (Ji et al.,, 2012; Gasparik et al., 2014a).
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Table 6
Averaged adsorption parameters adopted in Figs. 11 and 12 for the eight samples.
Model name Adsorption model N, Pads K D
(cm®/g rock) (mg/cm?) (MPa—1) (mol?-k]=2)
Model 1 SDR-based excess adsorption —0.010 x T + 3.650 —1.545 x T + 429.39 na. 0.00989
Model 2 Langmuir-based excess adsorption —0.005 x T + 3.097 —3.97 xT + 802.83 —0.008 x T+ 1.103 n.a.
Model 3 Langmuir-based excess adsorption 3.05 424 —0.0109 x T + 1.169 na.
Model 4 Langmuir-based excess adsorption 3.18 373 —0.0097 x T + 1.066 na.

n.a.: not applicable and T is the temperature in °C.

4.2. Comparison of different models on geological gas-in-place (GIP)
estimation

Based on the adsorption parameters obtained by various methods,

the absolute and excess methane sorption capacity of shales and coals
can be tentatively extrapolated to geological conditions as previous
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Fig. 11. Plots showing the absolute and excess methane adsorption profiles with depth
(a) and the calculated GIP depth-profiles by Eqs. (9)-(11) (b) on the basis of methane
adsorption parameters fitted by the SDR-based excess adsorption model as listed in
Table 6. The density of free methane was calculated according to the high-accuracy
equation of state (EoS) of Setzmann et al. (1991).

authors did (e.g., Hildenbrand et al. (2006); Gensterblum et al.
(2014b) and Bruns et al. (2016)). However it should be noticed that
the moisture in shales could significantly reduce their methane sorption
capacity and that there are probably no shales completely devoid of
moisture at geological conditions (Chalmers and Bustin, 2008; Busch
and Gensterblum, 2011; Gasparik et al., 2014a; Gensterblum et al.,
2014a). Therefore the geological extrapolation based on the dry adsorp-
tion data should be regarded as a maximum scenario (Bruns et al.,
2016).

4.2.1. Excess versus absolute adsorption models

Gas-in-place (GIP) must estimate the sum of adsorbed and free gas.
Frequently, adsorbed gas (n,p) is calculated using absolute adsorption
models such as the two-parameter Langmuir model; the calculation of
free gas capacity (nj.) is based on the measured porosity and the free
gas density under given temperatures and pressures (Eq. (9); Luffel
and Guidry, 1992; Mavor and Nelson, 1997).

GIP = Nfree + Ngorp = Nfree + Ngps (9)

Ambrose et al. (2012) pointed out that measured porosity values
used in the calculation of free gas capacity must be corrected by
subtracting the volume occupied by adsorbed gas (Eq. (10)) when an
absolute adsorption model is chosen to calculate the capacity of
adsorbed gas. Otherwise, the GIP would be overestimated because the
volume of adsorbed gas is accounted for in duplicate for both free gas
and adsorbed gas capacities.

GIP = Nfree —Pg - Vads - Cstp + Naps ((]0)))
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Fig. 12. A comparison of gas-in-place (GIP) profiles with depth calculated by Eq. (11) on
the basis of various models listed in Table 6.
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Substituting Eq. (2) into Eq. (10) yields Eq. (11),

GIP = Nfyee + Nexcess (11)

Thus, the measured porosity can be used directly to calculate the free
gas capacity without any volume correction when it is combined with
the experimentally measured excess sorption capacity. The expression
of the GIP in Eq. ((11) is consistent with the experimental data that
are inherently excess sorption capacities and can be presented by either
Langmuir- or SDR-based excess sorption models, and no volumetric
corrections are needed when applied to basin modeling (e.g., Bruns
et al. (2016)).

On the basis of the adsorption parameters fitted by the SDR-based
excess model as listed in Table 6, the differences between the absolute
and excess adsorption amount and the corresponding estimated GIPs
with Egs. (9), (10) and (11) are presented in Fig. 11. Our case model is
constructed for an overpressured system with a pressure coefficient of
1.5 and a geothermal gradient of 20 °C/km, assuming a shale porosity
of 4% (pore volume value of 0.016 cm?/g rock) with 100% gas saturation.
These geological parameters are largely representative of the producing
shale-gas reservoirs in the study area (Guo and Zhang, 2014; Wei and
Wei, 2014). It is evident that the absolute adsorption profile begins to
deviate from the excess adsorption profile at very shallow depths and
the former is about 1.61-2.32 cm>/g rock larger than the latter at depths
of 2000-4000 m (Fig. 11a). Accordingly, the GIPs by the Eq. ((9) without
volumetric correction in the free gas capacity are also approximately
1.61-2.32 cm?/g rock larger than those after pore volume correction
by the Eq. ((10) or ((11) at depths of 2000-4000 m (Fig. 11b). The
other merit of the present method is that it mathematically provides a
simple way to evaluate the maximum GIP in history for shales that
were ever subject to very high temperature and pressure because at
the time when their excess methane adsorption capacity approached
zero, their GIPs could be represented simply by the free gas storage ca-
pacity without any volumetric correction. With the shales being
uplifted, the gas stored in them would be inevitably lost due to various
causes, thus leading to a decrease in GIP though geological time unless
new gas has been supplied.

4.2.2. SDR- versus Langmuir-based excess adsorption models

As listed in Table 6, both the density and the maximum capacity of
adsorbed methane vary among different models, which probably leads
to a variation in the GIP estimation when extrapolated to the geological
conditions beyond the experimental temperature and pressure. On the
basis of the various adsorption model parameters listed in Table 6, the
depth-profiles of GIP calculated by the Eq. (11) are compared in Fig. 12
under the same geological conditions as in Fig. 11. It is evident that all
the models predict virtually the same GIPs at depths of less than
1000 m, but some deviation occurs at depths greater than 1000 m (be-
yond the maximum experimental pressure 15 MPa), with the SDR-
based excess model predicting a smaller GIP than the Langmuir-based
excess models. The difference is about 0.11-0.45 cm>/g rock at a depth
of 2000 m and 0.61-0.78 cm>/g rock at a depth of 4000 m, respectively
(Fig. 12), much smaller than those caused by the double counting of
the volume of adsorbed methane (Fig. 11b).

At present, it is hard to evaluate which model is more accurate
because the uncertainty of experimental data becomes greater at high
pressures (Gasparik et al., 2012, 2014b) and all models can fit experi-
mental data fairly good within the experimental errors at high pressures
(Gasparik et al., 2012, 2014a; Gensterblum et al., 2013). Therefore,
much work has to be carried out in the future on the reduction of
experimental errors at high pressure ranges (Gasparik et al., 2014a).
Nevertheless our results show that it is convenient and feasible to
adopt a constant value of adsorbed methane density, either
424 mg/cm?> or 373 mg/cm?, and a constant value of maximum absolute
adsorption capacity, when the Langmuir-based excess adsorption
model is selected to fit the measured excess isotherms (Gensterblum

et al, 2013, 2014b; Bruns et al., 2016). When it comes to the
temperature-dependent values of adsorbed methane density and its ab-
solute adsorption capacity, the SDR-based excess model seems to be
more reliable because it predicts a more reasonable density of adsorbed
methane that never exceeds the liquid density of methane at its boiling
point (i.e., 424 mg/cm?) at our experimental temperatures.

5. Conclusions

(1) Total organic carbon (TOC) is a key parameter that dominates
methane adsorption capacity because organic matter is the main con-
tributor to specific surface area and micropore volume for shale
samples.

(2) Both the SDR- and Langmuir-based excess adsorption models
can be used to fit the experimental excess adsorption isotherms within
the experimental temperature and pressure range of this study with
good precision. The temperature-dependent densities of adsorbed
methane resulting from the fitting procedure with the SDR-based
excess adsorption model are generally smaller than the density of liquid
methane at its boiling point, i.e., 424 mg/cm?, whereas the nominal
adsorbed phase densities resulting from the Langmuir-based excess
adsorption model are much larger than 424 mg/cm’. Nevertheless, the
maximum methane adsorption capacities fitted by both models are
not significantly different and are, in fact, linearly correlated with each
other.

(3) While early studies have illustrated that avoiding the double
counting of the volume of adsorbed gas is the first step in getting a
consistent GIP estimate, our results further show that the adsorption
model itself, either the Langmuir- or SDR-based excess adsorption
model, and the fitting procedure, either constant or temperature-
dependent density and maximum capacity of adsorbed methane, do
not significantly affect the estimated GIPs for the geological system in
our study area at depths of less than 4000 m.
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Appendix 1. Parameters and units used in equations

Cstp Coefficient of a unit conversion from mass to volume, cm’>/mg
under STP conditions;

D Pore-structure parameter, mol?-kj~2;

GIP Gas-in-place, cm?/g rock under STP conditions;

AH Enthalpy of adsorption, k]/mol;

K Langmuir constant, MPa™ 1.

N Total number of measured data points (dimensionless);

An Fitting error, cm’/g rock under STP conditions;

nf*P(p;, T;) Measured excess adsorption amount at the ith paired tem-
perature and pressure, cm>/g rock under STP conditions;

nf'(p;, T;) Fitted excess adsorption amount at the ith paired tempera-
ture and pressure, cm>/g rock under STP conditions;

no Maximum absolute methane adsorption capacity, cm>/g rock
under STP conditions;

Nabs Absolute methane adsorption capacity, cm3/g rock under STP
conditions;
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Nexcess Excess methane adsorption capacity, cm?/g rock under STP
conditions;

Nfree Free gas storage capacity, cm’/g rock under STP conditions;

Nsorb Adsorbed gas storage capacity, cm’/g rock under STP
conditions;

P Pressure, MPa;

PP Atmospheric pressure (0.1 MPa);

Py Langmuir pressure, MPa;

Q¢ Isosteric heat of adsorption, k]/mol;

R Ideal gas constant (8.314 x 10~> kJ-mol~-K~1);

AS° Molar entropy of adsorption, J/mol/K;

T Temperature in Kelvin (K);

Vads Volume of adsorbed gas phase, cm>/g rock;

Pads Density of adsorbed gas phase, mg/cm?;

Pq Density of free gas phase, mg/cm®

Appendix 2. Unit conversion

For methane amount in volume and mass: 1 mmol/g rock = 16 mg/g
rock = 22.4 cm® (STP)/g rock = 22.4 m> (STP)/t rock = 791 scf (STP)/t
rock.

For temperature in Celsius and Kelvin: 1 °C = 273.15 K.
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