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Scaled H values

In roguse slit pore models, porosity is generated by lifting the top boundary of the sim-
ulation cell by H. This distance is defined as the pore height and a scaled value of H was
determined for each individual solid to yield consistent accessible pore volume. Table 1 shows
those parameters in detail. Calculations were performed with ”Pore Blazer” packages® using

methane molecules as probes.

Table 1: Summary of pre-scaled accessible volume, scaled pore height H and post-scaled
accessible volume of different rugose pores. The pre-scaled V4 assumes a unscaled H =
3nm. The dimension of the simulation cells are 9.45nm (length), 6.06nm (width) and H nm
(Height).

Accessible volume and scaled H

Rugosity Parameters

Levels | Pre V4 / nm® Scaled H/nm Post V4 / nm® System Height x / nm
0 91.82 3.000 91.82 6.06

0.025 91.85 3.003 91.71 6.06

0.05 91.82 3.000 91.49 6.06

0.1 90.59 3.035 91.73 6.09

0.2 87.26 3.165 91.33 6.22

0.3 83.28 3.325 91.23 6.38

0.4 78.84 3.403 90.71 6.46

0.5 75.14 3.439 90.69 6.60

Figure 1: An illustration to distinguish between the pore height definition of choice (H)
to other definitions such as: center-to-center distance between adsorbed molecules (hl) or
center-to-center distance between solid atoms in opposing surfaces (h2).



Mie potential

Inter-molecular interaction between particle ¢ and j are modelled by the Mie potential,
Equation (1), where ¢;; is the energy scale (depth of the potential well that determines the
attractive strength), o;; is the length scale, corresponding to the average distance between
the centres of mass of 7 and j where the potential energy is zero, and );; is a softness
parameter, which determines the repulsive strength and the range of interaction. C is a
pre-factor which can be expressed as a function of A;;.
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The cross-term interaction parameters can be derived from self-term parameters using

the Lafitte et al.? combination rules.
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Methane is modelled as single sphere molecule and carbon dioxide as double tangent spheres

molecules.



NEMD methods

e GRMD

The simulation of transport through porous media is intuitively performed through
non-equilibrium molecular dynamics (NEMD).? The most simple form of NEMD is
gradient relaxation molecular dynamics (GRMD). It is a transient method that works
by setting up a non-equilibrium condition and observing the relaxation.* This method

is conceptually straightforward but tends to have poor statistical reliability.

e DCV-GCMD

In the Dual-Control Volume Grand Carnonical Molecular Dynamics simulation, par-
ticles are periodically rebalanced in the system to maintain a chemical potential dif-
ference.®% The drawback of this method revolves around the synthetic nature of the

dynamics and the difficulties in inserting particles at high densities.”

e EF-NEMD

An option that solves those problems is the external field-driven molecular simulation
(EF-NEMD).® This method applies a weak force on all fluid particles and drives the
system out of equilibrium by accelerating fluids in a specific direction analogous to a
gravity-driven flow.? With small perturbation, a constant flux is formed at a steady

state. 10



Comparison between solids with the same rugosity

Due to the stochastic pore-generating method, a certain rugosity level can manifest in dif-
ferent forms (or realisations) of pore structures. Those differences can lead to different
transport behaviour and it is important to evaluate their effect. Figure 2 shows the CHy
transport diffusivity under 20 realisations of rugosity levels at different densities. BD-NEMD
is run with a single acceleration F = 0.04 nm ps~2 and transport diffusivity is obtained by

estimating the 3 of a linear regression model through the origin.!!
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Figure 2: CHy4 transport diffusivity measured under different realisation of solid with rugosity
level R = 0.1 (left) and R = 0.5 (right). T = 298K.



Truncated solid self-interaction

EF-NEMD and BD-NEMD simulations are run in the NVT,, ensemble where temperature
coupling was applied to the wall particles only. Carbon solids are allowed to vibrate to
thermostat the fluid indirectly.!? However, when modelling carbon as individual vibrating
atoms, the simulation breaks down from the strong force between carbon under the regular
Mie potential. Here, the Mie potentential of the solid interaction is truncated at r=0.38nm
to eliminate the strong force. Another possible but less effective solution contains truncation

at r=0.34 nm where the potential is zero.
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Figure 3: Regular Mie potential of solid interaction (Black) and truncated Mie potential
(Red). The truncated potential is used in NEMD simulations and the regular potential is
used in EMD simulations.



BET parameters

Pure CH, and COs are equilibrated with both smooth and rugose pores to assess how rugosity
affects adsorption. Simulations are run from the dilute limit to a high-pressure (density)
region. After the fluid is introduced in the cell, equilibrium molecular dynamics were run
for 2 million steps with a step size of 2 fs. Temperature coupling is applied to maintain the
fluid at 298 K using v-rescale thermostat. Table 2 shows the fitted BET parameters of the
isotherms.

Table 2: BET parameters for adsorption isotherms modelling.

Cases BET Parameters
Fluid R M k, kg
CHy O 16.4 170.8 0.375
CH; 03] 12.0 28.0 0.340
CH; 0.51]13.977 689 0.3576
CO; O 16.4 170.8 0.375
COy, 03] 120 28.0  0.340
CO, 0.51]13.977 689 0.3576
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Figure 4: CHy (left) and COs (right) adsorption isotherms at three different rugosity level
in slit pores, simulation data (symbol) are fitted using the BET model (dashed lines). T =
298K.

Velocity heatmap from Infinite Pore EF-NEMD

To understand the effect of rugosity on fluid, . The simulation cell only contains the confined
fluid and the solid without bulk fluids. An external force of 0.04 nm ps~2 is applied to
CH,4 molecules and the averaged fluid velocity in the z-direction (along the pore length) is
presented in Figure 5. It can be seen that the uniform fluid velocity that is iconic to smooth

pores is significantly disrupted by rugosity.
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Figure 5: CHy velocity distribution in roguse slit pores of rugosity R = 0 (left) and R = 0.5
(right). Velocity is averaged over the course of the simulation. T = 298 K



Coronene Fragment model pore size distribution

The Coronene Fragment model’s pore size distribution is assessed using the PoreBlazer!

package with CHy as the probe. This distribution is averaged over 20 realizations of the pore

structure. As the value of N increases, the pore size demonstrates reduced variability and a

lower mean.
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Figure 6: Pore size distribution of the Coronene Fragment model at different solid density.
The distribution is evaluated using PoreBlazer package and CHy as probe. The distribution
is averaged over 20 realisation of the pore structure.




Temperature distribution in BD-NEMD

The thermostats in our simulation are exclusively applied to the solid components of the
system. After reaching steady state in BD-NEMD, we examined the temperature distribu-
tion within the fluid phaset o ensure that there is no temperature effects on gas transport.
Here we demonstrate the temperature distribution of CH; and COs in three different solids.

Temperature is averaged between 20 simulations.
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Figure 7: The temperature distributions of CH,; and CO, were investigated within three
distinct solid phases. P = 100 bar, and thermostats were set at 298 K in the course of these
simulations. The simulations utilized an equal molar mixture, and the resulting temperature
profiles were averaged over 20 independent simulation runs.
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Converting density to pressure

The following graph is provided for readers interested in converting density units from this

report to pressure. The density-pressure relationship is computed from SAFT-VR Mie EoS.
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Figure 8: Pressure-density plot for pure CH; and COs. The density-pressure relationship is
computed using the SAFT-VR Mie Equation of State (EoS). T = 298 K.

Global density of CH,; and CO, mixture

Table 3: Global density of CH; and COy mixture at 100 bar and 500 bar.calculated using a
Python implementation of the gSAFT package!® and SGTpy.!*

Molar composition

Mixture density kg / m?

XcoHa Xcoo P =100 bar P = 500 bar
0.9 0.1 92.0 324.2
0.8 0.2 110.0 381.1
0.7 0.3 130.4 441.8
0.6 0.4 154.2 506.6
0.5 0.5 183.3 576.6
0.4 0.6 221.8 651.3
0.3 0.7 280.0 732.1
0.2 0.8 389.1 818.7
0.1 0.9 597.5 911.2
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Adsorption isotherm in Coronene Fragment Model

Adsorption isotherms for CH4 and CO, are determined at different equilibrium bulk pressures

up to 500 bar at 298K. The relationship between bulk pressure and the ratio between pp,

and p.qs in different pores are illustrated in Figure 9. Stronger adsorption is observed with

increasing fragments, and the density ratio approaches 1 under high pressure in all cases.
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Figure 9: Summary of CHy (left) and CO4 (right) adsorption isotherm in coronene fragments
pores. Adsorption is represented as a ratio between adsorbed density to bulk density. Results
obtained from a set of NVT simulations at different fluid density and porosity, T = 298 K.
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Effective path length distribution

In this study, tortuosity is measured directly using molecular dynamics. A methane probe
is placed at the pore entry and allowed to roam inside the pore. The path length upon its
exit is averaged and compared with the shortest distance. Figure 10 shows the distribution
of the effective path length gathered from repeated simulations. It can be seen that a larger

variance in path sampling is associated with the denser pore.
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Figure 10: The effective path length L.;; of methane molecule in N=10 (left) Coronene
fragment pore and N=100 (right) Coronene fragment pore. The red line represents the
mean whose ratio with the pore length is defined as tortuosity.
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