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ABSTRACT: Kerogen is often the organic part of the shale and provides the pore space for a
large part of the hydrocarbons in place. Kerogen molecules are flexible like polymer molecules, and
may swell when in contact with specific solvents. The difference in swelling of a polymer when
exposed to a pure liquid versus its saturated vapor is known as Schroeder’s paradox, which has a
long history of controversy. To the best of our knowledge, kerogen swelling induced by a
hydrocarbon in both gas and liquid states has not been investigated. We investigate the sorption of
gaseous and liquid propane, normal butane, and normal pentane in kerogen and kerogen swelling
at various pressures. A flexible kerogen matrix is created using molecular dynamics simulations.
The large pores are created and maintained with a dummy particle and nailed atoms, respectively.
The hydrocarbon sorption and kerogen swelling induced by the sorption of hydrocarbon gases and
liquids are investigated by the hybrid molecular dynamics-grand canonical Monte Carlo
simulations. Results show that smaller hydrocarbon molecules in both gas and liquid states have higher sorption and induce
higher swelling and structural changes in the kerogen matrix. Hydrocarbon liquids have higher sorption and induce higher kerogen
swelling than the corresponding gases at saturation pressure in agreement with Schroeder’s paradox. Hydrocarbon gases lead to the
moderate kerogen swelling from expansion of large pores; hydrocarbon liquids swell the kerogen more significantly not only by
expanding the large pore but also by creating new pores and throats. Liquid-inducing kerogen swelling is accompanied by
hydrocarbon dissolution in the kerogen matrix altering significantly the pore surface area, porosity, and pore size distribution. The
work sets the stage for further studies considering the effect of production on shale volumetric strain.

1. INTRODUCTION
The world energy production landscape has experienced a
remarkable change in recent years. Development of shale
formations in the United States (U.S.) has turned the country
from a net energy importer to a net energy exporter in 2019.1

Since 2018, the U.S. has eclipsed Saudi Arabia and Russia to
become the world’s largest oil producer.2 The U.S. is expected
to become the second largest oil exporter by 2024.3 The
enormous progress toward energy independence in the U.S.
has inspired many other countries including China with large
energy demands and abundant shale resources to accelerate
production of natural gas and light oil from shales.4 Shale gas
and shale light oil have the advantage over coal of being clean-
burning. Shale formations are complex compared to the
inorganic formations in which conventional oil and gas reside.
The recovery of hydrocarbon fluids from shale formations is
much lower than that in conventional formations.4 There is a
need to develop shale formations more efficiently. Basic
knowledge and understanding of physics of rock−fluid
interactions5,6 and subsurface volumetric strains from
production will facilitate improvement in a broad range of
topics from the production rate to recovery efficiency.
A large portion of hydrocarbon fluids in shale formations

reside in organic nanopores. Most of the organic matters in
shale rocks are made of kerogen molecules. Hydrocarbon fluids
in the kerogen matrix can be classified into three different

states: adsorbed states on the pore surfaces, free molecules
similar to a bulk phase states in larger pores, and dissolved
state in the kerogen matrix.7−10 Hydrocarbons are believed to
be produced mainly from the free molecules and to a lesser
degree from the adsorbed and the dissolved molecules.11−13 In
this paper, both hydrocarbon adsorption and hydrocarbon
dissolution in the kerogen matrix are collectively referred to as
hydrocarbon sorption. Sorption will induce kerogen swel-
ling,14−16 which will then change the porosity and permeability
and affect subsurface flow and production.17

There have been extensive experiments on the adsorption of
gases in shales and kerogens.18−23 However, experiments on
gas sorption-induced shale swelling are limited.24,25 The
extensive experiments performed on liquid sorption-induced
kerogen swelling26−32 have mainly been conducted at room
conditions. Larsen et al.33−36 have measured swelling of
different types of kerogen; the measured swelling is in the
range of 10 to 25% in normal pentane (n-C5H12) and normal
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heptane (n-C7H16). Kelemen et al.37 report that Type II
kerogen can swell 23 and 21% in normal decane (n-C10H22)
and normal hexadecane (n-C16H34), respectively. In another
publication, Kelemen et al.38 have measured the swelling of
Type II kerogens (from 20 to 44%) and Type III-C kerogens
(from 8 to 26%) in n-C10H22 and n-C16H34 at temperatures as
high as 150 °C. The data show weak effects of temperature but
strong effects of kerogen maturity and solvent type on kerogen
swelling. Savest et al.39,40 report the swelling of an Estonian
shale sample and the extracted kerogen to be 5% and 10%,
respectively, in normal hexane (n-C6H14). They find that the
thermal pretreatment of a sample may affect swelling.40

Recently Liang et al.41 have conducted swelling measurements
in different hydrocarbon liquids in a kerogen sample. The
results show that in normal alkanes swelling decreases as the
chain length increases. The alkanes include hydrocarbons from
n-C5H12 to normal tetradecane (n-C14H30).
Molecular simulations have been used in recent years to

investigate kerogen swelling in gases and liquids. The main
methods are grand canonical Monte Carlo (GCMC)
simulations,42−44 molecular dynamics simulations (MD)45,46

and the hybrid MD-GCMC simulations.14,16 In the GCMC
simulations, one can compute an adsorption isotherm by
allowing adsorbates to adsorb in the pre-constructed kerogen
matrix at a specified temperature and chemical potential (μ,
which can be specified through pressure and fugacity
coefficient). The kerogen frame is fixed during adsorption in
the GCMC simulations. Then, the adsorption-induced
volumetric strain is calculated by the extended poromechanical
model47,48 in which the adsorption amount, the bulk modulus
of kerogen, and coupling coefficients of adsorbates are pre-
defined. The adsorption amount is from the GCMC
simulations, and the other two parameters are measured
experimentally. Swelling can be calculated directly based on a
deformable kerogen matrix in MD simulations. In one
investigation, the hydrocarbon molecules and the kerogen
molecules are initially mixed at a fixed ratio. Then, the
annealing process is conducted in an isothermal−isobaric
(NPT) ensemble where the system volume is free to change.
At equilibrium the swelling can be calculated through the
volumes of the mixed kerogen−fluid system and the pure
kerogen system. This approach may not represent the
adsorption process, and the swelling may depend on the
mixing ratio. In the hybrid MD-GCMC approach, the kerogen
matrix is constructed first through the annealing process based
on the MD simulations. Then, the kerogen matrix alternatively
undergoes GCMC simulations and MD simulations until
reaching equilibration. The dynamics of sorption and the
sorption-induced swelling are simulated by GCMC and MD,
respectively. The hybrid MD-GCMC method is a powerful
method and does not require predefined parameters. It takes
the advantage of both GCMC and MD simulations. The above
methods have been used to study kerogen swelling in light
hydrocarbon gases and carbon dioxide (CO2). Simulation
results of swelling in gases show that CO2 makes kerogen swell
the most,14,42,44 followed by methane (CH4), ethane (C2H6),
and propane (C3H8) in the order of molecular size.16

Additionally, the temperature,43,45 pressure,45 kerogen matur-
ities,44 and preloaded water contents44 affect kerogen swelling
in gases. There have been very limited studies on kerogen
swelling in hydrocarbon liquids by molecular simulations.
Pathak et al.45 calculated a swelling of around 20% for Type II
kerogen in n-C7H16, n-C10H22, and octane (C8H18) by MD

simulations. Based on the hybrid MD-GCMC method, Tesson
and Firoozabadi16 report a 9% swelling of Type II-A kerogen in
liquid n-C5H12. Liu et al.49,50 have calculated CO2 sorption in
kerogen and kerogen swelling in n-C5H12 and n-C7H16 liquids
based on the perturbed chain-statistical associating fluid theory
(PC-SAFT). The results for the immature, partially mature,
and mature kerogen show agreement with experimental
swelling data (that is, in the range of 10 to 25%).33,36

Different bias schemes have been proposed to increase the
insertion acceptance rate in GCMC simulations of complex
adsorbate molecules.51−54 The configurational-bias GCMC
(CB-GCMC) method based on the Rosenbluth sampling
scheme55 has been widely applied to simulate adsorption of
long-chain hydrocarbons in metal−organic frameworks
(MOFs),56−65 zeolite,66−70 and confined slits.71−73 Instead of
inserting the molecule as a whole, CB-GCMC starts with one
atom of the chain and inserts the molecule part by part biasing
the growth process toward energetically favorable configu-
rations in the void space of porous materials.74 The process is
effective in reducing the overlap between adsorbents and
adsorbates and accelerating the convergence. The CB-GCMC
simulations are conducted in the grand canonical ensemble
with an invariant volume.
In summary, hydrocarbon gas-induced kerogen swelling has

been mainly investigated by simulations; hydrocarbon liquid-
induced kerogen swelling has been mainly studied through
experiments. To the best of our knowledge, kerogen swelling
by hydrocarbons in gas and liquid states close to saturation
pressure has not been investigated. There may be similarities in
swelling of kerogen and other flexible molecules like polymers.
Many authors have claimed that polymer swelling induced in
liquid and gas states at saturation pressure should be the same.
This is based on the equality of chemical potentials.75,76 In the
framework of classic phase equilibrium thermodynamics in
polymeric networks, the swelling is solely linked to the solvent
chemical potential regardless of solvent phase states.75,76 More
than a century ago, Schroeder reported a 25-time higher
polymer swelling in liquid water than in water vapor at
saturation pressure. The difference in swelling at saturation
pressure is known as Schroeder’s paradox.77 Schroeder’s
paradox has been confirmed in various experiments by
different authors.78−83 A number of authors have questioned
the validity of the data and have related the difference to
experimental artifacts.84,85 In the last several years, there has
been renewed interest in Schroeder’s paradox in the polymer
membrane fuel cells where water in contact with the
membrane may be either in a liquid or gas state.86 Water
uptake and membrane swelling influence the membrane
conductivity, which affect the fuel cell performance.82,87−89

The same topic in relation to sorption and swelling in gases
and liquids is very relevant in hydrocarbon extraction from
shale formations. The sorption and extraction of hydrocarbons
in different phase states in kerogen matrix may determine
kerogen deformations. The deformation will change the
porosity and permeability of the matrix and influence the
subsurface flow.14,15,17,90 The main motivation of this work is
investigation of hydrocarbon sorption, kerogen swelling, and
validity of Schroeder’s paradox in the kerogen−hydrocarbon
system.
This work centers on the use of the hybrid MD-GCMC

simulations to investigate kerogen swelling induced by the
sorption of gas and liquid propane (C3H8), normal butane (n-
C4H10), and normal pentane (n-C5H12).
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2. MODELS AND METHODS
2.1. Molecular Models. Ungerer et al.91 have developed a

suite of kerogen molecules. Among the proposed molecules,
Type II (i.e., II-A, II-B, II-C, and II-D) kerogens are
representatives of oil-prone organic matter deposited in marine
anoxic environments, covering type from conventional to
unconventional and the maturity levels from immature to
overmature.91,92 This work adopts the immature Type II-A
kerogen model (C252H294O24N6S3), which is depicted in Figure
1a. Hydrocarbon molecules in this paper include C3H8, n-
C4H10, and n-C5H12 (Figure 1b−d). The phase state can
change from the gas state to liquid state with increasing
pressure under a specified temperature. Our adsorbate
molecules are larger than the CH4 and CO2 molecules used
in many recent simulations. A dummy particle (DP) shown in
Figure 1e is used to create large pores in the kerogen matrix in
the construction process. Without DP, the pores will be too
small to accommodate large hydrocarbon molecules. Details of
the construction will be presented in Section 2.2. The diameter
(σ) of DP is 33 Å. The energy parameter (ε) and mass of DP
are set as 0.023 kcal/mol and 1.0 g/mol, respectively. The
probe particles including nitrogen (N2) and helium (He) are
selected to determine the porosity and the pore surface area of
the created kerogen matrix (Section 2.4). The N2 molecule is
simplified as a single particle and the sizes of N2 and He
particles are 3.653 and 2.9 Å, respectively (Figure 1f,g).
2.2. Kerogen Matrix Construction. MD simulations are

applied to construct the kerogen matrix using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)93

with all-atom polymer consistent force field plus (PCFF+ force
field).94 Ungerer et al.94,95 have verified the accuracy of the
PCFF+ force field to reproduce the kerogen thermodynamic
properties. The MedeA software96 is used to assign the atom
types and charges as well as other force field parameters for
kerogen atoms. The cut-off distance for both Lenard−Jones
(LJ) and Coulombic interactions is 9.5 Å. For long-range LJ
interactions, tail corrections are applied to the energy and
pressure. Long-range Coulombic interactions are computed by
the particle−particle particle−mesh (PPPM) method97,98 with
an accuracy of 1 × 10−5. Non-bonded interactions between
atoms directly connected with one bond and separated by two
or three bonds are excluded. The Waldman−Hagler combining
rule99 is used for LJ coefficients (i.e., σ and ε) for interactions

between unlike species. Periodic boundary conditions are
applied to all three directions.
The construction of the kerogen matrix follows the

methodology in our recent work.16 Initially, seventeen Type
II-A kerogen molecules and one DP are randomly placed in the
cubic simulation box with a side length of 150 Å as shown in
Figure 2a. Then, the kerogen box undergoes a complete
relaxation through successive simulations in canonical (NVT)

Figure 1. Atomistic models of (a) Type II-A kerogen (C252H294O24N6S3), (b) propane (C3H8), (c) normal butane (n-C4H10), (d) normal pentane
(n-C5H12), (e) dummy particle (DP), and probe particles: (f) nitrogen (N2) and (g) helium (He). Color code: C (cyan), H (white), O (red), N
(blue), S (yellow), DP (orange), N2 (pink), and He (green).

Figure 2. Front, side, and top views of the simulation box at different
stages of the molecular dynamics relaxation procedure. (a) Initial
simulation box with one dummy particle. (b) Simulation box of stage
9 without a dummy particle but with 17 nailed atoms marked in black.
(c) Pore surface area of the kerogen matrix at the end of stage 9: T =
363.15 K and P = 1 atm.
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and isothermal−isobaric (NPT) ensembles. The temperature
and the pressure are controlled by the Nose−́Hoover
thermostat100,101 with a damping factor of 100 fs and the
Nose−́Hoover barostat102,103 with a damping factor of 1000 fs,
respectively. The relaxation procedure and the corresponding
timestep are summarized in Table 1. First, NVT simulation at a

relatively low temperature (363.15 K) is performed in the
kerogen box to reach an equilibrium state with lower energy.
Then, the kerogen box is heated to a high temperature (1000
K) followed by a 1 ns simulation in the NVT ensemble. Next,
the temperature is decreased from 1000 K to 363.15 K through
a series of stepwise cooling simulations in the NPT ensemble
at 100 atm. By further decreasing the pressure from 100 to 1
atm, the system achieves the target temperature and pressure
conditions of 363.15 K and 1 atm, respectively. Finally, another
10 ns NPT simulations are performed at the target condition
before removing the DP. The simulations are long enough at
each stage in the annealing process (stage 1 to stage 8) to
reach equilibrium (temperature and pressure changes can be
seen in Figure S1).
DP removal leaves a kerogen matrix with large and

connected pores (Figure 2b). Without DP, another 100-ns
NPT simulation is conducted and the final configuration is
shown in Figure S2. Pores in the kerogen matrix collapse as
described in ref 16. To prevent the large pores from collapsing
from confining pressure, Tesson and Firoozabadi16 nailed
several atoms at the periphery of the pores. Specifically, the
nailed atoms are located at the centers of different
polyaromatic clusters in kerogen molecules. These nailed
atoms are excluded from the time integration to keep them
stationary so that they act as ball joints and the polyaromatic
clusters act as barriers to prevent the shrinkage of the pore.
Based on our recent work,16 we chose 17 nailed atoms, which
are highlighted in small black spheres in Figure 2b. In Figure
S3, one of the polyaromatic clusters is magnified to show the
position of the nailed atom. A detailed discussion on f nailing
of selected atoms is presented in the Supporting Information.
After removal of the DP with nailed atoms, a 100 ns NPT
simulation is conducted at the target condition (stage 9); the
final configuration is shown in Figure 2c. The structural
characteristics of the final kerogen matrix in Figure 2c and
Figure S2 are presented in Table 2. The nailing of atoms
prevents the collapse of large pores and can provide a kerogen

matrix with a porosity of about 13%. The porosity is larger
than 10% because the temperature (363.15 K) is higher than
that in ref 16, which is 298.15 K.

2.3. Kerogen Matrix Deformation. Kerogen matrix
deformation induced by hydrocarbon sorption is investigated
by the hybrid MD-GCMC simulations using LAMMPS.93 The
PCFF+ force field is applied to hydrocarbon molecules by
MedeA software.96 The force field has been widely used to
describe the interactions between kerogen and hydro-
carbons.16,90,94,95,104 MD simulations are carried out in the
NPT ensembles with a timestep of 0.1 fs. Other MD
parameters are set to be the same as those in Section 2.2. In
the hybrid MD-GCMC simulations, 1000 GCMC steps are
first conducted followed by 10,000 MD steps; then, one
GCMC step is performed after every 10,000 MD steps until
equilibration. Each GCMC step includes 2500 GCMC
exchanges (deletions and insertions with equal probability)
and 2500 Monte Carlo (MC) moves (translations and
rotations with equal probability). In the GCMC simulations,
the chemical potential (μ) is constant and specified by pressure
and the corresponding fugacity coefficient.16 The fugacity
coefficient is calculated by the Thermosolver software.105,106

The temperature and pressure conditions in the NPT
simulations are the same as those specified in GCMC
simulations. In this way, the kerogen matrix deforms under a
zero effective stress condition in the NPT ensembles where the
deformation is maximum.14 All the simulations are conducted
at a temperature of 363.15 K. The number of hydrocarbon
molecules in the GCMC steps will fluctuate; the total number
of molecules should be updated before the MD step. In each
hybrid MD-GCMC simulation, the temperature, pressure,
volume, and loading are monitored to determine that the
equilibrium is reached. Different systems need different periods
to equilibrate. In our work, simulations last 10 ns to reach
equilibrium and we allow 3 ns for data collection. Figure S4
shows the evolution of box side length and loading in the
simulation period.

2.4. Characterization Methods. The methods used to
determine swelling (Qv), porosity (Φ), pore surface area (Sa),
and pore size distribution (PSD) of the kerogen matrix are
presented in this section.
To calculate Qv, the volume of the kerogen matrix in Figure

2c is taken as the reference volume (Vr). The swelling is given
by Qv = (Va − Vr)/Vr × 100%, where Va is the equilibrium
volume of kerogen matrix after hydrocarbon sorption.
Calculations of Φ, Sa, and PSD follow the MC routines

outlined by Gelb and Gubbins.107,108 N2 and He particles are
used to calculate Sa and Φ, respectively. Φ is calculated by

Table 1. Molecular Dynamics Relaxation Procedure to
Create the Flexible Kerogen Matrix

stage ensemble T/K P/atm
time/
ns

step/
fs notes

1 NVT 363.15 1 1 with DP
2 NVT 363.15 →

1000
1 0.1

3 NVT 1000 1 1
4 NPT 1000 →

700
100 1 0.1

5 NPT 700 →
500

100 1 0.1

6 NPT 500 →
363.15

100 1 0.1

7 NPT 363.15 100
→ 1

1 0.1

8 NPT 363.15 1 10 1
9 NPT 363.15 1 100 1 without DP but with

nailed atoms

Table 2. Structural Characteristics of the Kerogen Matrix
without DP after 100 ns NPT Relaxation (T = 363.15 K, P =
1 atm) without (Figure S2) and with (Figure 2c) 17 Nailed
Atoms

structural characteristics

system

box
side
length
(Å)

bulk
density
(g/cm3)

skeletal
density
(g/cm3)

porosity
(%)

accessible
area

(m2/g)

without DP and
without nailed
atoms (Figure S2)

46.25 1.11 1.13 2.01 49.48

without DP and
with nailed atoms
(Figure 2c)

48.16 0.98 1.13 13.04 381.90
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inserting He particles randomly into the kerogen matrix box
and judging whether the He particles overlap with kerogen
atoms. If they do, the insertion is rejected, otherwise it is
accepted. The acceptance ratio is equal to Φ, and the product
of Φ and Va is the pore volume (Vp). The skeletal density of
the kerogen matrix is calculated based on the Φ and the bulk
density. In Sa calculation, N2 particles are randomly inserted
around the kerogen atoms. If the N2 particles overlap with any
neighboring kerogen atoms, the insertion is rejected, otherwise
it is accepted. The acceptance ratio multiplied by the total
surface area of the kerogen atoms gives Sa. The calculation of
PSD follows a similar procedure to that of Φ calculation. The
difference lies in the size of the inserted particles increasing
from zero. The porosity Φ and the pore volume Vp will
decrease with the increasing size of the inserted particles.
Differentiation of Vp with respect to the inserted particle size
provides the PSD.
2.5. Reversibility of Kerogen Matrix and Examination

of Force Field. The reversibility of the kerogen matrix is
examined in terms of box side length, bulk density, skeletal
density, porosity, and pore surface area versus pressure. We
verify that the GCMC with PCFF+ can accurately describe the
density of hydrocarbons in gas and liquid states and the
saturation pressure.
The reversibility of the kerogen structural characteristics is

examined in the pressure range of 1−60 atm in which the
sorption and swelling will be studied. The pressure imposed on
the kerogen matrix first increases from 1 to 60 atm and then
decreases from 60 to 1 atm. The simulation at each pressure
lasts 10 ns; the structural characteristics of the corresponding
kerogen matrix are summarized in Table S1. The skeletal
density (1.13 g/cm3) is consistent with the results in the
literature,16,91 which is not affected by pressure. The bulk
density increases slightly (from 0.98 to 1.00 g/cm3) when the
pressure increases from 1 to 60 atm. The box side length, the
porosity, and the pore surface area decrease with increasing
pressure. When pressure decreases, the structural character-
istics of the kerogen matrix fully recover, providing evidence of
the kerogen matrix reversibility with pressure change.
In order to examine the force field description of C3H8, n-

C4H10, and n-C5H12 and the simulation parameter settings, we
perform the GCMC simulations at a temperature of 363.15 K
to calculate the bulk density of each hydrocarbon at different
pressures in gas and liquid states. One thousand GCMC steps
are run at each pressure. Other settings of the GCMC
simulations are kept the same as those in Section 2.3.
Comparisons between GCMC results and experimental
data109 are made in Figure 3. As pressure increases, there is

a jump in bulk density for each hydrocarbon at phase change.
The saturation pressure109 of three hydrocarbons at 363.15 K
are listed in Table S2. The agreement between simulations and
experiments validates the force field and GCMC parameter
settings.

3. RESULTS AND DISCUSSIONS
3.1. Kerogen Matrix Swelling from Sorption. Satu-

ration pressures of the three hydrocarbons vary significantly at
363.15 K. We investigate kerogen swelling induced by sorption
of the three hydrocarbons in gas and liquid states at various
pressures. The pressure ranges of our simulations for C3H8, n-
C4H10, and n-C5H12 are 1−60, 1−30, and 1−20 atm,
respectively. The temperature of all simulations is kept at
363.15 K. Figure 4a shows the total uptake of the hydrocarbon

gases in the kerogen matrix. The uptake increases with
pressure. The maximum uptake of C3H8, n-C4H10 and n-C5H12
gases are 3.56 × 10−3 mmol/m2 at 37 atm, 2.95 × 10−3 mmol/
m2 at 12 atm, and 2.22 × 10−3 mmol/m2 at 4 atm, respectively.
The maximum hydrocarbon gas uptake decreases with
increasing molecular size. The total uptake at the same
pressure also decreases with molecular size. For example, at 4
atm, the uptake of C3H8, n-C4H10, and n-C5H12 gases is 3.03 ×
10−3 mmol/m2, 2.82 × 10−3 mmol/m2, and 2.22 × 10−3

mmol/m2, respectively. The trends of gas uptake are consistent
with those in our recent work.16 Figure 4b shows the uptake of
the hydrocarbons in gas and liquid states. When the pressure
exceeds the saturation pressure, there is an uptake jump. The
uptake of hydrocarbon liquids (4.82 × 10−3 mmol/m2 at 38
atm in liquid C3H8, 4.11 × 10−3 mmol/m2 at 13 atm in liquid
n-C4H10, and 3.33 × 10−3 mmol/m2 at 5 atm in liquid n-
C5H12) in the kerogen matrix is much higher than that of
hydrocarbon gases. For hydrocarbon liquids, increasing

Figure 3. Bulk density vs pressure: (a) propane, (b) normal butane, and (c) normal pentane. The blue dashed line denotes the phase change from
gas to liquid: T = 363.15 K.

Figure 4. Total uptake of hydrocarbons vs pressure in (a) gas and (b)
gas and liquid states in the flexible kerogen matrix: T = 363.15 K.
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molecular size lowers the uptake, which is the trend seen in
hydrocarbon gases.
The kerogen matrix swells from hydrocarbon sorption. As

Figure 5a shows, the kerogen matrix swells the most by C3H8

gas sorption with a maximum swelling of about 2.6% at 37 atm.
The second is n-C4H10 gas in which the kerogen matrix has a
maximum swelling of about 2.1% at 12 atm. The swelling
increases with pressure for the C3H8 and n-C4H10 gases. The
swelling by n-C5H12 gas is the lowest, which is about 0.25%
and has no obvious change with pressure. The kerogen matrix
swells more in smaller hydrocarbon gases. This is consistent
with the simulation results in ref 16. In Figure 5b, swelling of
the kerogen matrix in C3H8, n-C4H10, and n-C5H12 liquids
jumps to about 16.7, 13.2, and 8.5%, respectively. There is no
pronounced change with pressure in n-C4H10 and n-C5H12
liquids. The swelling in liquid C3H8 first increases with
pressure then stays nearly constant. The swelling of the
kerogen matrix decreases with the size increase of liquid
hydrocarbon molecules, which is consistent with experi-
ments.41 Figures 4b and 5b provide strong evidence that
Schroeder’s experimental observation holds true in the
kerogen−hydrocarbon system.
3.2. Displacement Fields of the Kerogen Matrix from

Sorption. Figures S5−S7 present one nailed carbon atom and
the displacement of a free carbon atom in the same kerogen
molecule. Figure S5a−c shows front views of the kerogen
matrix before and after sorption of C3H8 at 37.0 and 38.0 atm,
respectively. The initial kerogen matrix has a side length of
48.16 Å. After exposure to C3H8 gas at 37.0 atm and C3H8
liquid at 38.0 atm, the kerogen matrix side length increases to
48.58 and 50.70 Å, respectively. The kerogen matrix swells by
2.6% at 37.0 atm and 16.7% at 38.0 atm. The swelling jump
from gas to liquid is shown in Figure 5b. One kerogen
molecule in the kerogen matrix is highlighted in Figure S5a−c.
The nailed carbon atom and the tracked free carbon atom in
the same kerogen molecule are marked as black and cyan
spheres, respectively. Figure S5d−f is the magnified views of
the nailed atom in the highlighted polyaromatic cluster of the
kerogen matrix in Figure S5a−c. The nailed carbon atom is
frozen at (69.6 Å, 65.9 Å, 78.5 Å). Figure S5g−i shows the
magnified view of the tracked free atom in the hexatomic ring
of the kerogen matrix in Figure S5a−c. The initial coordinate
of the tracked free atom is (60.9 Å, 93.8 Å, 90.2 Å). From
C3H8 sorption the tracked free atom moves to (62.2 Å, 92.0 Å,
89.4 Å) and (60.4 Å, 94.6 Å, 92.9 Å) at 37.0 and 38.0 atm,
respectively. Similarly, Figures S6 and S7 provide a clear
picture of movement of the free carbon atom from sorption of

the other two hydrocarbons, i.e., n-C4H10 and n-C5H12
molecules, in the kerogen matrix.
In Figures S8−S10, we present full displacement fields of

atoms in the kerogen molecules and magnified views of one
nailed carbon atom and one tracked free atom before and after
sorption of C3H8, n-C4H10, and n-C5H12 in gas and liquid
states, respectively. Figure S8a,b show the full displacement
fields of the kerogen matrix from C3H8 gas sorption at 37.0
atm and C3H8 liquid sorption at 38.0 atm, respectively. The
red sticks represent the kerogen matrix before sorption; the
green and blue sticks are kerogen matrices after sorption of
C3H8 in gas and liquid states, respectively. By comparing
Figure S8a and Figure S8b, we clearly observe that the kerogen
matrix in C3H8 liquid deforms and swells more than that in
C3H8 gas. One of the nailed carbon atom and the displacement
of one tracked free atom are highlighted in Figure S8c−f.
Through the displacement fields, we find the nailed atom is
fixed while other atoms may move as kerogen deforms. Figures
S9 and S10 provide the full displacement fields of kerogen
matrix from sorption of n-C4H10 and n-C5H12. The nailed
atoms restrain kerogen swelling; as a consequence, macro-
scopic swelling may reduce with respect to a truly free swelling.
The effect of nailing a single atom in a kerogen molecule in
swelling may be small as Figures S8−S10 suggest. Additionally,
the limited nailed atoms may not affect the swelling trend and
therefore validation of Schroeder’s paradox is established.

3.3. Kerogen Matrix Structural Characterization.
Structural characteristics of the kerogen matrix including
porosity, pore surface area, and pore size distribution are
affected by sorption and swelling. Figure 6 presents the

Figure 5. Swelling vs pressure of the flexible kerogen matrix in (a) gas
and (b) gas and liquid states of the three hydrocarbons: T = 363.15 K

Figure 6. Front, side, and top views of the pore surface area of the
flexible kerogen matrix from C3H8 sorption at different pressures: T =
363.15 K. The jump in size and the changes of pore surface area are
pronounced from gas to liquid states.
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kerogen matrix pore surface area at various pressures from
sorption of C3H8. When C3H8 is in the gas state, most C3H8
molecules reside in the large pores, without changing the pore
structure significantly. The sorption of C3H8 gas molecules
expands the existing pores resulting in slight swelling of the
kerogen matrix. As pressure increases and the hydrocarbon
changes from gas to liquid state, new small pores are created,
which are accompanied by pronounced changes in the pore
surface area (Figure 6c). We interpret that some of C3H8
molecules dissolve in the kerogen matrix. In Figure 6c (38.0
atm) and Figure 6d (60.0 atm) where C3H8 is in the liquid
state, in addition to the expansion of large pores, new pores
and throats are created, which results in the dissolution of
C3H8 molecules in the matrix. Pore surface areas of kerogen
matrix from n-C4H10 and n-C5H12 sorption are, respectively,
shown in Figures S11 and S12, where changes are similar to
C3H8 sorption.
Figure 7 shows the change of the pore surface area (Sa) of

the kerogen matrix with pressure from sorption of the three

hydrocarbons. The initial kerogen matrix in Figure 2c has a
pore surface area of about 382 m2/g. Figure 7a shows Sa
increases from sorption in the C3H8, n-C4H10, and n-C5H12
gases to about 488, 465, and 425 m2/g, respectively. In Figure
7b, all three liquid hydrocarbons show a significant Sa increase.
Sorption of C3H8, n-C4H10, and n-C5H12 liquids results in high
increases of the pore surface area to about 1037, 780, and 631
m2/g, respectively. Figure 8 portrays the kerogen matrix
porosity (Φ) versus pressure from sorption. The porosity of
the initial kerogen matrix in Figure 2c is about 13%. Sorption
of C3H8, n-C4H10, and n-C5H12 gases increases the porosity to
about 16.5, 15.9, and 14.7%, respectively. Sorption of C3H8, n-

C4H10, and n-C5H12 liquids increases the porosity to about 27,
24, and 21%, respectively. Both changes of Sa and Φ from
hydrocarbon sorption have similar trends to swelling changes.
Smaller hydrocarbon molecules lead to a higher swelling, pore
surface area, and porosity of the kerogen matrix for both
hydrocarbon gases and liquids. For the same hydrocarbon, the
liquid state can induce a much higher swelling, pore surface
area, and porosity of the kerogen matrix than the gas state.
Based on Figure 6 and Figures S11 and S12, we may conclude
that hydrocarbons in the gas state lead to moderate kerogen
matrix swelling from expansion of large pores; liquid
hydrocarbons swell the kerogen matrix significantly not only
by expanding the large pores but also by creating new pores
and throats, which is accompanied with dissolution of
hydrocarbons in the kerogen matrix. This results in the jump
of the pore surface area (Figure 7b) and the porosity (Figure
8b). Figures S13−S15 show the distributions of the three
hydrocarbon molecules in the kerogen matrix from sorption at
different pressures.
The pore size distribution (PSD) of the kerogen matrix in

hydrocarbon liquids and gases will provide a clear evidence of
the changes in the kerogen matrix. In Figure 9, the left column
portrays the PSD from sorption in hydrocarbon gases, and the
right column shows the PSD from sorption in hydrocarbon
gases and liquids. In C3H8 gas (Figure 9a) and n-C4H10 gas
(Figure 9c), most of the change in the PSD from sorption is

Figure 7. Pore surface area vs pressure in the flexible kerogen matrix
in (a) gas and (b) gas and liquid states for the three hydrocarbons: T
= 363.15 K.

Figure 8. Porosity vs pressure in the flexible kerogen matrix in (a) gas
and (b) gas and liquid states for the three hydrocarbons: T = 363.15
K.

Figure 9. Pore size distribution of the flexible kerogen matrix in (a, b)
propane, (c, d) normal butane, and (e, f) normal pentane. The left
column shows PSD in the gas state, and the right column presents
PSD in gas and liquid states.
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from the expansion of large pores. The PSD does not change
appreciably from the sorption of n-C5H12 gas (Figure 9e),
which is consistent with the small changes in the pore surface
area (Figure 7a) and porosity (Figure 8a). In liquid
hydrocarbons (Figure 9b,d,f), not only do the large pores
expand but new small pores and throats are also created
leading to hydrocarbon dissolution in the kerogen matrix
(Figure 6c,d and Figures S11c,d and S12c,d). Figure 10a shows

changes in PSD from sorption in the three hydrocarbon gases
at the same pressure. A hydrocarbon gas with a smaller
molecular size can make the large pores expand more, leading
to higher swelling. Figure 10b compares the PSD of kerogen
matrix from sorption in different hydrocarbon liquids. In
addition to making the large pores expand significantly, smaller
liquid hydrocarbons also create more small pores and throats
leading to a more pronounced swelling.

4. CONCLUSIONS
A flexible kerogen matrix with large pores is created through an
annealing procedure in molecular dynamics simulations. A
dummy particle and nailed atoms are used to create and to
prevent collapse of large pores, respectively. The swelling of
the created kerogen matrix induced by sorption of C3H8, n-
C4H10, and n-C5H12 in both gas and liquid states is investigated
using the hybrid molecular dynamics-grand canonical Monte
Carlo simulations. The changes in structural characteristics of
the kerogen matrix from sorption of the three hydrocarbons
are analyzed.
The main conclusions drawn from this work are as follows:

(i) Sorption of C3H8, n-C4H10, and n-C5H12 in gas and
liquid states leads to very different kerogen matrix
swelling.

(ii) Smaller hydrocarbon molecules can induce higher
swelling and more pronounced structural changes of
the kerogen matrix in both gas and liquid states of
hydrocarbons.

(iii) Sorption of hydrocarbon liquids in kerogen matrix
results in much higher swelling than that of hydrocarbon
gases for the same hydrocarbons at the same chemical
potential. This finding is in agreement with Schroeder’s
experimental observation.

(iv) Sorption of hydrocarbons in both gas and liquid states
results in the kerogen matrix structural deformation. The
pore surface area, porosity, and pore size distribution of
the kerogen matrix are altered more significantly in
hydrocarbon liquids than those in hydrocarbon gases.

(v) Sorption of hydrocarbon gases mainly leads to the
expansion of large pores. The large pore expansion then
results in the kerogen matrix swelling. Sorption of
hydrocarbon liquids leads to the expansion of large pores
as well as the creation of new small pores and throats.
The process allows more hydrocarbon molecules to
dissolve in the kerogen matrix, thus increasing the pore
surface area, the porosity, and the swelling more
significantly.

We point out that capillary condensation has been neglected
in our simulations. One may expect phase transition with
consideration of capillary condensation and vaporization.
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