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We present isotherms for the adsorption of n-butane on the external and internal surfaces of silicalite, in the
temperature range of 320-400 K and at pressures up to 530 kPa. The isotherms were calculated using molecular
dynamics simulations. A modified thermostatting algorithm, Soft-HEX, was developed for this purpose. The results
for the external as well as the internal surface were fitted to Langmuir models, and equilibrium constants are reported.
Two surface structures were considered: a flat surface having only one adsorption site and a surface with a zigzag
texture, characterized by two adsorption sites. The surface excess concentrations were computed. Negative surface
excesses were found in some cases, indicating that the surface can serve as a barrier to transport. We show that Henry′s
law can be used to calculate adsorbate concentration-gas pressure relationships, and that the surface can be regarded
as a thermodynamic system. These findings are important for studies of the surfaces as barriers to transport.

1. Introduction

It is the aim of this work to contribute to a better understanding
of properties of adsorbed molecules on the external and internal
surface of porous materials. We have thus studied, as a
representative example, the adsorption properties of one hy-
drocarbon, n-butane, on a zeolite, silicalite-1. Butane was studied
within the pores and on the external surface of the zeolite. Zeolites
are microporous materials that have been used in adsorption,
separation, and catalysis because of their large surfaces. A
systematic study of equilibrium adsorption of gases in zeolites
has led to considerable insight into the state of guest molecules
in the channels and cavities of the host adsorbent,1 but such
information on the external surface is still missing.

Several experimental methods have been used to examine the
adsorption of alkanes in zeolites. With the volumetric method,
the amount of gas adsorbed is obtained from the difference
between the amount of gas in a doser volume and the amount
of gas remaining in the gas phase at equilibrium. In the gravimetric
method, the adsorbed amount is determined from the increase
in weight of the adsorbent after exposure to a dose of gas. Few
results on alkanes in zeolite are reported: adsorption isotherms
of C1 to C4 alkanes were measured gravimetrically on silicalite
crystals by Sun et al.,2 while Millot et al. employed a temperature-
programmed desorption technique.3 The zero length column
chromatography (ZLC)4 and the tapered element oscillating
microbalance (TEOM) were used by Zhu et al.5 to determine
physical constants of the adsorption process. Gardner et al.6

measured butane adsorption isotherms by a transient permeation

technique. Moreover, Ferreira et al.7 investigated the adsorption
of n- and i-butane on silicalite using a manometric technique
combined with a microcalorimeter.

It is difficult, if not impossible, with these experimental
techniques to distinguish between properties of the external and
internal surfaces. Such differentiation is important, however.
The presence of external surfaces and crystal defaults do not
significantly influence adsorption properties such as the adsorption
isotherm or the heat of adsorption. But they can play a role in
the dynamical processes, such as in adsorption kinetics. They
can, for instance, change expected behavior and, consequently,
the interpretation of some experiments, as in the case of diffusion
into zeolites, an example described recently by Heinke.8

Knowledge of surface equilibrium properties is crucial for the
understanding of the kinetics of adsorption. Surface resistivities
are functions of surface concentrations9 and will therefore depend
on these equilibrium properties. Our aim is to describe surface
transport, and we consider this study as a first step in that direction.
In particular, we want to examine the external surface structure
to help understand why it can be rate-limiting to transport, as
predicted by Heinke.8

The increased availability of large computer clusters that has
been seen in the past decade is an advantage in this context.
Molecular simulation techniques can therefore be used to
supplement the experimental techniques. The Monte Carlo
technique has thus been widely used.10-14 In this technique, the
isotherms are determined from simulations of a grand-canonical
ensemble. The temperature and the chemical potential are imposed
with the help of a reservoir, and the number of particles in the
system is allowed to fluctuate. Molecular dynamics simulations* To whom correspondence should be addressed. E-mail: signe.kjelstrup@
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offer an attractive alternative to this. These simulations are capable
of mimicking a real experimental situation, in which the adsorbent
is in contact with a gas through the external surface.16,15

In this study, we report equilibrium molecular dynamics (EMD)
simulations that give adsorption isotherms of n-butane molecules
in a silicalite membrane at 320, 340, 360, 380, and 400 K. For
each temperature, 11 equilibrium points were calculated. The
temperatures were imposed using a heat exchange algorithm
developed for this purpose, Soft-HEX. Adsorption was inves-
tigated inside the pores and on the external surface. Two different
external surfaces were examined. The surfaces have their own
Langmuir adsorption isotherm and surface excess concentrations
that also can become negative. We propose that this can explain
the surface as a barrier to transport.

The work is a continuation of earlier studies on the same
system. We have presented sticking and desorption coefficients
for the surface17 and some aspects of nonisothermal adsorption
kinetics.15,16 We shall here see that the external surface can be
described as a thermodynamic system according to Gibbs,18

sandwiched between the homogeneous gas phase and the bulk
crystal. A description in terms of three “phases” under equilibrium
is the starting point to study perturbations in the equilibrium
situation.

The paper is arranged as follows. First, a brief description
of the theory on the adsorption process is presented: in section
2.1, the adsorption is described with the Langmuir model. Then
in section 2.3, the adsorption on the external surface is depicted
with the excess Gibbs method. In section 3 we present the detail
of our simulation methodology, including a description of the
parameter sets used. We continue in section 4 with the results
of our simulations. These include adsorption isotherms in the
zeolite pores and excess densities on the two different surface
structures. Finally we present our discussion and conclusion in
sections 5 and 6.

2. Theory

2.1. Isotherm Models. In a description of the following
adsorption reaction

butane(gas)+ zeoliteh butane(zeolite) (1)

there are nb
tot moles of butane at the start, and nb

g moles of butane
in the gas when equilibrium is reached. The gas pressure of
butane, p (in Pa), follows the ideal gas law at the butane densities
in question:

pVb
g ) nb

gRT (2)

where Vb
g is the volume of the gas phase and R is the gas constant.

The butane molecules are distributed between the crystal
(concentration cb

z), the gas phase (concentration cb
g) and the surface

(concentration cb
s).

Silicalite-1 has two types of channels, straight and zigzag
(having approximatively the same cross section), connected via
intersections (characterized by a bigger size). If the diameter of
the adsorbed molecule is large, i.e., if there are geometric
constraints, the molecule will prefer the intersections, which
have more space.19 We can then say that there are two different

adsorption sites in silicalite-1. A dual-site Langmuir model is
commonly used20 to describe adsorption to two internal sites.
This model relates the concentration in the zeolite to the butane
pressure, taking into account the geometrical constraint of the
zeolite:

cb
z )

cb,sat, I
z KIp ⁄ p0

1+KIp ⁄ p0
+

cb,sat,C
z KCp ⁄ p0

1+KCp ⁄ p0
(3)

where the subscripts I and C refer to the intersections and channels,
respectively. cb,sat,J is the concentration of butane per zeolite unit
volume at saturation, in location J, KJ is the dimensionless
equilibrium constant, and p0 is the standard pressure (100 kPa).
In the case of low loadings, adsorbate molecules reside in the
energetically preferred locations. In that case, the dual-site
Langmuir model simplifies to the Langmuir model.

cb
z

cb,sat
z

) Kp ⁄ p0

1+Kp ⁄ p0
(4)

The dual-site Langmuir model can be also applied for
adsorption on the zeolite external surface when two different
adsorption sites (1 and 2) are present:

cb
s )

cb,sat,1
s K1p ⁄ p0

1+K1p ⁄ p0
+

cb,sat,2
s K2p ⁄ p0

1+K2p ⁄ p0
(5)

In case we have only one adsorption site, we shall instead use
the single-site Langmuir model:

cb
s

cb,sat
s

) Kp ⁄ p0

1+Kp ⁄ p0
(6)

The Langmuir theory is based on the model of one site/one
molecule occupancy adsorption with statistical (ideal) competition
for vacant sites and no interactions between the adsorbed
molecules. The original derivation of the Langmuir isotherm
was kinetic in character, but a statistical mechanic derivation
was soon found. It was based on the following assumptions: the
gas is perfect; the surface is a two-dimensional lattice characterized
by M identical adsorption sites; each of these sites can be either
unoccupied or occupied by at most one of the gas molecules;
adsorbed molecules do not interact laterally; and adsorption is
exhausted after the formation of the first layer. Let the partition
function of an unoccupied site be 1 and that of an occupied site
be q(T). The partition function of N molecules adsorbed onto M
sites (being N < M) is then

Q(N, M, T)) M!
N ! (M-N)!

[q(T)]N (7)

The binomial coefficient accounts for the number of ways in
which the N identical molecules can be arranged on the M
equivalent but physically distinct sites. Since both M and N are
large, Stirling′s theorem can be used, and, by using the fact that
the adsorbed molecules are in equilibrium with the gas phase
molecules (considered to be an ideal gas), an expression of the
fractional coverage N/M as a function of the pressure of the gas
can be derived.21 That expression corresponds to the single-site
Langmuir equation. This is thus a purely statistical model, without
the need to invoke activity coefficients, which take into account
the presence of preferred binding sites.
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2.2. Thermodynamics of Gas Adsorption. The condition of
equilibrium between the adsorbed phase (a) and the coexisting
gas phase (g) is given by the equality of the chemical potentials,
µg ) µa. This is valid if we consider the adsorption both in the
zeolite pores (a ≡ z) and on the external surface (a ≡ s). Assuming
an ideal gas phase, we may write

µa ) µg ) µg
0 +RT ln( p

p0) (8)

where µg
0 is the standard chemical potential of the gas phase, i.e.,

the chemical potential at the reference pressure p0. It is also
convenient to define the standard state for the adsorbed phase
and write

µa ) µa
/+RT ln(aa

aa
0) (9)

where aa is the activity of the adsorbed phase:

aa ) γa

ca

ca,sat
(10)

and µa
/ is the standard state chemical potential at activity aa

0. It
follows from eq 8 that

µa
/- µg

0 )RT ln( p

p0

aa
0

aa
) (11)

Hence the adsorption equilibrium constant is given by

K) p0

p

aa

aa
0

(12)

If the standard state is taken as a saturated ideal adsorbed
phase (ca

0 ) ca,sat, γa
0 ) 1, and, therefore, aa

0 ) 1), eq 12 reduces
to a definition of the activity coefficient of the adsorbed phase,
γa:

γa )
Kp ⁄ p0

ca ⁄ ca,sat
) 1+K

p

p0
(13)

The last equality was obtained introducing the Langmuir model.
The temperature dependence of the equilibrium constant K

follows the van′t Hoff relationship:

(∂ ln K
∂1 ⁄ T )ca

) -∆H
R

(14)

where ∆H is the isosteric enthalpy of adsorption, i.e., the enthalpy
of adsorption at a given coverage. From eq 14 we can obtain

K)K0 exp(-∆H0

R ) (15)

where K0 is the preexponential factor, and ∆H0 is the isosteric
enthalpy of adsorption in the limiting case of zero coverage.
Plotting K semi logarithmically versus 1/T will give a linear fit
of data from which the slope -∆H0/R is extracted.22

2.3. Surface Excess Densities. For the zeolite-gas system,
it is interesting to determine the surface excess concentration.
By doing this we can describe the adsorption isotherms for the
surface in more detail by plotting the surface excess density as
a function of the gas pressure. The theory of surface excess for
systems in global equilibrium was originally described by Gibbs.18

The theory is advocated by Kjelstrup and Bedeaux.9 Here the
version given by Kjelstrup and Bedeaux will be used. An interface

is a thin layer between two homogeneous phases. We restrict
ourselves to surfaces perpendicular to the y-axis, the direction
of the straight channel, for reasons explained later. Let us consider
the concentration profile of butane along the y-direction, cb(y).
We shall indicate with superscript z the average concentration
of butane adsorbed in the zeolite pores and with superscript g
its concentration in the homogeneous gas phase. A continuous
variation in the concentration is seen (see Figure 1). Gibbs18

defined the surface of discontinuity as a transition region with
a finite thickness bounded by planes of similarly chosen points.
In the figure, two such planes are indicated by vertical lines at
R and �. The position R is the point, in the zeolite left of the
surface, where cb(y) starts to differ from the average concentration
in the zeolite pores, cb

z, and the position � is the point in the gas,
to the right of the closed surface, where cb(y) starts to differ from
the concentration of the gas phase, cb

g. The surface thickness is
then δ ) � - R. Gibbs defined the dividing surface as “a
geometrical plane, going through points in the interfacial region,
similarly situated with respect to conditions of adjacent matter”.
Many different planes of this type can be chosen. In this work,
the location of the dividing surface will depend on the surface
structure, as explained later (see section 4.1) and will be denoted
with d. We will call S1 the portion of the surface located in the
zeolite side, having a thickness d - R, and S2 the one located
on the gas side, with thickness � - d. The continuous density,
integrated over δ, gives the butane excess surface concentration:

Γb )∫R

� [cb(y)- cb
z(R)θ(d- y)- cb

g(�)θ(y- d)]dy (16)

The Heaviside function, θ, is by definition unity when the
argument is positive and zero when the argument is negative.

S1 is thus an internal part of the surface, while S2 is an external
part, relative to d. Gibbs thermodynamics apply to S1 + S2. In
the case of a flat surface, the butane concentration profile across
the surface will present only one peak, located in S2 (see Figure
1a) with the maximum slightly shifted toward S2. When instead
we consider the surface with the zigzag pattern, an additional
adsorption peak will appear, also in S1, and the butane
concentration profile will be similar to the one plotted in Figure
1b.

3. Simulation Details

3.1. The System. The zeolite membrane (without defects)
was simulated using a flexible atomic model23 with an orthor-
hombic Pnma crystallographic structure24 (see Figure 2). Initial
atomic positions were determined from crystallographic experi-

(22) Ruthven, D. M. Principles of Adsorption and Adsorption Processes; Wiley:
New York, 1984.

(23) Ermoshin, V. A.; Smirnov, K. S.; Bougeard, D. J. Chem. Phys. 1996, 202,
53.

(24) Vankoningsveld, H.; Vanbekkum, H.; Jansen, J. C. Acta Cryst. B: Struct.
Sci. 1987, 43, 127.

Figure 1. Butane concentration profile across the surface.
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mental data.24 Errors in the atomic coordinance of the zeolite at
the surface are small. The crystallographic parameters are a )
20.022 Å, b ) 19.899 Å, and c ) 13.383 Å, with b being the
direction of the straight channels. The crystallographic axis of
the zeolite will be used as a frame of reference for the simulation
box, x for a, b for y, and c for z. The membrane consisted of 18
unit cells (1728 atoms of silicon and 3456 atoms of oxygen) with
dimensions La ) 2a, Lb ) 3b, and Lc )3c. In fact, an extension
of Lb ) 2b was sufficient for the present purpose, but we need
a longer crystal in the y-direction to study transport properties
in the next round. Periodic boundary conditions were applied in
the a, [100], and c, [001], directions at the limit of the zeolite
and in the b, [010], direction at a distance of 179.924 Å from
the center of the zeolite to simulate a semi-infinite membrane
perpendicular to the b direction in contact with the gas phase,
as shown in Figure 3. By construction the system is symmetric
relative to the plane normal to the y direction, located in the
center of the zeolite.

As mentioned above, depending on where the crystal was cut
through the unit cell (see Figure 2), two different surface structures
appear. In one case, the crystal was cut at the middle of the
straight channels, perpendicular to them: the two external surfaces
of the zeolite were then flat with the pores emerging at the surfaces.
In the other case, the cut was made in correspondence to the
intersections between the straight and zigzag channels, again
perpendicular to the former. As a consequence, the surfaces also
presented zigzag patterns. For more details, see ref 15. In both
cases, eq 16 applies and shall be used.

The n-butane was modeled using the United Atoms (UA)
model proposed by Ryckaert and Bellemans;25 each CHn group
was treated as a single pseudoatom. Each butane molecule was
then reduced from 14 to 4 atoms, drastically reducing the number
of interactions. The intermolecular interactions were given by
a 12 to 6 cut and shifted Lennard-Jones (LJ) potential, V(rij):

26

VLJ(rij)) 4εij[(σij

rij
)12

- (σij

rij
)6] (17)

V(rij))VLJ(rij)-VLJ(rc), rije rc

V(rij)) 0, rijg rc (18)

where σij and εij are the potential parameters, and rij is the distance
separating the two interacting particles and rc is the cut-off radius,
i.e., the distance were the LJ potential is truncated to zero. In

our simulations, we fixed rc ) 2.5 σSi, where σSi is the potential
parameter of silicon. The LJ parameters for the zeolite-butane
system are given in Table 1. Using the Lorentz-Berthelot mixing
rules,26 the parameters given in Table 1 could be used to find
the potential parameters for unlike site interactions: σij )
(σii+σjj)/2 and εij ) (εiiεjj)1/2. Dubbeldam et al.29,30 showed
evidence that adsorption isotherms for hydrocarbons in zeolite
cannot be accurately reproduced using Lorentz-Berthelot mixing
rules between the zeolite atoms and the hydrocarbon pseudoatoms.
However, in our case, the exact nature of the force fields is not
critical, as we are interested in trends more than in precise physical
constants. Still we see that we predict reasonable values for ∆H0.

The intramolecular potential energy included stretching,
bending and torsion potential, and coupling terms. The former
of these potentials were harmonic, while for the latter we
proceeded as suggested by Ermoshin et al.23 For details, we refer
to ref 16.

3.2. The Procedure. 3.2.1. Initial Configurations. Initial
configurations were obtained in two steps. First step: the n-butane
gas and zeolite membrane were separately thermalized at an
identical temperature. Second step: the butane molecules were
randomly distributed in the gas phase in contact with the zeolite
(see Figure 3). Molecules were located such that they filled the
whole available gaseous volume and that the distance between
each molecule and with the membrane was larger than their own
size. Then MD simulations were performed to reach the
equilibrium conditions, where the gas phase was in equilibrium
with the adsorbed molecules (both in the zeolite pores and on
the surfaces). Since MD simulations are deterministic in nature,
it was essential to use different initial configurations of the gas
for the same condition of pressure, temperature and volume.
Each equilibrium point was then obtained averaging results of
five simulations starting from five different initial configurations.
This avoided dependences on initial conditions and improved
the statistics.

3.2.2. Equilibration. The Soft-HEX Algorithm. To obtain the
system dynamics, Newton′s equations of motion have been
integrated using the velocity Verlet algorithm26 with a time step
of 0.001 ps. To equilibrate the system, simulations were run for
30 × 105 time steps. They were subjected to two conditions:
During the first state (5 × 105 time steps), a thermostat was
applied everywhere in the system, i.e., to all atoms, to impose
the desired temperature by rescaling and shifting the velocity of
each particle. In the second state, the thermostat was removed
and the energy of the system was constant. To avoid deviation
in the system temperature after the removal of the thermostat,
a soft heat exchange algorithm was developed, based on the one
proposed by Hafskjold.27 The thermostat was applied separately
to the zeolite atoms and to each butane molecule, and with a
frequency of 100 time steps (0.1 ps). For each particle, the mean
temperature and kinetic energy was computed over this period
of time and compared to the one corresponding to the imposed
temperature, thus obtaining the energy necessary to supply/remove
from the system. However, to reduce the perturbations of the
system, the energy change applied was equal to only 2% of this
energy; for this reason this procedure was called Soft-HEX.

Data were analyzed considering the last 20 × 105 time steps
for each of the five simulations run in parallel for the same
conditions of temperature, pressure, and volume, leading to
statistical uncertainties below 5%.

(25) Ryckaert, J. P.; Bellemans, A. Faraday Discuss. 1978, 95–106.
(26) Allen, M. P.; Tildesley, D. J. Computer Simulation of Liquids; Clarendon

Press: Oxford, 1976.
(27) Hafskjold, B.; Ikeshoji, T.; Ratkje, S. K. Mol. Phys. 1993, 80, 1389.

Figure 2. Schematic representation of the pore structure of the zeolite
framework.
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3.3. Calculation of the Gas Pressure. The number of
molecules adsorbed in the system, i.e., in the pores and on the
surfaces, was determined by analyzing the potential interaction
energy between butane and zeolite (see section 4.1). Molecules
with interaction energies with the zeolite higher than -1 kJ/mol
were classified as being located in the gas phase. The equilibrium
pressure was then calculated using the ideal gas law (eq 2). We
verified that this was a good assumption, as the gas pressure at
equilibrium was always low enough. For the simulations with
lower densities, almost no molecules were located in the gas
phase, and the calculation of the pressure was not accurate. To
obtain the gas pressure under these conditions, the adsorption
isotherms on the external surface S2 were considered. Since the
conditions where far from condensations, adsorption on S2
followed Henry′s law, i.e., there was a linear dependence between
the amount of butane adsorbed on the external surface, which
was always substantial, and the gas pressure. Henry′s coefficient
was then calculated with a good accuracy for all the simulated
temperatures and was used to obtain the gas pressure at low
densities, directly from the amount of adsorbant.

4. Results

4.1. Location of the Interfaces. To determine the energy of
the different adsorption sites, we plotted histograms of the
potential energy distribution of the zeolite-butane interaction
for each point of the isotherm curve. In Figure 4, the histogram
for the potential energy distribution is shown at 360 K for 220
butane molecules, inside the zeolite and for the flat surface as

well as for the surface with a zigzag texture. In both cases, we
see a high peak at -57.5 kJ/mol corresponding to the location
of the channels and a lower peak at -48.5 kJ/mol corresponding
to the location of the intersections in the zeolite structure. For
the surface with a zigzag pattern, two other peaks are present.
This means that this surface is characterized by two adsorption
sites: namely, on S1, located on the zeolite side, and on S2,
located on the gas side. For the flat surface, instead, only one
peak is present. Almost all the adsorption on this surface occurs
on S2.

From these histograms, the locations of the pores and surface
limits were determined. Molecules with energies below -36
kJ/mol were considered adsorbed in the zeolite pores, while
molecules with energies above -1 kJ/mol were classified as
located in the gas phase. The rest of the molecules were adsorbed
on the surfaces if their interaction energy with the zeolite was
between -36 and -1 kJ/mol. In the case of a flat surface, the
interface between S1 and S2 was given by the crystalline surface,
i.e., d ) (29.85 Å from the center of the zeolite, while for the
zigzag textured surface the dividing surface was defined by a
zeolite-butane interaction energy equal to -14 kJ/mol, corre-
sponding to d )(30.9 Å. In the range of simulation conditions
used, we observed that the influence of the temperature and the
pressure on these positions could be neglected.

4.2. Adsorption in the Pores. For all equilibrium simulations,
the number of molecules adsorbed inside the pores were computed
and plotted as a function of the dimensionless gas pressure p/p0.
In Figure 5 the equilibrium results are shown. The fittings to the
single-site (full lines) and to the dual-site Langmuir model (dashed
lines) are also presented. The Langmuir parameters for the two
models are compiled in Tables 2 and 3. The accuracy in the
temperature is (1 K. The equilibrium concentration cb, sat and
the equilibrium constant K have an uncertainty within 5%. For
temperatures above 360 K, the single-site model gives a very
good description of the amount adsorbed,while, for lower
temperatures, the results are better described with the dual-site
Langmuir model. The saturation loadings for the single-site
Langmuir model are plotted as a function of the temperature in
Figure 6. The value of csat increases with decreasing temperatures
and reaches a limiting value of 1.75 molecules/nm3, corresponding

Figure 3. Initial configuration of the silicalite-1 in contact with Ntot molecules of n-butane randomly distributed around.

Figure 4. Histogram showing the number of molecules having a particular
butane-zeolite potential energy at 360 K for the two different surface
structures. The two peaks below-37 kJ/mol correspond to the adsorption
inside the zeolite (at channels and intersections), while the peaks above
-37 kJ/mol represent adsorption on the surface (on S1 and S2).

Table 1. Parameters of LJ Interactions Used in This Work

ε/kb/K σ/Å

CH2-CH2 47.00 3.930
CH3-CH3 98.10 3.770
Si-Si 82.3777 3.9598
O-O 29.4257 3.0622

Figure 5. Adsorption isotherms of n-butane inside the zeolite (channels
and intersections) at different temperatures. Lines represent the fitting
to the single-site (full) and dual-site (dashed) Langmuir model.
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to 9.46 molecules per unit cell. A plot of the logarithm of the
equilibrium constant K versus the inverse temperature is given
in Figure 7. The dependence is linear, and, from the slope (cf.
eq 15), a value of the isosteric enthalpy of adsorption ∆H0 )
-54 ( 1 kJ/mol is obtained.

4.3. Adsorption on the Surfaces. For the two different surface
structures, the number of molecules adsorbed on the surfaces
was counted, and the surface coverage, expressed as number of
molecules per unit surface, was determined. The plots of the
surface coverage as a function of the dimensionless gas pressure
p/p0 are presented in Figures 8 and 9. The results for the flat
surface were fitted to the single-site Langmuir model (eq 6)
while the zigzag textured surface was fiited to the dual-site

Langmuir model (eq 5). The Langmuir parameters are compiled
in Tables 4 and 5, respectively. In Figure 10, the plot of ln K
as a function of the inverse temperature is given for the flat
surface and for the two adsorption sites of the surface with a
zigzag texture. All plots are linear. The activity coefficients of
the surfaces were calculated using eq 13 and are plotted in Figure
11. The values are bigger than 1 and increase linearly with p/p0.
The slopes are slightly different, and are respectively 0.12 for
the flat surface and for S2 of the zigzag textured surface, and
0.37 for S1 of the zigzag textured surface.

4.4. Surface Excess Concentrations. The surface excess
concentrations were calculated using eq 16, both for the flat
surface and for the one with a zigzag texture. The definition of

Figure 6. Saturation loading as a function of the temperature.

Figure 7. Logarithm of the adsorption equilibrium constant versus the
inverse temperature for adsorption in the zeolite pores.

Table 2. Langmuir Parameters for the Single-Site Modela

T/K cb,sat/molecules/nm3 K

320 1.74 5440
340 1.72 1644
360 1.70 521
380 1.67 198
400 1.64 100

a Values were obtained by fitting the simulation points, expressed as the
number of molecules per zeolite volume, to eq 4.

Table 3. Langmuir Parameters for the Dual-Site Modela

T/K cb,sat,I/molecules/nm3 KI cb,sat,C/molecules/nm3 KC

320 0.189 30.9 1.59 9000
340 0.140 7.7 1.62 2330
360 0.142 6.4 1.58 734
380 0.120 1.9 1.59 254
400 0.115 1.7 1.56 131

a Values were obtained by fitting the simulation points, expressed as the
number of molecules per zeolite volume, to eq 3.

Figure 8. Surface coverage of n-butane on silicalite-1 in the case of a
flat surface. Lines represent the fitting to the single-site Langmuir model.

Figure 9. Surface coverage of n-butane on silicalite-1 in the case of a
zigzag textured surface. Lines represent the fitting to the dual-site
Langmuir model.

Table 4. Langmuir Parameters Found Fitting the Coverage of
the Flat Surface, Expressed As the Number of Molecules Per

Surface Area, to the Single-Site Langmuir Model (eq 6)

T/K cb,sat
s /molecules/nm2 K

360 1.64 0.13
380 1.61 0.10
400 1.54 0.08

Table 5. Langmuir Parameters Found Fitting the Coverage of
the Zig-Zag Textured Surface to the Dual-Site Langmuir

Model (eq 5)

T/K cb,sat,1
s /molecules/nm2 K1 cb,sat,2

s /molecules/nm2 K2

320 1.09 1.14 0.95 0.24
340 1.07 0.67 0.92 0.17
360 1.06 0.37 0.80 0.12
380 1.05 0.27 0.70 0.09
400 1.02 0.17 0.75 0.08
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the dividing surface and of the points where the butane
concentration starts to deviate from that of the bulk phases was
done as described in section 4.1. In Figures 12 and 13, the surface
excess concentrations for both the flat and zigzag textured surfaces
are plotted against the chemical potential of the gas phase.

5. Discussion

We have seen in Figure 5 that the adsorption isotherms of
n-butane in silicalite-1 are well described by a single-site
Langmuir model for temperatures above 360 K. This is in
agreement with the literature.2,13

At lower temperatures, a dual-site Langmuir isotherm, treating
the channels and intersections as adsorption sites with different

sorption capacities and adsorption equilibrium constants, gives
a better description of the system. This behavior can be understood
by looking to the histogram of the potential energy for interaction
between zeolite and butane molecules at different temperatures
(see Figure 14). At lower temperatures, the two peaks representing
the adsorption in the zeolite channels and intersections, respec-
tively, are perfectly defined and separated. As the temperature
increases, the distinction between the two peaks is still present,
but is less marked. This explains why, as the temperature increases,
the single-site Langmuir model can be used instead of the dual-
site model.

Our results agree further with the measurements reported by
Zhu et al.19 and with molecular simulations performed by
Furukawa et al.28 By fitting the adsorption equilibrium constants
of the pores to the van′t Hoff equation (eq 15), a value of
∆H0 ) -54 ( 1 kJ/mol was obtained, well in agreement with
experiments.19 Also the saturation loadings concorded with values
found by others, both experimentally and through simula-
tions.2,6,19,28 A comparison is given in Table 6. This means that
molecular dynamics simulations technique is able to capture the
essence of the system′s properties.

This gives us all reason to believe that the external surface
properties are realistic, and that we have been able to achieve

(28) Furukawa, S.; Nitta, T. J. Chem. Eng. Jpn. 2003, 36, 313.
(29) Dubbeldam, D.; Calero, S.; Vlugt, T. J. H.; Krishna, R.; Maesen, T. L. M.;

Beerdsen, E.; Smit, B. Phys. ReV. Lett. 2004, 93.
(30) Dubbeldam, D.; Calero, S.; Vlugt, T. J. H.; Krishna, R.; Maesen, T. L. M.;

Smit, B. J. Phys. Chem. B 2004, 108, 12301.

Figure 10. Logarithm of the adsorption equilibrium constant versus the
inverse temperature for adsorption on the flat surface and on the two
adsorption sites of the zigzag textured surface.

Figure 11. Activity coefficient of the surface versus gas pressure of the
flat surface and for the two adsorption sites of the zigzag textured surface.

Figure 12. Surface excess butane concentration versus chemical potential
in the case of a flat surface.

Figure 13. Surface excess butane concentration versus chemical potential
in the case of a zigzag textured surface.

Figure 14. Histogram of the butane-zeolite potential energy distribution
inside the zeolite pores at different temperatures.
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a successful decomposition of the overall loading into contribu-
tions for the external and the internal surfaces.

For the flat surface, only one adsorption site is present: almost
all the butane molecules adsorb on the portion of the surface
located on the gas side (S2), with respect to the position of the
dividing surface, d. This explains, therefore, why the single-site
Langmuir model can be used to fit the data.

For the surface with a zigzag texture, two adsorption sites are
present: most of the butane molecules are adsorbed on S1, which
represents the cavities of half the zig-zag channels exposed to
the gas phase, and only a part is located in S2, which corresponds
to the flat portions of the surface. In this case, the dual-site
Langmuir model should be used to fit the data. From Figure 10
we can observe that the equilibrium constant of the second
adsorption site of the zigzag textured surface (S2) is equal to the
equilibrium constant of the flat surface, however. The two surface
sites, in spite of being different, have similar or the same chemical
potential.

The equilibrium constants for adsorption on the surface are
different from the equilibrium constants for adsorption in the
pores, meaning that the surface has its own properties, different
from those of the adjacent zeolite phase.

The surface excess concentrations are interestingly negative
at low gas pressures. This is illustrated in Figure 15 where
the butane concentration profile is plotted as a function of
the distance from the crystalline surface. The S2 contribution
to the surface excess concentration is always positive and
increases with the gas pressure. The S1 contribution is instead
negative; at low pressures, when the zeolite pores are far away
from saturation, it increases in absolute value with p/p0 until it
reaches a minimum. In order to explain this, we use an entropy
argument. The entropies in S2 and the gas are similar, and so
are the entropies in S1 and in the crystal. When the entropy is
the same, butane molecules will prefer to be located where their
internal energy is minimum. For the gas side (S2), this means
that they will prefer to be on S2 rather than in the gas. On the
zeolite side (S1), instead, they would rather be in the zeolite
pores than on S1, leading to a negative value of excess
concentration in S1. The S1 effect dominates at low pressures.
When the pores are close to saturation, the concentration of
butane on S1 increases more than the concentration in the pores,
and the excess concentration on S1 becomes less negative. At
a given value of pressure, the contribution to the excess
concentration given by S1 becomes dominant, and the excess
concentration of the whole surface becomes positive. This explains

the shape of the curves plotted in Figures 12 and 13. A negative
surface excess concentration may be the origin of a surface
resistance that is higher than that of the zeolite.8

The activity coefficients of the second adsorption site of the
zig-zag textured surface (S2) are approximately equal to the
activity coefficients of the flat surface (see eq 11). The activity
coefficients of the first adsorption site of the zig-zag textured
surface (S1) are instead higher. The activity coefficients take
into account that there are preferential binding sites in the
adsorbant-adsorbate system (different from that in the ideal
Langmuir model), and this gives an indication of how much the
system deviates from ideal behavior. A value of γa bigger than
1 indicates that there are repulsive forces between zeolite and
butane. Since the activity coefficient of S1 is bigger than the one
of S2, this means that S1 is slightly more repulsive than S2. The
negative excess concentration on S1 can also be explained in this
manner.

6. Conclusion

Adsorption equilibrium loadings of n-butane in silicalite-1
have been calculated by EMD simulations, using a modified
algorithm, Soft-HEX. Isotherms for the internal as well as the
external surfaces, were well represented by the Langmuir model,
in good agreement with experimental data and other simulation
results. The adsorption on two different external silicalite surfaces
was characterized in terms of their surface excess concentrations.
The results showed that rather complex surfaces, such as the
zigzag textured surface, can also be well modeled with standard
thermodynamics equations and behave in a predictable way. It
is therefore justified to regard the interface between the gas and
the solid phase as a separate thermodynamic system, with its
own thermodynamic properties.
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Table 6. Comparison of Isosteric Enthalpy of Adsorption and
Saturation Loadings from Different Sources

∆Hiso
0 /kJ/mol csat/molecules/nm3

this work -54 1.74 (T ) 320 K)
1.67 (T ) 380 K)

Sun 19982 -51 1.62 (T ) 352 K)
Vlugt 199913 -58 1.76 (T ) 300 K)
Zhu 200019 -50 1.75 (T ) 350 K)
Furukawa 200328 1.68 (T ) 350 K)
Gardner 20046 -44 1.67 (T ) 383 K)

Figure 15. Butane concentration profile as a function of the distance
from the crystalline surface. Comparison between the flat and the zig-
zag textured surface. In the zeolite phase, the butane average concentration
profile is plotted.
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