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Anh Pharl and Alberto Striold
!Department of Chemical Engineering, University €g# London, London, WC1E 7JE, UK

Abstract

Atomistic non-equilibrium molecular dynamics simidas were employed to quantify methane
transport in hierarchical porous networks. Modelogshous silica materials were used as solid
substrates, which allows us to construct pore nedsvavith well-defined properties. The results show
that the methane diffusivity and permeability ttgbuhe pores strongly depend on the frameworks.
Analysis of the vector fields for methane withirethores reveals the existence of local back-flow
near the solid substrates, which disturbs methearesport. Varying the pore cross-sectional areas
leads to changes in the entropy potential alondldedirection, which influences the molecular fpat
length. The results show a linear relationship leetwmethane transport (i.e., permeability) and a
pore characteristic parameter that takes into denaiion porosity, constriction factor, and torttys
This relation holds for hierarchical porous matsrieontaining both micropores and mesopores.
Diffusivity and permeability of methane through pos media are found to scale as a power function
of porosity and constriction factor. These are messe descriptors, suggesting that transport
properties could be predicted for engineering aatlnal materials once characterisation data are
available. For example, we show here that a povesy tan describe results obtained for
Fontainebleau sandstone. The good agreement adhsenggests that using the approach presented
not only enables the quantification of moleculdeetfs influencing fluid transport, but also yielktie
reliable prediction of diffusivity and permeabilitf fluids through sedimentary rocks using as sole

input macroscopic pore structure information.
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1. Introduction

Shale gas has received much attention in recems$ ykege to depletion of conventional resources,
as well as several scientific and technologicalllehges faced to achieve high production with
minimal environmental impact. One challenge in fiedd is bridging fluid dynamic observations
within nanometer pores in kerogen to entire shake r@servoirs simulations [1]. Shale matrices are
structurally complex natural porous media whoseepgpace is highly heterogeneowsth a pore
distribution spanning orders of magnitude, from eavfnanometres to a few microns [2]. A
fundamental understanding of fluid transport inlsmaatrices during shale gas extraction is impartan
for improving gas production and lowering both protion costs and environmental footprint. Such
understanding remains an important challenge sfiéid.

The fluid flow through shale reservoirs is a complewulti-scale phenomenon because of a
combination of phenomena including adsorption, desm, surface diffusion along pore walls,
convection (Darcy flow) and Knudsen diffusion thgbuopen pore spaces [3]. Many experimental
and theoretical efforts have been carried out ttetstand the relationship between the morphology of
porous materials and the relevant transport prigse-6]. For example, Reich et al. [4, 5] empldye
a reconstruction-simulation approach to quantiy ithpact of degree of heterogeneity and packing-
scale order on hindered diffusion in mesoporousasiMicropores, if present, can dominate overall
diffusion behaviour compared to mesopores. The gégnof the micropores plays a significant role
in controlling the amount of fluids that cross mitex a natural porous media [7-9]. In small nano-
pores such as those commonly found in shale matritéd flow is not expected to be described by
Darcy-type expressions, as the transport mechamsseciated with pore-wall interactions become
dominant and continuum descriptions break down.[{MRile many atomistic simulation studies have
been conducted to quantify structure-transport gntogs for fluids confined in single pores [11],
describing gas transport properties remains clgilbgndue to the presence of multi-scale porous
characteristics and compositional heterogeneithiwithe rocks. The challenge consists in up-scaling
the simulation results obtained in a single pavepriedict fluid transport through a matrix, as pore

edge effects, preferential pathways and many gthenomena can affect the results. Permeability



through shales can be measured experimentally B@].example, Bhandari et al. [13] reported
permeability as low as 2 nanodarcy, and anisotip40 (ratio between permeability measured in
two directions) for their samples, which consistdd4% total organic content and contained large
amounts of quartz, calcite, and clay. Measuredespatmeability ranges from 0.1 to 1000 nanodarcy
[12, 14], and anisotropy from as little as 5 toA@0@r more [12, 15], Starting from these experiraknt
data, research has focussed on reconstructing-dimemsional volumes to map the pore space
distribution and simulate permeability using, e.the Lattice Boltzmann Method [3, 16-18],
stochastic modelling [19], or a combination of Metropolis-Hastings and genetic algorithms [20].
At the smallest length scale, molecular dynamic®)Mimulations have become an efficient tool for
studying the impacts of confinement on fluid pragsrand calculating transport coefficients for use
in multi-scale models of fluid flow [21-25], althgh in general limited by the available computing
resources. Both equilibrium and non-equilibrium Mikthods have been widely implemented to
estimate transport diffusivity and permeability fimids through a porous network [24, 26-30].
Among these methods, the boundary-driven non-dxjsiin MD (BD-NEMD) has revealed potential
of an effective computational approach for corgecéetermining transport diffusivity as well as
permeability, which enables us to consider expjittie effect of adsorption of the fluid moleculas

the pore walls [28, 31].

In this study, we employ the BD-NEMD approach togiate methane flow through hierarchical
amorphous silica porous materials representativéhose found in shale gas plays. The model
materials were constructed as a simplified reptesen of shale matrixes. In shale rocks, small
amount of organic material (kerogen) is dispersétimvlarge matrixes of various minerals, some of
which can be siliceous [13, 14]. By applying thengiations on ‘synthetic’ model porous materials,
we collect results for permeability and diffusivignd we correlate such results with pore structure
information. To estimate the fluid diffusivity thugh a porous medium, empirical correlations have
been proposed that predict deviations comparedltoftuid properties, as well as theoretical models
based on oversimplified pore geometry [32, 33]. éddy, for example, Hlushkou and Tallarek
proposed an analytical formula involving three-pomicrostructural parameter and porosity for
effective diffusivity prediction based on a numtadrphysically reconstructed packed beds of fully
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porous and core-shell particles [34]. In most cakds customary to divide the diffusivity in thee
factors: the void space in the porous medium, tlezage path length available across the medium,
and the shrinkage in the effective flow becausehainges in the pore cross-section [35, 36]. Three
macroscopic descriptors follow: porosity, tortupsénd constriction factor. Because tortuosity @dnn
be measured directly, it has been attempted tonasti it from porosity [37, 38]. The constriction
factor is important when the fluid molecules haiae £omparable to the pore size [37, 39], which is
the case for shale rocks.

In this study, we use simulation results to firstrrelate tortuosity with both porosity and
constriction factor, and then we derive a quammatelation between fluid transport and pore
structure parameters that can be obtained onceimgeal data are available for a pore network. The
empirical relation proposed for estimating diffuivand permeability could have important
implications for understanding structure-transpetations, but also for predicting fluid transport

shale reservoirs.

2. Simulation M ethodology

Pore Models. We built model hierarchical porous media from gphaus silica. The models for
hydroxylated amorphous silica surfaces were takem those published by Ugliengo et al. [40] This
group prepared bulk amorphous silica by conduatiagsic molecular dynamics simulations starting
from the configuration of bullB-cristobalite. They heated this structure at 60Q0aKd then they
cooled it to 300 K, so that the crystalline natofesilica was lost. To generate a realistic surflace
amorphous silica, they extracted a slab of thickne$ nm from the bulk, and they saturated the
surface Si/SiO dangling bonds with OH groups tlgtresented single silanol SiOH and germinal
silanol Si(OH) groups. Surface siloxane groups or Si — O — Sigas with oxygen atoms are also
present on the model Si®urface [40]. To obtain the hydroxylated surfadgéw.5 OH nnif, which
mimics an experimental silica sample, they therfgpered dehydration by condensing the closest
next-neighbouring pairs of H-bonded hydroxyl graupise final structure was fully optimized using

electronic density functional theory (DFT) calcidat at the B3LYP/6-31G(d,p) level of theory [40].



To build our model materials, we used the 1x34.34 x 1.5 nni hydroxylated amorphous silica
substrate taken from Ugliengo et al. [40] as a celk Within a unit cell, the distributions of $ace
atoms and silanol groups are random. The unitoteiined from this reference is periodic in X and Y
directions, and it was adapted for our system.

From the amorphous silica just described, we coottd hierarchically ordered micro-
mesoporous materials that presented inter-coniigdbigtween two domains [41, 42], including both
micro- (0.4 — 1.1 nm) and meso-porositieB.8 nm) [43], as illustrated iRigure 1 andFigure Sl in
Supporting Information (SI). We built ten model &yas. Details about the geometry of each model
systems are shown iRigure S1 in SI. The heterogeneity length scale of the stithsystems
considered here is within the scope of micro-mesmmsolid media [43].

We duplicate the unit-cell to create two paralléta slabs and blocks A and B. The periodicity in
surface functional groups is generated due to th@ightion of the unit cells of our amorphous
material. Two parallel silica slabs, which yieldl#-shaped mesopore, haXeandY dimensions of
Lxp = 12.048 nm andl,, = 3.986 nm. Within this mesopore we placed blockandl B at different
locations to create pore networks. Th&¢ Y andZ dimensions for the silica blocks A and B were
4.014x 3.986x 1.5 and 2.67% 3.986x 1.5 nni, respectively. We saturated the pore edges with OH
groups to achieve the surface density of OH grddps OH nnf) consistent with experiments. No
DFT calculations were performed in the presentystud

The pore networks are classified within three galngroups Figure 1, panel B): (1) Three pore
networks in Group have absolute porosity 0.6, (= 0.61), and they consist of 2 silica slabs and 2
blocks A (top). The position of the A blocks variedthese pore networks. (2) Six pore networks in
Groupll have absolute porosity 0.58,(= 0.53), and they consist of 2 silica slabs, ZkdéoA, and 1
block B (middle). (3) One pore network in Grolp (bottom) is composed of 2 silica slabs and 4

blocks B, yielding absolute porosity 0.58 € 0.53).



ER e A Fe A Es AR AR AR A Es AR AN

I 5 I e S I S O S S S S

A AS ML She)
Sranta Srata Srgd

SASTC LA s A

Group I

Group 11

Group III

Figure 1. (A) Representative geometry of hierarchical amoyshsilica porous materials consisting of both
micropores (0.4 — 1.1 nm) and mesoporé8(8 nm). Yellow, red and white spheres represdiobsi oxygen
and hydrogen atoms, respectively. (B) Schematistilation of various hierarchical porous mediasifaesi
within three general groups: (1) three pore netwankGroupl with porosity 0.61 and 2 blocks A (top), six pore
networks in Groupl with porosity 0.53 and two blocks A and one bl&kmiddle) and 1 pore network in
GrouplIl with porosity 0.53 and 4 blocks B (bottom).

Force Fieds. The CLAYFF force field was implemented to simulatee amorphous silica
substrates [44]. Silicon and oxygen atoms wereeteth to their initial positions by applying a
harmonic restraint force with a spring constantl®® kcal/mol.A. The surface hydroxyl hydrogen

atoms were allowed to vibrate. The transferablemqals for phase equilibria (TraPPE) force field



was implemented to model methane [45]. Nonbondéerdntions were modelled by means of
dispersive and electrostatic forces. The electiiostateractions were modelled by the Coulombic
potential, with long-range corrections treated gsithe particle—particle particle—mesh (PPPM)
method [46]. Dispersive interactions were modeligdl2-6 Lennard-Jones (LJ) potentials. The LJ
parameters for unlike interactions were determibgd.orentz—Berthelot combining rules from the
values of like components [47]. The cutoff distafareall interactions was set to 12 A.

Simulation Setup. The simulation box is periodic in the three dir@es. TheY dimension of the
simulation boxes (3.986 nm) reflects the periogliaf the silica solid substrates; thé and Z
dimensions were set to 24.166 — 5.521 nm, resmdgtivor all the pore model systems. Due to
periodic boundary conditions, the pore models affecevely infinite along theY direction.
Conversely, the pore models are finite alongXhdirection, along which they are exposed to feed
(right in Figure 2) and permeate (left) phases.

Algorithms. We implemented the BD-NEMD method [28] to estdblisd maintain a constant
pressure difference across the pore networks, andehmaintain a steady molar flux across the
hierarchical porous media. We initially equilibréithe porous materials in the presence of methane
for 20 ns, without applying any external force. Thanber of methane molecules ranged from 2000
to 2060 for each model system to ensure that thepsassure outside the pore model8I20 MPa at
equilibrium. Once equilibrium was achieved, we eleterised the properties of the system (e.g., via
guantifying density profiles for methane within trerious pores in the networks).

We then we carried out the BD-NEMD simulations pylging a force along the X-axis, acting in
the direction of the arrow shown Kigure 2, top panel, to all methane molecules located inira th
slab (shaded region) of width, = 20 A of the permeate. In each BD-NEMD simulati@f ns of
simulations were required to reach steady statéer #is, production simulations were conducted
for 20 — 140 ns. During equilibration, convergertoesteady state is evaluated by examining the
variations in the energy and temperature of theouarsystems, as well as the methane density
profiles along the pores.

Implementation. Equilibrium and nonequilibrium MD simulations weerconducted using the

package GROMACS [48, 49] and LAMMPS [50], respeslfjy Simulations were performed in the
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canonical ensemble (NVT), where the number of gasi(N), the simulation volume (V), and the
temperature (T) are kept constant. The equatiomsodon were solved by implementing the leapfrog
algorithm[51] with 1.0 fs time steps. The simulatethperature was maintained at 338 K by a Nosé-
Hoover thermostat [52, 53] with a relaxation time 100 fs. We applied separate Nosé-Hoover
thermostats to methane and to the atoms in thepdmos silica [54, 55] to reduce the perturbations
on the dynamics of the system, since the systeexp®sed to a constant energy input due to the
application of the external force on methane. Hal.€B81] recently performed six temperature cdntro
schemes for BD-NEMD simulations to study methamadport in montmorinollite nanopores and
reported that applying separate thermostats télditeparticles and pore wall atoms yields excdllen

temperature control even for large applied forces.

3. Results and Discussion

Fluid Density Profiles at Equilibrium and During Flow. In Figure 2 we show one simulation
shapshot (top panel) and the density profile (mot@anel) for methane distributed along the lendith o
the simulation box in th¥ direction when the applied external force is k6al/(mol.A). The results
are shown for one pore network in Grduystem 1). The results show that the externakfavhich
is applied to the methane molecules located iniradlab (shaded region) (s€égure 2), yields a
pressurised zone on the right of the porous medihjn which an increase in methane density is
observed. This is the ‘retentate’ volume. This exdéfield is considered equivalent to imposing a
density (or a pressure) gradient, leading to a asaapic flux in the direction of the arrow kigure
2. Under conditions of macroscopic density gradieath methane molecule is more likely to diffuse
from the higher density to lower density side, #melflow develops through the pores to the ‘eluate’
volume on the left of the pore network. A moderatéernal force yields a moderate perturbation to
the simulated fluid, in correspondence to which riiethane density in both bulk regions to the left
and to the right of the pore network remains corist@nce steady states are achieved, the resultant
methane density profile inside the network showsaaelike pattern similar to the one observed
during equilibrium simulations, when no externaiciis applied (seEigure 3, panel A). InFigure

3, panel B we report the in-plane density distribogi@f methane within layers closest to the bottom
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(left) and top (right) silica slabs at equilibriutop) and during flow (bottom) for system 1. Our
analysis reveals that the positions of the highsidgrregions where methane molecules prefer to
reside in equilibrium simulations are similar t@$le occupied preferentially when external forces ar
applied. These high methane density regions cavrespo the locations of peaks of the wave as
shown in Figure 3, panel A. This suggests thatettternal forces considered do not perturb strongly
the structural properties of confined methane. H@neonce flow is induced, the density profiles

show a decreasing gradient from the retentatetjrighhe eluate volumes (left).

0.008 -
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Density (1/A3)
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Figure 2. Top: Representative simulation snapshots for thed ionfiguration of methane moving across the
pore network in Group (system 1) at 338 K. An external force of 0.05lkual.A is applied to methane
molecules (cyan spheres) in the shaded regionite flow through pores with the direction of thecw.

Bottom: Resultant density profile for methane altimg length of simulation box in thédirection.
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Figure 3. A) Resultant density profile of methane along #rgth of simulation box in th€ direction when the
applied force is 0.05 kcal/mol.A and when no facapplied. B) In-plane surface density distribngiof
methane molecules found in layers closest to thio(left panels) and top (right panels) silicabs at

equilibrium (top) and during flow (bottom). Reswitere obtained for system 1.

Flow Density and Velocity Vector Map. In Figure 4 we present the density distributions
obtained for methane flowing through three hierealpores. The projections are obtained along the
X-Z plane, and super-imposed to the velocity profilEse high-density areas (highlighted as red-
yellow spots in the online version of this artictd)the contour plots indicate the positions whiee
methane molecules preferentially accumulate. Wermvksthat methane molecules distribute unevenly
on the silica surfaces. This is due to the roughrafsthe amorphous silica. The methane flow
develops within the network from the right (highiemsity) to the left (lower density). The flow is
highlighted by the velocity vector field. The armwepresenting the velocity vectors indicate the
preferential direction of methane movement, whlmithe general direction of the applied external
force. However, we observe that some methane melemear the solid surfaces move in the

direction opposite to the established flow, indimgtlocal back flows. Regions with local backflow

10



are commonly found within porous media when lamiflaww conditions are established at the
macroscale, as well as in synthetic graphene b#agtethe nanoscale [56, 57]. It is possible thasé
effects are due to surface roughness, which pertiimd uniform movement of fluid molecules and
increases the resistance to transport. Indeed,attadysis of the percentage R of the methane
molecules that move in the direction opposite ® éistablished flow as a function of surface area
(results shown ifrigure S2 in the Sl) reveals that the resistance to flowescwith the surface area
for some of the pore models considered here. Tggests that roughness contributes to resistasce, a
expected. These observations are consistent véthitsefrom Xu et al. [58], who studied the effett o
wall roughness on fluid transport in carbon nanesuand demonstrated that the transport resistance
increases as the roughness increases. Howeventige that the resistance to flow in our simulagion
does not in general scale with surface area. Theepce of bottlenecks (systems 3 and 8) and
reduction of channel cross-sectional area, quadtifly the entropy potential distributions (discdsse

below), seem to play a more important role in agltitrg the local backflow.
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Figure 4. Surface density distributions and velocity profitdanethane flow through three representative
hierarchical pores along theZ plane. Densities are expressed in*1#rows represent directions of flow. It

should be noted that, in our representation, thecitg field only highlights the direction of theelocity, not its
magnitude.
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Figure 5. Effectivediffusivity (left) and permeability (right) as deteined by BD-NEMD simulations for
methane across the ten porous model systems cogdgithethis study.

Transport Properties. Transport diffusivities were estimated from the slgngradient and molar

flux, which were quantified by fitting steady-staienulation results to the Fick’s first law [31]:

Jt = —th_z (1)

In most cases, both convective (pressure-driverg diffusive (chemical potential gradient)
contributions contribute simultaneously to the ltfitax, which could therefore be descrbed as tha su
of a convective flux and a diffusive flux. At theaoroscale, the phenomenological transport
coefficient D, is therefore assumed to incorporate both diffus@ord advection (convection)
contributions [59, 60]. On the other hand, seveashputational studies [22, 28, 43, 61], which focus
on the fluid transport across porous materials@mnticroscale, describe the transport coeffidruf

Eq. (1) as an effective diffusivity, including baodliffusive and convective contributions. In theilim

of a fading pressure-driven scenario (no convecfivg) such as the case considered here, the

parameteD, in Eq. (1) is expected to approach the transgtittsivity [28].
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We characterized methane transport across porodig mEvarying cross-section channels oriented in

the direction of the fluid transport. Once steathtes are achieved, we obtain constant flow rates

through the pore networks. The molar flipis calculated as the ratio of the constant flote €and

the cross-section area of a channel at a givereation, A(x). By substituting the molar flug; with

the ratio of the constant flow raf@and the cross-sectional area of a chaA@dlalong theX axis, we

rearrange Eq. (1) and then integrate it to obtHactve diffusivities:

_ 0 (Lax

Density gradients are determined based on the rdelasity of fluid molecules at the inlet and outlet
outside the porous medium, as showFiigure 2, bottom panel. The time-averaged molar flow rate i
defined as the corresponding average ensembleityeloaltiplied by the system density in thé
direction and the cross-sectional area of the betkion [28, 31].

Permeabilities can be determined based on Dareyis [62], which shows a linear relationship
between molar flux and pressure drop across a paradium. The pressure drop is calculated using
the Peng-Robinson equation of states based ondlecuatar density of methane in feed and permeate
regions as inputs [24]. Similar to the apparentfudifity calculation described above, the

permeability of methane through a porous mediumbzaastimated as:

_Q (Ldx
e AP0 A(x) ©)

By applying Eq. (2) and Eq. (3) to our simulati@sults, we quantify how pressure drop, flow rate
and effective diffusivity depend on the applied ezrtl force. It is expected that the effective
diffusivity approaches the transport diffusivity in the limit of the external force going to zeto.
Figure S3 of the SI, we show a linear response to exterpplied forces in the range from 0.005 to
0.05 kcal/(mol.A). This analysis suggests that, dar systems, both pressure drop and flow rate
increase significantly when the external force @ases, while the effective diffusivity negligibly
increases as the external field changes. Becaudlinwhe conditons considered, the effective
diffusivity appears to be independent of the agpf@ce, a single simulation is sufficient to estim

transport diffusivity. We conducted such simulasiomith an external force of 0.05 kcal/mol.A to
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study methane flow through model porous systemenigéhg to Groug, Il andlll. The resultant
pressure drops for all model systems are withinrdmge of(120 — 22 MPa. This is consistent with
expected pressure gradients during shale gas grody63].

In Figure 5, the diffusivities (left panel) and permeabilitiéisght panel) obtained from our
simulations are shown for methane transport adersporous model systems. The results show that
methane diffuses and permeates through system B mace slowly than through sytems 1 and 2 in
Groupl. The diffusivity for methane in system 3 (0D’ m?/s) is[(B times smaller compared to that
obtained for systems 1 and 2 (2.25 and 218 m?/s, respectively). Similar results were obtained fo
methane permeability in systems 1 and 2 (®107 and 9.2810° molm/nfsMPa, respectively),
which is higher than that obtained for system 24810° molm/nfsMPa). These differences could be
due to the presence of a steric hindrance for thaidsport in system 3.

Inserting one small block B between two blocks Aiah converts system 1 to system 4, slows
down diffusion and permeation of methane through fforous medium. The diffusivity and
permeability of methane through system 4 (¥ nf/s and 7.9210° molm/nfsMPa, respectively)
are smaller than those for system 1 (5 mf/s and 9.0¥10° molm/nfsMPa). Rotating the block
B by an angle of 30(system 5), 60(system 6) and 90(system 7) lessens methane diffusion and
permeation (the values of effective diffusivity apermeability of methane through all pore models
sytems are summarizedTrable S1 of the SI).

Changing the location of two blocks A and one bl&Kconverting system 7 to system 8), we
observed remarkable changes in the methane tranfipough the pores. The diffusivity and
permeability of methane through system 8 decreaggfisantly compared to those obtained for
system 7. These results are likely due to thetfatthe two blocks A are placed very close to each
other, resulting in a bottleneck, similar to whatsaobserved for system 3. In fact, slightly insneg
the gap between the two blocks A (converting syfedmsystem 9) increases methane transport rate.

The diffusivity and permeability of methane througpstem 9 (1.2610" m’/s and 5.0510°
molm/nfsMPa, respectively) are slightly greater than thaistained in system 7 (1.450" mf/s and

4.62x10° molm/nfsMPa), although both systems have the same pardsity difference is probably
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due to the fact that system 9 is mostly composethedopores (76% of the pore volume) while
system 7 is predominantly composed of microporés1¥8 of the pore volume) (we report the
percentage of microporous and mesoporous volunreallfpore model systems ihable S2 in the

SI). The methane diffusion and permeation througgtesn 10 are rather slow and comparable to
those found for system 8, despite the fact thatetih® no bottleneck in system 10. Placing all the
blocks B vertically seems to hinder fluid transpgssibly because the contact surface area of the
solid substrates with fluid molecules increasesth&slocal back flows are found near the surfaass (
shown inFigure 4), the increase in the contact surface area lemds disturbance in the uniform
movement of fluid molecules, and hence diffusiod parmeation of methane diminish. However, the
presence of multiple small nanopores (0.4 — 0.6asmhown in Figure 1B, bottom panel) in system
10 is more likely to control the local backflow, discussed above. It is worth pointing out that the
simulated methane permeability through hierarchacabrphous silica porous materials considered in
this study (ranging fromiB to 110> molm/nfsMPa) is quantitatively comparable to experimental
data for methane permeation through amorphoussiiembranes extrapolated at 338 K reported by
Kanezashi et al.[64] (permeation [GE0x10° mol/nfsMPa= [110x10° molm/nfsMPa per one meter
of amorphous Si©@materials). For completeness, we point out thatdgashi et al. [64] studied small
gases permeance through amorphous silica membioressting of a separation layer and an
intermediate silica layer, which was formed by cilél silica sols coated on the outer surface of a
glass porous support. The Si€eparation layer was found to play a main roleadntrolling fluid

transport rate because of the presence of nanopbseze ~0.385 nm.
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Figure 6. Effective diffusivity D, path length_ and the inverse residence time DJ/L? of methane mocules

through all pore models considered in this study.

Molecular Transport Mechanism: Path Length. To understand how methane molecules move
through a porous medium, we calculated their wagllgath length in th&-Z plane starting from the
right to the left side of the pore network. Detailsout path length calculations are reported inShe
(seeFigure $4 and S5). We computed the inverse residence time of methaithin the pores by
dividing the effective diffusivity by the square péth length. We report the results of path lerzgith
the inverse residence time of methane for all pooeel systems, together with effective diffusiatie
in Figure 6. The results show that, in general, the shortenvtalking path length is, the larger the
inverse residence time is expected to be. Thisreasgen is consistent for results obtained, in orde
for system 2, 1, 4, 5, 6, 7, 8, and 10. We notid the path length of methane walking through
system 3 (155.5 nm) is shorter than the one olddimesystems 1, 4, and 5 (163.9, 171.9 and 177.8
nm, respectively) though it takes longer time foetmane in system 3 to move across the pore

network (i.e.,v=DJL? is smaller). This result is probably due to thesence of blockage in system 3,
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which hinders methane movement; however, oncessgmover the bottleneck, methane ‘walks’ a
shorter distance in the mesoporous channel to réclexit. Note that systems 1, 4 or 5 consist of
both micropores and mesopores, possibly leadihgntper walks though the networks.

Another exception is observed in system 9, in whidspite the longer walking path length and
longer residence time compared to those foundylstesn 7 (221.4 nm), both methane diffusivity and
permeability are faster. This suggests that metlandd travel more easily in porous media with no
blockage where larger amounts of mesoporous volgragailable (i.e., 76.5% of the pore volume in
system 9 is mesopores) than that of micropores e pore volume in systems 6 and 7 is composed
of 89.%% and 89.% micropores, respectively) even though it travelsnger distance. This finding is
consistent with experimental results for the difasof cyclohexane in hierarchical porous materials
SBA-15 8.5 nm and 3DOm-i silicalite-1 using zeradéh column chromatography at 343 K [65].
These experimental results indicate that, althoagtiohexane diffuses faster in SBA-15 than in

3DOm-i silicalite-1, the apparent diffusion lengthsSBA-15 are longer.
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Figure 7. Entropy potential distributions on tixZ plane for methane moving across hierarchical ahmmrp

silica porous media. Results were obtained fohtbearchical pore model systems 1-10.

Entropy Potential Profiles. Fluid transport in narrow and tortuous pore networé.g., shale
matrices, could be affected by the fluid molecufeceeding through obstacles and surface
irregularities. An efficient approach to quantifiiese effects within a transport model is the
guantification of entropic barriers [66]. The fluibws considered here develop along hierarchical
porous media whose cross section inXhdirection varies. Following Fick and Jacobs, difun in
porous media of varying cross section can be cemsiias a one-dimensional diffusion problem
across entropy barriers due to changes in chamos$-sectional area [67]. Within this scenario, the

entropy potential(x) can be defined as [67, 68]

A(x)
A(x0)

U(x) = —kgTln (4)
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In Eq. (4),A(X) is the cross-section area of a channel at pasktid-or referencelJ(x) atx = X, is
taken to be zero when we consid@€x,) as the cross-section area of the bulk sectioisjdrithe pore
networks ks andT in Eq. (4) are the Boltzmann constant and thelatestemperature, respectively.
The entropic barriers likely affect the travel p&hgth, and therefore could play a crucial role in
controlling fluid transport. We quantified the itepe entropy potential distribution across all
hierarchical pore models considered. The resultspaesented ifrigure 7. The high-entropy areas
(red spots) of the contour plot indicate the pestiwhere fluid molecules encounter strong resigtanc
to transport. The results show that methane matscflibwing through systems 3 and 8 experience
strong hindrance, with large entropic barriers &6land 1.76 kcal/mol, respectively. Consequently,
the transport diffusion and permeability of methaneboth systems 3 and 8 are much smaller
compared to those in other systems. We observeaghtite block B rotates about its center (systems
4,5, 6, and 7), the entropic barriers range frof8 1o 1.61 kcal/mol, slowing down both transport
diffusion and permeation. The results show, as &gpe that the extremely large entropic barrier
between two blocks A in system 8 vanishes whenkbkogs shifted slightly further away from the
other block A (convert system 8 to 9). This enhartbe rate of methane transport for system 9. More
mesopores are found in system 9 than in systereerT@ble S2 of the Sl), as quantified by smaller
entropy potentials; this results in larger methaasport diffusion and permeation in system 9. The
results of entropy potential distribution for syatel0 show that the travelling path of methane
molecules are likely to be more tortuous due toziggag arrangement of strong entropic barriers,
which impedes methane tranport rate. This obsenvasi confirmed by the analysis of path length for

methane moving across the pore model system 1(0r@see S1 of the SI).

Relation between Transport Properties and Pore Characteristics. The most common
representation of the diffusion coefficient of &g fluid within a porous mediur,, relative to the
diffusion coefficient of the same fluid in the by, is given in terms of porosiwy, tortuosity r,

and constriction factdC,, [38, 43]:

bm
Dy, = Dpuik — %)

20



This approach is consistent with several contrimgifrom the literature [4, 35, 39, 69]. For exampl
Kéarger and co-workers indicated that the fluid whff/ity in a porous solidD, could be related to its
diffusivity, under equivalent physical conditions, a straight cylindrical poreD,, with diameter
equal to the mean pore diameter in the porous rahgtky the following relation [43]:

D=D,2 (6)

Similarly, we attempt here to relate the effecu#usivity of methaneD,, through a pore model to
its effective diffusivity, Dy, through the reference pore model, which congibta slit-shaped pore
obtained by two parallel silica slabs (system G Begure S1 of the Sl). Relative porosity,
constriction factolC, andtortuosity 7 are calculated as the ratio of the parameters dieahin a pore
network to those quantified for the reference, @yst0 ¢ = @i/ ¢o, C = G/ Co, and 7 = 1/ 1o,
respectively).

The constriction factoC; for a porous medium of length with varying cross-sectional are¥Xx)
along the direction of transpogtis determined as [70]:

C; == [y A(x)?dx fOL@dx ©)

The diffusive tortuosity is considered in this studnd it is calculated as [71]:

n=(4) ®)

In Eq. (8),L; is the walking path length of methane within sgstevalues are reported ihable S1).

We report the relative porosity, constriction facémd tortuosity for methane transport through all

pore model systems considered in this studlable S3 of the Sl.

21



A)

Diffusivity (m?/s)

=z

Permeability (molm/m2sMPa)

100
30
y =20.86x + 0.61
25
0 R2=0977 2 e
:5‘; o ¢ T2
1023 = 20 ,"1 *
= ? 4 1
154 g
2 L L 4
% 10l ¥ 6
1044 £ A 7 S
o5 8 3
0.0 T T T T
10% ] 0 003 006 009 012 015
pes 3
IS 2247,
10° | -
logyoy = 0.9l0g 10X — 5.68
R2=0.988
10-10
108
12
& y=84.32x +2.43
= 10 ’
% R2=0978 2
E -~ ¥ 12
10 E g/ o1
g 44 1
s o °
e JUIA
x # 6
101 2 *7
T Wwe
g 24 8 B
E
O
e o0 . . . .
10-3] 0 003 006 009 012 015
@ P2 o
10
logyoy = 0.9log;0x — 3.09
R2=0.988
107 . . .
104 10 102 101 100
7.C

Figure 8. Methane effective diffusivity (panel A) and perabdity (panel B) as function of the pore

characteristic parameter defined by the ratio @bpity to tortuosity and constriction factor on éoighmic

plots. In both panels, the insets provide reprediemts for the data on Cartesian plots. Resultg wbetained for

all hierarchical pore model systems consideredimwork.

In Figure 8, we show the results of effective diffusivity andmpeability of methane for all pore

models as a function of the pore characteristiampaters/(7z.C) on logarithmic plots (main) and

Cartesian plots (insets). We observe a linearioglain both logarithmic and Cartesian plots. When

the data are displayed on the logarithmic plotsear fit clearly shows that the effective diffuisy
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(/permeability) of methane converges closely toozas the pore characteristic parametér.C)
approaches zero.

It is noted that the slope of the linear function the effective diffusivity (/permeability) and i@
characteristic parameter (20:8®' né/s (/ 84.3%10° molm/nfsMPa)) on the Cartesian plot are
consistent with ten to the power of the interceptttee linear relation on the logarithmic plot
(20.86<10" ~ 10°°® mf/s or 84.3210° ~ 10*% molm/nfsMPa). These values are related to the
effective diffusivity (/permeability) of methanertdugh the reference system 0 [2x607 m’/s
(/83.2x10° molm/nfsMPa), sed able S1 of the SI]. This means that the expression fordiffesivity
of fluid through a pore model versus the pore ottarestic parameterl), = Dy x ¢/(7.C) + const.)
complies with the macroscopic relations describgeédp. (6).

It is also observed that the relation between nmethteansport and pore characteristic parameter
for system 3 does not follow the linear trend fodoadall other systems. This is particularly evitlen
on the Cartesian plot. The difference between tre petwork represented by system 3 and the others
is that only mesopores (> 2nm) are found in sysBnWe speculate that the linear correlation
between the transport properties and the pore clesistic parameter shown Figure 8 holds for
hierarchical porous materials that include both apeses and microspores, but not for those with
only mesopores. To confirm this presumption, wedtwo additional model systems, 11 and 12,
which contain only mesopores with no pore block@ghematics for systems 11 and 12 are shown in
Figure S1 of the SI). When the methane transport propedies compared to the network pore
characteristics, we observe that the linear tresdudsed irFigure 8 is not followed, similarly to
results just discussed for system 3. As discusbeuea because of the presence of a bottleneck, the
effective diffusivity in system 3 is much smallesngpared to that obtained in other systems with
similar porosity. However, once methane passesitfirahe bottleneck, it travels a shorter distance,
in the mesopore, to exit the material, resultingrimall diffusive tortuosity; as a consequenige,C is
large. For systems 11 and 12, within which the leogick gradually disappears, the methane
diffusivity increases significantly, as can be agmated by the results obtained for system 12efast

compared to all other systems considered. Noteithtitese systems methane ‘walks’ even a much
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shorter distance in the mesopore to reach thedagito small resistance to the flow, and as atesul

this ¢/1.C becomes larger. This results in the positionthese red symbols in the insets of Figure 8,

panel A.
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Figure 9. Top panelsRelation between porosity, constriction factor &mduosity. Bottom panel€orrelation

between permeability and the ratio of porositydostriction factor. The results from the simulatidar

hierarchical amorphous silica porous materialis $tudy, and those from micro-CT scan [70, 72] an

experiments [73, 74] for the Fontainebleau sandstre shown in left and right panels, respectively.

Predictive Models. The availability of reliable transport propertiesasured/simulated across

pore networks that are described accurately byiggegeometrical features allows us to attempt

answering the long-standing quest of predictingdpart properties through a pore network. Before

embarking on this investigation, it should be noteak the definition of tortuosity employed in our

work is based on the average length of flow patttié direction of flux, i.e., the diffusive tortsity,

and therefore depends on the microscopic pore gepmas well as on the transport mechanism under

examination [75].
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We seek a relationship between fluid transport @rbgs and measurable descriptors of pore
structurej.e., porosity and constriction factor, without usingttmsity.

We recall that methane permeability (/diffusivityas found to depend linearly on the pore
characteristic paramete/(7.C) (seeFigure 8). Plotting the pore characteristic parameiér.C)
versus tortuosity for the hierarchical porous materials, we obséneepower relationshig=(gure 9,

top left panel) described as:
2L = qrh 9)
Substituting Eq. (9) within the linear relation Wween permeability (/diffusivity) and pore

characteristic parametef(7.C), we suggest that the fluid permeability (/difftigi) correlates with

the measurable pore descriptdC, via the function:

B
_ _K P\p-1
K= —al/(,b?—l) (E) + const. (10)
D ¢ ﬁi
—1
D= —al/(ﬁo—l) (E) + const. (11)

In Figure 9, bottom left panel, we plot methane permeabiligysusg/C for amorphous silica
pores, showing thafl(5-1) ~ 3.44 and thaky/a#" ~ 19.48 wherK, = 84.32 (as obtained from
Figure 8, panel B)a=1.667 ang3 = 1.407 (as obtained froRigure 9, top left panel).

The permeability of methane through systems comigistrong blockages [systems 3 (green) or 8
(yellow)] does not obey Eq. (9Figure 9, bottom left panel). However, transport propertbtained
in model systems 11 and 12 (green data points) deebe well fitted. This agreement could be
spurious, because the results for these systenigteldsom the trends discussedFigure 8. Hence,
we recommend not using results from systems 1112ntb obtain the power parameters in Eq. (9)
[75]. In fact, we consider the relation shown in E®) a useful model for porous media that contain
both micropores and mesopores and do not showgsprame blockages.

As a final test, we apply the model of Eq. (9) &iumal porous media. Berg [70] reported pore
structure parameters such as characteristic lermgthstriction factor, porosity and tortuosity for
Fontainebleau sandstone, as obtained from expetam@crotomographic (micro-CT) images. Arns
et al. [72] conducted numerical micropermeametiguwtations on three-dimensional digitized images
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of Fontainebleau sandstone and obtained resugiedd agreement with experiments [73, 74] over a
wide range of porosities. This system offers a harark for testing the capability of Eq. (10).

In Figure9, right panels, we present the relation betweee pbaracteristic paramet#i(7.C) and
tortuosity 7 (top), and that between permeability and paramegt€r (bottom) for Fontainebleau
sandstonedata.We observe thag/(7.C) decreases with tortuosity following a power fuoetwith
exponentf = 4.831 and parameter = 4.503 Figure 9, top right panel). Note that the relation
between permeability and pore characteristic patempé7.C) is also linear with slop&, ~ 1498.8
(Figure S6 of the SI). InFigure 9, bottom right panel, it is shown that the fluidipeability increases
with ¢/C following a power function with exponent 1.28nd parameter of 966.37, which are
equivalent tg3/(5-1) andKy/a*®", respectively, in Eq. (10).

The results just described suggest that the empifi@. (10) could be used to predict the
permeability (or effective diffusivity) of fluidshtough various sedimentary rocks once detailed rock
structure information, e.g. porosity and constoictfactor are known. When applied to our simulation
results for methane transport in silica-based poetworks containing both mesopores and
micropores, it was found th&, a and assumed the values of 84.32, 1.667 and 1.407¢ctgely.

It is expected that these values, and in partictiiarexponenfd/(5-1) and the parametéty/a’??,

will change with different types of fluids as wal different types of porous media.

4. Conclusions

This study presents an atomistic modelling of ma¢h&ansport through hierarchical amorphous
silica porous materials at 338K, obtained by usbmundary-driven non-equilibrium molecular
dynamics (BD-NEMD) simulations. The NEMD approadbsely resembles how experiments are
carried out to measure gas permeation through ponaaterials, yielding a macroscopic view of
natural gas transport in porous media such as shaieces. Our results show that the pore structure
has a major impact on methane transport throughardsigical porous networks. For example,
changing contact surface areas between the ama@8iGusubstrates and methane perturbs methane

diffusion and permeation, because of the introductif local back flow near the surfaces. In additio
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changes in entropy potentials along the directibficav due to varying pore cross-sectional areas
substantially alter the traveling path length of lecales. We demonstrated how the transport
properties of methane correlate with macroscopscdators of the pore structure and we derived an
empirical expression for diffusivity and permealildf fluid through hierarchical porous materiats a
a power function of such measurable descriptorss $tudy suggests that an atomistic modelling
approach based on BD-NEMD simulations can be usegtddict fluid transport properties across
sedimentary rocks through an empirical power reatiBridging the gaps between the results
obtained within a few pores, a few hundreds of poamd ultimately within complex pore networks
requires the development of bottom-up multiscalel@iong frameworks, perhaps synergistically with
predictive empirical relations. Numerous computaioand theoretical approaches such as coarse-
grained molecular dynamics simulations [76, 77]ttica Boltzmann Method [78, 79], and Kinetic
Monte Carlo simulations [19, 80] have been atteshptach with both promising features and
drawbacks, to access longer length and time sealde accounting for fluid-rock interactions and

the wide range of confined fluid states.
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Appendix A. Supporting Information

Details about hierarchical pore model constructiand their geometries as well as walking path
length calculations. Results for (1) Percentagd fRe@number of methane molecules that move in the
direction opposite to the established flow and aohsurface areas (2) linear response behaviour of
pressure drop, flow rate and apparent diffusivityivated by various applied external fields; (3)
probability distributions of path length walks fanethane crossing a pore network; (4) relation
between permeability and pore characteristics fort&inebleau sandstone; (5) Effective diffusivity,
permeability, path length and inverse residence wihmethane through each system; (6) percentage
of microporous and mesoporous volumes for systemsl@; and (7) Relative porosity, constriction

factor and tortuosity for systems 1 — 10.
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Highlights

Strong dependence of methane diffusivity and pebilisaon the features of synthetic pore
frameworks.

Existence of local back-flow near solid substrates to surface roughness, presence of bottle
necks and changes in channel areas accessibvoshich disturbs methane transport.
Changes in entropy potential along a flow direcstnongly affect molecular path length.

A linear relationship between methane transportapdre characteristic parameter has been

identified.

Fluid transport properties scale as a power funcbased on measurable pore structure

parameters.
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