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Impact of Kerogen’s Flexibility Effects

J. Collell et al., J. Phys. Chem. C, 2015

Macromolecular stacking Liquid quench MD

Falk et al., Nat. Comm., 2014

Linear alkanes
CH4 to C12H26

V = const with fluid 
loading

Fluid transport is 
purely diffusive and 
quantified by self-
diffusion

Transport properties 
decrease with 
adsorbed fluid 
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RIGID KEROGEN FLEXIBLE KEROGEN

V increases with 
fluid loading

Fluid transport is 
purely diffusive but 
is it quantified by 
self-diffusion?

Transport properties 
increase with 
adsorbed fluid 

notice that the free volume ratio increases linearly with loading
according to

φ φ β= +w w( )f 0 (1)

where φ0 is the porosity of the empty (unswollen) matrix and
β is a parameter that quantifies the increase of free volume
upon adsorption. From linear fits, we have φ0 = 8.0, 6.1, 4.4 ×
10−2 and β = 14.4, 12.9, 8.38 × 10−4 g/mg for conditions 400
K/0.1 MPa, 400 K/25 MPa, and 300 K/25 MPa, respectively.
Self-diffusion coefficients of methane are computed from

MD simulation in the NVT ensemble performed with an in-
house developed code. As in ref 41, the AIREBO potential49 is
used to describe all the interactions (kerogen and all-atom
methane molecules). AIREBO was chosen because of its
accurate predictions of the elastic properties of graphite50 and,
upon slight reparameterization of the Lennard-Jones part, the
equation of states of alkanes.41 These features are required to
obtain realistic mechanical properties and accurate estimations
of the system density that are crucial to the investigation of
solid−fluid poromechanical couplings. Temperature is fixed
using a three-member Nose−́Hoover chain method as
implemented using the reversible scheme of Martyna et al.51

A timestep of 0.25 fs is used, and periodic boundary conditions
are applied in all directions. Simulations are run for systems
equilibrated in ref 41 for various loadings under geological
conditions (400 K, 25 MPa) and at slightly lower T (300 K) or
P (0.1 MPa) to investigate the influence of these
thermodynamic parameters. The constant volumes imposed
during the NVT runs where diffusion is investigated
correspond to the values averaged during the NPT
equilibration runs of ref 41. Only a few hundreds of
picoseconds are needed to reach the linear regime for the
evolution of the average mean square displacement of the fluid
molecules with respect to time. The diffusion coefficients are
fitted in this linear regime (⟨r2⟩ ∝ Dt) up to 2 ns from 2.3 ns
long runs.

■ RESULTS
The diffusion coefficients for the three sets of (P,T) conditions
and the various investigated loadings are shown in Figure 3.
We note that some error bars at low loadings can be relatively
important because of poorer statistics and higher confinement.
To verify the convergence of the reported results, the
simulations at 400 K, 25 MPa, and 12 mg/g were extended

up to 20 ns. The obtained diffusion coefficient, 8.92 ± 0.49 ×
10−9 m2/s, falls well within the error bars reported in Figure 3
on the basis of the 2.3 ns long simulations. As a consequence of
the increase of porosity, free volume, and connectivity of the
pore space associated to fluid loading, the self-diffusion
coefficient of methane within a flexible kerogen matrix
increases (see Figure 3) with increasing loading, which is the
exact opposite of the well-accepted behavior obtained when
performing the simulations in the rigid matrix approximation
(i.e., where larger fluid concentrations imply lower diffusivities
because of the lack of free volume to diffuse34−37). The
increase of the diffusion coefficient with the fluid concentration
can be captured by a free volume theory (eq 3) developed by
Fujita and Kishimoto for swelling polymers,52−57 a prototypal
example of semiflexible material. Within this model the self-
diffusion coefficient is expressed as
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where the prefactor kBT/ξ0 corresponds to the diffusion
coefficient at infinite dilution with ξ0 the friction coefficient
quantifying the average friction force experienced by an
isolated methane molecule. The effect of the fluid concen-
tration is taken into account by the exponential term that
represents the average probability for a molecule to find a
nearby cavity (free volume) into which it can diffuse. The
coefficient α that controls the exponential increase accounts for
the ability of the free volume to improve the connectivity of
the pore space. Inserting eq 1 into eq 2 leads to
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Fitting this expression to the numerical results (Figures 3
and 4, solid lines) accounting for both the swelling and the
internal matricial motions for different conditions, 400 K/0.1
MPa, 400 K/25 MPa, and 300 K/25 MPa gives α = 0.284,
0.270, and 0.134 and ξ0 = 7.82, 21.9 and 21.6 pN s m−1,
respectively. We note that data obtained at the same
temperature (400 K) show similar values of α, whereas those
obtained at the same pressure (25 MPa) show similar ξ0,
however, such a possible correlation requires more data to be
validated.

■ DISCUSSION
So far, we have shown that accounting for matrix flexibility
results in a significant increase in diffusivity when increasing
fluid loading. From a microscopic perspective, matrix flexibility
effects can have two relatively independent origins: (i) a
volume change (or swelling), and hence porosity increase,
accompanying a change in fluid concentration and (ii) some
internal motions at fixed volume, including phonons and
nonperiodic deformations that lead to pore size/shape
fluctuations and may assist or hinder diffusion. To disentangle
the effects of swelling and matrix internal motions on the
transport properties, we carried out a second series of
simulations at 400 K and 25 MPa in which swelling was
accounted for, as in Figure 3, but where the matrix atoms were
frozen, as in the usual rigid approximation. The two sets of
data are compared in Figure 4A.
As can be seen, when only swelling is considered, the same

qualitative behavior, namely, that D increases with increasing w

Figure 3. Self-diffusion coefficient of methane (semi-log plot) as a
function of loading w for three (T,P) couples. Error bars (95%
confidence intervals) are computed from five independent runs. Solid
lines are the results of best-fit procedures using eq 3.
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Simulated Systems and Methodology

𝓌CH4 {12.2, 27.4, 42.6, 
57.8, 73.0, 82.4 mg/g}

AIREBO potential

V is equilibrated for each 
NCH4 /T-P

T {300, 400, 500 K}
P {0.1, 25, 100 MPa}

~ 6 × 6 × 6 nm3

Prototype of type II kerogen (H/C = 1.1)*

NPT MD

Flexible 
Kerogen + CH4

CH4→CO2
replacement

NPT MD

Flexible 
Kerogen + CO2

𝓌CO2 {33.4, 75.2, 116.9, 158.7, 
200.5, 226.4 mg/g}

AIREBO and EPM’s potential

V is equilibrated 
for each NCO2 /T-P

T {300, 400 K}
P {0.1, 25, 100 MPa}

Adsorbed CH4 Adsorbed CO2

*A. Obliger et al., J. Phys. Chem. B, 2019 
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Ø Maximum swelling value at the typical geological 
condition is about 20% for kerogen with adsorbed CH4

Methodology
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Is Fluid Transport purely Diffusive even considering 
a Flexible Kerogen Matrix?
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Ø Fluid transport in the flexible kerogen model is purely diffusive and does not 
exhibit collective effects, Ds can be used to study transport properties 5



On the Quantification 
of Transport Properties 

in Flexible Kerogen
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Are CO2/CH4 + Kerogen Isotropic Models?

CH4 and CO2 self-diffusion coefficients 
along x, y, z at 400 K, 0.1 MPa

Ø Even at ~6×6×6 nm3 size the molecular 
model is still not fully isotropic

~ 6 × 6 × 6 nm3

Prototype of type II kerogen (H/C = 1.1)
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Ø Since the trends of the diffusivity along 3 directions with respect to 𝓌 are similar, 
the dependence of Ds  on the fluid loading is not affected by the local anisotropy

Are CO2/CH4 + Kerogen Isotropic Models?

Anisotropic factor defined as Dy/Dxz as function of the fluid loading for 25 MPa
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Adsorption Induced Transport Coefficient Increase
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Modelling Diffusion Coefficients 
in Flexible Kerogen
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Free Volume Model

Free volume

porosity of the empty matrix 

parameter of the free volume increase 

'(w) = '0 + �w

1

Fujita − Kishimoto

free volume theory 

friction coefficient 

free volume parameter 
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exp
h
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i
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The Fujita − Kishimoto free volume theory captures fluid diffusion through the volume accessible 

to fluid molecules in polymers. The theory applies in this work to the kerogen matrices swellable 

due to the fluid adsorption by the two-step fitting tecnique

1st STEP

fitting the accessible free volume ratio φ
function to obtain the accessible free 

volume of the empty matrix φ0 and the 

parameter of the free volume increase β

2nd STEP

fitting the self-diffusion coefficient 

data to obtain the friction coefficient ξ0

and the free volume parameter α



1st Step Fitting. Accessible Free Volume Ratio

Ø Adsorption induced swelling depends more on thermal expansion than on compression
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2st Step Fitting. Free Volume Model
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Ø The free volume parameter 𝒂

depends weakly on the 

temperature at low and 

moderate pressure for 

swellable kerogen matrices
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2st Step Fitting. Free Volume Model
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CO2 & CH4 Diffusion in Kerogen

0.35

0.4

0.45

0.5

0 10 20 30 40 50 60 70
Ï

w (1093 Nfl
C/Nker

C )

kerogen+CO2
kerogen+CH4

0.35

0.4

0.45

0.5

0 10 20 30 40 50 60 700

1

2

3

4

5

0 10 20 30 40 50 60 70

D
s

(1
0!9

m
2
/s

)

w (10! 3 Nß
C/ Nker

C )

kerogen+CO2
kerogen+CH4

0

1

2

3

4

5

0 10 20 30 40 50 60 70

400 K, 25 MPa 400 K, 25 MPa

0.35

0.4

0.45

0.5

0 10 20 30 40 50 60 70

!

w (10! 3 Nß
C/ Nker

C )

kerogen+CO2
kerogen+CH4

0.35

0.4

0.45

0.5

0 10 20 30 40 50 60 700

1

2

3

4

5

6

7

0 10 20 30 40 50 60 70

D
s

(1
0!9

m
2
/s

)

w (10! 3 Nß
C/ Nker

C )

kerogen+CO2
kerogen+CH4

0

1

2

3

4

5

6

7

0 10 20 30 40 50 60 70

400 K, 0.1 MPa 400 K, 0.1 MPaØ CO2 shows 
pronounced 
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Ø Reduced CO2
diffusion rate 

with fluid 
loading is due 
to the strong 
interaction of 

CO2 with 
kerogen atoms
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Free volume fitting the CH4 and CO2 diffusion data Evolution of the free volume 



Conclusion 

! The anisotropic fluid transport properties were observed within the cubic 

kerogen model (~ 6 ! 6 ! 6 nm3), however the trends of the diffusivity along x, 
y and z are similar. Thus, our kerogen model can be considered as 

approximately isotropic

! The self-diffusion coefficient Ds can be used to study fluid transport properties 

in flexible kerogen

! Ds increases with the CO2 /CH4 loading at all investigated p-T conditions

! The free volume scaling captures well fluid transport behavior

! Within microporous kerogen, CO2 diffuses less than CH4 at 400 K, 25 MPa and 
400 K, 0.1 MPa when the fluid loading is relatively high ( > 75.2 mg/g) due to 

the strong energetic density of CO2, reinforcing fluid-solid couplings
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Ø Kerogen models are 

slightly contracting at 

low adsorbed CO!"

amount due to the 

predominated solid-

fluid attraction

Ø The increase of the 

kerogen volume at the 

typical geological 

condition reaches 

~16% for the highest 

loading which is lower 

than with adsorbed CH#
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CO2 Adsorption Induced Swelling

Evolution of swelling with the CO2 loading at 0.1 (right) and 25 (left) MPa
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Evolution of swelling with the CH4 loading at 0.1 (right) and 25 (left) MPa
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