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Summary

In conventional permeable media, once pore volume (PV) is
known, the amount of fluid-in-place can be estimated. This is
because the fluid is locally homogeneous, pores are generally
larger than 100 nm, and surface adsorption is negligible. In shale
media, in addition to PV, knowledge of pore-size distribution,
total organic content, and chemistry of the rock is required. Fluid
molecules in shale media can be found in three different states:
(1) free molecules in the pores, (2) adsorbed molecules on the
pore surface, and (3) dissolved molecules in the organic matter.
Of the three, the first two mechanisms are discussed in the litera-
ture. In this work, we compute for the first time the amount of dis-
solved molecules.

To compute the fluids in shale media, we divide the pores into
sizes greater than 10 nm and sizes less than 10 nm. In pores
greater than 10 nm, the interface curvature affects phase behavior,
and fluid phases are homogeneous. Therefore, they can be
described by conventional equations of state. Our calculations
show that retrograde condensation increases in nanopores; the
upper dewpoint increases, and the lower dewpoint decreases.
These calculations are supported by experimental measurements.
Gas solubility in water and liquid normal decane shows a modest
increase with curvature.

In pores less than 10 nm, the fluids become inhomogeneous,
and the direct use of conventional equations of state cannot be
applied even with adjusted critical pressure and temperature. We
suggest the use of molecular modeling. A model such as the Lang-
muir adsorption isotherm is merely a curve fitting of the data.

We use available data in shale media, which are mainly lim-
ited to excess sorption of methane and carbon dioxide, to compare
to our thermodynamic model computations. This is the first
attempt to compare measured data in shale and predictions that
are based on the integration of molecular modeling and classical
thermodynamic modeling.

Introduction

Production from shale gas and shale light-oil reservoirs has dra-
matically increased during the past few years and has stimulated
profound interest in exploration and production activities (Gas-
parik et al. 2012). Recovery and production from shale reservoirs
depend on fluid-in-place and transport in shale media (Gasparik
et al. 2013). The issues of the fluid-in-place and transport have
been a mystery. The common belief is that the fluid stored in shale
is mainly composed of free fluid molecules in pores and fractures
and adsorbed fluid molecules associated with organic and mineral
constituents of the rock (Gasparik et al. 2012). The amount of free
molecules is mainly determined by porosity; adsorbed molecules
are related to surface area in shale rocks. The organic matter pro-
vides porosity; it also has micropore structure that facilitates
adsorption (Zhang et al. 2012). There is a strong correlation
between the organic matter of the shale, often expressed as the
total organic carbon, and fluid contents (Manger et al. 1991; Lu
et al. 1995; Ross and Bustin 2007; Strapoc et al. 2010; Weniger
et al. 2010). The inorganic part of shale such as clay minerals has

micropore-to-mesopore structures that provide additional surface
area for sorption. The adsorption depends on the pore structure
and rock chemical composition (Ross and Bustin 2009; Jin and
Firoozabadi 2013). Clay minerals are hydrophilic. As a result,
water can readily occupy the adsorption sites and may greatly
reduce adsorption of other species (Ji et al. 2012; Jin and Firooza-
badi 2014).

In addition to free molecules and adsorbed species, there
have been reports indicating that fluid dissolution in kerogen
may also contribute to fluid content in shale permeable media
(Ross and Bustin 2009). Kerogen is the organic constituent of
shale. The chemical composition of kerogen is similar to that of
bitumen, which is semisolid with very high viscosity. Gases and
liquids dissolve in bitumen, and the amount of dissolution
increases as temperature decreases and pressure increases
(Svrcek and Mehrotra 1982; Mehrotra and Svrcek 1988; Varet
et al. 2013). Because of similarity of chemical composition of bi-
tumen and kerogen, we suggest that light hydrocarbons and CO2

may dissolve in kerogen. The dissolution in kerogen may pro-
vide an additional fluid-in-place mechanism. Bulk phase-equilib-
rium calculations were used to describe gas dissolution in
bitumen (Mehrotra and Svrcek 1982; Mehrotra et al. 1985; Meh-
rotra et al. 1989; Jamaluddin et al. 1991). The dissolution in ker-
ogen was briefly suggested by some authors. Kerogen is believed
to consist of a crosslinked network of organic matter analogous
to complex organic polymers and (Ertas et al. 2006; Kelemen
et al. 2006) similar to coal. Crosslinked polymer networks can
absorb significant amounts of gas and liquid solvents to swell
(Larsen and Li 1994; Larsen and Li 1997a, b; Larsen 2004;
Ottiger et al. 2008). Swelling behavior of coal is attributed to
pure physical surface-adsorption process and absorption (disso-
lution) into coal matrix (Ottiger et al. 2008). However, charac-
terization of the exact contribution from adsorption and
dissolution in coal is challenging, because gas uptake would
change pore and matrix structures. Regular solution theory and
the Flory-Rehner model (Flory and Rehner 1943) were used to
study swelling behavior of kerogen (Larsen and Li 1994; Larsen
and Li 1997a, b; Ertas et al. 2006; Kelemen et al. 2006). In this
empirical approach, the nature of adsorption, dissolution, and
specific interactions between the solvent and matrix are not mod-
eled. The solubility parameter, crosslink density, and native
swelling fraction are used to match the experimental data. When
solubility parameters of solvents and kerogen are close, swelling
is maximum (Ertas et al. 2006; Kelemen et al. 2006). More ther-
mally matured kerogen swells less (Kelemen et al. 2006).
Recently, Etminan et al. (2014) measured methane dissolution in
a shale sample with the batch-pressure-decay method and report
as much as 20% of total fluid content to be from dissolution. The
measured data have not been modeled yet.

There are two main approaches in phase-behavior modeling in
shale media: Langmuir adsorption isotherm and cubic equations of
state (EOS). Before proceeding to our modeling of phase behavior
in shale nanopores, we discuss these two approaches.

Langmuir Adsorption Isotherm. This isotherm has been sug-
gested to describe adsorption in shale media (Ambrose et al.
2010; Weniger et al. 2010; Vermylen 2011). The Langmuir
adsorption model is based on the assumption that an ideal gas is
in equilibrium with adsorbed species onto an idealized flat sur-
face. Species are presumed to bind to distinct but equivalent sites
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on the surface. The Langmuir adsorption model is based on the
assumption of a single adsorbed layer with no interaction among
adsorbed species. The Langmuir isotherm for a single component
is described by Das and Jonk (2012) as

Va ¼
VLp

pL þ p
; ð1Þ

where Va is the adsorbed gas volume of bulk at pressure p, VL is
the maximum adsorption volume of bulk, and pL represents the
Langmuir pressure at which the amount of adsorbed gas content is
VL=2. The Langmuir adsorption expression may be used to
describe sorption data of methane and carbon dioxide in porous
media such as activated carbons (Dreisbach et al. 1999) and in
some shale permeable media (Weniger et al. 2010). The expres-
sion does not relate to pore-size distribution (PSD). Langmuir
adsorption is a limiting model for low pressure, and its application
to the high-pressure adsorption isotherms cannot be justified
(Weniger et al. 2010). Eq. 1 implies that adsorption monotonically
increases with pressure and then reaches a plateau. However, data
of Weniger et al. (2010) reveal that excess sorption of CO2 in
shale is nonmonotonic, as shown in Fig. 1. Excess sorption is
defined as total fluids in the rock minus the amount of fluid that
can fill the void volume on the basis of a homogeneous-fluid
model. Note that all measurements are based on total fluid stor-
age. The pore volume is measured with helium assuming no
adsorption by pore filling (Weniger et al. 2010). We use the words
“excess sorption” to include the effect from surface adsorption
and dissolution in kerogen. Dissolution and absorption in the ker-
ogen imply the same meaning, and the word “sorption” can refer
to both adsorption onto the surface and absorption in kerogen.
Most authors measure total fluid content, but they report excess
sorption. The Langmuir adsorption isotherm is often used to
describe excess sorption. There is no simple way to measure
adsorbed molecules on the rock surface. An additional adjustable
parameter, the density of adsorbed phase qadsorbed, is introduced in
the Langmuir adsorption isotherm to describe CO2 excess
sorption

Va ¼
VLp

pL þ p
1� qbulk

qadsorbed

� �
; ð2Þ

in which qbulk is the density of bulk fluid phase. Three parameters
VL, pL and qadsorbed are obtained by fitting Eq. 2 to measured data.
Weigner et al. (2010) argue correctly that the Langmuir adsorp-
tion isotherm is simply a curve fitting of experimental excess
sorption data. In shale media, adsorption can be multilayer for

small nanopores in kerogen source rocks and clay minerals. In
addition, because of confinement, there may be capillary conden-
sation and hysteresis. Langmuir isotherms cannot describe hyster-
esis, which is the difference between adsorption and desorption
isotherms. Desorption relates to pressure decrease and is the pro-
cess in production from shale rocks (Li et al. 2014).

In multicomponent mixtures, the extended Langmuir model
(ELM) is suggested to describe adsorbed fluids (Ambrose 2011;
Leahy-Dios et al. 2011),

Va;i ¼
VL;i

pi

pL;i

1þ
X

j

pj

pL; j

; ð3Þ

where Va;i is the adsorption volume of bulk of component i at par-
tial pressure pi, VL;i is the maximum adsorbed gas volume of bulk
for component i, and pL;i represents Langmuir pressure for com-
ponent i at which the amount of adsorbed gas volume is VL;i=2.
Parameters pL;i and VL;i are obtained from the pure-component
adsorption isotherms. ELM is based on ideal-gas mixture, and the
interactions between gas molecules are neglected. Similarly,
adsorption is assumed to form a single layer and cannot provide
information on the PSD. In Fig. 2, we show total fluid in pores for
a ternary mixture of C1, CO2, and N2 in activated carbon from
Dreisbach et al. (1999). We also show results that are based on
density functional theory (DFT) (Li et al. 2014). There is good
agreement between DFT and measured data. ELM shows good
agreement in methane but significantly underestimates CO2 and
N2 fluid content. The same as single component Langmuir adsorp-
tion, ELM does not include the effect of pore sizes and fluid/fluid
interactions. Therefore, it cannot describe capillary condensation
or hysteresis.

Fluid Description by EOS. Conventional EOS such as the Peng-
Robinson EOS (PR-EOS) are accurate for compositional model-
ing and description of measured pressure/volume/temperature
behavior of reservoir fluids. In general, a cubic EOS can describe
phase behavior in porous media characterized by pore sizes larger
than 10 nm (Fisher and Israelachvili 1981). In micropores
(size< 2 nm), adsorbed properties are strongly affected by fluid/
surface interactions depending on chemical composition of porous
media. At such scale, the distributions of fluid molecules within
the pores are inhomogeneous, and surface adsorption plays a
dominant role in fluid-in-place estimation (Li et al. 2014). In
small pores, the critical properties are altered (Evans and
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Fig. 1—Excess sorption of CO2 in three different Irati shale
samples at 318.15 K shows a nonmonotonic behavior that can-
not be fitted with conventional Langmuir adsorption isotherms.
Lines are from the modified Langmuir adsorption in Eq. 2 with
an additional adjustable parameter. The data and fitting are
adopted from Weniger et al. (2010).
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Fig. 2—Fluid content of ternary mixtures of C1, CO2, and N2

(0.72/0.12/0.16, mole) in activated carbon at 298.15 K. Symbols
are fluid content in activated carbon from experimental data
(Dreisbach et al. 1999); solid lines are DFT predictions and
dashed lines are the ELM.
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Tarazona 1984; Evans et al. 1986a, b; Bruno et al. 1987; Balbuena
and Gubbins 1993; Morishige et al. 1997; Lev et al. 1999; Zarra-
goicoechea and Kuz 2004; Kanda et al. 2004; Chen et al. 2008;
Singh et al. 2009; Travalloni et al. 2010; Alharthy et al. 2013).
The critical temperature of a confined fluid is generally lower
than the bulk critical temperature and approaches the bulk value
in large pores (Evans and Tarazona 1984; Evans et al. 1986a, b;
Balbuena and Gubbins 1993; Morishige et al. 1997; Lev et al.
1999; Reyes 2012). The critical pressure of confined fluid is also
reduced in attractive nanopores (Balbuena and Gubbins 1993; Lev
et al. 1999). Recently, Didar and Akkutlu (2013) showed that the
critical temperature and pressure of methane decrease in carbon
nanopores by use of Monte Carlo simulation. Singh et al. (2009)
use molecular simulations and show that critical pressure of bu-
tane and octane increases in carbon pores larger than 3 nm. In this
work, by use of DFT and grand canonical Monte Carlo (GCMC)
simulations, we show that both critical temperature and pressure
of confined hydrocarbons in carbon nanopores decrease, and as
pore size increases, they approach bulk properties.

In recent years, the shifted critical temperature and pressure
from Singh et al. (2009) were used in the conventional EOS to
generate fluid phase behavior in nanopores (Sapmanee 2011;
Devegowda et al. 2012; Alharthy et al. 2013; Jin et al. 2013;
Zhang et al. 2013). Note that because pressure in small nanopores
varies from point to point, the pressure refers to the reservoir
pressure not the pressure in the pores. With the shifted critical
temperature and pressure, one can reproduce the saturation pres-
sure of a pure component in nanopores, but densities are signifi-
cantly underestimated. Fig. 3 shows the q vs: T diagram of pure
nC4 in 2-nm pores from the PR-EOS with the shifted critical
properties and the results from the engineering DFT (Li et al.
2014). The shifted critical points are obtained from DFT. The
details of calculation of critical points of confined fluids from
DFT are given later. For DFT calculations, the nanopores have
the same configuration and wettability as in Singh et al. (2009),
and densities are the averaged value of the inhomogeneous den-
sity distributions within the pores. With the shifted critical tem-
perature and pressure, density predicted from the PR-EOS has a
trend similar to that obtained from bulk in gas phase, but it is sig-
nificantly lower than the bulk in liquid phase. Didar and Akktulu
(2013) predict that the average density of methane in carbon
nanopores increases, but EOS with shifted critical temperature
and pressure show the opposite trend. Significant decrease of liq-
uid density in a nanopore compared with bulk may not be correct.
We also use EOS with shifted critical points to investigate the
effect of confinement on liquid dropout of a gas condensate with
composition from Alharthy et al. (2013). Liquid dropout is
defined as the liquid volume divided by the total volume at dew-
point pressure in constant volume depletion. We compute the liq-

uid dropout in unconfined and in confined states. The results are
shown in Fig. 4. The dewpoint pressure of the rich gas conden-
sate decreases in confinement. Modeling based on bulk phase
shows an increase of dewpoint pressure in confinements larger
than 10 nm (Firoozabadi 1999; Nojabaei et al. 2013), as we will
discuss in detail later. The liquid dropout of the gas condensates
predicted from the EOS with shifted critical properties is substan-
tially less than that without confinement. In addition, the use of
an EOS with shifted critical properties violates chemical equilib-
rium between the fluids in the pores and outside fractures and
large pores. Therefore, an EOS with shifted critical points cannot
be incorporated in a compositional simulator. The assumption of
homogeneous density distributions and neglect of surface adsorp-
tion in pores less than 3 nm (Alharthy et al. 2013) make the sim-
ple application of an EOS unjustified. The limitations in
predictions from the Langmuir adsorption isotherms and the
cubic EOS motivate this work.

On the basis of experimental evidence, we divide phase behav-
ior in pores greater and less than 10 nm. For pores greater than 10
nm, surface adsorption can be neglected. In both cases, we allow
for dissolution in kerogen. We propose a model to combine the
free molecules, surface adsorption in micropores, and fluid disso-
lution in kerogen to estimate fluid-in-place in shale media. We
combine the classical thermodynamic approach for phase-behav-
ior description in pores greater than 10 nm and dissolution in ker-
ogen and the statistical thermodynamic approach in pores less
than 10 nm. We mostly focus on the use of DFT but also use
Monte Carlo simulations to compare critical points from the two
methods to resolve the inconsistency in critical pressure.

Species dissolution in kerogen may contribute to fluid-in-place
in shale media. There has been no theoretical model on species
dissolution in kerogen. In this work, we use a solid solution model
(Won 1986) to describe species dissolution in kerogen. Abundant
data exist on C1 and CO2 sorption in shale. No data have yet been
reported on sorption of hydrocarbons heavier than C1 and mix-
tures in shale. Our investigation is thus limited to C1 and CO2.

The remainder of this article is organized as follows. We first
present a brief formulation of our engineering DFT as well as
solid solution model. Then, we investigate phase behavior of a
gas condensate in retrograde region and gas solubility in water
and nC10 in pores larger than 10 nm with EOS with curvature
effect. We use DFT and GCMC simulations to study the critical
point of nC4 in carbon nanopores. We also study excess sorption
in shale small pores by DFT and the solid solution model to
account for dissolution and compare computations with experi-
mental data in a number of shale samples. The work ends with
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Fig. 3—q vs. T diagram of pure nC4 in 2-nm nanopores from the
PR-EOS with shifted critical properties and engineering DFT.
Bulk q vs. T diagram is from measurements.
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Model and Theory

We present the model and theory in pores less than 10 nm and gas
dissolution in kerogen. We use DFT to account for inhomogene-
ous density distributions in small pores and solid solution model
to account for gas dissolution in kerogen. The model for pores
larger than 10 nm is presented in the Results and Discussion
section.

DFT. Within the framework of DFT, one can construct the free
energy on the basis of the functionals of heterogeneous molecular
distributions. The equilibrium molecular distributions are obtained
from the minimization of the grand potential functional, and then
macroscopic properties such as sorption amount are readily com-
puted (Li et al. 2014).

We assume that nanopores are connected to a reservoir in
which the composition, temperature, and pressure are fixed. The
temperature in the nanopore is the same as outside. The volume
of the nanopore is fixed. An open system (specified by constant
temperature, volume, and chemical potentials) has both energy
and mass exchange with the reservoir through an imaginary
boundary, and the grand potential is the thermodynamic function
of choice (Li et al. 2014). In an open system, the grand potential
functional X½qðrÞ� of the system is related to the Helmholtz free-
energy functional F½qðrÞ�,

X½qðrÞ� ¼ F½qðrÞ� þ
ð

qðrÞ½uðrÞ � l�dr; ð4Þ

where dr is the differential volume, qðrÞ is the number density
distribution at position r, uðrÞ is the solid surface external
potential at position r, l is the bulk chemical potential (Li et al.
2009a). At equilibrium, the grand potential functional is
minimum,

dX
dqðrÞ ¼ 0: ð5Þ

In Eq. 5, the symbol d represents the functional derivative.
With an appropriate expression for excess Helmholtz free-energy
functional Fex½qðrÞ� (for details, see Li et al. 2014), minimization
of the grand potential functional yields the Euler-Lagrange
equation

qðrÞ ¼ expfbl� buðrÞ � dbFex½qðrÞ�=dqðrÞg; ð6Þ

where b ¼ 1=ðkBTÞ, kB is the Boltzmann constant, and T is the
absolute temperature. In our engineering DFT, the excess Helm-
holtz free-energy functional is divided into two parts: One part is
obtained from the Peng-Robinson equation of state (PR-EOS)
(Peng and Robinson 1976; Robinson et al. 1985) by adopting the
weighted density approximation (Rosenfeld 1989) to account for
physical interactions between fluid molecules; the other part is
supplemented by the quadratic density expansion to account for
long-range interactions (Ebner et al. 1976; Ebner and Saam 1977)
that vanish in the bulk. One can find detailed expressions in Li
and Firoozabadi (2009a). Alternatively, one can use the grand ca-
nonical Monte Carlo simulations to perform equilibrium calcula-
tions, as described in Jin and Firoozabadi (2013).

In this work, we calculate the phase behavior in kerogen as in
activated carbon that can be represented by a polydisperse array
of carbon slit pores (Ravikovitch et al. 2000; Li et al. 2014). In a
slit pore, the density distributions only vary in the z-direction per-

pendicular to the solid surfaces. The solid surface is assumed to
be a planar structureless graphite wall, as in our previous work (Li
et al. 2014), and fluid/surface interaction is described by the
Steele 10-4-3 potential (Steele 1973)

UsgðzÞ ¼ 2pqsesgr
2
sgD

2

5

rsg

z

� �10

� rsg

z

� �4

�
r4

sg

3Dð0:61Dþ zÞ3

" #
;

� � � � � � � � � � � � � � � � � � � ð7Þ

where qs ¼ 114 nm�3 is the density of graphite and D ¼ 0:335
nm is the interlayer spacing of graphite. esg and rsg are obtained
from the Lorentz-Berthelot mixing rules,

esg ¼
ffiffiffiffiffiffiffiffi
eseg
p

; ð8Þ

rsg ¼
1

2
ðrs þ rgÞ: ð9Þ

In Eqs. 8 and 9, es is the attraction energy parameter of surface
molecules, eg is the attraction energy parameter of species mole-
cules (Li and Firoozabadi 2009a), rs ¼ 0:3345 nm is the diameter
of surface molecules (Olivier 1995), and rg is the “molecular
diameter” of species calculated from the volume parameter of the
PR-EOS (Li and Firoozabadi 2009a). The external potential uðrÞ
in slit pores is given as

uðrÞ ¼ UsgðzÞ þ UsgðH � zÞ; ð10Þ

where H is the apparent size of a slit pore. The inner or effective
pore size Hin is

Hin ¼ H � rs: ð11Þ

The density distribution in Eq. 6 is solved by the Picard itera-
tion method. The calculation of an isotherm starts at a sufficiently
low pressure and ends at a sufficiently high pressure in the adsorp-
tion process. At the first pressure in which the initial guess is not
available, the bulk density is used for the initialization. The solu-
tion of density distributions at other pressures uses the results at
the previous pressure as the initial guess. We introduce the vol-
ume translation (Jhaveri and Youngren 1988) to correct the equi-
librium density distribution calculated from Eq. 6. The PR-EOS
parameters are given in Table 1. Dimensionless volume shift pa-
rameter (VSP) is obtained by fitting the equilibrium liquid density
at T ¼ 0:7Tc. We use surface attraction parameter es=kB ¼ 20 K,
as given in Li et al. (2014).

Excess sorption per unit inner pore volume (PV) qave;ex is
given as

qave;ex ¼

ðH

0

½qðzÞ � qb�dz

Hin
; ð12Þ

where qb is the bulk density. We assume that shale nanopores are
represented by a polydisperse array of carbon-slit pores (Li et al.
2014). This model is also considered to be a good approximation
to the organic shale medium (Adesida et al. 2011; Kuila and Pra-
sad 2011). On the basis of the polydisperse carbon-slit-pore
model, we characterize the pore structure and predict excess sorp-
tion in organic materials by approximate solution of the excess
sorption integral

. . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . .

Table 1—Critical temperature Tc, critical pressure pc, acentric factor x, molar weight Mw, volume shift parameter (VSP), and attraction

energy parameter �g for C1 and CO2 in the engineering DFT.
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Ca
exðT; pÞ ¼

ð
qave;exðT; p;HinÞPSDðHinÞdHin; ð13Þ

where Ca
exðT; pÞ is the measured excess sorption in nanopores and

PSD is the pore-size distribution. We characterize the pore struc-
ture of porous media (i.e., solve for the PSD by minimizing the
difference between measured and computed Ca

ex of pure substan-
ces). We first generate the data bank of the excess sorption per
unit inner PV qave;exðT; p;HinÞ with DFT at various pressures and
pore sizes. Then, we match the measured excess sorption for
given pressures by means of Eq. 13, constructing the PSD on the
basis of the least-squares fitting. We assume that the PSD can be
readily described by summation of n log-normal distributions (Li
et al. 2014),

PSDðHinÞ ¼
Xn

i¼1

aiffiffiffiffiffiffi
2p
p

bi

exp � ½lnðHinÞ � ci�2

2bi
2

( )
: ð14Þ

The 3n unknown parameters ai, bi and ci are determined from
the adsorption data of pure substances. Unlike other porous
media such as activated carbon (Li et al. 2014), the pore-size dis-
tribution in shale media can have multiple peaks (Ross and Bus-
tin 2009). We use n ¼ 6 to match the model results with
experimental data; n ¼ 6 produces good match with measured
excess sorption. Pore sizes have a broad range of distributions in
shale rocks (Ross and Bustin 2009). Although we assume that
surface adsorption in pores larger than 10 nm is small, we con-
struct the adsorption data bank qave;exðT; p;HinÞ to 20 nm. As
expected, the PSD model is less sensitive to larger pores, and it
cannot be used to compute PSD beyond 20 nm.

In shale media, PSD can have a wide range of distributions
from less than a few nanometers to micrometers. Mercury

intrusion, nitrogen adsorption/desorption isotherm at 77 K, and
CO2 adsorption at 273 K have been used to measure PSD of
shale. As we explain later, when pore size is larger than 10 nm,
surface adsorption becomes less significant, and excess sorp-
tion is negligible.

Solid-Solution Model. The solid-solution model was used to
describe wax (Won 1986; Wang et al. 2013a) and asphalthene
(Pan and Firoozabadi 1998) precipitations in petroleum fluids.
Within the framework of the solid-solution model, a single homo-
geneous solid solution is in equilibrium with liquid solution or a
gas mixture. We assume that solid phase is composed of dissolved
species and kerogen. This work is limited to dissolution of single
species. We assume no dissolution of kerogen in gas and liquid
phases. This is a justified assumption because of negligible vapor
pressure of kerogen.

We assume a single, homogeneous solid solution S to be in
equilibrium with a pure component in a gas or in liquid state; let
us assume the gas state G. At equilibrium, the fugacity of gas
component g in the solid phase f S

g is equal to f G
g;0 in the gas phase

at given pressure p and temperature T,

f S
g ðxS; p; TÞ ¼ f G

g;0ðp;TÞ; ð15Þ

where xS is the composition in the solid solution. In this work, we
assume that kerogen behaves similarly to bitumen. One can use
the PR-EOS to describe the dissolution of a single component gas
or liquid in a bitumen liquid (Varet et al. 2013). The comparison
between the PR-EOS calculations and experimental data is pre-
sented in Appendix A. The composition, parameters of pseudo-
components in the PR-EOS, and binary-interaction coefficients
with C1 and CO2 are shown in Table 2.

. . . . . . .

. . . . .

. . . . . . . . . . . . . . . . . . . . . .

Table 2—Description of Athabasca bitumen in the PR-EOS (Varet et al. 2013).
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Within the framework of the solid-solution model,

f S
g ðxS; p; TÞ ¼ cS

gðxS; p; TÞxS
g f S

g;0ðp; TÞ; ð16Þ

in which cS
g is the activity coefficient of gas component, xS

g is the
mole fraction of gas component, and f S

g;0 is the fugacity of pure
gas component all in solid phase. cS

g represents the nonideality
because of the interactions between gas and kerogen molecules in
solid phase. In this work, we use solubility parameters (Won
1986; Wang et al. 2013a) to estimate cS

g. The fugacities of pure
gas component in the solid and gas states are related through (Fir-
oozabadi 1999)

f S
g;0ðp;TÞ ¼ f G

g;0ðp; TÞexp
lS

g;0ðp;TÞ � lG
g;0ðp;TÞ

RT

" #
; ð17Þ

in which lG
g;0ðp; TÞ is the chemical potential of pure gas compo-

nent at pressure p and temperature T, and lS
g;0ðp;TÞ is the chemical

potential of the pure superheated solid at the same temperature and
pressure. Details of fugacity calculation of pure superheated solid
C1 and solid CO2 are given in Appendix B. The calculation of ac-
tivity coefficients in solid solution is presented in Appendix C.

We use the symbol Cs
ex to represent the gas dissolution in

kerogen,

Cs
exðp; TÞ ¼

xS
gMgX

i 6¼g

xS
i Mi

; ð18Þ

where Mi is the molecular weight of component i. The total excess
sorption Cex is expressed by

Cex ¼ Ca
ex þ Cs

ex: ð19Þ

Note that when there is no dissolution, there is only excess
(ad)sorption onto the solid surface. In this work, we use the
composition of Athabasca bitumen from Varet et al. (2013) to
model kerogen.

Results and Discussion

Effect of Curvature on Phase Behavior in Pores Larger Than

10 nm. In pores larger than 10 nm, surface adsorption can be
neglected; the density distribution within a pore is homogeneous
except close to the walls. The effect of curvature on phase behav-
ior is well-established when pore size is more than 10 nm (Fisher
and Israelachvili 1981). The Kelvin equation provides the curva-
ture effect in single components when the gas phase is ideal and

the liquid phase is incompressible. When the liquid phase wets
the substrate, curvature lowers the saturation pressure. In a multi-
component system, curvature can result in an increase or a
decrease of saturation pressure (Firoozabadi 1999). A number of
recent papers describe the effect of curvature on saturation pres-
sure and phase equilibrium of hydrocarbon mixtures (Du and Chu
2012; Nojabaei et al. 2013; Wang et al. 2013b). In this work, we
address two important aspects: (1) retrograde condensation and
(2) solubility of methane and CO2 in water and in n-decane
caused by interface curvature.

We use the following expressions to perform our computations,

Pc ¼ pG � pL ¼ 2r=r; ð20Þ

lG
i ¼ lL

i ; ð21Þ

where Pc is the capillary pressure, pG is the gas phase pressure, pL

is the liquid phase pressure, r is the surface tension, and lG
i and

lL
i are chemical potentials of component i in gas and liquid

phases, respectively. One can use the Weinaug-Katz model (Wei-
naug and Katz 1943) to calculate r,

r1=4 ¼
Xc

i¼1

Pi

�
yiðdG=MGÞ � xiðdL=MLÞ

�
; ð22Þ

in which xi and yi are the mole fractions of component i in the liq-
uid and gas phases; dL and dG are mass densities in the liquid and
gas phases, respectively; ML and MG are molecular weight in the
liquid and gas phases, respectively; and Pi is the parachor of com-
ponent i and c is the number of components.

Fig. 5 shows the p vs. T diagram of equimolar mixtures of C1

and C3 for curved (pore radius 5 nm) and flat interfaces. The PR-
EOS is used to describe phase diagram. The bubblepoint pressure
decreases, the retrograde (upper) dewpoint pressure increases,
and regular (lower) dewpoint pressure decreases because of the
curvature effect. The decrease of bubblepoint pressure in liquid-
rich shale reservoir fluids was reported by Du and Chu (2012)
and Alharthy et al. (2013). The interface curvature also affects
the liquid dropout of the C1/C3 mixture, as shown in Fig. 6. Liq-
uid forms at a higher pressure (increase in upper dewpoint pres-
sure); there is increase in retrograde condensation throughout the
pressure decrease, and there is a substantial decrease of the lower
dewpoint pressure, all from the curvature effect. Trebin and
Zadora (1968) present experimental data that show that the tight
pores of a porous medium decrease the liquid content of the pro-
duced fluid of gas condensates. In other words, porous media
result in an increase of liquid dropout. The measurements are in
support of our computations. Fig. 7 presents liquid dropout of a

. . . . . . . . . . . .
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Fig. 5—p vs. T diagram of equimolar mixtures of C1 and C3 for
curved (r 5 5 nm) and flat interface from the PR-EOS.
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T 5 327.15 K.
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rich gas condensate and the effect of curved interface (r ¼ 5
nm). Composition is taken from Alharthy et al. (2013). Because
the gas and liquid phase pressures are different (resulting from
capillarity), results are presented in terms of gas-phase pressure.
The liquid dropout caused by the curved interface cannot be
extended to pG ¼ 1 bar; we find that, at low pressure, the fluid
mixture is in a single phase. The upper dewpoint pressure
increases approximately 1 bar because the interfacial tension is
small at a pressure of approximately 310 bar. Fig. 7 clearly indi-
cates an increase in liquid dropout similar to the binary C1/C3

mixture caused by the curvature effect. Note that such a behavior
is opposite to predictions from the EOS with shifted critical
properties shown in Fig. 4. Perhaps one should not use an EOS
for nonhomogeneous fluid distribution with shifted critical pres-
sure and temperature.

Next, we present results from the effect of curvature on gas
solubility in water. We assume that water is the wetting phase and
gas is the nonwetting phase. This assumption may not be valid in
kerogen pores. In Fig. 8, we present the effect of interface curva-
ture on solubility of C1 and CO2 in water at T ¼ 350 K. We use
the cubic-plus-association EOS (CPA-EOS) (Li and Firoozabadi
2009b) to describe water and its interaction with nonpolar species.
The CPA-EOS is accurate for description of water/CO2 and
water/hydrocarbon mixtures. Gas-phase pressure is fixed at pG ¼
500 bar, and liquid-phase pressure pL varies with curvature. The
surface tensions of C1/H2O and CO2/H2O mixtures are 44 mN/m
(Firoozabadi 1999) and 25 mN/m (Espinoza and Santamarina
2010), respectively. We calculate the effect of curvature to radius
r ¼ 5 nm. As pore size decreases, solubility of methane and CO2

increases. The increases in solubility of methane and CO2 in water
are up to 20 to 30%, respectively. Results when gas is the wetting
show a decrease in solubility with curvatures increase (not shown
for the sake of brevity). Campos et al. (2009) predict that the den-
sity of dissolved methane in water in 10 nm pores is 117� 10�3

g/cm3at pressure of 276 bar and temperature of 353.15 K by a
simple analytical method. For the same pressure and temperature,
density of dissolved methane in bulk water and density of pure
methane are 1.76� 10�3 g/cm3 and 149� 10-3 g/cm3, respectively.
There is a two-order-of-magnitude increase in methane solubility
in water in a 10-nm pore. Campos et al. (2009) state “methane
stored as dissolved gas in brine for a 1000 nm3 pore volume (10-
nm pore) is comparable to the amount of methane that would be
stored in the pore if it was just filled with gas at the same reservoir
conditions.” They use what one can describe as the limit of stability
of methane in water to describe the solubility in nanopores. The
limit of stability of methane in water can be orders of magnitude
larger than the equilibrium solubility (Jiménez-Ángeles and Firoo-
zabadi 2014). Equality of chemical potentials or chemical equilib-
rium is not considered by Campos et al. (2009).

We also investigate the effect of curvature on equilibrium for
gas solubility in n-decane (nC10). We assume that nC10 is the wet-
ting phase, and gas is the nonwetting phase. Fig. 9 depicts the
effect of interface curvature on solubility of C1 and CO2 in nC10

at T ¼ 366:48 K and T ¼ 344:30 K, respectively. We use the PR-
EOS to describe bulk phases. Gas-phase pressure is fixed at pG ¼
100 bar, and liquid-phase pressure pL varies with curvature. The
surface tensions of C1-nC10 and CO2-nC10 mixtures are 9.22 mN/
m (Amin and Smith 1998) and 3.05 mN/m (Nagarajan and Robin-
son 1986) at the corresponding conditions, respectively. Similar
to solubility in water, solubility of C1 and CO2 increases with cur-
vature. The increase in solubility is up to 10%.

Critical Point of Confined Hydrocarbons in Carbon

Nanopores. In small nanopores, caused by strong fluid/surface
interactions, the properties of confined fluids are different from
bulk, and critical properties are shifted. Singh et al. (2009) report
that critical temperatures of confined n-butane and n-octane in
graphene nanopores decrease, but critical pressure and saturation
pressure of confined fluids are higher than bulk when pores are
larger than 3 nm. Because graphene is oil-wet, the saturation pres-
sures and critical pressures should decrease. We use engineering
DFT and GCMC method to investigate the critical pressure and
temperature of nC4 in nanopores.

In engineering DFT, nC4 is considered as a structureless mole-
cule. In GCMC simulations, we explicitly consider molecular
configurations and intermolecular interactions. We use the united
atom model (Martin and Siepmann 1998) to simulate nC4 mole-
cules. Nonbonded site/site interactions are described by the modi-
fied Buckingham exponential intermolecular potential (Errington
and Panagiotopoulos 1999), for which the pairwise interaction
potential UðrÞ is presented as
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Fig. 8—Solubility of (a) C1 (b) CO2 in water vs. interface curva-
ture (1/r) at T 5 350 K and gas-phase pressure pG 5 500 bar.
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UðrÞ ¼ e

1� 6

a

6

a
exp a 1� r

rm

� �� �
� rm

r

� �6
	 
0

B@
1
CA; r > rmax

¼ 1; r < rmax; � � � � � � � � � � � � � � � � � � � ð23Þ

in which e, rm, and a are adjustable parameters. The variable rm is
the radial distance at which UðrÞ reaches a minimum, and the cut-
off distance rmax represents the smallest radial distance for which
dUðrÞ=dr ¼ 0 (Singh et al. 2009). The parameters e and a are
129.63 K and 16, respectively, for the methyl group (-CH3), and
73.5 K and 22, respectively, for the methylene group (-CH2-).
Unlike interactions are computed with the standard Lorentz-Ber-
thelot mixing rules.

The bond lengths CH3-CH2 and CH2-CH2 are 0.1687 and
0.1535 nm, respectively. The bond-bending potential is given as
(van der Ploeg and Berendsen 1982)

UbendðhÞ ¼
Kh

2
ðh� heqÞ2; ð24Þ

where Kh ¼ 62500 K/rad2 and heq ¼ 114�. Torsion energy is
given as (Smit et al. 1995)

UtorðuÞ ¼ V0 þ
V1

2
ð1þ cosuÞ þ V2

2
ð1� cos2uÞ

þ V3

2
ð1þ cos3uÞ; ð25Þ

where V0 ¼ 0, V1 ¼ 355:03 K, V2 ¼ �68:19 K, and V3 ¼ 791:32 K.
In this subsection, we assume that pores are of slit geometry

with smooth and structureless surfaces. For hydrocarbon mole-
cules, the fluid/wall interactions Uwf are modeled by the 9-3
Steele potential (Steele 1973)

Uwf ðzÞ ¼
2

3
pqwewf r

3
wf

2

15

rwf

z

� �9

� rwf

z

� �3
	 


; ð26Þ

where z is the distance of the fluid particle from the wall and qw,
ewf , and rwf are the parameters of the Steele potential. rwf ¼
ðrw þ riÞ=2, where rw is the diameter of the wall atom and ri is
diameter of a hydrocarbon atom. Potential parameters for gra-
phene surfaces are qw ¼ 33 nm�3, ewf ¼ 84 K, and rw ¼ 0:392
nm, respectively (Singh et al. 2009). The diameters of hydrocar-
bon atoms are 0.3679 nm for the methyl group (-CH3) and 0.400
nm for the methylene group (-CH2-), respectively. In each MC
cycle, a trial random displacement and rotation is applied to all
nC4 molecules, and one nC4 molecule is randomly removed from
or created at equal probability depending on the chemical poten-
tial of nC4. We use a configurational-biased MC algorithm to
insert and remove nC4 molecules (Hensen et al. 2001). The chem-
ical potential is obtained from Widom’s particle-insertion method
(Widom 1963) for NVT (constant number of molecules, volume
and temperature) MC simulation of bulk nC4.

We use both DFT and GCMC to compare with the results
from Singh et al. (2009). For DFT, the external potential for two
CH3/wall and two CH2/wall interactions are modeled. To deter-
mine the critical temperature and pressure of nC4 in nanopores,
we first obtain saturation pressure of confined nC4 for a given
temperature and pore size. The capillary condensation pressure
represents the saturation pressure of confined fluids. At capillary
condensation pressure, there is a sudden jump in average density
in nanopores through adsorption isotherm (Li and Foroozabadi
2014). One can find the details of the calculation of capillary con-
densation pressure in Li et al. (2014). We also calculate the aver-
age densities in nanopores of vapor-like phase qv and liquid-like
phase ql at saturation pressure. The vapor/liquid critical tempera-
ture is obtained by fitting qv and ql at saturation pressure to the
law of the rectilinear diameter (Rowlinson and Swinton 1982) and
the scaling law for density (Rowlinson and Widom 1982)

ql � qv ¼ B 1� T

Tc

� �b

; ð27Þ

ðql þ qvÞ=2 ¼ qc þ A 1� T

Tc

� �b

; ð28Þ

in which A and B are adjustable parameters, qc is the critical den-
sity, Tc is the critical temperature, and b is the critical exponent.
The critical pressure pc is calculated by fitting the saturation pres-
sure ( ps) data to the following expression (Singh et al. 2009)

lnps ¼ A0 � B0

T
; ð29Þ
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where A0 and B0 are adjustable parameters. The critical pressure
pc is obtained when T ¼ Tc.

Fig. 10 presents the p vs:T diagram of confined nC4 in gra-
phene nanopores with different pore sizes from DFT and GCMC.
The agreement between DFT and GCMC is very good. The calcu-
lated critical points from DFT and GCMC are presented in Table
3. For comparison, we also present the critical point from Singh
et al. (2009); critical temperature agrees well with our DFT and
GCMC, but significantly overestimates the critical pressure. Our
result indicates that both critical temperature and critical pressure
of confined nC4 decrease, and as pore size increases, they
approach bulk values. Critical temperature and pressure of con-
fined nC8 from DFT and GCMC show similar behavior (not
shown). In hydrocarbon-wet nanopores, caused by surface attrac-

tion, capillary condensation occurs at a pressure lower than the
bulk saturation pressure (Li et al. 2014). On the other hand, Singh
et al. (2009) predict that saturation pressure and critical pressure
of confined fluids increase when H � 3 nm. As pore size
increases, the correlation between two walls becomes less signifi-
cant; thus, the properties of confined fluids approach the bulk.
However, Singh et al. (2009) predict that critical pressures of con-
fined fluids do not approach the bulk as pore size increases.

Excess Sorption in Shale. As we discussed previously, in pores
larger than 10 nm, surface adsorption can be neglected. However,
in pores less than 10 nm, fluid-surface interactions are strong, and
density distributions are inhomogeneous. Fluids may dissolve in
kerogen to further increase fluid-in-place.

In this section, we compare measured excess sorption data of
C1 and CO2 in shale media to the model results. For most sam-
ples, total fluid-in-place is not available. We use DFT for predic-
tions in small pores and the solid-solution model to describe
dissolution in kerogen. We assume that kerogen has the same
chemical composition as Athabasca bitumen (Varet et al. 2013).
As a result, gas dissolution only correlates with total organic car-
bon (TOC). Shales contain inorganic and organic materials. Clay
minerals as part of inorganic matter have nanopores and meso-
pores that can house the fluids (Jin and Firoozabadi 2013). How-
ever, many shale reservoirs (Ross and Bustin 2009; Weniger et al.
2010) also have water or are moisture-saturated that blocks the
pores in hydrophilic clays (Ji et al. 2012; Jin and Firoozabadi
2014). Some of the fluids used in this work are moisture-saturated
that result in a small amount of gas in clay minerals. We do not
consider gas adsorption in clay minerals. There is much data on
C1 and CO2 excess sorption in shale media, but to the best of our
knowledge, no measurement was conducted on heavier hydrocar-
bons and mixtures. As stated previously, mainly excess sorption
data are reported in different shale samples.

Fig. 11 presents our model results and experimental data
(Weniger et al. 2010) of C1 and CO2 excess sorption in three dif-
ferent Irati Shale samples from Brazil. The TOC of each sample
is listed in Table 4. Generally, excess sorption increases with
TOC. The overall agreement between our model results and ex-
perimental data is good. For C1, the excess sorption increases
with pressure and reaches a plateau. However, for CO2, as pres-
sure increases, the excess sorption increases then decreases. At
low pressure, surface sorption is dominant. This is because the
attraction between pore walls and CO2 molecules is stronger than
that between pore walls and C1 molecules. As a result, the pores
are quickly saturated by CO2. An increase then a decrease of

Table 3—Critical points of confined nC4 from our DFT and GCMC calculations and from Singh et al. (2009).

0.03

Data    Model     Gas

CO2

C1

Sample 08_168
TOC = 26.3%

Sample 08_170
TOC = 11.7%

Sample 08_154
TOC = 2.3%

0.02

0.01

0.00

0.015

0.010

0.005

0.000

0.006

E
xc

es
s 

S
or

pt
io

n 
(g

/g
)

0.004

0.002

0.000
0 50 100

p (bar)

150 200

(a) 

(b) 

(c) 

Fig. 11—Excess sorption of C1 and CO2 in three different Irati
shale samples at 318.15 K from the model and experimental
data (Weniger et al. 2010).

Table 4—TOC of different shale rocks.
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excess sorption of CO2 with pressure was observed in the Sulcis
dry coals (Ottiger et al. 2008). The difference between calculated
and measured excess sorption of CO2 may be caused by a charge
effect that we do not include in our DFT calculations. Kerogen is
different from graphene, which is composed of pure carbon atoms
and does not have partial charge on surface atoms. Kerogen has
hydrogen, oxygen, nitrogen, and sulfur atoms and functional
groups on the surface. Electrostatic interactions between CO2 and
functional groups may increase adsorption (Liu and Wilcox 2012)
in heterogeneous carbon nanopores. In Fig. 12, we show the cal-
culated excess sorption Cex and dissolution Cs

ex of C1 and CO2 in
the three shale samples. Note that excess sorption Cex includes
dissolution Cs

ex. The difference between these two is a measure of
physical surface adsorption onto the surfaces. Unlike excess sorp-
tion, dissolution increases with pressure and TOC. At high pres-
sure and high TOC, surface adsorption is still significant for C1,
but for CO2, dissolution in kerogen is approximately 30% of the
excess sorption, indicating that gas dissolution in kerogen may
significantly contribute to fluid-in-place. In Fig. 12, the contribu-
tion from gas dissolution to the excess sorption is approximately
7% for C1 and 9% for CO2 at 45 bar. Etminan et al. (2014) report
that methane dissolution in total fluids is approximately 20% at
the same pressure. The difference may be because crushed sam-
ples are used in Weniger et al. (2010), whereas Etminan et al.
(2014) measure dissolution in an uncrushed shale plug. The prop-
erties of kerogen may not be properly represented with chemical
composition of Athabasca bitumen. In future, when kerogen
chemical analysis, pore-size distribution (PSD), and more data
become available, we can further advance our model. In Fig. 13,
we present the PSD computed from the excess sorption data. In
contrast to activated carbons (Li et al. 2014), PSDs of shale sam-
ples have a broad distribution. Shale may have a significant

amount of pores approximately 5 nm and larger than 10 nm, indi-
cating wide distributions in mesopores. Note that our calculated
excess sorption becomes fairly insensitive to pores greater than 10
nm. Our model cannot predict PSD when pores are greater than
10 nm, and 20 nm is beyond the range of the adsorption model.
Activated carbons may have a majority of pores in less than a 2-
nm range (Li et al. 2014). Next, we present excess sorption of
shale samples from four different shale reservoirs in the US.

Fig. 14 depicts excess sorption of C1 and CO2 from our model
and experimental data (Heller and Zoback 2014) at 313.15 K. In
contrast to two of the aforementioned shale samples, the TOC of
these four shale samples is relatively low. The agreement between
our model results and experimental data is good. Despite rela-
tively low TOC, excess sorption of C1 and CO2 in Marcellus
(TOC 1.2 wt%) and Montney (TOC 2.0 wt%) shales is compara-
ble to that of Barnett shale (TOC 5.3 wt%). The data reveal that at
low TOC, surface adsorption may play a key role. Fig. 15 indi-
cates that excess sorption Cex is much higher than dissolution Cs

ex

of C1 and CO2, especially for low TOC as expected. Fig. 16
presents the computed PSD with a number of peaks; most of the
pores are less than 10 nm. These results are in contrast to PSD of
two of shale samples in Fig. 14. In the following, we show results
for four other samples, all from the Barnett shale.

Our model results and experimental data from Vermylen (2011)
are shown in Fig. 17 for excess sorption of C1 and CO2 at 298.15
K. At this temperature, C1 has a Langmuir adsorption behavior,
and CO2 has a Brunauer-Emmett-Teller (BET) adsorption behavior
(Vermylen 2011). In BET theory, molecules can form multilayer
adsorption, and adsorption continuously increases with pressure.
As pressure increases, C1 excess sorption reaches a plateau, but
CO2 excess sorption continuously increases. Our model faithfully
captures such difference in C1 and CO2 excess sorption. Because
we do not consider charge effect in our DFT calculations, there are
differences between our model results and measured CO2 excess
sorption. We show the corresponding PSD in Fig. 18. In these Bar-
nett Shale samples, the majority of pores are greater than 2 nm. In
the final comparison, we investigate the effect of temperature and
high kerogen content on methane excess sorption.

Zhang et al. (2012) provide C1 excess-sorption data in isolated
kerogen of different kerogen-rich shale samples at various tem-
peratures. We show both data and our model results in Fig. 19.
The TOCs of the isolated kerogen samples are approximately
70% (Table 4). At different temperatures, our model shows agree-
ment with experimental data. Our results are in agreement with
data at lower temperatures (T ¼ 308:55 K). As temperature
increases, C1 excess sorption and dissolution in kerogen decrease.
The excess sorption Cex and dissolution Cs

ex of C1 are shown in
Fig. 20. At high pressure, the contribution from C1 dissolution in
kerogen to excess sorption can be as high as 20%. The corre-
sponding PSDs are shown in Fig. 21, which indicates that pores
mainly distribute in Hin � 5 nm range.
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Fig. 12—Excess sorption and dissolution of (a) C1 (b) CO2 in
three different Irati shale samples from the model.
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Concluding Remarks

Phase behavior in shale media is different from that in conven-
tional rocks and even in tight rocks. Conventional approaches
such as the Langmuir adsorption isotherm and equations of state
(EOS) with shifted critical properties have major drawbacks. The

problem is new and requires reporting of pore-size distribution
and chemical analysis of the kerogen and the amount of the kero-
gen. In this work, we integrate different mechanisms of phase
behavior of fluids in shale media and their effects on fluid-in-
place. Specific findings from this work are:
• In pores larger than 10 nm (to, say, less than 100 nm), where

bulk-phase description applies, interface curvature affects satu-
ration pressure and composition of the phases. There may be
an increase in upper dewpoint pressure and a decrease in bub-
blepoint and lower dewpoint pressure. There is also an increase
in liquid dropout as a result of interface curvature. These
aspects are in agreement with measured data in inorganic mat-
ter. The curvature effect results in a modest increase of gas sol-
ubility in the aqueous phase when we assume that water is the
wetting phase. There is also a modest increase in solubility in
liquid hydrocarbons. A two-order-of-magnitude increase in
solubility in water resulting from curvature suggested by some
authors cannot be supported on the basis of bulk-phase thermo-
dynamic equilibrium.
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2014).
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• In pores less than 10 nm, surface adsorption becomes signifi-
cant, and fluids have an inhomogeneous density distribution
caused by strong fluid/surface interactions. As a result, critical
properties are shifted. Use of a cubic EOS with shifted critical
properties significantly underestimates the average liquid den-
sity in pores. The adjusted EOS predicts a significant decrease
in liquid drop in the retrograde region and a decrease in upper
dewpoint pressure. These results are not consistent with low re-
covery from shale reservoirs. There is no basis to use an EOS in
nanopores. We propose the use of molecular modeling such as
density functional theory and Monte Carlo simulations. As we
learn more about kerogen composition and partial charge of
heteroatoms, one may need to account for charge effect in cal-
culations for water and CO2. The saturation pressure and criti-
cal properties of light normal alkanes decrease in graphene
nanopores. As pore size increases, critical pressures and tem-
peratures approach the bulk value. Our results do not confirm
results of critical pressure increase reported in the literature.

• Species dissolution in kerogen may provide an additional fluid-
in-place mechanism in shale media. We have proposed a model
to compute species dissolution in the solid solution. Activity
coefficient of the species in kerogen is a key element of our pro-

posed model. In some kerogen-rich shale samples, dissolution
of CO2 in kerogen is estimated to be as high as 30% of the
excess sorption.

Nomenclature

c ¼ number of components
Cg,p ¼ heat capacity of gas component

dG ¼ mass density of the gas phase
dL ¼ mass density of the liquid phase
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0.000

0.005

0.010

0.000

0.005

0.010

0.015

0.020

(b)

(a)

E
xc

es
s 

S
or

pt
io

n 
(g

/g
 T

O
C

)

0 50

Green River

Woodford

Data      Model     T(K)

308.55

323.55

338.55

100

p (bar)

150

Fig. 19—Excess sorption of C1 in isolated kerogen from shale
samples at different temperatures from our model and experi-
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f G
g;0 ¼ fugacity of pure gas component in gas phase

f S
g;0 ¼ fugacity of pure gas component in solid phase

f g
S ¼ fugacity of gas component in solid phase

F[q(r)] ¼ Helmholtz energy functional
H ¼ slit-pore size

Hin ¼ effective slit-pore size

MG ¼ molar weight of the gas phase
ML ¼ molar weight of the liquid phase

p ¼ pressure
pboi

g ¼ pressure at the boiling-point Tboi
g

pG ¼ gas-phase pressure
pL ¼ liquid-phase pressure

pmel
g ¼ pressure at the melting-point Tmel

g

psub
g ¼ pressure at the sublimation-point Tsub

g

Pc ¼ capillary pressure
Pi ¼ parachor of component i
r ¼ radius of the pore
T ¼ temperature

Tboi
g ¼ boiling-point temperature of gas component

Tmel
g ¼ melting-point temperature of gas component

Tsub
g ¼ sublimation-point temperature of gas component
vg ¼ molar volume of gas component

xS
g ¼ mole fraction of gas component in solid phase

xi ¼ mole fraction of component i in the liquid phase

yi ¼ mole fraction of component i in the gas phase

cS
g ¼ activity coefficient of gas component in kerogen

Ca
ex ¼ measured excess sorption in nanopores

Cs
ex ¼ gas dissolution in kerogen

Uex ¼ total excess sorption
D ¼ interlayer spacing of graphite

Dhboi
g ¼ heat of vaporization of gas component

Dhmel
g ¼ heat of melting of gas component

Dhsub
g ¼ heat of sublimation of gas component

e ¼ attraction energy parameter
l ¼ chemical potential in outside reservoir

lG
g;0 ¼ chemical potential of pure gas component

lS
g;0 ¼ chemical potential of the pure superheated solid

lG
i ¼ chemical potential of component i in the gas phase

lL
i ¼ chemical potential of component i in the liquid phase

qave,ex ¼ excess sorption per unit inner pore volume
qb ¼ bulk density

q(r) ¼ density distribution at position r
qs ¼ density of graphite
r ¼ surface tension

rg ¼ diameter of species molecules
rs ¼ diameter of surface molecules

u(r) ¼ external potential at position r
X[q(r)] ¼ grand potential functional
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Appendix A: Comparison Between the
Peng-Robinson Equation-of-State (PR-EOS)
Calculations and Experimental Data on
Dissolution of a Single-Component Gas in
Bitumen Liquid

The comparison between the PR-EOS calculations and experi-
mental data is shown in Fig. A-1. The agreement between the
results from the PR-EOS and experimental data is very good.

Appendix B: Fugacity of Pure Superheated Solid
Phase

To obtain the chemical potential difference between pure fluids at
ðT; pÞ in different phase states, we construct a thermodynamic
cycle, as shown in Fig. B-1 for C1 and in Fig. B-2 for CO2. Super-
heated C1 in solid phase passes through the melting and boiling
points to the gas phase; superheated CO2 in solid phase passes
through the sublimation point directly to the gas phase.
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Fig. A-1—(a) C1 and (b) CO2 solubility in Athabasca bitumen at
various temperatures from the PR-EOS calculation and experi-
mental data (Varet et al. 2013).
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The fugacity of pure C1 in superheated solid state is given by
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where pmel
g is the pressure at the melting-point temperature Tmel

g ;

pboi
g is the pressure at the boiling-point temperature Tboi

g , vg, Cg;P,

Dhmel
g , and Dhboi

g are the molar volume, heat capacity, heat of

melting, and heat of vaporization of gas component, respectively.
Fugacity of pure CO2 in superheated solid state is given by

f S
g;0ðp;TÞ ¼ f G

g;0ðp; TÞ

� exp

(
� 1

RT

�ðpsub
g

p

vS
gðPÞdPþ

ðp

psub
g

vG
g ðPÞdP

þ Dhsub
g 1� T

Tsub
g

 !
þ
ðTsub

g

T

CS
g;pðTÞdT � T

ðTsub
g

T

CS
g;pðTÞ

T
dT

þ
ðT

Tsub
g

CG
g;pðTÞdT � T

ðT

Tsub
g

CG
g;pðTÞ

T
dT

�)
; � � � � � � � � � ðB-2Þ

in which psub
g is the pressure at the sublimation-point temperature

Tsub
g and Dhsub

g is the heat of sublimation, respectively (Leelava-

nichkul 2003).
Cg;p and vg of the liquid and vapor phases are obtained from

the National Institute of Standards and Technology webbook. We
assume vg in solid state to be independent of pressure. Because
data for Cg;p for solid phase are only available at low temperature,
we use CS

g;p at melting point for C1 (Colwell et al. 1963) and at
sublimation point for CO2 (Giauque and Egan 1937; Jäger and
Span 2012) in Eqs. B-1 and B-2, respectively. The relevant pa-
rameters for C1 and CO2 are listed in Table B-1. The density of
dry ice varies between approximately 1.4 and 1.6 g/cm3. In this
work, we assume that the density of solid CO2 is 1.562 g/cm3

(Riazi and Al-Sahhaf 1996).
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Fig. B-1—Thermodynamic cycle for C1 from superheated solid
phase to vapor phase. pmel

g is the pressure at the melting-point

temperature T mel
g , and pboi

g is the pressure at the boiling-point

temperature T boi
g .
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Fig. B-2—Thermodynamic cycle for CO2 from superheated solid
phase to vapor phase. psub

g is the pressure at the sublimation-
point temperature T sub

g .
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Table B-1—Parameters for C1 and CO2 in dissolution calculations.
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Appendix C: Activity Coefficient of Gas in Solid
Solution

The activity coefficient cS
g of species g in solid solution is com-

puted from (Won 1986)

cS
g ¼

vgðdS � dS
gÞ

2

RT
; ðC-1Þ

where

dS ¼
X

i

/S
i d

S
i ; ðC-2Þ

/S
i ¼

xS
i viX

i

xS
i vi

; ðC-3Þ

in which vi is the molar volume of component i in cm3/mol, dS
i is

the solubility parameter of component i in solid solution in (calo-

ries/cm3)0.5, /S
i is the volume fraction of component i, and dS is

the average solubility parameter of solid solution. The solubility
parameter in solid solution is related to the solubility parameter in
liquid solution (Wang et al. 2013a)

dS
i ¼

DHf
i

vi
þ ðdL

i Þ
2

" #0:5

; ðC-4Þ

where DHf
i is the heat of fusion of component i in calories/mol

and dL
i is the solubility parameter in liquid solution of component

i in (calories/cm3)0.5. The following correlation is used to calcu-
late DHf

i (Won 1986):

DHf
i ¼ 0:1426MiT

f
i ; ðC-5Þ

Tf
i ¼ 374:5þ 0:02617Mi � 20172=Mi; ðC-6Þ

where Tf
i and Mi are melting temperature in K and molecular

weight in g/mol of component i, respectively. As in Won (1986),
the DHf

i of methane and CO2 in Eq. C-4 is neglected. Solubility pa-
rameters of gas and C7–C29 in kerogen in liquid solution are calcu-
lated from the correlation proposed by Riazi and Al-Sahhaf (1996),

dL
i ¼ 8:6� expð2:219195� 0:54907Mi

0:3Þ: ðC-7Þ

The solubility parameters of heavy component and asphalth-
ene in kerogen in liquid solution are obtained from the correlation
proposed by Leelavanichkul (2003),

dL
heavy ¼ 8:8� expð2:219195� 0:54907M0:3

heavyÞ; ðC-8Þ

dL
asph ¼ 9:3� expð2:219195� 0:54907M0:3

asphÞ: ðC-9Þ

The molar volume of component i, vi, in Eq. C-4 is calculated
by the following correlation:

dL
i ¼ 0:8155þ 0:6272� 10�4Mi � 13:06=Mi; ðC-10Þ

vi ¼ Mi=dL
i : ðC-11Þ

For gas component, we use molar volume in solid phase, as
shown in Table B-1.

Fig. C-1 presents activity coefficients of C1 and CO2 in kero-
gen at different temperatures. The effect of pressure on activity
coefficients of C1 and CO2 in kerogen is neglected.
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Fig. C-1—Activity coefficients of (a) C1 and (b) CO2 in kerogen
at different temperatures.
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