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Abstract 15 

In present work, we have performed the Grand Canonical Monte Carlo (GCMC) simulations to quantify CO2 capture inside 16 

porous silica at high operating temperatures of 673.15K and 873.15K; and over a operating pressure range of 500kPa  17 

4000kPa that are methane steam reforming process parameters. Related chemical potential values at these thermodynamic 18 

conditions are obtained from the bulk phase simulations in the Canoni19 

technique, where the CO2 has been accurately represented by TraPPE force field.  Present structure of the porous silica is a 20 

single slit pore geometry of various heights (H = 20Å, 31.6Å, 63.2Å and 126.5Å), dimensions in which possible vapour-21 

liquid equilibria for generic square well fluids has been reported in literature. Estimation of the pore-fluid interactions show 22 

a higher interaction between silica pore and adsorbed CO2 compared to the reported pore-fluid interactions between 23 

homogeneous carbon slit pore and adsorbed CO2; thus resulting in an enhancement of adsorption inside silica pores of H = 24 

20Å and H = 126.5Å, which are respectively 3.5 times and 1.5 times higher than that in homogeneous carbon slit pores of 25 

same dimensions and at 673.15K and 500kPa.  Estimated local density plots indicate the presence of structured layers due 26 

to more molecular packing, which confirms possible liquid-like and vapour-like phase coexistence of the supercritical bulk 27 

phase CO2 under confinement.  28 
 29 
 30 
Keywords: Carbon dioxide capture; silica pores; molecular simulations; adsorption isotherms; molecular packing. 31 
 32 
 33 
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1. INTRODUCTION 25 

 26 
A continuous increase in the demand of energy from various sources of fossil fuels has lead to an enhanced emission 27 

of greenhouse gasses (viz. CO2, CH4, etc.), which results in environmental pollution and global warming. Therefore, the 28 

search for high-efficiency adsorbents for carbon dioxide (CO2) capture is one of the most challenging problems in the 29 

energy and environmental field. Since 1970s, carbon sequestration and storage (CCS) technology has been intensively 30 
developed and tested in order to reduce CO2 emissions into the atmosphere [1, 2]. A number of promising technologies for 31 
CO2 capture from flue gases; including mass-transfer operations like absorption, adsorption, membrane separation, and 32 
cryogenic distillation have been studied in the recent past [3]. The most relevant technology in the post-combustion CO2 33 
capture is absorption processes employing aqueous alkanol-amine solutions like mono-ethanolamine (MEA) [4]. However, 34 

some of the challenges associated to the aqueous alkanol-amine based carbon capture from the gas stream are higher 35 
temperature degradation of amines, corrosion, and also, significant amount of energy requirement for solvent regeneration 36 
[5-7]. An extensive literature review shows that the adsorption technology can be a promising solution for overcoming 37 
some of the limitations associated to the chemical absorption process. Adsorption method for CO2 capture requires the use 38 
of efficient adsorbents with high CO2 selectivity and uptake capacity from among the gaseous mixture. Various studies on 39 
possible pure CO2 capture at subsequently moderate thermodynamic conditions, which requires additional heat 40 
management system network and separation units in the industrial downstream and hence associated with cost penalty 41 
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(using porous carbon adsorbents, or porous silica-based adsorbents, or zeolites and or other surface modified metal-organic 1
frameworks (MOFs)); have been performed by different research groups [8-13].  2 

Most of the technologies described in literature dealing with absorption and adsorption processes to capture CO2 from 3 

downstream processes are applicable at low temperature and pressure ranges. Researches on CO2 adsorption at low to 4 

moderate temperature and pressure conditions have been performed in the recent past via carbon-based materials [14-22]. 5 

Kirchofer et al. [14] have studied the transport properties and confinement effect of CO2 through hydroxyl-functionalized 6 

slit and step carbon pores using the non-equilibrium molecular dynamic simulations and suggested the need of different 7 

transport models that can take into account the mass transfer resistances through carbon pores of various geometries. Jasuja 8 

and Walton [15] conducted an experimental study on CO2, CH4, and water vapor adsorption on a Dimethyl Functionalized 9 

UiO-66 framework and showed that presence of nonpolar functional groups is also crucial in enhancing CO2 adsorption 10 

while lowering adsorbent interactions with water. Steriotis et al. [16] performed the Grand Canonical Monte Carlo 11 

(GCMC) simulations to study the adsorption phenomenon of CO2 inside microporous carbon at 308K and 35bars. The 12 

study confirms the effect of confinement on molecular packing of CO2 molecules inside the carbon pores resulting in local 13 

densification process. Balbuena and Gubbins [17] have discussed the possibility of phase transition and layering of CO2 14 

molecules inside carbon slit pore which infers sudden density fluctuation during the CO2 capture inside carbon slit pore. 15 

The structure of adsorbed CO2 in slit-like micropores at 308K and 333K temperature and up to approximately 35bar 16 

pressure has been studied by Samios et al. [18] using the GCMC simulation techniques. At these low temperatures, this 17 

research shows the uptake capacity is highest in the larger pores compared to the smaller pores; at given pressure 18 

conditions due to enhanced layering effects inside larger pores with high peak heights at the walls. Tenney and Lastoskie 19 

[19] demonstrated that the CO2 adsorption inside a graphitic slit pore has been enhanced by the heterogeneity on the pore 20 

wall, compared to the homogeneous planar slit pores. Researches argued that the presence of chemical heterogeneity 21 

(oxygen-containing functional groups) along with surface defects increases the active sites of the porous adsorbents for 22 

CO2 adsorption compared to the homogeneous graphitic slit pores. Lithoxoos et al. [20] had also studied the adsorption 23 

capacity of pure carbon monoxide (CO), carbon dioxide (CO2), and methane (CH4) gases on activated carbon adsorbents at 24 

298K and for pressures ranging from 0.01 to 2.0MPa and showed that the adsorption capacity of graphite increases with 25 

the number of activation sites, which are generated by chemical modifications of the surface using the carboxyl and 26 

hydroxyl groups. Kurniawan et al. [21] conducted GCMC simulation to study the binary mixture adsorption of CH4 and 27 

CO2 in graphite slit pore of height 7.5 Å to 75 Å, at supercritical conditions and showed that upon increasing the pressure, 28 

CO2 has been selectively adsorbed as compared to methane inside all the graphite slit pores considered. A study by 29 

Kummamuru et al. [22] on adsorption isotherms estimation of confined CO2 inside various dimensional carbon slit pores at 30 

673.15K and 873.15K over a range of loading pressure had shown that though the bulk phase CO2 is in supercritical state, 31 

however, inside the pores phase coexistence occurs due to the effect of confinement leading to layering effect of the 32 

confined fluid. Authors in this study have used the Elementary Physical Model (EPM) to model the CO2 interactions and 33 

the carbon-based adsorbents are modelled using  the Steele wall potential.  34 
From present literature survey, as discussed above, on the CO2 adsorption into various porous adsorbents it is evident 35 

that the need of an efficient adsorbent to adsorb CO2 at post-combustion operating conditions is essential to reduce the 36 

industrial downstream energy cost penalty; which is impossible by the usage of porous carbon adsorbents as the 37 
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homogeneous porous carbon adsorbents show relatively low adsorption capacities for CO2 at these post-combustion 1 

conditions. In this research, we therefore, propose to precisely quantify the CO2 adsorption at post-combustion operating 2 

conditions inside porous silica adsorbents via the efficient molecular simulation approaches.  These estimations will hence 3 

provide the crucial information for optimal process design of industrial adsorber units (pressure swing columns) with 4 

accurate number of mass transfer units and the corresponding transfer unit heights required for efficient CO2 capture from 5 

industrial downstream. In the next section, we have described all the simulation details relevant for the present study. In 6 

section 3, results on average bulk phase properties of CO2, CO2 adsorption isotherm data and local density plots inside the 7 

silica slit pores have been discussed in details for better understanding of various confinement and entrance effects on 8 

adsorption mechanism and on thermodynamic phase behaviour of the adsorbate. Finally, we summarise our recent findings 9 

from the study in the conclusion section of this manuscript. 10 

 11 

2. SIMULATION DETAILS  12 
  13 
 Estimation of the uptake capacity of an adsorbate by an adsorbent can be obtained by performing Monte Carlo 14 

simulations in the Grand Canonical ensemble, which forms the natural ensemble to estimate the uptake capacity inside any 15 

porous media [23]. In the present work, CO2 adsorption isotherms inside porous silica adsorbents are estimated through the 16 

Grand Canonical Ensemble Monte Carlo (GCMC) simulations at temperatures of 673.15K and 873.15K within the 17 

methane steam reforming process pressure range of 500kPa to 4000kPa. The related chemical potential to these pressure 18 

range and temperatures are calculated by deploying the Widom  insertion technique in conjunction to the bulk phase 19 

Canonical ensemble simulations. The  three site rigid TraPPE has been used to model the interactions between CO2 20 

molecules [33, 34]. In the  TraPPE force field, CO2 molecule has been described as a linear molecule with bond length of 21 

1.160Å and rigid bending angle of 180o. TraPPE describes the existing van der Waals interactions between two CO2 22 

molecules by the 12-6 Lennard-Jones (LJ) potential (equation 1). The Lorentz-Berthelot classical mixing rule for 23 

estimating the potential parameters between the unlike particles has been consistent with the TraPPE force field. All the LJ 24 

parameters for CO2 molecules are given in Table 1.  25 

 26 

   
12 6

ff ff
ff ff

ij ijr r
                                                                   27 

where, ff is the LJ potential attractive well depth, ff is the fluid particle collision diameter and rij is the inter-particle 28 

distance between atoms i and j, among the CO2 molecules. The cut-off distance for the van der Waals interaction has been 29 

taken as  10Å, which is equals  3.42 ff . The electrostatic interactions between two CO2 molecules have been modelled by 30 

in equation 2. 31 

 32 

i i
ij

0 ij

q q1 )
4 r

 33 



5 
 

Here the effective partial charges ( iq and jq ) on the C and O atoms of the CO2 molecules are +0.700e and -0.350e, 1

respectively [33], and the  ijr where the vacuum 2 

permittivity is 0 . Using the TraPPE potential function, Isothermal-Isobaric ensemble simulations for bulk phase CO2 has 3 

been performed over a pressure range of 500kPa to 4000kPa and at temperatures of 673.15K and 873.15K. Following the 4 

isothermal-isobaric ensemble simulations, the Canonical ensemble simulations at these temperatures and average volumes 5 

(as calculated from the isothermal-isobaric simulations) are carried out 6 

to calculate the bulk phase properties (e.g. the Radial distribution functions (RDFs), and the average Chemical potential 7 

values) of CO2. Simulations in both Canonical and Isothermal-Isobaric ensembles are performed over 105 equilibration 8 

cycles and 20,000 production cycles so that the standard deviations on the calculated average densities and average 9 

chemical potentials are in the order of 10-6 and 10-2, respectively. While the calculated RDFs hints at the thermodynamic 10 

state of the bulk phase CO2 (as described in the next section); the calculated average chemical potential has been used to 11 

perform the Grand Canonical (GC) ensemble Monte Carlo (MC) simulations inside the porous silica.  12 

Table 1: Molecular parameters used for CO2 molecules and slit silica wall. 13 
CO2 Silica wall Pore-fluid parameters 

ff  (Å) kB-1  ff  (K) ff  (Å) kB-1 ff  (K) sf(Å) kB-1 sf (K) 

c-c = 2.8000 kB
-1  c-c = 27.00 Si-Si  = 3.3020 kB

-1 
Si-Si  = 9.0×10-4 

C-Si = 3.0510 
C-O = 2.9820 
O-O = 3.1070 

kB
-1

C-Si = 0.1580 
kB

-1. C-O = 45.9490 
kB

-1. O-O = 78.5980  
c-o = 2.9250 kB

-1  c-o = 46.1800   O-O  = 3.1655 kB
-1 

O-O  = 78.1200 O-Si = 3.2330 kB
-1. O-Si = 0.2690 

o-o = 3.0500 kB
-1  o-o = 79.00   H-H = 0 

H-O = 1.5820 
H-Si = 1.6510 

kB
-1

H-H = 0. 
kB

-1. H-O = 0. 
kB

-1. H-Si = 0.  
    H-C = 1.4000 kB

-1. H-C = 0.  
    H-O = 1.5250 kB

-1. H-O = 0.  
 14 

The geometry of the porous silica-based adsorbent has been represented as a single slit pore with pore height (H) 15 

varying from 20Å to 126.5Å (which corresponds to 6.57 sf to 41.56 sf ). At these pore heights, researchers have already 16 

shown the coexistence of vapour-liquid phases for the generic square well fluids under the slit-shaped confinements [26]. 17 

Presently, the silica pore is confined in the z-direction at the mentioned H values, with a constant pore surface area of 100 18 

× 70Å2 in the x-y plane. The silica surfaces have been created in Visual Molecular Dynamics (VMD) software; starting 19 

from an amorphous silica structure, similar to that reported by Jing et al. [35], with the each surface having a thickness of 20 

5.54Å. The silica surface is further prepared by removing the top silicon atoms and passivating the non-bridging oxygen 21 

atoms by hydrogen atoms, as reported by Farnandez et al. [36]. The passivation of a silica surface has been performed in 22 

Quantum ATK® software; which resulted in 867 number of Si atoms, 2023 number of oxygen atoms and 633 number of 23 

hydrogen atoms on the silica surface and thus saturating all the unfilled Si-bonds of the surface with hydroxyl ( OH) 24 

groups (Figures 1a and 1b). Two such passivated silica surfaces are placed parallelly to each other at aforementioned 25 

distances (H), with the OH groups attached top surfaces forming the adsorbing sites for CO2 in the slit geometry, as 26 

shown in Figure 1c. Similar slit pore geometry with silica surfaces having attached OH groups is recently studied by 27 
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researcher for adsorption and diffusivity estimations of confined propane inside silica pore [38]. The complete slit pore 1 

geometry is then geometry-optimised through the energy minimisation route in Quantum ATK®. Thus, the porous silica 2 

slit geometries with different H values include 1734 number of Si atoms, 4046 number of oxygen atoms and 1267 number 3 

of passivating hydrogen atoms. The porous silica adsorbent has been modelled using the ClayFF force field [25] with the 4 

van der Waals interactions and the electrostatic interactions being described by the conventional 12-6 LJ potential and 5 

All the van der Waals interaction parameters for the ClayFF 6 

model have been reported in Table 1. The point charges assigned on the silicon atoms, the oxygen atoms and on the 7 

hydroxyl-hydrogen atoms of the silica surface via the ClayFF model are correspondingly +2.100e, -1.050e and +0.425e 8 

[25]. The partial charge assigned to silicon and oxygen atoms in the ClayFF force field results in a lesser potential well 9 

depth and hence allowing more flexibility in the silica surface for similar equilibrium bond distance between silica and 10 

oxygen when compared to the full charge force field. The pore-fluid interactions are estimated using the Lorentz-Berthelot 11 

classical mixing rule (as given in equations 3 and 4), and the corresponding parameter values are also reported in Table 1. 12 

sf ss ff )  13 

                                                            14 

 ss ff
sf 2

    15 

                                                                                                                                  16 
           17 
 18 
    19 
                                                                          20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 

 30 
 31 
Figure 1: (a) Top view of a passivated silica surface; (b) Side view of a passivated silica surface; (c) Passivated silica slit 32 
pore. White dots representing passivating Hydrogen atoms, Red dots representing Oxygen atoms and Yellow dots 33 
representing Silicon atoms. 34 
 35 

The open software package of MCCCS-Towhee [27] has been deployed to conduct all the GCMC simulations for 36 

estimating the high temperature CO2 adsorption isotherms inside the generated silica slit pores of variable slit height (H). 37 

All the Monte Carlo simulations in the Grand Canonical ensemble are equilibrated over 5×105 steps, while the average 38 

property (adsorption data) has been calculated over the next 5×105 steps. Probability moves for translation and addition/ 39 

deletion of CO2 molecules confined inside silica slit pores have been included during the GCMC simulations, in the ratio of 40 
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1:1; while the constituent atoms of the silica pore walls are held fixed with each wall having a thickness of 5.54Å. The 1 

standard deviations on all the estimated adsorption data are of 10-3 order after the equilibration of the system.  2 

 3 

3. RESULTS 4 

 In this section we discuss on the calculated average bulk phase properties (e.g. densities, RDFs and chemical 5 

potentials) of CO2 at temperatures 673.15K and 873.15K and within the methane steam reforming process pressure range 6 

of 500kPa to 4000kPa. We also present the estimated adsorption isotherms at the same thermodynamic conditions for 7 

confined CO2 inside porous silica slit pores of various heights and draw a comparison with the existing data reported in 8 

literature for CO2 adsorption inside porous carbon-based adsorbents. Furthermore, we present the local density plots of the 9 

confined CO2 inside silica slit pores to understand the possibility of vapour-liquid phase equilibrium (VLE) inside the 10 

pores. 11 

 12 
3.1 Bulk phase CO2 properties 13 
 14 
 Initially, using the TraPPE force field (as described in Section 2) simulations in the Isothermal-Isobaric ensemble 15 

are performed to calculate the CO2 densities at 673.15K and 873.15K over a pressure range of 500kPa to 4000kPa. The 16 

calculated bulk CO2 densities are reported in Table 2, which show an excellent agreement with the corresponding 17 

experimental values from the literature [37]. 18 

 19 

Table 2: Simulated bulk CO2 b) from this work and the corresponding experimental values from the literature.   20 

*   experimental value - simulation value% deviation = 100
experimental value

 21 

 T = 673.15K   T = 873.15K  

 b ( -3)  b ( -3)  

P (kPa) Present work Span et al. [37] % deviation Present work Span et al. [37] % deviation 

500 0.0893 0.0894 0.112 0.0688 0.0688 0 

1000 0.1787 0.1788 0.056 0.1375 0.1375 0 

1500 0.2680 0.2683 0.112 0.2060 0.2062 0.097 

2000 0.3575 0.3579 0.112 0.2745 0.2747 0.073 

2500 0.4466 0.4474 0.179 0.3428 0.3431 0.087 

3000 0.5359 0.5371 0.224 0.4110 0.4113 0.073 

3500 0.6253 0.6267 0.224 0.4790 0.4795 0.104 

4000 0.7142 0.7164 0.308 0.5469 0.5476 0.128 

 22 

The average volume obtained from the Isothermal-Isobaric ensemble simulations are used to estimate the RDFs and 23 

calculate the chemical potential values of the bulk CO2 at these thermodynamic conditions via the MC simulations in 24 

Canonical ensemble. Figures 2 and 3 show the RDF ((gxy(r), where x and y are the two atoms in the CO2 molecules 25 
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separated by a distance r) plots at 673.15K and 873.15K temperatures for 500kPa, 2500kPa and 4000kPa pressures. It has 1 

been noted from all the RDF plots that for every temperature and pressure condition considered; the gcc(r), goo(r) and gco(r) 2 

reaches unity after the first peak; thus representing the gas phase bulk CO2 at these thermodynamic conditions. Significant 3 

changes in the RDF peak heights are not observed with variations in the pressure and temperature. The position of 4 

occurrence for the first RDF peak at these temperature and pressure conditions are tabulated in Table 3. These values are in 5 

close compliance with the reported data in literature where the CO2 molecule had been modelled using EPM [22]. The 6 

calculated chemical potential values for the bulk CO2 obtained from the Canonical ensemble MC simulations using the 7 

; shows an expected increase with an increase in pressure at a given temperature (refer Figure 8 

4). 9 

 10 
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 11 
Figure 2: RDFs of bulk phase CO2 at 673.15 K. (a) C-C RDF of CO2 molecules; (b) C-O RDF of CO2 molecules; (c) O-O 12 

RDF of CO2 molecules. 13 

 14 
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Figure 3: RDFs of bulk phase CO2 at 873.15 K. (a) C-C RDF of CO2 molecules; (b) C-O RDF of CO2 molecules; (c) O-O 2 

RDF of CO2 molecules. 3 

 4 

Table 3: CO2 RDF peak for gcc(r), gco(r), and goo(r) at 673.15 K and 873.15 K at different pressures. 5 

RDFs at 673.15K 500 kPa 2500 kPa 4000 kPa 

gcc(r) 4.68 Å 4.70 Å 4.81 Å 

gco(r) 5.50 Å 5.56 Å 5.62 Å 

goo(r) 4.58 Å 4.65 Å 4.72 Å 

RDFs at 873.15K 500 kPa 2500 kPa 4000 kPa 

gcc(r) 4.81 Å 4.83 Å 4.88 Å 

gco(r) 5.50 Å 5.52 Å 5.53 Å 

goo(r) 4.58 Å 4.60 Å 4.63 Å 

 6 
 7 
 8 
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Figure 4: Variations in the chemical potential (µ) of bulk phase CO2 with pressure at (a) 873.15 K; (b) 673.15K. 2 

 3 
 4 
3.2 CO2 isotherms inside silica slit pores    5 
 6 
 Traditional GCMC simulations have been carried out to generate adsorption isotherm data of confined CO2 inside 7 

silica pores of various slit heights ranging between 20Å and 126.5Å, using the calculated chemical potential values at the 8 

high temperatures of 673.15K and 873.15K and over the pressure range of 500  4000kPa. Figure (5) shows the adsorption 9 

isotherms inside the silica slit pores, with the adsorption surfaces saturated with OH group, at 673.15K (Figure 5a) and at 10 

873.15K (Figure 5b). The adsorption capacity of CO2 by this porous silica, as expected, has been found to increase as the 11 

loading pressure increases and the adsorption density decreases with an increase in the operating temperature. From Figure 12 

(5) we also note that the uptake capacity of CO2 inside porous silica-based material decreases with an increase in slit height; 13 

which is due to the fact that, as shown in previous researches [28-30], inside smaller slit pore the pore-fluid interactions 14 

(which is the function of rij, as described in Section 2) effectively spans over the complete pore height (H) than that inside 15 

larger slit pores. It have been observed that the adsorption density a) reaches to 0.161mmol.cm-3 from 0.659mmol.cm-3 16 

and to 0.087mmol.cm-3 from 0.201mmol.cm-3 as the H is increased from 20Å to 126.5Å at T = 673.15K and 873.15K, 17 

respectively, at 500kPa pressure; while the bulk phase densities of CO2 at these operating conditions are 0.0893mmol.cm-3 18 

and 0.0688mmol.cm-3, respectively, representing the supercritical state [22] (refer Table 2). Kummamuru et al. [22] had 19 
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observed the similar trends in adsorption isotherms of CO2 inside graphitic slit pores with same H values; however, in the 1 

present work we observe a higher adsorption inside the silica slit pores at the same thermodynamic pressure and 2 

temperature conditions. When compared to the CO2 adsorption in graphitic slit pores [22], at T = 673.15K and P = 500kPa, 3 

the adsorption isotherms of CO2 inside silica pores depicts a 1.5 times to almost 3.5 times enhancement of uptake as H 4 

decreases from 126.5Å to 20Å; while at 4000kPa and at the same temperature the increase in CO2 uptake capacity in 5 

porous silica as compared to porous carbon is only about 1.12 to 1.66 times, respectively, as H decreases from 126.5Å to 6 

20Å. As expected, an increase in temperature to 873.15K reduces the CO2 uptake capacity even in porous silica (as shown 7 

in Figure 5b); however the maximum adsorption is still observed in 20Å silica pore at 4000kPa, which is  1.257mmol.cm-3, 8 

as compared to 0.7935mmol.cm-3 that is observed in the porous carbon at same temperature and pressure conditions. This 9 

increased adsorption inside the silica slit pores compared to homogeneous carbon slit pore is attributed to the increased 10 

pore-fluid interactions between the adsorbed CO2 and the silica slit pore with hydrogen-passivated adsorption surfaces 11 

(refer Table 1) compared to the pore-fluid interactions present between the carbon pore and the adsorbed CO2 in it [22]. 12 

The increased adsorption of CO2 inside the silica slit pore compared to the carbon slit pore is in agreement to the argument 13 

made by Tenney and Lastoskie [19], where the researchers had shown that the increase in the oxygen-containing functional 14 

group on the chemically modified graphite pore wall further increased the adsorption capacity for CO2 at a lower 15 

temperature; due to higher pore-fluid interactions. 16 

 17 
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 18 
Figure 5: Adsorption isotherms of CO2 in silica slit pores (a) at 673.15 K and (b) at 873.15 K. The bulk density has been 19 

adapted from the reported data in literature [22]. 20 

 21 
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 3.3 Molecular Packing of CO2 inside silica slit pores    1 
  2 
 The structure properties of CO2 are given by the local density profiles which provide the relevant information 3 

about the arrangement and molecular packing of the CO2 molecules under the effect of confinement in the z direction along 4 

slit height (H). The structure properties of CO2 confined inside porous silica with hydrogen-passivated adsorption surfaces 5 

and of various H at different temperature and pressure conditions are shown in Figures (6) and (7), where the local density 6 

varies as a function of z-direction. We note from Figures (6) and (7) that there are two high density peaks near the pore 7 

walls for all the porous silica slit pores considered, which is termed as layering in literature [16, 17], whereas the average 8 

local density at the centre of all the pores corresponds close to the particular bulk phase CO2 densities at these given 9 

thermodynamic conditions (refer Figure 5 and Table 2 for bulk densities). Thus, the confined CO2 inside all the slit pores 10 

considered in this study and at all the thermodynamic conditions; shows liquid-like packing behaviour near the pore walls 11 

compared to the pore centre, where the confined fluid shows more vapour-like behaviour resulting in the existence of VLE. 12 

Similar layering effects have also been reported for generic square well fluids [26] and generic triangle well fluids [31] 13 

confined inside attractive slit pores. Also, at a low temperature of 308K and at a pressure of 35bar; confined CO2 showed 14 

similar liquid-like molecular packing near the pore walls and vapour-like phase at the pore centre of microporous carbons 15 

[18]. It is also observed from Figures (6) and (7) that with increase in pressure, the peak heights near the pore wall is 16 

increased; which corresponds to increasing adsorption with increase in pressure as can be seen from the adsorption 17 

isotherms (refer Figure 5); and also because of the lesser adsorption at higher temperature the layer peak height shows a 18 

decrease as the temperature increases from 673.15K to 873.15K. The study on CO2 adsorption inside carbon slit pores at 19 

the 673.15K and 4000kPa [22] had shown the formation of two layers, one near each pore wall, and with a small incipient 20 

layer at the centre of 20Å slit pore. However, such an incipient layer is not observed in the present silica slit pore of 20Å at 21 

673.15K and 4000kPa; while more liquid-like molecular packing of confined CO2 towards the walls of the attractive silica 22 

pores (higher pore-fluid interactions compared to carbon pores, refer Table 1) has been noted. Also, the peak heights of 23 

these layers formed near the walls of 20Å silica slit pore at 4000kPa pressure, are close to 7.68 times higher than that inside 24 

the carbon slit pore of same dimension; thus, inferring higher adsorption and molecular packing of CO2 inside silica slit 25 

pores compared to homogeneous carbon slit pores at same thermodynamic conditions of loading. Similar effect of increase 26 

in the pore-fluid interactions, on the formation of structured layers near the pore walls, has been also reported for krypton 27 

confined inside slit pores with different pore-fluid interaction values [32]. It is also observed from the density profile plots 28 

at both 673.15K and 873.15K that the peak height decreases with increase in H, which is in concurrent agreement with the 29 

adsorption isotherm data as shown in Figure 5. Kummamuru et al. [22] have reported the similar trends of layering in the 30 

local density profiles of CO2 adsorbed inside carbon slit pores of same dimensions and at same thermodynamic conditions. 31 

 32 
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Figure 6. One dimensional local CO2 density profile along z direction in (a) 20Å (b) 63.2Å and (c) 126.5Å pore height at 2
673.15 K.3
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Figure 7. One dimensional local CO2 density profile along z direction in (a) 20Å (b) 63.2Å and (c) 126.5Å pore height at 2
873.15 K.3

4
5

4. CONCLUSION 6
7

Molecular simulations have been carried out in the Isothermal-Isobaric ensemble, Canonical ensemble and in the 8

Grand Canonical ensemble for the present study, to estimate the bulk phase properties of CO2 along with the CO29

adsorption isotherms and the local density profiles inside silica slit pores at elevated temperatures over pressure ranging 10

from 500kPa to 4000kPa; which are the process parameters of steam reformation process for methane. From this study we 11

summaries the following:12

(a) TraPPE force field adequately represents the CO2 bulk properties at the aforementioned thermodynamic 13

conditions. We found that the bulk densities, RDFs and the chemical potential values are in excellent agreement 14

with that reported in literature [22, 37].15

(b) Evidently, we note that the pore-fluid interactions between the CO2 molecule and the silica pore are higher 16

compared to the pore-fluid interactions between homogeneous carbon pore and the CO2 molecule [22]. Thus,17

resulting in a higher CO2 capture inside the silica pores as compared to porous carbon adsorbents.18

(c) Adsorption capacity inside a porous silica adsorbent is greatly dependant on pore size (slit height, H, in this study) 19

along with the prevailing thermodynamic conditions. Interestingly, we observe higher uptake capacity of CO220



15 
 

inside smaller silica pores compared to the larger silica pores at a given thermodynamic condition. This is mainly 1 

due to higher molecular packing of confined CO2 inside smaller silica slit pores compared to the larger silica slit 2 

pores, as shown by the higher peak heights of the layers formed near the slit walls for a smaller silica pore (Figure 3 

6a and 7a).  4 

(d) We also observe that an increase in H results in a gradual shift of the a values towards the bulk phase density of 5 

the CO2 at that given thermodynamic conditions. Thus, the highest effect of the pore-fluid interactions are felt by 6 

the adsorbate inside smaller silica pores, resulting in the possibility of higher CO2 capture inside smaller slit pores.  7 

(e) Finally, we note the coexistence of liquid-like (layers with high peak local density values) and vapour-like (local 8 

density values close to corresponding local bulk phase densities) phase densities of CO2 confined inside silica slit 9 

pores at thermodynamic conditions where although the bulk phase CO2 behaves supercritical. 10 

 11 
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Tables 
 

Table 1: Molecular parameters used for CO2 molecules and slit silica wall. 
CO2 Silica wall Pore-fluid parameters 

ff  (Å) kB-1  ff  (K) ff  (Å) kB-1 ff  (K) sf(Å) kB-1 sf (K) 

c-c = 2.8000 kB
-1  c-c = 27.00 Si-Si  = 3.3020 kB

-1 
Si-Si  = 9.0×10-4 

C-Si = 3.0510 
C-O = 2.9820 
O-O = 3.1070 

kB
-1

C-Si = 0.1580 
kB

-1. C-O = 45.9490 
kB

-1. O-O = 78.5980  
c-o = 2.9250 kB

-1  c-o = 46.1800   O-O  = 3.1655 kB
-1 

O-O  = 78.1200 O-Si = 3.2330 kB
-1. O-Si = 0.2690 

o-o = 3.0500 kB
-1  o-o = 79.00   H-H = 0 

H-O = 1.5820 
H-Si = 1.6510 

kB
-1

H-H = 0. 
kB

-1. H-O = 0. 
kB

-1. H-Si = 0.  
    H-C = 1.4000 kB

-1. H-C = 0.  
    H-O = 1.5250 kB

-1. H-O = 0.  
 

 
 
  



Table 2: Simulated bulk CO2 b) from this work and the corresponding experimental values from the 

literature.   *   experimental value - simulation value% deviation = 100
experimental value

 

 T = 673.15K   T = 873.15K  

 b -3)  b -3)  

P (kPa) Present work Span et al. [37] % deviation Present work Span et al. [37] % deviation 

500 0.0893 0.0894 0.112 0.0688 0.0688 0 

1000 0.1787 0.1788 0.056 0.1375 0.1375 0 

1500 0.2680 0.2683 0.112 0.2060 0.2062 0.097 

2000 0.3575 0.3579 0.112 0.2745 0.2747 0.073 

2500 0.4466 0.4474 0.179 0.3428 0.3431 0.087 

3000 0.5359 0.5371 0.224 0.4110 0.4113 0.073 

3500 0.6253 0.6267 0.224 0.4790 0.4795 0.104 

4000 0.7142 0.7164 0.308 0.5469 0.5476 0.128 

 
 
 
  



Table 3: CO2 RDF peak for gcc(r), gco(r), and goo(r) at 673.15 K and 873.15 K at different pressures. 

RDFs at 673.15K 500 kPa 2500 kPa 4000 kPa 

gcc(r) 4.68 Å 4.70 Å 4.81 Å 

gco(r) 5.50 Å 5.56 Å 5.62 Å 

goo(r) 4.58 Å 4.65 Å 4.72 Å 

RDFs at 873.15K 500 kPa 2500 kPa 4000 kPa 

gcc(r) 4.81 Å 4.83 Å 4.88 Å 

gco(r) 5.50 Å 5.52 Å 5.53 Å 

goo(r) 4.58 Å 4.60 Å 4.63 Å 
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Figure 1: (a) Top view of a passivated silica surface; (b) Side view of a passivated silica 
surface; (c) Passivated silica slit pore. White dots representing passivating Hydrogen atoms, 
Red dots representing Oxygen atoms and Yellow dots representing Silicon atoms. 
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Figure 2: RDFs of bulk phase CO2 at 673.15 K. (a) C-C RDF of CO2 molecules; (b) C-O 

RDF of CO2 molecules; (c) O-O RDF of CO2 molecules. 
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Figure 3: RDFs of bulk phase CO2 at 873.15 K. (a) C-C RDF of CO2 molecules; (b) C-O 

RDF of CO2 molecules; (c) O-O RDF of CO2 molecules. 
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Figure 4: Variations in the chemical potential (µ) of bulk phase CO2 with pressure at (a) 

873.15 K; (b) 673.15K. 
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Figure 5: Adsorption isotherms of CO2 in silica slit pores (a) at 673.15 K and (b) at 873.15 

K. The bulk density has been adapted from the reported data in literature [22]. 
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Figure 6. One dimensional local CO2 density profile along z direction in (a) 20Å (b) 63.2Å 
and (c) 126.5Å pore height at 673.15 K.
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Figure 7. One dimensional local CO2 density profile along z direction in (a) 20Å (b) 63.2Å 
and (c) 126.5Å pore height at 873.15 K.


