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Reliable data on the relative permeability of low-permeability organic-rich shale reservoirs are essential
for optimizing the development and operation of these fields by enhancing hydrodynamic models. Key
challenges and limitations in studying complex reservoir systems include limited experimental data due to
a shortage of core samples and the inapplicability of conventional laboratory methods for characterizing
gas flow due to properties of these reservoirs (low porosity and permeability, high amount of organic matter
including kerogen).

Investigating the effects of ultra-low interfacial tension, sorption, and diffusion on fluid flow under
simulated reservoir conditions is crucial. Despite the importance of these factors, mechanisms of sorption
and diffusion of hydrocarbon gases in shale rocks are often overlooked in experimental and numerical
research on recovery strategies.

This review aims to provide a comprehensive understanding of gas adsorption and diffusion related
mechanisms in tight shale rocks. Main findings include assessment of how various rock properties affect
fluid behavior in nanoscale pores and identify critical areas for experimental analysis. By generalizing the
review results, this work also highlights emerging research trends and addresses limitations in integrating
adsorption and diffusion data for recovery, improving the accuracy of recoverable reserve estimates and
reducing economic risks in unconventional reservoir development.
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Introduction

In recent years, the share of unconventional reserves
in global oil production has increased, necessitating more
effective methods for their development and exploration.
A priority in this area is the study of unconventional oil source
rocks, or shale deposits, characterized by high heterogeneity,
ultra-low permeability due to nanoscale pores, and the
presence of kerogen. Key specifics of these organic-rich shale
rocks include (Muther et al., 2022; Sondergeld et al., 2010):

1. The porosity, permeability and the pore structure: micro-
and nanosized pores, heterogeneity of reservoir properties,
permeability less than 1 mD, presence of closed pores.

2. Organic matter content and its maturity variation: high
amount of heavy components (average total organic carbon
(TOC) content around 15 wt. %) and solid kerogen.
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3. The mineral composition: the presence of clays (values
up to 60 wt. %) and ferromagnetic inclusions.

To improve modeling approaches, detailed study on gas
flow and mass transfer in low- and ultralow permeability
reservoirs is essential. A major challenge in obtaining reliable
permeability data is that conventional experimental methods
do not account for the unique characteristics of nanosized pore
systems where pore dimensions are comparable to those of gas
or liquid molecules (Bustin et al., 2008). Despite extensive
research in other fields on nanoscale fluid filtration, topics
such as adsorption, diffusion, and the impact of rock properties
and organic matter on transport properties in tight shale rocks
remain unexplored.

The sorption of hydrocarbon gases on rock surfaces is
crucial for understanding petroleum systems in sedimentary
basins. Accurate data on gas sorption is essential for field
development, as significant amounts of hydrocarbons (HC)
can be retained by rocks, potentially challenging application
of enhanced oil recovery (EOR) techniques in tight and
organic-rich reservoirs. Micropores store substantial gas
volumes, while nanopores increase the overall surface area
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for adsorption, with pore connectivity affecting both storage
and flow efficiency (Chalmers, Bustin, 2007).

The general term of sorption combines adsorption on a
surface, absorption (absorption into the volume of a solid
or liquid) and capillary condensation in pores. The sorption
can be classified into two main types based on the nature of
the forces involved: physical (physisorption) and chemical
(chemisorption) (Sims et al., 2019).

Spontaneous transport of matter from a region of high
concentration to a region of low concentration is referred to
as “diffusion”. Three different regimes are typically observed:
free molecular diffusion, Knudsen diffusion, and surface
diffusion, with the latter two being particularly relevant in
shales (Yuan et al., 2014). In gas-producing shales, the low
permeability of the rock means that normal fluid flow due to
pressure differences can be very slow. As a result, diffusion
becomes the dominant process that limits overall productivity.
Gas diffusion is also important in gas EOR projects (Alfarge,
2018; Wan et al., 2014), as the volume of oil that contacts
gas is directly related to diffusion coefficients. Therefore, it
is essential to measure and consider diffusion characteristics
in reservoir simulations for shales.

Sorption and diffusion are interconnected processes in the
transport of hydrocarbon fluids within rock porous media.
For instance, the rate of surface diffusion depends on gas
adsorption (Yuan et al., 2016), and diffusion in pores is limited
by their effective diameter, which is determined by the amount
of adsorbed matter (Yuan et al., 2016). The challenge lies
in differentiating between these phenomena and accurately
quantifying all of them.

To achieve this goal, we highlight the following features
of hydrocarbon gas flow in shale rocks, categorized into
adsorption and diffusion-related mechanisms (Fig. 1).

In this article, we present a comprehensive literature
review of the key mechanisms of hydrocarbon gas sorption
and diffusion in organic-rich shale rocks. We critically analyze
how physical reservoir characteristics — such as organic matter
content, mineralogy, temperature and moisture — affect the
adsorption and diffusion processes. The review covers a
range of experimental methods and combined approaches,
highlighting recent studies, current limitations, and challenges
in accurately characterizing adsorption (Section 1) and
diffusion (Section 2) in shale formations. Additionally, the last
section briefly introduces the latest research trends involving

machine learning (ML)-assisted algorithms and molecular
dynamics (MD)-based analyses.

1 Sorption phenomena in shales

1.1 Theoretical background

Various researchers assume that 20-80% of total gas
present in the shale reservoir is retained in the adsorbed state
(Chakraborty et al., 2020; Klewiah et al., 2020; Rani et al.,
2019). In laboratory studies, the process of characterizing the
sorption —referring to the way HC gases like CH,, interact with
shale rocks — often involves analysis of sorption isotherms.
Sorption isotherm analysis can be used to assess how much
gas the rock can adsorb or desorb (release) under specific
temperature and pressure conditions.

This process, commonly referred to as sorption, is actually
a mix of several underlying mechanisms: adsorption (where
gas molecules adhere to the surface), absorption (where
gas penetrates into the bulk of the material), and capillary
condensation (where gas condenses in small pores) (Pathak,
2018; Pathak et al., 2017). While these processes differ in
nature, they collectively lead to the storage of gas molecules
in a more compressed state compared to free gas in open
pore spaces.

Adsorption is the process where gas molecules gather on
a solid surface, either filling pores or forming a monolayer,
creating a dense adsorbed phase that is different from the free
gas around it (Langmuir, 1917, 1916). Thommes et al. (2015)
refers to the material occupying the adsorption space of such
structure in adsorbed state as Adsorbate, while Adsorptive is
the same component in fluid phase. Physisorption is a general
phenomenon occurring when an adsorptive is brought into
contact with the surface of an Adsorbent with intermolecular
forces such as attractive dispersion, short range repulsion and
polarization that depend on geometric and electric properties
or the engaged adsorptive and adsorbent.

If the external conditions are unfavorable, the proportion
of the sorbed phase is reduced by reversing the adsorption
process (Thommes et al., 2015). This process can significantly
boost the total gas storage capacity, potentially doubling
it compared to when adsorption is not present (Bustin et
al., 2008; Loucks et al., 2009; Sondergeld et al., 2010).
Physisorption involves Van der Waals forces and electrostatic
forces, allowing for the formation of multiple monomolecular
layers (Langmuir, 1916).

Gas flow mechanisms in
source rocks
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Fig. 1. Gas flow related mechanisms in tight shale rocks
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However, the experimental isotherms are not always
described by the Langmuir equation due to multiple reasons.
Therefore, experimental adsorption isotherms are not limited
to a monolayer and the curve type may have a different form.
According to the [UPAC classification, there are six different
types of adsorption isotherms (Everett, 1972). There are
various proposed models for computing the sorption
of gas and describe adsorption isotherms obtained from
experimental data. The most commonly reported models
are the Langmuir, BET, DR, Dubinin-Radushkevich (pore-
filling) and the Henry methods (Appendix A).

1.2 Experimental techniques of characterizing
the sorption

The experimental study of the sorption characteristics in
low-permeable shale rock including the adsorbed fluid values
and adsorption rates is complicated due to the low porosity and
permeability, high OM content. The most widespread methods
for quantitative sorption analysis in rocks are (1) gravimetric
(Changtao et al., 2018) (Fig. 2-1), measuring the weight of the
gas inflow and outflow; (2) the manometric method (Weniger
et al., 2010) (Fig. 2-2) using manometers to monitor the
pressure in a defined volume; and (3) the volumetric method
(Fig. 2-3) based on the knowledge of internal volumes (Li et
al., 2020; Zhou et al., 2019).

The adsorption behavior in rock depends on the
hydrocarbon fluid (gas), reservoir pressure and temperature,
rock mineralogy, as well as amount, type and maturity of the
organic matter, humidity (moisture content) and porosity and
pore size (Chen et al., 2024a; Gasparik et al., 2014; Guo et
al., 2017; Ji et al., 2012; Klewiah et al., 2020; Mudoi et al.,
2022; Zou et al., 2017).

The sorption in mesopores (2—50 nm) and micropores
(<2 nm) is subject to different mechanisms. At lower
pressure, the gas fills the micropores and forms layers in
mesopores (Do, Do, 2003; Dubinin, 1967; Zhou et al., 2018)
that increase in number with increasing pressure (Klewiah et
al., 2020; Rouquerol et al., 2013; Zhou et al., 2018). Shale
formations have a wide range of pore sizes, from micropores
to macropores (>50 nm), which significantly influence gas
adsorption behavior. Micropores dominate gas adsorption
capacity due to their high surface area and confinement effects,
which enhance gas density and adsorption energy (Chalmers,
Bustin, 2008; Clarkson et al., 2013). Confinement in nanopores
alters thermodynamic properties, leading to deviations from
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classical adsorption models such as the Langmuir isotherm
(Wang et al., 2016). Experimental studies and molecular
simulations confirm that smaller pores result in stronger
adsorption interactions, especially for gases like methane
and CO, (Ross, Bustin, 2009). For pores larger than 0.42 nm,
carbon dioxide (CO,) is preferentially adsorbed over CH,,
but in smaller pores, CH, has a competitive advantage due to
stronger repulsion of CO, by the pore walls. Understanding
these adsorption dynamics is essential for optimizing gas
storage and recovery in different layers of organic-rich shale
formations.

The adsorption of hydrocarbon gases significantly
influences production from reservoirs, depending on the
rock’s composition and microstructure. This process stores
gas in a dense, liquid-like phase, increasing the overall
storage capacity compared to the free phase (Fig. 3). The
desorption process is pressure-dependent. As the reservoir
pressure decreases due to depletion, adsorbed gas could be
released, which increases the gas in place within the reservoir
(Vardcharragosad, Ayala, 2015). Factors such as tectonics,
magmatism, and the migration of hydrocarbons can affect the
process of desorption. During tectonic uplift of the sediment,
trapped gas in the pores increase pore pressure, resulting
in overpressure at shallow depths that can result in serious
effect for production, such as blowouts (Guo et al., 2017).
Furthermore, factors like desorption pressure, kinetics, and
changes in effective stress make it difficult to predict whether
the desorbed gas will meaningfully contribute to production.

Fig. 3 illustrates the mechanisms of gas storage and
transport within organic-rich porous media, such as shale
formations. The pore network is embedded within the
kerogen/mineral framework, which serves as the solid
matrix of the system. Gas storage occurs through various
mechanisms, including monolayer adsorption (blue circles),
where gas molecules form a single layer on the pore walls, and
multilayer adsorption (orange circles), where additional layers
of gas accumulate beyond the monolayer. In the central pore
space, free gas (green circles) exists as unbound molecules
that can move within the interconnected pores. Additionally,
under specific pressure and temperature conditions, condensed
gas (yellow region) forms in a liquid-like state within the
pore network. The diagram also highlights the presence of
pore water (blue region), which occupies part of the pore
volume, and clogged pore throats, which restrict gas transport
by reducing pore connectivity. The main parameters widely
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Fig. 2. Experimental methods for characterizing the methane adsorption in rocks: (1) — gravimetric (Changtao et al., 2018); (2) — manometric

(Weniger et al., 2010); (3) —volumetric (Li et al., 2020)
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increasing thermal maturity (Zhang et al., 2012). The thermal
maturity of the embedded kerogen is closely related to its
porosity and strongly affects the total porosity of a rock. The
maturation process of kerogen starts with the formation of
spongy microstructures that subsequently convert into organic
pores within the middle of the oil window and form effective
pore-networks towards its end. The average adsorption values
of methane vary from 0.03 mmol/g for immature to 0.18
mmol/g for mature Barnett Shale organic-rich rocks (Gasparik
etal., 2014). Fig. 4 demonstrates the relation between the TOC
content and methane adsorption value for dry (Changtao et
al., 2018; Gasparik et al., 2014; Ross, Bustin, 2007; Shabani
et al., 2018; Sun et al., 2022; Zhou et al., 2019; Zou et al.,
2017) and moist core samples (Li et al., 2016; Ross, Bustin,
2009; Sun et al., 2022; Weniger et al., 2010).

The sorption capacity and swelling are also depended on
the kerogen type. Studies have shown that, kerogen Types II
and III commonly show a higher maximum sorption compared

to Type I (Zhang et al., 2012). Shale gas production relies on
gas flow through nanopores with low permeability of around
0.0001 mD, which is why sorption-induced swelling and

temperature, mineralogy and moisture content. Hence in the

following sub-sections, these parameters are discussed in

more detail.

1.3 Controls on sorption behaviour
1.3.1 Organic matter

The total organic carbon (TOC) content in shale reservoirs
varies significantly, both across different plays and within
individual formations. Numerous studies have explored the
relationship between TOC and methane adsorption capacity,
but the findings are inconsistent. Some empirical observations
showed that methane adsorption increases with TOC content
(Lu, 1995; Rexer et al., 2014; Ross, Bustin, 2009; Weniger et

kerogen deformation have a major impact.
The swelling of the shale matrix has a direct and often
detrimental impact on permeability. As the rock expands,

microfractures and pore throats narrow or close, restricting
fluid flow pathways. Additionally, if swelling is mechanically
constrained by overburden stress, the effective stress on the
rock increases, further reducing permeability (Hashemi,

al., 2010; Yang et al., 2015), while another research reported
no clear correlation at all (Gasparik et al., 2012). These
conflicting results likely stem from the variability in TOC

composition, particularly the type of kerogen and its thermal
maturity, which are key controls on shale pore structure and
gas storage behavior, namely the thermal maturity and its
effect on the porosity and the sorption capacity (Zhang et
al., 2024). A study by Zhang et al. (2012) on Barnett shale
samples showed that, the gas sorption capacity increases with

TOC vs Adsorption

Zoback, 2021; Zhou et al., 2020). Upon a pressure of 50 MPa,
kerogen swells by up to 6.6% unevenly in all directions,
creating different pore sizes and geometry and decreasing
the shale rock permeability by blocking pore throats (Wu
et al., 2022). A summary of the relevant conclusions of the
different parameters that affect the adsorption of gases in shale
formations is presented in Table 1.

1.3.2 Temperature and pressure

The temperature effect on gas adsorption is based on
thermodynamic principles: exothermic nature of adsorption,
kinetic effects, adsorption isotherms, and thermodynamic
parameters. Gas adsorption is an exothermic process, and
increasing temperature generally reduces adsorption capacity
because the thermal energy of gas molecules overcomes the
energy of adsorption binding, leading to desorption.
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Fig. 4. Effect of organic matter and temperature on methane adsorption dynamics based on conducted review

SCIENTIFIC AND TECHNICAL JOURNAL

GEORESURSY / GEORESOURCES




GEORESURSY = GEORESOURCES

grm 2025.27(4). Pp. 45-58
WWW.geors.ru
Formation TOC Kerogen Gas Temperature Pressure Experimental Observations Reference
content type type (°C) (MPa) method
Paleozoic <1 wt.% No correlation of excess (Gasparik
. . /0 - . . . JaSPc
and Mesozoic t0 10.5 wt.% I CH, 65 25 Manometric  sorption capacity with TOC etal,, 2012)
shales content
It can be inferred that
Lower o the adsorbed methane is
Toarcian t<06'35 wL.% ) CH 200 15 Manometric predominantly in pores (Rexer
Posidonia 10.92 wt.% 4 of 5.6 nm and the ‘free’ etal., 2014)
formation ’ e compressed gas is in the
larger pores (5.6-1093 nm)
Methane sorption capacity
Lower <3.19 wt.% of the dry shales shows a (Yang et al
Silurian to - CH, 30-30 20 Volumetric ~ positive relationship with 5 0‘] S)c chaks
marine shales  5.58 wt.% TOC content and specific .
surface area
Clay mineral type greatly
. affects CH, sorption (Jietal.,
) ) ) CHy 3565 15 Volumetric capacity under the 2012)
experimental conditions
Barnett Carbon dioxide to have
] approximately 2—-3 times i
Eagle Ford, <5 wt.% to CO, . the adsorptive capacity of (Heller,
Marcellus and 40 - Volumetric . Zoback,
37.48 wt.% methane in both the pure
and Montney CHy4 . . 2014)
eSEIVOITS mineral constituents and
actual shale samples
Kerogen type 1I/11I and 111
kerogens have higher
methane sorption capacity
compared to types I and II
because of their higher
micropore volumes. No
Lower <0.53 wt.% LI, correlation exists between (Chalmers
Cretaceous to 1I/111, CH, - - Volumetric moisture content and Bﬁ‘tin ('2 (3(.’)8)
Buckinghorse  17.0 wt.% 111 methane capacity. Samples Hst
with high moisture content
can have high methane
capacities which indicate
water and methane
molecules occupy different
sorption sites
Lower Jurassic Variable- The smaller the grain size
Ziliujing 1.7/4.7 ) CH 34.85 14 Volume of the sample material, the  (Wang
Formation of wt.% 4 ’ Volumetric higher the gas diffusion in etal., 2017)
Sichuan Basin the pores
iﬁﬁrlsltxi and All samples exhibit higher
gma CO, 8.5 affinity to CO, as compared
Ordovician 1.05 to . (Zhou et al.,
and 35-55 and Volumetric to CH,. For CHy4, D-A and A
Wufeng 5.14 wt.% . : . 2019)
formation in CH, 11.0 Langmuir equations yield
Sichuan Basin reliable results
Excess sorption ranges
Permian Irati co 25 between 0.04 and 0.37
and Devonian 0.7 to 2 . mmol/g for CHgand between (Weniger
Ponta Grossa 2421 wt% VLI ?jng 3545 1"‘;“1 Manometric 44214 0.54 mmol/g for etal., 2010)
4

Formation

CO,. Gas sorption capacities
correlated with TOC

Table 1. Summary of selected studies of gas adsorption in shale reservoirs
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As temperature increases, gas molecules gain more kinetic
energy, allowing them to escape adsorption sites more easily. This
results in lower equilibrium adsorption at higher temperatures
(Rouquerol et al., 1999). Langmuir model, commonly used
to describe adsorption behavior, shows a decreasing trend of
maximum adsorption capacity with increasing temperature (Lin
etal., 2023). At lower temperatures, gas molecules can occupy
more adsorption sites because they have less kinetic energy to
escape the potential well of adsorption.

The relationship between temperature and adsorption is
often analyzed using the Arrhenius equation or Van’t Hoff
equation, which shows the impact of temperature on the
equilibrium constant for adsorption. The Gibbs free energy
for adsorption becomes less negative at higher temperatures,
indicating weaker gas adsorption. Studies have shown that,
at a given pressure, the excess adsorption decreases with
increasing temperature to a threshold while the opposite
phenomenon is exhibited beyond that pressure (Jiang et al.,
2018; Zou et al., 2017). The term ‘excess adsorption’ describes
the quantity of guest molecules that are adsorbed in direct
contact with a solid surface, while ‘absolute adsorption’
denotes the quantity of guest molecules in the adsorption area,
where both gas-solid and gas-gas interactions are present.

Both CH, and CO, are often in a critical thermodynamic
state under typical reservoir conditions, but their adsorption
behaviors differ with changes in pressure and temperature.
The CH, adsorption increases steadily with pressure and can
usually be modeled using a Langmuir isotherm, while its
sorption decreases with increasing temperature (Changtao
et al., 2018). CO,, however, shows more complex behavior:
at lower pressures, adsorption increases, but near the critical
pressure, it peaks and then decreases as pressure rises further.
This pressure-driven desorption is not captured by low-
pressure experiments, and standard isotherms fail to account
for it (Liu et al., 2022; Wang et al., 2022; Yuan et al., 2022).
Additionally, CO, adsorption is more sensitive to temperature
changes than CH,, making advanced isotherms or PVT models
necessary to accurately represent both gas and sorbed phases.
Fig. 4 illustrates the trends of temperature effect on methane
adsorption under different pressure conditions: 7 MPa (Zou et
al.,2017), 10 MPa (Changtao et al., 2018; Guo, 2013; Huang
et al., 2021; Liu, Wang, 2012; Sun et al., 2022; Zhou et al.,
2019) and 25 MPa (Changtao et al., 2018; Liu, Wang, 2012;
Sun et al., 2022; Zhang et al., 2022).

1.3.3 Mineralogy

In analysis of the gas adsorption in a shale rock, not only
the porous structure of the kerogen plays an important role,
but also the overall mineralogical composition. This can be
applied to clay minerals such as montmorillonite, smectite,
kaolinite, chlorite and illite as they have a large surface
area and numerous potential adsorption sites due to their
tetrahedral and octahedral layers (Ji et al., 2012; Wang et al.,
2024a). They can hold almost 10% of the overall gas adsorbed
(Heller, Zoback, 2014; Rani et al., 2019; Ross, Bustin, 2007).
Furthermore, possible interactions of the gases with carbonate
minerals of the rock should be considered, potentially forming
dissolution pores (Fu et al., 2025). Investigating the energetic
processes on the sample surfaces reveals that different solids
have different adsorption potentials, which influence the
molecular interactions between gas and solid, and thus the

GEORESURSY / GEORESOURCES

rate and extent of the adsorption process due to the polarity
of their functional groups.

1.3.4 Rock moisture

Moisture content in shale formations significantly
impacts gas sorption capacity. Moisture refers to the water
molecules in the rock, which can be found both in pores and
in the intermediate layers of the clay minerals. Studies have
shown that as moisture content increases, gas adsorption
capacity decreases (Chalmers, Bustin, 2007; Huang et
al., 2022). This is attributed to the competition between
water and gas molecules for adsorption sites, particularly
on hydrophilic surfaces like organic functional groups and
clay minerals (Gasparik et al., 2012). Additionally, water
can condense in pores, blocking access to grain surface. The
equilibrium moisture content, representing the maximum
moisture saturation, varies depending on shale maturity,
organic richness, and organic type. While moisture can
significantly reduce gas sorption capacity, its impact can be
less pronounced in shales with high TOC content or those
that are overmature (Chalmers, Bustin, 2008). Understanding
the relationship between moisture content and gas sorption
is crucial for accurately predicting gas storage and recovery
in shale formations. By considering the moisture content,
we can better evaluate the potential of shale gas reservoirs
and optimize production strategies.

2 Gas diffusion in shales

2.1 Fundamental diffusion mechanisms in shales

Gas flow in shale rocks is governed by several transport
mechanisms, among which molecular (Fickian) diffusion,
Knudsen diffusion, and surface diffusion are dominant
within the nanoscale pore network. First, gas flow in shale
rocks is commonly characterized by the Knudsen number,
which is defined as the ratio of the mean free path (L) of gas
molecules to the characteristic length of the pore or flow
pathway in the medium (Wang et al., 2020a; Yu et al., 2018).
This dimensionless parameter helps determine the dominant
transport mechanism in porous systems by indicating the
relative importance of molecule-molecule versus molecule—
wall collisions. Second, gas diffusion in shales, driven by
concentration gradients and governed at the continuum
scale by Fick’s law (Yang et al., 2024), exhibits distinct
behaviors depending on the flow regime, including molecular
diffusion, Knudsen diffusion, and surface diffusion (Fig. 5).
When the Knudsen number is of order unity or greater, the
mean free path of gas molecules becomes comparable to or
larger than the characteristic pore size, so collisions with
the pore walls dominate over intermolecular collisions and
transport approaches the Knudsen or even free-molecular
regime. In contrast, at sufficiently small Knudsen numbers,
intermolecular collisions are more frequent than molecule—
wall collisions and molecular (Fickian) diffusion becomes the
primary mechanism. Surface diffusion, which occurs when gas
molecules interact with and migrate along the pore surface,
may also contribute significantly under specific conditions,
particularly in organic-rich shales with high internal surface
area. These processes are influenced by factors such as pore
structure and pore size distribution, gas composition, and
reservoir pressure and temperature conditions, which vary
widely in shale formations.
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Fig. 5: Schematic of dominant diffusion mechanisms of HC gas
across different pore types in the shale rocks: (a) Knudsen diffusion
in OM nanopores; (b) surface diffusion in OM nanopores; (c) bulk
diffusion in oil; (d) Knudsen diffusion in inorganic pores; (e) Fick
diffusion in inorganic pores

Knudsen diffusion occurs when the mean free path of gas
molecules is comparable to the pore size (Miao et al., 2018;
Mo et al., 2022). This is common in the nanosized pores of
shale rocks where collisions with pore walls dominate over
intermolecular collisions.

Molecular diffusion or Fick diffusion happens in larger
pores where the mean free path is smaller than the pore size,
and gas molecules interact more frequently with each other
rather than with the walls (Miao et al., 2018).

Surface diffusion describes the process of moving of gas
molecules between adjacent adsorption sites of the pore walls
(Spanakos, Rigby, 2022; Yang et al., 2021).

A bulk diffusion is then the process that describes the
combination of the Fick diffusion and Knudsen diffusion
(Miao et al., 2018; Zhong et al., 2019).

2.2 Experimental techniques for measuring diffusion

Depending on the type of diffusion, different experimental
methods are employed. In most cases, the task is to accurately
determine the concentration of the diffusing gas in all layers of
the diffusion zone in porous media to further solve the Fick’s
2" Jaw of diffusion. The most common experimental methods
for gas diffusion measurement include the gas chromatography,
pressure decay / transient diffusion techniques (Yang et al.,
2017; Zhang et al., 2023), the gas adsorption and gravimetric
methods, the use of high-resolution imaging and scanning
techniques such as micro-CT and NMR (An et al., 2019;
Khmelenko et al., 2021). Table 2 summarizes selected study
on experimental study of hydrocarbon gas diffusion in low-
permeable shale rocks and reports on determined diffusion
coefficients. Authors report different approaches to methane
gas diffusion and diffusivity assessment including desorption-
based (unipore and bidisperse models) methods (Dang et al.,
2017), isobaric method, and pressure decay methods (Chen
et al., 2018). The calculation models vary depending on the
system properties and boundary conditions, since the diffusion
of hydrocarbon gas in shale rock is the result of three types of
diffusion modes (Fig. 5) in combination. Thus, depending on
the dominant diffusion process, theoretical calculation model
can be adjusted.

As Table 2 shows, diffusion coefficients vary greatly.
Among shale samples from the same field or well, these values
can differ by more than three orders of magnitude (Sun et
al., 2023). Therefore, a discussion of the geological factors
affecting the diffusion coefficient is necessary.

2.3 Controls on diffusion in shales

2.3.1 Pressure and temperature

The bulk diffusion process, consisting of Fick and Knudsen
properties, depends on two key parameters: the size of the pore
channels and the gas density, which determines the frequency

Diffusion Formation TOC, Pressure, Temperature, Diffusion coefficient Reference
type (Wt.%) (MPa) (°C)
Longmaxi 2.91 38 82 2.56:10° m%/s (Chen et al., 2018)
Surface 3 2
e - 0.6 20 25 1.0-10° m%/s ,
diffusion 3 (Akkutlu, Fathi, 2011)
- 4.0 21 25 4.6:10° m%/s
Silurian Longmaxi - 35 25 1.18:10"" m%s (Zhong et al., 2019)
Longmaxi 3.09 4-7 82 2.46-6.66-10"" m*s  (Chen et al., 2018)
Lower Cambrian 1 ot
Niutitang 1.76 8 30 0.125 s (Dang et al., 2017)
l\g,‘glf“?laf Eagle Ford 5 4137 26 5.068 - 10" em¥s  (Kim etal., 2015)
11rTusion
Silurian Longmaxi - 35 25 2.20-10"° m%s (Zhong et al., 2019)
- 0.6 20 25 3.9-10* m?/s o
5 o (Akkutlu, Fathi, 2011)
- 4.0 21 25 8.2:10° m%/s
Silurian Longmaxi - 35 25 1.19:10" m%s (Zhong et al., 2019
Knudsen Lower Cambrian B
diffusion Niutitang 1.76 8 30 0.03125 s (Dang et al., 2017)
Eagle Ford 5 4137 26 9.19 - 107 cm?/s (Kim et al., 2015)

Table 2. Summary of selected studies of methane diffusion in shale reservoirs
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of collisions between gas molecules. The size of the pore
channels is a characteristic feature of shales; however, it is also
influenced by effective stress — the difference between pore
pressure and lithostatic pressure, or confinement pressure in
the context of pore analysis. As effective stress increases, the
effective pore diameter decreases (Zhang et al., 2020), which
reduces Fick diffusion since collisions with the walls occur
more frequently. However, several researchers have observed
that the Knudsen diffusion coefficient increases with the
increase of effective stress. In summary, increased effective
stress leads to an overall increase in the diffusion coefficient.
For example, (Chen et al., 2018) noted that as effective stress
increases from 21 MPa to 55 MPa, bulk diffusion coefficients
rise from 3 to 241x1077 cm?-s™!. However, an increased
diffusion rate should not be confused with permeability,
as apparent permeability values typically decrease with
increasing effective stress.

The rate of different diffusion mechanisms changes with
pore pressure. As gas density increases at higher pressures, the
probability of molecules collision rises, leading to an increased
role of Fick diffusion. However, the relative contributions of
different mechanisms depend on pore size: the smaller the pore
radius, the higher the pressure required for Fick and Knudsen
diffusion to become comparable (Gao et al., 2021).

The role of surface diffusion becomes significant in
narrow pores: for example, in 10 nm pores, surface diffusion
dominates all other mechanisms up to pressure of 25 MPa.
In the simplest case of monolayer adsorption, the surface
diffusion rate increases with pressure because this process
directly results from gas sorption in or on organic films, which
is enhanced at higher pressures until surface saturation is
achieved. However, in real scenarios, adsorbates often form
multilayers, which have different behaviors (Choi et al., 2001).
Surface diffusion in multilayers required more careful study,
as significant gaps in understanding still exist.

As the rate of thermal motion increases with temperature,
the diffusion coefficients for both Fick and Knudsen diffusion
also increase according to the Arrhenius equation (Choi et al.,
2001). The same is true for the surface diffusion coefficient: an
increase in temperature leads to a rise in the surface diffusion
coefficient. However, the amount of adsorbed molecules
decreases. Therefore, the total diffusion flux may not change
significantly with temperature or may change only slightly
(Wong, Yang, 1989).

2.3.2 Organic matter

The diffusion rate of gas species in shale rock is
significantly influenced by the organic matter in the rock
matrix. Gas diffusion can occur in immobile OM embedded
within the rock matrix, which is typical for production from
gas shales. Kerogen also affects gas diffusion, as its confined
nanopores slow diffusion rates and can trap gas molecules
irreversibly, complicating recovery. Additionally, diffusion
can take place in mobile OM, such as oil remaining in porous
media, which is characteristic of oil shales during gas EOR.

Dangetal. (Dang et al., 2019) experimentally demonstrated
that the diffusion coefficient of methane decreases with
increasing OM content in core samples. However, there is
a limited number of experimental studies investigating gas
diffusion directly within the OM of shales; most research
has focused on methane diffusion in coals. For example,
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diffusion increases with the rise in inertinite macerals content
in coal (Keshavarz et al., 2017), and a U-shaped dependency
of diffusivity vs coal rank has been observed (Xu et al.,
2015). In studies related to shales, current research typically
explores the atomic aspects of gas diffusion in kerogen
using molecular dynamics (MD) or even quantum chemistry
methods. For instance, one study indicated that oxygen-rich
OM, i.e. containing high amount of carboxyl and hydroxyl
groups, may impede gas diffusion (Sui, Yao, 2016). Other
studies found that the diffusion coefficient of methane in
kerogen is higher than that of CO,, as the latter interacts more
strongly with the kerogen structure (Sui, Yao, 2016). A mini-
review discussing the use of MD simulations for studying
gas diffusion in shales can be found in (Sui, Yao, 2016);
however, the accuracy and applicability of obtained diffusion
coefficients are controversial. The physical Lattice-Boltzmann
model described by (Dang et al., 2019) states that methane
diffusivity increases with OM porosity and the diameter of
pore throats until a limit is reached, beyond which further
increase in diffusivity are not evident.

Gas diffusion in oil has been extensively investigated in
numerous studies. For example, CO, diffusion is reviewed
in the paper by (Rezk et al., 2022). Regarding natural gas,
(Wanyan et al., 2023) note that the apparent diffusion
coefficient of methane-containing gas in oil-saturated shales
is significantly lower than in “bulk” oil, with values increasing
alongside the permeability of samples and injection pressure.
The authors developed a mathematical model for gas transport
in oil-saturated media with a permeability of 60 nD and found
that the diffusion coefficient increases with the content of C,
hydrocarbons in the gas. They also determined that it takes
seven days fora C /C, mixture to reach the outlet end 0of 6.3 cm
oil-saturated core plug by means of diffusion.

2.3.3 Mineralogy, moisture, and other properties

The effect of rock properties, including mineralogy and
moisture content, on supercritical methane Knudsen diffusion
in nanopores was investigated using MD in the study by (Wang
et al., 2018). Organic pores can transmit methane faster than
organic ones; however, moisture has a detrimental impact on
the diffusion coefficient. A water film also affects the surface
diffusion of methane: an analytical study by (Bai et al., 2021)
shows that in pores of certain sizes, the presence of water
can enhance the surface diffusion of methane and increase
overall diffusion capacity through porous media. (Dang et al.,
2019) demonstrated that relationship with clay content is not
straightforward: in macropores, the correlation is negative,
while in micropores, it is positive. Real gas effects should
also be considered, as they enhance gas Knudsen diffusion
at higher pressures by increasing molecular free paths and
decreasing surface diffusion due to a reduced amount of
adsorbed molecules (Dang et al., 2019; Wang et al., 2024b).
Studies by (Shi et al., 2024; Sun et al., 2015) evaluated gas
transport mechanisms in ultra-tight shale formations using
models that account for viscous flow, Knudsen diffusion, and
surface diffusion. Their analysis across different pore sizes and
pressures found that Knudsen diffusion significantly affects
permeability in pores smaller than 100 nm, where Darcy’s
law is less accurate. The results indicate that adsorption and
surface diffusion impact apparent permeability, particularly
under high-pressure conditions.
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3 Enhanced characterization techniques,

challenges and perspectives

Recently many studies have applied intelligent models
to predict and estimate gas adsorption in shales (Chen et al.,
2024b; Nait Amar et al., 2022; Wang et al., 2020b). Developed
and optimized machine learning models to estimate in-situ
adsorption gas content based on methane adsorption data
and geological parameters — such as TOC, thermal maturity
(Ro), mineral and clay content, water content, and temperature
showed that, four ML models, including Random Forest
Regression (RFR) and eXtreme Gradient Boosting Regression
(XGBR), outperformed traditional methods in predicting
Langmuir volume and pressure PL, achieving R? values above
0.85 (Chen et al., 2024b).

The TOC and temperature emerged as primary factors
affecting methane adsorption, while VQF and Ro were
moderately influential. By examining different parameter
combinations, the study identified three ML model schemes,
with the most comprehensive model yielding the highest
accuracy for adsorbed gas prediction. Applying the XGBR
model to Wufeng-Longmaxi shale successfully predicted
adsorbed gas values ranging from 1.0 to 4.0 m*/ton. These
results demonstrate the ML models’ effectiveness for rapid,
accurate adsorbed gas content estimation, supporting more
reliable resource evaluation and development planning in
shale reservoirs (Chen et al., 2024b).

Molecular simulations have become another essential
tool in complementing experimental measurement of gas
adsorption in shales. Molecular simulations, using methods
like Grand Canonical Monte Carlo (GCMC), reveal that while
subnanometer pores in kerogen allow for gas adsorption
studies, their limited pore sizes restrict adsorption under high
pressures (Pathak et al., 2017; Vasileiadis et al., 2018; Weck
et al., 2017; Zhao et al., 2017). Some works also consider
diffusion in organic part of the shale matrix — kerogen (Yu
et al., 2021) and its nanopores (Deng et al., 2024; Sun et al.,
2020). However, the main limitation of molecular dynamics
method is its atomic nature — it can simulate the physical-
chemical behavior only at small scales and short times.
As shale rocks are characterized by high heterogeneity,
application of MD methods can be complicated.

Extensive research has explored the complex nanoscale
structure of kerogen and its role in gas adsorption. A kerogen
model minimizing configurational energy based on the pair
distribution function and a functional group data to construct
molecular kerogen models categorized by maturity were
developed (Kelemen et al., 2007; Ungerer et al., 2015).
These models, validated against analytical data, enable the
investigation of gas adsorption behaviors across different
kerogen types. To address this, kerogen models are expanded
to incorporate mesopores, constructed by techniques such as
creating slit pores or inserting dummy particles to simulate
hierarchical pore structures. Further studies using MD show
that slit pores with varying surface roughness affect methane
adsorption, with smoother surfaces promoting a weak second
adsorption layer at higher pressures, while rougher surfaces
prevent this, concentrating molecules in the pore center
(Tesson, Firoozabadi, 2018; Yang et al., 2020).

In general, the understanding of filtration of gas in source
rocks and shales have improved over the years. While a lot of
progress has been made in both experimental and numerical

study of adsorption and diffusion mechanisms in tight shale
rocks, the number of challenges can be highlighted:

First, the current experimental designs for the quantification
of adsorption and diffusion coefficients are limited to core
samples and implication of the reservoir conditions (high-
pressure and high temperature). Since the most models rely
on direct measurement of adsorbed value and diffusion
coefficient, the design of reliable workflow for tight shale
formations and its constituents (oil, OM, inorganic matter,
porous media) remain an important task.

With regard to the sorption behavior of hydrocarbons,
there are numerous articles on methane, while far fewer deal
with longer-chain gases such as ethane and propane, as these
gases can condense more easily than methane and could cause
impairments.

The limitations of current computing capabilities make it
challenging to fully resolve gas adsorption in multiscale field.
Integrating data from various scales — ranging from molecular
dynamics simulations to field-scale observations is another
direction for future research. These models should account
for the heterogeneity of target formation and its reservoir
properties including the OM characteristic to provide an
accurate data on potential extraction strategies.

Conclusions

Hydrocarbon gas adsorption is closely related to the rock
composition: adsorption capacity increases with higher TOC,
maturity of the organic matter and clay content. In contrast,
an elevated content of fluids like water or hydrocarbons
in the porous media reduces the available adsorption sites
for hydrocarbon gases. The dominant influencing factors
are the maturity and applied pressure. An increase in these
factors generally enhances sorption capacity, whereas rising
temperatures have a negative effect. Current experimental
methods for defining the sorption (manometric/volumetric) are
constrained by measurement precision and rock composition
and integrity, limiting their reliability in tight shales.

Gas diffusion in shales is controlled by organic matter
content, pore structure, and clay content, with clay’s role
varying by pore size. Real gas effects enhance Knudsen
diffusion at high pressures while reducing surface diffusion
due to decreased adsorption. The findings highlight the
importance of considering these factors when modeling gas
transport mechanisms in ultra-tight shale formations.

In conclusion, while significant advancements have been
made in understanding gas flow processes in shales, a number
of research topics remain unaddressed:

Investigation of the fundamental mechanisms of gas
adsorption and diffusion in tight and organic-rich rock at
various levels. This includes studying how organic matter
heterogeneity, mineralogy, and nanopore geometry affect
these processes.

Development of high-resolution imaging-based techniques
and microfluidic experiments that can visualize gas transport
in nano- and microsized pore networks.

Application of MD and ML-based studies in upscaling the
mechanisms to the field scale modeling at reservoir conditions.
ML techniques can be employed to create large datasets and
identify patterns related to dependences of adsorption and
diffusion values with varying reservoir properties.
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Du3UKO-XUMHUYECKHE 0CO0EHHOCTH (PUIBTPAIlUN YIVIEBOAOPOIHOIO
¢orona B HePpTeMaTepruHCKUX Mopoaax: aacopouus u nuddy3us

. Hoporcu, A. Myxamemounosa®, K. @aiicm, T. FOnycos, I Jlenckui, I1. Tpuwun, A. Yepemucun,

M. Cnacennvix
CkonkoscKul uncmumym nayku u mexronoeutl, Mockea, Poccus

*Omeemcmeennoiii agmop: Anus Myxamemounosa, e-mail: a.mukhametdinova@skoltech.ru

JlocToBepHBIEC TaHHBIE 00 OTHOCHUTEIIEHOM IPOHNUIIAEMO-
CTH HU3KOIIPOHHIIAEMBIX HE()TEMATEPHHCKUX TOPO/] IIIIACTOB
MUMEIOT KIIFOYEBOE 3HAUCHUE JUISI ONTUMH3AINHU Pa3padOTKH
1 3KCIUTYyaTallM¥ MECTOPOKJIEHUN 3a CUET MOBBIIICHUS
TOYHOCTH THUIPOJUHAMHUYECKHX Mojeneil. OCHOBHBIMU
TPYAHOCTSMH TIPH W3YyYCHUH TTOJOOHBIX CHCTEM SIBIISIOTCS
OTPAHNYEHHOCTh HKCIIEPUMEHTAIBHBIX JaHHBIX, 00yCIOB-
JICHHAs! HEJIOCTYITHOCTBIO KEPHOBOTO MaTepHalia, a TaKKe
HENPUMEHUMOCTh CTAaHJAPTHBIX JIAOOPATOPHBIX METOANK
13-3a Ps7Ia CBOWCTB M3y4aeMbIX OOBEKTOB, TAKUX KaK HU3Kas
MIOPHCTOCTh M MTPOHNUIIAEMOCTb, BEICOKOE COZIEpKaHNE Opra-
HUYECKOTO BEIIECTBA, BKIIOYAst KEPOTEH.

HccrenoBanue BIUSHUS TakuX (pakTopoB, Kak CBEpX-
HU3K0e Mex(a3zHoe HaTsHKCHHE, afcopOrus u auddy3ns,
Ha TPAHCHOPT (IIFON/IOB B YCIOBHUIX MOJICIUPYEMOTO IJ1acTa
SIBISIETCS] KpaiiHe BaXHBIM. O/IHAKO Ha CETOAHSIIHUH JE€HBb
MEXaHHU3MBI afcopomuu U nudy3uu yriieBOTOPOTHBIX
ra3oB OCTAIOTCS HEJOCTAaTOYHO M3YyUYEHHBIMH B HAy4YHOH
JUTEpaType.

Lenp manHOTO 0030pa — MPEAOCTABUTH BCECTOPOHHUI
aHaJIN3 OMyOIMKOBaHHBIX Pa0OT Mo afcopounu u nudPy3un
ra3a B HU3KOIIPOHHWIIAEMBIX HE(TEMAaTEPUHCKUX MOPOax.
B pamkax gaHHOM paboThI, OblIa MPOBEICHA OIICHKA BIMSTHUS
Pa3NUYHBIX CBOMCTB IOPOJ] HA IOBEACHNE (IIOHMIOB B Ha-
HOMAaCINTA0HBIX TTOpaxX ¥ BBIJEICHBI OyayIIie HarpaBIeHUS
IUTS JanbHEHmnX ncciaenoBanuid. [IpennokeHHsIit 0630p
CHOCOOCTBYET Yy UIICHUIO HHTETPALINH JAHHBIX aJICOPOINT
n 1udy3nH yIIeBoJOPOIHBIX Ta30B B THAPOIMHAMHYECKIX
MOJIETISIX, TEM CaMBbIM ITOBBIIIAS TOYHOCTH OLIEHKH N3BJIEKa-
€MBIX 3allacOB M CHIDKAs 5KOHOMHUYECKNE PUCKH TIPH pas-
paboTKe TPYJHOTIOCTPOCHHBIX MECTOPOXKICHHH.

KuaroueBble ci10Ba: TpyIHON3BIIEKAEMBIE 3aM1ACHI, HE(TE-
MaTepUHCKHUE TOPOIbI, CIIAHIEBast (POpMAIsl, HU3KOTPOHHUIIA-
€MBIE TIOPOJIBL, YTIICBOIOPOIHBIE Ta3bI, a1copOIwst, auddy3us
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