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Adsorption of nitrogen and oxygen in nanoporous carbons (NPC) is simulated using
grand canonical Monte Carlo simulations, where the Steele potential (developed for
gas interactions with graphite) is used to represent gas—carbon interactions. NPC
models used for the adsorption simulations are developed using an isothermal-isobaric
(constant NpT) ensemble Monte Carlo algorithm whereby an initial polymer chain is
evolved through a series of atomic displacement and bond rearrangement steps into
the final carbon structure. These constant NpT carbon models are representative of
real NPCs in terms of local structure and chemical composition. Predictions of nitro-
gen and oxygen sorption from our model NPCs show good agreement with experimen-
tal data. The isosteric heats of adsorption of both adsorbates lie within the range of
experimental values for NPCs. Furthermore, the adsorption isotherms of the two gases
showsemi-quantitative match with experimental adsorption isotherms. © 2010 American
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Introduction

Amorphous carbons can be broadly classified into graphi-
tizing and nongraphitizing carbons depending on whether
they convert to graphite when treated at high temperatures.
Nanoporous carbon (NPC) is a type of nongraphitizing car-
bon prepared from the pyrolysis of carbon containing poly-
meric precursors, such as polyfurfuryl alcohol (PFA). NPCs
have applications in a variety of fields such as gas purifica-
tion® and catalysis.3 Membranes prepared from NPCs have
been shown to exhibit nitrogen-to-oxygen selectivity values
as high as 30:1.* NPC is used extensively in the pressure
swing adsorption process to separate nitrogen/oxygen and
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COz/hydrogen.5 These materials have a narrow pore size dis-
tribution centered at approximately 5 A2 The complicated
pore structure of NPCs limits the applicability of traditional
models (such as the Langmuir model) to experimental data
to understand the adsorption thermodynamics.

Molecular simulation is increasingly being used to study
gas adsorption in microporous materials®™® because, apart
from generating the usual adsorption isotherms and heats of
adsorption data, it allows one to view the process at an at-
omistic level and thus helps in the fundamental understand-
ing of the process.

There have been several simulation studies involving
adsorption of gas molecules and their mixtures in porous
adsorbents such as zeolites,G’g_13 carbon nanotubes,7’14 acti-
vated carbons®™'® and other materials.'®2" Jiang et al.?'*?
have performed simulation studies of gas adsorption in
NPCs using Cigg schwarzite (a hypothetical carbon structure
with negative curvature®) as model NPC structure.
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Adsorption characteristics of several carbonaceous materials
(such as carbon nanotubes, Cgq fullerene, and C,4g schwar-
zite.) have also been compared using molecular simulation
by Jiang et al*

Various experimental studies of adsorption of gases (such
as nitrogen and oxygen) in NPCs have been reported in liter-
ature.”>*’ The NPC samples most commonly used for gas
adsorption studies are Takeda (3A and 5A) and Bergbau-For-
schung. The equilibrium adsorptive capacities of the NPC
samples for nitrogen and oxygen are quite similar. Thus,
equilibrium separation of nitrogen-oxygen mixture is not pos-
sible by adsorption on NPCs. However, the uptake rate of ox-
ygen in NPCs is higher than that of nitrogen, thus making the
kinetic separation of these two gases possible over NPC beds.

Although nitrogen—oxygen separation using NPCs is a
nonequilibrium (kinetic) phenomenon, a knowledge of the
thermodynamics of gas adsorption in NPCs is still necessary.
According to the solution-diffusion mechanism of gas trans-
port in nanostructured materials, permeation is controlled by
both diffusivity and solubility of the gas atoms/molecules in
the membrane. The permeability is thus defined as the prod-
uct of solubility and diffusivity of the adsorbed gas. Adsorp-
tion isotherms of gases can be used to obtain their solubility
which, in conjunction with diffusivity data, can be used to
calculate the permeability of the gases. Furthermore, adsorp-
tion isotherms are necessary for determining transport diffu-
sivity using the Darken relation.?®

To study adsorption in NPC using molecular simulation, a
realistic atomistic model of an NPC is required. A novel
Monte Carlo (MC) algorithm was developed by Kumar
et al.?’ to generate realistic models of amorphous, micropo-
rous carbons. The algorithm, a constant NVT MC simulation
method, generated carbon models whose properties compared
favorably with those of real NPCs. However, real NPCs are
prepared under conditions of constant pressure. Therefore,
the MC algorithm has been modified to perform simulations
at constant pressure, temperature, and system size, i.e., con-
stant NpT. The NPC models generated using the constant
NpT MC algorithm are used for adsorption simulations.

In this article, first the model structures obtained from this
constant NpT MC algorithm are characterized and their
structural properties compared with corresponding experi-
mental results. Subsequently, the adsorption of nitrogen and
oxygen in these NPC models is studied using grand canoni-
cal Monte Carlo (GCMC) simulations. The simulated
adsorption results are compared with experimental adsorp-
tion data for these gases.

Simulation Method
Generation of NPC models using constant NpT MC

The constant NpT MC simulation method developed here
to generate NPC models is similar to the constant NVT MC
algorithm developed by Kumar et al.*® The only difference
between the two methods is that instead of a constant vol-
ume, the volume is allowed to vary to maintain a target sys-
tem pressure. This is accomplished by a volume change
move,30’3] in addition to the displacement and bond rear-
rangement, MC moves used in the constant NVT algorithm.
The volume change move can be implemented by changing
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the box volume, changing the box length,** or changing the
logarithm of the box volume, In V.33 In the NPC generation
algorithm, volume change moves are attempted by changing
In V. The extent of change in In V is chosen randomly but is
constrained to be below a maximum value. Furthermore, this
upper limit on the extent of change in In V is adjusted
throughout the course of the simulation to obtain a 50% ac-
ceptance ratio for the volume change moves.

The algorithm can be broadly divided into the following
three steps:

e (enerate a starting carbon polymer representative of PFA.

e Carry out atomic displacement, bond rearrangement,
and volume change moves on all the atoms of the system.

e Add hydrogen to the MC optimized structure and mini-
mize energy.

The starting polymer is generated in exactly the same
fashion as in the constant NVT method.?’ In every simula-
tion, 4000 MC cycles are carried out on the starting carbon
polymer. On an average, one MC cycle consists of 200 steps
of atomic displacement moves, one step of bond rearrange-
ment move, and two volume change moves. One step of any
type is considered complete when all the atoms in the sys-
tem have been displaced once. The atoms to be displaced in
a step are chosen in random order, and no atom is displaced
more than once in a step. The reader is referred to the article
by Kumar et al.®® for detailed definition of the bond rear-
rangement move. As the bulk of the simulation time is con-
sumed by bond rearrangement moves, the constant NpT MC
algorithm requires a similar computation time as the constant
NVT MC algorithm, provided the system size is the same.

As in the constant NVT method, hydrogen is added (using
Cerius® software®®) to the structure obtained after 4000 MC
cycles to satisfy the coordination requirements of the sp?
carbons. Energy minimization is subsequently carried out on
the structure to obtain the final NPC model.

To quantify the amount of free space in the different mod-
els, fractional free volumes of the NPC structures are calcu-
lated as follows: the simulation box is divided into a three-
dimensional cubic mesh with adjacent node points 0.2 A
apart. A probe sphere is inserted at every node point, and
the insertion is judged to be successful if there is no overlap
between the probe and the carbon atoms, as defined by their
Lennard-Jones (LJ) radii. The number of node points at
which the insertion could be successfully carried out is di-
vided by the total number of node points (or equivalently,
insertion attempts) to obtain the fractional free volume.

The cavity size distribution (CSD) is the probability distri-
bution of introducing a hard-sphere probe into the carbon
structure without any overlaps between the probe and the car-
bon atoms. In this work, CSDs are calculated using the same
approach as used in Ref. 29. A mesh size of 0.1 Ais used.

Bond anisotropy maps of the NPC models are generated
to estimate the degree of anisotropy as quantified by the net
orientation of C—C bonds. The maps for the structures are
generated according to the method described in Ref. 29. To
further quantify the level of anisotropy in the models, stand-
ard deviation of the bond anisotropy data is calculated. Dur-
ing the generation of anisotropy maps, the bond anisotropy
data is calculated in the form of bond area density as a func-
tion of spherical angles 0 and ¢, i.e., p(0,¢). So, the stand-
ard deviation of p(0,¢) is calculated using
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Table 1. Site-Site Lennard Jones Potential Parameters for
Nitrogen and Oxygen Used in the GCMC Simulations

Table 2. List of NpT MC Simulations Performed Along with
the Conditions at Which They Are Carried Out

C—N c—0 N—N 0—0
o (&) 3.36 3.19 3.32 2.99
ek, (K) 334 37.6 36.4 52.0

1 (A) 1.10 1.208

Nitrogen and oxygen bond lengths (/) are also listed. kg is the Boltzmann
constant.

0% (p(0,9) — )

% N-1

ey

where ) g and )4 represent sum over 0 and ¢ respectively, p
is the bond area density averaged over 0 and ¢, and N is the
number of data points at which p(0,¢) is calculated. The ratio
of the standard deviation and the average of bond anisotropy
data, o = 7, /P, is used as a quantitative measure of the level
of anisotropy in the carbon structures. The higher the value of
o, the more anisotropic the structure would be.

Gas adsorption in NPC models

GCMC simulations are used to simulate the adsorption of
oxygen and nitrogen on model NPC structures. The NPC
models used for the adsorption studies are obtained using the
constant NpT MC algorithm described in the previous sec-
tion. The adsorbate (nitrogen and oxygen) molecules are rep-
resented as two-site diatomic molecules. The site—site inter-
actions amongst the adsorbates and between the adsorbates
and NPC are modeled by the LJ potential.

LJ parameters and bond lengths used for nitrogen and ox-
ygen molecules are listed in Table 1. The well-studied Steele
potential®> was used to model the interaction between the
carbon atoms and the adsorbate molecules (N, and O,). The
interaction parameters for this potential are also listed in

Simulation Starting Density Corrected Skeletal
No. Structure (g/cm3) Density (g/cm3)
1 Polymer A 1.23 1.47
Polymer B 1.27 1.52
3 Polymer A' 1.19 1.48

Polymers A and B are created from two different configurations of the lattice
polymer backbone. Superscript in Simulation 3 denotes that the random num-
ber generation sequence for the Monte Carlo moves is different from that in
Simulation 1. Density of the starting polymer in all the cases is 1.72 g/cm®.

Table 1. A cutoff distance of 4oc—y in the case of nitrogen
adsorption and 40c—o in the case of oxygen adsorption is
used for the LIJ interactions. If 40c—y or 40c—o is larger
than half the simulation box length, Lyo/2 is used as the cut-
off distance where Ly, is the simulation box dimension.

Lorentz-Berthelot mixing rules are used to calculate LJ inter-
actions between the adsorbates and hydrogen atoms in the NPC.

Simulations are carried out to study single component adsorp-
tion of N, and O, in NPC models. The usual displacement, rota-
tion, and insertion/deletion MC moves’' are used, 20% of the
moves are molecular displacement, 20% are molecular rotation,
and the remaining 60% are insertion/deletion moves (insertion
and deletion moves are assigned equal probability).

The isosteric heat of adsorption, g, is the differential heat
released when an infinitesimal amount is transferred from
the bulk phase to the adsorbed phase at constant temperature
and pressure. As the partial molar volume of the adsorbate
phase is usually negligible in comparison with that of the
bulk phase, the isosteric heat of adsorption for single compo-
nent adsorption can be expressed as’°
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Figure 1. Wire frame view of model NPC structures generated at conditions of (a) Simulation 2, and (b) Simulation

3 in Table 2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. PDF of model NPC structure obtained from

Simulation 1.

The experimental PDF (by Petkov et al.”’) is also shown for
comparison. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

where (I:I”‘f* —H”) is the departure function for the partial
molar enthalpy in the bulk phase, R is the universal gas
constant, U“ is the total adsorbate-adsorbent and adsorbate-
adsorbate interaction energy, and N? is the number of
adsorbate molecules. Assuming ideal gas behavior in the bulk
phase, Eq. 2 becomes

ou®
g = RT — < W)T @)

The partial derivative (0U“/ON“); can be obtained using
fluctuation theory as

our\  f(U“NY)
<8N“)T ~ f(Ne,N9) )

where f(A,B) = (AB) — (A) (B) and (...) denotes ensemble
average value.

The ideal gas equation is used to relate the chemical
potential and the bulk pressure of the adsorbates in simula-
tions carried out at low- to-moderate pressures. At high pres-
sures, the Peng-Robinson equation of state (PREOS) is used.

In every GCMC simulation, a total of 2.5 x 107 MC
moves are carried out. The system is equilibrated during the

Table 3. Fractions of 5-, 6- and 7-Membered Rings in the
Final Structures Generated at Different Conditions
(Outlined in Table 2)

Percent of Percent of Percent of Total
Simulation 5-Member 6-Member 7-Member Number
No. Rings Rings Rings of Rings
1 5.7 91.2 3.1 421
2 6.7 88.7 4.6 435
3 4.7 92.2 3.1 421
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Table 4. Fraction of Carbon Atoms Having Different
Number of Carbon Atom Neighbors in the Final Structures
Generated at Different Conditions (Outlined in Table 2)

Percent of C Percent of C Percent of C

Simulation Atoms with Atoms with 2 Atoms with 3
No. 1 Neighbor Neighbors Neighbors
1 0.5 28.0 71.5
2 0.3 28.7 71.0
3 0.5 29.8 69.7

first 1.25 x 107 moves and data are collected during the rest
of the simulation.

Results and Discussions
Properties of NPC models

Three simulations are carried out changing the starting
polymer configuration and random number generation
sequence (for the MC moves), but holding the system pa-
rameters such as temperature and pressure fixed (at 800°C
and 1 bar, respectively). The conditions at which these simu-
lations are carried out are listed in Table 2. The starting
structure for these simulations is set at a density of 1.72 g/
cm’, which is the experimental value reported by Petkov
et al.*’ for NPCs prepared at 800°C. The NpT simulations
lead to a reduction in density for all the cases considered,
resulting in high free volumes in the NPC models. Figure 1
illustrates two model NPC structures obtained by constant
NpT MC simulations corresponding to Simulation 2 and 3
(see Table 2). Both these structures show the presence of
“holes™ that extend across the length of the simulation box

L I L N N R R R R

19-01‘ | F— N, radius

o—o Simulation 1, NpT MC
o—a Simulation 1, NVT MC
e—e Simulation 2, NpT MC
=—a Simulation 2, NVT MC

1e-02

Cavity size distribution

1e-03

0
1e-0 IlIIIIr\IIII|||II[\\IIIIII\\IIIIIII[\-Illllll
%.5 1 156 2 25 3 35 4 45 5

Hard sphere radius, 1, (A)

Figure 3. CSDs of the NPC models generated from two
different starting polymer conformations
(simulations 1 and 2 in Table 2).

CSDs of the corresponding NPCs generated using constant
NVT MC simulations are also shown. The Lennard-Jones
(LJ) radii of nitrogen and oxygen are represented as dashed
vertical lines. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Free volume maps obtained using hard sphere representation of nitrogen and oxygen molecules as
probes are shown for NPC models generated under the conditions of Simulations 1 and 2 (see Table 2).
The free volume maps for corresponding constant NVT carbon models have also been shown for comparison. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

and can act as percolation pathways for gas transport. Thus,
constant NpT MC simulations lead to an inhomogeneous
carbon structure with significant “holes”

The volume used to calculate the density includes the
void space in the models, thus giving values lower than
what the actual skeletal density might be. Helium pycnome-
try is the most commonly used experimental technique to
calculate skeletal densities. In this technique, the volume of
pores or cavities in the material accessible by helium is
excluded from the sample volume used to calculate the den-
sity. As a crude approximation to this method, corrected
densities of the carbon models are calculated by subtracting
the helium free volume of the structure from the simulation
box volume and using this value to divide the total mass of
the atoms in the box. The helium free volume of the struc-
ture is calculated using the approach outlined in the Section
“Simulation Method”. The corrected densities are listed in
the last column of Table 2. All three NPC models have a

1500 DOI 10.1002/aic
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corrected density of ~1.5 g/cm®. This value is somewhat
lower than the experimental range of densities (1.6-1.72 g/
em®*?7 for industrially relevant NPCs and is caused by large
expansion of the simulation box owing to the relatively low
pressure of simulation.

The pair distribution function (PDF) of a sample NPC
structure generated at the conditions of Simulation 1 is

Table 5. Fractional Free Volumes of Different Carbon
Models Obtained Using Nitrogen and Oxygen as
Probe Molecules

Percentage Free Volume

Simulation No. Using Nitrogen Using Oxygen

1 6.0 7.6
2 6.7 8.2
3 9.6 11.3

The carbon models are represented by their simulation numbers in Table 2.

June 2011 Vol. 57, No. 6 AIChE Journal
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Figure 5. Effect of change in starting polymer and random number generation sequence on the bond anisotropy

maps of the constant NpT carbon models.

Bond anisotropy maps are shown for NPC models generated by (a) Simulation 1, (b) Simulation 2, and (c) Simulation 3 (see Table 2).
The highest value on the scale bars (i.e., 1) represents the maximum bond density (bonds per unit area) in the structure.

shown in Figure 2. PDFs of other structures used in this
work correspond closely to the PDF in Figure 2 and hence
have not been shown. Experimental PDF (by Petkov et al.’’)
of an NPC sample prepared at 800°C is also plotted in Fig-
ure 2. The simulated PDF shows good agreement with the
experimental PDF in terms of the peak positions and the
extent of correlation in the structure. This suggests the dense
regions are representative of experimental NPCs.

NPC models generated from Simulations 1-3 (see Table 2)
are used to study how changing simulation parameters, such
as the configuration of the starting polymer or the random
number generation sequence for the MC moves, affects the
properties of the resulting NPC structure. Table 3 lists the
fractions of 5-, 6- and 7-membered rings in different NPC
models. The fractions of these rings do not vary appreciably
with a change in either the starting polymer configuration or
the random number generation sequence. The fraction of
hexagonal rings, in all cases, is close to 90%. The total
number of rings, which is a measure of the degree of sp”
hybridization of the carbons, is nearly the same for these
cases. In Table 4, the fraction of carbon atoms having 1, 2,
and 3 carbon atom neighbors are listed for all the different
NPC models. The fraction of carbons having three carbon
atom neighbors is on average ~70%. Note that higher frac-
tion of such three-coordinated carbons implies lower hydro-
gen-to-carbon ratio in the system. Consequently, all final
structures have similar composition.

Figure 3 shows the CSDs of the NPC structures generated
under the conditions of simulations 1 and 2 in Table 2. The
CSDs show similar N, and O, insertion probabilities in both
structures. Although both structures show the presence of
cavities larger than 3 A (in radius), the structure generated
using polymer B has larger cavities than that generated from
polymer A. For comparison, the CSDs of NPCs generated
using the constant NVT MC method (as described in
Ref. 29) are also plotted in Figure 3. These constant NVT
structures were generated at the same conditions of tempera-
ture, box size, and starting structure as the two constant NpT
structures. Upon inspection, it is evident that the constant
NpT carbon structures exhibit significantly higher N, and O,
insertion probabilities and have considerably larger cavities.
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The free volume maps (using nitrogen as probe molecule)
for structures obtained from Simulations 1 and 2 are shown
in Figure 4. The structure from Simulation 2 shows larger
free volume than the other structure and has *“channels”
extending across the length of the simulation box. Free vol-
ume maps of the corresponding structures generated using
constant NVT MC method are also shown for comparison.
The constant NpT NPCs have a much higher free volume
than their constant NVT counterparts.

Fractional free volumes of the carbon models have been
calculated using nitrogen and oxygen as probe molecules
and are listed in Table 5. Carbon model corresponding to
Simulation 3 is seen to have the largest fractional free
volume.

Figure 5 shows the bond anisotropy maps for the three
carbon models considered here. The standard deviation of
the bond anisotropy data and the o parameter for these simu-
lations are listed in Table 6. The o parameter, which is a
measure of the level of anisotropy, is only slightly different
for these models indicating that the models have similar lev-
els of anisotropy in terms of their bond directionality. Data
for graphite, which has a highly anisotropic structure, are
also shown in Table 6. Comparison of the a parameter of
graphite with that of different carbon structures shows that
the degree of anisotropy in the NPC models is almost an
order of magnitude smaller than that in graphite.

Thus, the three models presented here are similar in terms
of their chemical composition, local structural order (as
quantified by the PDF), and level of anisotropy. However,

Table 6. Standard Deviation of the Bond Anisotropy Data
and the o Parameter for different Simulations

Standard Deviation

Simulation No. of Bond Anisotropy, 7, o

1 0.155 1.371
2 0.106 1.422
3 0.111 1.368
Graphite 0.0770 10.128

The simulation numbers correspond to those listed in Table 2. The data
for graphite has also been added for reference since graphite is highly
anisotropic.
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(a) Constant NpT

(b) Constant NVT

Figure 6. Representative snapshots of nitrogen adsorbed at 298.15 K and 1 bar in (a) constant NpT model from
Simulation 1 in Table 2 and (b) the corresponding constant NVT model.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the size and morphology of the cavities are different. This
can be attributed to the nonequilibrium nature of the struc-
tures and the limited sample size. In comparison with the
constant NVT carbon models, the constant NpT models have
significantly larger cavities and void volume.

Nitrogen and oxygen adsorption in NPC models

GCMC simulations are carried out to study the pure compo-
nent adsorption of N, and O, in model NPC structures. Simula-
tions are carried out with the total bulk pressure ranging from
102 to 10° Pa. NPCs are amorphous, nonequilibrium structures
and a single carbon model may not be sufficient to capture their
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(a) Constant NpT

adsorptive properties correctly. Hence, we use three models
(corresponding to Simulations 1 through 3 from Table 2) gener-
ated at similar conditions of temperature and system size. These
different models can be thought of as representations of differ-
ent regions of a real NPC sample. To obtain a more realistic pic-
ture of gas adsorption in NPCs, the adsorption isotherms and
isosteric heat of adsorption, gy, of nitrogen and oxygen pre-
sented here are averaged over the three models. For the sake of
comparison, adsorption properties for constant NVT models are
also calculated (by averaging over three constant NVT models).
Figure 6a shows snapshot of nitrogen adsorbed at 298.15 K and
1 bar in a constant NpT carbon model generated at conditions of
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Figure 7. Pure component adsorption isotherm of nitrogen and oxygen.

(a) Adsorption isotherms of nitrogen and oxygen at 298.15 K obtained by averaging over NPC models from Simulations 1 through 3 (see
Table 2). Inset shows a magnified view of the circled portion. (b) Average adsorption isotherms of nitrogen and oxygen at 298.15 K for
constant NVT carbon models. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The average is isosteric heats of adsorption of nitrogen and oxygen.

(a) Isosteric heats of adsorption of nitrogen and oxygen at 298.15 K obtained by averaging over NPC models from Simulations 1 through 3 (see
Table 2). (b) Average isosteric heats of adsorption of nitrogen and oxygen at 298.15 K for constant NVT carbon models. Only a few representative

error bars are shown for clarity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Simulation 1 in Table 2. Nitrogen adsorbed at the same condi-
tions of temperature and pressure in the corresponding constant
NVT model is shown in Figure 6b. The significantly higher
amount adsorbed in the constant NpT carbon can be attributed
to its larger free volume.

Figure 7a shows the pure component adsorption isotherms
of nitrogen and oxygen at 298.15 K where the adsorbate-
carbon interactions are represented by the Steele potential.
Each isotherm in this figure is obtained by averaging the cor-
responding adsorption isotherms in NPC models obtained
from Simulations 1-3 (see Table 2). Thus, for example, the
adsorption isotherm of nitrogen at 298.15 K shown in Figure
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7a is obtained by simulating the isotherms of nitrogen at
298.15 K in models from Simulations 1-3 and calculating the
average of the three. At low-to-moderate pressures, the iso-
therms of nitrogen and oxygen are nearly identical. At high
pressures (>100 kPa), the mean value of oxygen isotherm is
observed to be slightly higher than that of nitrogen (see the
inset of Figure 7a). However, a -test performed on the data
shows that the two isotherms are statistically indistinguishable.
The average adsorption isotherms of nitrogen and oxygen in
constant NVT carbon models are shown in Figure 7(b). The
amounts of nitrogen and oxygen adsorbed are seen to be sig-
nificantly lower than those for the constant NpT models.
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Figure 9.
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Comparison of adsorption isotherm of nitrogen in experimental and model NPCs.

The experimental data in (a) is from Ma et al.?> and that in (b) is from Rutherford et al.?” The constant NpT MC isotherms are obtained
by averaging over models from Simulations 1 through 3 (see Table 2). The average isotherm for corresponding constant NVT models has
also been shown. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Same as Figure 9 except that adsorption isotherms of oxygen are compared.
The experimental data in (a) is from Ma et al.”> and that in (b) is from Rutherford et al.”’ [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 8a shows the average isosteric heats of adsorption of
nitrogen and oxygen in the constant NpT carbon models using
Steele potential. Nitrogen is seen to have a slightly higher g
than oxygen. The difference however is not significant (<0.5
kJ/mol). In Figure 8b, the average isosteric heats of adsorption
of nitrogen and oxygen in the constant NVT carbon models are
shown. Although the mean g values for the two gases differ by
almost 1 kJ/mol at low-to-moderate pressures, the error bars are
large and they overlap. The larger void volume in NPCs gener-
ated by constant NpT MC method leads to lower g values than
in NPCs generated by constant NVT MC method. This is evi-
dent on comparing Figures 8(a,b), where the ¢ values are 5-6
kJ/mol higher for NPCs generated by the constant NVT MC
method. Experimental values of isosteric heats of adsorption in
nanoporous carbons (Takeda, Bergbau-Forschung, etc.) range
from 17 to 21 kJ/mol for nitrogen and 16.5 to 20 kJ/mol for oxy-
gen.27 In the case of constant NVT carbon models, the isosteric
heats obtained from simulations (see Figure 8b) are somewhat
higher than experimental isosteric heats of adsorption. On the
other hand, isosteric heats of adsorption in carbon models gener-
ated from constant NpT MC method are generally within the
range of experimental values (mentioned above). Therefore, the
constant NpT carbon models provide a better representation of
real NPCs than the constant NVT models.

In Figure 9, experimental adsorption isotherm of nitrogen is
compared with the simulated isotherms. Figure 9a shows high
pressure experimental data from Ma et al.>> whereas Figure 9b
shows low pressure experimental data from Rutherford et al.’
The high pressure experimental data is for Takeda 5A carbons at
303 K, whereas the low pressure data is for Takeda 3A carbons
at 293 K (both Takeda 3A and 5A are carbons molecular sieves).
The simulated isotherms shown are all generated at 298.15 K.
From Figures 9(a,b), it is evident that the average simulated iso-
therm obtained using NPCs generated by constant NpT MC
method as the adsorbent is more representative of the experi-
mental isotherms for both low and high pressures. On the other
hand, the isotherm obtained using constant NVT carbons is

1504 DOI 10.1002/aic
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much lower than the experimental isotherm. The larger free vol-
ume in constant NpT MC carbons results in higher adsorption
capacity under similar conditions of temperature, pressure, and
interaction potential. For oxygen (see Figure 10), the experimen-
tal adsorption isotherm is more closely resembled by isotherms
obtained when NpT MC carbons are used as adsorbents. Note
that the experimental data for oxygen was obtained from the
same source as that for nitrogen. Isosteric heat values and Fig-
ures 9 and 10 lead us to conclude that carbon models generated
by constant NpT MC method are a better representation of real
nanoporous carbons than the models generated by constant NVT
MC method as far as the adsorptive properties are concerned.

Conclusions

The constant NpT MC algorithm produces carbon models
that have larger cavities and higher free volumes than those
generated by constant NVT method under similar simulation
conditions. Some structures even show the presence of
“holes” extending across the simulation box that would be
suitable for allowing gas transport through the structure.
NPC structures created (using constant NpT MC algorithm)
from different starting structures do not differ appreciably in
terms of their local structural order (as quantified by the
PDF), chemical composition (quantified by the carbon-to-
hydrogen ratio), and the fraction of different-sized carbon
rings. Comparison with experiments show good agreement
with the target (800°C) structure in terms of PDF and chem-
istry. However, the extended hole structure in the constant
NpT MC simulations leads to densities that are somewhat
lower than experimental NPC density. Apparently, the low
formation pressure in the constant NpT simulations leads to
opening of large, sample-spanning cavities that do not anneal
or close during the course of the simulation.

The adsorption of gases in NPC models is studied using
GCMC simulation. NPC models generated using constant
NpT MC method exhibit higher adsorption and lower
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isosteric heats for both adsorbates than those generated by
constant NVT MC method. Isosteric heats of both gases lie
within the experimental range for adsorption in constant
NpT models. The constant NVT carbon models, on the other
hand, exhibit higher ¢y values on an average than the experi-
mental isosteric heats. The constant NpT MC models also
show reasonably good semiquantitative agreement with ex-
perimental data for both adsorbates with respect to the
adsorption isotherms. Thus, NPCs generated by constant
NpT MC method are good representation of real NPCs in
terms of the adsorptive properties.
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