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1. Simulation details 

In this study GCMC simulations were used to study the adsorption behavior of CO2 on 

nanoporous materials as detailed in standard references. 1-5 The grand canonical ensemble 

allows the equilibriation of a gas phase with a confined fluid phase and in that sense is an 

ideal scenario for studying adsorption. In GCMC, the chemical potential (related to the 

activity or fugacity), the temperature and total volume of the system are kept constant and 

in equilibrium with a bulk phase (with no adsorbent present) at the same chemical 

potential and temperature. The total number of fluid molecules in the system is allowed 

to fluctuate and its statistical average is one of the relevant quantities of interest. In our 

simulations we replaced the chemical potential by the more convenient variable activity, 

i as employed by 5-6 
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where i is the de Broglie wavelength, which includes the contributions from the 

translational and rotational degrees of freedom and k is the Boltzmann’s constant. The 

use of activity has the computational advantage that in the ideal gas limit it corresponds 

to the number density while at intermediate densities it can be related to the pressure by 

simple analytical expressions.  The readers are referred to Muller 7 for details on the 

implementation of the simulations.  As the pressure in this study may be in excess of 10 

bar, in order to obtain the relationship between the activity and the pressure we 

performed a set of additional GCMC simulation at a fixed temperature spanning the 

range of activities of interest in a simulation cell without any adsorbent, thus obtaining 

the corresponding average bulk density. The pressure is then found from an appropriate 

equation of state at the corresponding density and temperature.  
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Intermolecular potential functions for small quadrupolar molecules can range from the 

simple representations, such as Lennard-Jones (LJ) representations, taking into account in 

an average way isotropic repulsion and dispersion terms. 6 In this work,  CO2 is 

represented by a two-center (dumbbell) Lennard-Jones molecule with a fixed rigid bond 

length, L, and a point quadrupole of strength, Q. The fluid-fluid parameters are taken 

directly from the parameterization of Vrabec et al 8 and give a quantitative representation 

of both the equilibrium vapor-liquid coexisting bulk densities and the P-V-T behavior of 

the fluid phases. Following the work of Cracknell, 9 H2 is modeled as a two-site Lennard-

Jones fluid with a fixed bond length. The intermolecular potentials are detailed in the 

manuscript. 

All solid structures, described in the next section, are composed of spherical sp2 

hybridized carbon sites fixed in space in the simulation cell with the same parameters as 

Steele 10 potential, CC=0.340 nm and CC=28.0 K. The fluid-solid interactions are taken 

to conform to Lorentz-Berthelot rules, viz. ffsssf   ,   2ffsssf   . The 

subscripts s and f refer to the solid atoms and fluid molecules, respectively.  

Monte Carlo simulations were run up to 107 configurations. The first 5.106 configurations 

are used to ensure the equilibrium while the latter 5.106 configurations are used to 

calculate the ensemble averages. The usual periodic boundary conditions were applied in 

all three coordinate directions in order to mimic infinite size systems.  

2. Nanoporous structures 

In the following sub-sections, four nanoporous carbon model structures (Fig s1) used in 

this work are described:  

The slit-shape pore model used in this study is assumed to be composed of three stacked 

planes of graphite separated amongst them by an interlayer distance of 0.335 nm. The 

planes are infinite in size (due to the boundary conditions) and placed on each side of the 

pore. This slit pore can be approximately modeled using the Steele 10 potential, and in 

this study, no significant differences were seen amongst the two (explicit and integrated) 

potentials. The slit pore model used in this study has a fixed pore width of H, 1.5 nm. In 

this study, we define the pore width, H, as the distance between the centre of the carbon 

atom on one wall to the centre of the carbon atom on the opposite pore walls. It is 

important to mention that the definition of the pore width is ill-defined. A second 
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commonly employed definition of the pore width considers the apparent distance 

between the surfaces of the walls. Upon the assumption that this corresponds to the point 

of null potential energy at the wall, one may define the actual pore width, H’ as H - ss , 

where ´s´  refers to the solid atom.  

An ideal model for carbon nanotube bundle consists of parallel single-walled carbon 

nanotubes (SWCNT) with equal diameter D. The carbon nanotube structure used in this 

study contains six zig-zag (16, 0) nanotubes of internal diameter of 1.255 nm (measured 

from the centre of atoms).  The diameter of the nanotube was chosen to be as 

commensurate with the other structures.  Only adsorption inside the nanotube was 

considered, i.e., the interstitial sites and the endohedral adsorption are not considered here. 

The effect of interstitial adsorption should be considered or dealt separately as the storage 

capacity in interstitial regions may be significant. Adsorption in nanotubes will be 

affected by other factors not considered here such as the distance between the tubes, the 

geometry of the tubular arrangements and/or the polydispersity of the samples. 11 

The in silico generated random porous carbon structure that can be taken as a model of 

real carbons was constructed from a collective of flat coronene-shaped graphitic basic 

units made up of 24 carbon atoms. The random structure was obtained by placing a 

number of these carbon-building units in a simulation box avoiding overlapping of the 

carbon units. 12 There are no bridges formed between the structures and they are 

artificially fixed in space within the cell. Obviously, a number of realizations of this 

structure can be obtained by different placements of the basic units; however, the results 

(for the same density of basic units) seemed to be reasonably independent of the actual 

details. A unique realization, depicted in Fig s1 was selected for the adsorption studies 

presented here on the basis of attempting to broadly have similar morphological 

properties as the other, better defined structures (nanotubes and slits). Each individual 

carbon centre has the same properties (C-C spacing and intermolecular potentials) used 

throughout this work.  

Hypothetical three-dimensional carbon foams have been described by the group of 

Yakobson 13-14 by conceptually fusing SWCNT of similar diameters in order to obtain a 

three-dimensional porous network.  The particular carbon foam (Fig 1s), was obtained by 

welding an armchair (10,10) with a zigzag (17, 0) SWCNT. The unit cell of carbon foam 
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structure contains 970 carbon atoms and each carbon atom is defined by a single LJ site 

in the same spirit as the other models. 

 

 

 

(a) 

 

(b)

 

 

(c) 

 

 

(d) 

 

Fig s1: Unit cells of the nanoporous carbons: (a) slit, (b) nanotubes, (c) random 
porous structure and (d) foam 
 

 

3. Characterization of carbon structures 
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It is expected that the structure and shape of the pores will affect the adsorption 

properties of the carbon depending on the fluid molecules and simulation conditions 

(temperature and pressure). Thus, in order to analyze and compare the effect of pore 

geometry on the selectivity, we estimated two parameters that could reasonably be used 

to characterize the difference between the studied pore geometries: the accessible surface 

area and the available pore volume. These parameters were estimated using the 

geometrical method proposed by Duren et al 15 to calculate the accessible surface area 

and volume. This method relies on  a Monte Carlo integration technique where a probe 

molecule equal to the LJ molecular size of fluids of interest (in the present case is equal 

to the size of H2 or CO2) is 'rolled' over the framework surface. This technique involves 

random insertion of probe molecules around each of the framework atoms and check for 

overlap with other framework atoms. The fraction of the probe molecule that did not 

overlap with other framework atoms was then used to calculate the accessible surface 

area. 15 Thus all the values obtained are applicable for molecular diameter probe molecule 

equal to the size of hydrogen or CO2 and obviously they would vary if other fluid 

molecules were considered. The accessible surface area and the pore volume of the 

carbon structures were estimated using a single site LJ atom model and hard sphere 

potential (for H2:  = 2.96 Å; for CO2:  = 3.648 Å) , in accordance with the procedure 

adopted in the work of Duren et al 15.  The determined accessible surface area and the 

ratio of accessible pore volume to total volume of the studied carbon structures obtained 

using the geometrical method for the case of both hydrogen and carbon dioxide are give 

in Table 1s. In Table 1s, the surface area is expressed in terms of available surface area 

per unit of mass of adsorbent (m2/g). The mass of adsorbent was determined considering 

the carbon atoms in the pore structures. In Table 1s we also show the porosity, ,  of the 

samples, expressed as the ratio of accessible volume to total unit cell volume and the 

gravimetric density of each structure. 

In the case of RPC, the surface area is extremely large ( > 3500 m2/g), as each carbon 

atom of the coronene-shaped graphitic unit is accessible on both sides to the fluid 

molecules during the adsorption process. It is important to note that this is a hypothetical 

structure, with no connectivity amongst the segments. In the case of nanotubes, the 

surface area is smaller than expected as we considered only endoadsorption in the 
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nanotubes. The surface area of the foam structure lies in between them. In the case of a 

slit-pore, the mass is ill defined, as the cell has an arbitrary number of graphene layers 

which do not take part in the adsorption process. The surface area per unit mass of slit-

pore in Table 1s will be three times larger if we consider only one third of the carbon 

atoms, as two of the three layers of graphene next to each pore wall is inaccessible for the 

CO2 molecules.  

While considering the available pore volume, it can be observed from Table 1s that the 

random structure has the largest accessible pore volume for the molecular size of H2 or 

CO2, followed by slit, foam and nanotubes. In the case of carbon foam, we noticed that 

their three dimensional porous network provides a combination of high surface area and 

free volume when compared to other structures. All the values obtained are only 

applicable for molecular diameter probe molecule equal to the size of the fluid molecules 

of interest here, and this these values cannot be generalized to other molecules. 

In order to have more insight about the studied pore structures and to compare the 

physical characteristics of the studied pore geometries, we estimated the pore-size 

distribution of the studied pore structures. In the case of nanotubes and in slit-pores, it 

would be easy to estimate the pore-width analytically, however in the case of RPC and 

foam structures, it is far from trivial. In these structures, we estimated the pore-size 

distribution employing the procedure developed by Gelb and Gubbins 16 and later applied 

for the first time for MOF structures by Sarkisov and Harrison. 17 Here a test point 'a' is 

randomly placed in the simulation cell and tested for the overlaps with the structure 

atoms, making sure that the point is not inside an atoms. If no overlaps are observed, the 

porous space is probed to find the largest sphere that contains point 'a' and does not 

overlap with the atoms of the structure. The normalized distribution corresponds to the 

monotonically decreasing cumulative pore volume function, Vp(r), which is the volume 

of the void space that can be covered by spheres of radius 'r' or smaller. The derivative 

dVp(r)/dr is the pore-size distribution (PSD) and can be obtained via numerical  

differentiation of Vp(r). In the present work, the pore-size distribution corresponds to the 

use of probe molecule with diameters up to 3 nm. 
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Figure 2s shows the PSD of RPC and foam structures obtained using the above procedure, 

along with that for the nanotubes, placed here as a comparison. The PSD of the nanotube 

peaks sharply at H’ = H-CC = 0.91 nm, as expected. In the case of random carbon pores, 

we find that they present a broad pore size (H') distribution ranging from 0.17-1.55 nm 

with considerably sharp peaks at 0.71 and 0.91 nm, indicating a dense microporous 

carbon. The pores of this size can hold roughly 2-3 layers of hydrogen and carbon 

dioxide molecules, which is comparable to the pore width of the other ideal pore models 

(slit and nanotubes) studied. The pores of effective pore size, H', < 0.29847 nm in the 

random structure would sterically exclude the CO2 molecules but they can sufficiently 

hold one layer of H2 molecules. The PSD plot, as a whole, suggests that the RPC is a 

suitable structure for modeling complex carbons.   

 

In the case of carbon foam, obtained by welding (10,10) with (17,0), the PSD is bimodal 

and much more discrete than the random structure, as the welding process retains the 

pore sizes of the parent nanotubes, but it also gives rise to new pores of different sizes. 

The PSD of foam shows that contain predominantly pores of sizes, H', 0.85, 1.6, 1.8 and 

2.1 nm, in general larger than the pores available for the other structures. The larger pore 

of 2 nm corresponds to the center of the tube crossings where the structure is more open, 

akin to the cages of zeolitic materials. The large amount of pores, H', in the range of 1.15 

and 2 nm clearly indicates that the carbon foam can hold multiple layers of hydrogen or 

carbon dioxide molecules depending on the temperature and pressure.  
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Fig 2s: Pore size distribution of random structures, foams and nanotube  
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Table 1s: Characteristics of nanoporous structures 
 
Pore 
Structure 

 free volume,cm3/g surface area, m2/g Porosity,  
NC CO2 H2 CO2 H2 CO2 H2 

foam 970 0.881 0.963 2434 2505 0.5 0.547 
nanotube 4608 0.083 0.586 623 702 0.09 0.120 
random 2280 0.44 0.586 3771 4428 0.236 0.315 
slit-pore 6048 0.177 0.193 459 460 0.253 0.275 

 
NC = number of carbon atoms in the studied carbon frameworks 
 
Acknowledgements 
 
Thanks to Prof. Lev Sarkisov, University of Edinbugh, for facilitating us the PSD codes 
used in this work 
 
References 
 

1. M.P. Allen and D.J. Tidesley, Computer Simulation of Liquids, Clarendon Press, 
Oxford, U.K. 1987. 

 
2. D. Nicholson and N.G. Parsonage, Computer simulation and the statistical 

mechanics of adsorption, Academic Press, London, U.K. 1982. 
 

3. D. Frenkel and B. Smit, Understanding molecular simulations: From Algorithms 
to Applications, Academic Press, London, U.K. 2002. 

 
4. Ph. Ungerer, B. Tavitian and A. Boutin, Applications of molecular simulation in 

the oil and gas industry, Monte Carlo Methods, Editions Technip, Paris, France. 
 

5. E.A. Muller, Environ. Sci. Technol., 2005, 38, 8736. 
 

6. E.A. Muller, J. Phys. Chem. B., 2008, 112, 8999. 
 

7. E.A. Muller, Molecular simulation of adsorption of gases on nanotbes in L.J. 
Dunner, G. Manos., Eds, Adsorption and Phase Behaviour in Nanochannels and 
Nanotubes, Springer, New York, 2010, 41-67. 

 
8. J. Vrabec, J. Stoll, and H.Hasse, J. Phys. Chem. B., 2001, 105, 12126. 
 
9. R.F. Cracknell, Phys. Chem. Chem. Phys., 2001, 3, 2091. 
 
10. W.A. Steele, The interaction of gases with solid surfaces, Pergamon Press, 

Oxford, U.K. 1974. 
 

Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2012



11. I.A.A.C. Esteves, F.J.A.L. Cruz, E.A. Muller, S. Agnihotri and J.P.B. Mota, 
Carbon, 2009, 47, 948. 

 
12. A. Salih, Molecular simulation of the adsorption and transport properties of 

carbon dioxide, methane, water and their mixtures in coal-like structures, Ph.D 
Thesis, Imperial College London, 2010. 

 
13. F. Ding, P.O. Krasnov and B.I. Yakobson, J. Chem. Phys., 2007, 127, 164703. 

 
14. A.K. Singh, J. Lu., R.S. Aga, and B.I. Yakobson, J. Phys. Chem. C., 2011, 115, 

2476. 
 

15. T. Duren, F. Millange, G. Ferey, K.S. Walton and R.Q. Snurr, J. Phys. Chem. B., 
2007, 111, 15350. 

 
16. L.D. Gelb, K.E. Gubbins, Langmuir., 1999, 15, 305. 

17. L. Sarkisov and A. Harison, Mol. Sim., 2011, 37, 1248. 
 
 
 
 

Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2012



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


