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Abstract 

Predicting adsorption on nanoporous carbonaceous materials is important for developing various 

adsorption and membrane separations, as well as for oil and gas recovery from shale reservoirs. Here, we 

explore the capabilities of 3D molecular models of disordered carbon structures to reproduce the 

morphological and adsorption features of practical adsorbents. Using grand canonical Monte Carlo 

simulations, we construct a series of adsorption isotherms of simple fluids (N2, Ar, CO2, and SO2) and a 

series of alkanes from methane to hexane on two model 3D structures, purely microporous structure A 

and micro-mesoporous structure B. We show that structure A reproduces the morphological properties 

of commercial Norit R1 Extra activated carbon and demonstrates outstanding agreement between the 

simulated and experimental adsorption isotherms reported in the literature for all adsorbates considered. 

Good agreement is also found for simulated and measured isosteric heats. Taking into account inherent 

variability of structural properties of commercial carbons and experimental adsorption data from different 

literature sources, the correlations with experiments are truly amazing. This work provides a new insight 

into the specifics of structural and adsorption properties of nanoporous carbons and demonstrates the 

advantages of using 3D molecular models for predicting adsorption hydrocarbons and other chemicals by 

MC simulations. 
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1 Introduction 

Nanoporous carbons, such as activated carbons, carbon fibers, and carbon molecular sieves, have 

many practical industrial applications for mixture separations, [1] hydrocarbon storage, [2] and electrodes. 

[3] Unlike crystalline solids of regular and well-characterized structure, nanoporous carbons are 

composed of arrangements of disordered graphitic domains. This amorphous configuration provides for 

highly tortuous internal surfaces and pores of various shapes and sizes forming a disordered 3-

dimensional pore network. It is of paramount importance to create realistic structural models, which 

can be used for pore structure characterization and capable of predicting adsorption of various gases 

and their mixtures in the wide range of pressures and temperatures. Conventional methods of pore 

structure characterization rely on oversimplified slit-shaped and cylindrical pore models, which do not 

capture the nanoscale specifics of carbon disordered structures. [4-13]  

Considerable effort has been devoted to developing theoretical and computational methods for 

generating molecular models of amorphous carbons. [14] The Hybrid Reverse Monte Carlo (HRMC) 

method uses MC simulations to reproduce the experimental radial distribution functions (RDF). [15-20] 

HRMC method was employed by Opletal et al. [21] to construct 3D models of silicon and carbon 

structures. Kowalczyk et al [22] generated atomic structures of nanopore surfaces in oxidized and non-

oxidized activated carbon fibers using temperature quench MC simulations (TQ-MC) with the bond-

making bond-breaking reactive environment-dependent interaction potential carbon potential (EDIP). 

The authors applied this model to analyze the formaldehyde adsorption affected by co-adsorption of 

water. 

Another group of methods are based on Molecular Dynamics (MD) simulations to generate carbon 

structures. [23-25] The Quench Molecular Dynamics (QMD) methods were used by Palmer et al. [26] to 

construct amorphous carbon models starting from high-temperature liquid carbon. The authors showed 

that increasing degrees of ordering can be achieved by slowing the quench rate. Wang et al. [27] 
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employed machine learning (ML) techniques to calculate the intermolecular potentials for carbon 

structures. The authors utilized an ML-based Gaussian approximation potential, which fits interatomic 

potentials to quantum-mechanical calculations performed on graphite and activated carbons, to 

generate 3D structures from a high-temperature liquid carbon precursor. The structures were 

graphitized at high temperatures and then annealed at room temperature using MD simulations.  

DeTomas et al. [28, 29] employed annealing, rather than quenching, to generate amorphous carbon 

structures. The Annealed MD (AMD) was combined with the EDIP forcefield [30] which was 

parameterized for carbon structures by Marks. [31] This extended EDIP forcefield has the advantage of a 

longer cutoff (0.32 nm), which allows for increased layering of defective graphene sheets. The authors 

built the 3D structures that exhibit the graphitization that is lacking in QMD-generated structures. The 

ordering and graphitization of the structures was correlated with the increase in annealing temperature. 

These models, some of which are considered in this work, are included in the Database of Porous Rigid 

Amorphous Materials.[32] 

The goal of this work is to demonstrate the applicability of 3D molecular models in pore structure 

characterization and predicting adsorption of simple fluids and hydrocarbons on carbon materials. In 

Section 2, we present the methods employed for modeling 3D carbon structures selected in this work, 

the grand canonical Monte Carlo (GCMC) simulations of adsorption, and the geometric and adsorption 

pore structure characterization. In Section 3.1, we demonstrate the structural and adsorption properties 

on two selected 3D carbon structures, purely microporous structure A and micro-mesoporous structure 

B, by simulating adsorption isotherms of N2 and Ar at normal boiling temperatures and CO2 at 0 °C, the 

adsorbates that are commonly used for pore structure characterization. We discuss the specifics of 

adsorption on 3D carbon structures and compare the structural properties calculated using the 

simulated isotherms and obtained from the geometric methods. Section 3.2 presents the simulated 

adsorption isotherms of simple fluids (N2, Ar, CO2, SO2) and a series of alkanes from methane to hexane 
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at room temperature. It is shown that the constructed isotherms on structure A agree well with the 

experimental isotherms on the Norit R1 Extra activated carbon. Perfect correlation is found also 

between the simulated and measured isosteric heats. Conclusions are summarized in Section 4.  

2 Methods 

2.1 Carbon Structures 

Figure 1 shows the two 3D carbon 

models (aCarbon-Marks-id015 and aCarbon-

Marks-id004) selected from the Database of 

Porous Rigid Amorphous Materials [32] denoted 

in this work as structure A (left) and structure B 

(right). The OVITO software was used to visualize 

the carbons. [33] 

Structures A and B were chosen for their distinct structural properties. Structure A was 

generated by annealing at 4000 K, and structure B was annealed at 2000 K; the higher annealing 

temperature allows for increased layer stacking and a greater degree of graphitization. [28] Both models 

A and B contain the same number (32,000) of carbon atoms in cubic periodic boxes of 8.6 nm and 10.2 

nm, that correspond to the carbon densities of 1 g/cm3 and 0.6 g/cm3 and volume fractions of 0.49 and 

0.7, respectively. The carbon models were shown to exhibit comparable Young’s modulus values (20 

GPa) to experimentally generated silicon carbide and titanium-derived 3D graphene networks. [32] 

2.2 GCMC Simulations of Adsorption 

GCMC simulations were employed to model adsorption of simple fluids (N2, Ar, CO2, SO2) and 

hydrocarbons in selected 3D carbon structure models. The simulated adsorption isotherms were used to 

characterize the structures through the adsorption methods discussed in Sections 2.3 and 3.1, and to 

Figure 1: 3D carbon structures A (left) and B (right), [29] which 
were created using the AMD method described in Ref. [28]. The 
structures are composed of a comparable number of atoms in 
differently sized periodic boxes. Structure B is a more open 
structure, with a higher pore volume fraction of 0.65, which yields 
a broader pore size distribution than structure A. 
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compare with the experimental isotherms of fluids adsorbed in a commercially available activated 

carbon (see Section 3.2). The carbon atoms comprising the amorphous structures were modeled as 

Lennard-Jones (LJ) spheres using parameters from Ref. [34]. Periodic boundary conditions were applied to 

the structures in all three dimensions. The argon adsorbate atoms were modeled as LJ spheres using 

parameters from Ref. [35]. Nitrogen and carbon dioxide were modeled atomistically using the TraPPE 

force field, [36] and methane and alkanes were modeled with united-atom spheres using the TraPPE-UA 

forcefield. [37] Sulfur dioxide was simulated as a four-center model following Ref. [38]. Intermolecular 

interactions were simulated using Lorentz-Berthelot mixing rules. The parameters for each model are 

listed in the Supplementary Information, Section S3. GCMC simulations were performed using the 

RASPA open-source software package. [39] The systems were equilibrated for at least 25 million MC 

moves, and then a production run of at least 50 million MC moves was performed. For longer 

hydrocarbons, the number of equilibration and production moves was increased to 150 million MC 

moves to insure proper equilibration.  

The isosteric heat of adsorption, qst , was computed in the course of GCMC simulations in the 

RASPA software from the fluctuations of the potential energy, U, and the number of adsorbed 

molecules, N, according to the following equation, [40] 

 𝑞𝑞𝑠𝑠𝑠𝑠 = RT− [⟨ 𝑈𝑈𝑈𝑈⟩  − ⟨ 𝑈𝑈 ⟩⟨ 𝑁𝑁⟩]/[⟨ 𝑁𝑁2⟩  −  ⟨ 𝑁𝑁⟩2 ].  

2.3 Characterization Methods 

Geometric property calculations are performed using the PoreBlazer v4.0 open-source software. [41] 

The geometric method is based on probing the pore structure with virtual spherical particles of different 

radii and constructing the Connolly surface. [42] As related to adsorbent characterization, it was first used 

by Gelb and Gubbins with examples of 3D models of porous glasses. [43] The geometric surface and 

volume pore size distributions are associated with the areas and volumes enveloped by the Connolly 

surfaces. The diameter of the spherical probe of 0.3314 nm allows for a direct comparison with the 
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surface area and pore volume determined by the standard nitrogen adsorption characterization 

method. The geometric parameters reported in this work are calculated neglecting the effect of pore 

accessibility.  

The standard methods of adsorption 

characterization are employed for calculating the 

pore volume, surface area, and PSD functions using 

the MC simulated isotherm as an input. The pore 

volume and specific surface area determined, 

respectively, by the Gurvich rule and the BET 

method modified by Rouquerol as recommended 

by IUPAC. [44] Calculations are performed with the 

NLDFT carbon slit pore model [45] implemented in 

the VersaWin software. [46]  

3 Results and Discussion 

3.1 Adsorption of Ar, N2, and CO2 and 

pore structure characterization of 3D 

carbon models. 

  We begin our studies of the 3D carbon 

models by simulating adsorption of nitrogen at 

77.4 K, argon at 87.3 K, and carbon dioxide at 273 K 

from low pressures up to saturation, following the 

standard experimental conditions of most adsorption 

characterization measurements. Figure 2 A and B 

Figure 2: Adsorption isotherms of Nitrogen at 77.4 K (left), Argon at 
87.3 K (center), and CO2 at 273 K (right) in linear (A) and semi-log 
(B) scales up to saturation. Panels C and D show the individual N2 
isotherms with representative snapshots from the simulations. 

A 

B 

D 

C 
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show the isotherms obtained from GCMC simulations for structure A (orange squares) and structure B 

(blue circles). Panel A shows the adsorption in linear scale, panel B in semi-log scale. Adsorption 

isotherms on structure A are of the Type I isotherm according to IUPAC classifications, [44] typical for 

microporous materials. N2 and Ar isotherms on structure B exhibit a more complex shape with 

pronounced adsorption at low pressures that is characteristic of micropores, and a step in uptake in the 

range of p/𝑝𝑝0 ≈ 0.1 − 0.2, which indicates capillary condensation in small mesopores. Noteworthy, the 

isotherms on samples A and B almost coincide at low pressure (p/𝑝𝑝0 < 10−4 for N2 and Ar and p/𝑝𝑝0 <

0.03 for CO2), as in this region adsorption is dominated by solid-fluid interactions with negligible 

confinement effects, and both models are composed of the same number of carbon atoms.  

Figure 2, C and D show the calculated N2 isotherms for structures A and B with the snapshots 

taken during the simulation. For both structures at low loadings, adsorption occurs on the carbon 

surfaces and in the smallest pores. The isotherm trend at low pressures is very similar in both structures 

despite the striking difference in pore morphology since the isotherms are presented on a per mass 

basis. As the pressure increases, the smallest pores are filled and layers begin forming on the walls of 

larger pores. The shape of the isotherm reflects the specifics of pore morphology. The isotherm on 

structure A saturates above p/𝑝𝑝0 ≈ 0.001 that is characteristic for purely microporous systems. The 

isotherm on structure B gradually increases corresponding to monolayer formation at p/𝑝𝑝0 ≈ 0.1 − 0.2 

and further to capillary condensation at p/𝑝𝑝0 ≈ 0.2− 0.3 in mesopores of 2-3 nm in width. The process 

of adsorption and pore filling is illustrated by the snapshots of the adsorbate distributions in Figure 2 C 

and D. Note that the snapshots are taken for the same pressure points for both structures to 

demonstrate the similarity of adsorption mechanism at low pressures and its distinction at higher 

pressures. While pore filing of micropores in both structures proceeds without distinct formation of 

surface monolayers, monolayer build-up and consequent capillary condensation is pronounced in 

mesopores of structure B.  
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The simulated isotherms are employed 

to compare the extent to which the standard 

adsorption methods of pore structure 

characterization correlate with the geometric 

methods. Table 1 presents the surface areas and pore volumes calculated geometrically with PoreBlazer 

and with the BET method and Gurvich rule applied to the simulated isotherms. [44] The BET area exceeds 

the geometric area by ~ 15% for both structures. The Gurvich pore volumes calculated for different 

adsorbates using the respective bulk liquid densities are in reasonable agreement with the geometric 

pore volume that was determined with the probe diameter of the spherical model of N2. The pore 

volumes determined from CO2 somewhat exceed those obtained from N2 and Ar that is typical for 

microporous samples, as CO2 is capable of penetrating into the narrowest ultra-micropores inaccessible 

for other adsorbates. The best agreement with the geometric and Gurvich volumes is found for Ar. 

Figure 3 shows the cumulative (top) and 

derivative (bottom) PSDs calculated from the 

adsorption isotherms (blue) using the NLDFT method [45] 

and the geometric PoreBlazer method [41] (green) for 

structure A (left) and structure B (right). The PSDs 

quantify the polydispersity of pore channels. Structure 

B shows a broader PSD than structure A, with 

micropores (<2 nm) and narrow mesopores (2-4 nm). 

Structure A, that is denser with a lower porosity, is 

purely microporous. Agreement between the PSDs 

obtained from adsorption and geometric methods is quite reasonable, despite that the NLDFT model is 

based on oversimplified representation of pores as slits between molecularly smooth walls.  

Figure 3: Pore size distributions for structure A (left) and structure B 
(right). Cumulative PSDs calculated with NLDFT kernels (blue squares) 
and PoreBlazer (green circles) are shown in the upper panels, and the 
corresponding derivative PSDs are shown on the bottom. 

Table 1: Surface areas and pore volumes calculated by geometric 
(PoreBlazer)and adsorption (BET and Gurvich) methods. 

 Surface Area  
(m2/g) 

Pore Volume 
(cm3/g) 

Structure BET Geometric N2 Ar CO2 Geometric 
Structure A 1216 1055 0.52 0.48 0.56 0.49 
Structure B 2463 2148 1.25 1.22 1.29 1.2 
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3.2 Adsorption of simple fluids and hydrocarbons at room temperature. Correlation 

with experiments. 

The ultimate goal of developing 

structural models is their capability of 

predicting adsorption isotherms of 

chemicals of practical interest. To 

demonstrate the predictive capabilities 

of 3D carbon models, we constructed 

by GCMC simulations adsorption 

isotherms of N2, CO2, SO2, and a series 

of alkanes from methane to hexane at 

room temperature of 298 K. In Figure 

4, we present the results of simulations 

for structure A in comparison with the 

experimental data on Norit R1 Extra 

activated carbon acquired from 

different literature sources. [47-50] This 

carbon is a widely used adsorbent in 

various gas and liquid phase 

separations. [47-50] Although the pore 

volume of 0.626 cm3/g and BET surface 

area of 1430 m2/g reported for Norit R1 

Extra [51] somewhat exceed the respective values for structure A (Table 1), there is a good qualitative 

agreement between the PSDs (Figure 4 D). Considering the inherent variability of structural parameters 

Figure 4: Correlation of GCMC adsorption isotherms of carbon dioxide, nitrogen, and sulfur 
dioxide (panel A) and hydrocarbons (panel B) at 298 K with experimental adsorption isotherms 
on Norit R1 Extra activated carbon from Refs. [47-50]. (C) The corresponding isosteric heats from 
alkane adsorption experiments and simulations. (D) Comparison of derivative PSDs from Figure 
3 with the PSD for Norit R1 Extra [51] calculated using the Horvath-Kawazoe method. [52] 

A 

C 

B 

D 
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of samples of commercial carbons employed by different groups, we may conclude that the structure A 

reproduces major morphological features of the Norit R1 Extra adsorbents. 

Figure 4 A presents the adsorption of nitrogen (orange), carbon dioxide (blue), and sulfur dioxide 

(green) on structure A. The N2 and CO2 isotherms are in excellent agreement with experimental 

measurements. The simulated SO2 isotherm has a similar qualitative shape yet somewhat underpredicts 

the adsorption isotherm, which is likely due to the homogeneous composition of the carbon structural 

model. The 3D structural models are composed entirely of non-polar carbon atoms, whereas the 

practical activated carbons contain both carbon atoms and polar functional groups, which may cause 

higher adsorption of polar adsorbates, such as sulfur dioxide.  

Figure 4 B presents the simulated adsorption isotherms of hydrocarbons (lines) compared to the 

experimental adsorption isotherms (points) reported in Ref. [49]. The species simulated and their 

respective colors are noted in the figure legend. There is excellent agreement between the simulated 

and experimental isotherms for ethane and propane. However, for alkanes longer than propane, the 

computational model underpredicts adsorption at higher pressures. This is likely attributed to the 

difference in the structural properties of the computational and experimental structures: structure A has 

a pore volume of 0.49 cm3/g and a BET surface area of 1216 m2/g, whereas the Norit R1 Extra activated 

carbon has a pore volume of 0.626 cm3/g and a BET surface area of 1430 m2/g. [51] The larger pore 

volume and larger surface area of the experimental structure provides more space for the longer alkane 

molecules to adsorb.  

Figure 4 C presents the isosteric heats of the chain hydrocarbons. The isosteric heat calculations 

exhibit significant fluctuations shown by error bars, there is good qualitative agreement. The magnitude 

of the isosteric heats and their trends are consistent between simulated and experimental results for all 

species. The isosteric heat monotonically decreases at low loadings, corresponding to the surface 

coverage of the pore walls, and achieve a plateau, corresponding to the pore filling. Also of note is the 
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slight increase and subsequent decrease of the isosteric heat for experimental hexane at high loadings. 

This corresponds to the completion of the filling of the carbon, and subsequent capillary condensation in 

the binder used in the experimental setup. [49] This external space is not accounted for in the 

computational models.  

The overall agreement of simulated and experimental data shown in Figure 4 is outstanding. It is 

worth noting that our GCMC simulations do not involve any adjustable parameters for the isotherm 

fitting. We use the standard molecular models recommended in the literature, as described above in 

Section 2.2. 

In Figure 5 A, B, and C, we 

present the adsorption isotherms 

and isosteric heats simulated in 

structure B for the same 

adsorption systems as shown in 

Figure 4 for structure A. We do 

not have experimental data on 

carbons with comparable 

structural properties as structure 

B. Due to a larger porosity and 

broader pore size distribution 

that extends from micropores to 

mesopores, structure B shows a 

~100% increase in adsorption 

capacity over structure A for all adsorbates considered. The larger surface area and pore volume of 

structure B provides more room for each species to adsorb.  This may suggest that carbons with a wide 

Figure 5: GCMC adsorption isotherms (top panels) and isosteric heats (bottom panel) for 
structure B simulated in the same systems as in Figure 4 for structure A. 
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PSD in the micropore and narrow (2-3 nm) mesopore ranges, may have advanced adsorption properties 

compared to purely microporous carbons like Norit 1 Extra. 

4 Conclusions 

We demonstrated the advantages and capabilities of using 3D molecular models for pore structure 

characterization and simulation of adsorption isotherms of various adsorbates on nanoporous carbons.  

These models exhibit disordered network of pores of different shapes and sizes between corrugated and 

defected fragments of graphene sheets. Two characteristic structural models developed by de Tomas et 

al. [29] were considered: purely microporous structure A and micro-mesoporous structure B.  The model 

structures were characterized by geometric and adsorption methods. To this end, the isotherms of 

adsorption of N2 at 77.4 K, Ar at 87.3 K, and CO2 at 273 K were constructed by CGMC simulations. These 

simulations show the specifics of adsorption and pore filling in the interconnected micro- and 

mesopores. We found a reasonable agreement between the values of pore volume, specific surface 

area, and pore size distributions determined by the geometric PoreBlazer method and by the NLDFT 

methods from the simulated N2 isotherms. We found that the pore structure properties of microporous 

structure A are similar to those of the commercial Norit R1 Extra activated carbon. 

To compare with experimental data available in the literature, we simulated adsorption of N2, 

CO2, SO2, and a series of alkanes from methane to hexane at room temperature of 298 K. We found 

excellent agreement between the simulated isotherms on structure A and experimental isotherms on 

Norit R1 Extra taken from different literature sources. Good correlations were also observed for the 

simulated and measured isosteric heats of ethane, propane, butane, pentane, and hexane. Taking into 

account that our GCMC simulations were based on the standard molecular models recommended in the 

literature and did not involve any adjustable parameters for the isotherm and isosteric heat fitting, the 

agreement with the experimental data is truly outstanding.  
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Structure A can be recommended as a benchmark for further investigations and extension of 

molecular simulation studies of other adsorption systems, including gas mixtures, that could be verified 

with experiments on Norit R1 Extra. 3D molecular models, exemplified here with structures A and B, can 

be employed for screening of optimal structural properties of nanoporous carbons with advanced 

adsorption properties for specific applications. Simulations with structure B, which in addition to 

micropores possess narrow (2-3 nm) mesopores,  showed increased adsorption capacity compared to 

purely microporous structure A. Further work can be done with molecular models of various 

morphological types available in materials structures databases.[32] These structures can be modified by 

incorporating various functional groups, ions, and ligands on carbon surfaces. The use of 3D molecular 

models opens up appealing opportunities for analyses off morphological and adsorption properties of 

existing materials and for computational screening and informed design of novel carbonaceous 

adsorbents with improved characteristics.    
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