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†Department of Petroleum Engineering and ‡Department of Chemical 
Engineering, Texas A&M University, College Station, Texas 77843, United 
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*E-mail: balbuena@tamu.edu.

Abstract

The behavior of fluids in confined spaces is important in several research 
fields, including the oil and gas industry, because of the importance of 
confined hydrocarbons in unconventional shale reservoirs. A large 
percentage of the hydrocarbons are contained in nanoscale shale pores, and 
as a result, interactions between fluid molecules and the pore walls become 
significant to the fluid behavior and cause deviations of the fluid properties 
from bulk properties. In this work, classical molecular dynamics (MD) 
simulations and grand canonical Monte Carlo (GCMC) simulations are 
performed to model kerogen pores in shale reservoirs and their effect on 
adsorption selectivity and phase equilibria of hydrocarbon mixtures in a wide
range of temperatures and pressures. A slit pore made of graphite walls is 
used to represent the basic unit where a fluid may be stored in shale 
reservoirs. The separation between graphite layers is varied to observe the 
effect of confinement on the adsorption selectivity and phase equilibrium of 
methane–ethane mixtures. Results from GCMC and MD simulations show that
ethane is preferred over methane in the confined system. Moreover, most 
fluid molecules in the confined system tend to be adsorbed on the pore walls
instead of remaining in the gas phase. Preferential interactions between the 
fluid molecules and the pore walls induce changes in the phase diagram in 
the confined system. Results from GCMC simulations show shifts with respect
to the bulk pressure–composition phase diagram that becomes more 
pronounced as the pore size decreases.

Introduction

On the basis of the 2015 U.S. Energy Information Administration (EIA) report,
estimates of U.S. recoverable tight oil resources and wet shale gas resources
are 78.2 billion barrels (#1 in ranking of 46 countries) and 622.5 trillion cubic
feet (#4 in ranking of 46 countries), respectively. It implies that 



unconventional oil and gas resources may play an important role in U.S. oil 
production. Shale is a fine-grained, clastic sedimentary rock. Its structure 
consists of a mix of flakes of clay minerals, as well as organic matter called 
kerogen and tiny fragments of other minerals, such as quartz and calcite. 
Hydrocarbons are stored in both the inorganic and organic pores of shale 
reservoirs. The organic pores are voids in the kerogen structure.(1-5) As a 
result, the study of confined hydrocarbon mixtures is crucial to help 
petroleum engineers understand the mechanism of hydrocarbon storage and
flow in shale reservoirs. Hydrocarbons may be stored in shale reservoirs by 
various mechanisms: (1) adsorption on surfaces, (2) conventional storage in 
natural and hydraulic fractures, (3) conventional storage in pores of the 
matrix, (4) solution in formation water, and (5) adsorption in organic matter.
(6) The current hydrocarbon recovery from shale reservoirs is usually 5% or 
less.(7)

Thus, a deeper understanding of the phase behavior of fluid systems in 
nanopores is needed to help enhancing hydrocarbon recovery from shale 
reservoirs. As a result, in the past decade, numerous studies have been 
performed to describe the storage and transport of hydrocarbons in shale 
reservoirs. The purpose of these studies is mainly to improve estimation and 
production forecasts of reserves. Desorption–adsorption models (e.g., 
Langmuir model) added to the numerical simulations and gas-in-place 
calculations are used to account for adsorbed gas in shales.(8-11) A phase 
envelope of a multicomponent confined mixture computed by a correlation 
and algorithm was proposed by Stenby et al. to capture the effect of capillary
pressure in a confined space.(12) Knudsen diffusion and slip flow models are 
integrated in numerical simulations to capture a microflow regime that may 
occur in shale reservoirs.(8, 13-15) These studies were developed by 
modifying correlations used for conventional reservoirs. However, validation 
of the estimated thermodynamic properties of hydrocarbons in the confined 
spaces is still required.

Typical pore size distributions of shale reservoirs range in approximately 1–
20 nm.(16) In such a confined space, interactions between rock and fluid 
molecules meaningfully affect fluid behavior and cause changes in fluid 
properties. Previous studies reported that the water mobility of confined 
water becomes significantly slower than that of bulk water under the same 
condition.(17)Moreover, Zarragoicoechea and Kuz(18) have shown that the 
shifts in the critical temperature are proportional to the size of the mesopore.
Normally, as pore size decreases, the critical temperature and 
freezing/melting points tend to decrease.(19-21) Furthermore, pore size and 
the nature of the pore surface induce a shift in the phase diagrams, critical 
properties, and surface tension of confined fluids.(22) In our previous work,
(23) we reported that both critical pressures and temperatures of pure 
components of hydrocarbon (methane and ethane) are reduced when the 
pore size decreases and the effect of confinement becomes less significant in



larger pores when the thermodynamic properties of the confined 
hydrocarbons approach the bulk properties.

Adsorption equilibria of nanoporous systems involve competition between 
molecules of different types. Several theories have been developed to 
describe mixture adsorption phenomena, such as the Langmuir theory,(24-
26) the ideal adsorbed solution theory (IAST),(27) and molecular density-
functional theory (DFT).(28, 29) Dong et al.(30) have studied the effect of 
capillary pressure and an adsorbed film on phase equilibria of confined pure 
components and their mixtures in nanopores of tight and shale rocks using 
the Peng–Robinson equation of state coupled with the capillary pressure 
equation and adsorption theory. This study showed that the presence of an 
adsorbed film can increase the vapor–liquid equilibrium constant (K-value) 
and cause a shift of bubble point pressure and dew point pressure of the 
mixtures. Furthermore, Tan and Piri(31) have performed a study of the phase
equilibria of a confined fluid in nanopores using the perturbed-chain 
statistical association fluid theory equation of state (PC-SAFT EOS)/Laplace 
EOS and Vl method. In addition, molecular simulation has been used to help 
understand the competitive adsorption phenomena of mixtures in shale 
reservoirs. For example, microporous molecular models of kerogen were 
contructed using data from organic geochemistry experiments and Fourier 
transform infared (FTIR) spectroscopy and used in a molecular simulation 
study to examine methane/ethane adsorption in a shale reservoir.(32, 33) 
These results indicated the preferential sorption of ethane over methane, 
which aligned with an observation from sorption experiments of shale 
samples performed by Wang et al.(34)

Tan and Gubbins(35) have reported the selectivity of ethane relative to 
methane for a wide range of system parameters, such as temperature, 
pressure, bulk fluid composition, and pore size, using classical DFT solved 
within the nonlocal density approximation. Different types of selectivity 
isotherms were found at various system conditions. For example, the shape 
of selecitivy isotherms at temperatures below and above the critical 
temperature were characterized. While our previous work(23) was primarily 
focused on the effect of confinement on PVT properties of methane and 
ethane pure components, in this work, molecular simulations are used to 
observe the selectivity of ethane relative to methane in the slit-pore carbon 
that represents organic pores in a shale reservoir. Additionally, pressure–
composition phase diagrams and critical properties of confined methane–
ethane mixtures are calculated using classical molecular dynamics (MD) and 
grand canonical Monte Carlo (GCMC) simulations of kerogen modeled as slit 
pores with graphene walls representing different pore sizes. MD simulations 
are utilized to investigate the motion of methane and ethane as well as to 
evaluate their locations at equilibrium in nanoscale pores. GCMC simulations 
are used to determine methane–ethane mixture isotherms at various 
temperatures in order to examine adsorption selectivity and evaluate first-
order phase transitions of the mixture. The p–xa

1–ya
1 mixture phase 



envelopes are obtained, where xa
1 and ya

1 are the mole fractions of liquid and
vapor in the adsorbed phase, respectively.

Methodology

We focus on the phase behavior of methane–ethane mixtures in kerogen 
pores present in shale reservoirs. Kerogen is a mixture of organic materials 
arranged in stacks of aromatic-type macromolecules. The aromatic 
structures are composed of multiple elements, such as carbon (the largest 
proportion) but also hydrogen, oxygen, nitrogen, and sulfur. The proportion 
of each element and its chemical structure vary distinctively from sample to 
sample.(36) To simplify the problem, a slit graphite pore is used in molecular
simulations to represent model kerogen pores in organic-rich shale 
reservoirs.

Force Fields

The Lennard-Jones (LJ) potential is a simple and popular model to 
approximate the van der Waals interactions between neutral particles:

ϵij and σij are the LJ potential parameters that characterize the molecular size
and strength of the intermolecular interactions, and rij is the distance 
between the centers of mass of the molecular pair. The LJ parameters are 
reported in Table 1. The optimized potential for liquid simulations (OPLS) 
model(37) is used for methane and ethane. The C–C parameters in graphite 
are from the work of Kurniawan et al.(38)

The LJ parameters for the unlike interactions are determined by the Lorentz–
Berthelot combining rules:(39)

Molecular Simulations

MD Simulations

MD simulations were performed at a fixed number of particles (N), volume 
(V), and temperature (T), i.e., in the canonical NVT ensemble. They were 



primarily used to understand fluid behavior and interactions between fluid 
and nanoscale pores and to complement the GCMC results following the time
evolution in selective environments of the confined system. The LJ 
interactions were truncated at rc = 5 max(σij),(40) and a long-range 
correction was applied in the computation as implemented in the DL_Poly 2 
software.(41) An initial configuration with a fluid composed of 50% methane 
molecules (blue) and 50% ethane molecules (red) is shown in Figure 1a. 
Graphene layers located in the middle of the simulation box create a 
restricted space, representing a pore, while the rest of the system represents
the bulk phase. Periodic boundary conditions were used in the three spatial 
directions.

Figure 1. (a) Initial and (b) final configuration at ts = 35 ns from classical MD simulation of a methane 
(blue)–ethane (red) mixture in a system containing a slit graphite pore with H = 5.0 nm and a bulk 
phase at T = 300 K. (c) Total extended system energy over simulation time. (d) Average ethane mole 
fraction profile in the y-direction of the mixture in different pore sizes.

Apart from LJ potential parameters in Table 1, additional basic inputs of MD 
simulations are summarized in Table 2.



GCMC Simulations

The GCMC simulation technique was applied to determine methane–ethane 
mixture isotherms at various conditions using the multipurpose simulation 
code MUSIC.(42) Consequently, the mixture isotherms were analyzed to 
understand the competitive adsorption of methane and ethane in the 
nanoscale pores and used to derive critical properties and phase envelopes 
of the confined methane–ethane mixtures in different pore sizes. As in MD 
simulations, the LJ interactions were truncated at rc = 5 max(σij), and periodic
boundary conditions were used in the three spatial directions. This model 
was validated in our previous work(23) using experimental data of methane 
adsorption isotherms on thermally graphitized carbon black measured by 
Avgul and Kiselev.(43)Using the GCMC technique to evaluate the isotherms 
leads to a hysteresis depending on if the simulation is done at increasing or 
decreasing pressures. This means that the first-order transitions appear at 
different pressures if the phase space is examined by increasing or 
decreasing the pressure.(44-46) This is a well-known behavior that also has 
been detected experimentally.

Besides the LJ potential parameters in Table 1, additional basic inputs for 
GCMC simulations are summarized in Table 3.

Results and Discussion

Selectivity of Specific Species in Nanopores

MD simulations were used to characterize the selectivity of the confined 
system toward specific species. As mentioned in the previous section, the 
initial configuration contains a mixture with 50% methane and 50% ethane in
both slit graphite pore and the bulk phase (Figure 1a). The separation 
between the graphene layers is varied from 1.0 to 7.0 nm to study the effect 
of confinement. The temperature of the system is 300 K and the total 
simulation time is 35 ns. An example of the final configuration, the case of H 



= 5.0 nm, is shown in Figure 1b. The variation of the total energy versus 
simulation time is depicted Figure 1c. The average mole fraction of ethane, 
xC2H6, for each interval is computed and graphed over the y-direction, as 
shown in Figure 1d. It can be observed that although the initial ethane mole 
fraction of fluid for all intervals of the system (including both the pore and 
the bulk segments) is equal to 0.5, the instantaneous ethane mole fraction at
each interval changes and varies throughout the system. For instance, the 
last configuration shows that the ethane mole fraction in the slit pore region 
(the area between the two dashed lines in Figure 1d) for all the cases is 
greater than 0.5, and consequently, the ethane mole fraction in the bulk 
phase is lower than 0.5. Moreover, the ethane mole fraction in the smaller 
pore is greater than that in the larger pore, even though the starting 
condition of each case is the same. For instance, at t = 35 ns, the average 
mole fractions of ethane in the pores with H = 1.0, 3.0, 5.0, and 7.0 are 0.79,
0.70, 0.63, and 0.59, respectively. According to the mole fraction profiles in 
the y-direction (see Figure 1d), the difference of the ethane mole fraction 
between the slit pore segment and the bulk segment is larger for a smaller 
pore, and the profile turns out to fluctuate less for larger pores as the ethane
mole fraction inside the pore approaches 0.5, the average value of the total 
system. This implies that, as the pore size increases, the influence of the 
interactions between the fluid molecules and the pore walls becomes less 
significant upon fluid behavior and properties, so that the fluid compositions 
in the slit pore segment and the bulk become similar.

In addition, MD simulations were used to investigate the fluid exchange 
between the bulk and pore regions. Figure 2 illustrates changes of the 
configuration over time from t = 0 to 35 ns for the case of H = 5.0 nm. 
Again, at t = 0 ns, the mole fractions of methane and ethane are the same, 
and the average density of the mixture is approximately 0.11 g/cm3 for both 
regions. After the simulation starts, fluid molecules moved inside the slit 
pore due to interactions between fluid molecules and the pore wall. As a 
result, the differences of the average mixture density and the fluid’s 
composition between the bulk and pore can be observed. The mixture 
density in the pore region increases to 0.212 g/cm3 at t = 35 ns, while that in
the bulk region decreases to 0.089 g/cm3 at t = 35 ns (see Figure 3a). This 
implies that the fluid molecules tend to accumulate or be adsorbed inside 
the pore rather than staying in the gas phase. The changes of ethane mole 
fraction in pore and bulk over time are illustrated in Figure 3b. The ethane 
mole fraction in the pore fluctuates between 0.61 and 0.64 from t = 2 to 35 
ns. This can lead to the conclusion that ethane is preferred over methane in 
the confined system.



Figure 2. Configurations from classical MD simulation of a methane (blue)–ethane (red) mixture in a 
system containing a slit graphite pore with H = 5.0 nm and a bulk phase at T = 300 K at (a) t = 0 ns, 
(b) t = 2 ns, (c) t = 10 ns, and (d) t = 35 ns.

Figure 3. (a) Average mixture density and (b) ethane mole fraction of a methane–ethane mixture in a 
system containing a slit graphite pore with H = 5.0 nm at T = 300 K from t = 0 to 35 ns.

The preference for ethane shown in Figures 1 and 3 can be characterized by 
the selectivity, defined as the ratio of mole fractions in the adsorbed pore 
divided by the ratio of mole fractions in the bulk mixture.(35, 48) The 
selectivity of ethane over methane is computed as follows:



The parameters used to calculate the selectivity can be derived from 
isotherms obtained from GCMC simulations. For a binary mixture system, the
GCMC method is used to determine not only the equilibrium density of the 
confined fluid at the given pressure and temperature but also the fluid’s 
composition in the confined system at equilibrium. Again, the isotherm of the
confined system obtained from the GCMC simulation must satisfy the 
following equations:

The amounts of each type of fluid molecules in the confined system are 
dependent on the interaction between the sorbent (slit graphite pore) and 
the sorbate (methane and ethane). Since the interactions between the pore 
wall and those of the individual fluid molecules are different, this event 
causes a selective environment in the pore, and the system tends to adsorb 
one fluid more than the other.

The GCMC simulation was set up (as illustrated in Figure S1 of the Supporting
Information) to study the trends of selectivity as a function of temperature. 
The reservoir pressure and bulk ethane mole fraction are fixed at 5 MPa and 
0.5, respectively. The reservoir temperature was varied from 300 to 400 K. It
can be observed that the selectivity tends to decrease as temperature 
increases, as shown in Figure 4. This implies that the confined system 
becomes less selective at higher temperatures. Figure 5 illustrates the 
selectivity as a function of the reservoir (bulk) pressure at a temperature of 
400 K and an ethane mole fraction of 0.5 in the bulk. The reservoir pressure 
is varied from 200 kPa to 6.2 MPa. It is noticeable that the selectivity tends 
to decrease as the reservoir pressure increases. For this example, the 
confined fluid remains single phase at the given conditions. As a result, the 
trend of the selectivity was continuous. However, at a phase transition, the 
discontinuity of the trend may occur, and we can apply this concept to derive
the pressure–composition (p–x) diagram of the binary mixture in a confined 
space. In both scenarios, the selectivity of ethane over methane is greater 
than unity, meaning that ethane is preferred to methane in the confined 
system. As the pore size increases, the selectivity decreases and approaches
unity. Here, the fluid compositions of the bulk and confined mixtures are 
identical, as expected, since the effect of the interaction between the fluid 
molecules and the pore walls becomes less significant. These observations 
are in agreement with those reported by Tan and Gubbins.(35)



Figure 4. Selectivity as a function of temperature in different pore sizes at p = 5.0 MPa and xbulk,C2H6 = 
0.5.

Figure 5. Selectivity as a function of pressure in different pore sizes at T = 400 K and xbulk,C2H6 = 0.5.

Phase Diagram of Confined Methane–Ethane Mixtures

In the preceding section, the interactions between the fluid molecules and 
the pore walls caused deviations of fluid composition in the confined space. 
For the studied pore system, ethane was preferred to methane. This 
selective environment may cause shifts of the phase diagrams in the 
confined space. The selectivity is a function of the reservoir (bulk) 
temperature, pressure, bulk fluid composition, pore–fluid and fluid–fluid 
interactions, and pore size.

In the previous section, we also observed continuity of the trend of 
selectivity over the pressure range at different pore sizes. We mentioned 
that this might not hold when the condition is close to a first- or second-order
phase transition. To prove this statement, GCMC simulations were used to 
determine the isotherms of methane and ethane in the slit graphite pore 
with H = 5.0 nm, T = 240 K, and xbulk,C2H6 = 0.35 (see Figure 6a). The bulk 
pressure is varied from 2.75 to 4.25 MPa by increments of 50 kPa. At low 
pressure, the fluid mixture is in the vapor phase. At p ≈ 3.65–3.7 MPa, a 
jump is observed in the isotherms. This jump represents a first-order phase 
transition, the change of state from liquid to vapor or vice versa of the 
mixture. The mole fraction of ethane in the confined mixture over the 



pressure range is computed and plotted in Figure 6b. From the plot, it is 
observed that the ethane mole fraction of the confined mixture in the vapor 
phase is almost constant, around 0.59. Similarly, the ethane mole fraction of 
the confined mixture in the liquid phase is almost constant, around 0.66. At 
the phase transition, a jump of the ethane mole fraction can be detected. 
This is because, at the phase transition, the equilibrium ethane mole 
fractions of the vapor and liquid phases are different, and the discontinuity of
the trend of selectivity or ethane mole fraction of the confined mixture 
occurs. This concept is applied to derive p–x diagrams of confined binary 
mixtures, as explained below. The selectivity of the mixture in the vapor 
phase and liquid phase are approximately 8.2 and 11.4. Thus, at this 
condition, the selectivity jumps from 8.2 to 11.4 at the phase transition. This 
proves that the selectivity of the slit graphite pore with H = 5.0 nm varies as 
a function of the bulk pressure.

Figure 6. (a) Isotherms of methane and ethane and (b) ethane mole fraction of the confined mixture in 
the slit graphite pore with H = 5.0 nm at T = 240 K and xbulk,C2H6 = 0.35.

Figure 7a depicts isotherms of methane and ethane in the slit graphite pore 
with H = 5.0 nm at T = 240 K and xbulk,C2H6 = 0.15. At this condition, the 
mixture is a supercritical fluid. The bulk pressure is varied from 4 to 5.5 MPa 
by increments of 50 kPa. It is observed that the fluid density increases when 
the pressure increases. However, a first-order first transition cannot take 
place in this case, since the fluid is in the supercritical condition. The mole 
fraction of ethane in the confined mixture over the pressure range is shown 
in Figure 7b. From the graph, it is observed that the ethane mole fraction 
increases continuously over the pressure range. This differs from the 
previous case, where there is a discontinuity at the phase transition. The 
selectivity gradually increases from 8.2 at p = 4 MPa to 9.6 at p = 5.5 MPa. 
Again, this proves that the selectivity of a slit graphite pore with H = 5.0 nm 
varies as a function of the bulk pressure. At the same bulk pressure, the 
selectivity of this case is lower than that of the previous case (xbulk,C2H6 = 
0.35). For example, at p= 4.2 MPa, the selectivity of the previous case is 
equal to 11.4, which is higher than the selectivity of 8.2 from this case.



Figure 7. (a) Isotherms of methane and ethane and (b) ethane mole fraction of the confined mixture in 
a slit graphite pore with H = 5.0 nm at T = 240 K and xbulk,C2H6= 0.15.

Similar to Tan and Gubbins’ observation,(35) the selectivity isotherms differ 
depending on confined fluid condition. When the confined fluid is below the 
critical point, a vertical jump in the isotherms occurs at a gas–liquid phase 
transition (Figure 6). On the other hand, when the confined fluid is in 
supercritical condition, the isotherms increase steadily with pressure (Figure 
7). We applied this knowledge to derive new phase diagrams and critical 
properties of a hydrocarbon mixture, as shown in Figure 8.

Figure 8. (a) Isotherms of the methane–ethane mixture in a slit graphite pore with 5.0 nm of separation
at T = 240 K and (b) the p–x diagram of the mixture corresponding to the isotherms.

The phase diagram and critical properties of a hydrocarbon mixture were 
calculated after determining phase transitions of mixtures with different 
compositions. According to the isotherms of the confined mixture shown in 
Figure 6, the equilibrium composition of the confined fluid is a two-phase 
mixture having ethane in vapor (yconfined,C2H6) (59%) and liquid (xconfined,C2H6) 
phases (66%). These results indicate that the original gas mixture splits into 
two phases that are rich in ethane. Multiple scenarios of this type of 



simulation with different fluid compositions were used to generate a p–x 
diagram (pressure–composition) for a mixture. Once isotherms for each 
component are found, the fluid composition in the vapor and liquid phases at
the saturation pressure of the mixture can be computed. Consequently, 
these data are used to create a phase diagram and obtain a critical point of 
the mixture. Figure 8a illustrates isotherms of a methane–ethane mixture 
indicating a phase transition in a slit graphite pore with 5.0 nm of separation 
for different fluid compositions at T = 240 K. At the given temperature, the 
isotherms of the confined mixture are distinct for each individual bulk fluid 
composition, and each isotherm yields a different bubble point pressure and 
dew point pressure. Mole fractions of ethane at the bubble point pressure 
and dew point pressure of each isotherm were calculated (no. 1–8) and 
plotted in the p–x diagram to generate bubble point and dew point lines. At 
critical condition, the isotherm of the confined mixture must be continuous, 
and the ethane mole fraction and pressure at the critical point can be read 
from the inflection point of the isotherm (no. 9). Figure 8b is a complete p–
xdiagram of confined methane–ethane mixtures at the constant temperature
of 240 K. The critical point, shown as the purple circle, can be seen in Figure 
8a,b. The critical locus curve was obtained by connecting the critical points 
of p–x diagrams at different temperatures. It is used to approximate critical 
properties of a mixture as a function of overall fluid composition.

In our previous study,(23) it was shown that the effect of confinement 
caused the reduction in the critical temperature and pressure of pure 
components of confined methane and ethane in slit graphite pores. For 
confined methane–ethane mixtures, interactions between the pore walls and 
the fluid molecules also affect the shape of the mixture phase envelope and 
critical properties, such as the critical locus curve. Figure 9a illustrates a bulk
phase diagram of a methane–ethane mixture derived from experimental 
data from Bloomer et al.(49) The diagram contains a collection of the 
mixture phase envelopes (p–x diagram) at different temperatures. 
Connecting the critical points of each envelope yields a critical locus curve, 
as shown by the maroon line in the plot. The area above the curve is the 
supercritical region. The intersections between the curve and the y-axis at 
xbulk,C2H6 = 0 and xbulk,C2H6 = 1 are the critical pressures of bulk methane and 
ethane, respectively. Bulk critical properties of the mixture at a specified 
composition can be estimated from this plot.



Figure 9. Comparison of (a) the bulk methane–ethane mixture phase diagram(49)and that of the 
confined mixture in the slit pore with (b) H = 3.0 nm, (c) H = 5.0 nm,(23) and (d) H = 7.0 nm.

A phase diagram of the confined mixture in a slit graphite pore with 3.0, 5.0, 
and 7.0 nm of separation was generated as illustrated in parts b, c, and d of 
Figure 9, respectively. A series of phase envelopes of the confined mixture 
was obtained from the GCMC simulations using the described procedures. 
For H = 3.0 nm, the phase envelopes are generated from T = 160 to 240 K, 
which fall between the critical temperatures of the confined methane (155 K)
and ethane (258 K). For H = 5.0 nm, the phase envelopes are generated 
from T = 190 to 270 K, which is between the critical temperatures of the 
confined methane (175 K) and ethane (292 K). For H = 7.0 nm, the phase 
envelopes are generated from T = 190 to 270 K, which is between the critical
temperatures of the confined methane (181.5 K) and ethane (300 K). Again, 
the intersections between the critical locus curve and the y-axis at xconfined,C2H6 
= 0 and xconfined,C2H6 = 1 are the critical pressures of confined methane and 
ethane, respectively.



It is observed that, at the same temperature, the shapes and magnitudes of 
the bulk and the confined phase envelopes change dramatically because of 
the restricted environment existent in kerogen pores of shale reservoirs. 
Furthermore, the subsequent shift of the critical locus curve of the mixture is
in the direction of lower critical temperature and pressure, as similarly 
observed with the pure components.

In addition, the critical locus curve of the confined mixture in the smaller 
pore is lower than that in the larger pore. This means that for the same fluid 
composition, the critical pressure of the confined mixture in the smaller pore 
is lower than that in the larger pore. The p–x diagram also shows that the 
critical temperature decreases as the pore size decreases. For example, at 
xC2H6 = 0.5, the critical pressure of a bulk methane–ethane mixture is 
approximately 6.8 MPa, whereas that of the confined mixture in a slit pore 
with H = 7.0, 5.0, and 3.0 nm is around 5.4, 4.3, and 1.3 MPa, respectively. 
Likewise, at xC2H6 = 0.5, the critical temperature of a bulk methane–ethane 
mixture is approximately 263 K, whereas that of the confined mixture in a 
slit pore with H = 7.0, 5.0, and 3.0 nm is around 239, 232, and 199 K, 
respectively.

The magnitude of critical properties of the confined mixture decreases 
rapidly when the pore size reduces from 5.0 to 3.0 nm. As the pore size 
increases, the critical locus curve of the confined mixture becomes closer to 
that of the bulk mixture, as expected.

Figure 10 illustrates a comparison of p–T diagrams for a binary methane–
ethane mixture with a methane mole fraction of 30.02% and ethane mole 
fraction of 69.98% in the bulk phase—from reported experimental data(49)—
and that in a slit graphite pore with a 3.0, 5.0, and 7.0 nm of separation. It is 
observed that the shape and area of the confined mixture phase enveloped 
are different from those of the bulk mixture and that the critical point of the 
confined mixture shifts from the bulk critical point. Both critical pressure and 
temperature are reduced in the small pore. The critical pressure and 
temperature of the bulk mixture are 6.2 MPa and 281 K. In comparison, the 
critical pressure and temperature of the confined mixture are 5.5 MPa and 
273 K for H = 7.0 nm, 4.0 MPa and 260 K for H = 5.0 nm, and 1.5 MPa and 
232 K for H = 3.0 nm.



Figure 10. Comparison of p–T diagrams for a binary methane–ethane mixture with a methane mole 
fraction of 30.02% and ethane mole fraction of 69.98% in the bulk phase and in a slit graphite pore 
with 5.0 nm of separation.

The confined mixture has a higher dew point pressure than the bulk mixture 
with the same fluid composition, while the bubble point pressure of the 
confined mixture may be either lower or higher than that of the bulk mixture,
depending on the temperature. The shift of the phase diagram of the 
confined mixture implies changes of fluid properties in a confined system, 
such as kerogen pores in a shale reservoir. As a result, using conventional 
EOS may yield errors in the calculation of fluid properties in shale reservoirs.

Conclusions

The interactions between fluid molecules and the pore walls create a 
selective environment in the confined space. As we observed from the GCMC
and classical MD simulation results, the slit graphite pore representing a 
kerogen pore in a shale reservoir prefers to adsorb a heavier component, 
i.e., ethane, more than a lighter component, i.e., methane. The selectivity of 
the pore toward ethane tends to decrease when the temperature increases. 
Furthermore, selectivity varies when the reservoir (bulk) pressure and the 
bulk fluid composition change. As the pore size increases, the selectivity 
decreases and approaches unity, where the fluid composition of the confined
mixture and bulk mixture are identical.

These simulations were used to generate p–x diagrams, and a phase 
envelope was created from a collection of p–x diagrams. The effect of 
confinement causes deviations of the shapes and magnitudes of phase 
diagrams from the bulk. The critical properties and the phase envelope 



shapes are substantially different from those of the bulk mixture. As the pore
size decreases, both critical pressure and temperature tend to decrease, as 
similarly observed with the pure component. As the pore size increases, the 
critical locus curve of the confined mixture rises and approaches the bulk 
curve, since there is less influence from the effect of confinement.

According to the p–T diagrams, both the critical pressure and temperature of 
the confined mixture are lower than those of the bulk fluid. The confined 
mixture has a higher dew point pressure than the bulk mixture with the 
same fluid composition. The bubble point pressure of the confined mixture 
may be either lower or higher than that of the bulk mixture, depending on 
the temperature.

On the basis of these observations, the fluid composition of the produced 
hydrocarbon mixture may not be a good representation of the original fluid 
in the reservoir. The mole fraction of the heavy component of the contained 
mixture is higher than that of the produced fluid. At the beginning of 
production, shale reservoirs tend to release lighter components (i.e., 
methane) and the heavier components are left behind. Once the lighter 
components are almost completely drained from the shale reservoirs, the 
reservoirs will start releasing the heavier components. This phenomenon 
may cause changes in the produced fluid composition over the production 
time.

Future work will include improved molecular modeling of the kerogen pores 
by adding functional groups containing oxygen, nitrogen, and sulfur to 
graphite sheet.(50, 51) In addition to their effect of confinement, such 
functional groups may influence the phase behavior of hydrocarbon mixture 
in kerogen pores in organic-rich shale resevoirs.
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