
UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP

REPOSITÓRIO DA PRODUÇÃO CIENTIFICA E INTELECTUAL DA UNICAMP

Versão do arquivo anexado / Version of attached file:

Versão do Editor / Published Version

Mais informações no site da editora / Further information on publisher's website:

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4057958

DOI: 10.2139/ssrn.4057958

Direitos autorais / Publisher's copyright statement:

©2022 by Elsevier. All rights reserved.

DIRETORIA DE TRATAMENTO DA INFORMAÇÃO

Cidade Universitária Zeferino Vaz Barão Geraldo
CEP 13083-970 – Campinas SP

Fone: (19) 3521-6493

http://www.repositorio.unicamp.br

http://www.repositorio.unicamp.br/


Diffusion of fluids confined in carbonate minerals: a1

molecular dynamics simulation study for carbon dioxide2

and methane-ethane mixture within calcite3
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Abstract10

The ability to calculate how different compounds diffuse within microporous structures11

is paramount for a number of applications in the oil & gas sector, from oil exploration12

to separation, and even for the design of Carbon Capture, Utilization, and Storage13

(CCUS) processes. Molecular Dynamics simulations entail an excellent alternative14

to cases for which an experimental determination is unfeasible or extremely difficult,15

as it happens for fluids in micropores. Nonetheless, being confined within a mineral16

micropore makes the fluid spatial distribution inhomogeneous, requiring appropriate17

methods to compute the diffusion coefficients. Recently, some of us presented a new18

method for this purpose (Franco et al. J. Chem. Theory Comput., 12, 5247-5255,19

2016). In this work, we present a detailed study on how to apply such a method20

exploring fluids confined within calcite walls, which is a mineral representative of21

carbonate rocks found in several geological formations. From our results, we were22

able to map the evolution of the self-diffusion tensor components throughout the pore,23

showing the anisotropy among the components at different directions. We also show24

the influence of confinement and observe a significant effect at the center of the pore25

for small micropores (< 7.5 nm), where the density distribution is constant. This is26

an unexpected result that shows how the confinement effect is manifested even at the27

so-called “bulk-like” region at the center of the pore.28
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gas, CO230
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1. Introduction31

Diffusion coefficient is an important transport property of fluids with appli-32

cations in adsorption-based separations, membrane technologies and gas explo-33

ration, among others [1, 2, 3, 4, 5]. This transport property is a measure of34

the average displacement of a molecule from its initial position in a system, and35

can be computed from the self-diffusion of particles - molecular motion without36

the presence of a chemical potential gradient or external forces [6, 7, 8]. It is37

well-known that confinement affects fluid properties, including diffusion. The38

determination of this transport property for fluids within microporous structures39

has a great impact in a number of applications to the oil & gas sector, from ex-40

ploration to separation, and even to the design of Carbon Capture, Utilization,41

and Storage (CCUS) processes [9, 10, 11, 12, 13].42

In the case of an inhomogeneous fluid, the diffusion coefficients depend on43

the direction in which they are measured [14]. When confined, the motion of44

particles are bounded by the confining region, with different diffusion coeffi-45

cients in different regions [15]. The equilibrium spatial distribution of particles46

is nonuniform, hence methods derived from the traditional diffusion equation47

neglecting density spatial variations are unsuitable.48

For the cases where the confining space is small enough to affect fluid particle49

distribution, we have to take into account the interaction of the particles with50

the walls. This interactions affects not only diffusion, but properties of con-51

fined fluids at equilibrium [16, 17, 18] and at non-equilibrium conditions [19].52

Although at the center of the pore there might be a region with “bulk-like”53

behavior, near the surface, a density peak with huge influence of the confining54

material and a couple of extra layers that are still under strong influence of the55

walls regarding fluid transport emerge [5]. Isolating different contributions to56

molecular diffusion experimentally can be very difficult, especially when com-57
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plex systems and extreme conditions are involved. Moreover, challenges also58

emerge in the theoretical predictions of the properties as a result of the lack59

of knowledge on the confinement effects. Classical Molecular Dynamics (MD)60

simulations entail a set of numerical techniques that enable a deeper assessment61

of these systems by studying their dynamical behavior with atomistic resolu-62

tion, simulating the time evolution of molecules from classical models of their63

interactions [20].64

A system where the diffusion under confinement shows interesting behavior65

is n-alkanes and CO2 confined within calcite micropores. This environment is66

present in shale and tight reservoirs, since calcite is the most stable polymorph67

of carbonate rocks - the major component of natural gas reservoirs in the Middle68

East [21], and other regions [22, 23, 24]. The knowledge of properties of fluids69

confined within this mineral is important for reducing carbon footprint of oil70

and gas industry and enhance oil recovery [25, 26, 27, 28, 29]. Using molecular71

simulation, Franco et al. [30] showed that, near surface of the calcite mineral,72

an anisotropy among the parallel components of the self-diffusion tensor due73

to the structure of the calcite mineral is found. The presence of void spaces74

in the mineral surface allows particles to diffuse faster at one of the parallel75

directions than the other. This behavior was observed for pure CH4, pure C2H6,76

pure N2, pure CO2, and CH4/C2H6 binary mixtures [30, 31, 32]. Santos et al.77

[33] studied the interaction of aqueous electrolyte solutions with calcite walls,78

focusing on enhancing oil and gas recovery processes using water flooding. They79

reported wettability changes for the calcite and influence of confinement on the80

ionic conductivity. The impact of enhanced gas recovery technologies was also81

approached by other authors [34, 35], evaluating the effect of CO2 and H2O on82

shale gas within calcite micropores.83

Calcite is also present in many geological formations considered as potential84
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candidates for geological carbon sequestration, that is, long-term storage of85

carbon-dioxide in deep saline aquifers [36]. Interaction of CO2 with mineral86

phases is crucial to estimate storage capacity and to determine potential leakage87

to the surface [37]. Striolo and co-workers evaluated by molecular simulations88

the contact angle of CO2 with the calcite wall to see the effect of the wettability89

[38] and the presence of impurities such as ethanol [39]. Due to its importance90

to the energy sector and to a more sustainable future, adsorption and diffusion91

properties of CO2 confined within calcite pores have been studied by several92

authors [40, 41, 42, 43].93

Modeling diffusion and understanding the confinement effects on it is crucial94

to describe diffusion-driven or limited processes. In this work, we take a deeper95

look at the calculation of self-diffusion for confined systems (slit-pore) from MD96

simulation data. We compute the self-diffusion profile throughout the pore, the97

confinement effect at the central region of the pore, and explore the application98

of the method to systems within calcite micropores.99

2. Simulation details100

We simulated two systems confined between two parallel plates of calcite: (i)101

equimolar binary mixture of methane and ethane and (ii) pure CO2. The calcite102

plane considered was {1014} orthogonal to the z direction with xyz dimensions103

of 4.990 nm x 4.856 nm x 1.212 nm. The pore size was fixed as H = 3.5 nm104

along the z axis, unless otherwise specified. All systems were simulated at 375105

K and had overall density of 250 kg·m-3. At these conditions, CH4, C2H6, and106

CO2 are at a supercritical state when unconfined.107

Classical MD simulations were performed with GROMACS 5.0.2 [44], using108

the Leap-Frog algorithm with a time step of 2 fs for the numerical integration109

of the equations of motion. A velocity-rescale thermostat [45] with relaxation110
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time τT = 1.0 ps was used to control the temperature of the system. We applied111

periodic boundary conditions to all directions, without tail corrections due to112

the inhomogeneity of the systems [46, 47].113

Each system was equilibrated in the canonical ensemble for 20 ns followed114

by 50 ns of production time in the same ensemble. Positions and velocities were115

stored every 0.2 ps. The final trajectory was divided in 5 blocks of 10 ns each116

to calculate the standard deviations of self-diffusion coefficients.117

2.1. Finite-size effect corrections for bulk diffusion coefficients118

For comparison, simulations of unconfined fluids were performed. In those119

cases, finite-size effect corrections, due to the spurious hydrodynamics induced120

by the periodic boundary conditions, were applied to the diffusion coefficients121

using Yeh and Hummer [48] method. These corrections require the medium122

viscosity, and simulations of bulk fluids to calculate this property were performed123

with LAMMPS [49, 50] using the Velocity-Verlet algorithm with a time step of 2124

fs. Equilibration and production phases were executed at the canonical ensemble125

for 20 ns and 10 ns respectively. The Nosé-Hoover thermostat implemented by126

Shinoda et al. [51] was used with damping parameter of 1 ps. Viscosity was127

obtained with the Green-Kubo approach [52, 53] considering the time integral128

of the stress auto correlation function, with correlation length of 1.5 ps and129

sample interval at every simulation time step.130

2.2. Force Fields131

To model CH4 and C2H6, we used the the Transferable Potential for Phase132

Equilibria (TraPPE) force field developed by Martin and Siepmann [54]. Unlike133

fully atomistic representations, such as the OPLS-AA force field from Damm134

et al. [55], TraPPE force field implicitly accounts for hydrogen atoms by using a135

United-Atom approach. United-Atom representation of molecular fluids reduces136
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substantially the computing time without loss of accuracy in the calculations of137

physical properties. TraPPE force field was also applied for CO2 [56], describing138

carbon dioxide as a rigid three-site model. This is a well established force field139

that accurately predicts equilibrium and transport properties of hydrocarbons140

and CO2, as is shown by Aimoli and co-workers [57, 58, 59].141

Calcite mineral interactions were described by the force field proposed by142

Xiao et al. [60]. This force field is one of the many descriptions of calcite143

minerals, among force fields proposed by Pavese et al. [61] and Raiteri et al. [62],144

for example. The force field of Xiao et al. [60] captures the elastic properties145

of the calcite mineral, is transferable for similar minerals, such as aragonite,146

and was developed based on the Lennard-Jones potential, which is the same147

potential used for TraPPE force field. We set a cutoff radius of 1.0 nm for148

non-bonded interactions. The electrostatic interactions were computed using149

the Particle Mesh Ewald method [63]. Cross potential parameters for fluid-wall150

interactions were computed from geometrical combining rules.151

3. Self-diffusion under confinement152

In the case of an inhomogeneous fluid, methods to calculate the components153

of the self-diffusion tensor considering the break of symmetry due to the confin-154

ing walls should be employed. Instead of Fick’s phenomenological equation, a155

more suitable approach would be methods based on the Smoluchowski equation156

(Eq. 1). This equation describes the time evolution of a particle’s density and is157

a generalization of the diffusion equation for the case where there is an external158

force acting on the particles [64, 65]:159

∂p(r, t)

∂t
= ∇ ·De−βW (r) ·∇

[
eβW (r)p(r, t)

]
, (1)
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where p(r, t) is the probability density function, r the position vector, D the160

diffusion tensor, β = 1/(kBT ) (kB being the Boltzmann constant, and T the161

absolute temperature), and W (r) is the potential of the mean force related to162

the density profile.163

At a confined environment, there is a nonuniform particle distribution lead-164

ing to different diffusion at different regions. For fluids confined within a slit pore165

geometry, we calculate the position-dependent components of the self-diffusion166

coefficient parallel to the walls following the method of Liu et al. [15]:167

D|| = lim
t→+∞

〈
∆r2(t)

〉
Ω

2tP (t)
, (2)

where 〈∆r2(t)〉Ω is the mean square displacement of the centers of mass for168

the particles inside the evaluated region, and the survival probability, P (t), is169

calculated as the ratio between the number of centers of mass that remain in170

the layer Ω between t0 and t, N(t0, t0 + t), and the number of centers of mass171

within layer Ω at t0, N(t0), considering multiple time origins:172

P (t) =
1

τ

τ−1∑
t0=0

N(t0, t0 + t)

N(t0)
, (3)

with τ being the number of time steps required for all the initial particles to173

leave the layer. Eqs. 2 and 3 require the particle to be in the layer for the whole174

time between t0 and t0 + t, and so they are functions of the whole history of175

this time interval and not just of the values at t0 and t0 + t [15]. Computing176

these quantities, one gets profiles such as the ones illustrated in Fig. 1.177

The mean square displacement for the particles that remain within the de-178

fined layer looks clearly different from the usual linear plots obtained for un-179

bounded bulk fluids using Einstein’s method. The average value for molecular180

motion tends to drop as particles leave the layer. Once the survival probability181
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Figure 1: Mean square displacement (left) and survival probability (right) of particles of
a confined fluid at a high density region near the walls. Example data for pure methane
considering the motion at the direction parallel to a confining calcite slit pore.
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Figure 2: Mean square displacement of particles inside a layer Ω weighted by the survival
probability of the particles inside such layer, allowing linear regression to calculate the self-
diffusion coefficient.

is taken into account as described in Eq. 2, one gets a relation that exhibits a182

linear regression from which one can compute the self-diffusion coefficient (Fig.183

2).184

3.1. Perpendicular direction185

For the calculation of the perpendicular component of the self-diffusion ten-186

sor, we used the methodology proposed by Franco et al. [46]:187

D⊥ =
L2

ατr
, (4)
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where L is the width of the layer Ω, α is a parameter related to the potential188

of mean force, and τr is the residence time defined as:189

τr = lim
t→+∞

t∫
0

P (t)dt. (5)

For further details on the derivation of Eq. 4, the reader is referred to the190

original publication [46].191

3.1.1. The choice of the layer Ω192

To apply the methodology of Franco et al. [46], the determination of an193

arbitrary layer Ω of width L where the potential of mean force is linear is194

required for an analytical solution of the Smoluchowski equation (Figure 3). In195

this section, we evaluate the effect the choice of the layer interval has on the196

results.197

Figure 3: Layer Ω of width L chosen based on the density profile at the direction of confine-
ment, ρ(z).

We consider the higher density peak for this analysis, for which a small198

variation of the boundary values can highly impact the average density of the199

layer and hence the self-diffusion component. As an example, Fig. 4 shows the200

density profile of pure CH4 confined within a calcite slit pore of aperture 3.5 nm201

at 375 K; highlighted, the region from 1.33 nm to 1.39 nm, corresponding to202
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the beginning of the first density peak on the left side. The local density goes203

from zero to higher than 200 kg·m−3 within this small 0.06 nm range.204

Figure 4: Density profile of pure CH4 confined within a calcite slit pore of 3.5 nm at 250
kg·m−3 and 375 K. The inset plot shows a zoom view of the beginning of the first high
density peak.

Now, we analyse how the parameters for the perpendicular component of205

the self-diffusion change depending on the region considered. By changing the206

lowest boundary value of the region (zmin) and keeping the end boundary the207

same (the top of the peak), we follow how the α parameter from Eq. 4 behaves208

and how it reflects on the value of the perpendicular self-diffusion, D⊥ (Fig. 5).209

The expression to calculate α is shown in Eq. 6.210

α−1 = 4ωL
(eωL + 1)

(eωL − 1)

+∞∑
j=0

[
(2j + 1)4π4 +

3ω2L2

4
(2j + 1)2π2 − ω4L4

4

]−1

, (6)

where ω is related to the potential of mean force (βW (r) from Eq. 1). The value211

of α was obtained considering the perpendicular self-diffusion coefficients con-212

stant within the layer [0, L], and that the initial condition to solve Smoluchowski213

equation is given by the equilibrium density distribution of the fluid within the214

pore (its full derivation can be found in the original work [46]). Different initial215

conditions correspond to different expressions for α. Recently, Heijmans et al.216

[66] have solved the Smoluchowski equation using a similar procedure, but con-217
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sidering a Dirac delta function as the initial condition, which results, at least218

numerically, in a different value of α for bulk fluids than the one expressed in219

Eq. 6.220

The layer Ω is assumed to be sufficiently small so one might consider a linear221

potential described by the relation:222

−βW (r) = ln ρ(r) = ωr + ξ, (7)

with ξ a constant independent of the position. Hence, ω is obtained by finding223

the slope of the logarithm of the density, ln ρ(r), with respect to the position r.224
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Figure 5: Impact of the initial boundary value of the region Ω on the calculation of the
perpendicular self-diffusion: triangles (4) for D⊥ and filled circles (•) for α. The values were
calculated for pure components confined within calcite slit pores of 3.5 nm at 375 K.

As we increase the lower boundary value for the layer, the value of α gets225

closer to 12. As it has been proven in the original article [46], α = 12 for226

homogeneous systems, i. e., systems with a constant density profile within227

the selected layer, considering the initial condition to solve the Smoluchowski228

equation as the equilibrium density profile. Depending on the chosen lower value229

for the boundary, we have a different D⊥. This is a direct consequence of the230

layer average density: for higher densities, we get lower diffusion coefficients, as231

can be seen in Table 1. As we increase the value of zmin, the average density of232

the selected layer increases, and hence the perpendicular self-diffusion coefficient233

decreases. The parallel components remained fairly constant with the different234
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boundary values, changing only up to 5%. Nevertheless, despite the observed235

variations, an anisotropy between D|| and D⊥ for all cases is observed, with the236

latter always having a smaller magnitude.237

Table 1: Perpendicular self-diffusion coefficient dependency on layer size and density. Data
for pure components confined within calcite slit pore. The units are: zmin (nm), L2 (nm2), ω
(nm−1), ρ± 0.01 (kg·m−3), and D⊥ ± 0.3% (m2·s−1).

zmin L2 ω ρ D⊥ × 108

Methane

1.340 0.0110 48.275 386.13 0.642
1.350 0.0090 38.363 442.34 0.320
1.360 0.0072 32.633 487.36 0.229
1.365 0.0064 30.003 512.07 0.198
1.370 0.0056 27.517 538.11 0.173
1.380 0.0042 22.754 593.24 0.133

Ethane

1.340 0.0139 46.301 439.79 1.341
1.350 0.0117 38.009 498.38 0.553
1.360 0.0096 33.092 545.08 0.386
1.365 0.0086 30.753 570.83 0.332
1.370 0.0077 28.514 598.14 0.288
1.380 0.0061 24.226 656.83 0.219

3.1.2. Extension to mixtures238

We have previously shown [32] that the anisotropic behavior is also present239

in confined binary mixtures. To apply this method to calculate self-diffusion240

coefficients of fluid mixtures, we consider each of the density profiles separately.241

This means that each component may have layers Ω of different sizes L. As we242

have shown in the above sections, the choice of layer boundaries can affect the243

results. For consistent evaluation and reliable results, we choose a layer that244

has the same physical behavior based on the density profile, i.e., containing the245

whole high density peak or in a linear density region for example, regardless246

if the boundaries values are slightly different. Figure 6 illustrates this choice247

for a confined mixture of ethane and methane. For the calculation of the per-248

pendicular diffusion component, only the first half of the high density region249

is considered to comply with the requirement of a linear potential of the mean250
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Figure 6: Choice of layers to calculate the self-diffusion tensor for mixtures: areas comprising
the high density region and areas with a constant density. Data for a confined mixture of
methane (red) and ethane (blue) within a calcite slit pore of 3.5 nm with overall density of
250 kg·m−3 and 375 K.

When dealing with multicomponent mixtures, one must account for the252

cross-interactions to consider how the components affect each other. While253

self-diffusion captures the Brownian motion of molecules, and can even be used254

to compute the viscosity of the mixture [67], correlation effects are better de-255

scribed by the calculation of the Maxwell-Stefan diffusion coefficient [68, 69, 70].256

However, the calculation of Maxwell-Stefan diffusion for confined fluids is not257

straightforward [71, 72, 73] and will not be addressed in this study.258

4. Results and discussion259

4.1. Diffusion of confined CO2260

The dynamic behavior of CO2 confined within calcite has significant poten-261

tial implications for carbon storage in geological formations [74, 75, 76, 77, 78,262

79]. CO2 has a strong interaction with this mineral, which makes the calcula-263

tion of the perpendicular self-diffusion coefficient close to the walls challenging264

when using the method of Franco et al. [46] as a consequence of the very sharp265

density profile. As previously mentioned, to apply the method, the choice of a266

layer Ω where the density profile is linear is required. For CO2-calcite systems,267
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the linear region of the potential of the mean force at the high density peak268

near the wall is too small, without sufficient centers-of-mass remaining within269

the layer long enough to calculate their self-diffusion coefficient.270
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Figure 7: Density profile for CO2 confined within calcite pore 3.5 nm wide with a global
density of 250 kg·m−3 at 375 K.

From the density profile (Fig. 7), the strong interaction between CO2 and271

calcite can be observed, with preferential adsorption on the calcium sites, as272

previously reported by some of us [25]. The strong adsorption on the calcite273

walls results in a central region with average constant density much lower than274

the global value of 250 kg·m−3.275

To assess the self-diffusion behavior, we look at this central region for slit276

pores with different distances between the surfaces. Simonnin et al. [80] reported277

that slit pores with a width/height ratio greater than 2.8 present considerable278

finite-size effects. Following their suggestion, and based on the xy width of our279

calcite mineral, we considered pore sizes from 3.5 up to 12.5 nm. Table 2 sum-280

marizes the chosen regions for each pore and gives an overview of the parameters281

for each case. The density ρbulk is the input density of the bulk simulations,282

based on the average density of the central region for the corresponding pore283

size. We have computed the self-diffusion of bulk fluids using Einstein’s method284

(based on mean square displacement) and applied finite-size effects corrections285

using Yeh and Hummer [48] method.286
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Table 2: Values of z (nm) and average density (kg·m−3) of the layer for the calculation of
the self-diffusion tensor components at the center of the pore. Self-diffusion coefficient of
unconfined fluid at local density (Dbulk), average self-diffusion coefficient at parallel direction
(D|| = (Dxx+Dyy)/2, and 1/3 of the self-diffusion tensor trace (Tr). Diffusion values are in

×108 m2·s and subjected to standard deviation up to 6%. Data for pure CO2 at 375 K.

Pore size (nm) zmin zmax ρbulk Dbulk D|| 1/3Tr
3.5 2.5 3.5 45 50.0 32.9 22.6
5.0 3.0 4.5 94 28.1 24.1 17.1
7.5 3.0 7.0 140 22.7 17.3 13.7
10.0 3.0 9.0 165 15.5 15.2 12.7
12.5 3.0 11.0 182 14.5 14.2 12.3

For confined CO2, the tensor trace and the self-diffusion coefficients at bulk287

conditions are significantly different. Nevertheless, for pores larger than 7.5288

nm, D|| corresponds to the self-diffusion coefficient of the unconfined fluid at289

the local density (Table 2), while D⊥ approaches the self-diffusion coefficient of290

the unconfined fluid at the global pore density (dashed line in Fig. 8).291
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Figure 8: Self-diffusion coefficients for pure CO2 computed at the central region with a con-
stant density for different pore sizes. Squares (�) for Dxx, circles (◦) for Dyy, triangles (4)
for D⊥, and stars (∗) for the trace of the diffusion tensor divided by three. Dashed line for
the bulk value at 250 kg·m−3 corrected for finite-size effects.

From the results shown in Fig. 8, pores smaller than 7.5 nm are still under292

high influence of the confinement effect, even at the central region with constant293

density. This shows the importance of considering the presence of the walls294

acting as an external force on the system when choosing methods to compute the295

self-diffusion coefficient of confined fluids. Moreover, since the tensor trace varies296
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with the pore width, methodologies that consider a single, effective diffusion297

coefficient independent of the pore size may lead to an inaccurate description298

of the CO2 diffusion.299

4.2. Diffusion of confined CH4-C2H6 mixture300

Another relevant system is the confined natural gas within calcite miner-301

als. CH4 is the main component of natural gas, which also contains C2H6, N2,302

and can have small amounts of heavier hydrocarbons, water, CO2, and surfur303

compounds [81]. For this study, we have simulated a mixture of the lighter hy-304

drocarbons (CH4 and C2H6), two most abundant compounds of natural gas [82],305

to illustrate the application of the method to real systems. The self-diffusion306

coefficient tensor components profile for each component in an equimolar binary307

mixture (CH4-C2H6) within a calcite micropore is shown in Fig. 9. The layer308

intervals selected to compute the coefficients are reported in Table 3.309

Table 3: Values of z (nm) used to determine the layer for the calculation of the self-diffusion
tensor components.

Layer
Methane Ethane

zmin zmax zmin zmax

1 1.35 1.65 1.35 1.70
2 1.65 2.10 1.70 2.12
3 2.10 2.45 2.12 2.45
4 2.45 2.75 2.45 2.75
5 2.75 3.25 2.75 3.25

Near the walls, an anisotropy between parallel components can be seen, with310

Dxx = 1.86 ± 0.12 and Dyy = 2.054 ± 0.098 for CH4, and Dxx = 1.358 ± 0.052311

and Dyy = 1.838± 0.025 for C2H6 (all values are in ×108 m2·s−1, same as Fig.312

9). The further the fluid is from the surface, the smaller the anisotropy. The313

confinement effect, however, still causes a difference between the parallel and314

perpendicular components even at the center of the pore. An increase in the315

self-diffusion values towards the central region of the pore is observed, with the316
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Figure 9: Evolution of the self-diffusion components throughout the pore for methane and
ethane in a equimolar binary mixture with global density of 250 kg·m−3 at 375 K. Squares
(�) for Dxx, circles (◦) for Dyy, and triangles (4) for D⊥. Dashed line for the bulk value
from MD simulations corrected for finite-size effects.

tensor trace divided by three approaching the value for the unconfined fluid317

(dashed line).318

By considering the whole region where the density is constant to evaluate319

the local diffusion, the effect of confinement decreases as the pore size increases,320

as expected. Applying the same boundary values as previously used for pure321

CO2 (Table 2), we calculate the self-diffusion coefficient tensor at the center of322

the pore for CH4-C2H6 systems (Fig. 10).323
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Figure 10: Self-diffusion coefficients of the equimolar mixture computed at the central region
with a constant density for different pore sizes. Squares (�) for Dxx, circles (◦) for Dyy,
triangles (4) for D⊥, and stars (∗) for the trace of the diffusion tensor divided by three.
Dashed line for the bulk value corrected for finite-size effects.

Locally, the anisotropy between parallel and perpendicular components is324

observed. Nevertheless, with the average density at the center of the pore close325

to the global density of 250 kg·m−3, the trace of self-diffusion tensor divided326
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by three corresponds to the value calculated through Einstein’s method for327

the unconfined fluid at 250 kg·m−3 and 375 K for all investigated pore sizes,328

as opposed to what is observed for CO2 confined within calcite minerals, as329

previously shown.330

The observed behavior for the self-diffusion coefficients at the center of the331

pore for different pore sizes was investigated by looking into the survival prob-332

ability of particles at this region (Fig. 11). The survival probability provides333

information about the probability of a particle to be found within the chosen334

layer. This must be taken into account for systems under confinement since the335

density distribution within the pore is nonuniform, hence the particle behaves336

differently depending on its position and cannot be represented by the average337

behavior at the hydrodynamic limit.338
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Figure 11: Survival probability evolution with time. For tighter pores, the particles are less
likely to stay in the same layer for too long, decreasing the accuracy of the calculated properties
when represented by an average behavior.

Our results show that for pores smaller than 7.5 nm there is a considerable339

anisotropy between parallel and perpendicular self-diffusion at the central region340

of the pore with constant density for both CO2 and CH4-C2H6 mixtures confined341

within calcite pores. Also, the behavior of confined fluids, even at the “bulk-342

like” region, is affected by the confining media and care should be taken when343

characterizing its properties by an average behavior.344
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5. Conclusions345

Molecular Dynamics was used to assess the methodology proposed by Franco346

et al. [46] to calculate the perpendicular self-diffusion coefficient by showing how347

the choice of parameters can influence the results. We suggest that the same348

layer boundary values should be considered for the calculation of D|| and D⊥ to349

correctly evaluate the results. At the center of the pore, the difference between350

the self-diffusion at x and y directions vanishes, and there is only a confinement351

effect restricting the mobility of particles at the z direction (perpendicular to352

confinement). This confinement effect decreases as the pore size is increased.353

The trace of the self-diffusion coefficient tensor remains constant for different354

pore widths for CH4-C2H6 mixtures and is related to the self-diffusion coef-355

ficient of bulk systems at the global density. For CO2 systems, the average356

parallel self-diffusion coefficient is comparable to the self-diffusion coefficient of357

the unconfined fluid at the local density at the center of the pore, which vary358

with the pore width. The perpendicular component for pores larger than 7.5359

nm tends to the value of bulk self-diffusion coefficient at the global pore density.360

This shows how fluid interaction with confining media affects its behavior even361

at the center of the pore at the region known as “bulk-like”, where the density362

profile is linear.363

Diffusion-driven processes in oil and gas industry must rely on accurate es-364

timations of transport properties to enable best performance, lower costs, and365

less environmental impact. The dynamic behavior of fluids is also crucial for366

environmental applications such as the storage of CO2 in deep saline aquifers or367

in depleted oil & gas reservoirs. Computing properties of fluids under confine-368

ment is always challenging, and we have shown that adequate methods should369

be employed when calculating the self-diffusion coefficients of fluids confined370

within tight pores.371
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