Adsorption (2007) 13: 307-314
DOI 10.1007/s10450-007-9061-1

Pore accessibility of N, and Ar in disordered nanoporous solids:

theory and experiment

T.X. Nguyen - S.K. Bhatia

Received: 20 April 2007 / Revised: 18 July 2007 / Accepted: 24 September 2007 / Published online: 16 October 2007

© Springer Science+Business Media, LLC 2007

Abstract Recently (Nguyen and Bhatia, J. Phys. Chem. C
111:2212-2222, 2007) we have proposed a new algorithm
utilising cluster analysis principles to determine pore net-
work accessibility of a disordered material. The algorithm
was applied to determine pore accessibility of the recon-
structed molecular structure of a saccharose char, obtained
in our recent work using hybrid reverse Monte Carlo simu-
lation (Nguyen et al., Mol. Simul. 32:567-577, 2006). The
method also identifies kinetically closed pores not accessed
by adsorbate molecules at low temperature, when their low
kinetic energy cannot overcome the potential barrier at the
mouths of pores that can otherwise accommodate them.

In the current work, the results are validated by transition
state theory calculations for N and Ar adsorption, show-
ing that N; can equilibrate in narrow micropores at practical
time scales at 300 K, but not at 77 K. Large differences be-
tween time scales for micropore entry and exit are predicted
at low temperature for Ny, the latter being smaller by over
three orders of magnitude. For N, at 77 K the time constant
for pore entry exceeds 3 hr., while for exit it is 134 days. At
300 K these values are smaller than 1 ps, indicating good
accessibility at this temperature. These results are verified
by molecular dynamics simulations, which reveal that while
N; molecules enter and leave all pores frequently at 300 K,
entry and exit events for apparently inaccessible pores are
absent at 77 K. For Ar at 87 K better accessibility is evident
for the saccharose char compared to N> at 77 K. This find-
ing is now experimentally shown in this work by compar-
ison of pore size distributions obtained from experimental
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nitrogen adsorption isotherms of nitrogen and argon at 77 K
and 87 K.
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1 Introduction

The understanding of the microstructure of porous materials
in terms of pore morphology and topology plays a key role
in the quantitative prediction of adsorption equilibrium and
dynamics. Furthermore, while the pore morphology dictates
adsorption capacity, the pore topology, which contains ultra-
micropores whose size is near the molecular dimension, pro-
vides selective adsorption of specific species from its mix-
tures. Such ultramicropores are found in carbon molecular
sieves (CMS), polymer derived CMS, coals, and dehydrated
zeolites, which are widely utilized for gaseous mixture sep-
aration purposes. The CMS is more attractive due to the fact
that their pore structure is easier to be precisely tailored by
heat treatment.

In practice, ultramicropores in CMS are normally viewed
as pore entrances connecting neighboring pore cavities,
through which transport of adsorbates is experimentally ob-
served as an activated diffusion process with strong temper-
ature dependence and therefore pore accessibility. Although
such strong temperature dependence of pore accessibility is
experimentally observed (Maggs 1952, 1953; Bae and Bha-
tia 2006), its molecular level basis has been scarcely in-
vestigated in the existing literature. Such understanding has
significance for enhancement of adsorption selectivity of
CMS by temperature adjustment, especially for separation
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of important mixtures of small molecules such as CO,/CHy,
CO,/H; or Hy/Dj, as well as accurate prediction of ad-
sorption equilibrium and dynamics properties, and explana-
tion of hysteresis in such materials. However, porous carbon
materials are not normally crystalline, but contain signifi-
cantly varying contents of amorphous matter. Such amor-
phous content inevitably leads to formation of complex pore
networks for which characterization is practically a very
challenging task.

Reverse Monte Carlo (RMC) (McGreevy and Putsai
1988) and hybrid reverse Monte Carlo (Opletal et al. 2002)
techniques have recently emerged as promising methods
that enable one to generate atomistic models of the mi-
crostructure of porous carbons (Thomson and Gubbins
2000; Nguyen et al. 2006; Jain et al. 2006). The recon-
structed atomistic model is realistic, and permits the deter-
mination of pore accessibility in porous carbons (Nguyen
and Bhatia 2007). Furthermore, similar to real porous car-
bons, the reconstructed atomistic microstructure also pos-
sesses a complex pore network that leads to difficulty in
rigorous estimation of the adsorption isotherm using grand
canonical Monte Carlo (GCMC) simulation. This is be-
cause adsorption in disconnected regions or closed pores
also arises from insertion moves of the technique, which
is unphysical. At the same time, the pore connectivity prob-
lem also causes difficulty in preparation of initial config-
urations for equilibrium molecular dynamics (EMD) sim-
ulation using GCMC simulation or random placement of
adsorbate molecules in the reconstructed carbon struc-
ture model, as such methods do not distinguish between
open and closed pore spaces. Consequently, the determi-
nation of pore accessibility also helps resolve the above is-
sues.

In this work, we propose a new algorithm that groups
molecules of a close packed adsorbed phase into con-
tinuous and disconnected clusters, from which pore net-
work connectivity is determined. We apply the algorithm
to analyze pore network connectivity of the reconstructed
microstructure of a saccharose char, obtained in our re-
cent work using hybrid reverse Monte Carlo simulation
(Nguyen et al. 2006). Through this technique kinetically
closed pores in the reconstructed microstructure were iden-
tified. Subsequently, this kinetic feature of the connectiv-
ity was further confirmed in the experimental adsorption
time scale by estimation of the crossing time of a single
particle through connected neighboring pores using tran-
sition state theory (TST), successfully employed by sev-
eral researchers to predict self-diffusivity of gases in zeo-
lite materials (Sholl and Fitchthorn 1997; Beerdsen et al.
2004). From the estimation of the crossing time, the prob-
lems arising from apparent pore-blocking effects are eluci-
dated.
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2 Experimental study

A glassy carbon (P3M), reported by Pérez-Mendoza et al.
(2006), and activated carbon fiber ACF15, reported in our
previous work (Nguyen and Bhatia 2005), were degassed at
300°C overnight prior to nitrogen and argon adsorptions at
77 K and 87 K. A Micromeritics ASAP 2010 volumetric
adsorption analyzer was used to obtain nitrogen and argon
adsorption data at 77 K and 87 K in these carbons.

3 Mathematical modeling
3.1 Determination of pore network connectivity

Our approach to determine pore connectivity analyzes the
connectivity of the fluid phase in the model of the solid
structure. Since temperature (i.e. kinetic energy) is the main
factor responsible for pores being kinetically closed, our
analysis is based on the persistence of this effect even at high
densities corresponding to that of the liquid phase, i.e. when
average intermolecular distance, d,;, is approximately equal
to the equilibrium separation, 21/ 6q,«-, based on the Lennard
Jones (LJ) pair potential (Nguyen et al. 2002). Here oy is the
fluid LJ size parameter, or collision diameter. This assump-
tion covers most practical applications of gas adsorption us-
ing porous carbons, and the high density phase obtained
in this condition is considered here as the “close packed”
phase. In particular, the close packed adsorbed phase of ar-
gon and nitrogen can be obtained using GCMC simulation
at 77 K and 87 K respectively. For other cases, the position
of the first peak of the pair distribution function of the ad-
sorbed phase is used to identify if a close packed adsorbed
phase is reached.

In our technique we first fill up all pore spaces in the solid
structure, including closed pores, with fluid, to form a close
packed phase. Subsequently, the structure of the fluid phase
is analyzed to determine if the atomistic solid structure sub-
divides the guest molecules into discrete clusters. Such dis-
crete clusters signify closed pores, and their absence is in-
dicative of continuous open pore space. Consequently, the
determination of pore network connectivity in the atomistic
model of porous carbon structure is based on analysis of the
continuity of the close packed adsorbed phase throughout
the solid structure model. This approach is central to our
proposed algorithm to determine the pore connectivity in
porous carbons. The algorithm comprises of three principal
steps to determine pore connectivity.

3.1.1 Filling all pore spaces of the solid structure with
close packed adsorbate

This step is straightforwardly performed using the conven-
tional GCMC simulation, and is common in studies of the
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adsorption of confined fluids. In GCMC simulation, the
chemical potential, ©, volume, V, and temperature, T, are
kept invariant, while the number of particles, N, and asso-
ciated configurational energy, E, are allowed to fluctuate.
In the procedure, microstate configurations are generated
through the well established Metropolis sampling scheme
for three trial types: moving, creating, and deleting mole-
cules. The probability for each trial type being accepted is
given by Adams’ algorithm (Adams 1975).

In order to obtain close packing of the adsorbed phase we
simulate adsorption equilibrium at the condition of interest
such that all the kinetically closed pores are detected at this
condition. For distinguishing physically closed pores from
kinetically closed pores the adsorption simulations are per-
formed at a reasonably high temperature at which kinetically
closed pores are absent. In the current work, the configura-
tion of the adsorbed phase has been collected after every ten
million GCMC steps to ensure that detection of closed pores
is independent of the microstates. The total number of con-
figurations used for every GCMC run is 60 million.

3.1.2 Determination of all adsorbate clusters in the solid
structure model

In order to determine the clusters, the maximum intermolec-
ular distance between two first nearest neighbor adsorbate
molecules in the same adsorbed cluster, RCy;jj;1, and the
minimum intermolecular distance between two adsorbate
molecules in two separate adsorbate clusters, RCy;y ], must
be assigned. Here indices i and j inside the square brack-
ets denote clusters 7 and j. Clearly, RCy;j[j; must be greater
than RC;j[;] in order to obtain complete resolution among
the clusters. For a close packed adsorbed phase, RCy;y;) and
RC;)(j are given as previously reported in our recent work
(Nguyen and Bhatia 2007)

RCii1 = 1.22250¢ (1)
RCyiypj) = 204 ()

Further, largest molecular size of adsorbate, which ensures
a complete resolution of two clusters, is given as

o}“a" =4.4950, (3)

Thus, if the carbon LJ collision diameter is chosen to be
0.34 nm, the value of 0}“‘“ is 1.5 nm. This upper limit of
afma" covers a wide range of molecules. In practice, large
and complex molecules are normally modeled as an array of
atom sites linked by chemical bonds.

Finally, we determined all the clusters in the close packed
adsorbate phase, using the values of RCp;j;;p and RCjypj
given in (1) and (2), respectively. In particular, the structure
of the close packed adsorbed phase is considered as a graph

in which adsorbate molecules are vertices. Each vertex con-
nects to its neighboring vertices determined using RCy;yi-
The Breadth-first search algorithm (Cormen et al. 2001) was
employed to traverse all distinct path ways connected to two
arbitrary vertices. During this traversal visited vertices are
marked to guarantee each path way is not repeatedly visited.
Accordingly, two molecules are in the same cluster if there
exists at least one path way to connect them. By this way, all
the clusters are determined.

3.1.3 Determination of continuity of each cluster
throughout the structure

After determination of all the adsorbate clusters in the car-
bon structure model as described above, the final step deter-
mines connectivity of these clusters, and subsequently the
pore connectivity of the carbon structure. Due to the periodic
boundary conditions (PBC) applied to the primitive unit cell
the carbon structure model is considered as a periodic solid.
However, instead of determining the pore connectivity in a
periodic unit cell, we perform this task in a periodic super-
cell constructed from this primitive unit cell. The periodic
supercell preserves exactly the pore connectivity feature of
the periodic structure. However, the advantage of the peri-
odic supercell over the periodic unit cell is that it explicitly
considers structural properties across boundaries. In partic-
ular, the relationship between the position of particles in the
periodic supercell, ry, and that in the periodic unit cell, r,,
is given as

r,=L-(r, +n) @)

where the matrix L represents the Bravais lattice vectors,
defined by the three unit cell vectors L, = [L,, 0, 0], L, =
[0,Ly,0], and L, =[0,0, L;]. Here Ly, Ly, L, are the
lengths in the three dimensions of the simulation box. n is a
repeating vector, whose three components, ny, ny, and ny,
are integers. For the periodic solid, ny; = 0, 1, without loss
of generality.

Figures 2a, 2b illustrate a 2D periodic unit cell and the
corresponding periodic supercell respectively. The portions
with right slanted black stripes represent the solid phase,
and balls depict adsorbate molecules of the close packed ad-
sorbed phase. From these figures, it may be observed that
the number of adsorbate molecules in a cluster associated
with a closed pore is invariant from the periodic unit cell
to the periodic supercell, while that associated with open
space is doubled from the periodic unit cell to the periodic
supercell. This observation is the key principle in determin-
ing pore network connectivity in the carbon structure model.
Accordingly, the degree of connectivity of a pore space, Ny,
is given as

N

Ny = — —
N

®
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Fig. 1 Snapshot of converged
configuration of activated
saccharose char (Nguyen et al.
2006). Cages A, B depict the
open and closed pore
respectively, identified in
Sect. 4.1

where NL{,” and N, S{i} are the number of adsorbate molecules
in the ith cluster in the periodic unit cell and in the periodic
supercell respectively. Thus, a cluster is associated with a
closed pore if N is equal to zero, and otherwise, to an open
pore, for which Ny varies between unity and (2% — 1). Here
d is the number of dimensions in which periodic boundary
conditions are imposed. Thus, for a 3-dimensional system,
Ny can be as high as 7.

3.2 Transition state theory

Here we apply transition state theory, as described in our
recent work (Nguyen and Bhatia 2007), to determine the
crossing time of argon or nitrogen molecule from cage A
to cage B or adsorption time, t4_, g, and vice versa or des-
orption time, Tp_, 4, in the atomistic structural model of sac-
charose char at low loading limit (Nguyen and Bhatia 2007).
Cages A and B were identified in our recent work (Nguyen
and Bhatia 2007) and are reproduced in Fig. 1 in this work.
According to TST, the crossing time is given as

1
kasp

(6)

TA—>B =

where k4_.p is a diffusion rate constant, given by TST
[27-29] as

kgT fDS e Bbsr (@ g2
2]‘[m fV e_ﬂ¢:f(r)d3r

cageA

N

kasp =«

Here « is a transmission coefficient that represents the frac-
tion of particles starting on top of the barrier with velocity
towards cage B that successfully reach cage B, kp is the
Boltzmann constant, 7 is temperature and m is the mass
of the particle. As previously shown (Nguyen and Bhatia
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2007), « is approximately about unity for N and Ar. ¢¢ is
the interaction potential between the adsorbate particle i at
position r and all solid atoms of the adsorbent phase, given
as

bsy(®) = u(lr; —r)) ®)

j=1

where u is the LJ (12-6) solid-fluid pair potential, given as

6
u(r) = 4&{( Sf) —(i—f> ] ©)

To evaluate the integral in the numerator of (7) we con-
sider a small cubic box, which contains the dividing surface,
of sufficiently small width, b, such that the energy landscape
adjacent to the saddle point is similar for surfaces parallel to
the diving surface. Here we assign b to be 0.1 A. The integral
term on the right hand side (R.H.S.) of (7) can be rewritten
as

[pse PPsr®dr 1 fvbox e Bbsr® 3y
—PWs 3 =7 —Bos 3
fcageA e PO g3p b fcageA e Besr () g3y

(10)

The two integrals in R.H.S. of (10) can be evaluated using
Monte Carlo sampling integration (Press et al. 1986). Ac-
cordingly, (10) is rewritten for the case of one particle in
cage A as

/ Vbox max —Ppos
fDS e Bosr () g2 1 T,b Z Bébsy (r,)
- s 3
fcageAe Bésr (0) g3

L

b chgeA

Tmax

Fnax e~ Boss(tn)
n=1

where Tmax and 7/, are the number of Monte Carlo (MC)
trials. When the particle in the cage A falls in the dividing
surface it is expected to vibrate around the saddle point of
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Fig. 2 Illustration of clusters associated with a closed and b open pores in the periodic supercell at 77 K. In a there are kinetically closed pores

that accommodate at maximum two nitrogen molecules

this surface due to extremely high energy around this sad-
dle point. Accordingly, for sufficiently large number of MC
trials, (11) can be equivalently expressed as

Ips e Bosr () g2 1 e BPsrINVyor .1

fcageA e Psr () g3y b Z;n:ic e Bosr(tn)

(12)

where Trax 1S the number of grid points in cage A, which is
now approximately equal to the ratio of Veggea 10 Vpox. Ty
is the coordinate of grid points in cage A. Thus, for a single
particle the crossing time, 74, p, from cage A to cage B is
finally obtained as

b |2mm
Lp=—| ———ePta 13
b= T (13)
where 8 = kBLT and E, is the effective activation energy,
given as
Tmax
Eq = (sf)N Vypu.T + kBTIn(Ze-Mf“")) (14)

n=1

4 Results and discussion

All L-J parameters for argon, nitrogen, and carbon and im-
plementation of the transition state theory to calculate the
crossing time of argon and nitrogen were well presented in

our recent work (Nguyen and Bhatia 2007). Here, we de-
scribe the main results of the calculated crossing time of ni-
trogen and argon through cages A and B in the atomistic
structural model of saccharose char and experimental illus-
trations to support these calculated results.

4.1 Determination of pore connectivity in structural model
of saccharose char

In this section, we apply our proposed algorithm to de-
termine pore connectivity of the reconstructed microstruc-
ture model of a saccharose char, CS1000a, recently ob-
tained using hybrid reverse Monte Carlo (HRMC) simula-
tion (Nguyen et al. 2006), using nitrogen as probing mole-
cule. At 77 K it has been found that there exists one closed
pore space that accommodates at maximum of two nitrogen
molecules, as shown in Fig. 2. From this figure, it can be
seen that the detected closed pore is located in the interior
of the unit cell. Accordingly, our previous replacement of
the random insertion step used in GCMC simulation by lo-
cal insertion at the simulation box surfaces (Nguyen et al.
2006) enables insertion of molecules in the open pore space.
At the supercritical condition or 300 K, in order to obtain
close packing of the adsorbed phase we performed GCMC
simulations at very high fugacity ranging from 124,260 bar
to 248,520 bar, and GCMC configurations were collected
after every 10 millions of Monte Carlo (MC) steps. These
GCMC configurations were then subjected to pore connec-
tivity analysis using our proposed model. The results show
that there is no physically closed pore space in this carbon
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Fig. 3 Temperature variation of the estimated crossing time of a sin-
gle nitrogen molecule (circles) and argon (squares) between cages A
and B. For nitrogen, the crossing time is estimated using the LJ parame-
ters given by Bottani and Bakaev (1994) (solid line-circles), and using
the LJ parameters given by Lastoskie et al. (1993) (dashed line-circles)

structure at this temperature. Thus, there exists only a kinet-
ically closed pore space detected in this carbon structure.

4.2 Investigation of the kinetic feature of connectivity
using transition state theory

Figure 3 illustrates the crossing times t4_.p and Tp_ 4
of N> and Ar from cage A to cage B and vice versa in
the reconstructed model of saccharose char respectively, es-
timated using the transition state theory, as described in
Sect. 3.2. A single center Lennard-Jones model of nitrogen
was adopted, using the parameters reported by Bottani and
Bakaev (1994). It was found that there are two dividing sur-
faces between cage A and cage B. The solid-fluid poten-
tial energy at the saddle point of the first dividing surface is
about 183 kJ/mole, and that of the second dividing surface
is about 3.5 kJ/mole. In this situation, the nitrogen molecule
is not able to penetrate cage B from cage A, or vice versa,
through the first surface at temperature below 300 K. Thus,
the result of the crossing time was estimated for the second
dividing surface with the lower value of the solid-fluid in-
teraction potential at the saddle point, as shown in Fig. 3.
The crossing times 74—, p and Tp_, 4 can then be considered
as the adsorption and desorption times respectively. From
this figure it can be observed that the adsorption time be-
low 72.1 K (>39 days) far exceeds the usual experimental
adsorption time scale. In other words, cage B is essentially
completely disconnected from cage A. The adsorption and
desorption time at high temperatures (> 150 K) is very short
in comparison with that of collection of a single experimen-
tal adsorption point (30 minutes to a few hours), enabling at-
tainment of equilibrium in the two cages. In other words, the
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total accessible volume of N> or adsorbed quantity increases
in the high temperature range due to the complete connec-
tion between the two cages. Similar results are observed for
argon. This finding was experimentally observed for carbon
molecular sieves including naturally occurring MSC such as
coals (Maggs 1952, 1953; Bae and Bhatia 2000).

It is interesting to see from Fig. 3 that the desorption
time from cage B to cage A is much larger than the adsorp-
tion time, and well beyond the experimental adsorption time
scale, at low temperatures below 87 K. This indicates a prob-
lem of obtaining actual adsorption equilibrium within this
experimental time scale. In particular, while adsorption time
of single nitrogen or argon molecule at 77 K (5-23 hours)
lying within the experimental time scale, its desorption time
(134-470 days) falls far beyond the practical time scale.
Consequently, this leads to an open hysteresis loop or nitro-
gen entrapment in porous carbons. Such opened hysteresis
loop was experimentally observed for nitrogen adsorption at
77 K in TCM 128 activated carbon by Koresh (1993).

From Fig. 3, it is also interesting to observe that the ad-
sorption time of argon at 87 K (~18 min) is considerably
shorter than that of nitrogen at 77 K (>5 hours), as reported
in our recent work (Nguyen and Bhatia 2007), although the
adsorption time of these components are quite similar at the
same temperature. Consequently, for systems similar to that
investigated in this work adsorption equilibrium of argon at
87 K but not nitrogen at 77 K may be reached at practical
time scales. In order to experimentally illustrate this case,
we compare pore size distribution (PSD) extracted from ex-
perimental nitrogen and argon adsorption isotherms at 77 K
and 87 K in a glassy carbon, reported by Pérez-Mendoza
et al. (2006), and activated carbon fiber ACF15, reported
in our previous work (Nguyen and Bhatia 2005). From
Figs. 4a, 4b it can be observed that the pore size distribu-
tion of the glassy carbon probed by nitrogen and argon are
very similar, especially the first peak, while the PSD of acti-
vated carbon fiber probed by nitrogen shows a shift to larger
pore size compared with that probed by argon 87 K. This
is likely due to much slower diffusion of nitrogen at low
pressure which causes its measured filling pressure to ex-
ceed the actual equilibrium value. Such higher filling pres-
sure gives rise to a shift of the first peak of PSD probed by
nitrogen to larger pore size region. In order to further clar-
ify this effect, we calculated adsorption isotherm of carbon
dioxide at 323 K in these carbons using our proposed Finite
Wall Thickness (FWT) model (Nguyen and Bhatia 2004),
and their structural parameters (PSD and wall thickness dis-
tribution (PWTD)) extracted from argon at 87 K and nitro-
gen at 77 K, as depicted in Fig. 5. From this figure, it can be
found that adsorbed quantity predicted by the use of struc-
tural parameters extracted from argon adsorption at 87 K at
low pressure is consistently larger than that predicted by the
use of structural parameters extracted from nitrogen adsorp-
tion at 77 K for both ACF 15 and P3M carbon samples. Such
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Fig. 4 Comparison of pore size distributions extracted from argon and
nitrogen adsorptions at 87 K and 77 K in a glassy carbon (P3M), re-
ported by Pérez-Mendoza (2006), and b activated carbon fiber ACF-15,
reported in our previous work (Nguyen and Bhatia 2005), using the
FWT mode (Nguyen and Bhatia 2004)

deviation can be significantly magnified if the size of pore
mouth reduces, due to the effect on activation energy for the
barrier crossing, in (14). This is readily seen by considering
the ratio of the crossing time of argon at 87 K to that of ni-
trogen at 77 K, when activation energy E, increases by §E,
due to reduction of the size of pore mouth. If we assume
similar values of § £, for nitrogen and argon, due to similar-
ity of their solid-fluid interaction parameters (Nguyen and
Bhatia 2007)

(meK) z(meK) o Ea/ (k5 AT) (15)
TAr87K ) E,+8E, TAr87K ) E,

where effective temperature difference is given as

T — T\ T,
 [T>(87K) — T\ (77K)]

From the (15), it can be seen that the crossing time of nitro-
gen at 77 K increases exponentially faster than that of argon

Use of PSD probed by argon at 87 K
Use of PSD probed by nitrogen at 77 K

&~ (o2}
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o
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fo)
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Fig. 5 Predicted adsorption isotherm of carbon dioxide at 323 K in
the glassy carbon (P3M) and activated carbon (ACF-15) by the FWT
model using structural parameters (PSD and PWTD) extracted from
argon and nitrogen adsorptions at 87 K and 77 K

at 87 K when the size of pore mouth reduces. Consequently,
the use of argon adsorption at 87 K provides more accurate
characterization of microporous materials than the use of ni-
trogen adsorption at 77 K.

Finally, we compared the crossing time of nitrogen esti-
mated using TST with that obtained using EMD simulation
for the same LJ parameters at 300 K, prompted by the fact
that the crossing time is within accessible MD time scales.
We placed 5 nitrogen molecules in cage A, equivalent to ap-
proximately 3.2% in loading. It was found that the mean
crossing time of nitrogen from cage A to cage B (455 ns)
agrees very well with that estimated using the transition state
theory (486 ns).

Before concluding, we now summarize the application
of our proposed algorithm to obtain correct estimation of
the adsorbed quantity, and self and corrected diffusivities
in atomistic porous carbon models using the conventional
GCMC and EMD simulations as follows. At any temper-
ature, analysis of pore connectivity using our proposed al-
gorithm is first performed to provide not only location of
closed and open pores in the atomistic carbon model, but
also coordinates of all the adsorbate molecules associated
within these pore types. Subsequently, all the adsorbate
molecules are then used as the basis set, as described above,
to determine unphysically placed adsorbed molecules in the
final configuration obtained using conventional GCMC sim-
ulation. The correct estimation of the adsorbed amount is
then obtained by subtracting the unphysically placed mole-
cules from the adsorbed amount obtained from the conven-
tional GCMC simulation. The position of all the adsorbed
molecules in the open pore spaces then provides a closed
pore-free initial configuration for EMD simulation to obtain
correct self and corrected diffusivities.
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5 Conclusions

In this work, we presented the detailed description of our
proposed algorithm based on cluster analysis of a close
packed adsorbed phase to analyze the pore connectivity in
atomistic structural models of porous carbons. The proposed
algorithm has been shown to successfully probe the pore
connectivity of a reconstructed structural model of saccha-
rose char, obtained in our previous work using hybrid re-
verse Monte Carlo simulation (Nguyen et al. 2006), with
nitrogen as the probing molecule. The result showed that
there is no physically closed pore region in the atomisti-
cally reconstructed structure of saccharose char, but a ki-
netically closed pore space at 77 K. The finding of kinet-
ically close pores in the atomistic structural model of sac-
charose char is confirmed by the EMD results. However,
the same pore space does not appear kinetically closed to
nitrogen at 300 K. This finding is further confirmed by es-
timation of the crossing time of nitrogen between detected
open and closed pores using transition state theory. The re-
sults of the estimated crossing time and experimental ad-
sorption data of nitrogen at 77 K and argon at 87 K, pre-
sented in this work, showed that argon adsorption at 87 K
more accurately probes pore volume of microporous car-
bons than nitrogen at 77 K. Finally, our proposed algorithm
is also applicable to other porous materials besides carbon
such as zeolites, metal organic framework (MOF), porous
silica glasses, providing the condition that the largest dis-
tance of the first nearest neighbors, RC[;)[;}, within a cluster
is smaller than the smallest distance between two discon-
nected clusters, RCy;)[;], as described in our algorithm, can
be met.
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