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Abstract

Monte Carlo simulation is employed to investigate the adsorption behavior of argon in nanoporous
materials with slit-shaped pores. The study focuses on understanding the phase behavior of fluids
confined in these materials, which is crucial for various applications such as gas separation, water
purification, and drug delivery. The simulations are performed at three temperatures: 65 K, 110 K,
and 160 K, with pore widths of 2 nm. Thermodynamic parameters are computed using NIST's REFPROP
program, and saturation pressures are determined for each temperature. The simulations analyze the
adsorption isotherms, mean adsorption energies, fluctuations, energy distributions, density of
adsorbed molecules, and instantaneous configurations to provide insights into the interactions between
adsorbate-adsorbate and adsorbate-adsorbent. The results reveal that the adsorption and isotherm
characteristics are influenced not only by temperature but also by the energetic strength of the
interactions. Bimodal behavior, indicating layering transitions, is prominent at low temperatures but
diminishes as the temperature increases and disappears at supercritical conditions. The study
highlights the temperature dependency of the adsorption behavior in nanoporous materials and
provides valuable insights for material design and optimization in various applications.
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1. Introduction

Nanoporous materials with slit configurations have garnered extensive attention and re-
search interest due to their potential applications in molecular adsorption processes such as
gas separation, storage, water purification, and drug delivery. The properties of these mate-
rials crucially rely on the phase behavior of fluids confined within their nanopores, as distinct
from bulk phases, owing to spatial confinement and surface interactions within the
nanodomain [1-31, To gain insights into the equilibrium properties of fluids in nanopores, Monte
Carlo (MC) simulation is a widely employed technique for adsorption studies. This method
efficiently achieves equilibrium by maintaining fixed experimental conditions while allowing
the number of molecules in the adsorbed phase to fluctuate [4-51.

This research adopts Monte Carlo (MC) simulation to investigate the adsorption character-
istics of argon within smooth-wall slit pores. The study aims to provide a comprehensive un-
derstanding of the structural and energetic aspects, including the molecular configuration and
interactions between adsorbed atoms (adsorbate-adsorbate) and between argon atoms and
the pore wall (adsorbate-adsorbent). By analyzing energy fluctuation, distribution, and the
density of adsorbed molecules as a function of the inter-wall distance (Z) at varying pressures,
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obtained from the bulk Argon phase diagram, this work seeks to elucidate the adsorption
behavior of argon in this confined system.

1.1. Monte Carlo (MC) simulation

The Monte Carlo (MC) simulation technique is widely used in adsorption processes due to
its rapid attainment of equilibrium by probing the grand-canonical ensemble. In the grand-
canonical Monte Carlo (GCMC) method, the temperature (T), volume (V), and chemical po-
tential (u) are held constant, while the number of molecules (atoms) in the adsorbed phase
fluctuates throughout the simulation 41, To achieve this, the simulation generates various
configurations through displacement, insertion, and deletion steps. The average energy dif-
ference (AE) between the old and new configurations is calculated, and each state is accepted
or rejected based on the Boltzmann-Transition probability. If AE is negative, the transition is
accepted; otherwise, it is rejected.

2. Methodology

We conducted Grand Canonical Monte Carlo (GCMC) simulations to study the adsorption of
argon in smooth, slit-shaped pores with an effective width of 2 nm. The simulations were
performed at three different temperatures: 65 K, 110 K, and 160 K. To obtain the necessary
thermodynamic parameters, we utilized NIST's REFPROP program and determined the satu-
ration pressure for each temperature. The initial configurations, including the position and
orientation of molecules, were set up for the simulations. Each GCMC simulation consisted of
20,000 steps (Monte Carlo steps per atom) and involved insertion, deletion, and displacement
transitions. Throughout the simulations, we computed the mean number of adsorbed argon
atoms and their fluctuations, as well as the molecular energies, including instantaneous, wall,
and total energies. Additionally, we analyzed the structural configurations and positions of the
adsorbed molecules within the nanoporous system.

3. Result and discussion
3.1. Adsorption isotherm

An adsorption isotherm presents a graphical representation of the relationship between
pressure (bar) and the mean adsorbed argon atoms (<N>) as depicted in Figure 1. This plot
offers valuable insights into the adsorption mechanism and the interactions that occur between
adsorbate-adsorbate and adsorbate-adsorbent. In this study, we simulated the adsorption
isotherm of argon in a slit nanoporous material (Z = 2 nm) at constant temperatures, encom-
passing a range of pressures up to the saturation point. Specifically, the simulations were
conducted at three temperatures: 65 K (ranging from 0 to 0.03 bar), 110 K (ranging from 0
to 5.5 bar), and 160 K (ranging from 0 to 90 bar). The selection of these pressures was based
on information obtained from the bulk phase diagram of argon available in the NIST Chemistry
webbook.

At low pressure and 65 K, the adsorption of argon was remarkably rapid, as observed in
Fig. 1a, displaying a stepwise isotherm. The initial rise in the number of adsorbed argon atoms
at very low pressure indicates a rapid formation of the first layer, highlighting the strong
affinity of argon for the pore walls. Subsequently, a relaxation phase follows (in a step-like
manner) until a pressure of 0.0455 bar is reached, resulting in only a few atoms being ad-
sorbed. Similarly, at 110 K (Fig. 1b), the adsorption isotherm exhibits a stepwise pattern,
indicating the completion of the first layer with a mild relaxation at 0.3 bar, followed by a
progressive increase in the number of adsorbed atoms.

The adsorption behavior observed at both 65 K and 110 K, involving the formation of the
second layer and complete pore filling, can be likened to a layer transition, resembling capillary
condensation. However, unlike the meniscus formation typically seen in slit pores, no menis-
cus is formed in the nanopore under investigation [6-8]l, This transition is characterized by a
sharp and significant increase in the amount of adsorbed molecules, resembling the behavior
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observed in traditional slit pores [°1. The presence of an inflection point in the isotherm sug-
gests that the adsorbate-adsorbate (Ar—Ar) interaction becomes stronger than the adsorbate-
absorbent (Ar—wall) interaction. Consequently, the rapid adsorption observed at 65 K and 110
K, leading to pore filling, is attributed to the prevailing strong argon—argon interactions within
the confined space.
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Figure 1. Adsorption isotherms of argon in slit pores were examined at three distinct temperatures: (a)
65K, (b) 110 K, and (c) 160 K.

At higher temperatures (160 K), the adsorption process is characterized by continuous pore
filling without evident layer formation (Fig. 3a). This behavior indicates a supercritical adsorp-
tion process since the bulk critical temperature of argon is 150.86 K. The isotherms illustrate
that the distinct vertical stepwise pattern observed at lower temperatures disappears as the
temperature increases. The isotherms evolve from type IV(b) isotherms at subcritical temper-
atures to type I(b) isotherms at supercritical temperatures, as per the IUPAC classification
(Appendix I). Consequently, at higher temperatures, the filling of the nanopore becomes more
gradual, and the formation of well-defined layers is no longer observable.

3.2. Mean adsorption energies and fluctuations

The examination of mean energy and the fluctuations in the number of adsorbed atoms,
represented by sig N and sig E, respectively, offers valuable insights into the adsorption mech-
anism within split pores. Notably, there exists a strong and significant correlation between the
energies and the fluctuation in the number of adsorbed atoms, particularly evident during the
layering transition pressure. This observation indicates the importance of understanding the
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interplay between energy fluctuations and the dynamic process of adsorption within the con-
fined nanoporous environment.

The significance of sig N (fluctuation in the number of adsorbed atoms) and sig E (fluctua-
tion in adsorption energies) becomes crucial during the formation of the second layer and the
layering transition, which is akin to capillary condensation. Notably, at low temperatures (60
K and 110 K) and specific pressures (0.005 bar and 1.15 bar), high fluctuation peaks are
observed, indicating an unstable adsorbed system just before the new layer formation. This
behavior is more pronounced during the layering transition, as reported in previous studies
and shown in Fig. 2 (a-b) [7-°1, Conversely, at a higher temperature of 160 K, the fluctuation
amplitudes either weaken or become nonexistent, as confirmed by the energy distribution
analysis shown in Fig. 2 (c). This suggests that at higher temperatures, the adsorbed system
exhibits more stability and a gradual filling without any significant layer formation.
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Figure 2. shows the correlations between the mean number of atoms and energy fluctuations (1), as
well as the mean energy interaction components (2) (wall, interaction, and total) at three different
temperatures: (a) 65 K, (b) 110 K, and (c) 160 K.
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In adsorbed systems, the total energy (Etot) is the sum of the mean intermolecular energy
(Eint) and the mean wall energy (Ewall). At temperatures of 65 K and 110 K, Eint rapidly
increased and then stabilized, while Ewall continuously decreased in response to low pressure
fluctuations. This observation supports the isotherm plot, indicating the generation of the first
layer due to increased adsorbent-adsorbent interactions. At pressures of 0.005 bar (at 65 K)
and 1.15 bar (at 110 K), Eint and Ewall intersected, demonstrating a significant increase in
Eint and a decrease in Ewall for the interaction energies. This intersection point aligns with a
notable spike in energy and fluctuations in the number of adsorbed atoms, visible as a vertical
hidden-line in Figure 2. It further confirms the occurrence of an inflection point in the isotherm,
suggesting that the adsorbate-adsorbate interaction becomes dominant over the adsorbate-
absorbent interaction at this pressure.

The average adsorption energy, Etot, exhibits an increase upon the formation of the first
layer at both 65 K and 110 K temperatures. However, as the adsorption process continues at
all three temperatures, Etot shows a gradual decline. This decline can be attributed to the
reduced contribution of Ar-wall interactions, particularly noticeable in the second layer. Con-
sequently, the temperature increase plays a significant role in altering the balance between
adsorbate-adsorbent and adsorbent-adsorbent interactions, leading to a transition in the ad-
sorption behavior. Moreover, the temperature and the strength of both atom-wall and atom-
atom interactions significantly influence the formation of adsorption steps and the process of
layering transitions.

3.3. Energy distribution and fluctuation

The examination of the immediate fluctuations in total energy (Etot), wall energy (Ewall),
and intermolecular energy (Eint) offers in-depth insights into the microscopic mechanisms
governing the formation and stability of subsequent adsorbate layers. The stability of these
layers is influenced by the interplay among various interaction components [10-111  For this
purpose, a simulation involving 20,000 bins was conducted to analyze the energy fluctuations
and distributions at pressures corresponding to layering transitions.

The overall energy of adsorption, obtained by summing the fluid-wall and fluid-fluid poten-
tial energy in systems with a fixed number of molecules, demonstrates interesting behavior.
At 65 K and 0.005 bar, a significant and abrupt decrease in energy fluctuations is observed as
the system transitions from one state to another. Furthermore, a bimodal distribution of en-
ergy fluctuations provides additional evidence of this transition and layering process. This
bimodal behavior indicates the formation of another layer, as the internal energy (Eint) in-
creases and the wall energy (Ewall) decreases, leading to a stable configuration (see Fig. 3a,
points 1-2). Consequently, the filling of additional layers within the pore is accompanied by a
slight, discontinuous rise in energy, followed by stabilization.
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Figure 3. illustrates the energy fluctuations and distributions of argon atoms during the layer transition
at a specific pressure. The instantaneous energies (Ewall, Eint, and Etot) are plotted against the simu-
lation steps (Nbin) for three different temperatures (al, b1, cl). Additionally, the total energy (Etot)
distribution is depicted for the energy fluctuations at these temperatures (a2, b2, c2).

At 110 K and 1.15 bar, the energy distribution displayed a bimodal pattern, indicating a
potential transition. However, the energy fluctuation analysis revealed that the transition oc-
curred only between approximately 8000 and 18000 bins before returning to its initial state.
This suggests that no layer formation occurred during this transition, as the intermolecular
energy (Eint) increased while the wall interaction energy (Ewall) decreased. Despite their in-
teraction, no interception was observed, and both energies returned to their initial stable av-
erage fluctuation state (Fig. 3, b1l). Conversely, at 160 K and 20 bar, no bimodal behavior was
observed, and the energy fluctuation remained stable (Fig. 3, c1). This confirms the absence
of a layering transition during argon adsorption at 160 K.

Thus, at lower temperatures, the energy fluctuation distribution distinctly exhibits bimodal
behavior, indicating structural and phase transformations. Moreover, the time taken for the
bimodal shift and state stability during argon adsorption in a slit pore is dependent on the
temperature.

3.4. Density of adsorbed molecules

The positions, density, and localization of argon within the 2 nm slit pore were determined
at temperatures of 65 K, 110 K, and 160 K, under various pressures. This information was
obtained through statistical averaging across the cross section in the Z direction, providing
valuable insights into the distribution and concentration of layers formed inside the pore.
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At lower temperatures (65 K), the distribution of adsorbed argon in slit pores reveals two
distinct, well-defined layers with higher density, indicating the formation of the first layer on
both side walls of the pore. These layers indicate stronger interaction forces between the argon
atoms and the pore wall. As the pressure increases, the density of adsorbed argon decreases,
as illustrated in Figure 4a.

At lower temperatures (65 K), the distribution of adsorbed argon in slit pores reveals two
distinct, well-defined layers with higher density, indicating the formation of the first layer on
both side walls of the pore. These layers indicate stronger interaction forces between the argon
atoms and the pore wall. As the pressure increases, the density of adsorbed argon decreases,
as illustrated in Figure 4a.
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Figure 4. illustrates the distribution of local density for argon adsorbed in slit-shaped pores as a function
of distance from the pore wall. The data is shown for four different pressure values.

As the pressure increased, the second and middle layers of argon adsorption were formed
in the nanopores. These layers exhibited a reasonably even distribution across the pore walls,
but they were less dense compared to the first layer formed at low pressure. Interestingly, at
low pressure and higher temperatures (110 K and 160 K), two high-density peaks were ob-
served at the walls of the pores, indicating the formation of the first and second layers. How-
ever, the middle layer between these two peaks exhibited a delocalized distribution even at
low pressure, indicating a more dispersed arrangement. Nevertheless, as the pressure in-
creased, the second and middle layers became more localized and well-defined within the
nanopores. This observation suggests that the interplay between pressure and temperature
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plays a crucial role in determining the distribution and localization of adsorbed layers in the
nanoporous material.

As a result, the density distribution reveals that at elevated temperatures, especially during
supercritical adsorption, the arrangement of adsorbed argon atoms undergoes structural
changes, showing distinct differences between low-pressure and high-pressure ordering. This
phenomenon could be attributed to the increased compression and densification as pressure
and temperature rise within the system. However, the positions of the well-defined layer peaks
remain unchanged. Consequently, the density within the simulated slit pores (Z = 2 nm) re-
mains constant irrespective of pressure variations, as the locations of the five generated peaks
(layers) are independent of both pressure and temperature.

3.5. Instantaneous configurations (structures)

The immediate arrangement of argon atoms adsorbed in a slit pore was examined to char-
acterize the structural aspects during various stages, including the first layer, second layer,
complete pore filling, and the layering transition. The analysis compared these configurations
at different pressures, considering the mechanisms observed in the isotherms and the mean
and instantaneous fluctuations and distributions of interaction energies. The study thoroughly
investigated the formation of the first and second layers, complete pore filling, and the occur-
rence of layering transitions. These observations indicate that the positions of the formed
layers remain consistent and are independent of temperature and pressure.

At a temperature of 60 K, a well-packed and organized first layer covers the pore walls in
a parallel arrangement. This regular monolayer formation on the pore walls gives rise to a
characteristic stepwise isotherm, providing evidence of a strong adsorbate-adsorbent interac-
tion. Once the first layer completely covers the walls, rapid filling of the pore ensues, signifying
a distinct and well-defined layer transition, as illustrated in Fig. 5a, sections (1-3).
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Figure 5. presents instantaneous configurations of argon adsorption in a 2 nm slit pore at different
temperatures: (a) 65 K, (b) 110 K, and (c) 160 K.

At a temperature of 110 K (Fig. 5b, 1-3), the formation of the first layer is not clearly
defined, similar to the isotherm's less steep shape depicted in Fig. 1b. At a pressure of 1.15
bar, where the mean energy and fluctuations in the number of adsorbed atoms suggest a
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layering transition, the situation is different. The argon atoms appear to become sparser in
the region away from the pore walls compared to the area close to the pore walls.

At 160 K, the formation of the first layer becomes highly dispersed and lacks clear defini-
tion, suggesting a weakening of the wall-atom interaction as the temperature increases. The
isotherm at this supercritical temperature exhibits a gradual and continuous increase in the
adsorbed argon beyond the first layer. The pore is completely filled, and the system achieves
greater stability without distinct layer formation, taking on a liquid-like configuration. Moreo-
ver, this observation indicates a distribution of adsorption energies within the system.

Hence, at elevated temperatures, the adsorption mechanism undergoes modification, as
evident from the instantaneous configuration analysis. Additionally, the isotherm indicates a
transition from Type IV(b) to Type I(b), which signifies a shift in the equilibrium between gas-
wall and gas-gas interactions. This transition results in a more gradual filling of the pore due
to changes in pressure and energy fluctuations.

3.6. Molecular final energy

The effectiveness of the atom-wall interaction plays a vital role in the adsorption process,
influencing various characteristics such as the number of adsorbed atoms, the shape of the
isotherm, adsorbate stability, and the pressure at which layering transitions occur. Addition-
ally, this interaction significantly impacts the stability of the adsorbed system, as it competes
with other inter-atomic interactions [8l. To analyze the Ar-wall interaction energy (referred to
as molecular final energies), the final configuration of adsorbed argon atoms at a distance of
two nanopore walls (Z) was considered.

The strength of the interaction between argon atoms and the pore walls increases as the
atoms are adsorbed onto the walls, reaching its peak when the first layer is formed. At low
temperatures (65 K), the filling of the pores is characterized by a slight, intermittent decrease
and subsequent stabilization of the Ar-wall energy, indicating a layering transition akin to
capillary condensation. This transition is influenced by factors such as the intensity of atom-
atom contact, temperature, and pressure. The configuration at 65 K reveals the complete
formation of five layers during the layering transition (Fig. 6a). However, no such layering
transition is observed between 110 K and 160 K, as evident from the mean energy and fluc-
tuations in the number of adsorbed atoms (Fig. 6 b-c). The pore is filled in these cases through
a consistent interaction between the adsorbate and the pore walls, as well as between adsorbate
molecules themselves.
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Figure 6. illustrates the pore models representing the interaction energy (Ewall) between argon and the
pore wall, along with the corresponding final configurations (positions) on the right side, at different
temperatures: (a) 65 K.
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Figure 6. illustrates the pore models representing the interaction energy (Ewall) between argon and the
pore wall, along with the corresponding final configurations (positions) on the right side, at different
temperatures: (b) 110 K, and (c) 160 K.

4. Conclusion

The results obtained from Monte Carlo simulation provide valuable insights into the adsorp-
tion behavior of argon in slit nanopores. It was observed that the rapid adsorption and the
distinctive steplike shape of the adsorption isotherm in the nanopores are influenced not only
by temperature but also by the energetic strength of the interactions between argon atoms
(Ar-Ar) and argon atoms with the pore walls (Ar-wall). These interactions compete to stabilize
the system during adsorption. As the temperature increases, the adsorption process changes,
and the steplike adsorption pattern becomes more gradual and dispersed within the pore, as
revealed by the analysis of instantaneous configurations. Additionally, the density and locali-
zation of the layers formed in the nanopores are dependent on both temperature and pressure,
while their positions remain constant. An interesting observation is the presence of bimodal
behavior, particularly at low temperatures, which suggests the occurrence of layering transi-
tions, akin to capillary condensation. This bimodal behavior can be readily observed from the
mean and instantaneous fluctuations of the number of adsorbed atoms and the energy fluc-
tuation distribution. However, as the temperature increases, this bimodal characteristic dimin-
ishes and eventually disappears entirely at supercritical conditions. At a constant temperature,
the occurrence of the layering transition is primarily determined by the relative strength of
the Ar-wall atom contact and the interactions between the adsorbed Ar atoms.

Overall, the Monte Carlo simulation offers valuable insights into the complex interplay of
temperature, energetic interactions, and adsorption behavior in slit nanopores. These findings
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contribute to a deeper understanding of the adsorption process and can aid in the development
and optimization of nanoporous materials for various applications in gas separation, water
purification, and drug delivery.
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