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1.

Introduction

1.1. General context
The steady decline in conventional oil and gas resources has led to the quest of
unconventional ones, such as shale gas, which is natural gas that can be extracted from
shale formations, an unconventional energy source. Although it is a promising alternative,
currently it is being commercially exploited only by a handful of countries, with USA being
the major producer. While natural gas offers several advantages, there are also a number of
issues associated with both the environmental impact and the efficiency of shale gas
extraction process that need to be addressed before its production is spread.
Shale gas is chemically indistinguishable from conventional natural gas, with the only
difference among them being the permeability of the source rock. Therefore, shale gas
shares all the advantages of natural gas compared to other fossil fuels, such as limited NO x
and other greenhouse gas (GHG) emissions (King, 2012). Furthermore, the large amount of
the globally available shale gas reserves can help towards energy security and sustainability
in the future, with associated benefits for the economy and society such as suppressed
natural gas prices and new employment positions (Sovacool, 2014). Despite these benefits,
there are a number of reasons of concern related to the various activities associated to the
recovery of shale. The hydraulic fracturing technique that is necessary in order to access the
gas of the practically impermeable source rock, has sometimes been allegedly related to
increased seismic activity (Frohlich and Brunt, 2013). For a recent review on seismic events
potentially linked to anthropogenic geo-energy sub-surface operations, please refer to
Porter et al., 2018. The possibility of contamination of potable water of regions nearby
extraction sites with CH4, is also the subject of investigations. Last but not least, the
migration of radioactive materials that are naturally trapped in the shale, the so called
NORMs, is also being assessed (Osborn et al., 2011; Yethiraj and Striolo, 2013; King and
Durham, 2015).
Although the development of the extended horizontal drilling technique and the hydraulic
fracturing technique made the extraction of shale gas from its low permeability sources
possible, the amount of recovered gas is only a small fraction of the available gas (King,
2012; Denney, 2010). Furthermore, the productivity of the wells declines fast. These facts
may be a result of the difficulty in the migration of shale gas from the organic part of the
formation in which it is hosted, to the wider pores created by fracturing. It is clear that there
is huge room for improvement of many aspects of the extraction process.
Molecular simulation techniques have gained popularity over the past decades due to their
growing predictive capabilities in the investigations of phenomena that are governed by
physical processes that occur in length and time scales difficult to be accessed by
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experimental techniques. Molecular modeling of fluid mixtures of interest to shale gas
technology in pores present in shale rock formations can provide substantial information on
the mechanism underlying the adsorption and transport phenomena of interest and allow
an optimal design of extraction process with limited environmental cost. For example, in
order to assess possible risks associated with the migration of unrecovered fracturing fluid
from the shale rock to nearby regions (that are not related to the shale gas extraction), it is
essential to understand the transport behavior of the different fracturing fluid components
in typical shale rock components such as clays. In addition, the study of shale gas transport
within kerogen’s nano- and micropore network and its relation to the characteristics of the
pores will allow the design of processes that will maximize, in an optimal way, the recovered
amount of gas.
Shale formations are chemically and structurally diverse, containing kerogen, clays, calcite
and quartz, in proportions that vary substantially from region to region. Clay minerals
(kaolinite, illite, smectite) are a major constituent, characterized by an extensive network of
micropores and mesopores. In order to gain a better understanding of the fundamental
processes occurring during fracturing, one needs to closely examine the physical properties
of fracturing fluids in shale, particularly rock-fluid interactions and fluid transport
mechanisms of environmentally relevant compounds at the nanometer scale. Given the
experimental difficulties in probing the relevant mechanisms at the aforementioned scale,
atomistic simulation and particularly molecular dynamics (MD) can play a central role in
enhancing our understanding of the relevant phenomena.

1.2. Deliverable objectives
In the Deliverable D4.1 of this project we have reported the development of new models for
clay and kerogen pores in shale rocks. The objective of this work is to study the structure
(Deliverable D4.2) and transport properties (Deliverable D4.3) of typical water-based
fracturing fluids in narrow pores representative of the ones found within shale formations,
by means of extensive MD simulations. This includes the nanoporous organic component of
shale (kerogen), uncharged clay (kaolinite), lower-charge smectite (swelling clay,
represented by montmorillonite), and higher charge illite (non-swelling clay, represented by
muscovite). For the first time, a significant attention is paid to the structure and adsorption
of aqueous species at the non-basal edges surfaces of clay nano-particles. In addition, to
improve quantitative understanding of the molecular mechanisms of adsorption and
transport of hydrocarbons in nanopores, we have investigated by molecular simulations the
properties of short alkanes in engineered porous materials, such as zeolites.
Our results quantify the preferential distribution of fluid components (e.g. water, various
charge balancing cations, methanol, citric acid, simple salts) and reveal the microscopic
mechanisms of the adsorption and transport within nano- and meso-pores of shale
components. The spatial distributions of components around the clay pores (D.4.2) are
PU
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calculated and reveal the preferential adsorption behavior of the various species with
respect to the clay surfaces, as well as the effect on this behavior of the interactions
between the various species. The transport properties of the fluid components (D4.3) and
qualitative evaluation of the effect of porosity characteristics on the calculated diffusion
coefficients are investigated in the same simulations. The following classes of systems are
considered:
(a) Aqueous fluids (water-salt mixtures) in clay nano- and meso-pores
Structure of fluids and adsorption of aqueous species at the basal (001) and edge (010) and
(110) surfaces of kaolinite, montmorillonite, and muscovite are investigated using the new
clay models. The swelling behavior of montmorillonite and its dependence on various
mono- and divalent interlayer cations is also quantitatively addressed. In addition, to
address the high salinity of flow-back water during hydraulic fracturing, we have studied the
equilibrium partitioning of NaCl and water between the bulk phase and clay pores
represented by Na-montmorillonite (Na-MMT) slits of an interlayer separation ranging from
~10 to ~32 Å, covering clay pores from dry clay to clay pores with a bulk-like water layer in
the middle of the pore.
(b) More complex models of fracturing fluids in kaolinite mesopores
Models of water based fracturing fluid of varying composition are studied in a
heterogeneous kaolinite mesopore. While there are several studies of fluids whose
composition resembles the composition of fracturing fluids in montmorilonite, kaolinite is a
less studied clay. Furthermore, kaolinite is one of the major components of the Bowland
shale in the United Kingdom. The pore studied was a heterogenous slit type mesopore, 40 Å
wide, which is composed from one hydroxylated surface and a siloxane surface. Eight fluids
were studied, pure H2O and seven other mixtures of H2O with NaCl, CH3OH, protonated
citric acid (C6H8O7) abbreviated as H3A and deprotonated citric acid abbreviated as A3-. Citric
acid has a chemical structure that shares common features with more complex additives
(e.g. polysaccharides) that are used in fracturing fluids.
(c) Adsorption and transport of short alkanes in engineered porous materials (zeolites)
Due to the ability to prepare synthetic zeolites with almost continuously increasing pore
sizes, as well as zeolites with dual micro/mesoporosities, we use microporous and dualporosity zeolites as model materials for the development, testing, and improvement of
analytical models for the description of fluid transport in the micro- and mesopores of shale
rocks. Using both experimental approaches and molecular simulation in a complementary
manner, we can systematically change the pore sizes, pore shapes, and pore chemistry so as
to reproduce some of the features of shale rocks, and then study the adsorption and
diffusion of hydrocarbons in these engineered model materials at thermodynamic
conditions of hydraulic fracturing. Although shale and zeolites pores are very different (e.g.,
shale pores are amorphous, while zeolites are crystalline), the analytical models that are
capable of describing the simultaneous formation of fractures in rocks and the transport of
fluids through these fractures are robust enough to handle these differences. In addition,
the dual-porosity zeolites allow us to discern the roles played by each porosity scale and the
PU
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underlying links between the two porosity networks on the structure and dynamics of the
adsorbed and confined fluids.
(d) Light hydrocarbons in type II kerogen micropores
The diffusion coefficients of light hydrocarbons and a shale gas type mixture in a large
number of overmature type II kerogen was studied. The kerogen models were previously
constructed (see Deliverable 4.1) and exhibit a wide range of different porosity
characteristics. While no model is large enough and its porosity does not exhibit the rich
variety of characteristics of the actual material, the porosity of the set of kerogen structures
chosen for this study span the whole range of micropores that are known to exist in
kerogen. The gases studied are CH4, C2H6, C4H10, CO2 and a shale gas type quaternary
mixture consisting of CH4, C2H6, CO2 and N2 with a composition resembling the composition
of typical shale gas i.e. 0.85, 0.7, 0.4, 0.4 respectively. The effect of porosity on the observed
diffusion coefficient was investigated. The porosity characteristics considered were the CH 4
accessible volume (Vacc) and surface (Sacc), the limiting pore diameter (LPD) and the
maximum pore diameter (MPD). Finally, the diffusion coefficient of each pure compound is
compared with the diffusion coefficient of the corresponding mixture component. In this
way the effect the other compounds have on the diffusion of each compound was
identified.
For the kaolinite-based systems, citric acid was modeled in two forms, namely fully
protonated (H3A) and deprotonated (A3-), the latter being prevalent in neutral pH
conditions. The hydrogen bonds formed between the kaolinite surfaces and water
molecules as well as the additives were also examined. Finally for the case of citric acid
which exhibits the tendency for aggregation, a cluster analysis was also carried out, in order
to examine the effect of the various ions on the cluster formation.

2.

Methodological approach

The development of new realistic and representative molecular models of kerogen and
shale rock host (clay and other minerals) for atomistic computational modelling of the
structural and transport properties of fluid components in their nanoporous space was
reported in detail in D.4.1. Here we briefly summarize these results for consistency and
completeness.
Clay minerals are aluminosilicates, with properties changing as a function of their atomic
structure and composition. Their layered structure is made of several stacking TOT units in
which one sheet of Al-cations (O) octahedrally coordinated by oxygens and hydroxyls is
sandwiched between two sheets of tetrahedrally coordinated Si cations (T). Isomorphic
substitutions (Mg for Al) and (Al for Si), in the octahedral and tetrahedral sheets,
respectively, result in a net negative clay layer charge that is compensated by the presence
of cations in the interlayer space and on their surfaces. Typical swelling clay,
montmorillonite, has a moderate structural charge of −0.75|e| per crystallographic unit cell,
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while the higher charge non-swelling illites (represented by muscovite mica here) can have
charges as high as −2.0|e|. In contrast, kaolinite structure is composed by stacked (TO)
units: one tetrahedral silicon-oxygen (siloxane) and one octahedral aluminum-oxygen
(gibbsite) sheets. Isomorphic substitutions usually absent in kaolinite, and it is typically a
neutral clay material.

2.1. Kaolinite-fluid interfaces
A supercell of kaolinite structure for modeling was obtained by merging 324 unit cells with
parameters of a = 5.1535 Å , b = 8.9419 Å , c = 7.3906 Å , α = 91.926°, β = 105.046°, γ =
89.797° (Bish, 1993), i.e., 9 × 9 × 4 along a, b, and c crystallographic directions, respectively.
This gave rise to a total of four kaolinite layers, i.e. eight siloxane and gibbsite sheets.
Following the protocol of previous simulation studies, the triclinic supercell produced was in
turn transformed to orthorhombic (Vasconcelos et al., 2007; Zhang et al., 2016; Li et al.,
2016). These four kaolinite layers were then separated parallel to the basal (001)
crystallographic plane by introducing a 40 Å vacuum layer between the hydroxyl and
siloxane basal surfaces, which is representative of the nanopore sizes encountered in shales
and mudstones (Zhang et al., 2016). The generation of the kaolinite slit pore system was
performed by means of the Crystal Builder module integrated in MAPS software package
(Scienomics, 2016). Kaolinite slit pore was modelled by means of the ClayFF force field
(Cygan et al., 2004), which has proven particularly successful in studies of hydrated mineral
systems and their interfaces at ambient conditions.
The kaolinite slit pore was then filled with a molecular model of water-based fracturing
fluids, in concentrations satisfying the condition of maintaining a total density of 1.0 g cm-3.
For the representation of water molecules the SPC/E (Berendsen et al., 1987) model was
employed, as it is suitable for use in combination with ClayFF (Moucka et al., 2017).
Methanol and citric acid structures were initially optimized in the gas phase at the B3LYP/631G* level of theory (Becke, 1993; Stephens et al., 1994; Hehre et al., 1972) by means of the
Gaussian 09 (Frisch et al., 2009) suite of programs. As far as citric acid is concerned, given
that kaolinite is considered under neutral pH conditions (i.e. gibbsite coverage with AlO-H
groups only and SiO2 coordinated siloxane surface), it was studied at its predominantly
encountered fully deprotonated state (Kunze et al., 2007). However, for comparison
reasons, the fully protonated citric acid was also examined. The atomic charges were
obtained from the optimized geometry at the HF/6-31G* level of theory according to the
Mertz-Kollman population analysis scheme (Besler et al., 1990; Singh and Kollman, 1984).
GAFF parameters (Li et al., 2015) were then assigned to both molecules, as they have been
successfully employed in conjunction with the ClayFF model in previous studies (Szczerba
and Kalinichev, 2016; Shapley et al., 2013; Sheng et al., 2017). Molecular topologies were
generated by means of the tLEaP module (Case et al., 2012).
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Finally, water-based fracturing fluids of approximately 0.3 M NaCl concentration containing
5% wt. of either methanol or citric acid were prepared by appropriately replacing water
molecules with electrolyte ions. For the description of the ions the parametrization
developed by Li et al. (2013) was adopted, which reproduces their hydration free energy
specifically for the SPC/E water (Li et al., 2013; 2015). As far as the fully deprotonated citric
acid systems are concerned and in order to maintain the salt ion balance, charge neutrality
was achieved by introducing hydronium (H3O+) ions (Li et al., 2013). Detailed compositions
of all systems examined are presented in Table 1. A typical snapshot from the equilibrated
trajectory of the system water-NaCl-citric acid A3-is shown in Figure 1.

Figure 1: Typical snapshopt from the trajectory of the system water-NaCl-Citric acid A3-. The cyan, green and
yellow balls represent the Cl-, Na+, and H3O+ ions respectively. The citric acid is shown in a ball and stick
representation. Water is omitted for reasons of clarity.

Table 1: Detailed compositions of all kaolinite systems simulated.

System/component

H2O

Kao-H2O
Kao-H2O-NaCl
Kao-H2O-CH3OH
Kao-H2O-NaCl-CH3OH
Kao-H2O-H3A
Kao-H2O-NaCl-H3A
Kao-H2O-A3Kao-H2O-NaCl-A3-

5097
5009
4848
4760
5009
4764
5009
4764

PU

CH3OH

Citric acid
H3A
A3-

H3O

140
23
23
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+

NaCl
Na+

Cl-

27

27

27

27

27

27

27
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All MD simulations for kaolinite were performed using the GROMACS 5.0.7 software
(Abraham et al., 2015; Pall et al., 2015; Pronk et al., 2013; Hess et al., 2008) using
orthorhombic supercells with periodic boundary conditions imposed in all directions at
ambient conditions of temperature (298.15 K) and pressure (1 bar).
Prior to production runs and in order to eliminate any close contacts between atoms, all
systems were subjected to steepest descent energy minimization for 20,000 steps. Then,
short equilibration simulations in the canonical (NVT) and isobaric-isothermal (NpT)
ensembles were performed. Specifically, all systems were gradually heated to the target
temperatures for 100 ps in the NVT ensemble using the Berendsen thermostat (Berendsen
et al., 2084), with the coupling constant set to 1 ps. The LINCS algorithm (Hess et al., 1997)
restrained all bonds involving hydrogen atoms. The integration step of all simulations was
set to 2 fs. A simple cut-off scheme for the Lennard-Jones (LJ) interactions can have minor
impact on the molecular arrangement, but can significantly influence simulations of
inhomogeneous systems, leading to incorrect estimation of interfacial properties (Vega et
al., 2007). Therefore, we applied the Particle Mesh Ewald (PME) method (Darden et al.,
1993; Salomon-Ferrer et al., 2013) for the long-range LJ interactions as well as for
electrostatic interactions (Wennberg et al., 2013) with a cut-off at 1.2 nm for the shortrange interactions. The Lorentz–Berthelot combining rules (Smith, 1972) were used for the
cross-interaction LJ parameters.
All systems were initially equilibrated for a period of 1 ns in the NpT ensemble, at constant
pressure of 1 bar using a Berendsen barostat with the coupling constant set to 1 ps.
Pressure coupling was isotropic in the x and y directions, but semi-isotropic in the z
direction, which is perpendicular to the fluid-kaolinite interface. All systems were further
equilibrated for 4 ns using the Nosé–Hoover thermostat (Hoover, 1985), while isotropic
pressure was maintained using a Parrinello–Rahman (1981) barostat, with a coupling
constant set to 5 ps. During this 5 ns period, the density of the liquid phase converged to a
mean value, along with the energy of the system. Finally, production runs of 100 ns were
performed in the NVT ensemble.
In order to examine the role of hydrogen bonds (HB) in the adsorption behavior of the
various species examined in this work, we carried out an HB analysis between the kaolinites
surfaces and the water molecules of the solution as well as between the kaolinite surfaces
and the hydrocarbon additives. Traditional geometrical criteria were used, where a
hydrogen bond is defined to exist if the donor-acceptor distance is less than rHB = 0.35 nm
and simultaneously the hydrogen-donor-acceptor angle is less than αΗΒ = 30o. Following the
spirit of Zhang et al. (2016), the number of HBs was normalized to a surface area of 10 nm2.
Furthermore, the aggregation of citric acid molecules was investigated over the last 40 ns.
The first minimum of the intermolecular oxygen-oxygen radial distribution function (RDF) of
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citric acid was used as the distance cutoff criterion for the evaluation of aggregates, hence
the minimum distance between molecules considered as part of an aggregate was less than
0.40 and 0.45 nm for H3A and A3-, respectively. Citric acid monomers were not excluded
from analysis. Cations close to citric acid aggregates were dynamically selected based on
their first RDF minimum.
The mobility of system component is an indication of their tendency to be adsorbed on the
surfaces of the slit pore (adsorption strength). It is expected that near the pore center the
lateral diffusion resemble this of the bulk solution while near the surfaces the mobility is
reduced due to the interactions developed between the compounds and the surface. To this
respect, the analysis of the molecular motion as a function of the distance from kaolinite
surfaces was performed by means of lateral diffusion coefficients. Since the system is an
aqueous solution under confinement, it is reasonable to divide the pore in three main
regions based on the mass/molecule axial density profile of water along the confinement
direction (i.e. z in our study). Furthermore, the restricted length of the slabs due the
confinements, pose a problem in the calculation of the self-diffusion coefficient given that
results in low mean residence times that are lower that the time needed for the Fickian
diffusion to be developed. Therefore, for these cases we calculated indicative diffusion
coefficients from the slope of the mean square displacement (MSD) versus time curve at the
point of the corresponding mean residence time of the component in the slab. The reported
values are calculated based on four blocks where the trajectories of 100ns where divided.
The lateral MSD of the component i was calculated as:
MSDxyi 

 xt  x0    yt  y0 
2

2

(1)

where the brackets denote the mean value over all molecules of component i and multiple
origins. In the case where sampling is efficient and the diffusion has entered the Fickian
region the lateral self-diffusion coefficient was calculated from the well-known formula:
MSDxyi  4 Dxyi t

(2)

2.2. NaCl solution in montmorillonite nanopores
For simulations of NaCl solution in montmorillonite, the RanTO model with sodium
compensating cations was used (Ngouana-Wakou and Kalinichev, 2014). The TOT structure
of the RanTO model considers a random distribution of both octahedral Mg/Al and
tetrahedral Al/Si substitutions and each TOT layer bears a negative charge of -0.75e per unit
cell. The interatomic interactions in the clay structure were modelled using ClayFF (Cygan et
al., 2004), for Na+ and Cl- ions - using the Joung and Cheatham (2008; 2009) force field, and
for H2O - the flexible SPC/E model (Berendsen et al., 1987). The simulation supercell was
composed of 4 x 4 x 1 unit cells (20.74 Å x 35.94 Å x 7.05 Å; 640 wall atoms). The layer
charge was compensated by 12 interlayer sodium cations. The supercells for the confined
solutions consisted of two parallel Na-MMT walls separated in the z-direction by a distance
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(slit width) H and extended by H/2 above and below the slit walls. The periodic boundary
conditions were applied in all three directions. Figure 2 shows an example of a supercell for
the Na-MMT system.

Figure 2: The simulation supercell for the Na-MMT with slits of the interlayer separation of 30 Å; d001 is the
interlayer separation and H is the slit width. Atoms are coloured as follows: Mg, pink; Al, cyan; Si, yellow; O,
red; H, white; Na, blue; Cl, green.

Na-MMT clay was considered in equilibrium with the saturated salt solution at a typical
shale gas reservoir condition of T=365 K and P=275 bar. Equilibrium amount of adsorbed
ions and water molecules was obtained from Grand Canonical Monte Carlo (GCMC)
simulations and employed in further MD simulations to calculate the disjoining pressure and
the swelling free energy curve which determines the number of stable states in the clay,
their composition, and the corresponding equilibrium interlayer separations. In addition, by
MD simulations we evaluate the hydration energy, atomic and charge density profiles,
orientation distribution, hydrogen-bond network, and in-plane diffusion of water and ions
to provide insight into the microscopic behavior of the aqueous NaCl solution in interlayer
galleries of the hydrophilic Na-MMT pores. The simulation results for the confined aqueous
NaCl solutions were then compared with those obtained for the Na-MMT in equilibrium
with a pure water reservoir at the same temperature and pressure.

2.3. Adsorption and mobility of ions on the basal (001) surfaces of
montmorillonite
The adsorption and mobility of other ions in the hydrated interlayers and at the basal (001)
surfaces of montmorillonite were performed for a wider range of mono- and di-valent
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cations (Na+, Cs+, Ca2+, Sr2+, Ba2+) using previously developed models (Ngouana-Wakou and
Kalinichev, 2014). Six separate simulation supercells where prepared for each of the cations
studied. The interlayer space (nanopore) was filled with water molecules and cations in
order to have a 1W hydrate and 30 monovalent cations (Na+ or Cs+) or 2W hydrate and 15
divalent cations (Ca2+, Sr2+, Ba2+). The number of water molecules in the interlayer space was
chosen to reproduce the most energetically favorable hydration states of montmorillonite
as a function of the charge compensating cation. The mesopore created at the clay surface
was filled with 4144 H2O molecules and 30 monovalent or 15 divalent cations. In each case
the cations were equally distributed between two interfaces and initially placed at a
distance of about 10 Å from the surface to assure proper equilibration.
In addition to atomic density profiles and surface atomic density distributions, threedimensional and two-dimensional diffusion coefficients of ions and water molecules were
also calculated using eq. (1,2). For the surface diffusion, the inner-sphere (IS, closest to the
surface) and outer-sphere (OS, farther away from the surface) layers of the solution were
considered separately (Ngouana-Wakou and Kalinichev, 2014).

2.4. Solution structure and dynamics at the (010) and (110) edge surfaces of
clays
For the simulations of the adsorption and mobility of ions at the edge surfaces of kaolinite,
montmorillonite, and muscovite, similar simulation cells were constructed with the
dimensions 28 Å × 41 Å × 108 Å, 45 Å × 41 Å × 81 Å, and 29 Å × 41 Å × 103 Å, respectively
(Figure 3 a-c). Here, in addition to the charge-compensating cations, the simulated fluid
composition included 1480 H2O, 6 NaCl (0.1M), and 4 SrCl2/BaCl2 (0.07M). For the
montmorillonite and muscovite cases two slightly different edge surfaces were exposed to
the fluid: with isomorphic substitution sites either directly accessible, or not accessible to
solution (Surface 1 and Surface 2, respectively). ClayFF parameters (Cygan et al., 2004) were
employed to model all interatomic interactions in these systems.
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(a)

(b)

(c)
Figure 3: The simulation supercells for (010) edge surfaces of (a) kaolinite, (b) montmorillonite, and (c)
muscovite in contact with model fluid phase. Solution atoms are coloured as follows: Sr, Ba, green; O, red; H,
white; Na, blue; Cl, light green. For Montmorillonite and muscovite models Surface 1 is on the left and Surface
2 – on the right.

2.5. Engineered porous materials: Zeolite models and simulations
Molecular simulations of the adsorption and dynamics of a series of short alkanes (from
methane to n-butane) in a model hierarchical porous solid with interconnected
microporosity (~10 Å) and mesoporosity (> 20 Å) were performed for the porous model of
MFI zeolite in which hydroxylated silica mesopores are introduced. The MFI zeolite structure
consists of zigzag and straight intersecting channels along the x- and y-directions,
respectively, with average diameter of 0.54 nm. Diffusion along the z-direction is only
possible by following a tortuous path through zigzag-straight channel intersections. The
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mesopores were considered to be oriented in the direction of the straight channels
(Rerzlerova et al., 2017).
We built models for microporous (alumino-sillicate) ZSM-5/35 zeolites, and dual-porosity
ZSM-5/35 zeolite by taking the initial MFI framework from the IZA database (Baerlocher et
al., 2007). The unit cell was periodically duplicated in the x-, y- and z-directions, and zeolite
supercells were treated as rigid structures. For the microporous zeolites, we used 40.180 Å x
39.476 Å x 39.426 Å supercells and for the dual-porosity zeolite, we employed 80.360 Å x
78.952/157.904 Å x 78.852 Å with a 40 Å cylindrical mesopore carved from the center of the
zeolite crystals in the y-direction (along the zeolite straight channels). Figure 4 shows the
simulation supercells for both microporous and dual-porosity zeolites. The zeolite atoms
were treated as charged Lennard-Jones (LJ) spheres with LJ parameters and partial charges
given by Vujic-Lyubartsev's (2016) force field . Adsorbate molecules (methane, ethane,
propane, and n-butane) were described using the united-atom TraPPE force field (Martin
and Siepmann, 1998).

Figure 4: The x-y view of the microporous zeolite supercell. (b) The x-y and y-z views of the dual-porosity
zeolite supercell with a cylindrical mesopore of diameter 40 Å. Atoms are coloured as follows: Si, yellow; O,
red; Al, magenta; H, white.
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The adsorption of alkanes in zeolites was simulated using the grand canonical Monte Carlo
(GCMC) technique (Frenkel and Smit, 2002). In GCMC simulations, we consider a system at
constant volume V (zeolite supercell) in equilibrium with a gas reservoir (bulk alkane phase)
at temperature T and pressure P. The reservoir imposes the chemical potential, μ, and its
value is an input to the GCMC simulation. For a given μ, and T, the amount adsorbed is then
given by the ensemble average of the number of adsorbed molecules in the zeolite
supercell. The equilibrium amount of adsorbed alkane molecules determined from the
GCMC simulations was subsequently used in canonical molecular dynamics (MD) and nonequilibrium MD simulations, respectively, to evaluate the diffusion of the adsorbed alkanes
in the x-, y- and z-directions and to study the transport diffusion of the adsorbed molecules
in the direction of the zeolite straight channels and the mesopore (in the y-direction)
(Frenkel and Smit, 2002) .

2.6. Light hydrocarbons in type II kerogen micropores
2.6.1. Kerogen models
We studied diffusion in over-mature type II bulk kerogen models developed earlier (see
Deliverable 4.1: New models of clay and kerogen pores in shale rocks) (Vasileiadis et al.,
2017). These are models of over-mature type II kerogen that were constructed under the
assumption that kerogen consists of a single species of molecules. In this way, the true
nature of kerogen –a mixture of more than one macromolecule– is ignored. The molecule
used, called II-D (Ungerer et al., 2015), is available in literature and it was constructed based
on experimental data (Kelemen et l., 2007). While this assumption is not in itself capable to
fully describe the complex molecular architecture of real kerogen, it is nonetheless sufficient
in order to render the construction of bulk kerogen models feasible. More importantly,
these models have a microporosity that captures the main characteristics of the real
material and predict with accuracy properties of interest such as density. It is anticipated
that having the correct porosity would be enough for the study of diffusion given that the IID model by its construction respects a set of important characteristics of the chemistry of
the real material and therefore the forces exerted on the gas from kerogen deviate
significantly from the interaction exerted from a poly-disperse kerogen model.
This study was restricted to 24 kerogen models consisted of 50 II-D molecules. Briefly, these
models were constructed based on a staged cooling protocol (Vasileiadis et al., 2017) in
which a system low density is brought to realistic densities by successive MD simulations at
the isothermal-isobaric NPT ensemble (Frenkel and Smit, 2002) that result in equilibration of
the system at progressively low temperature. The initial temperature of this cooling
protocol was 1100 K and the final was 298.15 K. During the staged cooling procedure, LJ
dummy particle(s) were included in the structure. The LJ dummy particle(s) were included in
the system in order to control the porosity in the model. A final MD equilibration followed
after removing the LJ particles. The number of LJ particles was varied between 1 and 3,
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while their diameter was varied from 2 nm to 4 nm. The force field used for the construction
of these models, but also throughout this study, was a general Amber force field (GAFF)
(Wang et al., 2004) with ab initio (HF/6-31G*) derived atomic point charges (Bayly et al.,
1993).
In total a collection of 24 kerogen configurations were used for the study of transport
properties. These are models that were constructed with 3 x 20 Å, 1 x 30 Å, 2 x 30 Å and 1 x
40 Å LJ dummy particle(s) set-ups. Since kerogen structures are of statistical nature, most of
their properties present a broad distribution and therefore a kerogen sample cannot be
described by a sole configuration but rather as an ensemble of characteristic configurations
that need to be used. A detailed description of the way these structures were constructed
and the methodology used for the characterization of their porosity is available in
deliverable 4.1. It should be stressed that although none of these models can describe
sufficiently kerogen on their own, each one has individual porosity characteristics (e.g. PSD,
Sacc) that are present in real material. All these structures, together offer a sample for the
study of the whole spectrum of micropores (up to 23 Å) that is experimentally known to
exist in kerogen.
2.6.2. Gases under study
Shale gas is a mixture consisting primarily of hydrocarbons, whose composition varies
significantly from reservoir to reservoir, even for different wells of the same reservoir
(Ehlinger et al., 2014). In general, the dominant component of SG mixture is CH 4 with
composition that varies from 50 % to over 95 % (Karnkowski et al., 2010). Other major
components of shale gas are C2H6, CO2 and N2. Of course, other compounds, such as C3H8,
may be found but in smaller amounts. Given the fact that a direct quantitative comparison
of the simulation results with experimental data is not anticipated, because of the inherent
diversity of the real material, the only realistic target for simulation could be the acquisition
of qualitative information. Therefore, we modeled SG as a mixture of four of its major
components, namely CH4, C2H6, CO2 and N2, with a molar composition of 85 %, 7 %, 4 % and
4 %, respectively. In addition and for comparison reasons, CH4, C2H6, CO2 and n-C4H10 were
studied as pure gases confined in kerogen.
The force field used for all gases is TraPPE-UA (Martin and Siepmann, 1998; Potoff and
Siepmann, 2001; Aimoli et al., 2014). This force field has been widely used in a variety of
applications with accurate prediction of a variety of physical properties (Yang and Zhong,
2006; Babarao et al, 2007; Shah and Maginn, 2005; Jakobtorweihen et al., 2005) of
hydrocarbons and CH4, in particular Aimoli et al., 2014; Nath et al., 1998). According to
TraPPE-UA, CH4 and C2H6 are modeled in a rigid united atom fashion while two flexible bond
angles and a flexible torsion angle are included in the model for n-C4H10. In order to ensure
compatibility between the models for the other gases we chose to use the TraPPE linear
rigid model for CO2 and N2. A 14 Å cut off distance was used for the calculation of vdW
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interactions. Electrostatic interactions were calculated using the Ewald summation method
(Frenkel and Smit, 2002) with accuracy equal to 10-4.
2.6.3. MC simulation of adsorption
The GCMC simulation technique (Frenkel and Smit, 2002) was used for the study of
adsorption of the gases into the complex network of micropores spanning the kerogens.
Cassandra, a general-purpose open source MC simulation software, was used to conduct
these simulations (Shah et al., 2017). In the GCMC technique, the system of confined gas in
kerogen is in equilibrium with a reservoir containing the gas at certain temperature and
pressure conditions. Therefore, the chemical potential of the gas under confinement is
equal to the chemical potential of the gas of the reservoir. For these reasons, prior to the
GCMC simulations, the chemical potential of the gases of interest were calculated. The
calculation of the chemical potential was performed using Widom test particle insertion
method during a NPT MC simulation as implemented in the Towhee software (Martin, 2013;
McDonald, 1972; Widom, 1963). Calculations were performed at both 298.15 and 398.15 K
and at pressures up to 250 atm as detailed in Table 2 for each gas studied. The chemical
potential obtained was validated by GCMC simulations at an initially empty box performed
using Cassandra software.
Table 2: The pressure (atm) in which adsorption was studied using GCMC for the pure and mixed gases of
interest in kerogen.

CH4

C2H6

n-C4H10

CO2

Shale gas
mixture

1
20
50
100
250

0.5
1
5
10
15
100
250

0.1
0.25
0.5
0.75
1
100
250

1
100
250

1
250

Insertion, deletion, and translation moves were employed for equilibration of the systems in
all GCMC simulations. In addition to these moves rotation about the center of mass was also
used for CO2 and N2, while for n-C4H10 bond angle bending and torsion rotation moves were
used for the equilibration of the conformation of the molecules. The number of each move
performed in every simulation follows a uniform distribution. The MC trajectories for the
pure gases were 2 x 106 steps long, while for SG mixture a longer simulation 4 x 106 steps
was performed.
2.6.4. Study of diffusion of gases in kerogen
Equilibrium MD at the NVT ensemble (Frenkel and Smit, 2002) was used for the study of
transport properties of CH4, C2H6, CO2 and their mixture (SG) along the microporosity
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network of kerogen. Two pressures were considered: (a) 1 atm and (b) 250 atm at both the
temperatures examined in GCMC simulations of adsorption, namely 298.15 K and 398.15 K.
Since during the GCMC the number of adsorbed molecules of gas varies, we chose for the
study of diffusion the configuration of each GCMC trajectory whose number of adsorbed
molecules of gas was closer to the trajectory average. A short NPT MD run (0.5 ns) was
performed with LAMMPS package (Plimpton, 1995) in order to equilibrate the density of
the system, followed by A 0.1 ns NVT MD run, with isotropic progressive
compression/decompression of the simulation box in order to reach its average size
estimated by the NPT run. Finally, a long 60 ns NVT MD simulation was performed, using the
GROMACS simulation package (Berendsen et al., 1995; Pronk et al., 2013). This latest
simulation was used for the estimation of the self-diffusion coefficient of the gases in
kerogen. In all the previously mentioned simulations, the integration time step was 1 fs and
a Nosé-Hoover thermostat and barostat were used to control temperature and pressure
when necessary.
The Einstein relationship (Frenkel and Smit, 2002) was used for the calculation of the selfdiffusion coefficient of compound along direction
denoted as ,
. This
equation correlates the mean squared displacement of the molecules with

:

(3)
Here

is the -component of the position vector of

gas.
denotes the number of molecules of the
an average over all possible displacements

molecule of compound of the

compound. The angle brackets indicate
referring to time interval

that can be calculated from the available data. These are essentially all displacements
whose starting point is a different time . An arithmetic average of the three component of
the diffusion coefficient,
,
finally gives the diffusion coefficient of compound
, . It should be stressed out that the self-diffusion coefficient is the appropriate choice
for the study of transport of SG in kerogen. Earlier studies have revealed both negligible
cross-correlation Onsager coefficients of mixtures and negligible correlation of the velocities
of the molecules of the same species.

3.

Summary of activities and research findings

3.1. Model fracturing fluids in kaolinite mesopores
3.1.1. Density profiles analysis
In Figure 5, we present the density distributions along the axis normal to the kaolinite walls
for NaCl containing systems with and without methanol. In all cases, the distribution of
water in the kaolinite pore is not affected by methanol’s presence. A slight shift in water
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distribution is due to the difference in system size, as the number of water molecules was
adjusted to counterbalance the addition of methanol and maintain the same mass density
inside the pore’s volume and the concentration of the additives. The water distribution is
fairly symmetric and shows two peaks on both sides, indicative of two layers of adsorption.
This is also true for all systems examined. The subtle differences in water distribution
observed are attributed to the different nature of the two kaolinite pore surfaces. These
layers can be used in characterizing the ion’s adsorption behavior as inner-sphere or outersphere. As outer-sphere adsorption we characterize the behavior of ions which are in
proximity to a surface but still retain fully their hydration shell, whereas as inner-sphere the
case where the ions have lost part of their hydration shell in order to approach the surface.

Figure 5: Atomic density profiles along the axis normal to the kaolinite pore surfaces for the systems with and
without methanol. Vertical red and cyan dashed lines indicate the gibbsite and siloxane surface, respectively.

In all systems examined, the negatively charged Cl- ion is found on the octahedral
hydroxylated gibbsite surface (left side), and exhibits inner-sphere adsorption, given that it
is primarily found within the first water layer. On the other hand, Na + cations are found
primarily on the siloxane surface (right side), exhibiting outer-sphere adsorption behavior on
the siloxane surface, the adsorption behavior of Cl- and Na+ is consistent with the findings of
Vasconcelos et al (2007).
Methanol shows preference towards the siloxane surface, it is fully miscible with water and
it closely follows its distribution in the bulk-like region of the system, as well as in the
siloxane side. The presence of methanol does not affect the ion distribution and vice versa.
For the case of citric acid, we have selected to examine both fully protonated (H3A) and
deprotonated (A3-) forms. As a baseline, we present in Figure 6 the distribution within the
kaolinite pore of the H3A citric acid in the absence of salts. Citric H3A prefers the siloxane
surface but it is also found to a lesser extent on the gibbsite side. On the siloxane side, its
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distribution follows that of water and resembles that of methanol. Citric acid H3A aggregates
tend to form in the whole range of the pore, which is discussed in more detail in subsequent
section.

Figure 6: Mass density profiles along the axis normal to the kaolinite pore surfaces for the systems of citric acid
in the absence of salts. Results for both the protonated (H 3A) and fully deprotonated (A3-) forms of citric acid
are shown. Vertical red and cyan dashed lines indicate the gibbsite and siloxane surface, respectively.

In Figure 7, we present the results for the systems of NaCl with and without H3A. The
protonated (or non-dissociated) form of citric acid in general does not shift the distribution
of the ions. On the contrary, the distribution of citric acid is affected by ion presence.
Although its adsorption behavior on the siloxane side remains practically unaffected, H 3A is
also found in higher concentration on the gibbsite side.
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Figure 7: Mass density profiles along the axis normal to the kaolinite pore surfaces for the systems with and
without the protonated citric acid (H3A).

Figure 8: Mass density profiles along the axis normal to the kaolinite pore surfaces for the systems with and
without the fully deprotonated citric acid (A3-).

The distribution of the fully deprotonated form of citric acid, A 3-, is vastly different from that
of the protonated form. In Figure 6, the distribution of A3- is presented in the absence of
NaCl. It is observed that A3- is located mainly on the gibbsite side, as the deprotonated and
negatively charged carboxyl groups are attracted to the hydroxyls of the surface. Its nonuniform distribution implies a tendency for cluster formation, which encompasses cations
such as oxidanium or the cations such as Na+. This point is analyzed in the subsequent
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section. In Figure 8, the distributions of the aqueous solutions of NaCl with and without A 3are shown. The presence of Na+ shifts the A3- distribution towards the siloxane surface. On
the contrary, citric A3- does not alter the distribution of the ions significantly. The
oxidanium’s distribution in general follows that of A3-.
3.1.2. Hydrogen bond analysis
Hydrogen bond (HB) analysis between water and kaolinite surface donors and acceptors
revealed the surface wettability as a function of mixture composition. From the results
presented in Figure 9, it becomes apparent that when kaolinite contains pure water without
salts or additives, water forms more HBs on the gibbsite surface compared to its siloxane
counterpart, which acts primarily as an HB donor, in agreement with previous simulations
(Zhang et al., 2016). The gibbsite side remains more hydrophilic than the siloxane side upon
addition of either salt or additives. Furthermore, addition of NaCl results in a reduction of
HBs on both surfaces and particularly on the siloxane surface. Inner-sphere adsorption of Clanions on the gibbsite hydroxylated side results in uniform reduction of the HB number
(NHB) in all systems.
The addition of methanol and H3A exhibits similar effects on HB formation, leaving the levels
of HB’s between the water molecules and the gibbsite side unaffected compared to the
pure water system. On the other hand, A3- addition leads to a small reduction of HBs.
Concerning the siloxane surface, the NΗΒs are considerably fewer.
As shown in Figure 10, methanol is not involved in extended formation of HB with either
surface. This behavior pertains with the addition of NaCl and is illustrative of methanol’s full
miscibility in water. As with water, the hydroxylated surface acts as a HB donor.
Similar results are presented in Figure 10 for the hydrogen bonds between the kaolinite
surfaces and the oxygens of the citric acid. Interestingly, citric acid in its fully protonated
state (H3A) forms a slightly higher number of HBs with the gibbsite wall in the systems
containing NaCl, compared to the salt-free system. In all cases however, HBs at the siloxane
side remain at very low levels. On the other hand, A3- molecules form extensive HBs with
the gibbsite surface hydroxyls in the salt-free system, which drop dramatically with the
addition of salt. This must be attributed to the presence of Cl - anions, which limit the
availability of HB contacts with the surface.
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Figure 9: Number of water hydrogen bonds, NHB, between the kaolinite surfaces and water molecules,
normalized over a 10 nm2 surface area.

Figure 10: Number of water hydrogen bonds, NHB, between the kaolinite surfaces and methanol and citric acid,
normalized over a 10 nm2 surface area.

3.1.3. Citric acid aggregate analysis
The results of clustering analysis are presented in Figure 11 and Figure 12. For the case of
the fully protonated citric acid, the average number of aggregates is relatively large and
fluctuates around 13.3 (±1.7) for the salt free system and 14.4 (±1.6) in system containing
NaCl. In addition, as illustrated in Figure 12, the average aggregate size of H3A contains 4.2
(±1.1) in the salt-free system and 3.6 (±1.0) in NaCl, containing system. This means that H3A
molecules tend to coalesce into small formations, which remain throughout the course of
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the simulation in all systems without showing any tendency to accumulate in larger
formations, regardless of salt presence since salt ions do not show any participation in H3A
aggregate formation.
On the contrary, the fully dissociated A3- molecules progressively aggregate to form large
clusters (Figure 11). This is illustrated by the average number of aggregates present in the
last 40 ns, which fluctuates around 8.0 (±0.4) for the salt free system and 5.1 (±0.3) for the
NaCl containing system. From these numbers and their time evolution, it is possible that
longer times will yield a single aggregate. These formations comprise not only A 3- molecules
but also the majority of H3O+ cations, along with other cations present in the system.
Specifically, the average aggregate size of A3- in the last 40 ns contains 3.4 (±0.2) in the saltfree system and 5.4 (±0.3) in NaCl systems (Figure 12). These aggregates also contain on
average of 6.0 (±0.3) H3O+ cations in the salt-free system, which increases to 11.4 (±0.7) in
the case of NaCl (Figure 12). It should be noted that H3O+ cations act as bridges connecting
the –COO- groups and are integral in aggregate formation. The trends observed in the
average H3O+ aggregate content are also present in the participating cations. In detail, A 3aggregates contain 1.3 (±0.2), Na+ cations (Figure 12). As with the salt-free system, these
clusters tend to approach the hydroxylated side of the kaolinite nanopore in the NaCl
system.

Figure 11: Time evolution of H3A and A3- citric acid number of aggregates. The thick green line is the running
average taken every nanosecond.
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Figure 12: Time evolution of the number of H3A and A3- citric acid molecules, as well as cations participating in
aggregates. The thick lines are the running averages taken every nanosecond.

3.1.4. Diffusion of fluid components in kaolinite mesopores
The space between surfaces of the kaolinite slit type pore was partitioned into three regions
along the confinement direction. Based on the axial density profiles of H2O (shown in
Deliverable 4.1) three regions were defined. Region RI includes the two adsorption layers of
the gibbsite surface, the second region, RII, corresponds to the bulk solution and finally the
two adsorption layers of the siloxane surface define the third region named RIII. In order to
evaluate the mobility of fluid components inside the slit pore, the lateral diffusion
coefficients, Dxy, and the residence times of the components were calculated in each of the
aforementioned regions. Figure 13 and Figure 14, show the calculated lateral self-diffusion
coefficients and residence times of all fracturing fluid components in each of the regions RI,
RII and RIII.
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Figure 13: Diffusion coefficients of the components of a 0.3 M NaCl solution and the corresponding fluid
containing 5%wt methanol. The same properties for pure water (blue squares) and water (gray squares) with
5%wt methanol (gray down triangles) solution have also been included for the convenience of the comparison.
The values are reported separately for each of the three regions defined along the confinement direction.
Regions I, II and III are noted as GIBBSITE, BULK and SILOXANE respectively.

Figure 14: Diffusion coefficients for 5%wt protonated (CIT4) and deprotonated (CIT1) solution and their
ternary mixture including 0.3 M NaCl. The values are reported separately for each of the three regions defined
along the confinement direction. Regions I, II and III are noted as GIBBSITE, BULK and SILOXANE respectively.

Due to the limited thickness of the slabs, the lateral diffusion coefficients, Dxy were
calculated using two approaches, depending on the characteristics of the diffusion: (a) from
the slope of the MSD(t) curve in regions where Fickian diffusion was observed or, (b) from
the slope of the curve at time equal to the mean residence time of the considered
component when the diffusion was not Fickian.
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For every fracturing fluid mixture and for every component, diffusion coefficients decrease
in the regions RI and RIII near kaolinite surfaces compared to the bulk (region RII), with the
decrease being more profound in the proximity of the gibbsite side. In agreement with
experimental results, methanol addition has small but measurable impact on Dxy for water
are slightly reduced values. This observation is also true for all the ions in the bulk and
siloxane regions, RII and RIII. On the other hand, Dxy remains practically unchanged in region
RI close to gibbsite surface.

3.2. NaCl solution in montmorillonite pores
Here we consider the montmorillonite clay in equilibrium with the saturated salt solution at
a typical shale gas reservoir condition of a temperature of 365 K and a pressure of 275 bar.
Equilibrium amount of adsorbed ions and water molecules obtained from Grand Canonical
Monte Carlo (GCMC) simulations are employed in molecular dynamics (MD) to simulate the
disjoining pressure and in turn, the swelling free energy curve which determines the number
of stable states in the clay, their composition, and the corresponding equilibrium interlayer
separations. In addition by MD simulations, we evaluate the hydration energy, atomic and
charge density profiles, orientation distribution, hydrogen-bond network, and in-plane
diffusion of water and ions to provide insight into the microscopic behaviour of the aqueous
sodium chloride solution in interlayer galleries of the hydrophilic Na-MMT pores. We
compare the simulation results for the confined aqueous NaCl solutions with those obtained
for the Na-MMT in equilibrium with a pure water reservoir at the same temperature and
pressure.
3.2.1. Thermodynamics of NaCl solution in montmorillonite pores
Figure 15 presents the equilibrium number of adsorbed ions and water molecules, and clayto-bulk ion concentration ratios, m / mbulk, as a function of the interlayer spacing, d001,
obtained from the GCMC method simulations. We see from Figure 15a that the narrow
pores (d001 < 17 Å) are first preferentially filled by water to hydrate the compensating Na +
ions and adsorption of ions takes place primarily at wider pores. At the wider pores, both
the number of adsorbed ions and water molecules increases linearly with increasing d001. In
the case of pure water reservoir, the number of adsorbed water molecules also increases
linearly with d001 and due to absence of the solute ions, the Na-MMT pores can adsorb more
water molecules. Figure 15b indicates that concentration of sodium cations and chlorine
anions in the confined solution are, respectively, higher and lower than those in the bulk
reservoir; the former is due to presence of compensating Na+. As expected, the
concentrations of ions approach the value of mbulk at wide pores.
Figure 16a shows the disjoining pressure, Π, as a function of the interlayer spacing, d001,
obtained from MD simulations using the virial expression. The first and second peaks in the
Π curves correspond to a monolayer (a layer of molecule thick) state and a bilayer (two
molecular layers) state, respectively. Although differences between the Π curve
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corresponding to the salt solution reservoir and that corresponding to the pure water
reservoir (caused differences in numbers of adsorbed water molecules and presence of
solute ions) seem rather small they do show up in values of the swelling free energy. Figure
16b thus displays the corresponding swelling free energy curves obtained by the integration
of the disjoining pressure curves. Both the free energy curves display minima points at d001
about 12.5 and 16 Å which correspond to a monolayer and bilayer states, respectively. The
bilayer state is favoured with ΔF much lower than that of the monolayer state. The presence
of ions increased only slightly a free energy barrier for the transition from monolayer to
bilayer states: ~8 kJ/(mol nm2) for the salt solution reservoir vs ~6 kJ/(mol nm2) for the pure
water reservoir. For wider pores, the free energy curve for the salt solution reservoir did not
exhibit pronounced energy minima within uncertainties of our simulations while that for the
pure water reservoir displays a shallow minimum around d001≈24 Å. The shallow minimum
corresponds to a state with two water layers near the clay surfaces and bulk-like water layer
in the middle of the pore, and its value of ΔF is even lower, although only slightly, than ΔF of
the bilayer state. All other intermediate states are unstable.
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Figure 15: (a) Simulated number of adsorbed ions and water molecules, and (b) clay-to-bulk ion concentration
ratios, m / mbulk, as a function of the interlayer separation, d001, for Na-MMT in equilibrium with either the
saturated salt solution or pure water at a temperature of 365 K and a pressure of 275 bar. Key: blue circles,
Na+; green circles, Cl-; solid circles, water; open circles, water in the case of pure water reservoir.
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Figure 16: (a) The disjoining pressure, Π, and (b) clay swelling free energy, ΔF, as a function of the interlayer
separation, d001, for Na-MMT in equilibrium with either the saturated solution or pure water at a temperature
of 365 K and a pressure of 275 bar.

3.2.2. Structure of NaCl solution in montmorillonite pores
The distributions of ions and water molecules in the clay pores were investigated by onedimensional atomic density profiles,
; α=(Na+, Cl-, water O, water H) which are
displayed for the case of the salt solution reservoir in Figure 17. The density profiles show
the presence of one-layer water (1W) structures below d001≈12.5 Å. The transition between
1W and two-layer water (2W) structures occurs around d001≈13Å, and the 2W structures
persist up to d001≈17 Å. Then, the systems tend to form three-layer (3W) and four-layer (4W)
water structures as pores further widen. Above d001≈23 Å, a bulk-like layer develops in the
middle of slit with
oscillating around the bulk densities. The structures at d001>23 Å
(formed by 2W and bulk-like water layer) are denoted by 2W-BL.
The density profile,

, exhibits a peak near the clay surface caused by compensating

Na+ ions. For 1W structures,

first show a single peak at the midplane which then

splits into two peaks as pores widen. For 2W, 3W, 4W and 2W-BL structures,
show
(besides the two peaks near the pore surfaces) the progressive formation of a cation
domain in the middle of the pores when d001 increases. Furthermore for these structures,
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suggest that Cl- ions are distributed inside the pores with a Cl- domain widening
when d001 increases.
Figure 18 then presents charge density profiles,
, for both the case of the salt solution
reservoir and case of the pure water reservoir. They further elaborate effects of the clay
surface on the salt solution and show a progressive formation of the electrical double layer
near the surface with widening of the clay pores. The width of a developed electrical double
layer is about 4 Å. Differences in
between the case of the salt solution reservoir and
case of the pure water reservoir are negligible.
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Figure 17: The atomic density profiles,
; α=(Na+, Cl-, Ow, Hw), at different interlayer separation, d001, for
Na-MMT in equilibrium with the saturated salt solution at a temperature of 365 K and a pressure of 275 bar; z
is the distance of a particle from the centre of the slit which is located at z=0. The dotted lines indicate the slit
surfaces.
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Figure 18: The charge density profiles,
, at different interlayer separation, d001, for Na-MMT in
equilibrium with either the saturated salt solution or pure water at a temperature of 365 K and a pressure of
275 bar; z is the distance of a particle from the centre of the slit which is located at z=0. The dotted lines
indicate the slit surfaces.

3.2.3. Diffusional mobility of aqueous species in montmorillonite pores
Figure 19 presents in-plane diffusivities of water and ions, , α=(w, Na+, Cl-), for the cases
of the salt solution and pure water reservoirs. In the bulk salt solution at 365 K and 275 bar,
m2/s while in the bulk water at 365 K and 275 bar,
m2/s. We see from Figure 19 that as in the bulk phase, Dw > DCl- > DNa+ since
the diffusion of small ions in aqueous solutions is more affected by the surrounding water
molecules than the diffusion of large ions, explaining the faster diffusion of large chlorine
anions when compared with the diffusion of small sodium cations. Also as in the bulk phase,
values of Dw for the case without the solute ions are higher in comparison with values of Dw
for the case with the solute ions.
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In the case of the salt solution reservoir, values of Dw sharply increase with the slit width for
d001<17 Å and Dw reaches the value of the bulk Dw. Here, the increase of Dw is accompanied
by an increase of the mobility of the compensating sodium cations. For d001>17 Å, Dw, DNa+
and DCl- further slightly increase with d001 and both Dw and DCl- become slightly above the
corresponding bulk values due to lower salt concentration in the confined phase. In the case
of the pure water reservoir, both Dw and DNa+ gradually increase with d001: more steeply at
d001<20 Å and more slowly for wide pores, with values of Dw below the value of the
corresponding bulk Dw.

Figure 19: The in-plane self-diffusion coefficients, D, for the water and ions as a function of the interlayer
separation, d001, for Na-MMT in equilibrium with either the saturated salt solution or pure water at a
temperature of 365 K and a pressure of 275 bar. Key: solid and open red symbols, water in the case of the salt
solution reservoir and case of the pure water reservoir, respectively; solid and open blue symbols, Na + in the
case of the salt solution reservoir and case of the pure water reservoir, respectively; green symbols, Cl-. The
dotted lines are a guide to the eye.

3.3. Adsorption and mobility of ions on the basal (001) surfaces of
montmorillonite
For the calculation of the interfacial atomic densities profiles the pore space was divided
into two equivalent halves, the atomic distributions obtained for each half were averaged,
taking advantage of their statistical equivalence, and presented only for one half-space in
the Figure 20 and Figure 21. The nano-pore boundary (basal clay surface) is indicated by the
left vertical axes and corresponds to the averaged positions of Ob and Obts oxygen atoms of
the montmorillonite siloxane surface (Cygan et al., 2004). The cations distributions are
magnified by a factor of 5 for clarity and the interlayer atomic distributions are not
presented.
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Figure 20 compares surface distributions of monovalent Na+ and Cs+ cations. Three sodium
peaks can be observed on the atomic distribution of Na+. The sodium atoms distribution
indicates that most of the Na+ ions are forming inner-sphere (IS) complexes on the clay
surface in contrast to what we observed in the interlayer space of 2W, 3W and 4W hydrates
Na-montmorillonite where Na+ ions mostly form outer-sphere (OS) complexes (e.g., Figure
17). The Na+ peaks positions are centered around 2.0 Å (IS complexes), 4.2 Å (OS
complexes), and beyond 5.0 Å (fully hydrated cations). The location of OS complexes from
the clay surface is similar to the one reported by Churakov (2013).
We have previously observed that Cs+ ions distribute into 3 peaks (two types of IS complex
and one OS complex) in the interlayer space of 2W to 4W hydrate montmorillonite
(Ngouana-Wakou and Kalinichev, 2014). On the montmorillonite-solution interface studied
here, only 2 peaks are observed (Figure 20). However we can clearly see that Cs+ ion peak
centered at about 2.3 Å has a distinct shoulder around 3.0 Å, indicating that Cs+ ions found
in the region (a) occupy two kinds of adsorption sites on the clay surface, and may then
form two kinds of IS complexes. Taken individually, the proportions of Cs+ and Na+ ions are
higher in region (a) (IS complex) compared to the two other regions.

Figure 20: Na+ (top) and Cs+ (bottom) distributions normal to the montmorillonite basal (001) surface (zdirection). Cs+ or Na+ (green), water oxygens (red) and water hydrogens (cyan). The Regions (a), (c) and (d) are
defined according to cations distributions and correspond respectively to IS, OS and fully hydrated complexes.
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Figure 21 presents a similar comparison for divalent Ca2+ and Sr2+ cations. Three Ca2+ and
Sr2+ peaks are visible in the distributions shown in Figure 21. Even if the highest proportions
of these ions are found in region (c) (OS complex), it is also clear from Figure 21 that a small
proportion of Ca2+ and Sr2+ can form IS complex as indicated by the small ions peaks found
in region (a). This is a very important observation compared to their respective interlayer
distributions that indicate Ca2+ and Sr2+ only in OS coordination inside the narrow 2W-4W
nanopores The intervals between the ion peaks in regions (a) and (c) suggests that there is
no significant cation exchange between the two regions. This may be an indication that the
cations present in region (a) are tightly bound to the clay surface.

Figure 21: Ca2+ (top) and Sr2+ (bottom) distributions normal to the montmorillonite basal (001) surface (zdirection). Ca2+ or Sr2+ (green), water oxygens (red), and water hydrogens (cyan). The Regions (a), (c) and (d)
are defined according to cations distributions and correspond respectively to IS, OS and fully hydrated
complexes.

Taking advantage of the detailed charge delocalization offered by the ClayFF model (Cygan
et al., 2004), we identify several possible surface adsorption sites as indicated in Figure 22
(Ngouana-Wakou and Kalinichev, 2014).
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Figure 22: Identification of different adsorption sites on the clay surface: “normal” hexagonal site without
substitution (Hn), hexagonal site adjacent to tetrahedral substitution (Ht), “normal” triangular site without
substitution (Tn), substituted triangular site (Tt), and triangular site adjacent to tetrahedral substitution (Tn′).

Time-averaged sodium and cesium atomic density distribution parallel to the surface
(atomic density contour maps) are shown in Figure 23. The atomic contours observed in the
sodium case clearly show that in region (a) Na+ ions are seating close to 2 Obts atoms of the
Ht sites as we noted previously in the interlayers of 2W, 3W, and 4W montmorillonites
(Ngouana-Wakou and Kalinichev, 2014). Na+ ions in regions (a) (Figure 20) have, on average,
a total of 5.60 oxygen atoms in their first coordination shell: (1.86 Obts atoms and 3.74 Ow).
The Na+ ions in region (c) are fully hydrated by 5.66 H2O molecules in their first hydration
shell. All the Obts atoms in region (a) are then replaced by water molecules in region (c).
Following the atomic density distributions observed in Figure 20, Figure 23 reveals that Cs+
ions in region (a) occupy two types of sites on the clay surface: the Hn site and the Ht sites
(see previous works for the explanations of these abbreviations). The shoulder observed in
the Cs+ distribution in region (a) (Figure 23), certainly represents the contribution of the Cs+
ions binding on the Hn sites. These sites are less negative than the Ht sites and as a result,
the ions binding in the Ht sites may be found slightly closer to the clay surface than those
seating in the Hn sites. The contour maps of Figure 23 show that there is no Cs+ adsorption
on the tetrahedral sites (Tn, Tn’ Tt) as observed in our previous investigations in the
interlayer region (Ngouana-Wakou and Kalinichev, 2014). The calculated coordination
numbers for Cs+ ions in region (a) show 5.51 surface oxygens (4.20 Ob and 1.31 Obts) and
5.18 water oxygens. This makes a total of 10.69 oxygen atoms in the first coordination
sphere of Cs+ in region (a), while this number is equal to 8.79 for Cs+ in region (c) where only
water oxygens contribute to the coordination. Both values are slightly lower than our results
in the interlayer region (Ngouana-Wakou and Kalinichev, 2014).
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Figure 23: Time averaged atomic density contours of Na+ (left) Cs+ (right) on the montmorillonite basal (001)
surface. The clay structure atoms are represented by the yellow (silicon), purple (tetrahedral aluminum), grey
(bridging oxygen), and black (bridging oxygen with tetrahedral substitution) spots. The green, blue, and orange
spots denote Na+/Cs+ ions respectively in regions (a), (b), and (c) on the atomic density profiles.

For the divalent cations, our simulations show that Ca2+ and Sr2+ are coordinated by ~3 Obts
atoms (Tt sites) when they are found in region (a) (at ~2.2 Å from the clay surface) in the
interlayers of a 1W hydrated montmorillonite. At the same time, on the external surface of
montmorillonite both cations occupy the same sites when found in region (a) as shown by
the contour maps in Figure 24. The coordination numbers of Ca2+ and Sr2+ in region (a) are,
respectively, equal to 7.84 (2.48 Obts and 5.38 Ow) and 8.38 (2.42 Obts and 5.96 Ow). These
numbers are very close to the corresponding values in the interlayer.

Figure 24: Atomic contours of clay surface atoms and Ca2+ ions in the nano-pore. The legend is the same as in
Figure 23. The contour maps for Sr2+ are very similar to Ca2+ and are not presented.
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Three-dimensional diffusion coefficients of ions and water molecules in the mesopore of
montmorillonite were determined following the approaches developed earlier (NgouanaWakou and Kalinichev, 2014) (see also eq.1-2). Diffusion coefficients were calculated
separately for the IS complexes (regions (a) and (b) in Figure 20 and Figure 21) and OS
complexes (region (c) in in Figure 20 and Figure 21).

Figure 25: Cations (left) and water (right) diffusion coefficients in the interlayer space 1W to 4W
montmorillonite hydrates and on the external surface of clay (nano-pore).

As expected, the cations and water molecules are more mobile in the larger nano-pore than
in the narrow interlayer spaces for all different regions considered ( ). The threedimensional diffusion coefficients of cations and H2O increase as the number of water layers
increase. In the case of two-dimensional diffusion this increase is not significant as it has
been shown by Holmboe and Bourg (2014). Hence one can deduce from those observations
that the important factor in the increase of the three-dimensional diffusion of cations and
water molecules is the increase of the pore space in the z direction (from interlayer to nanopore) that releases the constraints towards the z axis and allows pore species to be more
mobile in that direction. Compared to clay interlayers, this constraint is almost non-existent
in the nano-pore. However, the role of the clay surface in retarding the diffusion of nanopore species can still be feeled as the cation and water diffusion coefficients remain smaller
than their corresponding bulk solution values.

3.4. Adsorption and mobility of ions on the (010) and (110) edge surfaces of
clays
Time averaged atomic density profiles and surface density maps for the edge surfaces of
kaolinite, montmorillonite, and muscovite (Figure 3a-c) were calculated from MD
simulations in contact with aqueous solution of NaCl, BaCl2, and SrCl2 in the same manner as
for the basal surfaces of clays discussed above. One extremely important difference is the
“atomistic roughness” of the clay nano-particle edges, which can often lead to the
formation of especially strong adsorption sites on their surfaces.
PU

Page 44 of 72

Version 2.0

Deliverables D4.2 & D4.3

Figure 26 shows the atomic distributions at the (010) edge surface of kaolinite. It is clear
that Ba2+ (and Sr2+) can only be weakly adsorbed at this uncharged surface in their OS
coordination. In constast, a smaller Na+ ion finds a a strong IS adsorption site as shown in
the insert of Figure 26.

Figure 26: Atomic density profiles of ions and water (left) and atomic density surface distribution (right) at the
(010) edge surface of kaolinite.

In contrast, the ionic distributions at the (010) edge surfaces of moderately charged
montmorillonite (Figure 3b) demonstrate a much more diverse behavior. In addition, this
surface behavior also differs between Surface 1 and Surface 2, as defined in Section 2.4.
Figure 27 demonstrates that there exist quite a strong and rapid exchange between
interfacial Ba2+/Sr2+ in solution and interlayer charge compensating Na+ ions in
montmorillonite. Approximately 75% of Ba2+/Sr2+ ions initially in the interfacial region enter
the interlayers and remain contained there. This indicates that the divalent NORM cations,
such as Ba2+, Sr2+, and Ra2+, are preferentially distributed into the swelling clay interlayers,
thus decreasing their ability to migrate to the surface during the fracturing process.
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Figure 27: Atomic density profiles along the axis normal to the (010) montmorillonite surfaces for the systems
containing 1480 H2O molecules, 6 NaCl (0.1M), and 4 BaCl2/SrCl2 (0.07M).

Figure 28: Atomic density profiles of ions and water (left) and atomic density surface distribution (right) at the
(010) edge of muscovite (Surface 2). Both IS (1st peak) and OS (2nd peak) adsorption sites for Sr2+ are identified.

At the (010) edges of even higher-charged illitic clay (muscovite, Figure 3c), Ba2+ and Sr2+
demonstrate different adsorptive behavior. Since muscovite does not swell, the exchange of
interlayer charge-balancing cations (usually K+) with the cations of external aqueous solution
is very slow. Moreover, Ba2+ can only be adsorbed at the muscovite edges in a weak OS
coordination, while Sr2+ can experience strong IS adsorption at Surface 2 in the exposed
octahedral cavity of the TOT layer (Figure 28). This is consistent with earlier simulation of
the surface compexation of heavy metal cations on clay edges performed by more accurate
ab initio MD simulations (Zhang et al., 2017; 2018).
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3.5. Thermodynamics and transport of light hydrocarbons in engineered
porous materials
Figure 29 shows the simulated adsorption isotherms of the C1 to C4 alkanes in both
microporous and dual-porosity ZSM-5/35 zeolites (Figure 4) at 293 K and up to high
pressures. All adsorption isotherms in the microporous zeolite, and adsorption isotherms of
methane and ethane in the dual-porosity zeolite can be correlated by the semi-empirical
Jensen-Seaton (1996) model:

(4)
where K is the Henry law constant, n0 is a measure of saturation loading, κ represents an
adsorbed phase compressibility, and c determines the curvature of the isotherm. All
isotherms are Type I, except for propane and n-butane in the dual-porosity zeolite, which
have Type II character.
For methane (Figure 29a), the adsorption in the dual-porosity zeolite is lower than in the
microporous zeolite, indicating methane is preferentially adsorbed in the zeolite micropores
rather than in the mesopores, where the analogous behavior occurs for ethane (Figure 29b)
up to pressures of about 5.5 bar. However, above this crossover pressure, the adsorption in
the dual-porosity zeolite is higher than in the microporous zeolite, suggesting enhancement
of ethane adsorption in the mesopores. With increasing number of carbon atoms for the
alkanes, propane (Figure 29c) and n-butane (Figure 29d), the crossover shifts to lower
pressures and the uptake in the dual-porosity zeolite is higher than the uptake in the
microporous zeolite, and increases non-linearly with pressure. In the dual-porosity zeolite,
both propane and n-butane appear to be approaching condensation in the mesopores at
the highest pressures considered.
Figure 30 corroborates the adsorption behavior of the alkanes inside the cylindrical
mesopores of the dual-porosity zeolite through radial density profiles,
, at pressures of
2 and 7 bar. From Figure 30, we see that methane is nearly homogeneously adsorbed within
the mesopores, i.e.,
increases with pressure, but the fluid structure remains
homogenous, where the presence of a monolayer near the surface is only just beginning to
appear (cf. Figure 29a-b). In contrast to methane, the other alkanes show preferential
adsorption at the mesopore surface, forming one or two molecular layers on the surface.
This is due to multi-interaction sites in ethane, propane and n-butane molecules, which
leads to enhancement of the adsorbate-pore surface interactions. With increasing pressure,
both the preferential adsorption and density increase away from the mesopore surface (cf.
Figure 29a-b). For both ethane and propane, more distinct second molecular layers are
exhibited at the higher pressure, while a third layer is beginning to form for propane
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(consistent with the non-linear uptake shown in Figure 30c). The preferential adsorption of
ethane, propane, and n-butane at the mesopore surface thus explains their higher
adsorption in the dual-porosity zeolite in comparison with the microporous zeolite at higher
pressures.

Figure 29: Simulation adsorption isotherms of (a) methane, (b) ethane, (c) propane and (d) n-butane in the
microporous and dual-porosity ZSM-5/35 zeolites at 293 K. The solid lines represent correlation of the
simulation results for the microporous zeolite by the semi-empirical Jensen-Seaton isotherm (eq.4), and dotted
lines are a guide to the eye for the dual-porosity zeolite.
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Figure 30: Radial number density profiles,
, for methane, ethane, propane, and n-butane in the 4 nm
mesopores of the dual-porosity ZSM-5/35 zeolite at 293 K and pressures of (a) 2 bar, and (b) 7 bar; r is the
distance of a molecule from the center of the cylindrical mesopore, which is located at r=0.

Self-diffusion coefficients,
(
), for the alkanes in both microporous and dualporosity ZSM-5/35 zeolites as a function of pressure, P, are displayed in Figure 31. The selfdiffusion coefficient describes the diffusion of a single molecule moving around amongst
other particles, and is a measure of the average mean squared displacement that a
molecule has travelled in a given time interval. Experimentally,
can be measured by a
pulsed field gradient nuclear magnetic resonance or quasi-elastic neutron spectroscopy,
where its accurate measurement is rather challenging. Depending on the experimental
technique, values of
may vary by orders of magnitude (Karger and Ruthven, 1992). Vujic
and Lyubartsev (2016) showed that their force field correctly reproduced adsorption kinetics
for common gases, which suggests that a general agreement between MD and experimental
measurements can be obtained.
The MFI framework has a three-dimensional channel structure with straight channels of
0.54 nm x 0.56 nm in the y-direction, zigzag channels of 0.56 nm in the x-direction, and
tortuous connections through straight-zigzag channel intersections in the z-direction. The
molecular diameters of the alkanes are about 0.4 nm. We can see from Figure 4 that for
both microporous and dual-porosity zeolites, the self-diffusion coefficients exhibit behavior
dependent upon the connectivity of the channel structure, i.e.,

.

For microporous zeolites, the self-diffusivity of the C1 to C4 alkanes follows general trends
associated with the pressure (loading) dependence found experimentally, and by molecular
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simulations for the alkanes in intersecting channel type zeolite structures. Specifically, as the
occupancy of adsorbed alkane molecules increases, alkane-alkane interactions tend to
decorrelate molecular velocities faster than when the neighboring particles have less
influence on the adsorbed molecules. The increased adsorbed density restricts individual
mobility, and consequently the self-diffusion decreases. As the number of carbon atoms
increases for the alkane species type, the self-diffusivity of the alkanes at the same loading
decreases. Further, cations slow down the self-diffusivity of the alkanes. Accordingly, we see
in Figure 31 that the self-diffusivity in all directions for methane to n-butane in the
microporous zeolite decrease with increasing pressure, and

(methane) >

(ethane) >

(propane). The values of
for n-butane are, as expected, lower than those for methane
and ethane, but slightly higher than those for propane due to lower occupancy of n-butane
in the zeolite (about 8 to 9 molecules per unit cell) in comparison with the occupancy of
propane in the zeolite (about 10 to 11 molecules per unit cell).
Introducing transport mesopores oriented in the y-direction into the MFI structure has a
tremendous effect on the self-diffusivity of the short alkanes in the dual-porosity zeolite, as
can be further seen from Figure 31. When compared with the microporous zeolite, the selfdiffusivity of the alkanes in the dual-porosity zeolite increased in all directions by about one
to two orders, depending on the pressure, and the increase is more pronounced in the ydirection (transport direction) than in the x- and z-directions. The increase in
is caused
by alkane molecules adsorbed in the mesopore (cf. Figure 30), which have a higher mobility
than the adsorbed molecules at the microporosity scale. With increasing pressure, the
values of

and

the values of

, analogous to the behavior in the microporous zeolite, decrease while
for methane, ethane, and propane, however unlike in the microporous

zeolite, increase; for n-butane, and
slightly decreases with increasing pressure. In the xand y-directions, mobility of the molecules confined in the mesopore is restricted by the
mesopore confining surface, and the effect of the higher mobility on and

and

is

weaker than in the y-direction. This may explain the different pressure dependence of
and
compared to
. Molecules of n-butane exhibit stronger adsorption on the
mesopore surface with respect to the C1 to C3 alkanes (cf. Figure 30a), which may explain
the slight decrease of
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Figure 31: Self-diffusion coefficients in the x-, y- and z-directions,
, for (a) methane, (b) ethane, (c) propane
and (d) n-butane in the microporous and dual-porosity ZSM-5/35 zeolites as a function of pressure, P, at 293 K.
Open and filled symbols are for the microporous and dual-porosity zeolites, respectively. Circles, triangles and
squares correspond to
in the x-, y- and z-directions, respectively. The dotted and dashed lines are a guide
to the eye for the microporous and dual-porosity zeolites, respectively.

Figure 32 displays the transport and collective diffusion coefficients in the y-direction,
and

, respectively, for the C1 to C4 alkanes in both microporous and dual-porosity ZSM-

5/35 zeolites as a function of pressure, P, along with comparison of
and
with
.
The transport diffusivity determines the efficiency of mass transport, while the collective
diffusivity measures the displacement of the center-of-mass of the system. Generally in
microporous zeolites, the collective diffusion is higher than the self-diffusion since the
collective diffusion contains interparticle correlations, which have a positive contribution; or
viewed differently, the self-diffusion is lowered by single particle back-correlations, i.e., by
the increased probability of a particle jumping back to its previous position since this
position has a higher probability of being unoccupied.
For microporous zeolites,

of the C1 to C4 alkanes exhibits small deviation from the Darken

assumption, although

for ethane (Figure 32b) becomes roughly constant at high

pressures. Values of
for methane (Figure 32a) slightly increase while values for ethane
(Figure 32b), propane (Figure 32c), and n-butane (Figure 32d) slightly decrease when the
pressure is increased; the latter corresponds to a general trend of
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intersecting channel type zeolite structures. The presence of 40 Å mesopores in the MFI
structure leads to substantial enhancement of transport for the alkanes in the dual-porosity
zeolite, as can be further seen from Figure 32. When compared with the microporous
zeolite,
of the alkanes in the dual-porosity zeolite at high pressures increased by about
one order for methane, ethane and n-butane, and more than two orders for propane. For all
the alkanes in the dual-porosity zeolite,
butane at lower pressures, where
5b) increases with P,

≈

increases with P, and
.

>

, except for n-

for methane Figure 5a) and ethane (Figure

for propane (Figure 32c) also increases with P up to the vicinity of

its vapor pressure, and then sharply decreases, and

for n-butane (Figure 5d) decreases

with P. Except for propane at pressures close to its saturation pressure,
alkanes in the dual-porosity zeolite.

>

for all the

Figure 32: Transport, collective and self-diffusion coefficients in the y-direction,
and
,
respectively, for (a) methane, (b) ethane, (c) propane and (d) n-butane in the microporous and dual-porosity
ZSM-5/35 zeolites as a function of pressure, P, at 293 K. Open and filled symbols are for the microporous and
dual-porosity zeolites, respectively. Triangles, squares and circles correspond to
and
,
respectively. The dotted and dashed lines are a guide to the eye for the microporous and dual-porosity
zeolites, respectively.

PU

Page 52 of 72

Version 2.0

Deliverables D4.2 & D4.3

3.6. Light hydrocarbons in type II kerogen micropores
3.6.1. Adsorption
The excess adsorption,
of a gas in kerogen, is calculated as the amount of gas adsorbed
that exceeds the amount of gas that would fill the pores if the density under confinement
was the same as that of the bulk gas:
(5)
where

is the absolute adsorbed amount calculated as ensemble average along a GCMC

trajectory,

is the density of the bulk gas calculated during MC run performed for the

calculation of the chemical potential.
is the CH4 accessible volume of kerogen that was
calculated previously (see Deliverable 4.1). Figure 33 shows the excess adsorption
isotherms of CH4, C2H6, C4H10 and CO2 on kerogen structures constructed with 2 x 30 Å LJ
particles at 298.15 K (Figure 33a) and 398.15 K (Figure 33b). The presented isotherms were
calculated as the average of the six trajectory averages generated by GCMC simulations in
different kerogen models that have been constructed with the same number and size of LJ
particle(s). The confidence intervals are the corresponding standard deviations.
Regarding the three hydrocarbons CH4, C2H6 and n-C4H10 at the high pressure region the
excess adsorbed amount of the smallest molecule, i.e. CH4 is the largest, while the adsorbed
amount of the bigger molecule i.e. n-C4H10 is the lowest. The amount of the adsorbed CO2 is
higher than the rest of the gases examined although is of size larger than CH 4. This indicates
noticeably stronger interactions of CO2 with the kerogen matrix compared to the
hydrocarbons, which in turn might be a result of the dipolar nature of CO 2. Saturation of nC4H10 is practically immediately achieved at very low pressure (Figure 33 and Figure 34).
Figure 34 presents the low pressure region (below 1 atm) of the adsorption isotherm. It is
evident that even at a pressure as low as 0.1 atm, the system is already saturated with nC4H10. The adsorption isotherms on the other kerogen models exhibit similar qualitative
characteristics.

(a)
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(b)
Figure 33: Excess adsorption isotherms of CH4, C2H6, n-C4H10 and CO2 at (a) 298.15 K and (b) 398.15 K to
kerogen constructed without the aid of 2 x 30 Å LJ dummy particles.

(α)

(b)

Figure 34: The low pressure region of the excess adsorption isotherms of n-C4H10 at (a) 298.15 K and (b) 398.15
K to kerogen constructed without the aid of 2 x 30 Å LJ dummy particles.

Figure 35: Adsorbed amount of (a) CH4, C4H10 and (b) C2H6, CO2 on kerogen as function of % porosity of
kerogen.
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The effect of porosity on adsorption is shown on Figure 35 where the loading,
presented as function of the % porosity of the kerogen calculated as:

, is

(6)
where
is the CH4 accessible volume and is the volume of the cubic simulation box. The
amount of adsorbed gas is a function of the accessible volume. The slope of the linear trend
line is positive in all cases apart from the case of 1 atm for CH4 and CO2. The linear increase
of adsorption with respect to porosity is observed at all pressures. In general, increase of
pressure increases the slope of the linear trend line for CH4, C2H6, and CO2. For n-C4H10,
there is no significant pressure dependence of the data - an observation which is consistent
with the fact that kerogen saturation is observed at low pressures (Figure 33 and Figure 34).
For the case of CH4 and CO2 at 1 atm, the dependence of adsorbed amount on accessible
volume is negligible with differences between the observed loadings comparable to the
uncertainties of their average values but slightly negative. This may be attributed to the
partial coverage of the surface of the pores by the gas molecules.
The adsorption of the SG mixture at the four sets of temperature and pressure conditions:
(a) 298.15 K and 1 atm, (b) 298.15 K and 250 atm, (c) 398.15 K and 1 atm and (c) 398.15 K
and 250 atm reveals that confinement has a considerable effect on mixture composition,
. This deviation is quantified via the factor

,

defined as:

(7)

In equation (7) the set

is the set of the compounds composing SG i.e.

.
and
are the ensemble average composition of gas under
confinement in kerogen i.e. along the trajectory of the GCMC adsorption simulation and
along the NPT MC simulation trajectory used for the calculation of the chemical potential
respectively. The bracket
represents an average over the six GCMC runs on
kerogen models constructed with a similar LJ dummy particle(s) set up and the bracket
an average over the different LJ set ups considered. The mole fractions, , of CH4,
C2H6, CO2, and N2 in the bulk system are 0.85, 0.07, 0.04, and 0.04 respectively. They are
independent of pressure and temperature. On the other hand,

was found to vary

significantly as a function of pressure and temperature. Furthermore
for given pressure
and temperature varies considerably for different kerogen structures. As a consequence of
this behavior, =
is a function of the pressure and temperature conditions. It should
be pointed out that if the composition at under confinement is the same as the bulk
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composition, approaches zero, as a consequence of its definition. Figure 36 shows
the various temperatures and pressures examined.

for

Figure 36: Quantity Δ for the shale mixture under confinement in kerogen as function of the four pressure and
temperature conditions considered.

In general it is observed that increasing the temperature and pressure leads to a
composition under confinement which is closer on average to the bulk composition (based
on which the chemical potential used for the adsorption simulations was calculated).
3.6.2. Diffusion
The diffusion of the gases in our models is un-isotropic, as a consequence of the limited size
of these models. As a general remark, CH4 moves faster than C2H6, which diffuses slightly
faster than CO2. A comparison of the diffusion coefficients of CH4 and C2H6 calculated at
different kerogen structures at 298.15 K and 1 atm is shown in Figure 37. The slope of a
trend line fitted to the data with pre-specified intercept at the origin of the axes is 0.4865
very close to the theoretically expected value of 0.5, which agrees with earlier published
correlations according to which

.

Figure 38 shows the maximum component of the diffusion coefficient:
(8)
The results are shown for CH4, and CO2 at 298.15 K and 250 atm as a function of the LPD and
MPD, for the different kerogen models considered. The limiting and maximum pore
diameters were calculated as average of their values for 11 configurations evenly selected
along 1 ns NVT MD simulation used for the estimation of diffusion coefficient. The
instantaneous values of the porosity characteristics of interest on each one of the selected
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configurations were calculated using a Voronoi tessellation based algorithm that we
developed earlier (see Deliverable 4.1).

Figure 37: Diffusion coefficient of C2H6 against the diffusion coefficient of CH4 along the different structures
considered at 298.15 K and 1 atm. The dashed line corresponds to
while the continuous line is a
linear trend line fitted to the data, with a slope of 0.4865.

Figure 38: Maximum component of (a) CH4, and (b) CO2 diffusion coefficient (along kerogen) at 298.15 K and
250 atm as a function of the LPD (shown on the primary horizontal axis) and MPD (shown on the secondary
horizontal axis). A linear trend line is fitted to the D vs LPD points. The statistical uncertainty for the D vs MPD
points is the same as for the D vs LPD points.

The focus here is on the maximum component of the diffusion coefficient because of the
anisotropic character of diffusion in these models. Gases are anticipated to diffuse only
along the direction of the percolated pore, which is expected to correspond to the direction
of the maximum component of the diffusion coefficient. There is an almost linear,
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correlation between
and LPD with positive slope. The increased mobility of CH4
compared to C2H6 and CO2 is indicated by the higher slope of the trend line (see Figure 38).
On the other hand, no correlation at all is observed between
compounds.

and MPD, for all pure

It is worth noting that despite the fact that some structures have LPD much lower than the
size of the diffusion gases, a measurable diffusion coefficient is observed for every case. This
behavior suggests the existence of a gate opening mechanism that allows the movement of
the gases. No similar correlation is observed between
and Vacc or Sacc. The methodology
followed for the calculation of Vacc and Sacc similar to the methodology adopted for the
calculation of LPD and MPD.
The relative strength of the correlation
with the different porosity characteristics is
quantified with the linear (Pearson’s) correlation coefficient defined as:

(9)

where

represents calculated

Vacc and Sacc).

, and

are the corresponding porosity data (LPD, MPD,

is the number of collected data points which in our case is 24. It is well

known that when the two sets of data are linearly correlated

is equal to 1, while

vanished when no correlation exists. Table 3 shows the correlation coefficients between
and the porosity characteristics for each gas as function of the four pressure and
temperature conditions examined.
Table 3: Correlation coefficient between maximum component of diffusion coefficient and four major
characteristics of porosity (LPD, MPD, CH4 accessible volume Vacc, and CH4 accessible surface Sacc) for the four
temperature and pressure conditions considered.

298.15 Κ
CH4
C2H6
CO2
CH4
in mixture
C2H6
in mixture
CO2
in mixture
398.15 Κ
CH4
PU

1 atm
LPD
0.847
0.935
0.877

1 atm
0.904

MPD
0.313
0.424
0.450

0.408

Vacc
0.784
0.779
0.791

0.738

Sacc
0.743
0.773
0.753

0.747
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250 atm
LPD
0.919
0.850
0.896

MPD
0.438
0.290
0.412

Vacc
0.727
0.630
0.646

Sacc
0.660
0.598
0.655

0.946

0.407

0.724

0.654

0.975

0.394

0.697

0.626

0.885

0.479

0.812

0.725

250 atm
0.950
0.419

0.732

0.661
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C2H6
CO2
CH4
in mixture
C2H6
in mixture
CO2
in mixture

0.870
0.757

0.527
0.316

0.794
0.676

0.684
0.741

0.901
0.955

0.303
0.489

0.678
0.749

0.620
0.638

0.962

0.365

0.678

0.594

0.961

0.342

0.616

0.548

0.925

0.426

0.690

0.566

It is clear that in every case, the correlation coefficient between diffusion coefficient and
LPD is the strongest compared to the correlation between
characteristics. The correlation between
smallest between

and the other porosity

, and Vacc and Sacc are generally looser while

is

, and MPD for every gas and every set of conditions. It is evident by the

values of that
as function of LPD, MPD, Vacc and Sacc at the other conditions examined,
namely 298.16 K/1 atm, 398.15 K/1 atm and 398.15 K/250 atm, have similar behavior to
Figure 38. They are not presented here in order to limit the length of the text. As a last
general remark, increase of the temperature from 298.15 K to 398.15 K for a given pressure
results in an increase of the diffusion coefficient for every compound up to a factor of two.
Diffusion of the SG type mixture in kerogen was also examined using NVT MD simulations. In
this case, the amount of N2 was not sufficient to allow statistical analysis and it was omitted.
Figure 39 shows

,

of the corresponding
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Figure 39: (a) CH4, (b) C2H6 and (c) CO2 diffusion coefficient (along kerogen) components x (diamonds), y
(squares) and z (circles) in SG mixture versus the corresponding components of pure compounds for the
different kerogen structures at 298.15 K and 250 atm. Black line is the bisector of the angle defined by the
vertical and horizontal axes.

Diffusion coefficient of every gas remains unchanged between pure compound and mixture
and therefore data scattered around the x = y line. This finding is in agreement with
published data that have revealed that the motions of the molecules in the confined
environment of kerogen micropores are not correlated. Based on this fact it is reasonable to
assume that diffusion mechanism is the same for the mixture and the pure substances. At
398.15 K a similar behavior is observed. Given the earlier observation that composition of
the SG mixture changes with pressure, temperature but also between different kerogen
structures, it seems that the equivalence between the diffusion mechanisms of either pure
compounds or their mixture counterparts is not also affected by the composition or PT
conditions.
Estimation of the porosity characteristics using the Voronoi based algorithm mentioned
earlier reveals that the composition of the diffusing gas has negligible effect on the
characteristics of the porosity of kerogen (LPD, MPD, Vacc and Sacc). Given also the fact that
,

of each mixture component is practically the same as the corresponding

pure component
, relationships between of the three primary components of the SG
mixtures and the characteristics of porosity are expected to exist and be similar to the
correlations shown in Figure 38. This relationship between diffusion coefficients of the
mixture and porosity is also indicated by the correlation coefficients of Table 3.

4.

Conclusions and future steps

The adsorption behavior inside kaolinite mesopores of aqueous solutions of various salts
and additives is investigated using molecular dynamics simulations. In particular, we
examined the various combinations of water + salt, water + additive, and water + salt +
additive, where the salt examined is NaCl and the additives are methanol and citric acid.
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Citric acid in particular was modeled in both its fully dissociated (A 3-) and non-dissociated
(H3A) states.
The preferential adsorption relatively to the gibbsite and siloxane surfaces of the various
species was presented in detail, revealing the inner-sphere adsorption of Cl- on the
octahedral gibbsite surface and the outer-sphere adsorption of Na+ on the siloxane surface.
We showed that neither methanol nor citric acid severely affects the water and ion
distributions. In the absence of salt, methanol and citric H3A prefer the siloxane side, while
citric A3- prefers the gibbsite side. The addition of salt does not alter the methanol
distribution but affects those of citric acid.
Hydrogen bond analysis between the two kaolinite surfaces and water molecules for the
various systems reveals changes to the surface wettability upon the addition of salts and
additives. This change in more pronounced for the siloxane surface. Additionally, it was
shown that neither methanol nor citric acid interacts significantly with the kaolinite surfaces
through hydrogen bonding, with the exception of the water-citric A3- system.
Citric acid in particular has the tendency, for the systems examined, to form aggregates. We
showed that for the non-dissociated form of citric acid H3A these aggregates are relatively
small and stable, while for the citric A3- there is a constant tendency for aggregation towards
large clusters. We showed that aggregation is driven through cation bridging, and
particularly through the participation of the charge counterbalancing H3O+ cations.
The lateral diffusion coefficient, Dxy, of fracturing fluid components composed of H20, NaCl,
CH3OH and citric acid were calculated within a kaolinite slit type mesopore 40 Å wide. It was
found that the mobility of the different components close to the surfaces of the pore is
reduced compared to its center, where diffusion coefficient is similar to the bulk fluid. This
decrease is more profound in the proximity of the gibbsite side. The effect of methanol
addition on the observed lateral diffusion coefficient is minor. The presence of citric acid
results in deceased diffusion coefficient of the remaining cations.
The adsorption and mobility of mono- and di-valent cations and H2O molecules in a
montmorillonite 1W-4W interlayers and in a nano-pore defined as an external (001) basal
surface have been studied in detail. It was demonstrated that the cations organization in the
nano-pore differs from what is observed in the clay interlayers. Unlike in the interlayer
space where several different adsorption sites for each of the cations were identified, in the
nano-pore, apart from Cs+ ions that bind on both substituted and non-substituted hexagonal
sites, all the other cations only bind close to the substituted tetrahedral sites.
Ca2+ and Sr2+ ions form IS complexes with the clay surface by binding to the substituted
tetrahedral sites. In the interlayers, this can only occur when for the 1W montmorillonite
hydrate.
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As expected, the cations and water molecules are more mobile in the nano-pore than in the
clay interlayers region. Nevertheless, the diffusion coefficients in the montmorillonite nanopore remain lower than the corresponding bulk solution values. These findings clearly
demonstrate that even in the multi-nm size nano-pore the cations still feel the attractive
effect of the montmorillonite clay surface. The results obtained allow us to quantify the
effects of clay composition, clay charge, and charge distribution between the octahedral and
tetrahedral sheets on the adsorption and dynamics of cations and water at the surface of
montmorillonite.
Significant cation exchange is observed between interfacial Sr2+/Ba2+ and interlayer Na+ ions
in the (010) and (110) edge surfaces montmorillonite systems, with a significant effect of
substitution localization: on Surface 1 (substitutions directly accessible to solution), the
adsorbed ions are found near the Al/Si tetrahedral substitutions, but avoid the Mg/Al
octahedral substitutions (prevalent in typical montmorillonite).
The Na+ and K+ ions dissociating from the montmorillonite and muscovite interlayers
through the edge surfaces, accumulate on Surface 1 pushing the other ions to Surface 2
(substitutions not accessible to solution).
Two types of inner-sphere complexation with (010) and (110) edges of kaolinite,
montmorillonite and muscovite are identified: (i) the cation (Na+/K+/Sr2+/Ba2+) occupies an
octahedral vacancy, interacting with two Al-O-H groups or two Al-O-H groups and one Si-OH surface group; (ii) the cation is located in the tetrahedral layer, interacting with one Al-OH group and one Si-O-H group on the edge Surface. Adsorption of NORM cations (Sr2+, Ba2+)
appears to be always stronger than Na+ or K+ .
The diffusion coefficient of a mixture whose composition resembles typical SG composition
along type II kerogen was investigated. A set of 24 kerogen structures that has been
constructed earlier were used. The porosity on these structures was imposed and effectively
controlled with the aid of LJ dummy particles. In this way we managed to have a set of
kerogen structures that exhibit a large variety of porosity characteristics that span the whole
spectrum of micropores.
GCMC simulation was used for the study of adsorption of three hydrocarbons (CH 4, C2H6 and
n-C4H10) and CO2 at various pressure and temperature conditions. It was found that at high
pressures more CO2 is adsorbed, followed by CH4, C2H6 and n-C4H10 for both temperatures
examined i.e. 298.15 K and 398.15 K. While for the three hydrocarbons, this ordering is in
agreement with the relative size of the molecules for CO2 this finding was attributed to
stronger kerogen/CO2 interactions. Temperature affects both the saturation pressure and
the adsorbed amount at each pressure for all gases except n-C4H10 with increasing
saturation pressure with increasing temperature. Regarding the dependence of adsorption
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to porosity, a linear relationship is found between the adsorbed gas amount and Vacc with
the slope of the line increasing with increasing pressure. The composition under
confinement of the SG type mixture that was studied was found to vary significantly in
different kerogen models and as function of pressure and temperature. This variation was
quantified by the quantity

. Increase of pressure and temperature resulted in a

composition closer to the bulk gas composition (with

tending to zero).

The diffusion of pure CH4, C2H6 and CO2 in kerogen was studied at four sets of temperature
and pressure conditions, namely 298.15 K / 1atm, 298.15 K / 250 atm, 398.15 K / 1 atm and
398.15 K / 250 atm. Diffusion of the same compounds as parts of a quaternary mixture with
the addition of N2 was also investigated for both temperatures of 298.15 K and 398.15 K but
only at high pressure of 250 atm. The qualitative dependence of the observed diffusion
coefficient to the LDP, MDP, Vacc and Sacc of kerogen porosity was investigated. The porosity
characteristics were calculated along the NVT runs that were used for the study of diffusion.
In general, CH4, which is the smallest molecule, diffuses faster than C2H6 and CO2 with the
diffusion coefficient of CO2 being slightly smaller than the diffusion coefficient of C2H6. The
diffusion coefficient of C2H6 was approximately half the diffusion coefficient of CH4 for every
kerogen structure in agreement with previously published correlations. Increase of
temperature results in faster diffusion. The maximum component of the self-diffusion
coefficient was found to be linearly correlated with the LPD of the structures. The accessible
volume and accessible surface were found to be less correlated to diffusion. The diffusion
coefficient of each component in the SG type mixture is practically the same with the
corresponding pure component diffusion coefficient. This manifests that the diffusion of
each compound remains unaltered by the presence of the molecules of other compounds.
This observation is true for both temperatures examined. Given that the composition of the
mixture under confinement is different for different kerogen structures and varies also as a
function of temperature, this suggests that the diffusion mechanism stays unaltered in the
mixture regardless of its composition. As a result, it may be sufficient when studying SG
transport to focus on the pure components alone.
In addition to the material summarized above, we have also used molecular dynamics
simulations, when possible coupled with experiments, to unveil structure-transport
relations for fluids in tight confinement (e.g., when they are in pores similar to those found
in shale rocks). Focus has been on the effect of water on the properties of carbon-bearing
confined fluids. In a combined experimental-simulation study (Le et al., 2017), we
investigated the properties of mixtures of water with propane confined in narrow cylindrical
pores carved out of amorphous silica. The experimental material was MCM-41. The
experiments were conducted with QENS, and showed that adding D 2O has the effect of
slowing down the dynamics of confined propane. This was surprising because our prior work
had shown that adding CO2 to confined alkanes can speed up the diffusion of the alkanes (Le
et al., 2015). To identify the molecular reasons responsible for the observed results, we
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conducted equilibrium molecular dynamics simulations, and we observed that water can
form molecular bridges within the narrow silica pores characteristic of MCM-41. These
bridges slow down the translational diffusion of confined propane. From a fundamental
point of view, the results are interesting because they show how the strong water-water
hydrogen bonds can affect the structure of confined water, as opposed to weaker CO2-CO2
interactions, which are not strong enough to allow CO2 structures to span the width of
nano-pores (at least within the conditions tested in our studies).
Additionally, we continued our search for the effect of confinement on solubility. In the
recent past we reported that confinement can enhance the solubility of methane in water
(Phan et al., 2016). To better understand the mechanisms responsible for these
observations, we simulated H2S and its solubility in confined water (Badmos et al., 2018).
We found that H2S solubility decreases in nano-confined systems. The difference between
the behavior of methane and that of H2S seems to be the fact that nano-confinement
increases the likelihood of forming nano-cavities, within which methane can desolve, while
it also perturbs the structure of water, negatively affecting the ability of water to hydrate
H2S. These results suggest that confinement can have strong effects on solubility, because of
the synergistic, and sometimes antagonistic, effect of several phenomena. We also
investigated how guest gaseous molecules diffuse through pores that are filled with water
(Phan et al., 2017)
As future steps, the adsorption behavior of CsCl, SrCl2 and RaCl2 will be investigated in
combination with the additives methanol and citric acid inside kaolinite mesopores.
Calculations of site-specific adsorption free energy profiles for all identified sites on the
basal and edge surfaces of kaolinite, montmorillonite, and muscovite are currently in
progress to quantitatively evaluate their adsorption strength and cation exchange
capabilities. These results will be reported in detail as D4.4.
Another future research direction includes molecular simulations of heterogeneous
mesopores consisting of a clay surface and a kerogen surface in the same system. Specific
systems to be studied in the kaolinite pores and the new hybrid pores include water based
fracturing fluids containing NORMs such as CsCl, SrCl2 and RaCl2 in addition to methanol or
citric acid.

PU

Page 64 of 72

Version 2.0

Deliverables D4.2 & D4.3

5.

Publications resulting from the work described



S.B. Badmos, A. Striolo, D.R. Cole, Aqueous Hydrogen Sulphide in Slit-Shaped Silica NanoPores: Confinement Effects on Solubility, Structural and Dynamical Properties, J. Physical
Chemistry C 122 (2018) 14744-14755.



T.T. Le, A. Striolo, S. Gautham, D.R. Cole, Propane-Water Mixtures Confined within
Cylindrical Silica Nano-Pores: Structural and Dynamical Properties Probed by Molecular
Dynamics, Langmuir 33 (2017) 11310-11320.



E. Rezlerová, A. Zukal, J. Čejka, F. R. Siperstein, J. K. Brennan, J. K., M. Lísal Adsorption
and Diffusion of C1 to C4 Alkanes in Dual-Porosity Zeolites by Molecular Simulations.
Langmuir 33, 11126.



F. Moučka, M. Svoboda, M. Lísal (2017) Equilibrium partitioning of salt and water
between the bulk phase and clay pores; ICPF; Phys. Chem. Chem. Phys. 19, 16586.



M. Svoboda, M. Lísal (2018) Thermodynamics, structure and dynamics of concentrated
aqueous salt solutions in clay pores. J. Chem. Phys. 148, 222806



F. Moučka, J. Kolafa, M. Lísal, W. R. Smith (2018) Chemical potentials of alkaline earth
metal halide aqueous electrolytes and solubility of their hydrates by molecular
simulation: Application to CaCl2, antarcticite, and sinjariteJ. Chem. Phys. 148, 222832.



Vasileiadis M., Peristeras L.D., Papavasileiou K.D., Economou I.G. (2018) “Transport
properties of shale gas in relation to kerogen porosity”, Journal of Physical Chemistry C,
122, 6166-6177.



Papavasileiou K.D., Michalis V.K., Peristeras L.D., Vasileiadis M., Striolo A., & Economou
I.G. (2018) “Molecular dynamics study of water-based fracturing fluids in kaolinite slit
pores”, Journal of Physical Chemistry C, accepted.



A. Phan, D.E. Cole, G. Weiss, J. Dzubiella, A. Striolo, Confined Water Determines
Transport Properties of Guest Molecules in Narrow Pores, ACS Nano 10 (2016) 76467656.



M. Svoboda, F. Moučka, M. Lísal (2018) Effect of salt on the clay swelling. J. Molec. Liq.
submitted, 2018.



Ngouana-Wakou B.F., Kalinichev A.G. (2018a) “The effect of structural arrangements of
isomorphic substitutions in smectites: Molecular simulation of the swelling properties,
interlayer structure, and dynamics of hydrated homoionic Li-, Na-, K-, and Rbmontmorillonites”, in preparation for The Journal of Physical Chemistry C.



Ngouana-Wakou B.F., Kalinichev A.G. (2018b) “Molecular dynamics study of Mg-, Ca-, Sr, Ba-, Ni-, and UO2- montmorillonites: The effect of structural arrangements of
isomorphic substitutions in smectites on clay swelling and on the adsorption and
diffusion of interlayer species”, in preparation for The Journal of Physical Chemistry C.



Ngouana-Wakou B.F., Kalinichev A.G. (2018c) “Molecular dynamics study of the
adsorption and diffusion of Na+, Cs+, Ca2+, Sr2+, Ba2+, Ni2+, and UO22+ ions on a hydrated
montmorillonite clay surface”, in preparation for The Journal of Physical Chemistry C.



Pouvreau M., Greathouse J.A., Cygan R.T., Kalinichev A.G. (2018) “Structure of hydrated
kaolinite edge surfaces: DFT results and further development of the ClayFF classical

PU

Page 65 of 72

Version 2.0

Deliverables D4.2 & D4.3

force field with Metal-O-H angle bending terms”, in preparation for The Journal of
Physical Chemistry C.


PU

A. Striolo and D.R. Cole, Understanding Shale Gas: Recent Progress and Remaining
Challenges, Energy and Fuels 31 (2017) 10300-10310.

Page 66 of 72

Version 2.0

Deliverables D4.2 & D4.3

6.

Bibliographical references

Abraham M. J., Murtola T., Schulz R., Páll S., Smith J. C., Hess B., Lindahl E. GROMACS: High
performance molecular simulations through multi-level parallelism from laptops to
supercomputers, SoftwareX 1 (2015) pp. 19-25.
Aimoli C.G., E.J. Maginn, C.R.A. Abreu, Force field comparison and thermodynamic property
calculation of supercritical CO2 and CH4 using molecular dynamics simulations, Fluid
Phase Equilibria. 2014, 368, 80–90.
Babarao R., Z. Hu, J. Jiang, S. Chempath, S.I. Sandler, Storage and Separation of CO 2 and CH
4 in Silicalite, C 168 Schwarzite, and IRMOF-1: A Comparative Study from Monte Carlo
Simulation, Langmuir 2007,23, 659–666.
Badmos S.B., Striolo A., Cole D.R., Aqueous Hydrogen Sulphide in Slit-Shaped Silica NanoPores: Confinement Effects on Solubility, Structural and Dynamical Properties, J.
Physical Chemistry C, 2018, 122, 14744-14755.
Baerlocher C., L. McCusker, and D. Olson, Atlas of Zeolite Framework Types, Amsterdam:
Elsevier, The Netherlands, 2007.
Bayly C.I., P. Cieplak, W. Cornell, P.A. Kollman, A well-behaved electrostatic potential based
method using charge restraints for deriving atomic charges: the RESP model, J. Phys.
Chem. 1993, 97, 10269–10280.
Becke, A. D. Density‐Functional Thermochemistry. Iii. The Role of Exact Exchange. J. Chem.
Phys. 1993, 98, 5648-5652.
Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R. Molecular
Dynamics with Coupling to an External Bath. J. Chem. Phys. 1984, 81, 3684-3690.
Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The Missing Term in Effective Pair
Potentials. J. Phys. Chem. 1987, 91, 6269-6271.
Besler, B. H.; Merz, K. M.; Kollman, P. A. Atomic Charges Derived from Semiempirical
Methods. J. Comput. Chem. 1990, 11, 431-439.
Bish, D. L. Rietveld Refinement of the Kaolinite Structure at 1.5 K. Clay Clay Miner 1993, 41,
738-744.
Case, D. A.; Darden, T. A.; Cheatham, T. E. I.; et al. Amber12, University of California: San
Francisco, 2012.
Churakov, S.V. Mobility of Na and Cs on Montmorillonite Surface under Partially Saturated
Conditions. Environ. Sci. Technol. 2013, 47, 9816–9823
Cygan, R. T.; Liang, J. J.; Kalinichev, A. G. Molecular Models of Hydroxide, Oxyhydroxide, and
Clay Phases and the Development of a General Force Field. J Phys Chem B 2004, 108,
1255-1266.
Cygan, J.A. Greathouse, H. Heinz, A.G. Kalinichev, Molecular models and simulations of
layered materials, J. Mater. Chem. 2009, 19, 2470.
Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N⋅Log(N) Method for Ewald Sums
in Large Systems. J. Chem. Phys. 1993, 98, 10089-10092.

PU

Page 67 of 72

Version 2.0

Deliverables D4.2 & D4.3

Denney D., Thirty years of gas-shale fracturing: What have we learned? J. Pet. Technol. 2010,
62, 88–90.
Ehlinger V.M., K.J. Gabriel, M.M.B. Noureldin, M.M. El-Halwagi, Process Design and
Integration of Shale Gas to Methanol, ACS Sustain. Chem. Eng. 2014, 2, 30–37.
Frenkel D., B. Smit, Understanding molecular simulation: from algorithms to applications,
2nd ed, Academic Press, San Diego, 2002.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; et al. Gaussian 09, Gaussian, Inc.: Wallingford, CT,
USA, 2009.
Frohlich C., M. Brunt, Two-year survey of earthquakes and injection/production wells in the
Eagle Ford Shale, Texas, prior to the MW4.8 20 October 2011 earthquake, Earth Planet.
Sci. Lett. 2013, 379, 56–63.
Hehre, W. J.; Ditchfield, R.; Pople, J. A. Self—Consistent Molecular Orbital Methods. Xii.
Further Extensions of Gaussian—Type Basis Sets for Use in Molecular Orbital Studies of
Organic Molecules. J. Chem. Phys. 1972, 56, 2257-2261.
Hess B., Kutzner C., van der Spoel D., Lindahl E. GROMACS 4: Algorithms for highly efficient,
load-balanced, and scalable molecular simulation, J. Chem. Theory Comput. 2008 4, 435447.
Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M. Lincs: A Linear Constraint Solver
for Molecular Simulations. J. Chem. Theory Comput. 1997, 18, 1463-1472.
Holmboe, M., Bourg, I.C. Molecular Dynamics Simulations of Water and Sodium Diffusion in
Smectite Interlayer Nanopores as a Function of Pore Size and Temperature. J. Phys.
Chem. C 2014, 118, 1001–1013.
Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space Distributions. Phys. Rev. A
1985, 31, 1695-1697.
Jakobtorweihen S., M.G. Verbeek, C.P. Lowe, F.J. Keil, B. Smit, Understanding the loading
dependence of self-diffusion in carbon nanotubes, Phys. Rev. Lett. 2005, 95, 44501/1-4.
Jensen C. R. C., N. A. Seaton, An Isotherm Equation for Adsorption to High Pressures in
Microporous Adsorbents. Langmuir 1996, 12, 2866.
Joung I. S. and T. E. Cheatham III, Determination of Alkali and Halide Monovalent Ion
Parameters for Use in Explicitly Solvated Biomolecular Simulations. J. Phys. Chem. B
2008, 112, 9020.
Joung I. S. and T. E. Cheatham III, Molecular Dynamics Simulations of the Dynamic and
Energetic Properties of Alkali and Halide Ions Using Water-Model-Specific Ion
Parameters. J. Phys. Chem. B 2009, 113, 13279.
Karnkowski P.H., L. Pikulski, T. Wolnowski, Petroleum geology of the Polish part of the Baltic
region - an overview, Geol. Q. 2010, 54, 143–158.
Karger J. and D. M. Ruthven, Diffusion in Zeolites and Other Microporous Solids, John Wiley
& Sons: New York, NY, 1992.
Kelemen S.R., M. Afeworki, M.L. Gorbaty, M. Sansone, P.J. Kwiatek, C.C. Walters, H. Freund,
M. Siskin, A.E. Bence, D.J. Curry, M. Solum, R.J. Pugmire, M. Vandenbroucke, M.

PU

Page 68 of 72

Version 2.0

Deliverables D4.2 & D4.3

Leblond, F. Behar, Direct Characterization of Kerogen by X-ray and Solid-State 13 C
Nuclear Magnetic Resonance Methods, Energy Fuels 2007, 21 1548–1561.
King G.E., Hydraulic Fracturing 101: What Every Representative, Environmentalist,
Regulator, Reporter, Investor, University Researcher, Neighbor, and Engineer Should
Know About Hydraulic Fracturing Risk, J. Pet. Technol. 2012, 64, 34–42.
King G.E., D. Durham, Environmental Aspects of Hydraulic Fracturing: What Are the Facts?,
in: D.L. Drogos (Ed.), ACS Symp. Ser., American Chemical Society, Washington, DC, 2015:
pp. 1–44.
Kunze, J.; Burgess, I.; Nichols, R.; Buess-Herman, C.; Lipkowski, J. Electrochemical Evaluation
of Citrate Adsorption on Au(111) and the Stability of Citrate-Reduced Gold Colloids. J
Electroanal Chem 2007, 599, 147-159.
Le T., Striolo A., Cole D.R., CO2/C4H10 Mixtures Simulated in Silica Slit Pores: Relation
between Structure and Dynamics, J. Phys. Chem. C, 2015, 119, 15274-15284.
Le T., Striolo A., Gautham S., Cole D.R., Propane-Water Mixtures Confined within Cylindrical
Silica Nano-Pores: Structural and Dynamical Properties Probed by Molecular Dynamics,
Langmuir, 2017, 33, 11310-11320.
Li, P. F.; Roberts, B. P.; Chakravorty, D. K.; Merz, K. M. Rational Design of Particle Mesh
Ewald Compatible Lennard-Jones Parameters for +2 Metal Cations in Explicit Solvent. J
Chem Theory Comput 2013, 9, 2733-2748.
Li, P. F.; Song, L. F.; Merz, K. M. Systematic Parameterization of Monovalent Ions Employing
the Nonbonded Model. J Chem Theory Comput 2015, 11, 1645-1657.
Li, X.; Li, H.; Yang, G. Configuration, Anion-Specific Effects, Diffusion, and Impact on
Counterions for Adsorption of Salt Anions at the Interfaces of Clay Minerals. J Phys
Chem C 2016, 120, 14621-14630.
Loganathan, N.; Kalinichev, A. G., Quantifying the Mechanisms of Site-Specific Ion Exchange
at an Inhomogeneously Charged Surface: Case of Cs+/K+ on Hydrated Muscovite Mica.
J. Phys. Chem. C 2017, 121, 7829–7836.
Martin M.G., J.I. Siepmann, Transferable Potentials for Phase Equilibria. 1. United-Atom
Description of n-Alkanes, J. Phys. Chem. B. 1998, 102, 2569–2577.
Martin M.G., MCCCS Towhee: a tool for Monte Carlo molecular simulation, Mol. Simul.
2013, 39, 1212–1222.
McDonald I.R., NpT -ensemble Monte Carlo calculations for binary liquid mixtures, Mol.
Phys. 1972, 23, 41–58.
Moučka, F.; Svoboda, M.; Lisal, M. Modelling Aqueous Solubility of Sodium Chloride in Clays
at Thermodynamic Conditions of Hydraulic Fracturing by Molecular Simulations. Phys
Chem Chem Phys 2017, 19, 16586-16599.
Nath S.K., F.A. Escobedo, J.J. de Pablo, On the simulation of vapor–liquid equilibria for
alkanes, J. Chem. Phys. 1998, 108, 9905–9911.
Ngouana-Wakou, B. F.; Kalinichev, A. G., Structural Arrangements of Isomorphic
Substitutions in Smectites: Molecular Simulation of the Swelling Properties, Interlayer
Structure, and Dynamics of Hydrated Cs-Montmorillonite Revisited with New Clay
Models. Journal of Physical Chemistry C 2014, 118, 12758-12773.
PU

Page 69 of 72

Version 2.0

Deliverables D4.2 & D4.3

Osborn S.G., A. Vengosh, N.R. Warner, R.B. Jackson, Methane contamination of drinking
water accompanying gas-well drilling and hydraulic fracturing, Proc. Natl. Acad. Sci.
2011, 108, 8172–8176.
Páll S., Abraham M. J., Kutzner C., Hess B., Lindahl E., Tackling Exascale Software Challenges
in Molecular Dynamics Simulations with GROMACS, In S. Markidis & E. Laure (Eds.),
Solving Software Challenges for Exascale 8759 (2015) pp. 3-27.
Parrinello, M.; Rahman, A. Polymorphic Transitions in Single Crystals: A New Molecular
Dynamics Method. J. Appl. Phys. 1981, 52, 7182-7190.
Phan A., Cole D.R., Striolo A., Factors Governing the Behaviour of Aqueous Methane in
Narrow Pores, Philosophical Transactions of the Royal Society A – Mathematical
Physical and Engineering Sciences, 2016, 374, 50019.
Phan A., Cole D.R., Weiss G., Dzubiella J., Striolo A., Confined Water Determines Transport
Properties of Guest Molecules in Narrow Pores, ACS Nano, 2016, 10, 7646-7656.
Plimpton S., Fast Parallel Algorithms for Short-Range Molecular Dynamics, J. Comput. Phys.
1995, 117, 1–19.
Porter R., Striolo A., Mahgerefteh H., Faure-Walker J., Making the Earth Move? Addressing
the Risks of Induced Seismicity in Sub-Surface Energy Operations, WIREs Energy and
Environment (2018), in press.
Potoff J.J., Siepmann J.I., Vapor–liquid equilibria of mixtures containing alkanes, carbon
dioxide, and nitrogen, AIChE J. 2001, 47, 1676–1682.
Pouvreau M., Greathouse J.A., Cygan R.T., Kalinichev A.G. Structure of hydrated gibbsite and
brucite edge surfaces: DFT results and further development of the ClayFF classical force
field with Metal-O-H angle bending terms, J. Phys. Chem. C. 2017, 121, 14757-14771.
Pouvreau M., Greathouse J.A., Cygan R.T., Kalinichev A.G. Structure of hydrated kaolinite
edge surfaces: DFT results and further development of the ClayFF classical force field
with Metal-O-H angle bending terms, J. Phys. Chem. C. 2018, in preparation.
Pronk S., Páll S., Schulz R., Larsson P., Bjelkmar P., Apostolov R., Shirts M. R., Smith J. C.,
Kasson P. M., van der Spoel D., Hess B., Lindahl E., GROMACS 4.5: a high-throughput
and highly parallel open source molecular simulation toolkit, Bioinformatics 2013 29,
845-54.
Rezlerová E., A. Zukal, J. Čejka, F. R. Siperstein, J. K. Brennan, J. K., and M. Lísal, Adsorption
and Diffusion of C1 to C4 Alkanes in Dual-Porosity Zeolites by Molecular Simulations.
Langmuir 2017, 33, 11126.
Salomon-Ferrer, R.; Götz, A. W.; Poole, D.; Le Grand, S.; Walker, R. C. Routine Microsecond
Molecular Dynamics Simulations with Amber on Gpus. 2. Explicit Solvent Particle Mesh
Ewald. J Chem Theory Comput 2013, 9, 3878-3888.
Scienomics, MAPS Platform, 3.4.2; Paris, France, 2015. http://www.scienomics.com/
(accessed July 28, 2016).
Shah J.K., E.J. Maginn, Monte Carlo Simulations of Gas Solubility in the Ionic Liquid 1- n Butyl-3-methylimidazolium Hexafluorophosphate, J. Phys. Chem. B. 2005, 109, 10395–
10405.

PU

Page 70 of 72

Version 2.0

Deliverables D4.2 & D4.3

Shah J.K., E. Marin-Rimoldi, R.G. Mullen, B.P. Keene, S. Khan, A.S. Paluch, N. Rai, L.L.
Romanielo, T.W. Rosch, B. Yoo, E.J. Maginn, Cassandra: An open source Monte Carlo
package for molecular simulation, J. Comput. Chem. 2017, 38, 1727–1739.
Shapley T.V., M. Molinari, R. Zhu, S.C. Parker, Atomistic Modeling of the Sorption Free
Energy of Dioxins at Clay–Water Interfaces. J. Phys. Chem. C. 2013, 117 24975–24984.
Sheng S., J. Fu, B.M. Wong, J. Wu, Solvation Structure of Surface-Supported Amine
Fragments: A Molecular Dynamics Study. J. Phys. Chem. C. 2017, 121 22156–22163.
Singh, U. C.; Kollman, P. A. An Approach to Computing Electrostatic Charges for Molecules. J.
Comput. Chem. 1984, 5, 129-145.
Smith, F. T. Atomic Distortion and the Combining Rule for Repulsive Potentials. Phys. Rev. A
1972, 5, 1708-1713.
Sovacool B.K., Cornucopia or curse? Reviewing the costs and benefits of shale gas hydraulic
fracturing (fracking), Renew. Sustain. Energy Rev. 2014, 37, 249–264.
Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab Initio Calculation of
Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force
Fields. J. Phys. Chem. 1994, 98, 11623-11627.
Szczerba M., Kalinichev A.G. Intercalation of Ethylene Glycol in Smectites: Several Molecular
Simulation Models Verified by X-ray Diffraction Data. Clays Clay Miner 2016, 64, 488–
502.
Ungerer P., J. Collell, M. Yiannourakou, Molecular Modeling of the Volumetric and
Thermodynamic Properties of Kerogen: Influence of Organic Type and Maturity, Energy
Fuels 2015, 29, 91–105.
Vasconcelos, I. F.; Bunker, B. A.; Cygan, R. T. Molecular Dynamics Modeling of Ion
Adsorption to the Basal Surfaces of Kaolinite. J Phys Chem C 2007, 111, 6753-6762.
Vasileiadis M., L.D. Peristeras, K.D. Papavasileiou, I.G. Economou, Modeling of Bulk Kerogen
Porosity: Methods for Control and Characterization, Energy Fuels 2017, 31 6004–6018.
Vega, C.; de Miguel, E. Surface Tension of the Most Popular Models of Water by Using the
Test-Area Simulation Method. J. Chem. Phys. 2007, 126, 154707.
Vujic B., A. P. Lyubartsev, Transferable force-field for modelling of CO2, N2, O2 and Ar in all
silica and Na+ exchanged zeolites. Modelling Simul. Mater. Sci. Eng. 2016, 24, 045002.
Wang J., R.M. Wolf, J.W. Caldwell, P.A. Kollman, D.A. Case, Development and testing of a
general AMBER force field, J Comput Chem. 2004, 25, 1157–1174.
Wennberg, C. L.; Murtola, T.; Hess, B.; Lindahl, E. Lennard-Jones Lattice Summation in
Bilayer Simulations Has Critical Effects on Surface Tension and Lipid Properties. J. Chem.
Theory Comput. 2013, 9, 3527-3537.
Widom B., Some Topics in the Theory of Fluids, J. Chem. Phys. 1963, 39 2808–2812.
Yang Q., C. Zhong, Molecular Simulation of Carbon Dioxide/Methane/Hydrogen Mixture
Adsorption in Metal−Organic Frameworks, J. Phys. Chem. B. 2006, 110, 17776–17783.
Yethiraj, A.; Striolo, A., Fracking: What Can Physical Chemistry Offer? Journal of Physical
Chemistry Letters 2013, 4, 687-690.
PU

Page 71 of 72

Version 2.0

Deliverables D4.2 & D4.3

Zhang, L. H.; Lu, X. C.; Liu, X. D.; Yang, K.; Zhou, H. Q. Surface Wettability of Basal Surfaces of
Clay Minerals: Insights from Molecular Dynamics Simulation. Energ Fuel 2016, 30, 149160.
Zhang, C.; Liu, X.; Lu, X.; He, M.; Jan Meijer, E.; Wang, R. Surface complexation of heavy
metal cations on clay edges: insights from first principles molecular dynamics simulation
of Ni(II). Geochim. Cosmochim. Acta 2017, 203, 54-68.
Zhang, C.; Liu, X.; Lu, X.; He, M. Complexation of heavy metal cations on clay edges at
elevated temperatures. Chemical Geology 2018, 479, 36-46.

PU

Page 72 of 72

Version 2.0

