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The Effect of Nanopore Shape on the Structure and Isotherms
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Abstract. A Grand Canonical Monte Carlo simulation method is used to determine the adsorption isotherms, in-
teraction energies, entropies, and density distribution of a Lennard-Jones fluid adsorbed in smooth-walled nanopores
of varying size and shape. We specifically include very crowded pores, where packing effects are important. Dif-
ferences in the isotherms of slit, cylindrical, and spherical nanopores of varying sizes can be explained in terms of
the adsorbate-adsorbate interaction energy, the adsorbate-pore interaction energy, and the density profiles, which
influence the balance between the former and the latter energy contributions. The expectation from low loading
studies that the most energetically favorable adsorbate-pore interactions maximize adsorption is not borne out at
intermediate and higher loadings. Instead, the relationships between adsorbed amounts and pore size and shape
are found to be strong functions of the depth and steepness of the external potential, the extent to which adsorbate-
adsorbate repulsion establishes short range fluid order, and the accessible pore volume. This study has implications
for high pore density processes in nanoporous materials, such as zeolite catalysis, separations, and templating in
zeolite synthesis.
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1. Introduction

Much research has been performed using Molecular
Dynamics (MD) and Monte Carlo (MC) computer sim-
ulations to study the behavior of fluids in idealized
nanopore systems. Simulations have been used to study
fluids adsorbed in slit pores (Sarman, 1990; Somers and
Davis, 1992; Murad et al., 1993; Han et al., 1993; Tan
and Gubbins, 1992; Somers et al., 1993; Schoen et al.,
1989; Jiang et al., 1993), cylindrical pores (Macelroy
and Suh, 1987, 1989; Groot et al., 1987; Antonchenko
et al., 1988; Bratko et al., 1989; Heinbuch and Fischer,
1987; Glandt, 1980; Derouane and Lucas, 1988; Peter-
son et al., 1986; Peterson and Gubbins, 1987; Walton
and Quirke, 1989; Saito and Foley, 1990; Demi, 1991),
and spherical pores (Macpherson et al., 1987; Carignan
et al., 1988; Dunne and Myers, 1994).

The major aim of the study of idealized nanopores
is to establish the relationships between adsorbate-
nanopore system parameters-namely, pore shape,

pore size, and adsorbate chemical potential-and the
resulting system properties-namely, density distribu-
tions, adsorption isotherms, and diffusivities. Once
such relationships are understood in simple systems,
one can better predict adsorption in real, more com-
plex nanopores, e.g., in zeolites. Simple systems
also provide useful challenges for the development
of theoretical approaches, using either density func-
tional theory or integral equations resulting from the
closure of either the Yvon-Born-Green Hierarchy or
the Ornstein-Zernike Equation. Likewise, we limit
our attention here to simple Lennard-Jones fluids,
thereby isolating the effects due to nanopore shape and
size.

The interpretation of previous simulations is varied
and sometimes contradictory. It has been postulated
that adsorption heats should increase monotonically as
the ratio of pore diameter to adsorbate diameter ap-
proaches unity, i.e., as a better fit is achieved (Derouane
and Lucas, 1988). Also, it has been stated that as the
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curvature of the pore increases, the adsorption heats
can increase by as much as a factor of 8. Such a view
has provided valuable insight into tasks including Xe
NMR chemical shifts, predicting sorption selectivities
in separations and catalysis, and predicting suitable
templates for zeolite synthesis. However, previous
work showing inhomogeneous packing among fluids
in confined spaces, e.g., (Somers and Davis, 1992),
leads us to suspect that this straightforward behavior
will become more complicated at high density. Indeed,
we demonstrate in this work that these trends change
markedly at high loadings.

Glandt and coworkers compared the density of an
adsorbed hard-sphere fluid phase inside slit, cylindri-
cal, and spherical pores in equilibrium with the same
bulk fluid phase at a given pore size and bulk fluid den-
sity (Glandt, 1980). We seek here to fully explore the
preferences of adsorption for pore shape over a wide
range of pore sizes and chemical potentials.

We use the density profiles, energies, and entropies
of the adsorbate fluid within the pore to explain the
trends we observe in the relationship between adsorp-
tion and pore size and curvature. In addition, we use
Grand Canonical (constant volume, chemical poten-
tial, and temperature) MC methods to determine this
relationship as a function of chemical potential.

Because it is strongly inhomogeneous in nanopores,
fluid structure should play an important role in adsorp-
tion. Furthermore, we might expect the adsorption
trends to change non-monotonically with loading or
chemical potential. At low loadings, we verify the
preference for adsorption in pores that better "fit" the
adsorbate molecules. At high loadings, though, we will
find that this relationship is more complex than previ-
ously thought. Even so, this complex behavior can be
rationalized in terms of (1) the depth and steepness of
the external potential, (2) the ability to establish short
range fluid order, and (3) the volume accessible to the
adsorbate.

2. Grand Canonical Monte Carlo

The equilibrium criterion in the grand canonical en-
semble is to minimize the grand potential, defined as

Q([, V, T) = U - TS - N (1)

where U is the energy, T is the temperature, S is the
entropy, N is the number of adsorbate molecules, and
[L is the chemical potential.

For each grand canonical ensemble simulation, we
typically ran about 1,000,000 to 1,500,000 steps and
discarded the first 500,000. The steps were equally di-
vided between translations, insertions, and deletions.
The translations were kept at a 50% acceptance rate by
varying the size of the step. The insertion and deletion
acceptance rates were allowed to vary depending on
loading. As is typical of MC particle insertion/deletion
methods in high density fluids, the insertion and dele-
tion acceptance rates were far lower at high loadings.

The algorithm for GCMC is as follows. Random
initial positions are assigned to Nads adsorbates. The
net potential due to adsorbate-adsorbate and adsorbate-
pore wall interactions is calculated. At random, one of
the adsorbates is chosen to be translated, inserted, or
deleted. The distances of the translation in each of the
x, y, and z directions are randomly picked from a range
of 0 to S, where a small, intial 8 is specified. The energy
of the system is recalculated with the new position of
the translated molecule. The difference between the
new and old potential energy of the system is Upot.
The translation is accepted according to the following
probability: (Allen and Tildesley, 1987)

1

Prob= -U
ekbT

0

if 8U <0

if 0> SU > SUmax

if U > 8 Umax

(2)

In the case of an insertion or deletion, the total change
in energy is given by

or

Uin, = U - + In( (N +1)A 3 )

Udel = U + -ln 

(3a)

(3b)

where AU is the change in adsorbate-adsorbate and
adsorbate-pore potentials due to the inserted or deleted
atom, /, is the chemical potential, N is the number of
adsorbates, V is the volume of the system, and A is the
de Broglie thermal wavelength. As was the case for a
translation, the net potential energy of the system after
the insertion or deletion is computed and compared to
the previous energy. The move is accepted with the
probability given in Eq. 2. The procedure is repeated
until the net energy and the number of adsorbates in
the system fluctuate about a constant average, at which
point accumulation of data begins.
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The adsorbate-adsorbate potential was taken as a
Lennard-Jones potential,

Uij = / aa 2 a \61
Ui] ·48aa rj(4)

with parameters representative of Xenon, Uaa = 4.2 A
and sa,i/k = 221 K. In this work, we confine our atten-
tion to simple Lennard-Jones molecules in the interests
of isolating the effects of pore size and shape and in the
interests of economic use of computational resources.
It is the first step in capturing the experimental high den-
sity behavior of more complicated molecules, e.g., tem-
plates or reaction intermediates. We include adsorbate-
adsorbate interactions over all pairs; we do not use
a cut-off distance for the potential. (We have found
that when dealing with less than 200 molecules, higher
computation speed is obtained on a Cray-XMP (with a
64-element vector register) without a cut-off distance or
neighbor list because the FORTRAN IF-THEN struc-
tures required by the regular updating of the neighbor
list prevent the vectorization of the DO-LOOPS, result-
ing in a net decrease in computational efficiency.)

The adsorbate pore potential was taken as a Lennard-
Jones potential integrated over the entire solid volume
outside the slit, cylindrical, and spherical pores. We
limit our investigation to pores with smooth walls hav-
ing no atomistic detail. The adsorbate pore potential
parameters were aap/caa = 1.0 and Eap/Caa = 1.5
with a solid density p, = 1.0 molecules/aa3,. The
forms of the potential between the ith adsorbate and
the pore is a 9-3 potentials,

Uip = 4 ps -ap 9 r-3-i ) 3] (5)[ ~~~~C ("a
representing pores in semi-infinite solids rather than
thin-walled pores. The constants c9 and c3 are deter-
mined by the geometry of the pore and ri is either the
perpendicular distance to the walls (for slit pores) or the
radial distance from the center of the pore (for cylin-
drical and spherical pores). For the cylindrical and
spherical pores, c9 and c3 are calculated numerically
(Peterson and Gubbins, 1987). Again, we do not use
cut-off distances for the potential. We find qualitative
agreement when comparing the density distributions
of a slit pore with a 9-3 potential to those of a 10-4-3
potential (Somers and Davis, 1992).

The width of the pores are measured from the plane
where the L-J external potential diverges at one side of

the pore to the same plane on the opposite side. This
represents the distance between centers of the first layer
of atoms on opposite walls.

The area of the slit, the length of the cylindrical, and
the number of spherical pores were chosen to yield the
desired volume within the pore. For all simulations, we
chose a pore volume which yielded an average value
of Nads of about 150 molecules. Standard periodic
boundary conditions and minimum image conventions
were applied across those boundaries.

The density distributions were obtained by dividing
the pores into 100 bins-planar bins in the case of the
slit pore, annular bins in the case of the cylindrical
pore, and spherical shells in the spherical pore-and
counting the occupancy in each bin. Sampling was
performed every 100 steps during data production and
then averaged at the end of the run. The potential en-
ergy was calculated every time step and averaged at the
end of the run.

Entropies were calculated using Eq. (1) and substi-
tuting (Upot) +3/2(N)kT for U where (Upot) is the en-
semble average of the total potential energy, including
adsorbate-adsorbate and adsorbate-pore interactions,
and where the grand potential was calculated numeri-
cally: (Van Tassel et al., 1993)

= f () djl' = f (-(N)) di/ (6)
c V,T -oo

where (N) is the ensemble average of adsorbate
molecules at chemical potential u'.

3. Results and Discussion

A. Slit Pore

In Fig. 1, we present the adsorption isotherms for
Lennard-Jones xenon in slit pores of width 2.0, 2.5,
and 3 .2 a,,. We chose these pore widths because they
are close to the pore dimensions of various zeolites and
because different numbers of molecular layers are an-
ticipated inside the pores (Somers and Davis, 1992).
We found two overlapping layers of high density of
adsorbates in the slit pore of width 2 .0,aa, two distinct
layers in the pore of width 2.5aaa,, and three distinct
layers in the pore of width 3.2,aa. (Figs. 2a,c)

We gauge the favorability for adsorption by the av-
erage adsorbate density within the total pore volume.

At low chemical potential, the smaller slit pore most
favors adsorption. At high chemical potential, though,
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Figure 1. Isotherms for slit pores of width 2.0, 2.5, and 3.2aaa at
T = 300 K.

the larger pore most favors adsorption. The reversal of
preference can be explained with reference to the inter-
action energies and entropies, shown in Figs. 3(a,b) and
4(a,b). The total intensive, total extensive, adsorbate-
adsorbate (aa), and adsorbate-pore (ap) interaction en-
ergies all vary with the chemical potential. We define
intensive properties to be per molecule, i.e., system size
independent. Extensive properties are system size de-
pendent and, for comparison between pores, have been
scaled to systems of equal pore volume (1 mole of a3a

volume elements.) The intensive properties reflects
the status of an individual molecule while the exten-
sive properties are important in minimizing the grand
potential of Eq. 1. It is important to show both the
intensive and extensive interaction energies (Figs. 3(a,
b)) because there can be situations where the energy
per adsorbate may increase while the extensive energy
continues to decrease. The intensive and extensive en-
tropies are shown in Figs. 4(a,b).

The adsorption behavior is qualitatively different at
low and high loadings.

a. Low Loadings (I < - 45 kJ/mole). At low
loadings, the adsorbates simply occupy the energeti-
cally most favorable positions in the pore. The inten-
sive total energy is most favorable in the smallest pore
(Fig. 4(a)) simply because in this pore the attractive
potentials due to each wall best overlap, making the
deepest energy well (Fig. 3(a)). The aa interaction
(Fig. 3(b)) is considerably smaller than the ap interac-
tion at these low chemical potentials.

The intensive entropy is most favorable in the largest
pore because the adsorbates reside in a wider, less
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Figure 2. Density profiles in slit pores for several values of the
chemical potential. (a) Slit width = 2.0Yaa, (b) slit width = 2.5a,,,
(c) slit width = 3.2aa.
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Figure 3. Interaction energies in slit pores as a function of chem-
ical potential. (a) Intensive adsorbate-adsorbate interaction energy,
(b) intensive adsorbate-pore interaction energy.

steeply bounded external potential well and so have
available to them a greater volume of the pore. Nev-
ertheless, the extensive entropy is more favorable for
smaller pores since there are more adsorbates. The en-
tropic advantage of large pores fails to be manifest at
low chemical potential.

b. High Loadings ( > - 15 kJ/mole). At high
loadings, the density profiles (Fig. 2(a,c)) show lay-
ers of adsorbates that become more distinct and more
numerous (though smaller in magnitude) in the larger
pores. This layering is a result of the ability to pack
efficiently in the pore at high loadings. Although the
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Figure 4. Energetic and entropic contributions in slit pores as a
function of chemical potential. (a) Intensive energetic and entropic
terms, (b) extensive energetic and entropic terms.

ap attraction (Fig. 3(a)) is most favorable in the small-
est pore, greater adsorption now occurs in the larger
pore. This reversal cannot be explained solely in terms
of the aa energetic attraction (Fig. 3(b)) since the en-
ergy contribution only slightly favors the larger pore
and does not do so enough to reverse the total energy
trend (Fig. 4(a)) from that at low loading. Instead, the
entropic trends must now be important.

At high loadings, the intensive entropy is greatest in
the smallest pore because the size of the pore prevents
the formation of distinct layers. The more distinct lay-
ers in the larger pores indicate a more structured fluid,
tending to produce a lower intensive entropy. However,
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we see that the entropy does not decrease monotoni-
cally. In fact, at high loading, the entropy of the 3.2aa
pore is no lower than that of the 2 .5aa pore. The impor-
tant point is that entropy is more favorable in the large
pore than we might have expected. Thus the largest
pore adsorbs more.

c. Energetic versus Entropic Effects. The relative
importance of the energetic and entropic contributions
to adsorption changes with loading. The intensive en-
ergetic (U) and entropic (-T(S)) terms are plotted in
Fig. 4(a).

At low loading, the energetic term favors adsorption
in the smallest pore but the entropic term favors the
largest pore. The smallest pore adsorbs more, though
not as much more as might be expected since entropy
opposes it.

At high loading, though both the intensive energetic
and entropic terms favor the smallest pore, both the
extensive entropy and energy favor the larger pores.
The difference here is due to the differences in density
inside the three pores. Though the average state of a
single adsorbate remains more favorable in the smaller
pore, the intensive properties fail to account for the
greater accessible volume in the larger pore, which al-
lows better packing of the adsorbates per unit volume.

The trend in the isotherms correlates most closely to
the extensive entropic term. At high loadings, adsorp-
tion is strictly greater with increasing pore width de-
spite the fact that the total extensive energy (Fig. 4(b))
does not monotically favor a larger pore size. We will
see that this effect is even more pronounced in the cylin-
drical and spherical pores.

B. Cylindrical Pores

We now present analogous data for the cylindrical
pore. Figure 5 plots the adsorption isotherms of Xe
in cylindrical pores of diameters 2.0, 2.5, and 3.2aaa.
Fig. 6(a,c) shows the density profiles in those pores at
several chemical potentials. Figure 7(a,b) shows the
ap and aa interaction energies. The intensive and ex-
tensive total energy and entropy in the three pores as a
function of chemical potential are shown in Fig. 8(a,b).

a. Low Loadings ( < - 45 kJ/mole). At low
loadings, we find that adsorption is favored in the
smaller cylindrical pores, as was the case for the slit
pores, because the ap interactions are most favorable
in the smaller pore (Fig. 7(a)); the aa interactions are
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Figure 5. Isotherms for cylindrical pores of diameter 2.0, 2.5, and
3.2 raa at T = 300 K.

negligible (Fig. 7(b)). Again, this occurs in spite of the
fact that the intensive entropy increases with increasing
cylindrical pore diameter, reflecting the greater volume
explored.

Comparing the cylindrical pore isotherms to those of
the slit pore, we find as expected (Glandt, 1980), that
the cylindrical pore is favored over the slit pore at low
loadings because the external potential (ap) well depth
is greater in the cylindrical pore, which in turn is due
to the curvature of the cylindrical pore walls.

b. High Loadings ( > - 15 kJ/mole). The den-
sity distribution in the smallest pore remains constant
at high chemical potentials (Fig. 6(a)). In the larger
pores, though, the layering becomes sharper with in-
creasing chemical potential. The peaks in the density
profile continue to narrow and heighten (Fig. 6(b,c)).

As was the case for the slit pores, the relation be-
tween adsorption and pore size has reversed from that
of low loadings. Again, the aa attraction increases with
loading most rapidly in the larger pores (Fig. 7(b)). The
ap interaction is relatively constant at high chemical
potentials in the pores of diameter 2.0 and 3 .2 ,aa but
becomes less attractive at 2 .5caa (Fig. 7(a)) because in
this pore the molecules can neither form a peak in the
center of the pore (as is the case in the smaller pore)
nor form an annular region of high density as favorable
as that in the larger pore.

As was the case for slit pores, the intensive entropy
decreases for larger pores, tending to oppose the pref-
erence for larger pores (Fig. 8(a)).

At high chemical potential, we find the density inside
the cylindrical pore is less than that in the comparable

ne
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Figure 7. Interaction energies in cylindrical pores as a function
of chemical potential. (a) Intensive adsorbate-adsorbate interaction
energy, (b) intensive adsorbate-pore interaction energy.

slit pore. From this it is clear that pore curvature and
pore size play similar roles. Though greater curva-
ture and smaller pore size strengthen the ap interaction
and so enhance adsorption at low loading, they also
confine the fluid to a greater extent and so retard ad-
sorption at high loadings. Moreover, aa repulsion in
the cylindrical pore comes into play at lower chemical
potentials than in the slit pore because the fluid is more
confined in the cylindrical pore now that adsorbates are
free only along the axial direction. Although one would
expect greater confinement and hence reduced entropy
in the cylinder, this is not always the case. In fact,
there are higher intensive entropies in a cylindrical pore
than in the comparable slit pore because confinement
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in two directions delays the formation of subsequent
fluid layers in the cylindrical pore until higher chemi-
cal potentials.

c. Energetic versus Entropic Effects. We find the
same contrast between the intensive and extensive ther-
modynamic properties as we did in the slit pore. The
intensive energy always favors the smallest pore. The
intensive entropy favors larger pores at low chem-
ical potentials and smaller pores at high chemical
potentials.

The extensive properties agree much better with the
trends in the isotherms. At low loading, both the

extensive energy and entropy favor the smallest pore.
At high loading, the extensive entropy now favors the
largest pore in agreement with the isotherms. The ex-
tensive energy still favors the small pore, so clearly
adsorption at high loading is dominated by entropic
(packing) effects.

C. Spherical Pores

The adsorption in spherical pores presented here is
of course an idealized process since we provide no
physical means of entrance or exit. However, such
adsorption isotherms can reveal interesting behavior of
discrete pores with small entrances. Figure 9 shows the
isotherms for Xe in spherical pores of diameter 2.0, 2.5,
and 3.2aaa. The corresponding radial density profiles,
aa and ap interactions, and intensive and extensive en-
ergy and entropy are shown in Figs. 10(a,c), l(a,b),
12(a,b) respectively. The isotherm for the smallest pore
has a steep rise and then a distinct plateau that sim-
ply represents a maximum loading of one adsorbate
per spherical pore. The density profile of the fluid
at any chemical potential along the plateau is nearly
identical (Fig. 10(a)). The isotherm for the pore of
diameter 2 .5raa displays two plateaus, the first corre-
sponding to a loading of one Xe per spherical pore and
the second to that of two Xe. The density profiles at
the two plateaus are markedly different (Fig. 10(b)).
These steps in the isotherms were not observed in slit
or cylindrical pores simply because those pores were
continuous in at least one direction, allowing a greater
variety of configurations in the ensemble. The largest
spherical pore, which can hold up to six adsorbates,
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shows no distinct steps since the filling process is more
gradual.

a. Low Loadings ( < - 45 kJ/mole). As in the
slit and cylindrical pores, at low loading the smallest
spherical pore favors adsorption. Again this trend is
due to greater ap attraction in the smaller pore and neg-
ligible aa interactions (Fig. 1 (1-b)). Also, as was the
case in the other two pore shapes, we find the greatest
intensive entropy in the largest pores (Fig. 12(a)). The
extensive entropy and energy favor the smaller pore.

Comparing adsorption at low loadings in the spher-
ical pores with that in the slit and cylindrical pores,
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Figure 10. Radial density profiles in spherical pores for several
values of the chemical potential. (a) Spherical diameter = 2.0f,,
(b) spherical diameter = 2.5aa, (c) spherical diameter = 3.2oa,.

3

o
0
E

z
v
A

V

2

1

0

-1

-2

-3
-60 -50 -40 -30 -20 -10

chemical potential (kJ/mole)
(b)

Figure 11. Interaction energies in spherical pores as a function
of chemical potential. (a) Intensive adsorbate-adsorbate interaction
energy, (b) intensive adsorbate-pore interaction energy.
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Figure 12. Energetic and entropic contributions in spherical pores
as a function of chemical potential. (a) Intensive energetic and en-
tropic terms, (b) extensive energetic and entropic terms.

we find that adsorption is favored in the spherical pore.
This continues the trend observed in moving from the
slit to the cylinder that increasing pore curvature has
the same effect as decreasing pore size, specifically,
strengthening the ap attraction.

b. High Loadings ( > - 15 kJ/mole). At high
loadings, we again observe that the largest pore dis-
plays the greatest adsorption. An additional cause for
this reversal in the very confined spherical pores is that
the smaller pores allow at most one or two adsorbates.
A plot of the aa interaction energy with pore size shows
much different behavior than that in the previous pore
shapes. In the smallest pore, the aa energy is zero at

all loadings since the maximum occupancy of a single
pore is one adsorbate and there is no inter-pore aa inter-
actions. In the intermediate sized pore, though, as soon
as two adsorbates occupy the same pore, the aa inter-
action is repulsive because the pore can accommodate
both adsorbates only by situating them close together.
In the largest pore, the aa interaction is attractive, as
was the case in the slit and cylindrical pores. (More-
over, the ap interaction of the intermediate-sized pore
is less attractive as the adsorbates are forced into less
favorable regions of the pore.)

At high loading, the entropy shows a long plateau
for the smallest pore where adsorption is limited to 1
adsorbate per spherical pore. The entropy shows two
short plateaus in the intermediate pore because only 1
or 2 adsorbates can simultaneously adsorb. As was the
case for the slit and cylindrical pores, the intensive en-
tropy is smaller for the larger pore. However, now we
see that the extensive entropy is non-monotonic with
respect to spherical pore size. This is a result of the dis-
crete spherical pores of diameter 2.0 and 2 .5 a,, having
limits of 1 and 2 adsorbates per pore (which do not
allow the increase in density with increasing chemical
potential to balance the decrease in intensive entropy).

At -30 kJ/mol, we find a non-monotonic trend in
adsorption versus spherical pore size; the largest pore
most favors adsorption followed by the smallest pore
then the intermediate pore. The extensive entropy and
energy both favor this trend. At -30 kJ/mol, the in-
termediate pore contains, on average, one adsorbate
so, energetically, there is no aa attraction and, entrop-
ically, although the intensive entropy is greatest in this
pore, the density is lowest, thus the extensive entropy
does not favor it.

At high loadings, the spherical pore adsorbs less than
the slit or cylindrical pores. This too is consistent with
the trend that greater confinement retards adsorption at
high loadings.

c. Energetic versus Entropic Effects. The inten-
sive energetic and entropic terms are closer in magni-
tude in the spherical pore than in the slit or cylindrical
pores, in part due to the deeper potential wells of the
spherical pore, which increases the energetic term and
decreases the entropic term.

Again, the intensive and extensive thermodynamic
properties show different trends for adsorption with
pore size (Fig. 12(a,b)). As was the case in the slit and
the cylindrical pore/at low loadings, both the exten-
sive entropic and energetic terms favor adsorption in
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the smallest pore. At high loadings, though, the exten-
sive entropic term favors the largest pore, the smallest
pore, and then the intermediate pore while the energetic
term favors the smallest pore, then the largest pore, then
the intermediate pore. Again it is the extensive entropy
which best correlates with the isotherm. The isotherm,
however, shows adsorption strictly increases with pore
size, agreeing with neither the energetic nor entropic
term. It is, however, closer to the entropic term. From
this we see that the extensive variables (in addition to
the intensive variables) cannot fully account for the dif-
ferences due to the different accessible volumes of the
pore.

D. Effect of Pore Size and Shape at Selected
Chemical Potentials

Up to now, we have focused on a few given pore sizes
while allowing a wide range of chemical potentials
so that we could calculate both energetic and entropic
terms. In view of the above results, though, it is now
instructive to select typical high and low chemical po-
tentials and vary pore size more smoothly.

In Fig. 13(a), we show the density of the adsorbed
fluid in a wide range of slit, cylindrical, and spheri-
cal pore sizes at chemical potentials of -45 and -15
kJ/mol. We can explain the features in these isotherms
based on the arguments presented above. At the low
chemical potential, adsorption decreases as pore size
increases because the ap interaction weakens with in-
creasing pore size. The spherical pore shows a small
rise in loading and then decreases again. The rise is due
to the onset of multiple adsorbate molecules being able
to enter the larger pores. In general, the spherical pore
adsorbs more than the cylindrical pore, which in turn
adsorbs more than the slit pore, due to the increasing
ap attraction with pore curvature. As all the pores be-
come larger, the densities are falling to the bulk value
of 0.0014 molecules/a3a.

At the high chemical potential, oscillations appear
in the density as a function of pore size for all pore
shapes. Each rise in the density reflects the formation of
a new layer in the pore. Overall, the densities increase
with increasing pore size, tending toward the bulk value
of 0.935 molecules/aa3a. The density increases with
pore size due to the decrease in confinement, which
results in (i) higher entropies and (ii) more attractive
aa interactions. Similiarly, the density increases as
pore curvature decreases from spherical to cylindrical
to slit pore.
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Figure 13. Adsorption in slit, cylindrical, and spherical nanopores
over a range of pore sizes from 7 to 16 A at chemical potentials of
-45 and -15 kJ/mol. (a) Density, (b) effective density.

4. Summary

We have shown adsorption isotherms of Lennard-Jones
Xenon as a function of pore size and pore shape for
three sizes of slit, cylindrical, and spherical nanopores.
We see adsorption favored in smaller pores at low
chemical potentials and in larger pores at high chem-
ical potentials. We see adsorption favored in pores
with greater curvature at low chemical potentials and
in pores with less curvature at high chemical poten-
tials. We have explained the relative favorability of ad-
sorption in terms of the density profiles, the adsorbate-
adsorbate and adsorbate-pore interaction energies, and
the entropy. At intermediate chemical potentials, the
relationships between adsorption and pore size and
shape are non-monotonic.

Specifically, at low loadings, where the adsorbate-
adsorbate interaction is negligible, the pore with the
most favorable external potential will favor adsorption.
In smaller and more curved pores, the external poten-
tial from adjacent walls can overlap and deepen the
potential well, favoring adsorption. In all cases, the
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Table 1. Accessible volumes.

Adsorbate/ L-J/ L-J/ H-S/ L-J/

Adsorbent L-J L-J H-W L-J

Pore size 2.0 2.5 2.5 3.2

Pore shape Percent of total volume accessible to absorbate

Slit 40% 52% 60% 62.5%

Cylinder 16% 27.04% 36% 39.06%

Sphere 6.4% 14.06% 21.6% 24.41%

density was most strongly influenced by the extensive
entropy; in fact, at high chemical potential the exten-
sive entropy provided the most serious deviation from
ideal gas behavior.

All points raised in individually examining different
pore sizes are summarized in Fig. 13(a), bearing in
mind the thermodynamic trends shown in Figs. (1-12).

We close this study by suggesting a way to define an
effective density in an attempt to explain these trends.
We restate that the pore width is defined to be the dis-
tance from the plane where the ap potential diverges
at one point on the pore wall to a similar plane at the
point on the opposite side of the pore (what would be,
in an atomistically detailed pore, the distance from the
center of the first layer of wall atoms to the center of
the layer on the opposite side). Not all of the total pore
volume is accessible to the adsorbate due to short-range
adsorbate-wall repulsion. The distance of closest ap-
proach between the adsorbates and the wall at high
loading is nearly 0.6Caa in all cases. Using this value,
we present in Table 1 the accessible volumes in the nine
pores studied and a hard-sphere/hard-wall system for
comparison. These values indicate that the volume
specified in the grand canonical simulation does not
give the same accessible volume to pores of different
sizes and shapes. We may define an effective density to
be the number of molecules in the accessible volume.
The isotherms are now shown in terms of the effec-
tive density (Fig. 13(b)). The adsorption trends with
respect to pore size and shape now remain the same at
low loading and at high loading. The smallest, most
curved pore has adsorbed the fluid with the greatest
effective density at high chemical potentials.

However at high loadings, the simple trend breaks
down as the adsorbate packing becomes significant.
The importance of adsorbate packing depends upon
the geometry of the pore. Spherical pores confine the
molecules the most, then cylindrical pores, then slit
pores. Adsorption at high chemical potentials is fa-
vored in the nanopore with least confinement.

Although this study was confined to a Lennard-Jones
fluid and idealized nanopores, we expect elements of
similar behavior for more complicated molecules and
pores. Because this investigation studied idealized sor-
bates and pores, the data presented in Figs. 1-13 con-
sumed about 8 hours of CPU time on a Cray XMP. A
comparable simulation study in a nanopore with atom-
istic detail would require an order of magnitude more
computer time.

Nomenclature

kb Boltzmann constant
n(x) local adsorbate density at position x,

perpendicular to walls, in slit nanopores
n(r) local adsorbate density at radial position r

in cylindrical and spherical nanopores
N number of adsorbate molecules
ri position of molecule i in pore
rij distance between molecules i and j
S entropy
T temperature
V volume
U total internal energy
Uaa internal energy due to adsorbate-adsorbate

interactions
Uap internal energy due to adsorbate-pore

interactions
Uij internal energy due to interaction of

adsorbates i and j
Uip internal energy due to interaction of

adsorbate i and pore
Eaa Lennard-Jones adsorbate-adsorbate energy

parameter
eap Lennard-Jones adsorbate-pore energy

parameter
A de Broglie thermal wavelength
t* chemical potential
Ps density of solid

,aa Lennard-Jones adsorbate collision diameter
raap Lennard-Jones adsorbate-pore collision

diameter
S2 grand potential
(x) ensemble average of x
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