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3 Introduction

1.1 | Scope

1.1.1 | Organic Source Rocks Study

In the geological context, organic source rocks or their insoluble part, kerogen, which
occupies the majority of the whole diversity of organic matter (OM), is of great interest and
value in the industry because of the �uids adsorbed or potentially able to be adsorbed in it.
Despite the ability to expel and migrate to reservoir rocks, large amounts of hydrocarbons
remain trapped in organic pockets of ultra-low porosity in what is named shale. Thus, due
to its strong adsorption potential, kerogen is important for two global challenges. Firstly,
shale represents one of the Earth’s largest reservoir of crude oil and gas reserves [10, 11],
and kerogen knowledge is crucial for their exploitation. Second, because of its characteristic
microscale porous phase (pore size less than 2 nm), kerogen could potentially be used for
the sequestration of �uids of interest, such as carbon dioxide and hydrogen, to reduce the
e�ects of climate change. One of the key processes controlling the success of �uid extraction
or storage in shale is �uid transport in kerogen. In contrast to a bulk �uid, when con�ned
in a microscale porous matrix, as in kerogen, �uids move more chaotically, preventing
the development of long-range hydrodynamic modes and ensuring the di�usive nature of
its transport properties. Moreover, transport, being highly a�ected by solid dynamics is
accompanied by phenomena, such as poromechanics and adsorption e�ects which are still
poorly understood despite recent progresses made at the molecular scale [2, 5–7].

As a starting point in the study of kerogen, a generally accepted classi�cation was
proposed by Dirk Willem Van Krevelen [12] distinguishing organic matter by its chemical
composition, that is the atomic H/C and O/C ratios [13], and according to the depositional
origin. The maturation of the organic matter, which produces both the kerogen and the
hydrocarbons over millions of years timescale, occurs during the sedimentation process of
the rocks hosting the organic matter. The corresponding diagram identifying four kerogen
types is displayed in �gure 1.1.1. The type I kerogen usually belongs to lacustrine origin,
the type II to marine origin, the type III to terrestrial origin, and the type IV to residual
origin. The kerogen is also classi�ed according to its maturation stage, globally going from
the top-right to the bottom-left parts of the diagram. The maturation process follows three
main stages: diagenesis, catagenesis and metagenesis. The former is characterized by high
H content, resulting in structures with often prevailing short aliphatic chains, and is mainly
inherent of kerogen type I. At this stage, kerogen begins to generate oil, i.e. it is the beginning
of the oil window. Kerogen at the stage of catagenesis is in the most e�ective state for the
formation of oil, with a predominant amount of C. At the end of this stage, gas formation
becomes more intensive: the oil window turns into the gas window (kerogen types II and
III). Kerogen in the last maturation stage, called metagenesis, (types III and IV kerogen)
produces only gas, being in the gas window and consisting mostly of C, which leads to a
structure with often aromatic rings giving rigidity to the matrix.
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Figure 1.1 | Van Krevelen diagram indicating the kerogen maturation within a
two-dimensional O/C – H/C map and taken from [1]. The red dashed isolines correspond

to the vitrinite re�ectance that is used by experimentalists to quantify the maturity.
The atomistic models of kerogen of immature type I (brown cross) and mature type III

(green cross) used in my work are indicated.

The high variety of kerogens resulting from the di�erent origins and maturation stages
induces a high complexity in accounting for their various physico-chemical properties, such
as chemical composition (also accounting for N and S elements), ultra-low porosity, internal
�exibility and structural heterogeneity. All these should be accounted for in transport
and adsorption investigations. However, such studies have frequently overlooked some
important characteristics of shales as the amorphous nature and �exibility of their organic
part [14, 15]. Being coupled to empirical or semi-empirical analytical models, experimental
results on di�usion [16, 17] and adsorption [18, 19] have been based on oversimpli�ed
assumptions – surface di�usion, etc. Overall, only a small number of papers have been
devoted to adsorption experiments on kerogen isolated from shale [20–22], where the de-
scription of the solution behaviour has been proved to deviate from the regular solution
theory. Similarly, only a few studies have reported di�usive transport in kerogen based on
experiments measuring, for instance, �uid concentration [23, 24]. It is noteworthy that
methods based on nuclear magnetic resonance phenomena have been widely used in labora-
tory measurements of adsorption properties of organic matter and �uid di�usivities [25–28].
Due to the time-consuming and costly laboratory experiments, more attention has been
paid to simpler structures, coals, for which the free porous volume was mainly estimated by
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solvent or gravimetric swelling [29, 30] and adsorption and di�usion have been investigated
using volumetric method [31–33].

Togetherwith the high complexity of in situ transport analysis in shales and the extraction
of kerogen samples without destroying the kerogen structure and composition [34], all this
has led to the development of Molecular Dynamics (MD) tools to complement these not
numerous experimental studies. As such MD tools have extensively been used to study
transport properties of �uids in various porous media, MD simulations have begun to be
used along with experiments, and then as an advanced technique for studying such ultra-low
permeability porous materials. Atomistic kerogen models, in turn, have led to numerous
pioneering works, some of them covered in review [35] and discussed below, which have
advanced the understanding of transport phenomena in kerogen.

1.1.2 | Brief Review of Kerogen Atomistic Models

Numerical study of transport properties in kerogen has become a great challenge of
the past decade. The inherent structural organisation of kerogen, being a key factor in
determining the mechanisms of the �uid dynamics, has been simulated from di�erent
points of view. Various atomistic model of kerogen matrices have been recently proposed,
either by representing it by focusing on the disorder of the micro porous network [6,36], the
chemical diversity [4], the structure [3], the mechanics [2], or the degradation process [37].
Some of those models are shown in �gure 1.2.

Figure 1.2 | Snapshots of di�erent atomistic micro structures of kerogen found in the
literature. The kerogen models with (a) C (blue) and H (white) [2], (b) C (black), H (white)
and O (red) [3],(c) C (black), H (white) and O (red), S (yellow) and N (purple) [4]. They are

built using (a) a liquid quench MD simulation, (b) hybrid reverse Monte Carlo
reconstruction method, and (c) by annealing and cooling MD simulations containing

several identical molecules accurately reproducing the kerogen chemistry.

The representative size of the kerogen matrix has been varied from 584 [38] and 680 [39]
total atoms to 19574 atoms [2], usingmultiple techniques for generating the organic structure.
One widely used method has been the construction of molecular models of kerogen by
transferring experimental results from nuclear magnetic resonance spectroscopy, X-ray
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photoelectron spectroscopy, thermal and elemental analyses, etc. as input data for molecular
simulations [39–43]. Another method has been based on the imitation of porous disordered
organic structures through the introduction of dummy particles of di�erent sizes [4, 44, 45].
In order to build reticulated kerogen models, quenching simulations have been used with
a reactive force �eld, �rst melting a liquid system at a very high temperature (6000 K)
followed by a cooling at a typical reservoir temperature (∼400 K) [2]. A technique relying
on experimentally obtained kerogen characterization, and using a reconstruction method
based on the Hybrid Reverse Monte Carlo (HRMC) method to get close to real kerogen
structures and textures, also using a reactive force �eld, has been applied in [3]. Even
attempts to simulate the geological evolution of kerogen precursors (lignin and cellulose)
have been successfully accomplished with Replica Exchange MD (REMD), manipulating
multiple copies of the system at di�erent temperatures to accelerate the natural pyrolysis of
the precursors [37, 46, 47].

Despite the di�erent representations and applied construction methods, mostly all
models of shales’ organic matter have structural/mechanical/compositional properties
close to those of experimentally extracted kerogen samples [48, 49]. The well-modeled
characteristic properties allows studying by MD the transport of the �uids adsorbed in
kerogen.

1.1.3 | Molecular Simulations of Transport in Kerogen

The multi-scales porosity of the organic part of a gas and oil reservoir implies di�er-
ent approaches to �uid transport, taking into account the modulated importance of the
solid/�uid interactions. In the macroscale porosity (pore size above 50 nm), �uids are very
close to their bulk state. In this case, both the �uid and the solid constitute distinct phases
described by their bulk properties. Thus, the phenomenological Darcy’s law relating the
pressure gradient ∇P applied to the �uid and its resulting �ow velocity v at steady-state as

v = −k�∇P (1.1)

where � is the bulk �uid viscosity and k is the intrinsic solid permeability, is valid.
Within the mesoscale porosity (pore size below 50 nm and above 2 nm), �uid molecules

may adsorb on the pore walls, which involves additional parameters in the poromechanical
relation, such as surface stress and speci�c pore area. Meanwhile, the classical Darcy
description has proved to be invalid for describing transport in kerogen despite attempts
to extend this classical transport equation with additional parameters, and transport in
mesoscale pores has been determined to be of little signi�cance compared to that at lower
scales for kerogen [50].

For kerogen microscale porosity (pore size less than 2 nanometers), which controls the
adsorption and transport properties, the known relationships for the solid-�uid porome-
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chanical coupling and the transport a�ected by this coupling, were found to be untenable, as
strong adsorption/surface e�ects appears. Most of the numerical works have been devoted
to the study of adsorption properties [3, 4, 15, 51–56]. The following insights have been
established: the linear dependence of adsorption capacity on maturation level and type
of kerogen and its ability to adsorb �uids [3, 55, 57], the inverse dependence of adsorbed
�uid amount to the chain length of hydrocarbons at high applied pressure inducing porosity
decrease which is valid for hydrocarbons’mixtures as well [4, 53], and the strong impact of
thermodynamic conditions on gas adsorption [58]. Furthermore, wettability e�ects may
also be involved and has been accounted for in MD simulations incorporating water into
the kerogen model, which resulted in stronger adsorption e�ects than for carbon dioxide
and methane [59–63].

In contrast toMD studies of adsorption in themicroscale porosity, transport has only been
scarcely studied. Botan and colleagues were among the �rst to point out the inapplicability
of conventional laws to describe the �ows found to be non-continuum in a disordered and
microscale porous carbonmodel close to a kerogenmicrostructure [36]. Fluid transport have
been determined to be di�usive from MD simulations of kerogen [14,64, 65] and previously
for simple microscale porous materials (1D, 2D models) [66, 67]. A�ected by signi�cant
�uid adsorption and interfacial e�ects, the investigation of transport mechanisms requires
consideration of the in�uence of all occurring phenomena.

Collell and co-workers have contributed to the study of single and multicomponent
di�usion in a self-built molecular model of organic matter [4, 5, 68]. They revealed the
impact of �uid loading and chemical content on the di�usivity and proposed a transport
model for simple hydrocarbons’ mixtures. The impact of kerogen maturity and another
physico-mechanical properties as well as di�erent conditions on �uid di�usion has been
extensively investigated [6,50]. Obliger et al. have carried out a series of works [2, 14,64]
to study various aspects of �uid transport at the microscale. The decrease in transport
with increasing amounts of �uid has been well captured by a free volume theory with
linear alkanes (up to dodecane) for pure �uids [6], mixtures [14], and within a collection of
di�erent kerogen models [64].

The choice of �uid and applied thermodynamic conditions have also been raised. The
majority of adsorption and transport studies have been carried out for methane, longer-
chain HCs, carbon dioxide and their mixtures under typical geological conditions and
near [17, 69–73] due to the particular interest in carbon dioxide to enhance gas/oil recovery
and for the purpose of its sequestration. For carbon dioxide adsorbed in kerogen, stronger
solid-�uid coupling caused by its greater adsorption capacity than for methane has been
determined, which is favorable for hydrocarbon recovery from shale as well as for carbon
dioxide storage.

Notably, the majority of the above mentioned numerical studies have often been per-
formed within the rigid kerogen approximation implying immobility of solid’s atoms during
the simulations. However, despite the di�erences in terms of the origin and maturity be-
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tween kerogen types, the inherent �exibility is present to certain extent in each kerogen
sample. Total or partial freezing of solid’s atoms in the majority of works on swellable
kerogen models [2,5, 6, 14,44,45,63,64] prevents natural volume deformations/�uctuations
notwithstanding the important solid-�uid interactions. Thus, this has led to the highly
limited movements of �uid molecules during their adsorption due to the invariance of the
free volume which has resulted in decreasing transport trends with �uid amount (�gure
1.3).

Transport and �uid dynamics in general depend on the mechanical constraints applied
on the solid/�uid system as well as the mechanical response of the solid, that can be in�u-
enced by the adsorption of �uid when poroelastic couplings are important. For a macroscale
porous media, the poroelastic solid/�uid coupling is described through the Biot constitutive
law � = K� − bp relating the con�ning stress �, bulk modulus K, volumetric strain of the
system �, Biot coe�cient b and �uid pore pressure p. Within the mesoscale porosity, �uid/-
solid interactions cannot be fully neglected anymore, which involves additional parameters
in the poromechanical relation, such as surface stress and speci�c pore area. Then, in the
microscale porosity, such interactions predominate and a mechanics framework integrating
thermodynamics becomes necessary as illustrated in [2, 74, 75]. Attempts to quantitatively
describe the coupled behavior of porous solid and �uid have beenmade in the case of regular
pore geometries by introducing the disjoining pressure [76–80].

Figure 1.3 | (a) Rescaled di�usivity [5] and (b) permeance [6] of di�erent hydrocarbons and
their mixtures as functions of �uid loading within rigidi�ed kerogen models.

Within low-permeability gas/oil deposits �uid adsorption/desorption leads to the vol-
ume expansion or contraction due to the strong interplay between the solid and the �uid.
These e�ects are more pronounced in immature kerogens and, to a lesser extent, in mature
ones. As opposed to the use of the popular rigid approximation, Obliger et al. found that
the volumetric strain induced by adsorption in immature and overmature kerogen models
during adsorption were important for the immature one and negligible in the overmature
one [2]. Thus, neglecting the matrix internal deformations is a rather crude approximation
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maybe even considering mature kerogens that can exhibit adsorption-induced swelling.
Carbon dioxide has been found to swell in kerogen more than methane and other hydro-
carbons [70]. Several works have been done for argon and nitrogen adsorption at low
temperature conditions to properly capture the poroelastic behavior of the solid matrix
during �uid adsorption [77, 81, 82]. Based on the previous MD simulations of kerogen, the
impact of �exibility e�ects on solid-�uid couplings has been poorly investigated. Kerogen
atomistic representations accounting for adsorption-induced swelling e�ects on �uid trans-
port have been introduced only recently [7]. It has been shown that adsorption-induced
swelling has an important role on the dynamics of an adsorbed �uid in a �exible kerogen
matrix. The previously established trend of decreasing transport properties with the amount
of adsorbed �uid has been revised in this case where signi�cant swelling arises due to �uid
adsorption. On the contrary to rigid, or rigidi�ed, matrices, �uid adsorption assists the
�uid �ux in deformable kerogens (�gure 1.4). We refer the interested reader to a recent
comprehensive review [83] summarizing previous contributions and recent insights into
gas �ow processes in shales — adsorption and di�usion.

Figure 1.4 | (a) Snapshot of the �exible kerogen matrix extracted from [7] and (b) the
increasing trend of the di�usivity with �uid loading due to the adsorption-induced swelling.

Based on the above studies, as a step towards developing a general theory of transport in
microscale porous kerogen, it appears to be important to thoroughly study the impact of
�uid adsorption-induced swelling, and poromechanical properties of kerogen on microscale
transport, which has been not su�ciently reported for a comprehensive understanding of
the di�usion mechanism within a deformable host organic matter.

1.2 | Thesis Motivation
Wehave shown that transport inmicroscale porous kerogen has beenmostly investigated

within an approximation of rigid kerogen. Indeed, the �exibility of the matrix resulting in
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adsorption-induced swelling has often been neglected in the transport properties studies.
Only recently has the importance of accounting for matrix deformations during adsorption
and �uid di�usion been clearly demonstrated for swellable nanoporous organic matter. In
that regard, a particular attention in this thesis is paid to the �exibility e�ects, i.e. the impact
of internal motions of matrix atoms on the propagation of the molecular �uid di�usion
based on the MD simulations. In order to study �exibility e�ects, we encompass a wide
range of oil and gas-bearing kerogens, considering two kerogen models: a type I immature
model in the middle of the oil window (H/C ∼ 1.5–0.7) with H/C= 1.1 and a mature lignin-
based Type III model at the end of the gas window (∼ 1.0–0.5) with H/C= 0.5, which are
indicated in the Van Krevelen diagram (�gure 1.1.1). For both kerogenmodels we provide an
extensive analysis of its pore-volume characteristics evolution with �uid adsorption. Within
the immature model we then verify for the �rst time if solid’s volumetric and internal
deformations are able to contribute to the cross-correlations between �uid molecules and
consequently to the change of the �uid transport nature by studying two �uids, methane
and carbon dioxide, at a wide range of thermodynamic conditions and from very long MD
runs counting tenth of nanoseconds. The poromechanical properties upon gas adsorption
are carefuly captured for a mature kerogen model by applying low temperature (243 K) and
large pressure range (∼ 5 × 10−3 to ∼ 220 MPa). For both kerogen models, we provide an
extensive analysis of the evolution of its pore-volume characteristics upon �uid adsorption.

Another important point that we emphasize is the choice of the representative box
size and the homogenization during the initial construction stage of molecular kerogen
models. It is well known that computational time and supercomputer power limit the study
of con�ned transport when building a realistic solid model. Consequently, this implies
important size e�ects for 3D molecular kerogen models, which together with the �exibility
of the kerogen model and its disordered network can cause anisotropy [15,65]. The latter
will lead to anisotropic transport properties, which is undesirable in transport analysis, even
if �uids within nanoscale pores of various materials often show transport anisotropy [84,85],
that should not be the case for highly amorphous materials such as kerogen. Thus, the
representativity of the kerogen model is discussed in this work.

Moreover, by replacing the methane molecules by carbon dioxide molecules in the
immature kerogen model allowed us to compare these models at the same molar loading
in the context of gas production and carbon dioxide sequestration. The analysis of local
microscale deformations is performed after the replacement of methane by carbon dioxide
in order to further comment on the e�ects of �exibility.

Flexibility e�ects play a crucial role in �uid transport trends, aswe have shown previously.
We have analyzed di�usion trends for immature kerogen under di�erent �uids, loading,
and di�erent applied temperatures and pressures. We observed that increases in transport
correlate strongly with increases in accessible free volume; we rationalized these trends for
methane and carbon dioxide using the free volume theory. From this free volume model,
we extracted coe�cients characterizing the coupling between solid and �uid and explained
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their evolution as a function of thermodynamic conditions for both �uids. Di�usion has
been examined in a mature model for three adsorption schemes, with the matrix allowed to
deform, at a �xed volume and total rigidity, in order to have a clear understanding of the
e�ect of �exibility on transport.

Finally, inspired by recent work on hydrodynamics prediction based on memory kernel
reconstruction, which incorporates delayed �uid response to environmental dynamics for
molecular bulk �uid [9], we have used a coarse-grained technique based on the generalized
Langevin equation employing two algorithms for the memory kernel reconstruction. We
study the impact of the important �exibility e�ects in the immature kerogen compared to
the rigidi�ed case and of the �uid adsorption on the dynamics of methane. Additionally,
an attempt has been made to reproduce the transport coe�cient from autocorrelation
functions of atomic velocity, force and noise (projected force related to the memory kernel),
introducing the perspective of building multi-scales simulations techniques to incorporate
the in�uence of the mesoscale pores at the next scale.

The purpose of all this is to contribute to the construction of a general theory of transport
in microscale porous organic matter through an emphasis on the e�ects of adsorption-
induced swelling and solid-state �exibility.

1.3 | Outline
The outline of this thesis is the following:

■ Chapter 2 �rst presents the general concepts of transport, and then the basics of
molecular dynamics simulations, the methods about kerogen model construction and
adsorption within, and the methods for calculating transport properties.

■ Chapter 3 is devoted to the study of �uid transport in kerogen involving immature and
mature kerogen, considering di�erent �uids, for a wide range of thermodynamic con-
ditions. To begin with, we show an analysis of the porous characteristics of immature
and mature models under adsorption-induced swelling. Then, the e�ect of immature
kerogen �exibility on the collective �uid e�ects for both �uids, methane and carbon
dioxide, is studied. Anisotropy is also discussed in this chapter. Finally, adsorption-
induced transport is studied for both kerogen models, immature and mature.

■ Chapter 4 shows the results of free volume theory-based transport modelling for
methane and carbon dioxide.

■ Chapter 5 introduces a coarse-grained technique based on the reconstruction of so-
called memory kernel that stores the memory of past �uid dynamics a�ected by solid
dynamics, and its application to studying �uid dynamics in the immature kerogen
model through memory e�ects for methane.
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■ Chapter 6 contains general conclusions and perspectives of the present work.
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2.1 | Introduction
The focus of this chapter is on a brief explanation of Molecular Dynamics (MD) simu-

lations in general and a description of the MD setups used in this thesis in particular. In
addition, the way the two kerogen models studied in this thesis have been built and dealt
with is described in the present chapter. Thus, the following sections are introduced in this
chapter:

■ The �rst section is devoted to the general transport theory in microscale pores. More-
over, the main idea of the transport modeling in kerogen is explained with the support
of basic equations.

■ The second section provides the fundamental principles of molecular dynamics simu-
lations.

■ Atomistic representations of kerogen models are introduced in the third section.
Rigidi�ed and poroelastic models and their impact on transport are compared.

■ The fourth section describes the used molecular models built to explore �exibility
e�ects and the numerical setups used to compute transport properties in �exible
kerogen.

2.2 | General Transport Theory in Microporous
Solids

Transport at scales characteristic of atomic interactions is of great interest not only in
geological applications such as greenhouse gas sequestration and hydrocarbons extraction,
but also in a tremendous number of industrial processes - gas separation, selective removal
of radioactive elements from nuclear waste, catalytic processes, etc. Causing phenomena
such as slippage, adsorption e�ects, friction, wettability, whose mechanism is not always
fully clear, the general principles accounting for con�nement induced solid-�uid couplings
need to be well-de�ned.

Scientists �rst began to consider a fundamental theory of the ultra-con�ned transport
in carbon structure since the late twentieth century, determining the non-viscous nature
of �uid �ow from experiments, [24] and mostly from molecular simulations [86,87] and
theoretical studies [88] owing to the di�culty of appropriate laboratory measurements. The
fundamental Darcy’s transport description has been successfully applied to �uids con�ned
down to a few nanometers through the use of phenomenological parameters independent of
each other to characterize a �uid (viscosity), a con�ning solid (permeability) and an environ-
ment (pressure gradient). Inspired by this applicability over a wide range of characteristic
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scales, from macro- to nano-scale, numerous works have been devoted to the modi�cation
of this law by involving correction factors to �t ultra-con�ned transport [89]. Alternatively,
Vanderlick T. and Davis H. proposed a microscopic description of the hydrodynamic �ow
equations based on the Enskog’s di�usion theory [88]. However, this approach is capable
of consistently describing transport only for a single-component gas and was inapplicable
to gas mixtures. Attempts to apply the continuum potential failed to correctly model the
coupling between �uid molecules and the solid wall [87]. Overall, from 1 nm and below,
continuum principles and their extensions proved unable to fully capture the �uid transport
mechanisms [53, 64] as the parameters of the Darcy’s �ow equation became sensitive to
each other. Indeed, at such scales the right driving force is the chemical potential gradient
which is not fully embodied in the pressure gradient used in the Darcy’s law. The most
recent �ndings have come from a model that accounts for adsorption e�ects [7]. By incor-
porating the solid-�uid couplings, it describes well the transport properties a�ected by the
solid’s poromechanics, its ability to swell upon �uid adsorption, and �exibility e�ects. This
model could yield a framework for a proper capture of �uid mechanics within a microscale
con�nement.

2.2.1 | Modelling the Fluid Transport

This section is devoted to the fundamentals ofmolecularmodeling of transport properties
at equilibrium with a focus on the di�usion coe�cient computation. The �uid particles
positions used in the calculation algorithm stand in the reference frame of the solid and
thus do not depend on a molecular model.

Transport Model Equations

I �rst recall here the usual Darcy’s law that relates the steady-state velocity v of a �uid
con�ned in a porous media as a response to an applied pressure gradient ∇P:

v = −k�∇P . (2.1)

This law is valid within the linear response regime where the pressure gradient that trigger
the �ow is su�ciently small to stay in the Stokes regime. Darcy’s law makes use of two
speci�c quantities to characterize such linear response, the bulk �uid viscosity � that
depends only on the �uid nature, and the intrinsic permeability k that only depends on the
geometry of the pore space. This phenomenological law has also bene�ted from a theoretical
derivation [90] starting from hydrodynamics and describing the local behaviour of a �uid
and using the volume averaging theory to upscale transport at the scale of the homogenized
porous sample. This suggests that in the case of con�ned �uidswhere solid-�uid interactions
cannot be neglected on the �uids properties, thermodynamic and dynamical, such law will
breakdown as hydrodynamics fails to account for the discrete — molecular — nature of the
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�uid and the solid impacting the dynamic behaviour of the �uid. This was clearly evidenced
by Falk et al. [6] in the speci�c case of transport of linear alkanes in a microscale porous
model of kerogen, while treating the carbon structure as rigid.

Following this work within the kerogen model, the permeance K has been introduced
to characterize the linear response between the pressure gradient and the �ow within such
con�ning media. The pressure gradient remains su�ciently small to guaranty the linear
response regime. As a replacement for Darcy’s law, we get a generic law

v = −K∇P (2.2)

that can be immediately generalized to the multicomponent case

vi = −Ki ∇P (2.3)

where the index i labels the di�erent �uid species involved in the mixture. The �ows of
species arise from thermodynamic perturbations, which can be formalized by chemical
potential gradients ∇�i, to which any species of the mixture can respond by �uids internal
cross-correlations. We then return to the general framework devised by Onsager L. relating
the �ows of nmixture species to all chemical potential gradients as

vi = − 1
xikBT

n∑

i=1

Λij ∇�j (2.4)

where xi = Ni∕N is the molar fraction of the species i with N standing for the number
of molecules, kB is the Boltzmann constant, and Λij is the Onsager transport coe�cient
relating the �ow of species i responding to the chemical potential gradient of species j. Those
coe�cients are the elements of the Onsager matrix Λ, which is positive and symmetric
(Λij = Λji). When a chemical potential gradient is applied to a single species j, if the internal
�uid cross-correlations between species cannot be neglected, then the other species will
�ow besides species j as well, otherwise the Onsager cross-coe�cient Λij is zero, indicating
that cross-correlations between di�erent species do not a�ect the transport properties. But,
in general, even if these cross terms are zero, the transport of a component in response to its
chemical potential gradient can be a�ected by other molecules, i.e. , the diagonal transport
coe�cients depend on the concentration of all the species.

Alternatively to equation 2.4, introducing the species �ows ji = �ivi with �i = Ni∕V,
the molar density of species i, the previous relation can be expressed as ji = −��

∑n
i=1Λij �j

where � is the inverse temperature and � = N∕V is the total molar density of the �uid
mixture. The arrangement of �ows ji and chemical gradients )x�i on n size arrows J and F,
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respectively, allows using the following matrix relation

J = −��ΛF . (2.5)

Ji = −
n∑

i=1

Dij∇cj . (2.6)

We assume in this section that the transport properties are isotropic for the sake of simplicity.
When considering steady states in a linear regime, �ows responding to pressure or

chemical potential gradients are identical to those resulting from constant volumetric forces.
Thus, applying a pressure gradient is equivalent to applying a constant force

f(P) = −∇P∕� (2.7)

over all the mixture molecules which di�ers from applying a constant acceleration when
the molecules have di�erent masses. Applying a chemical potential gradient is equivalent
to applying a constant force

f(�)
i = −∇�i (2.8)

over the molecules of species i only. Consequently, the steady state resulting from a pressure
gradient applied to multicomponent �uids is equivalent to the steady state occurring when
the same chemical potential gradient is simultaneously applying to all components of the
�uid, i.e. f(P) = f(�1) = ... = f(�n), which implies that �i = ∇P∕�. Substituting this equality
into equation 2.4 in the case of applied pressure gradient to multicomponent �uid and
comparing with equation 2.3 allows expressing permeances Ki as a function of Onsager
transport coe�cients Λij as

Ki =
�
�i

n∑

j=1

Λij . (2.9)

Within the linear response regime, the �uctuation-dissipation theorem allows the deriva-
tion of the so-called Green-Kubo relations between Onsager transport coe�cients Λij and
equilibrium �uctuations of the corresponding �ow velocities vi and vj:

Λij =
NiNj

3N ∫
∞

0
⟨vi(0) ⋅ vj(t)⟩eq. dt . (2.10)
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Conversely, displacements of the centers of mass (c.o.m.) ri of the species can be consid-
ered instead of the �ow velocities giving the Einstein’s relations

Λij =
NiNj

6Nt limt→∞
⟨∆ri(t) ⋅ ∆rj(t)⟩eq. . (2.11)

The three dimensional isotropic case has been considered. It should be noted that the
diagonal transport coe�cients and collective di�usion coe�cients D(c)

i are related as

Λii = xiD
(c)
i . (2.12)

Simply stated, the collective di�usion coe�cient is the self-di�usion coe�cient of the species
c.o.m. multiplied by its number of molecules Ni.

Additionally, the diagonal termsΛii can be separated into self and collective contributions.
Expanding the c.o.m. values, velocities vi =

∑Ni

k=1 vi,k∕Ni and positions ri =
∑Ni

k=1 ri,k∕Ni,
using molecular quantities where the index k denotes molecules of the species i, leads to

D(c)
i = D(s)

i + 1
3Ni

Ni∑

k≠l

∫
∞

0
⟨vi,k(0) ⋅ vi,l(t)⟩eq. dt (2.13)

or, equivalently,

D(c)
i = D(s)

i − lim
t→+∞

1
3Nit

∑

k≠l

⟨ri,k(t) ⋅ ri,l(0)⟩ . (2.14)

The �rst term is the self-di�usion coe�cient of the species i, quantifying the mean square
displacement of the individual molecules of the corresponding species, and the second
term sums up all cross-correlations between di�erent molecules of the same component
contributing to the transport coe�cient.

Post-treatment Transport Coefficients Calculation

Steady-state transport properties can be obtained from the self- and collective di�usion
coe�cients of the adsorbed �uid, which can be simply derived from equilibrium MD
calculations. Consider for simplicity the derivation of these transport coe�cients from a
one-dimensional �uid motion on the x direction. To evaluate the self-di�usion coe�cient
Ds of a single �uid molecule, one can compute its Mean Square Displacement (MSD) in the
solid’s reference frame, ⟨∆x2(t)⟩= ⟨(x(t + t0)−x(t0))2⟩with time t, which, after a su�ciently
long time reaches a linear regime as

⟨∆x2(t)⟩ = 2Ds t + A (2.15)
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In practice, the MSD is averaged over all the con�ned �uid molecules and a sliding average
over the initial time t0 is achieved thanks to the stationarity of the trajectories.

To investigate the collective e�ects impacting the long term di�usion process within the
kerogen matrix the collective di�usion coe�cients are compared with the self-di�usion
coe�cient. Similarly, tracking the MSD of the �uid c.o.m. (xc) allows to evaluate the
collective di�usion coe�cient Dc from

⟨∆x2c(t)⟩ = 2
Dc

N t + B (2.16)

The linear �ts used to determine the self- and the collective di�usion coe�cients are per-
formed from a few hundreds of ps to 10 ns or 50 ns, respectively. The error bars with 95%
con�dence interval estimated from 5 independent trajectories for each condition.

From the use of the de�nition of the c.o.m. in equation 2.16 and relating equations 2.15
and 2.16 in the long time limit, the di�erence between these two transport coe�cients
can be explicitly expressed through the cross correlations terms, quantifying the collective
e�ects, as shown by

Dc = Ds − lim
t→+∞

1
tN

∑

i≠j

⟨xi(t)xj(0)⟩ . (2.17)

Alternatively, as recalled in [2,6] the Green-Kubo relationship can be invoked to express the
cross term in the form of the integral of the velocity cross-correlation function as

Dc = Ds + lim
t→+∞

1
N
∑

i≠j

∫
t

0
⟨vi(t′)vj(0)⟩ dt′ . (2.18)

2.3 | Basics of Classical MD Simulations
Molecular Dynamics simulation used in the thesis is a numerical-based approach which

uses the classical mechanics laws in trying to reproduce realistic molecule’s movements
at the atomistic scale without involving quantum e�ects. The idea behind this method is
to assign to each atom 6 degrees of freedom – 3 for the position and 3 for the momentum
– and to be able to express the desirable property through these microscopic parameters
(assuming the ergodic theorem, see [91]) using long time trajectories [92]. The evolution of
the system in time on the atomic scale is achieved from MD thanks to Newton’s second law:

m
dv(t)
dt

= f(t) , (2.19)

where we focus on the dynamics of an atom of massm with velocity v, and where f is the
total force exerted on the atom by all the other ones. Integrating this equation over time
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allows to obtain the velocity and then the position of each molecule of the system. A widely
used algorithm for providing the temporal evolution of a microscopic system in a discretised
manner is the velocity Verlet algorithm [93], which is based on the Taylor expansion of the
molecule position r which can be taken for the x, y or z coordinate. The principle is that
the microscopic variables (r, v and the acceleration a) known at a certain time t yield the
molecule position after a timestep of duration �t at t + �t where t’ is the timestep:

r(t + �t) = r(t) + �tv(t) + 1
2�t

2a(t) . (2.20)

The acceleration a at t + �t can be thus computed from the gradient of the potential energy
U:

a(t + �t) = − 1
m
)U
)r

(t + �t) . (2.21)

Now, to update the velocity, this algorithm requires �rst to deduce its value at t + �t∕2 such
as

v (t + �t
2 ) = v(t) + 1

2�ta(t) , (2.22)

and then after the full timestep:

v(t + �t) = v (t + �t
2 ) +

1
2�ta(t + �t) . (2.23)

The trajectories produced by this algorithm conserves the total energy E of the system during
the time evolution. From a statistical point of view it produces, timestep after timestep,
con�gurations that sample the microcanonical ensemble (NVE) for sytems with a constant
number of atomsN and constant volumeV. Several ensembles can be considered depending
on the constraint we enforce on the system, for instance:

• The isothermal-isobaric ensemble (NPT) in which, the temperature T and pressure P
of the system are maintained constant during the simulation thanks to the coupling
with a thermostat and barostat, correspondingly. The number of atoms N is also �xed
in this ensemble. Each con�guration or state i occurs with a weighted probability

Wi =
exp (−�(Ei + PVi))∑
j exp (−�(Ej + PVj))

(2.24)

with Ei and Vi its energy and volume, respectively, and � the inverse temperature
1∕kBT. The sum runs over all the possible con�gurations.

• The canonical ensemble (NVT) in which the volume V, number of atoms N, and
temperature are �xed. This ensemble implies the use of a thermostat to conserve the
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temperature. The weighted probability for a state i is

Wi =
exp (−�Ei)∑
j exp (−�Ej)

. (2.25)

• The microcanonical ensemble (NVE) where the system’s energy E is constant, then
the weigthed probability does not depend on the con�guration, leading to

W = 1
∑

j �(Ej − E)
, (2.26)

where the denominator counts the number of states j having the energy E.

• The grand canonical ensemble (�VT) which imposes a constant chemical potential
�, volume and temperature. This ensemble is usually sampled from Monte Carlo
methods that allows the number of atoms to change. The weighted probability is then

Wi =
exp (−�(Ei + �Ni))∑
j exp (−�(Ej + �Nj))

(2.27)

where Ni is the number of atoms in the state i.

2.3.1 | Principle of a Thermostat and Barostat

As was mentioned above, the temperature of the system is controlled and maintained
by applying an external heat bath (thermostat) to the system. Numerous techniques have
been proposed in MD to accomplish this objective [94]. The simplest, but not the most
e�cient, is the velocity rescaling, which modi�es the particle velocity according to the
desired temperature at the account of kinetic energy. More advanced methods used in MD
simulations are, for instance, the Berendsen thermostat, introducing the strength of the
coupling with the heat bath through a time-dependent constant. However, themost e�cient
in keeping the temperature constant is the Nosé–Hoover thermostat, that I have used for
MD simulations within the powerful Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS), which will be described below. The principle of the Nosé–Hoover
thermostat, is that it introduces an additional degree of freedom coupled to the other ones
of the system [95]. Then, the governing equation of an atom motion takes the form

mdv
dt

= f(t) − �(t)v , (2.28)

where � is a coupling parameter that enters into the additional dissipative term that takes the
form of a friction force. This dynamical quantity has a “mass” Q, modulating the strength
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of the coupling with the atoms motion, and its time evolution follows

Q
d�
dt

=
∑

i

miv2i − 3NkBT . (2.29)

The “force” acting on the thermostat variable is proportional to the di�erence between the
instantaneous kinetic energy and the average kinetic energy 3NkBT∕2 following from the
equipartition theorem. The same principle can be used to control the pressure (barostatting).

2.3.2 | LAMMPS

The simulation package LAMMPS [96], used in this work, is one of the most e�cient
parallel molecular dynamics codes besides GROMACS, NAMD and DL POLY. LAMMPS
provides a wide choice of interaction potentials. Information on all the proposed diversity
of methods for atomistic modelling is presented in its o�cial website.

2.3.3 | Introduction to Force Fields

Moving on to a more detailed consideration, particular attention in MD simulations
is paid to the choice of an empirical interaction potential that should provide an accurate
description of the atomic interactions in order to produce a molecular model that is close
to reality. There are many existing potentials for various materials and applications, all of
which aimed at obtaining precise interactions in a fast way. A distinction is usually made
between bonded, applied from paired to quartet particles, and non-bonded interactions,
where atoms are unlinked or linked by more than three bonds, which are both used to get a
proper description of intermolecular interactions.

The commonly used potential for non-bonded pair interactions adds the Lennard-Jones
(LJ) and the Coulomb potential for two atoms i and j separated by a distance rij as

ULJ−C(rij) = 4�
⎡
⎢
⎣
(
�
rij
)
12

− (
�
rij
)
6
⎤
⎥
⎦
+

qiqj
4��0rij

, (2.30)

where the LJ parameters � and �, stand for the distance at which the potential cancel and
the maximum depth of the potential well. The electrostatic potential introduces the charges
qi and qj of the atoms and the vacuum dielectric permittivity �0. The LJ parameters for
atoms with di�erent LJ parameters are expressed through the Lorentz-Berthelot combining
rule as follows

�ij =
√
�i�j (2.31)

https://www.lammps.org/
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and

�ij =
�i + �j
2 . (2.32)

For the sake of saving computational time, a cuto� is used, after a given cuto� distance
the interactions are disregarded. It should be noticed that to ensure correct interactions
between particles in systems with periodic boundary conditions, the minimum image
convention is employed to establish the interactions with their periodic images.

In this work, one of the advanced bond-order potentials, the Adaptive Intermolecular
Reactive Empirical Bond Order (AIREBO) potential of Stuart [97], is used to properly
describe the atomic interactions between the carbon and hydrogen atoms of kerogen, so that
themechanical properties of kerogen could be accurately modelled. It has been derived from
the Reactive Empirical Bond Order (REBO) potential of Brenner [98] by including torsional
and long-range (nonbonded) interactions which has allowed its wide use in molecular
modelling carbon-based nanomaterials. Originally, the AIREBO potential has been �tted
based on Density Functional Theory (DFT) / experimental values for hydrocarbons. This
potential is represented in the form

U = 1
2
∑

i

∑

j≠i

⎡
⎢
⎣
UREBO
ij +ULJ

ij +
∑

k≠i,j

∑

l≠i,j,k

UTORSION
kijl

⎤
⎥
⎦
, (2.33)

where UREBO
ij is the Brenner’s (REBO) potential determining short-ranged couplings

between carbon and hydrogen atoms. Notably, this term of the AIREBO potential, de�ning
the repulsion and attraction between two atoms, has remained unchanged from its initial
form because of its accurate description of the covalent bonds between carbon and hydrogen.
ULJ
ij is the standard Lennard-Jones potential, covering longer range couplings according

to the manually adjustable cut-o� distance. Finally, UTORSION
kijl is a four-body potential

describing di�erent con�gurations of dihedral angles in a hydrocarbon system according to
the bond weights that contribute to the dihedral angle. This torsional term allows a realistic
description of carbon and hydrogen bonds.

The bond order principle used in theAIREBOpotential counts several neighboring atoms
to compute the short range atomic interactions, thus, providing a more accurate description
of intra-molecular interactions accounting for the chemical diversity of carbon and hydrogen.
The bond order between atoms i and j, contains three main terms corresponding to �, �,
and �� bonding as follows

BOij = exp
⎡
⎢
⎣
pbo,1 (

r�ij
r0
)
pbo,2⎤

⎥
⎦
+ exp

⎡
⎢
⎣
pbo,3 (

r�ij
r0
)
pbo,4⎤

⎥
⎦
+ exp

⎡
⎢
⎣
pbo,5 (

rp�ij
r0
)

pbo,6
⎤
⎥
⎦
, (2.34)

where the pbo’s are calibrated parameters, and r0 is the equilibrium bond length.
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We used a slightly modi�ed version of the AIREBO potential [2] in which the LJ param-
eters has been tune to precisely reproduce the equations of state for linear alkanes, with
the idea of accurately determining the density of the kerogen model, a key quantity when
studying adsorption-induced swelling. For carbon dioxide adsorbed in the kerogen models,
a combination of the AIREBO potential and the Elementary Physical Model (EPM) potential
proposed by Harris and Yung [99] through the hybrid pair style in LAMMPS has been used.
The EPMmodel combines a rigid representation of the carbon dioxide molecules with LJ
and Coulombic interactions.

The recent vectorized implementation of the AIREBO force �eld in LAMMPS by Höh-
nerbach and Bientinesi [100] has allowed to signi�cantly speed up (∼ ×3) the simulation
of methane adsorbed in the kerogen model. However, this vectorized implementation
in LAMMPS does not work with the hybrid pair style, therefore simulations with carbon
dioxide have been three to four times slower than with methane.

Another force �eld close to the AIREBO potential, based on the bond order principle, is
the reactive force-�eld (ReaxFF), developed by van Duin and co-workers [101] to properly
describe chemical reactions. This reactive force �eld has been used to construct the kerogen
models. Conversely, MD simulations of adsorption and di�usion have not been accompanied
by formation or breaking of bonds, since the structures of kerogen are chemically stable.

2.3.4 | Classical MD Simulation Stages

Several stages of the MD simulation approach can be identi�ed:

• The preparatory stage. Primarily, the construction of a molecular model should be
performed. That implies the establishing of an initial con�guration usually by creating
a simulation box, inserting atoms and assigning some additional parameters such as
the atom’s charge if needed. In addition, all inter-/intra-molecular interactions must
be de�ned through so-called force �elds such as the classical Lennard-Jones (LJ) force
�eld. Some examples of the construction and operation of a kerogen model will be
considered in the next section.

• The preliminary stage. The imposition of simulation’s conditions includes the choice
of the ensemble, necessary dumped variables, etc. The simulation parameters vary
broadly depending on the issues addressed by the present technique. To control the
temperature and/or pressure the Nosé-Hoover thermostat and/or barostat is often
applied during the MD run.

• The main stage. At this stage the MD simulation is launched and the model informa-
tion selected in the previous stage is gathering during the MD run. The movement of
particles and the generation of trajectories of atoms are accomplished by integrating
Newton’s equations of motion using the so-called Velocity-Verlet algorithm [102].
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• The �nal stage is the post-treatment of the dumped information in order, for instance,
to compute the properties of the molecular model.

2.4 | Replica Exchange Molecular Dynamics
Replica exchange molecular dynamics (REMD) or Parallel Tempering Molecular Dy-

namics (PTMD) [103] is an e�ective method for accelerating a long molecular simulation,
especially when chemical reactions are involved. It has been used by [47] to build themature
model used in this work by reproducing the geological decomposition of lignin.

The basic idea of this method is to generate di�erent replicas of the system at di�erent
temperatures and to periodically allow swapping between them in order to escape large
free energy barriers at low temperature. The simulations of the replicas, meanwhile, are
carried out in the NVT ensemble at temperatures, close to one another. Thus, the model
can undertake only possible con�gurations during the MD simulation before reaching its
thermodynamic equilibrium. In this way, the systems evolve very quickly even for the low
temperatures at which the geological maturation of the organic matter occurs. Also, kerogen
systems at various maturity levels can be obtained from a single run and a given organic
precursor such as lignin, cellulose or fatty acids, for instance.

2.5 | Monte Carlo Simulations
In addition to MD simulation, Monte Carlo simulation is often used to study materials

from various applications. Using statistical sampling as the basis, it had a convergence
problem due to the large number of con�gurations involved. However, this has been
overcome by introducing Markov chain processes which allow the system to move from
one con�guration to another by selecting the most probable con�gurations. This is possible
thanks to the Metropolis algorithm which enables a new system’s con�guration by a simple
random move followed by acceptance or rejection according to a set criteria. Compared to
MD, it does not allow for the time evolution of the system, but rather yields its statistical
properties.

To compute adsorption mimicking what could be obtained from experiments, the most
widely used option in molecular simulations is to perform so called Grand Canonical Monte
Carlo (GCMC) simulations [104], as done in this work. The reason is straightforward -
the grand canonical ensemble provides a relatively natural environment for simulating
adsorption by maintaining a constant volume and, more importantly, the temperature and
chemical potential of the system. The idea behind GCMC is that in addition to allowing
molecules to move, it permits the insertion or removal of molecules, which is established by
an acceptability criterion.
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2.6 | Atomistic Kerogen Models Construction
Studying transport properties requires realistic representations of organic source rocks.

Since the generation of shale gas generally occurs in immature (H/C < 1.4) and mature
kerogens (H/C > 0.4), in attempt to cover the majority of organic source rocks valuable
for the hydrocarbons’ extraction, kerogen models, one immature in the middle of the oil
formation window (middle stage of catagenesis) and one mature, in the end of the gas
formation window (late stage of catagenesis) are used in this work. The construction of the
two models is brie�y reviewed here. The mature model with methane adsorbed at various
thermodynamic conditions is taken from [2] and the mature model loaded with argon was
provided by Kévin Potier, PhD student under the supervision of Dr. Jean-Marc Leyssale
(Theoretical Chemistry Group, Institute of Molecular Sciences, University of Bordeaux),
during a research collaboration.

2.6.1 | Immature Kerogen Model

The molecular model of type I immature kerogen matrix shown in �gure 1.2 has been
used in this work to study the poroelastic couplings between the kerogen microscale porous
structure and the adsorbed �uids that has been shown to be crucial because of adsorption-
induced swelling [2].

Kerogen Model Construction

This microscale porous kerogen model has been developed by the liquid quench molec-
ular dynamics technique [2]. This MD method compared to the REMD has allowed a rapid
generation of a porous carbon matrix structure from a simply constructed crystal matrix
of carbon and hydrogen by quenching it (heating the material to high temperature with
subsequent rapid cooling). The density of the original model has been deliberately taken
slightly larger (1.5 g/cm3) than expected for the �nal model due to the �uid generation
during quenching. Simulations have been run with a time step of 0.1 fs using a Nosé-Hoover
thermostat with a 100 fs time constant. The temperature has been raised to 6000 K in the
canonical ensemble while quenching to melt the crystal system, which has taken several
tens of ps. This was followed by cooling to 300 K at a quench rate of 100 K/ps. The recent
version of ReaxFF potential [105] has been used to describe the interactions between the
carbon and hydrogen atoms.

Post-quench equilibration of the kerogen model has been performed using the AIREBO
potential in order to reduce computational costs and allowing for an accurate modelling of
the mechanical properties of the structure. Relaxation has been carried out in an isobaric-
isothermal ensemble at temperatures that ranged from typical geological reservoirs (300 -
400 K) to a larger one (600 K) and at pressures ranging from 0.1 to 200 MPa. Depending on
thermodynamic condition, the relaxation time has varied from 1 to 2 ns. The velocity-verlet
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algorithmhas been applied to integrate the equation ofmotion of the atoms. The temperature
has been maintained using an Andersen thermostat [106] with a frequency parameter
4 10−12s−1. Berendsen barostat has been applied with a coupling constant 4 102Pa−1s−1. for
pressure.

The �nal version of the model has counted a total of 16864 atoms with an H/C ratio
of 1.1 corresponding to a type I kerogen. The structure can be considered as well-ordered
distinguishing it from kerogen at earlier catagenesis stage. For the sake of simplicity, the
structure is only composed of carbon and hydrogen as it is believed that heteroelements
entering the natural composition of kerogens like oxygen, sulfur and nitrogen in lower
concentrations have a negligible impact on mechanical properties. A closer inspection of
the chemical structure of the molecular model reveals that its texture is mainly composed
of short aliphatic chains, containing 5 C atoms on average, and small aromatic ring clusters,
containing 10 C atoms on average, with a balanced ring/chain ratio of 0.7. This leads to a
“semi-�exible” matrix because of the inclusions of elements contributing to the sti�ening
(ring clusters) and to the softening (aliphatic chains) of the structure. Consequently, its
bulk modulus is moderate (≃ 1-5 GPa) and consistent with type I immature kerogens. For
geological conditions, the mechanical properties of the matrix decrease with the decrease of
the pressure P, the increase of the temperature T and the �uid loading w [2].

Adsorption in the Kerogen Model

Grand Canonical Monte Carlo (GCMC) simulations have been performed before my
work for the adsorption of methane in the immature kerogen model. First, methane in the
form of a united atom has been adsorbed into the matrix, which has been maintained at the
constant volume without accounting for �exibility e�ects. The corresponding LJ parameters
used for adsorption simulations are given in [107]. The kerogen model at its maximum
porosity (at 600 K, 0.1 MPa) has been taken for the GCMC simulations. A maximum �uid
loading of 542 methane molecules has been obtained at high chemical potential. A total of
6 con�gurations with di�erent adsorbed �uid amount have been produced. The number of
adsorbed methane molecules considered varies from 80 to 542 molecules with the following
�uid loading expressed in milligrams of �uid per gram of kerogen: 12.1 mg/g (80 molecules),
27.3 (180), 42.5 (280), 57.7 (380), 72.9 (480) and 82.4 (542). Then, an equilibration in
the isobaric-isothermal ensemble with the AIREBO potential has been carried out while
changing the �uid model from a united-atom one to a model representing all atoms of the
methane molecules. It should be emphasized here that the mechanical pressure applied to
the system do not correspond to any bulk �uid pressure since the amount of hydrocarbons
adsorbed in the kerogens’ microscale porosity results from the thermal degradation of the
geologically buried organic matter and not from an equilibrium adsorption process as in a
standard experiment. This di�ers from what has been done for the mature kerogen below.

For adsorption of carbon dioxide, I have replaced the methane molecules keeping the
molar loading constant in each system of kerogen with methane. The following carbon diox-



29 Methodology of Fluid Transport Modelisation in Kerogen

ide loading has been obtained: 33.4 mg/g (80 molecules), 75.2 (180), 116.9 (280), 158.7 (380),
200.5 (480) and 226.4 (542). The models have been then relaxed in the isobar-isothermal
ensemble allowing the kerogne matrix to relax, where temperature and pressure have been
controlled by the Nosé-Hoover thermostat and barostat, respectively. A small-time step of
0.01 fs has been chosen for the �rst few tens of ps to avoid loss of �uid molecules from the
simulation box due to their stronger interaction with the solid and proximity to each other.
After that, the time step has been increased to 0.1 fs and the simulation has taken from a few
ns to a few tens of ns (to 70 ns for the lowest �uid loading) depending on the kerogen model
to reach equilibrium, obtaining the volumetric swelling corresponding to the adsorption of
carbon dioxide.

According to the increase in the �uid amount, volumetric characteristics such as porosity
(volume fraction not occupied by the matrix atoms), free volume (volume fraction not
occupied by the matrix and �uid atoms) and swelling have changed in the �exible matrix
due to poroelastic couplings. All volume characteristics for both kerogen models, immature
and mature, and their impact on transport are discussed in chapter 3.

2.6.2 | Mature Kerogen Model

The second molecular model used in this work to study the adsorption-induced swelling
e�ects on transport is the mature kerogen model of type III obtained by REMD [37]. This
microscale porous mature kerogen model has a size of about 4 × 4 × 4 nm3 and is shown in
�gure 2.1.

Z
X

Y

Figure 2.1 | Snapshot of the microscale porous carbon model equilibrated at 243 K and zero
pressure. cyan: C; white: H.
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Kerogen Model Construction

The lignin taken from [108] has been chosen as a kerogen precursor to build a mature
kerogen model. It represents 18 oligomers of the softwood lignin model with the following
compositional characteristics: O/C = 0.34 and H/C = 1.11. Placed in an orthorhombic
box, it has been equilibrated at 423 K and 25 MPa in the isothermal-isobaric ensemble with
Nosé-Hoover and Nosé-Hoover-Andersen thermostat and barostat, respectively, for about
100 ps. The ReaxFF force �eld has been used to account for all inter- and intramolecular
interactions. A time constants of 0.5 ps has been taken for the thermostat. The equations of
motion are integrated using the velocity-Verlet algorithm with a 0.1 fs time step.

After that, the REMD simulations have been performed in the canonical ensemble using
96 replicas of the lignin model with temperatures ranging from 423 to 3500 K, where replica
exchange between the temperatures has been attempted every 10 fs. A relaxation run every
200 ps has been conducted to more accurately mimic the geological decomposition of lignin.
In total, it has taken about 1.3 ns to reach chemical equilibrium at 423 K from the REMD
simulations. At the end, �uid has been removed from the lignin-basedmatrix and thematrix
has been equilibrated at 423 K, 25 MPa for 1 ns.

The obtained kerogen model has undergone some changes. First of all, the 15 oxygen-
containing groups, mostly hydroxyl, were replaced by equivalent oxygen-free groups (H
for OH and CH2 for ether O). After that, the model was duplicated in the shorter periodic
direction (X in �gure 2.1). The �nal kerogen matrix contains 2754 carbon atoms and 1364
hydrogen atoms enclosed in an orthorhombic cell of∼ 48 × 39 × 34 Å3, with periodic bound-
ary conditions in all directions. Only carbon and hydrogen were retained in the matrix to
account all the interactions by the AIREBO potential with the reparameterization proposed
by Obliger et al. [2]. The H/C ratio, 0.495, de�nes modelled kerogen as belonging to the type
III (mature), implying a dominant aromatic structure. Detailed structure analysis reveals
that carbon atom hybridizations, determined from the numbers of the closest neighbors,
are 87.4 % sp2, 7.9 % sp3 and 4.7 % sp (or radical sp2). Texture analysis shows that 83.4 % of
the carbon atoms are involved in ring clusters, with an average cluster size of 33 C atoms (9
rings) while the remaining atoms form small chain structures (2 atoms on average). Rings
are predominantly hexagons (51 %), pentagons (34 %) and heptagons (9 %).

Adsorption in the Kerogen Model

Initially, the lignin-based matrix has been relaxed using MD in isobaric-isothermal
ensemble at 243 K and zero pressure for 600 ns. The argon adsorption simulations were
performed at 243 K and for pressures in the 0.05–2116 bar range by using an hybrid NPT-
MD/�VT-GCMC scheme where the chemical potential imposed during the GCMC simu-
lations correspond to a bulk �uid pressure equal to the pressure applied during the NPT
simulation (unjacketed adsorption condition). 1000 MC runs of 250 000 trials and 1000 MD
runs of 100 ps were performed. In addition, GCMC was performed in combination with



31 Methodology of Fluid Transport Modelisation in Kerogen

NVT runs thus preventing any volume change bu allowing for the mechanical relaxation
of the kerogen microscale structure (jacketed adsorption condition), 3000 GCMC runs of
250 000 trials (argon insertion or deletion) and 3000 MD runs of 100 ps were performed.
Finally, GCMC alone has been also used by considering the matrix rigid, thus not allowing
for swelling and mechanical relaxation. 1000 MC runs of 250 000 trials were performed.

2.7 | Numerical Procedures to Evaluate Transport
Properties

Fluid di�usion within �exible kerogen has been investigated in [7] for the molecular
model, emphasizing on the importance of the adsorption-induced swelling phenomenon,
but only for a few thermodynamic conditions, and for a few nanoseconds thus limiting the
study to the self-di�usion coe�cients. This limitation was caused by the use of a homemade
MD code with a correct implementation of the AIREBO potential as opposed to its initial
implementation in the LAMMPS package. This has been corrected by [100] proposing a
vectorized and parallelized implementation of AIREBO that is particularly e�cient.

2.7.1 | Immature Kerogen Model

We take advantage of these performances to explore a larger diversity of thermo-mechanical
conditions (temperature, pressure) and longer simulations times to obtain accurate estima-
tions of the self-di�usion coe�cients and even investigate collective di�usion coe�cients
that could not be investigated before. Besides to the typical geological T/P, temperature
and pressure above (500 K and 100 MPa, correspondingly) and below (300 K and 0.1 MPa,
correspondingly), this range of conditions were considered.

As the matrix with methane only consist in carbon and hydrogen atoms, the description
of inter- and intra-molecular interactions during MD) simulations is carried by the modi�ed
AIREBO potential. The AIREBO potential has proved to be highly realistic to describe a
large number of carbon-containing molecular models. The long range part of the AIREBO
potential has been slightly modi�ed in [2] to reproduce more accurately the equation of
states of linear alkanes. This reparameterization was motivated by the fact that the density
of the kerogen structure is the key quantity controlling the properties of the molecular
structure. The simulating of kerogen with adsorbed carbon dioxide is performed using
the AIREBO (for solid-solid interactions) and Lennard-Jones (for �uid-�uid interactions)
potentials while accounting solid-�uid interactions with the Lorentz-Berthelot combining
rules [109].

In order to generate the trajectories, all-atoms MD calculations of the kerogen model
with adsorbed �uid have been performed in the canonical ensemble with a timestep of 0.25
fs. The Nosé-Hoover thermostat was used to control the temperature following [110] with a
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damping parameter of 0.4 ps. Three-dimensional periodic boundary conditions have been
applied during the simulations. The constant volumes enforced during the MD trajectories
at various conditions (temperature, pressure, loading) come from the results obtained in the
isothermal-isobaric ensemble (NPT) and are taken from [2]. Despite rigorously equilibrated
volumes, it has taken longer trajectories for systems with the lowest �uid quantities. The
total time for the lowest �uid loading (12.1 mg/g) therefore have amounted to 50 ns instead
of 10 ns for larger �uid loading. The detailed description of the relevant transport equations
was discussed previously (see section 2.6.2).

2.7.2 | Mature Kerogen Model

Similarly to the �exible kerogen model, the integration timestep for all MD simulations
amounts to 0.25 fs. However, the used time constant for the temperature in the three-
member Nosé-Hoover chain method is 0.1 ps and for the pressure tensor in the anisotropic
Nosé-Hoover barostat is 0.5 ps which is distinct from the mature model.

The self-di�usion coe�cient (Ds) is obtained from the slope of the time evolution of the a
Mean SquareDisplacement (MSD) of the argonmolecules over the three directions x, y, and z
using MD simulations in theNVT ensemble. For this, �ve independent con�gurations from
each of the adsorption simulation schemes described above (NPT-GCMC, NVT-GCMC and
RIGID) are taken at six di�erent gas pressures, from 1.44 to 2116 bar, as initial con�gurations.
The simulations are run for 6 ns, where after 100-200 ps the linear regime for the MSD is
approximately reached.
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3.1 | Introduction
Two atomistic models of kerogen are used here to study the transport of �uids in organic

matter’s microscale porosity. The immature one stands in the middle of the oil formation
window and the mature one at the end of the gas formation window. They were both
described in section 2.6. The variety of pore size/a�nity/connectivity introduced in the
kerogen atomistic models provides pathways for �uid �ow and may accelerate as well
as slowdown the motion of �uid molecules which is poorly documentated especially for
swellable nanoporous media. In addition, characterizing immature kerogen �exibility
e�ects could strongly contribute to the �uid transport increase. For instance, the transport
in the immature kerogenmodel is associated with the adsorption-induced volume expansion
as illustrated in �gure 3.1. These e�ects as well can be crucial for more mature kerogens.
The outlined issues together with the impact of kerogen’s �exibility on the transport nature
are not well understood and will be addressed in the current chapter.
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Figure 3.1 | Evolution of the self-di�usion coe�cient (green) and the volumetric swelling
(red) with the methane loading w, in milligram of �uid per gram of the solid matrix, at a
temperature of 400 K and a mechanical pressure of 25 MPa within the �exible model of

type I kerogen.

Another important aspect of theMD study of transport using atomisticmodels of kerogen
is the size of the modelled matrix. Experiments revealed that shales’ organic matter is
anisotropic at the macroscopic scale [111,112]. However, while anisotropy is crucial at the
macroscale and could emerge at the microscale from size e�ects, the amorphous nature of
the porous material at the mesoscale implies isotropic structural disorder [113]. Thus, the
representativeness of the kerogen models is also raised here.

Thus, the present chapter is organized as follows:

■ The �rst section synthesizes the structural/textural characteristics of the two used
models of kerogen at di�erent thermal maturity level, immature and overmature.

■ In the second section a collective di�usion investigation is shown for the �exible
immature kerogen matrix for two �uids, methane and carbon dioxide.
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■ The third section introduces a study of the anisotropy of transport induced by the size
of the kerogen models.

■ In the fourth section the di�usion of methane and carbon dioxide accounting for
the poroelastic coupling between the kerogen matrix and the �uid is compared with
reference to the �rst section to better understand the volume/structural e�ects on
transport.

3.2 | Pore-Volume Characteristics of Kerogen
Models

Since the e�ect of solid’s �exibility on transport is the focus of the thesis, the porosity
characterization for immature and overmature kerogen models with adsorbed �uids is
given here. The pore-volume analysis for mature type III kerogen swollen upon argon
adsorption and the atomistic con�gurations were provided by Kévin Potier, PhD student
under the supervision of Dr. Jean-Marc Leyssale (Theoretical Chemistry Group, Institute of
Molecular Sciences, University of Bordeaux), during a research collaboration. The porosity
and free volume ratio are evaluated following the procedures described below for immature
kerogen loaded with methane and carbon dioxide from equilibrated con�gurations under
various temperatures (300, 400 and 500 K for methane, 300 and 400 for carbon dioxide) and
mechanical pressures (0.1, 25 and 100 MPa).

3.2.1 | Numerical Methods to Compute Porous Properties

The porosity of the kerogen structures is calculated by considering randomly inserted
dimensionless points in the simulation box. The ratio of number of positions that do not get
into the C/H atoms of the kerogen matrix against the total number of positions is used to
obtain the porosity and the free volume ratio if we also discriminate the points lying into
the �uid molecules. The atoms are considered as spheres with diameters taken to be their
Lennard-Jones parameters of the corrected AIREBO force �eld reused in this work: 3.36
and 2.42 Å for carbon and hydrogen atoms, respectively. Fifty thousands random trials are
typically needed to reach convergence. The volumetric swelling is simply calculated by
comparing the volume of the methane-containing matrix with the volume of the empty
kerogen matrix at the same temperature-pressure conditions.

For the accessible quantities (porosity and free volume ratio) taking into account the
volume of a �uid molecule to ensure free space for the �uid, a collection of spheres (2.5 105)
with a diameter of 3.73 and 3.3 Å corresponding to the Lennard-Jones parameter of methane
and carbon dioxide, respectively, both considered as a single interaction site that �ts into
the pore volume is �rst generated. Then, the accessible porosity is sampled by checking
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the ratio of random points lying in this collection of spheres. The accessible free volume
ratio is estimated by subtracting the volume of the adsorbed �uid molecules. Knowing the
accessible porosity allowed to obtain the pore occupancy for methane loaded immature
kerogen, expressed as the ratio of the volume occupied by the �uid to the porous volume
available for its adsorption.

3.2.2 | Results and Discussion

Here we present porous properties described in section 2.6.1 for the kerogen models
of type I and type III. The in�uence of kerogen maturity, �uid type, adsorption-induced
swelling, temperature and pressure on volume and porous structure changes is discussed.
While the used mature model is adsorbed with argon, in the immature one di�erent �uids,
methane and carbon dioxide, are considered, the latter of which is adsorbed by replacing
methane, at the same molar loading. This section also studies the microscale structural
deformations caused by this process.

Methane Loaded Type I Immature Kerogen

Contrary to the organic matter models considered as rigid, the matrix �exibility allows
for the pore enlargement with the temperature increase and pressure decrease as it is shown
for immature kerogen in �gure 3.2.

Figure 3.2 | Pore size distributions (PSD) of the empty immature matrix with (a)
temperature at 25 MPa and (b) pressure at 400 K and are taken from [2]. The dashed grey

vertical line indicates the diameter of the methane molecule (3.73 Å). The PSD was
produced using a method based on a search for the center of the largest-diameter sphere
proposed by L. D. Gelb and K. E. Gubbins [8]. 3 × 105 sphere centers and 2 × 105 pore

locations were used.



37 Fluid Transport Properties in Organic Source Rocks

The volume increase of the �exible kerogen model with �uid adsorption is shown in
�gure 3.3. The maximum swelling at the typical geological condition for adsorbed methane
is 20 % that corresponds to the reported value from MD studies [114]. Apart from the �uid
loading important for a high-volume change, thermo-mechanical (T-P) conditions also
signi�cantly impact adsorption-induced matrix swelling. Their in�uence on the pore space
increase con�rms the previously reported direct and inverse relations for temperature and
pressure respectively [7], besides, the models expand or shrink more due to the temperature
than pressure variations within investigated conditions. Moreover, it is indicative that the
linear dependence is more pronounced at the elevated temperature and the volume does
not much evolve for the same �uid loading at low temperature over all variations of applied
mechanical pressure.

Figure 3.3 | Evolution of CH4 adsorption-induced swelling as a function of �uid loading w
expressed in milligram of �uid per gram of solid matrix at temperatures of 300, 400, and 500
K, and pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The solid curves stand for

linear models of the swelling evolution.

The adsorption-induced swelling of the methane loaded kerogen model unambiguously
leads to the increase in the total porosity thanks to the pore enlargement which is promoted
by the �exibility of the solid (�gure 3.4). At maximum �uid loading, it reaches ∼ 52 % at the
typical geological condition. To assess porosity values during �uid adsorption for this type
of organic matter, for instance, the small-angle neutron scattering technique is available
due to its accessibility to pores at the microscale [115]. This is crucial for this microscale
porous material as the increase in pore space is still signi�cant (∼ 40 %) even for an ultra
con�ning condition (300 K, 100 MPa).

The free volume takes into account the volume occupied by the adsorbed �uid molecules
thus reducing the available volume in the kerogen microscale porosity. For instance, it
occupies 5 % less porous space at a mild condition (400 K, 25 MPa) for the most swollen
case (�gure 3.5). Moreover, the dependence of the free volume on the �uid amount is
ambiguous. At temperature and pressure conditions not favorable for the matrix expansion
kerogen models show the inverse trend or almost constant free volume values with the �uid
adsorption.

However, this is not the case for the shown accessible porous properties which capture
the rise in porous space with CH4 adsorption for all thermodynamic conditions (�gure 3.19
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Figure 3.4 | Evolution of the total porosity for CH4 as a function of �uid loading at
pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The solid curves stand for linear

models of the total porosity evolution.

Figure 3.5 | Evolution of the free volume for CH4 as a function of �uid loading at pressures
of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The solid curves stand for linear models of the

free volume evolution.

and 3.5). Although these porous characteristics manipulate the volume that can be occupied
by CH4 molecules, they have values an order of magnitude smaller than the regular ones.

The reason of the decreasing trend of the free volume evolution withmethane adsorption
at highly con�ning conditions could be explained by the pore occupancy ratio shown in
�gure 3.8. Despite the �exibility of the matrix, the �uid occupies more kerogen pores under
stronger con�nement, thereby reducing the free volume.

It is worth emphasizing that whereas in the case where external pressure leads to a
strong increase in kerogen permeability, as in hydraulic fracturing, and hence to �uid
di�usion/release [116], our study is more relevant to the case where a decrease in the pore
size of an equilibrated matrix under applied pressure hinders �uid movement which for
instance corresponds to a geological process such as rocks bedding.

Carbon Dioxide Loaded Type I Immature Kerogen

The density change over simulation time after methane replacement by carbon dioxide
and its equilibrium �uctuations are shown in �gure 3.9 for the lowest �uid content at the
typical geological condition (400 K, 25MPa) and slightly below (300 K, 25MPa). The density
�uctuations caused by matrix volume relaxation for the lowest �uid content at a pressure of
0.1 MPa and temperatures of 300 K and 400 K are shown in appendix A.
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Figure 3.6 | Evolution of the accessible porosity with the CH4 loading for the three di�erent
temperatures at pressures of (a) 0.1 MPa, (b) 25 MPa, (c) 100 MPa. The solid curves stand

for linear models of the accessible porosity evolution.

Figure 3.7 | Evolution of the accessible free volume ratio with the CH4 loading for the three
di�erent temperatures at pressures of (a) 0.1 MPa, (b) 25 MPa, (c) 100 MPa. The solid

curves stand for linear models of the accessible free volume evolution.

Kerogen swells signi�cantly upon carbon dioxide adsorption as shown in �gure 3.10.
This volume expansion is more pronounced with increasing temperature increase at low
pressure (0.1 MPa), while at moderate applied mechanical pressure it is weak which may be
due to the fact that these thermodynamic conditions are close to the critical point of carbon
dioxide (∼304 K, 7 MPa), which probably causes surface e�ects. At even stronger applied
pressure, the volume increase with temperature remains important.

However, the total porosity increases due to adsorption-induced swelling markedly with
increasing temperature for the entire range of con�ning pressures investigated (�gure 3.11).

As can be seen from the �gure 3.12, the free volume strongly decreases with minimal
adsorption of carbon dioxide in the empty solid matrix, which is associated with strong
adsorption e�ects with this type of �uid. Compared to the mentioned pore volume charac-
teristics, the free volume does not yield a clear trend towards an increase in carbon dioxide
adsorption under all variations of thermodynamic conditions. At more favorable for the
expansion of the pore space con�ning pressures (0.1 MPa and 25 MPa) the linear evolution
of the free volume with adsorbed carbon dioxide is maintained, discarding the case with
the smallest amount of �uid. On the contrary, ultrahigh pressure (100 MPa) changes this
linear trend with high �uid adsorption. The porous properties computed by considering
the volume available to the �uid show clear trends of the adsorption-induced swelling
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Figure 3.8 | Evolution of the pore occupancy ratio with the CH4 loading for the three
di�erent temperatures at pressures of (a) 0.1 MPa, (b) 25 MPa, (c) 100 MPa. The solid

curves stand for linear models of the pore occupancy evolution.

increase in pore space (�gures 3.13 and 3.14. The dependence of porous characteristics on
temperature and pressure is also re�ected clearly over a wide range of conditions.

To compare the behaviour of models swollen with di�erent �uids, the �uid loading is
introduced in millimoles of �uid per gram of solid. It bears underlining that the matrix
shrinks due to the presence of carbon dioxide in relation to that with adsorbed methane
(�gure 3.15). At the minimum �uid molecules amount carbon dioxide tends to contract
the volume of the system, conversely to methane. This phenomena can be explained by
the high energetic density of carbon dioxide molecules reinforcing solid-�uid interactions.
Interestingly, that it is particularly pronounced at the typical geological condition and high
�uid loading (> 12.1 mg/g). However, at other conditions the shrinkage is stronger at low
�uid content due to the predominating �uid adsorption to the solid walls which induces
the volume decrease of the empty matrix.

The maximum swelling at the typical geological condition for adsorbed carbon dioxide
(�gure 3.15) is less (in 3 %) than for methane which is the opposite to that for the bulk
�uid state. As for the kerogen model with adsorbed methane, the matrix volume does not
undergo signi�cant swelling with con�ning pressure at low temperature.

Switching to the carbon dioxide slightly a�ects the matrix total porosity in reducing its
values due to a more constrained environment caused by signi�cant solid-�uid interactions
(�gure 3.16).

The potential volume for carbon dioxide adsorption having greatly reduced values than
those for methane adsorbed models tends to rise for more swollen models except the case
with the lowest porosity condition (300 K, 100 MPa) at which the values are almost not
changing for both �uids (�gure 3.17).

The values of the porosity accessible for carbon dioxide adsorption are higher than that
for kerogen with methane (�gure 3.19), having more potential to the �uid adsorption.

However, taking the same methane probe for both matrices gives compatible evolution
of the accessible porosity (�gure 3.19).

The volume accessible to the �uid (�gure 3.20) is also larger for carbon dioxide but
remaining slightly smaller for both kerogen models while accounting for an adsorbed �uid.
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Figure 3.9 | Density evolution of the kerogen matrix during NPT MD simulation after
per-molecule replacement of 80 CH4 molecules with CO2 molecules at a pressure of 25 MPa
and temperatures of (a) 300 K and (c) 400 K and the corresponding density �uctuations of
the equilibrated matrix volume – (b) and (d). Dotted lines in (b) and (d) show the average

density value.

Moreover, the values deviate more broadly in comparison to the accessible porosity for
a variety of thermodynamic conditions. Again, using the same methane probe for both
matrices gives compatible evolution of the accessible free volume ratio (�gure 3.21).

This feature allows a better description of the increase in pore volume properties and
therefore the present quantity is chosen for the free volume modelling proposed to capture
the transport increase due to the adsorption-induced swelling, which is discussed in the
next chapter.

Non-Affine Deformations Induced by CH4/CO2 Replacement

The reinforced solid-�uid couplings when replacing methane with carbon dioxide at
a wide range of thermodynamic conditions induce signi�cant matrix restructuring. The
internal solid’s reorganization and volumetric deformations could be characterized by non-
a�ne displacements due to the amorphous nature of the carbon matrix. In the past, the
spatial correlations of nona�nity at the nanoscale upon deformation strain were revealed
in a solid glass [117–119] and microscale porous kerogen [2] models.
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Figure 3.10 | Evolution of CO2 swelling as a function of �uid loading w expressed in
milligram of �uid per gram of the solid matrix at temperatures of 300 and 400 K and
pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The solid curves stand for linear

models of swelling evolution.

Figure 3.11 | Evolution of the total porosity for CO2 as a function of �uid loading at
pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The solid curves stand for linear

models of CO2 total porosity.

To capture both types of deformations, resulting from volume changes and rearrange-
ment of matrix atoms, methane is substituted with carbon dioxide, while allowing matrix
volume adaptation after this process (at constant pressure) and allowing only internal kero-
gen restructuring (at constant volume). The i-component (i = x, y or z) of the non-a�ne
displacement una is de�ned through the averaged displacement of atoms and the a�ne
deformation as:

una
i = rnewi − roldi − ua

i (3.1)

where the a�ne displacement ua is expressed in components as

ua
i = roldi

Lnewi − Loldi

Loldi

(3.2)

where Lnewi and Loldi are the �nal and initial averaged matrix length, correspondingly. As
shown in equation 3.2, the matrix with only allowable internal deformations does not cause
a�ne displacements.
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Figure 3.12 | Evolution of the free volume for CO2 as a function of �uid loading at
pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The solid curves stand for linear

models of CO2 free volume.

Figure 3.13 | Evolution of the accessible porosity with the CO2 loading for the three
di�erent temperatures at pressures of (a) 0.1 MPa, (b) 25 MPa, (c) 100 MPa. The solid

curves stand for linear models of the accessible porosity.

Systems with carbon dioxide substituted molecules at the maximum loading are consid-
ered at its initial and equilibrated states where one of the matrices is relaxed at the �xed
initial volume corresponded to the equilibrated kerogen matrix with methane and another
one - at the volume which may adapt to the presence of carbon dioxide. The solid’s atoms
positions are taken with respect to the center of kerogen mass for each model as averaged
over 5 blocks of 600 ps and in time. For the sake of simplicity and better representativity, we
consider only the carbon atoms of the solid (8032 C) and its displacements in the x and y
Cartesian directions.

The deformations induced by the movement of solid atoms and volume change upon
the �uid replacement are illustrated in �gure 3.22 where colors are indicating the norm of
the total non-a�ne displacement from its minimum (dark blue) to maximum (light yellow)
amplitude. Adapting the volume to this change (�gure 3.22 (a)) causes relatively large
non-a�ne displacements compared to these only caused by internal rearrangements of
kerogen atoms (�gure 3.22 (b)). In addition, the systems show local geometric ordering
which could be probed by computing the radially averaged scalar product as a function of
radius.

Disregarding natural organic matter’s volume contraction/swelling also leads to under-
/overestimation of the transport coe�cient. For instance, the di�usion of carbon dioxide is
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Figure 3.14 | Evolution of the accessible free volume ratio with the CO2 loading for the
three di�erent temperatures at pressures of (a) 0.1 MPa, (b) 25 MPa, (c) 100 MPa. The solid

curves stand for linear models of the accessible free volume.

Figure 3.15 | Evolution of swelling for CH4 (circles) and CO2 (triangles) as a function of
�uid loading at pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The curves stand for

linear models of swelling evolution for CH4 (solid lines) and CO2 (dotted lines).

faster (3.29 × 10−9 m2∕s instead of 2.71 × 10−9 m2∕s) while neglecting volume deformations
after CH4 replacement by CO2 at the maximum loading. Thus, accounting solid’s �exibility
is of critical importance in studying geological processes, such as CO2 sequestration in
organic matter.

The non-a�ne displacements correlation in disordered porous materials is characterized
by various decay laws, such as exponential and power-law. The normalized Probability Dis-
tribution Function (PDF) for the non-a�ne deformations induced by NVT/NPT relaxation
of the carbon dioxide loaded kerogen matrix is plotted in �gure 3.23. For both cases, large
deformations’ distribution can not be captured by a Gaussian distribution, as it is the case for
small displacements, while they follow a power-law decay. Overall, the PDF follows a Gaus-
sian law for the small displacements and a power law for the largest ones, thus, providing a
description of the non-a�ne deformations correlation in the complex microscale porous
organic matter model. Such deviations from a Gaussian behaviour for large displacements
indicate that important internal reorganizations in the matrix are spatially correlated.
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Figure 3.16 | Evolution of the total porosity for CH4 (circles) and CO2 (triangles) as a
function of �uid loading at pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The
curves stand for linear models of CH4 (solid lines) and CO2 (dotted lines) total porosity.

Figure 3.17 | Evolution of the free volume for CH4 (circles) and CO2 (triangles) as a
function of �uid loading at pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa. The

curves stand for linear models of the free volume evolution for CH4 (solid lines) and CO2
(dotted lines).

Argon Loaded Type III Mature Kerogen

The reported average accessible porosity for the mature kerogen model amounts to
0.330 ± 0.007 which is almost one order of magnitude higher despite the smaller size of
the representative matrix than for the immature kerogen model and relatively low applied
temperature. The average pore size of 7.09 ± 0.09 Å is also larger than in the type I kerogen
model, the pore size �uctuations lie in the range of 3.4 Å (Ar probe size) – 11 Å.

Three di�erent adsorption simulation strategies based on the MC simulations in the
grand canonical ensemble (GCMC) (see section 2.6.2) were used to investigate the impact
of the matrix �exibility, covering both adsorption-induced swelling and internal matrix
restructuring on solid-�uid couplings.

Allowing matrix volume change leads to the volumetric strain (swelling) up to about
10 % at a low temperature of 243 K and for mechanical pressure up to 2116 bar. However,
the mechanism of swelling induced porous space increase di�ers from that for immature
kerogen. This is also caused by di�erent applied adsorption techniques to these systems. Sim-
ilarly to the type I kerogen model, the matrix seems to contract at very low �uid adsorption,
despite the poor statistics.

The evolution of the accessible porosity, free volume and pore occupancy ratio � of
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Figure 3.18 | Evolution of the accessible porosity with the CH4 (circles) and CO2 (triangles)
loading at pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa computed using a spherical

probe with a diameter of carbon dioxide. The curves stand for linear models of the
accessible porosity evolution.

Figure 3.19 | Evolution of the accessible porosity with the CH4 (circles) and CO2 (triangles)
loading at pressures of (a) 0.1 MPa, (b) 25 MPa and (c) 100 MPa computed with the same
(methane) probe. The solid curves stand for linear models of the accessible porosity.

the mature kerogen matrix with argon pressure is illustrated in �gure 3.24. The latter, as
mentioned above, is simply the ratio of the volume occupied by �uid molecules adsorbed
in the matrix to the porous volume potentially accessible to �uid adsorption. While the
accessible porosity evolution (from ∽0.33 to ∽0.41) with argon adsorption at the �uid
pressure follows an increasing trend, the free volume shows an inverse trend (from ∽0.33 to
∽0.22) because of the pores occupation by �uid molecules. As can be seen in �gure 3.24,
argon molecules weakly occupy the matrix pores at low pressure values up to 1 bar, whereas
at stronger applied pressure � increases sharply, indicating important matrix restructuring
and volume expansion, which, however, does not contribute to the free volume, as for the
immature kerogen model under ultra-con�ning conditions (�gure 3.5).

Overall, volumetric swelling as well as internal solid’s �exibility shows a great impact
on the porous volume and structure change during the �uid adsorption in both immature
and mature kerogen models. The signi�cant �uctuations of pore size and internal mobility
of solid atoms may a�ect �uid-�uid correlations which is discussed in what follows.
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Figure 3.20 | Evolution of the accessible free volume ratio with the CH4 (circles) and CO2
(triangles) loading for the three di�erent temperatures at pressures of (a) 0.1 MPa, (b) 25
MPa, (c) 100 MPa computed using a spherical probe with a diameter of carbon dioxide. The

curves stand for linear models of the accessible free volume evolution.

Figure 3.21 | Evolution of the accessible free volume ratio with the CH4 (circles) and CO2
(triangles) loading for the three di�erent temperatures at pressures of (a) 0.1 MPa, (b) 25
MPa, (c) 100 MPa computed with the same (methane) probe. The curves stand for linear

models of the accessible free volume evolution.

3.3 | Collective Di�usion in Kerogen Flexible
Microporosity

As has been shown in section 3.2, microporous kerogen models from immature to over-
mature types exhibit considerable swelling due to �uid adsorption. Although themechanism
of volumetric and internal restructuring of the swollen solid matrix depends on its formation
stage, the kerogen poroelasticity/�exibility inherent throughout the kerogen variety, may
play an important role in the nature of �uid transport while promoting/hindering collective
�uid-�uid correlations. Neglecting �uid-�uid cross-correlations have been justi�ed for the
rigidi�ed kerogen matrix [6, 14,68]. In the present section we shed light on this aspect for
the �rst time while accounting for the poroelastic coupling.

Since pore elasticity and expansion are manifested more strongly at early stages of
kerogen thermal evolution, collective e�ects impacting the long term di�usion process are
investigated in the framework of the liquid-quench kerogen model constructed to study the
�exibility e�ects. The model involves two �uids with di�erent energetic densities, methane
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Figure 3.22 | Projection on the (x, y) plane of the non-a�ne displacement of the carbon
atoms of the solid matrix. Arrows are rescaled with a scaling factor of 0.01 and are colored
according to the norm of the non-a�ne displacements for the matrix equilibrated in (a) the

NPT ensemble and (b) the NVT ensemble.

and carbon dioxide, at the pressure of a typical geological reservoir condition (25 MPa)
over the temperature range in order to cover their supercritical states. The typical reservoir
temperature (400 K), above (500 K) and below (300 K) are considered for collective methane
di�usion, whereas the least representative temperature for the shale gas basin (500 K) is not
included for carbon dioxide transport study. Nonetheless, modelling conditions for carbon
dioxide, which forms a stronger coupling with the solid, involve a T-P range closer to its
critical point (∽304 K, 7 MPa).

Quanti�cation of the impact of solid’s �exibility on collective e�ects is achieved by
comparing the collective and self-di�usion coe�cients which are distinguished by the cross
correlation terms mentioned previously (equation 2.17). By independently tracking the
displacement of each �uid molecule with respect to the matrix c.o.m., an approximately
linear regime can be reached after a few hundred picoseconds. However, taking into account
the �uid c.o.m. is more time-consuming, an approximately linear MSD trend is achieved
in a few nanoseconds as illustrated for methane in �gure 3.25. Thus, a trajectory of up to
10 ns is post-processed to calculate di�usivity of both �uids, and up to 50 ns to compute
its collective di�usion coe�cients. In addition, simulations are run for 5 di�erent initial
con�gurations to assess the computational accuracy.

The evolution of the self- and collective di�usion coe�cients with adsorbed methane
is shown in �gure 3.26 for a temperature of 300 K, 400 K and 500 K and a pressure of
25 MPa. The kerogen models take into account the kerogen’s viscoelastic nature. When
adsorption-induced swelling is important under constant mechanical pressure, the increase
of �uid loading is accompanied by an increase in accessible free volume (�gure 3.7) that
enhances di�usion. It is noteworthy that both the self- and collective di�usion coe�cients
are within the error bars of the latter for the investigated range of thermodynamic conditions.



49 Fluid Transport Properties in Organic Source Rocks

Figure 3.23 | PDF of the non-a�ne displacements for the matrix equilibrated in a) the NPT
ensemble and b) the NVT ensemble. The red curves correspond to a Gaussian function and

the blue ones to a power law, both adjusted to the numerical data.

Figure 3.24 | Evolution of the accessible porosity ('a), free porosity ('f) and pore
occupancy ratio (�) with the argon bulk pressure using the hybrid NPT/GCMC method. 'a
at zero pressure is indicated with horizontal lines (thick line: mean; thin lines: standard

error).

We can conclude from �gure 3.26 that at a temperature of 300 K the trends are the same
for both di�usion coe�cients. The collective and self-di�usion coe�cients should also
follow the same increasing trends at a high temperature of 500 K because the di�erence
between these transport coe�cients should vanish in the in�nite dilution limit. For a
moderate pressure of 400 K, despite the ambiguous trend, the collective di�usion coe�cient
evolution should also be similar to the di�usivity, as there is no reason for it to di�er from
temperatures of 300 K and 500 K. The mean square displacements for the methane center
of mass from single trajectories at a temperature of 400 K are illustrated in �gure 3.27. We
can, consequently, state that the evolution of both transport coe�cients have the same
increasing trends with the adsorbed �uid for the wide range of thermodynamic conditions
studied in this section.This therefore leads to the fact that the cross-correlations between
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Figure 3.25 | Time evolution of the MSD of the �uid molecules (a) and the �uid c.o.m (b)
multiplied by the number of �uid molecules, N (indicated in the color code), for single

trajectories at a temperature of 400 K and a pressure of 25 MPa. The dashed lines
correspond to the linear �ts used to evaluate the self- and collective di�usion coe�cients

for the minimum and the maximum loading.

�uid molecules (cross terms in equations 2.17 and 2.18) do not signi�cantly contribute to
the collective di�usion coe�cient.

Figure 3.26 | Self- and collective di�usion coe�cients as a function of methane loading for
a con�nement pressure of 25 MPa and three di�erent temperatures: (a) 300 K, (b) 400 K
and (c) 500 K. Larger error bars for the collective di�usion coe�cients stems from the fact
that only the c.o.m. of the �uid can be tracked from an MD trajectory instead of all amount
of �uid molecules (ranging from 80 to 542 for the lowest to the highest loading) in the case

of the self-di�usion coe�cient. Solid curves aid to see the increasing trend.

Referring to the porous properties’ characterization (section 3.2), carbon dioxide con-
tracts the matrix at low �uid loading compared to methane at the same molar loading. On
top of greater than for the adsorbed methane interaction with kerogen, the investigated �uid
state near its critical point can a�ect cross-correlations between �uid molecules. It can be
stated, though, that both transport coe�cients of carbon dioxide shown in �gure 3.28 as a
function of �uid loading for a temperature of 300 K and 400 K and a pressure of 25 MPa are
approximately the same con�rming the totally di�usive nature of �uid transport in �exible
kerogen matrices. Similar to methane di�usion, the increase in transport is clearly re�ected
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Figure 3.27 | Time evolution of the MSD of the �uid c.o.m in log-log scales for di�erent
loadings indicated in number of molecules N (color code), for single trajectories at
temperatures of 300 K, 400 K and 500 K and a pressure of 25 MPa. The dashed lines

correspond to the linear �ts used to evaluate the collective di�usion coe�cients for the
minimum and the maximum loading.

for the coldest temperature, which rea�rms the common tendency of �uid di�usion to
increase with the pore volume growth.

Figure 3.28 | Self- and collective di�usion coe�cients as a function of carbon dioxide
loading for temperatures of (a) 300 K and (b) 400 K and a pressure of 25 MPa.

Following the above comparative analysis, the promotion of cross-correlations thanks to
solid’s �exibility e�ects is not con�rmed even for a more energetically dense �uid (carbon
dioxide) near its critical point. This means that mature kerogen will most probably not assist
�uid-�uid interactions. In a broader sense, �uid transport is purely di�usive with negligible
collective e�ects within a microporous solid which encompasses all variety of kerogens
from the middle of the oil formation window to the end of the gas formation window. Based
on our �ndings and studies on mixture’s di�usion [5,14], we suggest, that this statement
should be valid for �uids of interest in practical applications, such as light alkanes, carbon
dioxide and water, as well as for their mixtures. However, this may be limited for the case of
some ionic and/or larger �uid molecules. Nevertheless, we expect collective e�ects to be
negligible in a highly disordered porous material providing a strong con�nement for the
�uid.

The physical meaning of obtained trends of transport coe�cients is as follows: di�usion
within kerogen is not a�ected by long-range hydrodynamic couplings since only individual



Fluid Transport Properties in Organic Source Rocks 52

trajectories’ information captured by the self-di�usion coe�cient is needed. It has been
recently proven [6, 14] that �uid transport is purely di�usive in kerogens’ microstructures
arbitrarily treated as rigid, thus by neglecting both the adsorption-induced swelling and
the matrix dynamics. The approximation of fully rigid kerogen microporosity may be
only relevant for extremely mature kerogens. However, the majority of kerogens exhibits
viscoelastic behaviour and, consequently, the atomistic models of kerogens’ microporosity
should be able to deform during MD calculations. Here we show for the �rst time that,
while matrix �exibility plays a signi�cant role on �uid transport, di�usion increases due to
adsorption-induced swelling as opposed to the rigid behaviour where the shared porous
volume remains constant as the �uid loading increases, the impact of the motion of the
kerogenmatrix do not promote signi�cant cross-correlations between �uidmolecules during
di�usion within �exible matrices.

From the computational point of view, there is no need to calculate the collective di�usion
coe�cient that requires very long trajectories, thus e�ectively saving computational time
since di�usion or transport can be studied by focusing on the self-di�usion properties only.

3.4 | Anisotropy in Transport Properties
While modelling nanoscale �uid dynamics in organic matter, anisotropy e�ects could

signi�cantly a�ect transport properties which have been reported in several works [120,121].
Since performing all-atoms MD calculations for atomistic models of kerogen is greatly time-
consuming, the size of the systems studied is limited to a few nanometers. Size e�ects can
arise due to this limitation complicating the understanding of the coarse-grained transport
picture. Moreover, as the transport mechanism inmicroporous kerogen is locally dominated
by the solid-�uid interactions due to the strong adsorption e�ects we speci�cally turn our
attention to anisotropic e�ects. We verify here on the two atomistic models of kerogen -
lignin based and �exible kerogen - with a di�erent size and the ability to deform, if they
lead to anisotropic transport properties.

3.4.1 | Type I Immature Kerogen

The inherent poroelasticity of kerogen at the nanoscale, as well as adsorption e�ects
and �uid molecules’ aggregation near the solid-�uid interface, may enhance the anisotropy.
Though our kerogen atomistic model of about 6 × 6 × 6 nm3 is already quite large, it still has
slightly anisotropic transport properties. Figure 3.29 shows the self-di�usion coe�cient of
methane over the x, y and z directions for a pressure of 25 MPa and di�erent temperatures
(with similar results for the other conditions, see appendix A).

We note that di�usion along the y direction stands out of di�usion in the two other
directions that remains very similar while increasing the �uid loading. In order to quantita-
tively estimate this trend against the amount of adsorbed �uid molecules, we introduce the
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Figure 3.29 | Methane self-di�usion coe�cients along the x, y and z directions at
temperatures of 300 K (a),400 K (b) and 500 K (c) and at a pressure of 25 MPa (left) and

anisotropic factor (d) de�ned as the ratio of the di�usion coe�cient in the y direction over
the average di�usion coe�cient in the two other directions (right) as function of the �uid

loading for three di�erent temperatures and a pressure of 25 MPa.

anisotropy factor de�ned as the ratio between the self-di�usion coe�cient in the y direction
and the averaged self-di�usion coe�cient over the two other directions x and z. As can be
seen in �gure 3.29, the anisotropy factor is approximately constant as function of the �uid
loading and remains moderate (< 2) without any observable temperature e�ect. Then, even
if the transport properties can di�er in one direction, their behaviour with the �uid loading
and thus with the adsorption-induced swelling is very similar. Since a small atomistic
model designed to perform MD calculations cannot reproduce the true heterogeneity of the
kerogen’s microporous network trapped in a particular hydrocarbon reservoir, averaging
the absolute value of slightly anisotropic di�usion coe�cients does not represent a problem
as long as the trends investigated are not impacted. Consequently, the transport properties
of the kerogen matrix, averaged over the three directions, can be considered isotropic. From
that, the atomistic model of kerogen with a typical size of 6 nm can be used to derive a
transport model even if the absolute values of the di�usion coe�cients can slightly di�er
over the directions. Additionally, we provide the per-component Ds and anisotropic factor
for another condition and �uid type (carbon dioxide) in appendix A.
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3.4.2 | Type III Mature Kerogen

As shown in �gure 3.30, size e�ects are important in the ∼4 nm length size mature
kerogen model. Allowing adsorption-induced swelling the mature kerogen matrix leads to
strikingly demonstrated anisotropy in all directions, except for extremely low/high pressure
where the anisotropy has the preferential z direction. It means that in the wide pressure
range (6-114 bars) this model shows signi�cant anisotropy induced by the constructed initial
con�guration of the kerogen model and �exibility contributing to the heterogeneity of the
structure at the nanoscale. Similar anisotropic behaviour occurs in the �exible model where
swelling is neglected. However, the range of kerogen models with close di�usivity values in
the x and y directions expands indicating a signi�cant reduction in the in�uence of matrix
poroelasticity by considering only internal deformations. The rigid treatment of the kerogen
matrix leads to less pronounced anisotropic transport properties due to the absolute neglect
of matrix �exibility.

Figure 3.30 | Argon self-di�usion coe�cients in the x (squares), y (triangles), and z (dots)
directions, as function of the average number of �uid molecules varying through pressure
changes (between 1.4 and 2116.4 bars) at a temperature of 243 K for the systems obtained

from NPT/GCMC (a), NVT/GCMC (b) and GCMC (c).

Anisotropic transport seems occurring preferentially in z direction with similar trans-
port coe�cients in other two directions while not allowing the volume expansion during
adsorption and in the totally frozen matrix. In contrast, the combination of adsorption-
induced swelling and internal matrix �exibility seems to transform the model into a more
inhomogeneous one.

Noticeably, in addition to the matrix �exibility, most of the physical processes, such as
compression, �uid adsorption/desorption which induce important matrix restructuring are
accompanied by non-a�ne deformations that may assist the emergence of anisotropy.
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3.5 | Adsorption-Induced Swelling E�ect on Fluid
Transport

The di�usion in two kerogen atomistic models – immature and mature – is discussed
here, with special attention on adsorption-induced swelling e�ects.

Type I Immature Kerogen

Following recent work on �uid transport accounting for matrix �exibility e�ects [7],
the investigation of the methane and carbon dioxide self-di�usion coe�cients within the
�exible organic model has been performed for a large set of thermodynamic conditions.
The prescribed mechanical pressures are 0.1, 25 and 100 MPa for di�erent temperatures -
300, 400 and 500 K for methane and 300, 400 K for carbon dioxide. As mentioned in the
numerical procedure section 2.6.1, we bene�t from the e�cient implementation of the
AIREBO force �eld within the LAMMPS MD calculation package [100] in order to obtain
accurate estimations of the self-di�usion coe�cients. This can be seen in �gure 3.31 which
gathers the evolution of the di�usivity with the methane loading as well as the error bars
(95% con�dence intervals) estimated from 5 independent runs for the di�erent con�ning
pressures and temperatures investigated here. Such accuracy notably allows obtaining clear
trends for the parameters of the free volume model detailed later.
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Figure 3.31 | Evolution of the self-di�usion coe�cient with the methane loading for three
di�erent temperatures and pressures of (a) 0.1, (b) 25 and (c) 100 MPa. The solid curves
correspond to the free volume model with the parameters �(T, P) and �(T, P) estimated

from a best �t procedure and collected in �gure 4.3.

Contrary to the transport properties within a rigidi�ed atomistic model of kerogen, or a
kerogen model totally or partially (e.g. with so-called “virtual nails”) frozen, the more there
are �uid molecules adsorbed in a �exible kerogen matrix, the greater the di�usion is. This
enhancement of the transport with the �uid loading results from the matrix swelling under
constant applied mechanical pressure and, consequently, the increase of the accessible
free volume ratio as illustrated in �gure 3.1. We note that this increase is more important
for larger temperatures and for lower mechanical pressures (notice the di�erent scales
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on the three di�erent graphs of �gure 3.31). These results con�rm previously obtained
dependency between Ds and thermodynamic conditions for two models of type II kerogen –
with adsorbed methane and carbon dioxide – from the set of three temperature (298, 340
and 380 K) and �ve pressure (1, 9, 15, 20 and 30 MPa) values [122].

The matrix with carbon dioxide as well exhibits the increase in transport properties
with �uid adsorption (�gure 3.32). Although, this increase is not as pronounced at high
porosity where the e�ect of swelling is signi�cant, probably because the interaction of �uid
molecules with solid walls reaches its maximum. The con�nement pressure in this case
has a crucial impact on the transport: the last drastically decreases almost twofold after
contraction upon a pressure change from 0.1 MPa to 25 MPa. From this moderate to higher
applied mechanical pressure �uid motion tends to decelerate more slowly. The dependence
of di�usion rate on temperature is most prominent for any thermodynamic condition which
rea�rms its greater in�uence on transport.

Figure 3.32 | Evolution of the self-di�usion coe�cient with the carbon dioxide loading for
pressures of (a) 0.1, (b) 25 and (c) 100 MPa. The solid curves correspond to the free volume
model with the parameters �(T, P) and �(T, P) estimated from a best �t procedure and

collected in �gure 4.10.

Comparing to themethane transport (�gure 3.33), the di�usivity is similar for both �uids
at low porosity which is ensured by a cold temperature (300 K). However, allowing relatively
large volume expansion leads to the predominating di�usion of carbon dioxide despite the
matrix shrinkage in the presence of the �uid. As mentioned recently, the slowdown of the
carbon dioxide di�usion for the greatly swollenmatrices apparently occurs as a consequence
of raised solid-�uid interactions from the increase in surface area per unit volume which
according to the scaling laws could notably decrease the matrix porosity. This phenomena
is manifested most for carbon dioxide because of the stronger coupling between the solid
and the �uid. Conversely, keeping the matrix volume for higher methane loading while
performing molecule-to-molecule replacement leads to the acceleration of carbon dioxide
by providing new paths for �uid molecules (black triangle in �gure 3.33).

Based on previous works [5, 14], it can be assumed that the mixture of the studied
�uids in immature kerogen will have little e�ect on the transport of each component. As
it was revealed by Collell et al. [4] and Obliger et al. [14], the cross-correlations between
the di�erent species are negligible, so that if the available free volume is constant, methane
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Figure 3.33 | Evolution of the self-di�usion coe�cient with the methane (circles) and
carbon dioxide (triangles) loading for pressures of (a) 0.1, (b) 25 and (c) 100 MPa.

and carbon dioxide molecules will di�use at the same rate, regardless of the mixture’s
composition. At constant mechanical pressure, the resulting accessible free volume will
vary with the molar fraction of the mixture in between the pure �uids results, decreasing
di�usion for methane and increasing di�usion for carbon di�usion with respect to their
pure �uid counterparts.

Type III Mature Kerogen

The small size of themature kerogenmatrix (∼ 4.8× 3.9× 3.4 nm3) having an orthorhom-
bic form implies anisotropic e�ects. Thus, the argon di�usivity is computed independently
for each Cartesian direction (x, y, z) and shown in �gure 3.34 for systems taken from all
adsorption schemes (NPT/GCMC, NVT/GCMC and GCMC).

Figure 3.34 | Evolution of the argon self di�usivity along the x (dots), y (squares), and z
(triangles) directions as functions of molar loading computed using the NPT (a), NVT (b)
and RIGID (c) schemes. The hydrostatic pressure is indicated by the colour code in bar.

Based on the pore-volume characteristics of the swollen models at the cold tempera-
ture (243 K) (section 3.2.2), the transport tends to decrease with �uid adsorption despite
signi�cant swelling. Whilst the analysis of the accessible porosity is not able to explain
this decrease, the free volume calculations show that the lack of the volume which may
be occupied by �uid induces the slowdown of the argon molecules motion. The transport
within three considered adsorption schemes is compared despite the non-negligible error
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bars. As expected, neglecting adsorption-induced swelling and solid’s �exibility within the
rigid solid approximation leads to underestimated di�usivity values. In the most plausible
between these three adsorption schemes - NPT/GCMC - the di�usion is more rapid than for
the model with prevented volume change (NPT/GCMC).

3.6 | Conclusion
We have extended the previous studies of transport in microporous organic matter [5,

6, 14], which have been mostly performed within an approximation that kerogen is a com-
pletely rigid solid, by accounting for �exibility e�ects from equilibriummolecular dynamics
simulations of two models representing kerogen in the middle of the oil formation window
and at the end of the gas formation window, thereby covering the full diversity of kerogens
valuable for gas and oil production. We have proven for the �rst time on the basis of very
long dynamics (tens of nanoseconds) that transport inmicropores of kerogen, which exhibits
strong �exibility, is purely di�usive, and it is su�cient to use the self-di�usion coe�cient
to estimate transport properties, since kerogen �exibility does not contribute to �uid-�uid
cross correlations.

The analysis of porous properties has shown that for both kerogen models signi�cant
adsorption-induced swelling is observed, which leads to an increase in the porosity even
under ultra-con�ning thermodynamic conditions and even when mature kerogen is con-
sidered at a very low temperature. We demonstrate that this strain (swelling) increases to
a lesser extent for carbon dioxide than for methane, since the former exhibits a stronger
interaction with the solid walls. Moreover, we have observed a contraction of the kerogen
matrix when methane is replaced by carbon dioxide, accompanied by important non-a�ne
deformations. At low �uid loading, carbon dioxide has shown decreased porosity relative to
the unloaded solid matrix in contrast to adsorbed methane. Despite the lack of time to study
�uid mixtures in kerogen, from works on this topic [5,14], we assume that the impact of one
�uid on another in a mixture containing, for example, light hydrocarbons, water, carbon
dioxide will be negligible, and, therefore, all our conclusions will be valid for mixtures as
well.

Overall, the general increase in the porous properties of kerogen thanks to adsorption-
induced swelling has led to an increase in transport in the immature model. This trans-
port enhancement has been well explained by the accessible free volume increase, which
prompted us to choose this property for �uid transport modeling, which will be presented in
the next chapter. In addition, we raised the question of the size of representative atomistic
models. We have determined thatmodels of 6 nm and larger should be used to yield isotropic
transport properties.

In summary, this chapter on transport in microporous kerogen is indeed closely related
to the study of transport in similar structurally and/or mechanically micro- and nanoporous
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media such as carbon materials, polymers, zeolites, etc., and thus has a contribution to wide
industrial applications.
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4.1 | Introduction
The classical Darcy’s transport description works well for macro- and some nano- porous

media linearly coupling the �uid �ux to the pressure gradient by mobilizing well-de�ned
concepts, the �uid viscosity and solid permeability, which characterize independently the
�uid and the solid phases, respectively. However, when permeability becomes ultra-low, as in
kerogen, strong adsorption e�ects change the nature of �uid dynamics and thermodynamics,
making the distinct phases’ characterization obsolete. The conventional phenomenological
law can thus no longer be applied. On the basis of molecular simulations, several attempts
have been proposed to rationalise �uid transport in materials with extremely low porosity.
A model of nanoscale hydrocarbon dynamics in a rigidi�ed solid has been proposed through
a linear dependence of �uid transport on the pressure gradient [6, 14]. In contrast with the
Darcy’s equation, the introduced permeance, replacing the permeability in thismodel relates
to the adsorbed �uid and loading. Studying the velocity pro�le in micropores rea�rms a
not simple dependence of �uid rate on solid-�uid couplings [123].

Earlier advances in �uid transport modeling have been obtainedwithin the framework of
the frozen solid approximation. Flexibility e�ects have only begun to be taken into account
in modelling �uid transport in kerogen very recently [7, 124]. The free volume theory was
found to be well suited to capture the increase in di�usion rate due to adsorption-induced
swelling. Established initially for prediction of di�usion in swollen polymers by Fujita and
Kishimoto [125–128], it uses the available volume for �uid molecules as potential space for
�uid motion. A similar description has been done for di�usion in liquid and glassy states of
matter [129,130].

Inspired by the free volume approach and the fact that the transport increase is attributed
to an increase in accessible space, we involved it inmodelling the coupling between transport
and the poromechanical properties of �exible kerogen. Thus, the chapter is structured in
the following order:

■ The �rst section gives a basic idea of the implementation of the Fujita-Kishimoto free
volume theory to MD data.

■ The second section introduces the transport model for methane involving the accessi-
ble free volume.

■ In the third section the free volume model of the carbon dioxide transport is discussed.

4.2 | Free Volume Modelling Procedure
The transport enhancement with the �uid loading results from thematrix swelling under

constant applied mechanical pressure and, consequently, the increase of the accessible free
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volume ratio, 'f which has been quanti�ed in section 3.2. The large set of immature models
swollen with di�erent amount of �uid (methane and carbon dioxide) under a wide range of
thermodynamic conditions has allowed to accurately model the �uid di�usion in kerogen.
In this regard we proposed a two-step �tting technique. Primarily, the evolution of 'af which
is characterized as linear with the �uid loading w as follows,

'af (w) = 'a0 + �w (4.1)

is �tted to get the accessible porositywith no �uid adsorbed'a0 and a coe�cient capturing the
increase of free volume under adsorption-induced swelling �. The subsequent step implies
the use of the Fujita-Kishimoto free volume equation describing the strong dependence of
the di�usion coe�cient on the accessible free volume increase,

D(w) = D0 exp [�
'af(w) − 'a0
'a0'

a
f(w)

] (4.2)

where the di�usion coe�cient in the zero loading limit is introduced as D0 =
kBT

�0
with

�0 the friction coe�cient and � the free volume coe�cient that re�ects on the ability of
the �uid molecules to take advantage of the increasing accessible free volume to di�use
faster. Developing this equation (equation 4.2) with D0 and the linear expression 4.1 for the
accessible free volume ratio gives

D(w) =
kBT
�0

exp [�
�w

'a0 ('
a
0 + �w)

] , (4.3)

a model that is confronted here to the computed di�usion coe�cients. Thus, the parameters
� and �0 are �tted against those di�usion coe�cients with the parameters related to the free
volume evolution, 'a0 and �, imposed and taken from the �rst step.

The presented model captures the dependence of transport on solid-�uid couplings for
a carbon matrix with di�erent adsorbed �uids at a broad set of temperature and pressure
values.

4.3 | Free Volume Model for Methane Transport in
Immature Kerogen

A linear characterization of the free volume accessible to methane molecules with
loading (�gure 3.7) has enabled to capture the evolutions of the free volume parameters, 'a0
and �, with the thermodynamic conditions which are summarized in �gure 4.1.
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Figure 4.1 | Accessible free volume ratio of the empty matrix 'a0 (left) and the linearity
coe�cient � (right) capturing the increase of the accessible free volume with methane

loading under constant applied mechanical pressure shown in �gure 3.7.

The negligible temperature variation of 'a0 at the largest pressure investigated (100 MPa)
along with the linear evolution of � with the temperature shows that thermal expansion at
this pressure develops only when �uid is adsorbed in the matrix. Otherwise, decreasing
the mechanical pressure allows for important thermal expansion even at zero loading. This
expansion is more pronounced when the pressure is reduced by 75 MPa (from 100 MPa to
25 MPa) than by 25 MPa (from 25 MPa to 0.1 MPa) at regular reservoir pressure (∼300 K to
∼400 K) while at high temperature (500 K) it is reversed which may be explained by the
fact that the matrix, from a certain low density, tends to expand more with lower pressure.
In general, the matrix expansion is not linear as a function of temperature, which might
be due to the structural features of the matrix a�ected by temperature e�ects. Finally, we
notice that the coe�cient � mostly depends on the temperature and not that much on the
pressure.

Now that the accessible free volume increase is quanti�ed by a linear model, we thus
turn on the determination of the friction coe�cient � and the free volume parameter �. To
do so, equation 4.3 has been �tted against the self-di�usion coe�cient data, the adjusted
free volume model is plotted in �gure 3.31 with the self-di�usion coe�cients.

As can be clearly seen, the resulting model is in very good agreement with the data and
can be used to capture the increasing trend of the transport properties with the �uid loading
caused by the swelling. The obtained values for the free volume parameters, �0 and �, are
reported as a function of the temperature and pressure in �gure 4.3.

The friction coe�cient �0 decreases with the temperature because of thermal expansion
that leads to an increase of the accessible free volume that is also accompanied by a lowering
of the local energy barriers in the limit of very low �uid loading. In such conditions, the
adsorption-induced swelling is critical since the pore space is mostly closed and di�usion is
heavily impacted by the local matrix �uctuations [7]. On the contrary, when the swelling is
important, the connectivity of the pore space is better and pore size �uctuations become
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Figure 4.2 | Evolution of the self-di�usion coe�cient with the methane loading for three
di�erent temperatures and pressures, (a) 0.1, (b) 25 and (c) 100 MPa. The solid curves
correspond to the free volume model with the parameters �(T, P) and �(T, P) estimated

from a best �t procedure and collected in �gure 4.3.
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Figure 4.3 | Temperature evolution of the friction coe�cient �0 (left) and the free volume
parameter � (right) obtained from a best �t procedure with the parameters 'a0 and �

corresponding to the di�erent conditions taken from �gure 4.1.

less in�uential. Globally, the friction coe�cient increases with mechanical pressure, which
correlates with the restriction of swelling with increasing pressure. We see at large pressure
(100MPa) that the friction does not evolve between 300 and 400 K because the accessible free
volume ratio remains constant (�gure 4.1). In turn, the free volume coe�cient � (�gure 4.3)
is relatively una�ected by the thermal expansion. Though, at very low mechanical pressure,
0.1 MPa, the coe�cient � is slightly increasing. Overall, this parameter is not that sensitive
to the pressure, its value is going on average from around 0.15 to above 0.31 for a pressure
spanning three orders of magnitude. To test the sensitivity of the model to � we performed
the same modeling while implying the averaged values of � for each pressure and not
changing �0. Figure 4.4 shows that this approximation is valid only for the intermediate
pressure of 25 MPa and for 400 K, 0.1 MPa while being quite sensitive to � for the highest
pressure (100 MPa) and temperatures of 400 K and 500 K.
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Figure 4.4 | Evolution of the self-di�usion coe�cient with methane loading for three
di�erent temperatures at pressures, (a) 0.1, (b) 25 and (c) 100 MPa. The solid curves

correspond to the free volume model with the parameters �(P) averaged over the three
di�erent temperatures and �0(T,P) taken from �gure 4.3.

4.4 | Free Volume Model for Carbon Dioxide
Transport in Immature Kerogen

Only the temperature range close to the typical reservoir state (∼300-400 K) is involved to
model carbon dioxide di�usion a�ected by poroelastic coupling with the solid dynamics. To
con�rm the free volume model and fully compare it with its version for methane transport,
an analysis similar to that described above is performed while considering two probes radii
— 3.73 Å and 3.3 Å corresponding to the kinetic radii of methane and carbon dioxide,
respectively.

The increase in the free volume accessible to carbon dioxide molecules (�gure 3.14 has
allowed to yield the evolution of 'a0 and � shown in �gure 4.5.

Figure 4.5 | Accessible porosity of the empty matrix 'a0 (left) computed with carbon dioxide
as a probe and the linearity coe�cient � (right) capturing the increase of the accessible free
volume with the carbon dioxide adsorption for a wide range of T-P conditions shown in

�gure 3.14.
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The porosity of the empty matrix obtained using the carbon dioxide probe for the acces-
sible free volume data is quite similar to that in the case of methane (�gure 4.1) but slightly
higher as expected because the size of the carbon dioxide sphere is smaller than that of
methane. 'a0 evolution follows the same increasing trend and rea�rms its small depen-
dence on temperature at the highest con�ning pressure. However, the linearity coe�cient
� (�gure 4.5) is much smaller indicating lower pore enlargement due to limited pore space
(see shrinkage of the matrix with CO2 replacement in �gure 3.15). This parameter increases
more with temperature, as has been shown for adsorbed methane (�gure 4.1).

Here we follow the same steps to model the impact of swelling on di�usion with the free
volume model used above for adsorbed methane. Collecting the obtained parameters, 'a0
and �, has allowed to model a set of carbon dioxide transport coe�cients by imposing the
free volume parameter �(T, P) and friction coe�cient �(T, P), according to equation 4.3.
Figure 4.6 illustrates the result of thismodelling allowing for characterization of the transport
increase due to carbon dioxide adsorption.

Figure 4.6 | Evolution of the self-di�usion coe�cient with the carbon dioxide loading for
300 and 400 K and three di�erent pressures: (a) 0.1, (b) 25 and (c) 100 MPa. The solid

curves correspond to the free volume model based on the obtained parameters (�gure 4.5)
and the parameters �(T, P) and �(T, P) estimated from a best �t procedure and collected in
�gure 4.7. For an ultra-con�ning pressure of 100 MPa, one of the �ve curves has been

eliminated in an arithmetic averaging procedure to obtain the proper average �tting curve.

As seen for all con�ning pressures, the di�usion enhancement for adsorption-induced
swelling is in good agreement with the model, despite that carbon dioxide is a more inter-
acting with solid and dissymetric molecule than methane. The free volume model works
well even when the transport trends are less regular for adsorbed CO2 than for CH4. It also
seems to capture changes in curvature for CO2, especially at a temperature of 400 K and a
pressure of 0.1 MPa. Such curvature changes were not present for CH4. For a temperature of
300 K and pressure of 0.1 MPa, the evolution of the di�usivity with carbon dioxide loading
is not monotonic, which is not well captured by the free-volume model probably because
the approximation of the accessible free volume ratio evolution as linear is no longer ac-
curate in this case. Whereas at ultra-con�ning pressure, which induces an increase in the
strong solid-�uid couplings and adsorption e�ects, the free volume model still captures the
transport increase. It should be noted that, under these conditions, the model curve has
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been obtained by arithmetically averaging the free volume parameters while excluding one
of the �ve independent parameter determinations because of the nonlinearity of the model.
However, this exclusion does not extend to the estimates of the parameter values shown in
�gure 4.7.

The temperature evolution of the corresponding friction coe�cient in the zero loading
limit �0 and the free volume parameter � obtained by applying the free volume model to
the carbon dioxide transport evolution are presented in �gure 4.7 for the three di�erent
pressures investigated.

Figure 4.7 | Friction coe�cient �0 (left) and the free volume parameter � (right) obtained
from a �t procedure with the parameters 'a0 and � corresponding to the di�erent conditions

taken from �gure 4.5.

�(T, P) con�rms the previously established temperature and pressure dependence ob-
tained for adsorbed methane. However, it seems quite sensitive to the value of the free
volume parameter �. Since this parameter seems lower than for methane, as the accessible
free volume expansion is limited in the carbon dioxide case, and because of the curvature
changes for some thermodynamic conditions, the friction coe�cient in the zero loading
limit tends to decrease in comparison to methane. The exception is the ultra-low porosity
matrix (at 300 K, 100 MPa) where stronger solid-�uid interactions for carbon dioxide are
re�ected. As illustrated in the left graph of �gure 4.7, the temperature evolution of � appears
to be limited despite large error bars for the three di�erent pressures, as it was reported for
methane. In contrast to methane, however, mechanical pressure does not have a strong
in�uence, if the ultra-con�nement condition at 300 K and 100 MPa is discarded. Since this
condition is not realistic geologically speaking, we conclude that for geological conditions,
the mechanical pressure does not in�uence the parameter � in the case of adsorbed CO2.

The next step was to verify the free volume model robustness to the probe radius by
using the methane probe. The porosity of the empty kerogen matrix available to methane
molecules which were obtained from the linear model shown in equation 4.1 using the data
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on the porous properties for the carbon dioxide loaded kerogen systems (�gure 3.21) is given
in �gure 4.8.

Figure 4.8 | Accessible porosity of the empty matrix 'a0 (left) computed with methane as a
probe and the linearity coe�cient � (right) capturing the increase of the accessible free
volume with the carbon dioxide adsorption for a wide range of T-P conditions shown in

�gure 3.14.

Accessible porosity of the empty matrix 'a0 and the linearity coe�cient � follow the
same trends with temperature and pressure evolution as for adsorbed methane (�gure 4.1).
Nevertheless, they are smaller because accessible volume was not adapted to such larger
molecules. � also shows the lack of the free volume comparing to previous results for this
parameter obtained with a carbon dioxide probe.

Fitting the di�usion data to the free volume equation yields almost identical charac-
teristic curves for both probes (�gure 4.9). Compared to the previous �tting procedure,
the model curve for the ultra-con�ning conditions has been obtained by logarithmically
averaging the free volume parameters while excluding one of the �ve independent parameter
determinations due to the nonlinearity of the model used. Recall that this exclusion does not
apply to the estimates of the parameter values shown in �gure 4.10. Thus, it is validated that
this model is applicable to the case of a �uid characterized by strong solid-�uid interactions
such as carbon dioxide at all thermodynamic conditions.

Two parameters, the friction coe�cient at the zero loading limit �0 and the free volume
parameter � have been obtained by applying the free volume model (�gure 4.10).

Although the trends of the free volume parameters evolution are similar between the
two probes, the values of � are lower, in spite of the large error bars, because the accessible
free volume decreases for larger molecules. It can be seen that this is arguably independent
of temperature and poorly dependent on pressure. The evolution of the parameter � due
to its sensitivity to � leads also to its diminution compared to methane. It should be noted
that the proposed method for computing the accessible free volume may underestimate the
results owing to the probe geometry, especially for carbon dioxide, which may a�ect the
application of the free volume model as well.
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Figure 4.9 | Evolution of the self-di�usion coe�cient with the carbon dioxide loading for
300 and 400 K and three di�erent pressures: (a) 0.1, (b) 25 and (c) 100 MPa. The solid

curves correspond to the free volume model based on the obtained parameters (�gure 4.8)
and the parameters �(T, P) and �(T, P) estimated from a best �t procedure and collected in
�gure 4.10. For an ultra-con�ning pressure of 100 MPa, one of the �ve curves has been

eliminated in a logarithmic averaging procedure to obtain the proper average �tting curve.
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Figure 4.10 | Friction coe�cient �0 (left) and the free volume parameter � (right) obtained
from a best �t procedure with the parameters 'a0 and � corresponding to the di�erent

conditions taken from �gure 4.8.

4.5 | Conclusion
In this chapter, the free volume theory has been proposed to model transport properties

in microporous kerogen, which exhibits �exibility e�ects, through a description of the
di�usion increase with adsorption-induced swelling based on the accessible free volume
expansion. A complete analysis of the free volume model and its parameters has been
performed, involving improved statistics and extending for a large range of thermodynamic
conditions. Its robustness has also been veri�ed on two di�erent �uids, methane and carbon
dioxide.

I have shown that it perfectly models the di�usivity evolution with �uid loading for the
case of adsorbed methane for a broad set of thermodynamic conditions, including those
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close to the typical geological ones. In this context, it was important to take into account
the evolution of a large set of temperatures and pressures to fully characterize the transport
dynamics, since in geological conditions they both increase with burial depth. Application of
the model to kerogen with a more energetically dense �uid, carbon dioxide, has resulted in a
well- captured increase in di�usion with CO2 loading and shown similar dependence of the
free volume parameters on temperature and pressure, thus proving that this model is robust
in describing the transport of a con�ned �uid a�ected by adsorption e�ects. Furthermore,
it captures well the nonmonotonic tendency of increasing �uid transport for the case of
carbon dioxide for geological conditions. Even at ultra-high con�ning pressure of 100 MPa,
when the adsorption e�ects are strong and the solid-�uid interaction is quite pronounced,
the free volume model has proven to be accurate when considering a more energetically
dense �uid such as carbon dioxide.

The results obtained on transport modeling based on the free volume theory can be
directly applied to molecular modeling of multicomponent di�usion. Regarding some
recent propositions to rationalize the �uid transport in kerogen, such as those of Collell
and colleagues [5, 68] on a correction factor and those of Obliger and colleagues [14] on
the application of the accessible free volume to model transport, they have neglected the
�exibility e�ects of the solid, considering it as a rigidi�ed matrix. Based on the previously
introduced single-component di�usion model, we suggest that ethane, propane and even
butane, for which isosteric heats of adsorption are between those of methane and carbon
dioxide, will behave intermediately and thus can be modeled by the proposed free volume
model. However, many additional questions arise, such as whether the pressure dependence
of the free volume parameter � would be even more negligible for hydrocarbons heavier
than butane or whether the free volume model would work for heavier than carbon dioxide
�uids if some correction factor were imposed to account for the deviation from theory. All of
these challenges must be proven, therefore we address these questions to a future research.

In conclusion, accounting for the dependence of solid-�uid couplings on temperature,
pressure and �uid loading through the strong link between the accessible free volume and
transport, the free volume model has the potential to be an advanced step for building a
general theory of transport in microscale porous solids.
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5.1 | Introduction
Microscale �uid di�usion is generally impacted by non-Markovian e�ects since memory

of past dynamics is preserved and a�ects further evolution of the system where solid-�uid
and/or �uid-�uid interactions are signi�cant [131,132]. Such memory e�ects are intimately
related to the nature of the friction at the microscopic scale that becomes time dependent. In
the insightful framework of the generalized Langevin equation, the so-calledmemory kernel,
which is the key quantity capturing this complex time dependence, is often neglected because
of the di�culty of its proper evaluation from the thermal �uctuations of the microscopic
details. Albeit it can provide valuable information on the impact of solid-�uid couplings
on the molecular �uid dynamics which was shown to be crucial in the previous chapters 3
and 4 on �uid transport in kerogen. Whereas these studies on the adsorption and �exibility
e�ects that induce transport increase have been carried out to extract late-time quantities
from molecular trajectories, i.e. the di�usion coe�cients that characterise the Fickian
regime where the mean square displacements scale linearly in time, valuable information
on molecular �uid dynamics could also be obtained at short and intermediary timescales.
As a �rst step toward this goal, I employed recent and promising coarse-graining approaches
(by decreasing the model’s degrees of freedom) based on iterative reconstructions of the
memory kernel which incorporates the feedback of the environment, such as the kerogen
matrix, on the �uid dynamics. I tested two algorithms: one based on the inversion of the
Volterra equation of the second kind [133] and the other one based on the reconstruction of
the forward orthogonal dynamics [9].

In this regard, the aim of this chapter is to extend the understanding of the �uid dynamics
mechanism in kerogen involving the correlation functions and memory kernel analysis
from molecular simulations.

Previously, the study of such memory e�ects has been done mainly for �uid dynam-
ics based on hydrodynamics [134–137]. Recently, this approach has been applied to a
monoatomic �uid usingmolecular simulation trajectories [9]where hydrodynamic governed
modes have been successfully identi�ed from long-term decays of correlation functions. In
the present chapter we �rst reproduce the results of Lesnicki et al. [9] in order to test the
implementations of the two iterative techniques used in the present work and expand this
study to con�ned �uids in order to directly estimate the in�uence of the viscoelastic nature
of the kerogen structure on the �uid dynamics at the short and intermediary time scales.

Furthermore, I characterized the impact of �exibility and loading e�ects on di�usion at
long times through memory kernel and correlation functions which are simply obtained by
averaging over time the �uctuating parameters of interest at two distinct times. Of particular
importance for the computation of these correlation functions and memory kernel is their
direct relation with the di�usion coe�cient, which will also be shown in the following
sections of the present chapter.

Thus, this chapter is organised as follows:
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■ The �rst section provides a presentation of the generalized Langevin Equation frame-
work for �uid di�usion.

■ In the second section I describe the molecular simulation setups for which memory
kernels are computed.

■ The third section introduces the two computational algorithms used for the recon-
struction of the memory kernel.

■ In the fourth section, molecular simulations of a bulk �uid are carried out to test our
implementations of the two algorithms used to extract the memory kernel.

■ The �fth section is devoted to an investigation of small and intermediate time couplings
between the dynamics of the solid and �uid within a kerogen model. This section also
addresses the evaluation of di�usion coe�cients based on the ACFs.

5.2 | Generalized Langevin Equation Framework
The original Langevin equation has been introduced to understand the erratic motion

of macroscopic objects, say colloids, in suspension, such as the pollen grains observed by
Brown in water. In the framework of the Langevin equation, the forces acting on a colloid
are splitted in two parts, (i) a dissipative part re�ecting on the hydrodynamics resistance of
the surrounding water molecules opposing the motion of the colloid, and (ii) a �uctuating
part re�ecting on the total average of the instantaneous microscopic collisions between the
environment molecules and the colloids that is supposed to be random and decorrelated.
One of the most important hypotheses made is the separation of time scales, that is, the
time needed for the microscopic degrees of freedom to equilibrate is negligible compared to
the time scales of the observed colloid’s motion. This is otherwise known as the Markovian
approximation. In the end, the Langevin equation is a stochastic di�erential equation based
on the Newton equation of motion for the coarse-grained velocity v of the observed particle
of massm as

mdv
dt

= −�v(t) + �(t) , (5.1)

where � is a friction coe�cient related to the dissipative force simply opposed to the particle
velocity, and �(t) is a white noise modeling the random microscopic degrees of freedom
acting on the particle. This force is said to be stochastic, it is a random quantity that is
not evolving continuously in time, and its statistics is imposed by its two �rst moments, (i)
on average this force is not supposed to bias the particle motion in a particular direction,
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leading to

⟨�(t)⟩ = 0 , (5.2)

and (ii) its variance (or magnitude) is given via the �uctuation-dissipation theorem as

⟨�2(t)⟩ = 2kBT� . (5.3)

Because only the two �rst moments of the distributions are constrained, the white noise is
said to be a Gaussian white noise even though a uniform distribution symmetric around
zero can be considered. Also, the noise is not correlated to the velocity, we thus have

⟨�(t) v(0)⟩ = 0 , (5.4)

and is not correlated with itself, that is

⟨�(t) �(0)⟩ = 0 (5.5)

for t > 0, where we simply take t = 0 as the starting point. Another consequence of the
�uctuation-dissipation theorem is that the di�usion coe�cient in the long time limit is
directly given by the friction coe�cient � through the Einstein-Smoluchowski relation:

D =
kBT
�
. (5.6)

It is to be noted that, in the case of large spherical colloids of radius R suspended in a solvent
of viscosity �, the friction coe�cient reads as � = c��R, where c = 6 or 4 for the “stick” or
“slip” boundary conditions, respectively [138]. In fact, this relation appears to be very robust
as it remains approximately valid even for tracer molecules that are not much bigger than
the solvent molecules [138].

However, when the separation of time scales is not valid because the characteristic time
of equilibration of the microscopic degrees of freedom is of the same order of magnitude
as the typical observation time, the friction may become dependent on the time and the
noise correlated in time (not proportional to the delta-function as implied by equation 5.5).
In other words, memory or non-Markovian e�ects may arise. In such cases Mori H. and
Zwanzig R. proposed a new formalism which can capture these delay e�ects through the
introduction of projection operators [139–141]. Such formalism allows to construct the
Generalized Langevin Equation (GLE) from the microscopic degrees of freedom via a
rigorous coarse-graining procedure that integrates out irrelevant microscopic details. In
summary, the projection operator technique introduces the so-called memory kernel K(t),
that can be seen as a generalized time dependent friction coe�cient, to obtain a more
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insightful version of the Langevin equation 5.1, that incorporates the memory e�ects:

m
dv(t)
dt

= −∫
t

0
K(t − u)v(u)du + �(t) . (5.7)

Speci�cally, the friction term now convolutes in time the velocity and the “time-dependent
friction coe�cient” to account for the time correlations of the past on the instantaneous
con�guration. As for the original Langevin equation, the �uctuation-dissipation theorem
can be used to derive the following relation between the memory kernel K(t) and the time
correlation of the noise �(t) [133]:

K(t) = 1
kBT

⟨�(t)�(0)⟩ . (5.8)

This expression replaces equations 5.3 and 5.5 that can be obtained again by introducing a
delta-correlated noise (K(t) = ��(t)). In the GLE framework, the separation of time scales
occurs when the time needed for the memory kernel to vanish is negligible compared to the
observation time scale. As we are now interested in the intermediary time scale, i.e. before
the �uid di�usion becomes Fickian and where only the friction coe�cient � is required to
quantify the con�ned �uid dynamics, the Markovian assumption does not hold anymore
and the memory kernel will become the central quantity of interest. I will rely on recently
developed methods based on stable algorithms, that are detailed below, to extract from
equilibrium MD simulations the memory kernels of �uid con�ned in the immature type I
kerogen structure. This comes at the price of investigating long MD trajectories to obtain
signi�cant statistics.

5.3 | Molecular Simulation Setup
As a �rst step, a bulk Lennard-Jones �uid is simulated to reproduce the memory kernel

evaluation reported in [9] to test the validity of the hydrodynamic scaling on the long time
decays of the memory kernel for a tagged molecule that is part of the solvent itself. In
this case, unlike the usual case of a macroscopic colloid di�using in a solvent, there is no
separation of scales between the tagged particle and the solvent molecules. We thus more
generally speak about molecular hydrodynamics. To reproduce the hydrodynamic scaling of
the auto-correlation functions obtained for the bulk �uid, I followed exactly the same steps
as in [9], (i) the �rst step consists in creating a cubic box with randomly inserted �uid atoms,
(ii) relaxation of the model in the NVT ensemble is done to minimize its free energy, and
(iii) production run is performed in the NVE ensemble to eliminate any spurious coupling
between the thermostat and the time correlations.

Per-molecule information (velocity and force) is gathered for only one direction out of
three to limit the memory usage. Block averaging is performed when calculating proper-
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ties, dividing the total trajectory into 10 parts. Lennard-Jones (LJ) reduced units are used
throughout this study to describe simulation details. In this regard, for consistency with
further memory kernel analyses, the LJ parameters taken from [142] for argon and from [2]
for methane is listed in table 5.1 below. The LJ time t∗ is 1.35 ps for CH4 and 2.17 ps for Ar.
More detailed characteristics of the MD simulation stages in LJ units for these models are
collected in table 5.2 where �∗eq is the time step and �∗eq is the time constant for the thermostat
at the equilibration stage.

Ar CH4

�∕kB(K) � (Å) �∕kB(K) � (Å)

119.8 3.4 147.9 3.7

Table 5.1 | LJ parameters for argon and methane, respectively.

Parameters Models

bulk �uid №1 [142] bulk �uid №2

N of �uid molecules 10 000 10 000
L∗box 27 27
�∗ 0.5 0.5
T∗ 1.5 1.5
t∗eq 230.4 230.9
�∗eq 9.2 ⋅ 10−4 9.2 ⋅ 10−4
�∗eq 0.9 0.9
t∗run 230.4 230.9
�∗run 4.6 ⋅ 10−4 4.6 ⋅ 10−4

Table 5.2 | MD simulation parameters for the bulk LJ �uid.

The second part of this study was performed formethane con�ned in the type I immature
kerogen model at 400 K, 25 MPa to investigate the impact of adsorption and �exibility on
�uid dynamics in terms of correlation and memory e�ects. Only the highest �uid content
(82.4 mg/g) is considered within the rigid solid approximation, since the majority (∼ 80 %)
of molecules di�use, while for the lowest �uid loading they mostly remain trapped over
very long times. Very long simulations were performed to accumulate enough statistics
for correctly re�ecting the long time decays of the correlation functions. For this purpose,
trajectories of 100 ns long with a 10 fs resolution have been generated, and divided into 5
blocks of 20 ns long for post-processing analysis. Five di�erent solid con�gurations separated
by at least 2 ns from the all-atom run have been stored to perform the rigid runs. The lowest
loading (12.1mg/g) has also been considered to investigate the swelling e�ect on thememory
kernel while accounting for the �exibility of the matrix.
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5.4 | Memory Kernel Calculation Algorithms

5.4.1 | Inversion of the Volterra equation of the second kind

Various methods have been reported in the literature to compute memory kernel [9, 133,
141, 143, 144] among which the inverse Volterra equation of second kind has shown the
highest e�ciency [143,145]. Developed for a one dimensional and one particle system, it was
recently revised for many-particle systems while remaining computationally e�cient [145].
Here I present this simple derivation from the GLE. The GLE (equation 5.7) is simpli�ed by
excluding the noise due to its orthogonality with the velocity and multiplying the equation
with the initial velocity v(0) and taking the thermal equilibrium average (⟨⋅⟩), which gives
the Volterra equation of the �rst kind

m
d⟨v(t)v(0)⟩

dt
= −∫

t

0
K(t − u)⟨v(u)v(0)⟩ du . (5.9)

Numerically inverting it into the second kind form gives a more stable algorithm. Taking
the time derivative of this equation then leads to

m
d2⟨v(t)v(0)⟩

dt2
= −⟨v(0)2⟩ K(t) − ∫

t

0
K(u)

d⟨v(t − u)v(0)⟩
dt

du (5.10)

that can be further simplifed by noting the relations between the velocity auto-correlation
time derivatives and the force auto-correlation function

d2⟨v(t)v(0)⟩
dt2

= − 1
m2 ⟨f(t)f(0)⟩ (5.11)

as well as the velocity-force cross-correlation function

d⟨v(t)v(0)⟩
dt

= 1
m⟨f(t)v(0)⟩ , (5.12)

where f is the total force acting on the particle, leading to

1
m⟨f(t)f(0)⟩ = ⟨v(0)2⟩ K(t) + 1

m ∫
t

0
K(u)⟨f(t − u)v(0)⟩ du (5.13)

which is the Volterra equation of the second kind. In passing, because the system is at
thermal equilibrium, we have ⟨v(0)2⟩ = ⟨v(t)2⟩ = v2th with vth =

√
kBT∕m the thermal

velocity. To ease the readability in what follows, we now introduce the notation

Cab(t) = ⟨a(t)b(0)⟩ (5.14)
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for the time auto- and cross-correlation functions involving the dynamical quantities a or
b = v, f, �, so that we can recast the previous equation as

Cff(t) = mCvv(0) K(t) + ∫
t

0
K(u) Cfv(t − u) du . (5.15)

This equation can be discretized in time in order to invert it numerically and to obtain
the memory kernel. The time series of the quantities obtained for the molecular dynamics
trajectories with a time resolution �t are represented such as f(i�t) = fi for the total force,
for instance, with the index i running over all the Nt available timeframes (i ∈ [[0,Nt − 1]]),
which leads to the discretization of the time correlation functions (equation 5.14) as

Cab
i = ⟨aib0⟩ for t = i�t . (5.16)

The integral term of equation 5.15 is discretized using the simple rectangle rule as

∫
t

0
K(u) Cfv(t − u) du =

i∑

j=0

 jKj C
fv
i−j �t , (5.17)

where  j = 1 − �0j are constants, with the last term of the sum that is separated to invert
the time discretized version of the Volterra equation of the second kind (equation 5.15) as

Ki =
Cff
i − �t

∑i−1
j=0  jKj C

fv
i−j

mCvv
0 +  i�tC

fv
0

(5.18)

with the initial condition

K0 =
Cff
0

mCvv
0

(5.19)

established from equation 5.15. This integration scheme allows to iteratively reconstruct
the memory kernel, that is essentially the noise auto-correlation function, from the total
force auto-correlation function and the velocity-force cross correlation function. Both these
functions can simply and reliably be obtained from molecular dynamics trajectories. Then,
for a single �uid system, only one time series is numerically evaluated from the correlation
functions that are already averaged over the �uid molecules of the system.

From a physical side, the memory kernel corresponds to the force auto-correlations
removed from the contributions coming from the correlations between the force and the
velocity. In the end, the noise is a stochastic force that is, by construction, decorrelated from
the velocity. The second algorithm reproduced below follows a more involved path as its
strategy consists in �rst reconstructing the noise for the trajectory of each molecule and
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then computing its time auto-correlation function before averaging over the molecules. The
advantage is that it also gives access to the “orthogonal” dynamics, in the wording of the
projection operator formalism, as the noise is decorrelated from the velocity.

5.4.2 | Reconstruction of the Forward Orthogonal Dynamics

The secondmethod is based on the reconstruction of the forward orthogonal dynamics [9]
from the knowledge of the MD trajectory. While the previous method directly deals with
the correlation functions, the present one works on reconstructing the noise �(t) for each
molecule trajectory, and then computing their time auto-correlation function to �nish in
practice by averaging them over the molecules. The memory kernel is then readily available
from equation 5.8 (K(t) = �⟨�(0)�(t)⟩). Noting that this relation can be expressed using the
total force f, injecting the GLE (equation 5.7) in the just recalled relation leads us to

K(t) = �⟨f(0)�(t)⟩ (5.20)

because the noise is orthogonal to the velocity at all time. Starting back from the Mori-
Zwanzig (MZ) projection operator formalism, that can be used to derive the GLE, the
memory kernel can be formally expressed only with the force. Introducing P, the Mori
projection operator along the velocity v through its action on a variable a

Pa =
⟨a(0)v(0)⟩

⟨v2⟩
v(0) (5.21)

where all the variables have been evaluated at the same time since the projector does not
depend on time – ⟨v2⟩ = v2T because the system is in thermal equilibrium –, the noise can
be expressed as

�(t) = ei(I−P)ℒt(I − P)f(0) (5.22)

where I andℒ are the identity and the Lagrangian operators, respectively, or, by introducing
the orthogonal projection operator Q = I − P, we obtain in a more compact manner

�(t) = eiQℒt Qf(0) . (5.23)

This de�nition of the noise ensures its orthogonality with the velocity, i.e. ⟨�(t)v(0)⟩ = 0.
This expression directly comes from the derivation of the GLE using the MZ projection
operator formalism. Without entering in too much details, for an Hamiltonian dynamics,
the time evolution of a variable is given through the Lagrangian operator as a(t) = eiℒt a(0),
which formally expresses what is happening in a MD simulation in the NVE ensemble, and
in the NVT ensemble under certain conditions. Comparatively, the operator eiQℒt entering
the de�nition of the noise gives rise to the orthogonal dynamics of a variable. The time
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evolution of the noise can be interpreted as the orthogonal dynamics ofQf(0) the orthogonal
projection of the force f(0). The memory kernel can be expressed as

K(t) = �⟨f(0) eiQℒt Qf(0)⟩ . (5.24)

In order to branch with the notations of the generic derivation of the original paper of Carof
et al. [144], and more speci�cally those of section B which di�er from section A, we note
A(0) = f(0) and B(0) = Qf(0) so that K(t) = �C̄AB(t). On our side, to ease the notation,
we introduce g(0) = Qf(0). The former expression for the memory kernel can be recast as

K(t) = �⟨f(0) eiQℒt g(0)⟩ (5.25)

and, as in [144], we highlight that the memory kernel can also be expressed as

K(t) = �⟨g(0) e−iℒQt f(0)⟩ . (5.26)

In this last expression, a new dynamical quantity �−(t) = e−iℒQt f(0) appears, as a strange
“time reversal” alternative to the noise �(t) = �+(t) = eiQℒt g(0). The superscripts indicate if
the orthogonal dynamics is propagated forward (+) or backward (−) in time. Two algorithms
were developed by Carof et al. [144], the forward and the backward ones, considering either
the noise �(t) or its time reversal counterpart �−(t), respectively. Later on, Lesnicki et al. [9]
improved the stability of the method proposed originally in [144] as well as its numerical
memory management, leading to a quite complex numerical scheme. We detail now the
forward orthogonal algorithm dedicated to the reconstruction of the dynamical quantity �(t)
from the MD trajectories – for one molecule: v(t) and f(t) via g(t) – that allows upon time
cross-correlation (equation 5.26) to get the memory kernel using the more stable version
of [9] but in a simpler form.

From the de�nition of �,

�(t) = eiQℒt g(0) , (5.27)

one deduces that its dynamics equation is given by

d�
dt

= iℒ� − iPℒ� , (5.28)

instead of the regular Hamiltonian dynamics ȧ = iℒa for a dynamical quantity a(t) = v(t)
or f(t) generated by MD. It is speci�cally derived [144] that the noise dynamics deviates
from the normal dynamics of g(t) as

�(t) = g(t) + ∫
t

0
v(u)

⟨�(t − u)f(0)⟩
m⟨v(0)2⟩

du (5.29)
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Considering the dynamics over a timestep �t, after some algebra and noting that for any
Hamiltonian quantity a(t) the stationarity ensures that a(t + �t)[Γ0] = a(t)[Γ�t] – which is
not the case for the orthogonal variables – with Γt denoting the phase space con�guration
at a time t, we have

�(t + �t)[Γt] = g(t + �t)[Γt+�t] + ∫
�t

0
v(−u)[Γt+�t]

⟨�(t + u)f(0)⟩
m⟨v(0)2⟩

du . (5.30)

We emphasize that because of its orthogonal dynamics, the noise is not stationary, i.e.
�(t+�t)[Γ0] ≠ �(t)[Γ�t], in line with the fact that it precisely encodes memory e�ects. From
there, the integral term can be discretized using a simple �rst order scheme, but prone to
numerical instability, or a second order scheme leading to a stable algorithm [9,142]. We
reproduce the iterative scheme obtained from the second order development to reconstruct
the discretized noise dynamics:

�n+1[l] = gn[l + 1] + [!nvn[l] +
vn[l − 1]
2 − �t�n

(2#n + �n!n�t)]
�t
2 , (5.31)

for n running from 0 toNt − 1, where !, �, #, and � corresponds to the following discretized
correlation functions

!n =
∑Nt−1−n

l=0 fn[l]�n[l]

m
∑Nt−1−n

l=0 v0[l]2
, (5.32)

�n =
∑Nt−1−n

l=0 fn[l]vn[l]

m
∑Nt−1−n

l=0 v0[l]2
, (5.33)

#n =
∑Nt−1−n

l=0 fn[l]�n[l + 1]

m
∑Nt−1−n

l=0 v0[l]2
, (5.34)

and

�n =
∑Nt−1−n

l=0 fn[l]vn[l + 1]

m
∑Nt−1−n

l=0 v0[l]2
. (5.35)

We stress the fact that, at each iteration n an update is required for both, the denominator and
the numerator, of the four quantities. The goal is to reconstruct the dynamics of a �uctuating
quantity, not to compute an averaged quantity. Though, at the end, the memory kernel can
be obtained from the numerator of �. This method is more complex and computationally
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costly than the previous one, but gives the trajectory of the noise for each �uid molecule and
is not restricted to the calculation of the memory kernel, i.e. contributions of the memory
kernel from di�erent pieces of the total force could be evaluated as well. Additionally, this
method can be applied to obtain the orthogonal dynamics of any quantity, not just the noise.

5.5 | Hydrodynamics from Memory Kernel using
Molecular Simulations

Figure 5.1 | Absolute values of the normalized Velocity, Force, and Noise Auto-Correlation
Functions (VACF, FACF, and NACF or memory kernel), as functions of time in LJ units for

a bulk LJ �uid. Panel (a) is taken from the work of Lesnicki et al. [9] and panel (b)
corresponds to the results we obtained from the Volterra method (for the NACF). The
curves correspond to the hydrodynamic theory predictions in the long time limit for the
VACF (green lines), ∝ t−3∕2, the FACF (orange line), ∝ t−7∕2, and the NACF (cyan lines),
∝ t−3∕2. The inset of (a) displays the integrals of the FACF (dashed red), converging to zero,
and the NACF, diverging with the �rst order algorithm (solid blue line) and converging to
the right value for the friction coe�cient � with the second order one (dotted blue line).
Grey area indicate the error bars. t* is the LJ time for Ar (2.17 ps) and CH4 (1.346 ps).

Recently, a study based on the memory kernel has proved that in the case of a bulk
�uid, hydrodynamic modes govern the long time �uid dynamics even for a molecule of the
�uid [9]. As shown in [142], and as can be seen in �gure 5.1, the Velocity Auto-Correlation
Function (VACF) follows a t−3∕2 scaling at long times, attributed to hydrodynamic modes.
This scaling also arises for Rouse polymer di�usion. It is expected that the Force ACF
(FACF) decays faster, (∝ t−7∕2) than the VACF, being its derivative. The memory kernel,
or the Noise ACF (NACF), is also decaying much slower than the FACF representing a
delayed version of the total force, and follows the same scaling as the VACF. Interestingly,
it follows the same scaling at long times as the VACF. The long tail decays of all the ACFs
including memory kernel in the case of a solvent molecule follows the scaling predicted by
hydrodynamics for macroscopic colloids di�usion [9, 146,147].
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I aimed �rst to reproduce their results on the hydrodynamics of a monoatomic �uid
(�gure 5.1), especially the memory kernel to test the implementation of the algorithms.
They used �rst [144] and second [142] order algorithms based on the orthogonal dynamics
to reconstruct the memory kernel with success, but the former did not show su�cient
accuracy to compute the di�usion coe�cient (inset of �gure 5.1). I used the two methods
described above based on the inversion of the Volterra equation of the second kind and
on the reconstruction of the orthogonal dynamics with second order accuracy, yielding
identical results. Later on, in the case of methane in kerogen, I use the former method for
e�ciency reason.

5.6 | Memory E�ects on the Dynamics of a Fluid
Con�ned in Kerogen

In this section, the dynamics of a �uid con�ned in a microporous kerogen matrix is
examined through the ACFs decays obtained on su�ciently long trajectories (100 ns and
subdivided in 20 ns long blocks) to have a better understanding of solid-�uid couplings.
They are computed in the same way as for the bulk �uid case. Memory kernels are extracted
using the inversion of the Volterra equation of the second kind. To investigate the impact
of �uid adsorption on the ACFs behaviour, I consider the highest and the lowest methane
loading in the immature type I kerogen at 400 K, 25 MPa (�gure 5.6). The highly loaded
case is investigated �rst to focus on the e�ect of the matrix �exibility, i.e. with comparisons
between the frozen and the all-atom (�exible) setups, because freezing the matrix in the
lowest loading case traps almost all molecules, due to methane adsorption-induced swelling.
Then, after discussing di�erent methods to obtain the self-di�usion coe�cient from the
ACFs, I look at the loading e�ect on the �uid dynamics with adsorption-induced swelling.

5.6.1 | Flexibility E�ects at Constant Volume

Here, the solid’s �exibility e�ects are investigated with time correlation functions and
memory kernels on shorter time scales (from a few picoseconds to tens or hundreds of
picoseconds) than needed to compute di�usion coe�cients from the MSD (from a few
nanoseconds to tens of nanoseconds), but involving more statistics. This is accomplished
by comparing two treatments of the kerogen matrix at the same volume, when the solid’s
atoms are completely frozen or canmove, by using correlation functions andmemory kernel
analysis. The corresponding ACFs of velocity, force and projected force (noise) and the
cross-correlation function of velocity and force for the immature kerogen model exhibiting
�exibility e�ects and for its rigidi�ed versions are depicted in �gure 5.2. The rigidi�ed
kerogen systems are obtained from �ve di�erent con�gurations of the �exible version of the
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Figure 5.2 | Semi-log graphs of the normalized VACF (a), FACF (b), VFCF (c), and NACF
or MK (d) in time for methane in the immature kerogen at high loading for the �exible case
(black curves) and rigid case (colored curves). Each of the �ve di�erent colors of the rigid
runs corresponds to a solid con�guration taken from the �exible run. Note the di�erent
time ranges of the graphs. Five blocks of 20 ns for each run are used for the error bars (95 %

con�dence interval) that are indicated by grey areas. The time resolution is 10 fs.

kerogen (separated by at least two nanoseconds). The kerogen model was deliberately taken
at its maximum swelling in order to avoid pore blocking in the rigidi�ed kerogen versions.

First of all, it can be seen in �gure 5.2 that all rigid con�gurations show similar behavior
despite the fact that they represent di�erent geometries of the �exible structure for which
the di�usion coe�cients are not the same, and lower than in the �exible case. A distinctive
feature of a �uid con�ned in a solid matrix is the negative peak in the VACF, indicating a
backscattering e�ect caused by collisions of �uid particles with the solid walls. Contrary
to the bulk �uid previously studied in the supercritical state, this backscattering might
appear in the liquid state, or at least when the �uid concentration is large enough. It is
less pronounced for the deformable matrix pointing to the importance of �exibility e�ects,
which seem to hinder backscattering e�ects while strongly impacting the �uid dynamics
mechanisms. This is a�rmed by the force correlation function, which for the case of the
�exible kerogen seems to show softer but slightly longer e�ects on �uid motions when
colliding with solid walls, contributing to the faster force decorrelation. Force and velocity
also decorrelate faster, with the �rst VFCF peak shifted slightly earlier in the �exible case,
somehow in contradiction with the memory kernel peak shifted to a longer time.
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Other valuable information from a comparison of the rigidi�ed and �exible versions of
the kerogen matrix can be obtained from the decays of the correlation functions. In order to
comment on its long term decays, I have presented the correlation functions from �gure 5.2
on logarithmic scale, taking its normalized and absolute values in the same way as has been
used for the bulk �uid study in section 5.5. The di�erent correlation functions for the �exible
solid and its �ve di�erent rigidi�ed con�gurations are also illustrated in �gure 5.3. The shift
of the VACF peak is clearly noticeable in this representation compared to the previous one
(�gure 5.2). As mentioned, the �exibility of the matrix allows a longer interaction with the
solid, which manifests itself in a peak shifted to a longer time. However, the decay seems to
be identical for both cases at long times, which requires additional statistics to observe the
slower decay for the �exible case. The same conditions are required for the FACF. In either
case, the more time-intensive solid-�uid couplings induced by the mobility of the solid
atoms, results in a faster temporal decorrelation for the force, as well as a less oscillatory
pattern. The VFCF has a retarded second peak for the �exible kerogen, as in the VACF, but
at the same time it decays similarly to the FACF. For the memory kernel, beyond the shift of
the �rst peak, we note the absence of a second peak in the �exible case as it enters into rapid
oscillations after 40 ps. Moreover, it follows a clear intermediary scaling between 0.3 and 8
ps, indicating pronounced �exibility e�ects imposed by the mechanical relaxation of the
solid since the rigid case displays a totally di�erent behaviour with a clear anti-correlation
peak.

To compare the long time decays of all correlation functions for each case, �exible and
rigid, graphs of these time-dependent functions for two rigidi�ed con�gurations and the
�exible case are shown in �gure 5.4.

For the rigid case, the long time VACF decay goes as t−1, which does not correspond
to the hydrodynamic scaling (t−3∕2 scaling), which is shown by the gray dashed line in
�gure 5.4. For the �exible case, it is between these two scalings (t−1.15 scaling, dashed green
line in �gure 5.4), suggesting that long time decays for �uids con�ned in amorphous and
disordered microporous media stay in between the hydrodynamic and the elastic (rigid)
behaviours for the �uid molecule environment. The force ACF obviously decays faster,
since the force ACF is the second time derivative of the VACF. The VFCF decays similarly
to the FACF, which is di�erent from the memory kernel dynamics, decaying even slower
(t−0.43 scaling) in the �exible case. For the rigid case, however, the decay is unde�ned as a
characteristic memory kernel anti-correlation peak is formed, which, as discussed below,
seems to prevent di�usion coe�cients from being computed.

5.6.2 | Transport Coe�cient Estimation

The presented analysis of correlation functions and their decays capture well the sig-
ni�cant impact of �exibility e�ects on �uid dynamics and its memory e�ects. On this
basis, the reproducibility of the di�usion coe�cient (chapter 3) from relatively small-time
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Figure 5.3 | Log-log graphs of the absolute value of the normalized VACF (a), FACF (b),
VFCF (c), and NACF or MK (d) in time for methane in the immature kerogen at high

loading for the �exible case (black curves) and rigid case (colored curved). The grey areas
correspond to the error bars. Contrary to �gure 5.2, the time ranges are the same for all the

graphs, going up to 500 ps.

scales using correlation functions arises. For this purpose, the ACFs of the velocity, force
and noise (projected force) have been taken to compute the di�usion coe�cient. Again
the rigidi�ed and �exible cases at maximum �uid content are considered, with two rigid
con�gurations taken for the former, showing the fastest and slowest di�usion coe�cient of
all �ve con�gurations.

First, I employed the more direct method of deriving the self-di�usion coe�cient, i.e.
from the integral of the VACF, in the one-dimensional case (equation 5.36):

D(t) = ∫
t

0
⟨v(u)v(0)⟩ du . (5.36)

Then, the self-di�usion coe�cient has been calculated as function of � via the Einstein
relation D(t) = kBT

�(t)
from the integral of the FACF as

�(t) = 1
kBT

∫
t

0
⟨f(u)f(0)⟩ du , (5.37)
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Figure 5.4 | Log-log graphs of the absolute value of the normalized VACF (purple), FACF
(orange), VFCF (red), and NACF or memory kernel (blue) in time for methane in the

immature kerogen at high loading for two out of the �ve rigidi�ed con�gurations (a) and
(b), and for the �exible case (c). The long time decay of the VACF follows a t−1 scaling for
both of the rigidi�ed solid matrix cases and a t−1.15 scaling for the �exible case (dashed

green line). The dashed grey lines indicate the hydrodynamic scaling t−3∕2 for comparison.
Additionally, in (c), the memory kernel follows an intermediary t−0.43 scaling in the �exible

matrix (dashed green line).

or the memory kernel as

�(t) = ∫
t

0
K(u)du . (5.38)

The obtained di�usion coe�cients evolution with time are dispayed in �gure 5.5.
The corresponding estimates of the di�usion coe�cients by integrating the VACF for all

models converge to the estimates obtained by �tting the MSD of the �uid molecules shown
by the dashed grey lines. While the MSD evolution of methane molecules converges to a
linear regime in whichD can be computed after a few hundred picoseconds from trajectories
of a few nanoseconds long, to converge to the proper value from the velocity ACF (purple
curves in �gure 5.5) obtained from trajectory of 20 nanoseconds long requires more than 1 ns
for the rigidi�ed kerogen matrices and about 500 ps for the �exible one. While the rigidi�ed
con�gurations exhibiting the slowest (D = 0.06 Å2/ps) di�usivity come to a converging
value later than the one showing the fastest (D = 0.13 Å2/ps) di�usivity.

The FACF integral for the di�usion coe�cient computation (orange curves in �gure 5.5)
is not shown for the rigid cases because it is two orders of magnitude above the NACF,
which greatly underestimates �. However, it does not converge to zero, as in the bulk �uid
case, but rather converges to a very small value, resulting in a di�usion coe�cient that is
too large. Contrary to the bulk �uid case, the integration of the noise ACF for both rigidi�ed
kerogen con�gurations does not allow to correctly estimate the di�usion coe�cient. But
for the �exible matrix, the memory kernel integral began to approach the proper value
of the di�usion coe�cient quite quickly, not fully converging within 20 ns. The memory
kernel approach reproduces well the di�usion coe�cient from the NACF compared to the
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Figure 5.5 | Time evolution of the self-di�usion coe�cient estimates obtained through the
integration of the MK (blue), VACF (purple), and FACF (orange) for the two rigidi�ed

con�gurations (a) and (b), and the �exible case (c) following the same layout of �gure 5.4.
The corresponding di�usion coe�cients previously evaluated from the mean square

displacements are given by the dashed black lines. For the two rigid cases (a) and (b) the
di�usion coe�cient estimate given from the FACF integral are not shown, this integral
going to zero. In the �exible case the corresponding value is shown but is still far o� the

other values.

FACF for the �exible kerogen, while the di�usion coe�cient cannot be obtained at all in
the rigidi�ed case. This means that for rigi�ed solid structures, the thermostat, only applied
to the �uid, strongly a�ects the memory of the �uid dynamics, which is crucial to consider.

5.6.3 | Adsorption-Induced Swelling E�ect

The e�ect of adsorption-induced swelling is studied here from the intermediate timescale
analysis through the correlation functions of velocity, force and noise (memory kernel). The
kerogen systems with minimum (12.1 mg/g) and maximum (82.4 mg/g) methane loading
are considered in the �exible case only, including of course the adsorption-induced swelling.
The corresponding time correlation functions for both systems are shown in �gure 5.6.

The characteristic peak in the VACF for the least swollen case shows a backscattering
e�ect that occurs slightly faster due to stronger interactions with solid atoms. In addition, its
long time decay is characterized by larger �uctuations due to lower statistics. Qualitatively,
though, the behaviour of the VACF is quite similar in both cases. The FACF and NACF
(memory kernel) also show similar behaviours, while the decays are clearer for the most
swollen kerogen. The intermediary scaling of the memory kernel noticed earlier also
appears for the lowest loading case, but during a shorter period of time, suggesting that this
distinct scaling is an intrinsic feature of the kerogen backbone even if modulated in time
by the swelling. Such a salient feature is new and cannot be unraveled from the velocity
and force time correlation functions. As a consequence, looking at the memory e�ects of
the dynamics of �uids con�ned in microporous media could allow the investigation of the
mechanical relaxationmechanisms of the solid structure. It follows that the �exibility e�ects
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Figure 5.6 | Log-log graphs of the absolute value of the normalized VACF (a), FACF and
NACF or MK (b) in time for methane in the immature kerogen at high (black) and low
(blue) loading in the �exible case. The FACF is not shown after 10 ps in (b) and the error

bars are not displayed for the sake of readability.

are important to account for when studying the con�ned �uid dynamics and calculating
di�usion coe�cients from the memory kernels.

5.7 | Conclusion
To better understand the poroelastic solid-�uid couplings at the microscale and, more

precisely, the impact of �exibility and adsorption-induced swelling e�ects on the �uid
dynamics, short and intermediate timescales’ analysis has been employed, involving corre-
lation functions and memory e�ects, which preserve information about past �uid dynamics
a�ected by the solid dynamics.

Previously, the study of the memory kernel has been applied mainly to macrosystems,
such as colloids. Only recently it has been successfully used for bulk �uid at the molecular
level [142], where the authors have identi�ed long time decays of correlation functions and
memory kernel from hydrodynamics. However, they emphasized the di�culty of extracting
the memory kernel. Consequently, I tested two well-established coarse-graining algorithms
to reconstruct the memory kernel and, �rst, reproduced the results of Lesnicki et al. Both
methods yielded very similar results for the memory kernel, but the method proposed
in [142] proved to be not as e�cient as the one proposed by Jung [133], at the cost of being
less �exible.

The second part of the results has been focused on the �uid con�ned in themicroporosity
of kerogen. Large statistics accounting for 100 nanosecond long trajectories for themolecular
model of kerogen swollen with methane, which has been used to study transport properties
in chapter 3, have been employed to capture �exibility and adsorption-induced swelling
e�ects from the behaviour, characteristic peak position and, more importantly, the long
time decays of the correlation functions. Five rigidi�ed kerogen con�gurations obtained
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from the �exible one at di�erent time intervals at maximummethane loading have been
used to study �exibility e�ects. The kerogen matrix with adsorbed methane has shown
rattling e�ect in contrast to the bulk �uid, which is more pronounced when the matrix is
rigidi�ed. Freezing the solid atoms has failed to quantitatively capture the memory e�ects,
greatly overestimating the di�usion coe�cients. The importance of adsorption-induced
swelling has been also shown by comparing the most and the least swollen cases (for a
given thermodynamic condition) with methane adsorption. Analysis of the ACFs decay has
shown that ACFs do not follow the hydrodynamic scaling as opposed to a bulk �uid. The
VACF scaling in the �exible kerogen case has been found to lie between the hydrodynamic
scaling and the one displayed by the rigid case. The memory kernel for the �exible solid
case decays much slower than the VACF and FACF, showing important memory e�ects that
take a longer time to be integrated for the estimation of the friction coe�cient.

Reproducing the di�usion coe�cient from the intermediate timescale was successful
from the integral of the VACF for both cases, �exible and rigidi�ed solids. However, the
rigidity of the kerogen matrix resulted in longer convergence times to the correct value. In
addition, it should be noticed that although all �ve rigidi�ed con�gurations have shown
fairly similar results for the correlation functions and memory kernel analysis, the di�usion
coe�cients reproduced from these VACFs showed di�erent values because of the di�erent
geometries implied from frozen snapshots of the long evolution of the �exible matrix. To
test the reproducibility of the di�usion coe�cient, rigid kerogen con�gurations were chosen
that yielded the slowest and fastest di�usion. It was not possible to extract the di�usion
coe�cient value from the FACF, especially from the rigid con�gurations, which signi�cantly
overestimated their values. Integration of the memory kernel led to relatively better results
for the kerogen case with frozen atoms, still signi�cantly overestimating the di�usion
coe�cients by several orders of magnitude with large �uctuations. A good estimation has
been obtained in the �exible case. Remarkably, it approached the correct value in ∼ 20
picoseconds, which is extremely fast, albeit not converging accurately to the MSD estimate
after 20 ns, as opposed to the VACF integral estimate.

This introduction of short and intermediate timescale analysis of a microscale con�ned
�uid has raised many challenges. First of all, the presented results have provided a new
insight on solid-�uid couplings a�ected by �exibility e�ects. However, it questions on the
of applicability to other small �uid molecules, such as carbon dioxide, and other atomistic
models of kerogen, �uid mass e�ects, etc. It has been shown that the e�ciency of memory
kernel extraction still needs to be improved, which implies the development of new and/or
improved algorithms. Moreover, this analysis required a very large amount of memory in
data generation and processing, but did not allow for accurate reproduction of the di�usion
coe�cients from the memory kernels, which should also be resolved in further research.
This may also be due to size e�ects from the molecular models used, which will be more
crucial when considering mature and overmature kerogen models. Either way, this type of
coarse-graining technique based on memory kernel reconstruction, which is already widely
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used for large systems, shows great promise for atomic-level systems, and we believe it will
provide more fundamental information for rationalizing �uid transport in microporous
materials such as kerogen in a near future. More globally, it will help to understand �uid
dynamics at the atomistic level, where dynamical properties are crucial.



95 Molecular Fluid Dynamics from Memory Kernels



Chapter 6

General Conclusions and Perspectives

Contents
6.1 Motivation Recall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.2 Transport within Microporous Flexible Organic Matter . . . . . . . 97

6.3 Rationalization of Transport with the Free Volume Theory . . . . . 98

6.4 Towards Transport Upscaling fromMemory Kernels . . . . . . . . 98

6.5 General Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . 99

96



97 General Conclusions and Perspectives

This chapter summarizes themain results and proposals for further research that emerge
from this work, and a brief recap of the purpose of the present study is provided at the
beginning.

6.1 | Motivation Recall
In the context of enhancing hydrocarbon recovery from shale and carbon dioxide se-

questration in shale, most experimental and numerical studies have focused on adsorption
experiments, while transport has attracted less attention, although it is a major indicator of
the success of the aforementioned geological processes.

The present work addresses the most recent researches on �uid transport in kerogen,
accounting for the e�ects of the solid �exibility, which have long been neglected. The
poroelasticity of kerogen has shown important adsorption-induced swelling e�ects that
dramatically change �uid transport behaviour. However, due to the study of mainly �uid
transport trends and the lack of data for a more fundamental understanding of transport
in kerogen exhibiting �exibility, we have thus aimed to shed light on this aspect by using
molecular dynamics simulations involving statistically intensive atomistic calculations. In
addition, in the last chapter, I presented an introduction to the memory kernel study as
a �rst attempt to upscale microscopic �uid transport in kerogen to the mesoscale from
memory e�ects.

6.2 | Transport within Microporous Flexible
Organic Matter

Using MD simulations, I �rst have shown, based on the pore-volume analysis, that
oil- and gas-bearing kerogens exhibit signi�cant adsorption-induced swelling not only for
immature kerogen but also for the mature one. Su�ciently long trajectories of up to 50
nanoseconds have allowed to determine the impact of important solid’s �exibility e�ects on
�uid-�uid cross-correlations. It has been proven for the �rst time on two kerogen models
with adsorbed methane and carbon dioxide, and for a variety of thermodynamic conditions
that kerogen �exibility has a minor impact on the collective e�ects, thereby indicating the
totally di�usive nature of �uid transport. This indicates that the transport properties within
the �exible kerogen microporosity can be studied while computing only the self-di�usion
coe�cient, which is computationally easier to obtain.

Based on the previous results, only self-di�usion coe�cient have been computed to
provide the transport trends. It has been shown for a wide range of conditions including
statistically robust atomistic trajectories for the two kerogen models and �uid types, that
adsorption-induced swelling leads to transport enhancement contrary to most studies where
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kerogen has been represented as rigidi�ed. This increase has been well explained by the
increase in the accessible free volume.

The ’imitation’ of carbon dioxide sequestration by replacingmethanewith carbon dioxide
in the kerogen model has resulted in the shrinkage of the kerogen model accompanied by
relatively large non-a�ne displacements caused by solid’s deformations during volume
adaptation to the adsorbed �uid. A comparison between both �uids has shown that carbon
dioxide di�uses slower than methane because of the stronger solid-�uid couplings.

Finally, the representative size of atomistic models in the context of transport studies
has been discussed. Our kerogen model has proven to be suitable for transport modeling,
even though it induces slightly anisotropic transport properties.

6.3 | Rationalization of Transport with the Free
Volume Theory

Thanks to the large set of statistically reliable di�usion data obtained and their perfect
correlation with the accessible free volume, I proposed in this work to rationalize the
adsorption-induced increase in transport using a free volume theory. The free volume
model has perfectly captured methane transport trends with �uid loading. Moreover, it has
successfully described the transport increase of the more energetically dense �uid, carbon
dioxide, for conditions, relevant to those of gas shale reservoirs. Themodel has demonstrated
good agreement for both �uids con�ned in kerogen through analysis of its parameters, such
as the free volume parameter and the friction coe�cient, suggesting its applicability to other
�uids, such as longer-chain hydrocarbons and their mixtures in microporous kerogen to
describe �uid transport, in�uenced by the solid’s �exibility e�ects.

6.4 | Towards Transport Upscaling from Memory
Kernels

Aiming to extend the study to larger-than-atomistic scales, say to mesoscopic pores,
of �exibility e�ects a�ecting �uid dynamics, I introduced a memory kernel study that al-
lows one to extract the impact of solid-state dynamics on �uid dynamics. Involving two
reconstruction algorithms to compute the memory kernel, I have shown the importance
of accounting for the kerogen viscoelastic nature and adsorption-induced swelling from
the correlation functions analysis, again involving robust statistics (100 nanoseconds trajec-
tories). It has been demonstrated that the rigid solid approximation leads to a signi�cant
overestimation of the di�usion coe�cients from memory e�ects, while consideration of the
kerogen �exibility yields a good estimate of it.
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6.5 | General Conclusion and Outlook
Overall, this work contributes greatly to the building of a general theory of transport in

microporous kerogen, accounting for �exibility e�ects. These results should also be applica-
ble to �uid mixtures. Among geological applications, such as the enhanced production of
gas and oil and the sequestration of greenhouse gases, the results should also be applicable
to any microporous material subject to adsorption-induced deformations. Nevertheless, this
work raises a number of challenges for further research, some of which are presented below.

■ For simplicity and in the interest of characterizing the poromechanical properties of
kerogen and its �exibility, we considered our kerogen models to be compositionally
simple, i.e. containing only the carbon and hydrogen atoms. It is worth studying
kerogen with more complex composition to observe the impact of other elements,
such as oxygen, nitrogen, and sulfur, on adsorption-induced swelling for di�erent
types of adsorbed �uid.

■ More globally, the next step in rationalizing �uid transport in kerogen would be to
consider, together with �exibility e�ects, other transport phenomena induced by
ultra-con�nement, such as slippage, wettability, etc., that may arise while considering
the impact of mesopores on transport.

■ With respect to the raised issue about the representative size of the atomistic kerogen
model, it will be valuable to have a better understanding of the anisotropic e�ects,
balancing model realism and the resulting computational costs.

■ The proper upscaling of �uid transport at the microscale to understand an impact of
mesoscale inhomogenities, as well as kerogen’s poroelasticity and adsorption-induced
swelling at the mesoscale is another challenge.

■ Finally, a promising study on �uid dynamics involving non-Markovian e�ects at short
and intermediate timescales, which has been introduced for the �rst time in this work
for con�ned �uid dynamics at the microscale, will provide insights into the e�ects
of the solid dynamics on �uid one. However, the demonstrated introduction to this
study needs to be extended. It is necessary, therefore, to test on other �uids, such as
the more energetically dense carbon dioxide, and to consider the mass e�ect and to
rationalize the computationally ine�cient reproduction of transport coe�cients from
the memory kernel. Moreover, this requires the development of e�cient memory
kernel reconstruction algorithms.
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A.1 | Replacement of Methane with Carbon
Dioxide

In order to obtain atomistic models of immature kerogen with carbon dioxide a molar
replacement of methane with this �uid has been carried out for all kerogen models with
adsorbed methane at temperatures 300 K and 400 K and pressures of 0.1 MPa, 25 MPa
and 100 MPa. The time-equilibrated part of the density �uctuations induced after this
replacement is shown for the lowest �uid loading (33.4 mg/g) at temperatures 300 K and
400 K and pressures of 0.1 MPa and 100 MPa in �gure A.1.
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Figure A.1 | Density �uctuations of the equilibrated matrix volume of the kerogen matrix
during NPT MD simulation after per-molecule replacement of 80 CH4 molecules with CO2
molecules at a pressure of 0.1 MPa and temperatures of (a) 300 K and (b) 400 K and a

pressure of 100 MPa and temperatures of (c) 300 K and (d) 400 K. Dotted lines show the
average density value.

A.2 | Fluid Transport A�ected by Anisotropy
Anatomisticmodel of immature kerogen of about 6× 6× 6nm3 shows slightly anisotropic

transport properties. The e�ect of this anisotropy on transport is illustrated for both �uids,



103 Appendix

methane (�gure A.2) and carbon dioxide (�gure A.3) with an anisotropic factor, where
di�usion coe�cients are considered separately along the x, y and z directions.

Figure A.2 | Methane self-di�usion coe�cients along x, y and z directions at temperatures
of 400 K (a) and 500 K (b) and at a pressure of 0.1 MPa and anisotropic factor (c) de�ned as
the ratio of the di�usion coe�cient in the y direction over the average difusion coe�cient
in the two other directions as function of the �uid loading for two di�erent temperatures
and a pressure of 0.1 MPa, which proves that the transport properties can be considered

isotropic by averaging along x, y and z directions.

Figure A.3 | Carbon dioxide self-di�usion coe�cients along x, y and z directions at
temperatures of 300 K (a) and 400 K (b) and at a pressure of 0.1 MPa and anisotropic factor

(c) de�ned as the ratio of the di�usion coe�cient in the y direction over the average
difusion coe�cient in the two other directions as function of the �uid loading for two
di�erent temperatures and a pressure of 0.1 MPa, which proves that the transport
properties can be considered isotropic by averaging along x, y and z directions.

A.3 | Free Volume Model for Carbon Dioxide
Transport in Immature Kerogen

Initially, the free volume model has been applied in the implementation of an arithmetic
averaging of the free volume parameters over �ve di�erent system con�gurations. However,
for an ultra-con�ning pressure of 100 MPa, it has not allowed the averaging curve to be
correctly described as shown in �gures A.4 and A.5 for the carbon dioxide and methane
probes correspondingly, due to the nonlinearity of the model. This has been overcome in
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the free volume modelling by excluding one of the �ve independent determinations of the
free volume parameters in the averaging procedure.

Figure A.4 | Evolution of the self-di�usion coe�cient with the carbon dioxide loading for
300 and 400 K and three di�erent pressures: (a) 0.1, (b) 25 and (c) 100 MPa. The solid

curves correspond to the free volume model based on the obtained parameters (�gure 4.5)
and the parameters �(T, P) and �(T, P) estimated from a best �t procedure and collected in

�gure 4.7.

Figure A.5 | Evolution of the self-di�usion coe�cient with the carbon dioxide loading for
300 and 400 K and three di�erent pressures: (a) 0.1, (b) 25 and (c) 100 MPa. The solid

curves correspond to the free volume model based on the obtained parameters (�gure 4.8)
and the parameters �(T, P) and �(T, P) estimated from a best �t procedure and collected in

�gure 4.10.

A.4 | Comparison of Correlation Functions for
Flexible and Rigidi�ed Kerogen

In the framework of a memory kernel study applied to an immature kerogen model
with methane adsorbed at maximum loading (82.4 mg/g), a kerogen matrix exhibiting
�exibility e�ects and its counterpart (a totally rigid matrix) at the same volume have been
compared. The correlation functions of velocity, force and projected force (noise) as well
as the cross-correlation function of velocity and force for both models are demonstrated in
�gure A.6.
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Figure A.6 | Semi-log graphs of the VACF in Å2/ps2 (a), FACF in eV2/ Å2 (b), VFCF in
eV/ps (c), and NACF in g/(mole ps2) (d) in time (LJ units) for methane in the immature

kerogen at high loading for the �exible case (red) and rigid case (blue).
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