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Abstract This paper addresses the role of accessibility for
adsorption in porous solids on the adsorption properties in-
cluding Henry constant, adsorption isotherms and isosteric
heat of adsorption. The relevant parameters are the accessi-
ble volume, the accessible geometrical surface area and the
accessible pore size and its associated volume. This concept
will be demonstrated to be important and calls for the need
to consider adsorption characteristics in the most coherent
and consistent manner. It is particularly reinforced by the
limitations inherent in the conventional ways in determining
the void volume, surface area and pore size. We provide a
number of examples to support this; the challenge that faces
us is the development of consistent experimental procedures
to determine these accessible quantities. We define the ac-
cessible pore size as the size of the largest sphere that rests
on three closest solid atoms in such a manner that any probe
particle residing in that sphere would have a non-positive
solid-fluid potential energy. For each accessible pore size
there is an associated accessible pore volume, giving rise to
a new accessible pore size distribution (APSD). This is dis-
tinct from the classical pore size distribution commonly used
in the literature, and in our definition of accessible pore size,
a zero pore size is possible. It is also emphasized that the ac-
cessible quantities that we introduce here are dependent on
the choice of molecular probe, which is entirely consistent
with the concept of molecular sieving.
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1 Introduction

Adsorption in porous solid has been used as a means to de-
rive information about the pore volume, surface area and
pore size (Gregg and Sing 1982; Rouquerol et al. 1999;
Do 1998). The importance of gas phase adsorption in the
characterization has been considered in a number of re-
view papers (Kaneko et al. 2002; Do et al. 2007; Birkett
and Do 2007). For simplicity nitrogen and argon are among
the commonly used molecular probes for this purpose, and
are recommended as a suitable probe for the determina-
tion of structural parameters of porous solids (Sing et al.
1985; Rouquerol et al. 1994). Indeed a number of reviews
have been presented in the literature, dealing almost exclu-
sively with these simple molecular probes (Kaneko 1994;
Kaneko et al. 1998b; Thommes et al. 2000; Thommes 2004;
Do et al. 2008a). With the recent discovery of well defined
mesoporous solids such as MCM-41, SBA-15, SBA-16, etc.,
there has been a surge of interest in characterization with nu-
merous papers on experimental, theoretical and simulation
aspects of characterization (Kruk and Jaroniec 2000; Kowal-
czyk et al. 2005; Ustinov et al. 2005, 2006; Thommes et al.
2006; Jaroniec et al. 1999; Kruk and Jaroniec 2003). Classi-
cal theories such as the BJH method (Barrett et al. 1951;
Jaroniec et al. 2002), the Broekhoff and de Boer (BdB)
theory (Broekhoff and de Boer 1967, 1968a, 1968b; Usti-
nov et al. 2005), the Cole and Saam (CS) theory (Cole and
Saam 1974) have been challenged by modern methods that
have a basis in statistical mechanics (Thommes et al. 2006;
Kanda et al. 2000; Neimark et al. 1998, 2003; Visnyakov
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and Neimark 2003; Ravikovitch and Neimark 2001, 2002;
Neimark and Ravikovitch 2001; Ravikovitch et al. 1995,
1998, 2000).

Let us now discuss these structural quantities. The ad-
sorptive capacity of a porous solid is governed by the void
volume (particularly for sub-critical conditions), and this
volume has been determined in a number of ways (Gregg
and Sing 1982; Rouquerol et al. 1999). One is the helium ex-
pansion method and another is the adsorption of some mole-
cular probe at its boiling point. Since pores of most practical
solids are of molecular dimension, what do the volumes ob-
tained by these methods refer to? In Sect. 2, we show that
neither of these volumes is useful in characterizing adsorp-
tion in a consistent manner. Surface area is traditionally de-
termined by the BET method, although there are a number
of suggestions to use other means for this purpose (Neimark
and Ravikovitch 1997; Do and Do 2005a, 2005b). The con-
tinuing use of the BET method as a routine tool to obtain
surface area persists because of its simplicity and because
the other alternatives involve extra computations or length-
ier experimental procedures. If the BET method is meant to
provide the geometrical surface area, it falls short of the goal
because of the assumptions inherent in the theory. We sup-
port this view with detailed molecular simulation in Sect. 3.
Finally we discuss the pore size. To determine the pore size,
one has to resort to a specific pore geometry. Very often a
slit model or a cylinder model is assumed, and if a spherical
cage is expected then a spherical model is used. With these
assumptions, the derived pore size distribution is model-
dependent. Among the three structural quantities, surface
area, void volume and pore size, this last is the most diffi-
cult one to define.

In this paper we propose a means of analyzing an adsorp-
tion system with the goal of deriving the surface area, void
volume and pore size in a consistent manner. The key con-
cept here is the accessibility and we will show that by adopt-
ing the accessible surface area, accessible void volume and
accessible pore size (and accessible pore size distribution)
we can present adsorption in a manner which is transparent.
To lay a foundation we illustrate this concept of accessibility
with model solids whose atomic configurations are known,
i.e. ones in which we know the positions of all solid atoms
in the porous solid. We shall use Monte Carlo integration for
the determination of the structural quantities.

2 Accessible volume

We first briefly discuss the importance of the accessible vol-
ume in the calculation of the Henry constant and the isos-
teric heat at zero loading. Details of this analysis are given
in Do et al. (2008c, 2008d, 2008e, 2009). For a given vol-
ume, €2, containing solid atoms and void space in which ad-
sorption is taking place, the interaction energy between a
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fluid particle placed at a point r and all solid atoms be ¢ (r).
Under very dilute conditions, the adsorption is low enough
that the potential energy of the system is entirely due to the
solid-fluid interaction and the local density at any point r is
related to the bulk gas density by the Boltzmann distribu-
tion law (Steele and Halsey 1955; Barker and Everett 1962),
p(r) = ppexp[—¢ (r)/ kT], where py, is the bulk gas density.
Therefore, the total number of particles that can be found in
the volume €2 is merely the volume integration of that local
density, as shown below

N=pb/QeXp[—¢>(£)/kT]d£ ey

This equation is generally valid as long as there is no cluster-
ing among fluid particles.! For the purpose of determining
the amount adsorbed we refer to the excess amount, which
is defined as the difference between the total amount in the
volume €2 (which is (1)) and the amount that would occupy
the void volume at the density which is the same as the bulk
phase density. By this definition the excess amount is:

Nex = po /Q exp[—¢(r)/kT]dr — Vyoidpp 2

Thus the excess amount is a calculated quantity, not a mea-
surable one because it depends on the way we define the
void volume, Vyiq. This is where the difficulty arises. Let us
show what we mean. Helium is commonly used to measure
void volume, and this is done by dosing a known amount of
helium, Ny, into the volume €2 at Ty at which the system is
dilute. We have, by virtue of (1), a relationship between the
amount dosed and the uniform density of helium far away
from the surface, ppe:

Nite = pite /Q expl—hite (1)) kTizeldr 3)

where ¢y is the helium-solid potential energy. If we define
the void volume as that in which the helium density is equal
to pge everywhere in that volume (i.e. zero excess amount
for helium), we have

Vvoid = (NHe/ PHe) 4)

where Ny is given in (3). Clearly this void volume is
greater than the “geometrical” void volume because of the
enhancement in the helium density in the regions close to
the surface where ¢pye is negative. To show that this void
volume over-estimates the geometrical volume of the pore,
we take an example of a graphitic slit pore whose physical
width is 7 A. The width is defined as the distance between

IWe exclude strongly associating fluids as they tend to form clusters
even in the most dilute conditions of the gaseous phase. Water is an
outstanding example.
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Fig.1 Schematic diagram of a graphitic slit pore. The physical width is 7 A. The absolute volume is bounded by the dashed line, passing through
the outermost layer of the walls. The accessible volume is bounded by the dotted line, in which the solid-fluid potential energy is non-positive
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Fig.2 Plot of the LJ-volume obtained with helium adsorptionina 7 A
graphitic slit pore

a plane passing through the centres of carbon atoms in the
outermost layer of one wall and the corresponding plane on
the opposite wall (see Fig. 1).

We carry out the Monte Carlo integration of (4) at var-
ious temperatures, with helium as the adsorbate in this
pore having a linear dimension in the x- and y-directions
of 15 times the collision diameter. Helium is treated as a
single LJ-particle with a collision diameter of 0.2556 nm
and a reduced well depth of the fluid-fluid interaction en-
ergy of 10.22 K. The solid-fluid potential energy is calcu-
lated with Steele 10-4-3 equation with the following mole-
cular parameters for carbon atom in the graphene layer,
oss = 0.34 nm and &g,/ kg = 28 K. The bulk pressure is fixed
at 1 atmosphere. We plot in Fig. 2 the LJ-volume calculated
from (4), Vvoidaé (which is dimensionless), as a function of
the inverse of temperature. Also plotted in this figure are the
absolute void volume and the accessible volume. The for-
mer is defined as the volume bounded by the planes passing
through the carbon atoms of the outermost layer (shown as
dashed line in Fig. 1), while the accessible volume is de-
fined as the region in which the solid-fluid potential energy
is non-positive (shown as the dotted line). If either of these
volumes is taken to be the representative volume of this 7 A
graphitic slit pore, we see that the He-void volume does not

Table 1 Saturation vapour pressure and liquid density of argon ob-
tained from the Gibbs ensemble MC

T (K) Saturation vapour Saturation liquid

pressure (Pa) density (mol/m?)
77 33.53 36,419
87.3 100.2 35,060
90 117.6 34,509
100 258 32,960
120 1048 29,398
130 1759 27,306
140 2788 25,129
150 3942 20,857

describe any of them correctly. For temperatures less than
1000 K the void volume calculated by the helium expansion
is much greater than either the absolute volume or the acces-
sible volume.

Another way to determine the void volume is to carry out
adsorption at pressures close to the saturation vapour pres-
sure so that all void space would be filled with adsorbate
molecules. By assuming that the average density of the ad-
sorbed phase is the same as the liquid density (a question-
able assumption), the void volume is obtained. We call this
the adsorption saturation volume. Typically this is done with
argon adsorption. To show whether this will fare any better
than what we have seen earlier with helium expansion in
Fig. 2, we carry out a GCMC molecular simulation of argon
adsorption in the same pore, a 7 A graphitic slit pore, at a
number of temperatures below the critical temperature. The
box length in the x- and y-directions is taken to be 10 times
the collision diameter of argon. The molecular parameters of
argon are o = 0.3405 nm and ¢gr/ kg = 119.8 K. The sat-
uration vapour pressure and the saturation liquid density at
each temperature for this potential model of argon were ob-
tained from a Gibbs ensemble Monte Carlo simulation. The
results of this simulation are shown in Table 1.

Let N be the ensemble average from the GCMC simu-
lation at the saturation vapour pressure corresponding to a
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Fig. 3 Plot of the void volume versus the inverse of temperature for negative values

argon adsorption in a graphitic slit pore of 7 A width

given temperature in Table 1. We calculate the void volume
of the pore from the following equation:

N
Wvoid = — 5)

oL
where pL, is the saturation liquid density. Figure 3 shows the
reduced LJ-void volume Vigqo3calculated using (5), as a
function temperature in the subcritical range (shown as solid
line). The absolute volume and the accessible volume are
also plotted in this figure. We see that this void volume again
does not describe either of these geometrical volumes. For
comparison, we also show in this plot the volume obtained
using (4) with argon as the adsorbate in place of helium.
This is shown as dashed line for argon expansion at 100 kPa
and a number of temperatures above the critical point. Obvi-
ously this void volume with argon expansion is much greater
than either the absolute volume or the accessible volume be-
cause the polarizability of argon is much greater than that of
helium.

Such a wide variation in the void volume from the expan-
sion at temperatures greater than the critical point (4) and
the adsorption saturation volume for temperatures less than
the critical point (5) calls for a need to define a volume that
is more suitable for adsorption calculations. We argue that
this volume is the accessible volume. It is defined as the vol-
ume in which the fluid-solid interaction energy of a particle
placed anywhere in that volume is non-positive. In this def-
inition, the boundary of this volume is the loci of positions
at which the fluid-solid potential energy is zero.

Having seen that neither the void volume from the expan-
sion at temperatures greater than the critical point nor the ad-
sorption saturation volume calculated for temperatures less
than the critical point can provide us with a proper void vol-
ume, we turn our attention to the accessible void volume and
present our case in using this as the fundamental volume to
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Fig. 4 Plot of the Henry constant (logarithmic scale; base 10) versus
the inverse of temperature for argon adsorption inside a single carbon
nanotube of radius 0.949 nm (the radius is defined as the distance be-
tween the centre of the tube to the circle passing through the centres of
carbon atoms on the surface of the carbon nanotube). The full line is
calculated using accessible volume, the dashed line shows the Henry
constant calculated from (7)

calculate adsorption properties. The question that one has
to raise is: how would one benefit from this accessible vol-
ume, should we decide to use it? Do et al. (2008b, 2008c)
have shown that by using the accessible volume the Henry
constant is always positive (which should be the case if one
would expect it to have physical significance). The surface
excess of adsorption of argon on a graphitic surface is cal-
culated from:

Nex 1
F=—=7 exp[—¢ (r)/kT1dr — Vyoid | b (6)
Q
from which the Henry constant is:
r 1
K== | [ ext-o/iTiar V| ™
p AlJe

when the void volume in the above equation is taken to be
the accessible volume, the Henry constant is always positive
for all temperatures investigated. This is shown in Fig. 4
for argon adsorption in a single carbon nanotube of radius
0.949 nm, where we plot the logarithm of the Henry con-
stant as a function of the inverse of temperature. On the other
hand, if we use the absolute volume from (7), the Henry con-
stant becomes negative at high temperatures. Since we can-
not show negative values on a log plot, we indicate this with
the arrow as shown in Fig. 4. Although the Henry constant
at high temperatures is not so relevant because physical ad-
sorption is rarely carried out at these temperatures, we have
to be consistent with the way we define our physical quanti-
ties. The accessible volume meets this criterion.
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Fig. 5 Isosteric heat at zero loading versus temperature for argon ad-
sorption inside a single carbon nanotube of radius 0.949 nm. The inset
shows the isosteric heat over a wider range of temperature

A further support of the use of the accessible volume is
the calculation of the isosteric heat at zero loading. Although
isosteric heat has been used constantly in the literature in the
calculation of the amount of heat released per unit change
in the particle added to the adsorbed phase, it has been used
almost in a mechanical manner. A derivation for the isosteric
heat at zero loading in the grand canonical ensemble has
been provided by Do et al. (2008b).

Jolé(r)/kTexpl—¢ (r)/ kT ldr
Joexpl—¢ (r)/kT1dr — Vyoia

g0 = kT — kT ®)
Figure 5 shows the plot of the isosteric heat at zero loading
versus temperature for adsorption of argon inside a single
carbon nanotube (Do et al. 2008c). It is seen that the heat
calculated using the helium void volume (inset) at high tem-
peratures is too high to be physically realistic and it even
becomes negative for higher temperatures. The heat calcu-
lated using the accessible volume is always finite and re-
mains within the range that one would expect for physical
adsorption.

We have demonstrated that the accessible volume is the
best choice to use in adsorption studies. As a further sup-
port to this we now illustrate its utility in the calculation of
the excess density for supercritical adsorption. The excess
density is defined as:

Pex = (N — Vyoidpp)/m 9

It is known in the literature that the surface excess has a
maximum density and can become negative at high pres-
sures. A negative excess density implies that the density in
the bulk phase is greater than that inside the porous solid.
While this might seem possible at extremely high pressures
at which the confinement effects could prevent an optimal

P (Pa)

Fig. 6 Excess density for adsorption of argon in graphitic slit pores
having widths 6.5 and 8 A at 273 K

packing in the adsorbate, it is difficult to accept this nega-
tive quantity physically. The reason for this negativity is be-
cause of the use of helium volume as the void volume in the
calculation of the excess density. The problems associated
with the use of helium in the determination of void volume
have already been addressed in Do and Do (2007), Neimark
and Ravikovitch (1997). Yet again we argue that if we use
the accessible volume in the calculation of the excess den-
sity we will have positive excess density, and indeed this is
the case as seen in Fig. 6 where we show the excess den-
sity for argon adsorption in graphitic slit pores of widths 6.5
and 8 A. The width is defined as the distance from the plane
passing through the centres of all carbon atoms of the out-
ermost layer of one wall to the corresponding plane of the
other wall.

We see that by using the accessible volume to calcu-
late the excess density the results are always positive. On
the other hand the excess density calculated using the ab-
solute void volume becomes negative at pressures greater
than 20 MPa (which is about 200 atm). It is difficult to ac-
cept at this pressure that the bulk density is denser than the
density inside the pores where one would expect that the
surface forces should density the adsorbed phase!

We have shown and argued that the accessible volume
is the fundamental variable to use in adsorption studies. Its
use moreover allows us to strengthen the meaning of mole-
cular sieving because the accessible volume is different for
different adsorbates. As a general rule, the smaller the mole-
cular probe the large the accessible volume, which depends
on the adsorbate-solid interaction potential and the average
orientation that the adsorbate presents to the adsorbent at a
given T'.
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Fig. 7 Plot of the ratio of the BET surface area to the geometrical area
for model slit pores of various sizes

3 Accessible geometrical surface area

We now address the surface area of a solid. Although there
are some alternatives in the determination of surface area,
the BET method remains the method of choice, primarily
because of its simplicity. It has been known for a very long
time, since the theory was firs proposed by Brunauer et al.
(1938), that its validity is limited to surfaces with small cur-
vature and its application to surfaces with high curvature or
in pores of solid dimensions is questionable (Gregg and Sing
1982; Rouquerol et al. 1999). By carrying the Grand Canon-
ical Monte Carlo simulation in slit pores of various sizes
and applying the BET method to the simulated isotherm
data, we can obtain the BET surface area and compare it
directly against the geometrical surface area. Our slit pore
model is the homogeneous graphitic pore, modelled with the
Steele 10-4-3 potential model. Therefore the accessible geo-
metrical surface area is simply twice the area of one wall,
Agecc =2Lx Ly, where L, and Ly are the linear dimensions
of the simulation box.

The results are shown in Fig. 7 where we plot the ra-
tio of the BET area to the geometrical area versus the pore
width. In Fig. 8 we show the range of reduced pressures for
the linearity of the BET plot used for each pore size. These
pressure ranges were selected according to the suggestion of
Rouquerol et al. (2007).

For large pores we expect that the BET surface area is
comparable to the geometrical area. The same can not be
said for smaller pores where we see that the BET surface
area can be either greater or smaller than the true geometri-
cal area. For a slit pore of width of 1 nm, the two areas are
the same because this pore can pack exactly two molecu-
lar layers and hence two units of BET area (by virtue of two
molecular layers) indeed correspond to two units of geomet-
rical surface area. For pores smaller than 1 nm only about
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Fig. 8 Range of pressures used to calculate the BET surface area ac-
cording to the pore size

one layer can be accommodated but there are two units of
geometrical area, and therefore the BET surface area under-
estimates the geometrical area. On the other hand, for slit
pores having width greater than 1 nm, the BET surface area
over-estimates the geometrical area because three or four
layers can be packed in this pore and therefore the BET area
can be as high as twice the geometrical area (see the highest
peak in Fig. 7). This simple example serves as an illustration
to show that one should treat the BET surface area only as
a guide on how large a surface is. Its use in comparing two
different solids should also treated with care.

In previous work (Duren et al. 2007), a “rolling van der
Waals sphere” has been employed as a probe to determine
surface area and the merits of this procedure compared with
other proposals such as the Conolly or van der Waals surface
areas. If the rolling sphere probe interacts with each surface
atom through an L-J potential ¢ j, and the hard sphere sep-
aration of probe and adsorbent atom is o, then the rolling
sphere is, in effect a solution to the equation ¢y = 0. Our
accessible surface, in contrast, is a solution to the equation
@ads(r) = 0 where @,qs is the adsorption potential at r, cal-
culated from the interaction of the probe with the whole ad-
sorbent.

4 Accessible pore size

When one needs to determine the pore size of a given solid,
more often than not a geometrical model must be chosen.
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For example, one has to decide the pore geometry to take ei-
ther slit, cylinder or sphere. This is indeed the case in almost
all methods used in the literature to determine the pore size
and its distribution. Once a choice for the pore shape has
been made, one simply obtains a set of adsorption isotherms
for pores of various sizes. This set is called the kernel and
this kernel is then used in an integral equation (assuming
patchwise configuration of pores, that is pores of the same
size are grouped together and there is no interaction between
these groups) to derive the pore size distribution. The inte-
gral equation relating the observed density (mol/kg) to the
local adsorption isotherms is as follows

Pexp(P) =/,0(p: H)f(H)dH (10)

where p(p; H) is the local adsorption isotherm (mol/m?)
and is a member of the kernel, and f(H) is the pore size
distribution with f(H)dH is the volume per unit mass for
pores having sizes falling between H and H + dH. The
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sible pore radius
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problem is known as an ill-posed problem and discussions
of this issue have been addressed in Tikhonov and Arsenin
1977).

Unfortunately pores of real solids rarely conform to any
simple shape. Metal organic frameworks are an example
where pores do not resemble slit, cylinder or sphere. There-
fore there is a need to develop a means to determine the pore
size for an arbitrary solid, and this is what we will show next.
The accessible pore size that we are proposing here has the
low limit of zero. In other words zero accessible pore size
is possible. Take a simple slit pore with homogeneous walls
as an example. The size of this pore is chosen such that the
solid-fluid potential is positive everywhere except at the cen-
tre where it is zero (Fig. 9). By our definition, this pore has
zero accessible volume and zero accessible pore size. This
is an absolute lower limit of pore size.

Could zero volume give an infinite adsorbed density?
Even though the accessible pore volume is zero, the num-
ber of particles adsorbed in this pore is also zero by virtue
of ¢ > 0 in (1). Since the number of particles approaches
zero much faster than the pore volume, because of the strong
repulsion in ultra-fine pores, the pore density, calculated as
number of particles per unit accessible volume, approaches
zero in the limit when the accessible pore size approaches
zero. We illustrate this with a plot of the accessible pore
density versus the accessible pore size for argon adsorption
in graphitic slit pores at 87.3 K (Do et al. 2008f) (Fig. 10).
It is seen that the pore density increases as the pore size is
decreased. It reaches a maximum and then decreases very
sharply because of the strong repulsion to the point that we
can clearly see a sieving effect. This once again reiterates
the significance of the use of the accessibility concept where
the molecular sieving can be manifested. For comparison
we also show the plot of pore density versus the physical
pore size (which is defined as the distance between the plane

-0 [P Eﬂe\dng ........ -
pore width

o 2 4 1 & 10 12 14
Physical Pore Width (A)

(b)

Reduced Accessible Pore Density (-)

Fig. 10 (a) Plot of accessible pore density versus accessible pore width for argon adsorption in graphitic slit pores at 87.3 K; (b) Plot of accessible

pore density versus physical pore width for the same system
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Fig. 11 Schematic diagram of a
porous solid

Boundary of zero solid-fluid
potential energy (boundary of
accessible volume)

Boundary of absolute void
volume

passing through the centres of carbon atoms of the outer-
most layer of one wall and the corresponding plane of the
opposite wall). This plot shows that the physical width for
the sieving of argon is 5.89 A. If we do this for the larger
xenon probe, the sieving width is 6.46 A. What this simply
means is that argon can access pores in the range from 5.89
to 6.46 A, whereas xenon cannot.

Unlike the accessible pore volume and the accessible
geometrical area, which are macroscopic quantities, the ac-
cessible pore size is a local quantity. It depends on the lo-
cation inside the pore. Of course, only the location that has
non-positive solid-fluid potential is considered, that is we
only consider the locations inside the accessible volume. For
each legitimate position, say point A, chosen inside the ac-
cessible volume, the accessible pore size is defined as the
size of the largest sphere that one can find such that this
sphere satisfies the following criteria:

1. The point A is within the sphere or on its surface
2. A molecular probe residing on any point on the surface
of this sphere would have non-positive solid potential en-

ergy
3. This sphere, in general, has three solid atoms such that

¢ =0.

Because of this last property of the sphere, we shall describe
this as the Tri-POD method. Details of this accessible pore
size for some well defined pores are provided in Do and Do
(2007), Do et al. (2008f, 2008g), Do (2008), Herrera et al.
(2009). For an arbitrary solid with known solid atom con-
figuration, how do we determine an accessible pore size and
the accessible volume associated with this pore size? The
answer rests on the way we determine the total accessible
volume. By making an insertion of a particle at a point cho-
sen at random, r, we compute the solid-fluid potential en-
ergy between the particle and all solid atoms, ¢(r). If this
potential energy is non-positive, this insertion is a success
and therefore contributes to the total accessible volume. This

@ Springer

process, when repeated M times (usually of the order of one
million), will give a success fraction f, and the total accessi-
ble volume is calculated from Ve, = Zjlwzl f x 8V, where
the differential volume is equal to the volume of the sim-
ulation box divided by M, i.e. 8V = Vyox/M, because we
sample the space of the simulation box with equal probabil-
ity. Therefore, the above equation becomes Vyce = f X Vpox-
The next step is to determine the accessible pore size each
time we make a successful insertion. If the insertion is suc-
cessful, we have to determine the pore size corresponding to
this insertion point r and then the differential volume of this
insertion, 6V, will be counted towards this pore size. If the
point A is chosen at random (Fig. 11) and its solid-fluid po-
tential energy is non-positive (i.e. successful insertion), we
search for a largest sphere that encloses this point and rests
on three closest solid atoms such that any molecular probe
residing inside this sphere will have a non-positive solid-
fluid potential energy (shown as a dotted line in Fig. 11). Let
the diameter of this sphere be D j» then the volume associ-
ated with this pore size is incremented by § V. It is noted that
for M insertions at random, each insertion point 7 (having a
differential volume of V /M) is associated with a particular
size.

To calculate the PSD, we repeat this process M times,
and at each successful insertion we determine the pore size
in the manner just described. The accessible volume cor-
responding to the pore size D; is simply calculated from

Vace,j = 2111/1:, 1 8V, where the variable M; is the number of
successful insertions that have a pore size of D;. Since §V =
Voox/ M, this equation becomes Vacc, j = (Mj /M) Vpox. It is
clear that f =" ;Mj/M and therefore, Vyee = Y ; Vace, j-
That is the sum of all the individual accessible volumes
corresponding to all pore sizes is equal to the total acces-
sible volume, and the relationship between the accessible
pore size D and the individual accessible volume Vi, ; is

the pore size distribution. To distinguish our new definition
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Fig. 12 The accessible pore
size distribution (APSD) of slit 1.0 4
pore of 1.562 nm physical width
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of pore size distribution (PSD) from the traditional PSD,
we coin ours the accessible pore size distribution (APSD).
A method in which probing spheres were used as a basis for
defining pore size distributions has also been used by Gelb
and Gubbins (1999), but these authors did not employ an ac-
cessible volume approach, nor the Tri-POD concept that is
central to the scheme proposed here.

Having defined the concept of the accessible pore size
and APSD, we now turn to the determination of the APSDs
of some model solids—slit pore, defective slit pore, metal
organic frame works (MOF5) and the zeolite Li-ABW. The
APSDs are calculated with argon as a probe molecule whose
collision diameter is 0.3405 nm.

4.1 Slit pore

To check on the validity of the method to determine acces-
sible pore size and its distribution with respect to the ac-
cessible volume, we apply the method to the graphitic slit
pore whose walls are made up of graphene layers (Kaneko
et al. 1998a). The two walls are composed of carbon atoms
having a collision diameter of 0.34 nm, and the distance be-
tween two adjacent carbon atoms is 0.142 nm. The physi-
cal pore width is 1.562 nm (distance between the two planes
passing through the centers of carbon atoms at the outermost
layers). Using Monte Carlo integration, the total accessible
volume is found to be 0.30 cm?/g, and the cumulative pore
volume distribution is shown in Fig. 12. The figure shows
a peak around 1.01 nm accessible pore size, which is the
expected peak as one would derive from the knowledge of
the analytical solid-fluid potential energy profile. Beside this

0.4 0.6 0.8 1.0 1.2 1.4

Pore size (nm)

major peak at 1.01 nm, we see that the distribution develops
from about 0.96 nm, which is due to the corrugation of the
graphene layers.

4.2 Defective pore

We now consider a defective graphitic slit pore to see how
the cumulative pore volume varies with the defects on the
graphene layer. This pore is constructed by starting with a
graphitic slit pore with two perfect graphene layers in each
wall and two defective inner layers. The defective layers are
made by selecting a carbon atom at random and then re-
moving it together with its neighboring carbon atoms that
fall within a specified radius. This process is repeated until
a certain defect percentage is achieved. Here a defect radius
of 0.492 nm and the defect percentage of 50% are used. The
other geometrical parameters of this defective pore are H,
Ly and Ly equal to 2.2, 4.6 and 4.4 nm, respectively. Giving
these parameters, the total accessible volume obtained from
the Monte Carlo integration is 0.494 cm3/g and the cumu-
lative pore volume is shown in Fig. 13. This figure shows a
population of pores having pores up to 1 nm. These pores
are from the small spaces around the defects. The cumula-
tive volume has a sudden increase at a pore size of 1 nm.
This is contributed by the pore space between the two par-
allel defective layers (pores between 1.0 and 1.2 nm in the
figure). The largest pores (pore sizes greater than 1.25 nm)
are from the volume between the perfect graphene layers.

4.3 Metal organic framework (MOF)

Next we consider one example of the metal organic frame-
works (MOF) that have received much attention in recent

@ Springer
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Fig. 13 The accessible pore size distribution (APSD) of a defective slit pore whose dimensions and properties are given in the text

Fig. 14 (Color online)
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Table 2 Geometry parameters of MOF-5 Table 3 Atomic coordinates for Li-ABW zeolite
Bond (nm) Angle (°) X y z
O1-Zn 0.1968 Zn-02-C1 130.7 Li 1862 6849 2520
Zn-02 0.1947 02-C1-02 127.2 Al 1593 810 2500
02-Cl1 0.1254 02-C1-C2 116.4 Si 3544 3757 2492
Cc1-C2 0.1515 C1-C2-C3 120.1 01 65 1584 1970
C2-C3 0.1381 C2-C3-H 119.5 02 2736 2198 1391
C3-C4 0.1381 03 1912 399 5907
C3-H 0.1108 04 1804 —1008 689
05 5891 903 —2395

years. We take MOF-5, which is also known as IRMOF-1,
as one typical example. This MOF is a porous cubic crys-
tal formed by the connection between a ZnsO and benzene-
1,4-dicarboxylate (Eddaoudi et al. 2002) (Fig. 14). MOF-
5 is characterized by two different cavities formed by the
two different orientations of the ligands in the structure.
The computed lattice parameters are taken from Walton and
Snurr (2007) and listed in Table 2. From the Monte Carlo

integration, we find that the argon accessible pore volume
is 0.825 cm’/g and the cumulative pore volume is shown
in Fig. 14. The figure shows that for pore sizes less than
0.85 nm there is a slow increment in the pore volume, this
is because of the effect of the corners and windows in the
structure. Then for pores around 0.87 nm there is a sudden
increase in the pore volume up to 0.42, this sudden incre-

@ Springer
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ment is due to the volume of the small cavity. After this a
second increment appears for a pore size of 1.23 nm. This is
due to the largest cavity of the structure. These two sizes for
the small and larger cavities agree with the result obtained
by Eddaoudi et al. (2002).

4.4 Zeolite

Finally we show an example of Li-ABW zeolite (Szostak
1992; Reed and Breck 1956). Its structure is shown in
Fig. 15 as well as its APSD. The zeolite is an orthorhombic
structure with pores of 0.34 x 0.38 nm. Its structure was de-
veloped based on the crystal parameter Pna21, and the unit
cella =1.0313, 5 = 0.8194 and ¢ = 0.4993 nm with angles
o = B =y =90. The atomic coordinates of this zeolite are
shown in Table 3.

The total argon accessible volume of this zeolite is
0.002 cm>/g. The cumulative pore volume shows an initial
increment in the pore volume given by the small pores sizes
from the channels in the zeolite (LHS in Fig. 16) then the cu-
mulative pore volume level off for a pore size of 0.074 nm.
These pores come from the main cage of the zeolite (RHS
in Fig. 16) and this agrees with the pore size reported in
Szostak (1992).

5 Conclusions

The classical methodology of characterization of porous
solids has been appraised in this paper. Because of incon-
sistencies in the determination of pore volume, surface area
and pore size, we introduce the notion of accessibility into
the characterization. As a result, we put forward the def-
initions of accessible void volume, accessible geometrical
surface area and accessible pore size. The new parameters
have been demonstrated in a number of model solids whose
solid atom configurations are known, and their use is merited
through the adsorption properties such as the Henry con-
stant, the isosteric heat at zero loading, the adsorption ex-
cess under supercritical conditions. The challenge that now
faces us is the experimental determination of these parame-
ters. This will be addressed in our future correspondence.
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