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Abstract: With the advancement of porous materials, physical adsorption has found 
extensive applications in environmental and energy-related fields. However, capturing the 
detailed adsorption process through experiments remains challenging, and comprehensive 
studies of adsorption kinetics using molecular simulations are still limited. This study employs 

molecular dynamics simulations to investigate methane adsorption in MOF-5 across temperatures 

(200 K, 270 K, 300 K) and pressures (5–50 bar). Equilibrium adsorption uptake agrees well with 

experimental data, where the mean relative error is less than 6 %, validating the simulation approach. 

Adsorption energy and self-diffusion coefficients reveal the saturation of high-energy sites at low 

pressure and the transition of methane to a supercritical state with reduced mobility at higher 

densities. Adsorption dynamics curves, fitted with Sultan’s model, generally match the simulations 

but give higher initial value in high-pressure stages, reflecting model limitations, where the root 

mean square is around 0.1-0.3. Correlation analysis highlights the relationships among fitting 

parameters and equilibrium adsorption properties. Radial distribution functions reveal structural 

transitions, including multilayer adsorption and phase tendencies influenced by temperature and 

pressure. This comprehensive study demonstrates the effectiveness of molecular dynamics in 

modeling adsorption processes, offering insights into equilibrium properties, kinetics, and phase 

behavior, and providing a robust framework for future adsorption research. 
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1.  Introduction 

Physical adsorption is a spontaneous process in which 

gas or liquid molecules are adsorbed on the surface of the 

adsorbent due to the van der Waals and electronic 

interactions. With the development of porous material, it 

has broad applications1-3). Activated carbon, due to its low 

cost, high efficiency, and regeneration, is widely applied 

in the purification, including carbon capture and 

utilization field4-6). The raw materials of activated carbon 

include biomass, coal, industrial waste, etc., which are 

very easy to obtain7). Activated carbon is highly 

disordered, so customization is hard. However, molecular 

sieve, a zeolite-based material with selectivity for 

adsorbate, has been utilized in gas separation8-10). 

Meanwhile, with the good heat stability of the molecular 

sieve, it can be used in thermal energy utilization, such as 

adsorption heat transformer or adsorption heat pump 

systems11-13). 2-D materials, graphene and nanotubes, with 

a functionalizable surface, are effective in pollutant 

treatment for liquid14-16). After that, metal-organic 

frameworks (MOFs) are a class of porous polymers 

constructed by combining organic ligands with inorganic 

metal ions to form three-dimensional structures and can 

be fully customized17-19). With the standardized synthesis 

process and highly consistent structure, MOFs are 

expected to be applied in industrial gas storage systems20-

22). 

The experimental investigations for adsorption focus on 

the adsorption capacities and many analytical models are 

developed to evaluate the adsorption isotherm23-25). 

Besides, researchers use adsorption kinetics to illustrate 

the adsorbate diffusion for the adsorption mechanism. 

Some models are concluded as well: The linear driving 

force model (LDF), which contains the mass transfer 

coefficient, is the earliest kinetic model with widespread 
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feasibility26). The LDF model is also close to the pseudo-

first-order model (PFO), and there is a pseudo-second-

order model (PSO) that can describe the adsorption 

kinetics, especially for chemical or slow adsorption27). 

The Fickian diffusion model (FD), which uses the 

concentration gradient, but the temperature gradient is 

neglectable, has been applied in a fast adsorption 

process28). The semi-infinite model describes the 

adsorption in the initial period with high accuracy29).  

However, most experimental research cannot give 

microscopic insight into the adsorption process. There are 

several computational methods to simulate the adsorption 

process at molecular level, including the Grand Canonical 

Monte Carlo (GCMC) and molecular dynamics (MD). 

GCMC can obtain the saturated conditions of adsorption. 

Ke et al. utilized GCMC simulations and the Ideal 

Adsorbed Solution Theory to investigate the adsorption 

uptake of ethane and ethene in ZIF-8, ZIF-8_R3m, and 

ZIF-8_Cm, revealing the impact of polymorphic isomers 

on the competitive adsorption of these molecules30). Li et 

al. employed machine learning-assisted high-throughput 

screening to compute the separation performance of 

MOFs for CH₄/C₂H₆ and CH₄/CO₂ mixtures in bulk, which 

quantified the impact of metal center sites on separation 

performance31). Saren et al. applied GCMC in the carbon 

dioxide adsorption in graphitic slit-pores with different 

functional groups, and gave a detailed discussion of the 

adsorbed carbon dioxide orientations32). 

MD is able to explore detailed particle behavior and 

transient properties. Swaipram et al. used MD simulations 

to investigate methanol's distribution and diffusion 

behavior within the flexible MIL-88B-Cl framework. 

They observed that, with increasing loading, methanol 

transitions from being preferentially distributed around 

counterions with higher mobility to aggregating near the 

hydrophobic linker regions of the MOF, where it forms 

stable hydrogen bonds. However, the increase in loading 

does not affect the isotropic nature of its diffusion33). Chen 

et al. investigated the thermal conductivity changes for 

both adsorbate and adsorbent. They found that in the 

adsorption process, the movement of adsorbate was 

constrained by the adsorbent and decreased the thermal 

conductivity. While the atomic oscillation of adsorbent 

was enhanced by adsorbate, leading to an increase in the 

thermal conductivity34).  

Current research on the kinetics of physical adsorption 

using molecular simulations remains relatively limited, 

which focus on the adsorption kinetics itself without 

considering relative physical properties. In this study, we 

employed molecular dynamics simulations to investigate 

the adsorption of methane in MOF-5. MOF-5 is a 

representative MOF with simple structure and plenty of 

experimental studies to validate the simulation results. 

First, the equilibrium adsorption uptake from the 

simulations was validated against experimental data. We 

then analyzed the effects of temperature and pressure by 

examining the adsorption energy and self-diffusion 

coefficients of adsorbed methane. Subsequently, the 

adsorption kinetics were fitted to evaluate the correlations 

among the parameters of the fitting equation. Finally, the 

phase state of the adsorbed phase was explored using 

radial distribution functions (RDFs). This study provides 

a more comprehensive demonstration of the application of 

molecular dynamics in the study of physical adsorption. 

 

2.  Computational Methodology 

2.1  Molecular structure 

Methane is a nonpolar molecule with a symmetrical 

tetrahedral structure, so its charge distribution is uniform. 

Since there is no obvious dipole moment, the electrostatic 

force within the molecule is very small. Therefore, the 

lack of polar interactions provides theoretical support for 

simplifying the model of methane as a coarse-grained 

single atom. 

MOF-5 framework, synthesized with zinc ion and 

terephthalic acid, contains large porous with radius of 8 Å. 

In molecular configuration, it has a porosity of 0.8037 and 

density of 593.40 kg/m3, extending from a 2-2-2 unit cell, 

where the cubic length is measured in 51.6640 Å35). 

 

2.2  Molecular interactions 

The interaction between the methane and MOF-5 is 

described by Lennard-Jones (LJ) potential, which is 

widely applied to express van der Waal’s force in the 

adsorption field, as shown in Equation (1), 

 

𝑢(𝑟𝑖𝑗) = {
4𝜀 [(

𝜎

𝑟𝑖𝑗
)

12

− (
𝜎

𝑟𝑖𝑗
)

6

]     𝑟𝑖𝑗 < 𝑟𝑐

0    𝑟𝑖𝑗 ≥ 𝑟𝑐

 (1) 

 

where i, j, denote two different atoms respectively, u is 

the intermolecular potential, 𝜀 is energy well depth and 

𝜎 is van der Waals radius, r is the distance of separation 

between two atoms. rc is the cutoff, beyond which the 

interaction is neglected. Lorentz-Berthelot mixing rules 

are utilized to obtain the parameters with different kind of 

molecules according to Equations (2) and (3)36), 

 

𝜀𝑖𝑗 =  √𝜀𝑖𝜀𝑗  (2) 

𝜎𝑖𝑗 =  
𝜎𝑖+𝜎𝑗

2
  (3) 

 

The LJ parameters are referred from the universal force 

field (UFF), and DREIDING37,38). 

 

2.3  Simulation details 

All the MD simulations are conducted by the Large-

scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS)39). Each simulation is operated in periodic 

boundary conditions, with a cutoff of 12 Å, Canonical 

(NVT) ensemble regulated by Nosé-Hoover thermostat, 

and the timestep is 1 fs40). The bulk conditions include 

three temperatures: 200 K, 270 K, and 300 K, where the 
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pressure ranges from 5 bar to 50 bar. The simulation 

consists of two stages: adsorption simulation and 

equilibrium simulation. 

 

 
Fig. 1: The schematic of adsorption simulation. 

 

In adsorption simulations, the adsorbate ambient is 

prepared first. According to the density of a given 

condition, a certain number of methane molecules are 

created in a cubit box with a length of 400 Å, to ensure the 

proceeding adsorption makes a neglectable effect on the 

bulk pressure. All adsorbate ambient is in the gaseous 

phase based on NIST/REFPROP41). The gas simulations 

proceed with 1 ns relaxation and 2 ns production. Then, a 

MOF-5 framework is inserted into the center of the 

methane ambient and frozen. The methane molecules in 

the region of the framework are deleted to guarantee the 

initial uptake is zero. After that, the adsorption simulation 

starts, as shown in Fig. 1. The simulation time is 10 ns for 

the pressure from 5 bar to 25 bar, and 5 ns for the pressure 

from 30 bar to 50 bar, considering the time to reach 

saturation. The molecule number of methane adsorbed 

into the MOF-5 framework is recorded to generate the 

adsorption kinetics. 

 

 
Fig. 2: The schematic of equilibrium simulation. 

 

The equilibrium simulation is arranged to obtain the 

properties of adsorbed methane, such as adsorption heat 

and self-diffusion coefficient. It is restarted from the last 

sheet of the adsorption simulation, where the surrounding 

methane ambient are removed, exhibited as Fig. 2. Run 

time is 1 ns for relaxation and 200 ps for production. 

Energy, RDF, and MSD are recorded during the 

production period. Then, the MOF-5 is deleted, and the 

same simulation is done again for the pristine methane. 

 

2.4  Post-processing method 

Adsorption energy is the energy released by the gas or 

liquid adsorbate adsorbed onto the surface of the solid 

adsorbent. It is the evaluation of the strength of the 

molecular interaction. In MD it is calculated by Equation 

(4), 

 

𝐸𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 − (𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 + 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡)

  (4) 

 

where E is the total energy, adsorbate denotes pristine 

methane with the same molecule number as the uptake; 

adsorbent denotes the pristine MOF-5. Due to the freeze 

of the MOF-5, only potential energy exists in the total 

energy of the adsorbent. 

The self-diffusion coefficient can generally indicate the 

intensity of adsorption. Based on Einstein’s Relations that 

the random walk of molecule is proportional to the 

displacement square, the self-diffusion coefficient is 

calculated from MSD, as shown in Equations (5) and (6), 

 

𝑀𝑆𝐷 =
1

𝑁
∑ |𝑟(𝑡) − 𝑟(0)|2𝑁

𝑘=1  (5) 

𝐷𝑠𝑒𝑙𝑓 = lim
𝑡→∞

1

2𝑑

𝑀𝑆𝐷

𝑡
  (6) 

 

Where 𝑟(𝑡)  is the position of a molecule at time t, 

𝑟(0) is the initial position, N is the number of molecules, 

d is the simulation dimension, and t is the simulation time. 

All the post-processing analysis is conducted by Python. 

 

3.  Result 

 
(a) (b) 

 
(c) (d) 

Fig. 3: Properties of adsorbed methane. (a) Adsorption 

isotherm. (b) Adsorption energy. (c) Self-diffusion coefficient 

compared to pristine methane. (d) Self-diffusion coefficient of 

adsorbed methane. 
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After the adsorption simulations, the average number of 

methane molecules adsorbed within the MOF-5 

framework during the final 20 % of the simulation time is 

calculated to determine the equilibrium adsorption uptake. 

The equilibrium adsorption uptake under various 

conditions was then compiled to plot the isothermal 

adsorption curves shown in Fig. 3(a). These results closely 

agree with the uptake measured by Zhou et al.42), where 

the mean relative error is less than 6 %. using the 

volumetric method. The unit is a percentage of the 

adsorbate to adsorbent mass, which is consistent with the 

referenced study. 

Subsequently, combined with the simulation results of 

pristine methane, the adsorption energy and self-diffusion 

coefficients are calculated. Since physical adsorption is a 

spontaneous process, the adsorption energy is negative. 

For ease of representation, the absolute value of 

adsorption energy is used in Fig. 3(b). In this study, 

methane adsorption is governed entirely by van der Waals 

forces, with adsorption energies around 8 kJ/mol, 

consistent with the physical nature of the process. 

As shown in Fig. 3(b), the adsorption energy decreases 

with increasing pressure across all temperatures. This 

behavior can be attributed to the prior occupation of high-

energy adsorption sites, such as those near Zn atoms, by 

methane molecules under low-pressure conditions, 

resulting in higher average adsorption energies. As the 

pressure increases, other less favorable adsorption sites 

are also filled by methane, leading to a reduction in the 

average adsorption energy. 

At high-pressure regions, the adsorption energy at 200 

K approaches saturation, indicating that the distribution of 

adsorbed molecules has become saturated. This 

conclusion is supported by the isothermal adsorption 

curve in Fig. 3(a), where the increase in adsorption uptake 

at 200 K becomes nearly constant in the high-pressure 

region. In contrast, the adsorption uptake at 270 K and 300 

K have not yet reached saturation, and thus their 

adsorption energy trends do not exhibit significant 

changes. 

Additionally, in the low-pressure region, the adsorption 

energy at 270 K and 300 K is higher than that at 200 K. 

Higher temperatures result in significantly lower 

adsorption uptake, allowing molecules to occupy high-

energy adsorption sites more readily. However, in the 

high-pressure region, the adsorbed phase at low 

temperatures tends to transition toward a liquid-like state, 

making it more stable than the adsorbed phase at higher 

temperatures. The specific nature of the adsorbed phase 

will be further discussed in the RDF section below. 

Figure 3(c) compares the self-diffusion coefficients of 

adsorbed methane with those of pristine methane. 

According to NIST/REFPROP, pristine methane at the 

given densities exists in a supercritical state. With 

increasing pressure, the self-diffusion coefficient 

decreases due to the denser molecular distribution, which 

impedes free diffusion. Additionally, as the temperature 

decreases, the self-diffusion coefficient also decreases, 

attributed to the reduction in molecular kinetic energy at 

lower temperatures. 

Upon adsorption, the self-diffusion coefficient of 

methane molecules drops significantly, by one to two 

orders of magnitude. This indicates that the motion of 

adsorbed molecules is highly restricted within the MOF-5 

framework. Referring to Fig. 3(d), in addition to pressure 

and temperature, MD simulations also introduce 

computational variability. 

At 300 K and 270 K, the self-diffusion coefficients are 

not strictly monotonic. This inconsistency arises from 

large oscillations in the adsorption dynamics curves at 

these temperatures during the simulations (shown in Fig. 

4), leading to errors in the final frame adsorption uptake, 

which are not representative. Adjustments to the 

adsorption uptake are required, along with multiple 

independent equilibrium simulations to obtain averaged 

values. In contrast, the monotonicity at 200 K is 

significantly better due to the more stable adsorption 

dynamics curves at this temperature. 

In Fig. 4, the diffusion is divided into two parts: 

interface diffusion and pore diffusion. At the beginning of 

adsorption, the material is nearly empty, providing a 

strong pressure difference at the interface between the 

bulk gas and adsorbent. Therefore, the uptake according 

to the time is close to linear. After the pore of adsorbent 

containing a part of adsorbate, the adsorption speed 

decreases, where the uptake growth is limited until 

approaches equilibrium. Pore diffusion dominates in this 

period. 

 

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Fig. 4: Adsorption kinetics and fitting. (a) 5-25 bar at 200K, 

(b) 30-50 bar at 200K, (c) 5-25 bar at 270K, (d) 30-50 bar at 

270K, (e) 5-25 bar at 300K, (f) 30-50 bar at 300K. 
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For the subsequent analysis of the adsorption kinetics, 

we fit those profiles first, by the medicated LDF model, 

which is raised by Sultan et al.43). The LDF model refers 

to Equation (7), 

 
𝜕𝑤

𝜕𝑡
=

𝐹0𝐷𝑠𝑢𝑟𝑓

𝑅𝑝
2 (𝑤𝑒 − 𝑤)  (7) 

𝜕𝑤

𝜕𝑡
=

15𝑚

𝑡
𝜃𝑡

𝑚(𝑤𝑒 − 𝑤)  (8) 

𝜃𝑡 =
𝐷𝑠𝑢𝑟𝑓

𝑅𝑝
2 𝑡   (9) 

 

Where F0 is the shape factor. For spherical adsorbent 

particles, the value is considered as a constant of 15. 

𝐷𝑠𝑢𝑟𝑓   is the surface diffusion coefficient. Rp is the 

adsorbent particle radium. w is adsorption uptake depends 

on time, and we is the equilibrium uptake. Sultan et al. 

included a dimensionless time parameter 𝜃𝑡, and added a 

fitting factor m, as shown in Equation (8) and (9)28). Yang 

et al. used Sultan’s model to investigate the R32 adsorbed 

in MSC30 activated carbon and found the introduction of 

fitting factor m gives an accurate prediction than the LDF 

model44). After integrating the Sultan’s model, an 

integration constant C appears. Considering the physical 

meaning, the kinetics model is concluded as Equation (11), 

where wm is the modification for uptake. Yang et al called 

it initial adsorption uptake, but MD has no initial 

adsorption, so it is treated as a modification factor. 

 

𝑤 = −exp [−15 (
𝐷𝑠𝑢𝑟𝑓

𝑅𝑝
2 𝑡)

𝑚

] C + 𝑤𝑒  (10) 

𝑤 = exp [−15 (
𝐷𝑠𝑢𝑟𝑓

𝑅𝑝
2 𝑡)

𝑚

] (𝑤𝑚 − 𝑤𝑒) + 𝑤𝑒 (11) 

 

The fitted results are represented by the red curves in 

Fig. 5, which agree well with the simulation data, where 

the root mean square (RMS) is around 0.1-0.3. 

Particularly in the low-pressure adsorption range (Fig. 

5(a), (c) and (e)). However, deviations between the fitted 

results and simulation data are observed during the initial 

stages of high-pressure adsorption (Fig. 5(b), (d) and (f)), 

indicating certain mathematical limitations of the model. 

Additionally, we find the parameters used in the 

Sultan’s model show strong linear trend in 200K, because 

of its stability of the curves. To further validate the 

reasonableness of those parameters, a correlation matrix 

was calculated with the simulated uptake, self-diffusion 

coefficients, and adsorption energy, as shown in Fig. 5. 

 

 
Fig. 5: Correlation metrics for parameters in Sultan’s model. 

 

Except for the fitting factor m, all other parameters 

exhibit strong correlations, particularly with the self-

diffusion coefficient. At 200 K, the self-diffusion 

coefficient is completely negatively correlated with the 

equilibrium uptake, indicating that increasing adsorption 

density limits molecular diffusion. Similarly, the 

equilibrium uptake shows an almost perfect negative 

correlation with adsorption energy, further supporting the 

idea that increased adsorption density leads to saturation 

of adsorption sites. 

The equilibrium uptake parameter is completely 

positively correlated with its simulated result weMD, which 

can be attributed to the boundary conditions of the kinetic 

model. The modification uptake factor, which also serves 

as a fitting variable, exhibits stronger correlations than the 

exponential fitting factor m, due to its linear nature. 

The surface diffusion coefficient is negatively 

correlated with the self-diffusion coefficient. This can be 

understood as surface diffusion reflecting the adsorption 

rate, while self-diffusion represents the equilibrium 

adsorption configuration. At high pressures, the 

adsorption rate is high, but the resistance to molecular 

movement within the framework increases, resulting in 

this negative correlation. 

Finally, the pressure term serves merely as a reference 

for correlation analysis and has no physical significance 

in this context. 

 

 
(a) (b) 
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(c) (d) 

Fig. 6: Radial distribution function of adsorbed methane. (a) 

CH4 to CH4 at 200 K. (b) Zn to CH4 at 200K. (c) CH4 to CH4 

at 50 bar. (d) Zn to CH4 at 50 bar. 

 

The state of adsorbed methane within the MOF-5 

framework is discussed using RDF. Figure 6(a) presents 

the methane-methane RDF at 200 K, which exhibits 

characteristics more likely to a liquid phase. With 

increasing pressure, the primary peak height increases, 

indicating a rise in methane density. Additionally, 

compared to the profile at 5 bar, the secondary peak at 

high pressure shifts slightly to the left, suggesting a 

reduction in the intermolecular distance of methane 

molecules. 

Figure 6(b) shows the Zn-methane RDF at 200 K, 

focusing on the comparison under low adsorption density 

conditions, 5 bar. As the pressure increases, the primary 

peak decreases while the secondary peak increases, 

indicating a transition in the adsorption layer’s structure 

from monolayer adsorption to multilayer adsorption. 

Combined with the adsorption energy analysis, this 

suggests that under low pressure, methane molecules 

primarily occupy sites near Zn atoms. As the pressure rises, 

the first adsorption layer reaches saturation, and additional 

methane molecules begin to form subsequent adsorption 

layers. At other temperatures, the RDF trends with 

pressure are largely similar, so further detailed discussion 

is omitted. 

For different temperatures, Fig. 6(c) reveals variations 

in the number of peaks in the RDF curves. At 270 K and 

300 K, there are two peaks, with the second peak being 

very broad, indicating the beginning of a transition from a 

gaseous state. At 200 K, nearly three peaks are observed, 

with the third peak appearing only partially at the cutoff 

distance, suggesting that methane at 200 K approaches a 

liquid-like state but does not fully exhibit its 

characteristics. This observation agrees with the NIST 

assessment that all conditions correspond to the 

supercritical state. 

In Fig. 6(d), the peaks at 200 K are noticeably narrower 

compared to those at 270 K and 300 K, indicating a more 

orderly arrangement of methane molecules, unlike the 

more random distribution characteristic of the gaseous 

state. Thus, the RDF analysis confirms that while 

adsorbed methane is in a supercritical state under the 

given conditions, the tendency toward liquid-like or gas-

like behavior varies depending on the temperature and 

pressure. 

 

4.  Conclusion 

In this study, molecular dynamics simulations were 

employed to investigate the adsorption behavior of 

methane in Cu-BTC at three temperatures, 200 K, 270 K, 

and 300 K, and pressures ranging from 5 bar to 50 bar. 

Equilibrium uptake, adsorption energy, and self-diffusion 

coefficients were calculated. The adsorption dynamics 

curves were fitted using Sultan’s model, and the 

correlations between various parameters were analyzed. 

Combined with phase-state analysis using RDF, the 

following conclusions were drawn: 

1. The LJ potential accurately captures the 

equilibrium adsorption behavior of methane in MOF-5, 

with uptake results aligning well with experimental data. 

2. Methane molecules preferentially occupy high-

energy adsorption sites at low pressures, resulting in 

higher adsorption energies. As pressure increases, 

methane progressively fills other adsorption sites, leading 

to the formation of multilayer adsorption and a subsequent 

decrease in adsorption energy. 

3. The self-diffusion coefficient of methane 

decreases significantly after adsorption, indicating 

restricted molecular mobility. This is due both to the 

structural constraints of the MOF and to the transition of 

methane from a gaseous to a supercritical state upon 

adsorption, where the denser molecular arrangement 

reduces diffusion capacity. The relationship between 

adsorption energy and self-diffusion coefficient is also 

reflected in the correlation analysis. 

4. Sultan’s model generally captures the 

adsorption dynamics curves well but exhibits higher 

evaluation at the initial stages of high-pressure adsorption. 

Correlation analysis revealed that the surface diffusion 

coefficient determines the adsorption rate and is 

negatively correlated with the equilibrium self-diffusion 

coefficient. 

5. Methane remains in a supercritical state after 

adsorption; however, depending on temperature and 

pressure, it may exhibit tendencies toward either a liquid-

like or gas-like state. These variations also affect the 

distribution of adsorption layers around Zn atoms. 

This study comprehensively demonstrates the 

methodology and application of molecular dynamics in 

the study of physical adsorption, providing insights that 

may inspire further research in this field. 

 

Nomenclature 

C Integration constant 

D Diffusion coefficient (m2/s) 

d Dimension (-) 

F0 Shape factor (-) 

E Energy, adsorption energy (kcal/mol) 

(kJ/mol) 

MSD Mean square displacement (Å2) (m2) 
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m Fitting factor (-) 

N Number of molecules (-) 

Rp Adsorbent particle radius (m) 

r Distance (Å) 

t (Simulation) time (fs) (ns) 

w (Adsorption) uptake (mol/kg) 

 

Greek symbols 

𝜃𝑡  Dimensionless time factor (-) 

u Intermolecular potential (kcal/mol) 

𝜀  Energy well depth (kcal/mol) 

𝜎  van der Waals radius (Å) 
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