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Connectivity effects for slit pores linked by a channel
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This paper describes a Monte Carlo computer simulation study of connectivity effects in a system of two parallel slit pores
and a quasi-one-dimensional joint. A numerical method for evaluation of accessible volume in computer simulation studies of
adsorption in pores is presented and applied to simple slit pores and systems of interconnected pores. A local version of the
grand canonical ensemble Monte Carlo method is used to study adsorption under conditions mimicking mass transfer

limitations.
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1. Introduction

The influence of pore space connectivity on the properties
of adsorbed fluid is recognized as one of the most
significant effects determining the course of adsorption in
pores [1]. Computer simulation studies provide a
convenient way for elucidating the possible molecular
mechanisms of this influence. However, many popular
models of carbonaceous and siliceous adsorbents are
based on the isolated pore concept, which renders them as
useless for studying the effects of connectivity. On the
other hand, for more realistic models of carbonaceous and
siliceous adsorbents, the effects of connectivity can be
concealed by other important factors, thus hindering the
ability to study selectively the desired property of porous
systems by means of computer simulations. One possible
way of solving this problem is to construct a model of
interconnected pores from simple blocks, such as slit and
cylindrical pores. Apart from being computationally
inexpensive, this approach also presents a good choice
of well-studied reference (i.e. non-interconnected)
systems.

While discussing connectivity effects one should
distinguish two types of interactions between different
regions of the pore network: (a) direct through-space
interactions, i.e. interactions, primarily, long-range of
molecules adsorbed in one pore with the molecules in the
adjacent pore (this type of interactions can be observed
even for porous systems without topological connec-

tivity); (b) through-fluid interactions, i.e. interactions
between molecules adsorbed in two non-interacting pores
with molecules adsorbed in the region connecting both
pores. For non-polar fluids the typical range of the first
type of interactions does not exceed 1.0—1.5nm, while
their strength is rarely sufficient to have qualitative impact
on the properties of the porous system. The distinctive
feature of the latter type is the explicit connectivity of the
system provided by “windows” between spatially
separated pores.

The goal of this work is to study the effects of pore
space connectivity separately from direct through-space
interactions. For this purpose, we have developed a simple
model of connected pores, consisting of two parallel slit
pores linked by a quasi-onedimensional channel in the z
direction (figure 1). The slit pore width of 3.40 was chosen
allowing a maximum of three adsorbed fluid layers in
either pore. Periodic boundary conditions were applied in
x and y directions, leading to a periodically interconnected
system with one connecting channel per unit cell area of
the solid wall between the slit pore. We considered two
model systems, differing in the effective diameter of the
connecting channel: ca. 2.50 for system I and 3.5¢ for
system II (where o is the geometrical parameter of
Lennard—Jones potential used for fluid—fluid inter-
actions). Apart from the outermost layers of the solid,
which were described by the 10-4-3 potential [2], the
structure of the adsorbent was modeled following the
explicit atom approach. The connecting channel was
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Figure 1. The connected pores model with adsorbed Lennard—Jones
fluid particles.

created by removing solid atoms from the graphite-like
wall between the pores and replacing the carbon atoms on
the edges of the resulting vacancy by united-atom
CH(arom.) groups. The shape of the connecting channel
cannot be readily described as cylindrical, though the
estimate of its average width presented above was
obtained basing on this assumption.

In order to exclude the direct pore—pore interaction,
the length of the connecting channel was chosen to be
approximately equal to the radius of effective
intermolecular interactions. We considered a simple
Lennard—Jones fluid with the cutoff radius equal to
3.50. Therefore, the length of the connecting channel
of approximately 1.80 together with the typical fluid—
wall distance of 0.95¢ results in a minimum distance of
about 3.70 between molecules adsorbed in two
different slit pore regions. Since this distance is greater
than the cut-off radius chosen, the direct interaction of
fluid molecules in adjacent pores is completely omitted
in our model.

2. Methodology

An obvious choice of the reference system for the study of
connectivity effects is an isolated slit pore, identical to
those appearing in the connected system. Any difference
occurring between adsorption isotherms for an isolated slit
pore and the interconnected system should be treated as a
connectivity effect. However, all isotherms should be
calculated using an identical technique. If the density vs.
chemical potential isotherms are chosen for analysis, the
estimation of density of the adsorbed fluid p = N/V, where
N is the number of adsorbed molecules and V is the pore

volume, can be hindered by the complexity of the pore
shape when interconnected systems are considered.

2.1 Accessible volume evaluation

The technique used here to estimate the actual volume
which can be accessed by fluid particles is different from
the traditional effective pore width approach, which is
frequently used to evaluate the volume of idealized slit-
like pores. This is mostly due to the fact that the definition
of the effective pore width for a complex porous system
fails to produce the effective pore volume since one has to
take into account the volume of the region (or regions)
connecting the simple-shaped pores. Thus, we chose the
accessible volume estimation method based on the closest-
contact surface for fluid—solid interactions. We define the
closest contact distance from a statistical point of view, i.e.
as the minimum distance between fluid particles and
adsorbent surface observed in a preliminary test
simulation with temperature and fluid density similar to
those used in the production run. Taking into account the
possible heterogeneity of the solid surface, we consider
the fluid—solid interaction energy associated with the
closest contact distance, rather than the distance itself.

The minimum distance from the fluid particle to the
solid wall observed in our test simulations was 0.760,
though the probability of such configurations was
extremely low; a more reasonable estimate of the closest
contact distance is 0.84/0.88¢. In our preliminary
simulations the maximum interaction energy rarely
exceeded + 15¢, which was chosen as the closest contact
energy criterion E, for accessible volume evaluation.
However, lower interaction energy values, such as Ey = 0,
can hardly result in a significantly different value of the
accessible volume. This is due to the fact that repulsion
energy for Lennard—Jones-like potentials rises very fast
for distances below 0.950. The effect of varying the
contact energy on the resulting accessible volume will be
illustrated below.

Using the contact energy Ey, = 0 as input we are now
able to build the limiting surface accessible for the centers
of mass of the fluid particles. This is not, however, our
ultimate goal, since the accessible volume should include
those regions of the pore space, which can be accessed by
any part of the fluid particle. Therefore, we introduce the
effective diameter of fluid particles, d.g, which allows us
to treat fluid particles as bodies of finite size rather than
point masses. For a Lennard—Jones fluid below the
reduced temperature 2.0/2.5e/kg (where kg is the
Boltzmann constant) our simulations suggest d.g equal
to 0.870.

The calculation of the accessible volume is performed
via a two-step numerical procedure on a 3D grid covering
the entire simulation cell (figure 2). The first step includes
the evaluation of fluid—solid interaction energy over the
simulation cell and the determination of the closest
contact surface and the volume accessible to the fluid
particle center of mass, as suggested by the E| criterion.
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Figure 2. Two-step algorithm for accessible volume calculation. Dark
circles represent atoms of the solid, open circles are the possible positions
of fluid particles.

The second step covers the estimation of the volume
accessible to the part of a fluid molecule other than the
center of mass, which is performed by applying the d.
criterion to the closest contact surface. In this work, the
second step integration is carried out using the same
spatial grid as in the first step; however, a finer grid may be
used for this purpose. The grid scale was chosen to
reproduce the volume of a sphere with the diameter equal
to d.: 0.0430 was considered a reasonable choice in
terms of both accuracy and the number of grid points. The
proposed algorithm can be readily implemented in parallel
with near-absolute scalability.

As the first system for the testing of the proposed
accessible volume evaluation method we have chosen the
isolated carbonaceous slit pore with solid walls composed
of carbon atoms (e/kg =28 K and o0yq = 0.340 nm).
This system has received a lot of attention, and many
empirical approaches to estimating the pore volume have
been proposed; so, the isolated graphitic carbon pore is a
perfect reference for evaluating the performance of our
numerical procedure. In terms of effective pore width one
can use the general expression

Hey = H — Ca

where H is the geometrical pore width (i.e. normal
distance between centers-of-solid-atoms planes), C—
inaccessible pore space correction. The common choices
for C are: 0,39 and osg = 0.5(0uig + Tsonia), as well as
0.850%k [3]. For the case of methane adsorption in carbon
pores (e/kg = 148.1K, opuig = o= 0.373 nm) this leads
to inaccessible region widths of 0.912¢ (0.340nm),
0.9560 (0.356 nm) and 0.8130 (0.303 nm), respectively.
The plots of effective vs. geometrical pore width
calculated using different methods are presented in
figure 3. The effective pore width was calculated using
two of the empirical approaches with C = 0.956 and
0.8130, as well as the accessible volume evaluation
technique with £y = 0 and 4 15¢ (ca. 2200 K). To obtain
the accessible pore width the accessible volume was
divided by the area of the simulation cell. The agreement
between different methods used for evaluating the pore
width is reasonable, though for H = 1.7 the difference
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Figure 3.  Effective pore width for an ideal graphite slit pore evaluated
using different techniques. Filled rectangles: He = H — 0.8130; open
circles: Hey = H — 0.9560; open triangles: accessible pore width for
E, = 0; open rectangles: accessible pore width for E, = +15e¢.

between empirical formulas and the numerical approach
exceeds 15% for Ey = 0 and 25% for E, = 4 15¢. This
might be due to the fact that some empirical approaches
neglect the chance of fluid molecules approaching the
solid wall close enough to reach positive solid—fluid
interaction energy values. A noteworthy feature of the
numerical method is zero H,g obtained for all pore widths
H below 1.60: the concept of the minimum pore width for
which adsorption is possible cannot be incorporated into
most empirical expressions for effective pore width.

For an isolated slit pore with heterogeneous walls, such
as the one studied in [4,5], we can obtain a similar
dependence, using the osr = 0.7160 value averaged over
all atoms and united-atom groups forming the pore walls
(figure 4). The agreement between the empirical formula
and the numerical estimate of the effective pore width is
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Figure 4. Effective pore width for an activated carbon slit pore evaluated
using different techniques. Filled rectangles: H.is = H — 0.7160; open
triangles: accessible pore width for Ey = 0; open rectangles: accessible
pore width for Ey = +15e.
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better than for a graphite-like slit pore. The numerical
approach should have an additional advantage when
describing a strongly heterogeneous surface, e.g. one with
“pits” and “cracks”.

For the two models of porous systems considered in
this work (I and II), the accessible volumes calculated
using Ey = +15¢ and d.s= 0.870 were 404.3 and
419.90°, respectively. This is a definite improvement
over the 606.50° (L, = 8.970, L,=7.710, L,=8.700)
volume of the simulation cell, since the latter figure
cannot be used for estimating the total fluid density. As
compared to the 192.7¢0"> volume of a single isolated
slit pore, the interconnected double-slit-pore system has
only 5 to 9 percent greater volume provided by the
availability of the connecting channel. In fact, an
asymmetrical isolated slit pore with one “solid” wall
and one “holed” wall should have an accessible volume
of nearly 20003, Thus, both the 2.5 and 3.50
connecting channels are responsible for only a small
fraction of the total accessible volume.

2.2 Local GCMC technique

The primary approach to computer simulation of
adsorption used in this work is the grand canonical
ensemble Monte Carlo (GCMC) method [6]. An
alternative “local” [7] Monte Carlo technique was also
used to evaluate the reliability of GCMC simulations
results. In this approach, the slit pore regions were used as
“control volumes” in a traditional GCMC way, while the
molecules adsorbed in the connecting region were treated
in the framework of the canonical ensemble Monte Carlo.
Unlike most simulations employing control volumes (see,
for example [8—10]), we used the dual ensemble
technique to ensure the ergodicity and proper sampling
for a given set of w (chemical potential), V (cell volume)
and T (temperature).

The simulations were carried out using our own Monte
Carlo code for systems I and II containing up to 355 fluid
molecules. The length of MC runs was 60—150 million
steps (conventional GCMC) or 10—30 million steps (local
GCMC). The averages were typically computed over the
last 30% of the MC trajectory. The energy grid constructed
for accessible volume evaluation was used to accelerate
the MC simulations by prohibiting attempts of particle
insertion into inaccessible regions of the simulation cell.

3. Simulation results

Methane adsorption isotherms obtained from GCMC
simulations at 111K for model pores I and II are
presented in figure 5. Both isotherms show significant
deviations from the isotherm calculated for an isolated slit
pore under the same conditions. For system II at low
pressure the fluid molecules are adsorbed mostly over
graphite-like surface regions away from the connecting
channel. The reason for this is the weakening of the

1.0
p,o3
0.8
0.6

0.4

0.2 1

0.0

T T T T T T
-12 -10 -8 -6 -4 -2
Figure 5. Methane adsorption isotherms for systems I and II and the
reference isolated slit pore calculated at 111K using the conventional
GCMC method (filled rectangles—reference slit pore; open circles—
system L, filled circles—system II).

adsorption field at the channel/pore junction. The number
of molecules adsorbed in the connecting channel increases
slowly with the chemical potential, the adsorbed particles
retaining relatively high mobility even at high pressure.
Thus, the availability of the connecting channel leads to a
noticeable differences in adsorption energies between
various parts of the porous system and, consequently, to a
different pore filling mechanism as compared to an
isolated slit pore.

Judging from the calculated isotherms, system II can
be described as having strong connectivity, i.e. no
effective isolation of slit pore regions occurs even at
high pressure. On the contrary, system I has weak
connectivity. So, one can expect to observe the filling
of the channel at low pressure, which effectively
isolates the slit pores from each other. Since, the
differences between I and II at 298 K were far less
obvious due to lower fluid densities, we chose not to
investigate the behavior of model pores at high
temperature in detail. The adsorption isotherm for
system I (figure 5) has a peculiar feature—the low-
pressure branch, corresponding to the filling of the
connecting channel with both slit pores remaining
empty. This unphysical result was treated as an artifact
related to the deficiency of the GCMC when applied to
systems, where exchange between the pore space and
the bulk phase is hindered (e.g. by diffusion
limitations). The local GCMC technique was used to
correct the unphysical behavior observed for system I.
The calculated adsorption isotherm was in excellent
agreement with the one obtained via the traditional
GCMC approach, with the absence of the low-density
branch being the only exception (figure 6). Thus, the
local GCMC technique with two control volumes
appears to be the appropriate way of studying
adsorption in porous systems with restricted pore/bulk
exchange. Furthermore, this technique was more
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Figure 6. Methane adsorption and desorption isotherms for system I
calculated using the conventional and modified GCMC methods
(triangles—conventional GCMC, adsorption; filled circles—modified
GCMC, adsorption; open circles—modified GCMC, desorption).

efficient than the traditional one, especially in resolving
the hysteresis loop at weons = —7/— 6e.

4. Conclusions

In this paper we have demonstrated the effects of pore
connectivity by comparing the calculated adsorption
isotherms for an isolated slit pore and a set of two parallel
slit pores connected by a channel. This comparison was
facilitated by the accessible volume evaluation technique
proposed in this work. While giving results similar to
various empirical approaches for simple slit pores, this
technique can be readily applied to more complex porous
systems, thus providing the necessary basis for direct
comparison of the total fluid density in isolated and
connected pores.

Apart from the traditional GCMC method, for the
simulation of adsorption in slit—channel—slit channel —slit
systems we employed a modified MC simulation
technique by restricting the insertion/deletion attempts to
the slit pore regions. This modification to the GCMC

method proved to be successful in terms of both accuracy
and speed of Markov chain convergence. However, the
most significant advantage of the local technique is the
ability to closely match the conditions of adsorption under
mass transfer limitations arising due to the various
strength of coupling between certain regions of the pore
and the bulk phase.
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