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Thermal Diffusion and Partial Molar Enthalpy Variations of n-Butane in Silicalite-1

I. Inzoli,† J. M. Simon,‡ D. Bedeaux,† and S. Kjelstrup*,†,§

Department of Chemistry, Faculty of Natural Science and Technology, Norwegian UniVersity of Science and
Technology, Trondheim, 7491-Norway, and Institut Carnot de Bourgogne, UMR-5209 CNRS-UniVersité de
Bourgogne, 9 aV. A. SaVary, 21000 Dijon, France

ReceiVed: May 30, 2008; ReVised Manuscript ReceiVed: September 08, 2008

We report for the first time the heat of transfer and the Soret coefficient for n-butane in silicalite-1. The heat
of transfer was typically 10 kJ/mol. The Soret coefficient was typically 0.006 K-1 at 360 K. Both varied with
the temperature and the concentration. The thermal conductivity of the crystal with butane adsorbed was 1.46
( 0.07 W/m K. Literature values of the isosteric enthalpy of adsorption, the concentration at saturation, and
the diffusion coefficients were reproduced. Nonequilibrium molecular dynamics simulations were used to
find these results, and a modified heat-exchange algorithm, Soft-HEX, was developed for the purpose. Enthalpies
of butane were also determined. We use these results to give numerical proof for a recently proposed relation,
that the heat of transfer plus the partial molar enthalpy of butane is constant at a given temperature. The
proof is offered for a regime where the partial molar enthalpy can be approximated by the molar internal
energy. This result may add to the understanding of the sign of the Soret coefficient. The technical importance
of the heat of transfer is discussed.

1. Introduction

Zeolites are microporous materials with periodic arrangements
of channels and cages of nanometer dimensions. The dynamic
behavior of the molecules inside of the zeolite micropores is
essential for the catalytic and separating properties of the
material.1

One aim of this work is to study transport properties which
so far, to the best of our knowledge, were not studied in zeolites,
namely, the coupling between heat and mass transfer. We have
earlier found that large temperature gradients can arise in the
material due to the relatively large heats of adsorption of certain
compounds,2 and this makes it interesting to investigate the
possible distribution of a compound in a temperature gradient
inside of the material. Such distributions have drawn attention
in the last years.3,4 They are, for instance, believed to play a
role in concentrating biological reactants in thermal vents5 or
in the separation of components in oil fields.6,7 Attempts to
describe the phenomena are many, dating back to Onsager8,9

and the middle of the last century.10-12

As a model system, we have taken the well-studied silicalite-1
crystal, with n-butane as a representative of an organic molecule
to be transported. We shall use butane as a short name for n-butane
and indicate the component with subscript b. Similarly, the name
zeolite will be used as short for the silicalite-1. The component is
indicated by subscript z. This system is interesting for separation
purposes13-15 and for catalytic ones,16-18 and we shall see that the
results may be important for such applications. Both zeolite and
butane are modeled in a dynamic manner via a method developed
by one of us.19 The atoms in the zeolite lattice are thus allowed to
stretch, bend, and oscillate. This means that the chemical potential
of zeolite as well as that of butane will vary with temperature and
that thermal diffusion of butane can occur.

We shall describe the transport of heat and butane using
zeolite as a frame of reference. These transport processes are
interacting or “coupled” according to classical nonequilibrium
thermodynamics;20 we shall find this theory appropriate. The
theory defines the driving forces and fluxes in a systematic
manner in terms of the system’s entropy production. The theory
has been used to derive a relation between the heat of transfer
of one component moving in another and its partial molar
enthalpy.20 The heat of transfer is defined here as the measurable
heat transported by butane relative to zeolite at constant
temperature.

Another aim of this work is to investigate numerically this
recently proposed relation. The heat of transfer of butane moving
in zeolite is qb

/, and the partial molar enthalpy of butane is Hb.
Both quantities depend on the butane concentration, cb

z (calcu-
lated as the number of butane molecules adsorbed per unit cell
of the crystal, abbreviated muc or loading), and on the
temperature. The relation states that the total heat of transfer
Qb
/, defined as the sum of qb

/ and Hb at a given temperature, is
independent of the concentration

The relation was first formulated for interfaces.21 It has not been
used for homogeneous systems and has not been proven
numerically yet. With the present work, we are aiming to do
that. We shall see that the new relation tested in this paper can
add to the discussion on the meaning of the heat of transfer or
the Soret coefficient.

Molecular simulations are useful in this context. They allow
insight into the microscopic behavior of the system.3,4,22,23

Equilibrium and nonequilibrium molecular dynamics simulations
shall be used also here. The development of a modified
thermostatting algorithm, Soft-HEX, was required.

Equilibrium data are needed in addition to transport data, for
instance, to test the relation in eq 1. Equilibrium simulations
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were performed on a two-phase system, a zeolite crystal with
butane adsorbed in pores and the external surface in equilibrium
with ideal butane gas. Nonequilibrium simulations were ob-
tained, when the butane flux was zero, on a one-phase system,
a zeolite crystal with butane adsorbed in pores. When the butane
flux was finite, they were obtained in a two-phase system.

The paper is structured as follows. Section 2 is first devoted
to description of the equilibrium between a gas and an adsorbing
material. In the present case

This equilibrium is used to determine the thermodynamic
properties of the butane in the crystal. We continue to give
equations that govern the mass and heat transfer in the zeolite.
The proof for the relation between the heat of transfer and the
partial molar enthalpy is repeated and explained in terms of
computer experiments. In section 3, we describe the system and
give details of the simulations performed. The equilibrium
properties and the transport properties are then presented, and
the relation mentioned above is verified in section 4. We discuss
the results and end with a Conclusion.

2. Theory Section

We consider equilibrium and nonequilibrium systems. Both
are isobaric. In the equilibrium system, to be described first,
we examine butane adsorbed in zeolite, in equilibrium with a
butane ideal gas. The amount of zeolite is constant, and the
total concentration of butane, cb

tot, is varied. In the nonequilibrium
system, we consider butane adsorbed in zeolite in a temperature
gradient and butane flux across an isothermal crystal.

2.1. Equilibrium Thermodynamics. The purpose of this
section is to find the chemical potential of butane as a function
of temperature and composition. This quantity is needed to
formulate the chemical driving force of transport. To test the
relation in eq 1, we also need to know the partial molar enthalpy
of butane as a function of temperature and composition inside
of the micropores.

2.1.1. The Chemical Potential of Butane in Zeolite. The gas
pressure of butane, p (in Pa), follows the ideal gas law at the
butane densities in question

where Vb
g is the volume of the gas phase, R is the gas constant,

and nb
g is the number of moles of butane in the gas. We verified

that the ideal gas assumption was a good approximation by
calculating the compressibility factor of the gas phase, which
was equal to unity with an accuracy of 1% for the range of
simulated pressures and temperatures. For simulations at higher
pressures, this assumption is not valid anymore. The butane
molecules are distributed between the crystal (concentration cb

z),
the surface, and the gas phase.

The concentration of butane in zeolite can be related to
the butane pressure by the dual-site Langmuir equation, which
takes into account that there are two different adsorbate
locations24

The numbers refer to the two sites; cb,sat,i is the concentration
of butane at full coverage, or saturation, in location i, and
Ki is the dimensionless equilibrium constant. In most of the
cases studied here, the dual-site Langmuir model can be
simplified to the Langmuir model

At equilibrium, the chemical potentials of butane in the gas
phase, µb(g), of butane adsorbed on the external surface, µb(s),
and in the zeolite pores, µb(z), are equal

For the gas phase, we further have

Here, µb
0 is the standard state chemical potential and p0 is the

standard pressure (102 kPa). The ideal gas chemical potential
at temperature T gives therefore the chemical potential of butane
in the zeolite at concentration cb

z.
We shall need an expression for the chemical potential

gradient of butane at constant temperature inside of the zeolite
in the y direction, see Figure 1, for reasons explained later. We
can find this, expressed by the gas properties, from

where the thermodynamic factor Γ is defined as

The Langmuir isotherm (eq 5) was reintroduced in the last
equality.

2.1.2. The Partial Molar Enthalpy of Butane in Zeolite. The
partial molar enthalpy of adsorption of butane is the difference
between the partial molar enthalpy of adsorbed butane, Hb

z, and
the molar enthalpy of butane vapor, Hb

g

The partial molar enthalpy of butane in zeolite is a function of
concentration, cb

z, while the partial molar enthalpy of butane in
the gas phase is simply the molar enthalpy of butane gas. The

b(g) + zeolite h b(zeolite) (2)

pVb
g ) nb

gRT (3)

cb
z )

cb,sat,1K1p/p0

1 + K1p/p0
+

cb,sat,2K2p/p0

1 + K2p/p0
(4)

Figure 1. Initial configuration of the silicalite-1 in contact with Ntot

molecules of n-butane randomly distributed around.

cb
z

cb,sat
) Kp/p0

1 + Kp/p0
(5)

µb(g) ) µb(s) ) µb(z) (6)

µb(g) ) µb
0 + RT ln p/p0 (7)

∂µb,T

∂y
) RT

∂ ln p

∂cb
z

∂cb
z

∂y
) ΓRT

cb
z

∂cb
z

∂y
(8)

Γ ) [ cb
z

p
∂p

∂cb
z ]

T

) 1 + K
p

p0
(9)

∆Hads ) Hb
z - Hb

g (10)
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partial molar enthalpy is the sum of the partial molar internal
energy Eb and the product pV, where V is the partial molar
volume. For an ideal gas, pV is equal to RT. We obtain for butane
gas (superscript g)

where k, p, and i stands for kinetic, potential, and intramolecular
energy. The contributions to the internal energy are calculated
per mole butane.

For butane in zeolite, the contribution of pV to Hb
z can be

neglected, and the partial molar enthalpy becomes equal to the
partial molar energy, Eb

z. We shall further approximate the partial
molar energy by the molar energy. This gives

where the kinetic, potential and intermolecular energies, Eb
z,k,

Eb
z,p, and Eb

z,i are calculated per mole butane. The reference
state for the enthalpy in eqs 11 and 12 is thus given by the zero
point of these energies. Equation 12 shall be used to determine
Hb

z in eq 1.
The kinetic energies of butane in the two phases are the same

at equilibrium. The partial molar enthalpy of adsorption can be
expressed, following ref 25, as the difference in the potential
energy Ep and intramolecular energy Ei per mole butane in the
two phases minus RT

By differentiating eq 7 at constant concentration of butane
in zeolite and applying the Gibbs-Helmholtz’s relation, the
isosteric heat of adsorption, ∆Hads

iso /R, is calculated from a plot
of ln p/p0 versus 1/T

This value is not the same as the result in eq 13.26

2.2. Fluxes and Forces from Nonequilibrium Thermody-
namics. Consider next the butane adsorbed in the zeolite phase.
The amount of zeolite is constant in the system, and it is taken
as frame of reference (thus, its mass flux is zero). We are
interested in the transport properties of butane and heat. To
simplify, we suppress the superscript z when we refer to
properties calculated in zeolite pores. In order to study diffusion,
we must create a mass flux through the crystal. Thermal
conduction is studied by applying a temperature gradient to the
system. The temperature gradient will, as we shall see, result
in a distribution of butane across the crystal. Likewise, heat
will also be conducted when butane moves.

Therefore, there are two independent driving forces working
on the system, one thermal and one component driving force.
These driving forces are determined by the system’s entropy
production. The entropy production of the system can be written
in two alternative ways20,27

where Jq is the total heat flux (or the energy flux), Jq
′ is the

measurable heat flux, Jb is the butane flux, and µb is the chemical
potential of butane. Subscript T means that the chemical
potential is differentiated at constant temperature. We shall need
both forms for reasons to be explained in subsection 2.3. For
transport in the y direction, the derivative ∇ µb,T was determined
using eq 8.

The heat fluxes are related by the latent heat carried by the
mass flux

which means that they are equal when Jb ) 0. The linear force-
flux relations that follow from eq 15a are

or, alternatively, if we use eq 15b as a basis:

where Rij and rij are resistivities according to Onsager (see refs
20 and 27). They do not depend on the values of the forces or
the fluxes but may depend on state variables. Both resistivity
matrices satisfy the Onsager symmetry relation. We need both
eqs 17 and 18 to derive the relation in eq 1, see section 2.3, but
only the last set is used to compare results with real experiments.
There are thus three independent transport coefficients in eq 18
to be determined by computer simulations. These coefficients
and the derived properties, the thermal conductivity, the
diffusion coefficient, and the thermal diffusivity can be found
as follows.

According to the last set, we can define the thermal
conductivity at stationary state from

Consider an infinitely large crystal in a temperature gradient at
zero mass flux of butane (Jb ) 0). When the gradient in
temperature across the crystal is constant, we can find the
thermal conductivity λ and the resistivity to heat transfer rqq

from eq 19.

Hb
g ) Eb

g,k + Eb
g,p + Eb

g,i + RT (11)

Hb
z ) Eb

z,k + Eb
z,p + Eb

z,i (12)

∆Hads ) Eb
z,p + Eb

z,i - Eb
g,p - Eb

g,i - RT (13)

(∂ ln p/p0

∂(1/T) )
c
)

∆Hads
iso

R
(14)

σ ) Jq∇
1
T
- Jb∇

µb

T
(15a)

)Jq
′ ∇ 1

T
- Jb

1
T

∇ µb,T (15b)

Jq ) Jq
′ + HbJb (16)

∇ 1
T
) RqqJq + RqbJb (17a)

-∇
µb

T
) RbqJq + RbbJb (17b)

∇ 1
T
) rqqJq

′ + rqbJb (18a)

-1
T

∇ µb,T ) rbqJq
′ + rbbJb (18b)

λ ) -( Jq
′

∇ T)
Jb)0

) 1

T2rqq

(19)

n-Butane in Silicalite-1 J. Phys. Chem. B, Vol. 112, No. 47, 2008 14939



The measurable heat of transfer is defined by

The heat of transfer is a measure of the heat carried along with
butane at constant temperature. Equation 18 can be written as

where we used the Onsager relation rqb ) rbq and defined rbb
′ )

rbb + qb
/rbq.

With temperature difference across the zeolite, we find the
stationary state distribution of butane (at Jb ) 0). The heat of
transfer qb

/ of butane in zeolite can then be obtained from eq
21b

where

From knowledge of qb
/ and rqq, we determine the coupling

coefficient rqb from eq 20.
The interdiffusion coefficient, or Fick’s diffusivity, D and

the thermal diffusion coefficient DT follow from eq 21

FromMaxwell-Stefantheory,28wecanalsodefineaMaxwell-Stefan
diffusivity Dj , which is related to Fick’s diffusivity by

The resistivity to mass transfer rbb
′ can be found in a crystal

with a constant flux of butane and zero temperature gradient

The Soret effect is mass transport that takes place due to a
temperature gradient. The Soret coefficient, sT, is frequently used
to characterize this effect. It is defined as the ratio of the thermal
diffusion coefficient and the interdiffusion coefficient

where D and DT are are given by eqs 24 and 25. In the stationary
state, sT can also be determined from the ratio of the concentra-
tion gradient and the temperature gradient in condition of zero
mass flux

Using eq 8, we obtain

2.3. A Relation between the Heat of Transfer and the
Enthalpy. A relation can be derived between the heat of transfer
of a component and the partial molar enthalpy variation of the
component in the solution. The derivation is done for stationary
state conditions, but the result is general, as the coefficients rij

or Rij depend neither on stationary state conditions nor on the
forces that are used.

The local entropy production of a system with the transport
of heat and mass was described in two equivalent ways by eq
15. So far, we have used the flux equations (eq 18). A useful
concept in the description of heat transport was the heat of
transfer, eq 20. The total heat of transfer follows from the
definition of the total heat flux in eqs 16 and 17

At steady state, Jq and Jb are constant and independent of the
position. The total heat of transfer Qb

/ is therefore also
independent of position (i.e., concentration). We note that the
definition requires that T is constant; therefore, Qb

/ may depend
on temperature. When the expression for the total heat flux is
introduced into eq 31, we obtain the equation that we wanted
to show, eq 1

Qb
*(T) ) qb

*(cb
z, T) + Hb

z(cb
z, T)

The partial molar enthalpy of butane and the heat of transfer of
butane qb

/ depend on the composition, in addition to their
temperature dependence.

We can use this to link two conditions 1 and 2 in the sys-

tem

For a given temperature:

qb
* ) (Jq

′

Jb
)

∇ T)0
) -

rqb

rqq
(20)

∇ T ) -1
λ

(Jq
′ - qb

*Jb) (21a)

1
T

∇ µb,T ) -
qb

*

T2
∇ T - rbb

′ Jb (21b)

qb
* ) -T(∇ µb,T

∇ T )
Jb)0

) -T(∂µb,T

∂cb

∇ c
∇ T)

Jb)0
(22)

∂µb,T

∂cb
) ΓRT

cb
(23)

D ) -( Jb

∇ cb
)

∇ T)0
) 1

Trbb
′

∂µb,T

∂cb
(24)

DT ) -( Jb

cb∇ T)
∇ cb)0

)
qb

*

cbT
2rbb

′ (25)

Dj ) -( Jb

∇ cb
)

∇ T)0

∂ ln p
∂ ln cb

) D
Γ

(26)

rbb
′ ) -(1

T

∇ µb,T

Jb
)

∇ T)0
(27)

sT ) DT/D (28)

sT ) -( ∇ cb

cb∇ T)
Jb)0

)
qb

*

cbT

∂cb

∂µb,T
(29)

sT )
qb

*

RT2Γ
(30)

Qb
* ≡ [ Jq

Jb
]∇ T)0

) -
Rqb

Rqq
(31)

Qb
*(1) ) Qb

*(2) ) Qb
*(T) (32)
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or

The concentration variation in the heat of transfer is equal
but opposite to the concentration variation in the enthalpy.
The equation applies when all variables are taken at the same
temperature. The value of qb

/ is absolute.
The enthalpy is a state function and does not depend on

the conditions used for its determination. The coefficient
ratios that determine the heats of transfer are also independent
of the value of the fluxes and forces that are used (also if
one of them happens to be zero). This means that eq 34
describes a general relation between two states in the system.
Only one condition was set, that zeolite serves as the frame
of reference. The heat of transfer for butane is defined with
this frame of reference; see Kjelstrup and Bedeaux20 for
transformations to other frames of reference.

Equation 34 gives useful information. If we know the
concentration variation in the enthalpy, for instance, from
experiments or mixture theory, we can predict the concentra-
tion variation in the heat of transfer. The sign of the heat of
transfer may thus be predicted in special cases. For most
one-phase systems, the variation in the heat of transfer is
not large as the variation in the partial molar enthalpy is
modest.

Some comments on the practical determination of the
variables are needed. The enthalpy is a state function and
can be found as a function of composition and temperature
for a system in equilibrium. Once we know the temperature
and composition of a volume element in a system under
gradients, we also know the enthalpy because the assumption
of local equilibrium is expected to hold for the conditions
used here.20,29 The heat of transfer is determined from a
system in a temperature gradient; compare eq 22. It is
common in experimental situations to relate the value to the
mean temperature and concentration of the system. This will
be done also in the computer simulations that we describe
in the next section.

The relation applies also to heterogeneous systems. This
explains that heats of transfers change dramatically from one
phase to another as the enthalpy difference of the phase
transition normally is a large quantity. They may also change
sign across an interface.8,9,30,31

3. Molecular Dynamics Simulations

The following simulations were performed:
1. Equilibrium molecular dynamics (EMD) simulations to

get access to equilibrium properties, that is, the adsorption
isotherms, Langmuir’s parameters (cf. eq 5), and the ther-
modynamic factor Γ (see eq 9).

2. Nonequilibrium molecular dynamics (NEMD) simula-
tions with a constant mass flux of butane and zero temperature
gradient to obtain the interdiffusion coefficient D (cf. eq 24)
and the resistance to mass transfer rbb

′ (cf. eq 27).
3. Nonequilibrium molecular dynamics (NEMD) simula-

tions with a constant temperature gradient and no mass flow
to get the thermal conductivity λ, the resistivity to heat
transfer rqq (cf. eq 19), the heat of transfer qb

/ (cf. eq 22), the

coupling coefficient rqb (cf. eq 20), and the Soret coefficient
sT (cf. eq 29).

3.1. The System and Simulations Details. The silicalite-1
crystal used in this study is a pure siliceous zeolite with chemical
formula SiO2. The crystal (without defects) had an orthorhombic
Pnma crystallographic structure and was simulated using a
flexible atomic model,32 allowing for stretching and bending of
bonds. The initial atomic positions were determined from
crystallographic experimental data.33 The orthorhombic unit cell
parameters were a ) 20.022 Å, b ) 19.899 Å, and c ) 13.383
Å. Each cell included 96 atoms of silicon and 192 atoms of
oxygen.

The silicalite-1 framework has interconnected pore channels
of two types, straight channels which run in the b direction and
zigzag channels which run in the a and c directions. Crystal-
lographic axes are normally used as the frame of reference for
the fluxes, x for a, y for b, and z for the c direction. We studied
transports in the y direction.

The molecules of n-butane were modeled with the united
atoms (UA) model proposed by Ryckaert and Bellemans.34 Each
methyl (CH3) and methylene (CH2) group was simulated as a
single center of force located on the carbon atom. Intramolecular
interactions included bond stretching, bending, and torsion
potentials and couplings between stretching-stretching,
stretching-bending, and bending-bending potentials. The
coupling terms refer to intramolecular potentials which involve
neighboring atoms. These terms were introduced by Smirnov
et al. (see ref 32 and citations therein) to simulate the vibrational
spectra of the silicalite framework. The number of n-butane
molecules was fixed during each simulation; we used different
amounts of molecules ranging from 80 to 220 molecules. The
crystal atoms and the butane molecules interacted via a truncated
and shifted Lennard-Jones 12-6 potential.35 Details on the
model and the potentials can be found in ref 19.

Equations of motion were integrated by using the well-known
velocity Verlet algorithm,35 with a time step of 0.001 ps.
Instantaneous analyses were performed on the system every 10
time steps. The computed data were then averaged and stored
every picosecond. Different periodic boundary conditions (PBC)
were applied depending on the simulation type.

EMD Simulations.
A zeolite crystal of 18 unit cells with dimensions of La )

2a, Lb ) 3b, and Lc ) 3c was used. As shown in Figure 1, the
zeolite was located in the center of an orthorhombic simulation
box and was in contact with the butane phase through the two
external surfaces perpendicular to the y axis. PBC were applied
in the x and z directions at the boundaries of the zeolite and in
the y direction at a distance of 179.92 Å from the center of the
zeolite.

NEMD Simulations with Mass Flow and Zero Temper-
ature Gradient.

The system consisted of a zeolite crystal composed of 36
unit cells with dimensions of La ) 2a, Lb ) 6b, and Lc ) 3c in
contact with gas buffers through the two surfaces perpendicular
to the y direction.

Special PBC were constructed; PBC were applied at the
crystal limits only for the intramolecular interactions between
zeolite atoms, while the intermolecular interactions between
butane and zeolite-butane were computed using PBC at the
limit of the gas zones. This trick gave a zeolite crystal with
two fictitious surfaces, through which it was possible to create
a flux of gas molecules.

Qb
*(T) ) qb

*(c1
z, T) + Hb

z(c1
z, T) ) qb

*(c2
z, T) + Hb

z(c2
z, T)

(33)

qb
*(c2

z, T) - qb
*(c1

z, T) ) -[Hb
z(c2

z, T) - Hb
z(c1

z, T)] (34)
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NEMD with Constant Temperature Gradient and Zero
Mass Flux.

The system consisted of the same zeolite crystal described
above but without the two gas buffers. Common PBC were
applied at the limits of the crystal in all three directions.

For the equilibrium studies, the initial configurations were
obtained in three steps following the procedure used by Simon
et al. for zeolite clusters.19 For the NEMD calculations, the same
procedure was applied using the special PBC described above.
For the simulations with a mass flux, the NEMD procedure (cf.
below) was applied directly starting from the above initial
configurations. Before the system was subjected to a temperature
gradient, the molecules located in the gas buffers and in the
vicinity of the fictitious surfaces were discarded. PBC could
then be directly applied also for butane at the limits of the
crystal.

3.2. Equilibrium Simulations. Equilibrium data were de-
rived from Langmuir isotherms according to section 2.2. Five
adsorption isotherms of n-butane in silicalite-1 were obtained
at 320, 340, 360, 380, and 400 K with the number of n-butane
molecules ranging from 80 to 220. In order to increase statistics
and avoid dependences on initial conditions, each equilibrium
point was computed by averaging results of five simulations
starting from five different initial configurations. For each
simulation, trajectories of 2 ns (2 × 106 time steps) were
analyzed such that the presented data for each thermodynamic
state point were the results of an average over 10 ns, or 106

instantaneous data. This led to statistical uncertainties below
5%.

To count the number of adsorbed molecules inside of the
zeolite when equilibrium was reached, we used a criterion based
on the profile of the potential energy between the zeolite and
n-butane. Molecules with energies above -1 kJ/mol were
classified as butane molecules located in the gas phase.
Molecules with energies between -1 and -37 kJ/mol were seen
as adsorbed on the external surface of the zeolite crystallite.
Molecules with energies below -37 kJ/mol were considered
to be in the intracrystalline space. For more details, see ref 2.

The equilibrium pressure was calculated using the ideal gas
law in the gas phase. However, for the system with the lowest
number of butane molecules, there were almost no molecules
located in the gas phase at equilibrium. The calculation of the
pressure was done using a procedure that will be explained in
a forthcoming article; we only give here a short description of
it. This procedure is based on the fact that at equilibrium, the
chemical potential of the n-butane is identical in the zeolite
pores, on the surface, and in the gas phase. For all simulations,
the amount of molecules located in these different zones was
recorded. For the denser system, the gas pressure was calculated
with good accuracy from eq 3. Since we were far from
condensation conditions, the isotherm of the adsorbed molecules
on the external surface was in the Henry regime. Henry’s
coefficient was then calculated for each temperature with a good
accuracy. The numbers of butane molecules at the external
surface and in the porous structure were always much larger
than that in the gas phase. The amount of molecules located on
the external surface was always substantial. Pressures at low
loadings were obtainable from Henry’s law and the density on
the external surface.

3.3. NEMD Simulations. Transport properties were calcu-
lated for the one-phase system composed of a crystal of
silicalite-1 (with or without gas buffers) containing n-butane
with an average amount of molecules per unit cell (muc) of cb

z.
Properties of the system were computed in equal size layers

perpendicular to the direction of the fluxes, the y direction. The
choice of the size of the layer was determined from geometric
considerations. The crystallographic periodicity of the zeolite
(determined by the presence of straight and zigzag channels
and their intersections) gave a concentration profile of the
adsorbed molecules along the y direction, periodic over a half-
cell (9.9495 Å); see Figure 2. As a consequence, the size of the
volume element in y direction must be a half-cell at minimum,
to obey the condition of local equilibrium.

1. Mass Flux and Zero Temperature Gradient.
A constant mass flux of n-butane was created in the y

direction for the condition of zero temperature gradient by
extracting a random molecule of butane from one of the two
central layers and inserting it in the gaseous buffer at the
boundary of the crystal. The corresponding mass flux was then
given by

where Nr/i is the number of molecules removed/inserted in each
simulation run, 2Ω is the total area of the surface perpendicular
to the direction of the transport, given by 2Ω ) 2LxLz, and ∆t
is the time interval of the simulation.

The temperature of the system was kept constant in all layers
using the procedure described below. After a transient period,
the system reached a stationary state characterized by a stable
nonzero concentration gradient. The equilibration of mass, that
is, the establishment of a stationary gradient of concentration
in our case, through a diffusive process in a dense system, is
much more time-consuming than the equilibration of energy
and much more dependent on the initial configuration. As a
consequence, it was necessary to simulate longer trajectories
to get statistical uncertainties lower than 10%. As for the
equilibrium simulations, we simulated five different trajectories
of 2 ns each starting from different initial configurations. The
results of the five simulations were averaged; this gave us
statistical uncertainties on the diffusion coefficient below 5%.

2. Temperature Gradient and Zero Mass Flux.
A symmetric temperature gradient was created across the

system in the y direction using a modified version of the HEX
algorithm proposed by Hafskjold.36 In the procedure, the
simulation box was divided into N ) 12 layers perpendicular
to the y direction (six layers in the region where y > 0 and six
layers in the region where y < 0). A “high” constant temperature

Figure 2. Concentration profile as a function of the distance from the
center of silicalite-1 along the y direction.

Jb ) Nr/i

NAV2Ω∆t
(35)
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TH was imposed in the two central layers (no. 1 and -1), and
a “low” temperature TL < TH was imposed in the two layers at
the end of the periodic box (no. 6 and -6) by rescaling and
shifting the velocity of the molecules of butane and that of the
atoms of the zeolite located in the thermostatted zones. The
shifting was done in order to conserve momentum for the total
system. The procedure was applied separately to the zeolite
atoms and to each butane molecule. For each molecule, the
magnitude of the instantaneous temperature fluctuations was
very large compared to the temperature itself.

Thus, to avoid large instantaneous exchanges of energy with
the thermostat, the NEMD procedure was applied every tenth
time step. Between two steps, the mean temperature of the
molecules was computed. This averaged temperature and its
kinetic energy were compared to the imposed temperature and
the corresponding kinetic energy. The difference between these
energies was the energy to supply and remove from the
thermostat to get the imposed temperature. However, to reduce
the perturbation of the system, the energy change applied was
equal only to 5% of this energy difference.

Wetested this new thermostat in dense adsorbed phases and
in gas phases. The thermostat was able to keep the distribution
of velocities very close to the Maxwell-Boltzmann distribution.
This is a necessary condition for the local equilibrium hypothesis
to be valid.29 This procedure to impose the temperature was
called the Soft-HEX algorithm.

By applying this procedure, after a transient period, the system
developed a stationary state, with hot and cold regions. Data

were then analyzed over 2 × 106 time steps, leading to statistical
uncertainties in the transport coefficients below 10%. The
concentration and temperature gradients and the thermodynamic
properties were determined in the middle region where the
perturbations related to the thermostat were minimized. A
constant internal energy flux was calculated by the amount of
kinetic energy added/removed in the central/external layers

Here, Jq is the internal energy flux and ∆Ek is the amount of
kinetic energy added/removed in the thermostatted layers.

3.4. Simulation Series. The series of 164 simulations that
were done are summarized in Table 1. Simulations 1-89 were

TABLE 1: Simulation Conditionsa

sim.
type

set
no.

sim.
no.

fixed
parameters

variable
parameter

constant mass flux 1 1-26 Tm ) 360 K N
zero temperature gradient 2 27-52 Tm ) 380 K

3 53-78 Tm ) 400 K
4 79-89 N ) 125 molec Tm

constant mean temperature 5 90-102 TH ) 450 K N
zero mass flux TL ) 270 K

(Tm ) 360 K)
6 103-115 TH ) 460 K

TL ) 280 K
(Tm ) 370 K)

7 116-128 TH ) 470 K
TL ) 290 K
(Tm ) 380 K)

8 129-141 TH ) 500 K
TL ) 300 K
(Tm ) 400 K)

9 142-152 N ) 140 molec Tm

∆T ) 200 K
10 153-164 N ) 140 molec ∆T

Tm ) 400 K

a For each set of simulations, the parameters which are kept fixed
and those which are varied are given.

TABLE 2: Langmuir Parameters Obtained from Fitting
Isotherms to Equation 5a

T/K cb,sat/muc K

320 9.46 5440
340 9.35 1640
360 9.21 521
380 9.08 198
400 8.91 100

a The accuracy in the temperature is (1 K. The equilibrium
concentration cb,sat and the equilibrium constant K has an uncertainty
within 5%.

Figure 3. Adsorption isotherms of n-butane in silicalite-1. Symbols
are the simulation results and lines are the fittings to the Langmuir
(solid) and to the dual-site Langmuir isotherm model (dashed).

Figure 4. Saturation loading of n-butane in silicalite-1, obtained from
the Langmuir model fit, as a function of temperature.

Figure 5. Isosteric enthalpy of adsorption of n-butane in silicalite-1
as a function of loading.

Jq )
∆Ek

2Ω∆t
(36)
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performed with a constant mass flux with a constant temperature
across the system, while simulations 90-164 were performed
with conditions of zero mass flux under a constant temperature
difference. Within the first type of simulations, we used four
different sets; for sets no. 1-3, the system temperature was fixed
(Tm ) 360, 380, and 400 K, respectively), and the loading was
changed (between 80 and 180 molecules), while the last set
(no. 4) was characterized by a fixed loading (125 molecules)
and by an increasing operating temperature (from 350 to 400
K).

Within the second type of simulations, six different sets of
operating conditions were applied. Sets no. 5-8 were character-

ized by four constant mean temperatures, Tm ) 360, 370, 380,
and 400 K, produced with four constant temperature differences
(with TH - TL ) (450-270), (460 -280), (470-290), and
(500-300) K, respectively), and with a loading between 80 and
200 molecules. Set no. 9 was characterized by a constant loading
(140 molecules) and fixed ∆T (200 K) but by an increasing
average temperature (from 340 to 450 K), while set no. 10 was
performed with a constant loading (140 molecules) and fixed
average temperature (400 K) but with an increasing temperature
difference between the thermostatted layers (from 160 to 270
K).

4. Results

4.1. Equilibrium Properties. The adsorption isotherms of
n-butane in silicalite-1 at 320, 340, 360, 380, and 400 K obtained
by the equilibrium simulations are shown in Figure 3. The results
were fitted to the Langmuir eq 5, and the fit is also shown. The
Langmuir parameters obtained by the fitting procedure are
presented in Table 2. The dual-site Langmuir model was
necessary only at 320 K (see Figure 3). Temperatures below
340 K were thus avoided as the mean cell temperature in the
following.

The equilibrium concentrations cb,sat were plotted as a function
of temperature in Figure 4. We observed that cb,sat is a slightly
decreasing function of the operating temperature, in agreement
with the exothermic nature of the adsorption process. At low
temperatures, a limiting value is reached, near 9.5 molecules
per unit cell. This value agrees well with results obtained by
others.37-39 The approximation, that the molar energy is equal
to the partial molar energy, used in eq 12, is best at low loadings;
therefore, we chose to mostly use average loadings below 6
muc in the following.

The isosteric enthalpy of adsorption ∆Hads
iso was obtained at

different concentrations from eq 14 and plotted in Figure 5 as
a function of the butane concentration. We observe that ∆Hads

iso

decreases slightly with the concentration. Most of the variation
occurs after 4 molecules per unit cell. An extrapolation of the
plot to zero concentration of butane gives the enthalpy of
adsorption for this limiting case equal to -54 ( 1 kJ/mol. This
value is well in agreement with results from refs 37 and 38.

Using eq 13, we find ∆Hads ) -33.9 ( 0.5 kJ/mol. This
should not be a surprise since ∆Hads

iso and ∆Hads are not the same
quantity.26

The enthalpy per mole butane, calculated from eq 12, is given
as a function of the loading at different temperatures in Figure
6a and as a function of the temperature at fixed loading in Figure
6b. The main contribution to the enthalpy decrement with the

Figure 6. Enthalpy per mole of butane as function of cm for sets no. 5-8 and of the average temperature Tm for set no. 9.

Figure 7. Thermodynamic factor as a function of cm for different mean
temperatures.

Figure 8. Temperature and concentration profile for simulation no.
11, as a function of the distance from the center of the zeolite in the y
direction. The average concentration was interpolated with a linear
regression over layers 2-5.
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loading can be attributed to the potential energy and, in
particular, to the increment of the absolute value of the
interactions between butane molecules (whose sign is negative).
The increase of the molar enthalpy with the temperature is
instead given mainly by the increment of the kinetic and
intramolecular energies.

The thermodynamic factor for the adsorbed butane is plotted
versus concentration at a given average temperature in Figure

7. The values, which were larger than unity and increase with
cm, reflect the increasing importance of the free space for
adsorption to take place. The variation with Tm is small.

4.2. Transport Properties. The series of 164 NEMD
simulations given in Table 1 was used to obtain the transport
properties of the system as described in section 3.3. In particular,
the temperature and concentration dependence of the variables
in eq 1 were investigated. It was then possible to verify the

Figure 9. Interdiffusion coefficient D as a function of the concentration cm for sets no. 1-3.

Figure 10. Resistance to mass flux rbb
′ as a function of the concentration cm for sets no. 1-3 and of the average temperature Tm for set no. 4.
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relation in eq 1, derived in section 2.3, for four average
temperatures, Tm ) 360, 370, 380, and 400 K. All results are
described below.

4.2.1. The Diffusion Coefficient. A typical production run
for simulations with zero temperature difference is shown in
Figure 8. Set no. 1 is taken as an example, and half of the box
is shown. The average concentrations in layers 1 and 6 were
perturbed by the removal/insertion procedure described in
section 3.3. Therefore, only layers 2-5 were considered for
calculation of transport properties. Subscript m refers to an
average property over layers 2-5.

From these simulations, we determined the diffusion coef-
ficient, D, and the resistance to mass flux rbb

′ . In Figure 9, we
can see that D increases with the butane concentration, following
the same trend obtained by Furukawa.39 Figure 10 shows that
rbb

′ is a decreasing function of the loading at a given average
temperature, while at constant average concentration, it does
not depend on the temperature. We also verified that rbb

′ did
not depend on the butane flux within error limits.

4.2.2. The Thermal ConductiWity and the Heat of Transfer.
A typical production run for conditions with zero mass flux is
shown in Figure 11 using data from set no. 5. The temperature
and concentration in each volume element along the y axis are
plotted in this figure. Only half of the symmetric box is shown.
Layers 1 and 6 were perturbed by the presence of the thermostat;
therefore, layers 2-5 were considered in the calculation of
transport properties.

The temperature and concentration profiles obtained from
figures like Figure 11 were fitted by linear regression of points
in layers 2-5. The average properties in layers 2 and 5 are
referred to by subscripts A and B, respectively, while subscript
m refers again to an average property of volume elements 2-5.

For each set of simulations at zero mass flux (no. 5-8), we
found the resistance to heat transfer, the coupling coefficient,
and the thermal conductivity. The results are plotted in Figures
12-14. The resistance to heat transfer, rqq, shown in Figure
12a,b, did not depend on the butane concentration but was a
linear function of the average temperature. As required by the
theory (cf. section 2.2 below eq 18), it did not depend on the
thermal driving force represented by the temperature difference;
see Figure 12c.

The coupling coefficient rqb increased with increasing average
temperature (see Figure 13a,b) and, especially, at hight Tm with
decreasing concentration. Also in this case, there was no
dependence on the temperature difference.

The thermal conductivity (Figure 14) was found to be nearly
independent of the amount of adsorbed butane, equal to 1.46
( 0.07 W/m K. The value is in perfect agreement with the
values given in refs 40 and 41.

The heat of transfer qb
/ and the total heat of transfer Qb

/ were
next calculated from eqs 22 and 1. Sets no. 5-8 had average
temperatures equal to 360, 370, 380, and 400 K, respectively.
At a given mean temperature, the concentration was varied from
2 to 6 muc. According to the prediction, we found that the total
heat of transfer was a function of the mean temperature; see
Figure 15a-d. All figures show that qb

/ increases with the
concentration, but Qb

/ is independent of the concentration, as
stated by eq 1. This is due to the concentration variation of the
enthalpy, which is a decreasing function of the loading; compare
Figure 6a.

In set no. 9 (see Figure 15e), the concentration was kept
constant and Tm was varied. We found then that qb

/ was constant
within the accuracy of the calculation, while Qb

/ increased with
Tm. In set no. 10, which summarizes simulations for the same
concentration and temperature, we did not observe that qb

/ or
Qb
/ depended on the temperature difference TA - TB (not shown).
Finally, we give the values of sT, plotted in Figure 16a-d.

At a fixed average temperature, the Soret coefficient decreases
with increasing concentration (see Figure 16a-d), more at low
than at high average temperatures. For a given concentration,
sT is a decreasing function of the average temperature (see Figure
16e).

5. Discussion

5.1. The Equilibrium Results. The results from the equi-
librium simulations, for the equilibrium represented by eq 2,
are all in agreement with results obtained by others.37-39,42 The
concentration at saturation (9.5 molecules per unit cell) and the
isosteric heat of adsorption have been observed before. We
obtained a ∆Hads

iso at zero coverage of -54 ( 1 kJ/mol, in
agreement with results in ref 37. This gives credence to the
method used to simulate equilibrium properties.

The molar enthalpy of butane in zeolite (Figure 6) was
calculated with a few percent uncertainty. The linear variation
with the concentration can be explained by changes in Eb

p, while
the variation with the temperature can be explained by the Eb

k

+ Eb
i variations.

5.2. A Sound Basis for the Transport Equations. When
so few molecules are involved in the averaging procedure and
the material is microporous, one might well ask whether the
thermodynamic calculations, and in particular the nonequilib-
rium thermodynamic description, are adequate. This question
was recently analyzed by us.29 The assumption of local
equilibrium was found to hold for absorbed Lennard-Jones
particles in microporous silicalite-1, meaning that the entropy
production, the driving forces, and fluxes in eq 15 are well
defined.

Further evidence that local equilibrium holds is also given
here. Classical nonequilibrium thermodynamics gives the coef-
ficients rij, for which the Onsager relation applies. These
coefficients do not depend on the driving forces. We have seen
above that none of the coefficients, rbb, rqq, nor rqb, depend on
the fluxes or forces used in the simulations. More particularly,
coefficient rbb does not depend on the mass flux, and rqq and
rqb do not depend on the thermal driving force used in the

Figure 11. Temperature and concentration profile for simulation no.
96 as a function of the distance from the center of the silicalite-1 in
the y direction. Both the temperature of the butane molecules and that
of the zeolite are plotted. The butane temperature and concentration
were averaged over a layer ∆ly ) 9.9495Å corresponding to a half-
unit cell in the y direction. The limits of each control volume are given
by vertical dashed lines. The average values (temperature and concen-
tration) were interpolated with linear regression in layers 2-5.

14946 J. Phys. Chem. B, Vol. 112, No. 47, 2008 Inzoli et al.



simulation. This is what must be expected for eq 18 to apply.
We conclude that a description in terms of nonequilibrium
thermodynamics is sound.

For historic reasons, it has not been common to tabulate
Onsager coefficients. A habit has developed to rather report their
practical counterparts, in this case, the diffusion coefficient, the

Figure 12. Thermal resistance rqq as a function of the average concentration cm for sets no. 5-8, of the average temperature Tm for set no. 9, and
of the temperature difference TA - TB for set no. 10.

Figure 13. Coupling coefficient rqb as a function of the average concentration cm for sets no. 5-8, of the average temperature Tm for set no. 9, and
of the temperature difference TA - TB for set no. 10.
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thermal conductivity, and the Soret coefficient. Therefore, we
shall also proceed to do so.

5.3. The Coupled Transport of Heat and Mass in
Zeolite. In order to give credence to the method for determination
of the transport coefficients, we simulated first the diffusion

coefficient. From eq 24, we found a diffusion coefficient equal to
(7 ( 1) × 10-8 m2/s, which is well within the range of earlier
observations of butane in zeolite.39,43

According to our knowledge, the thermal conductivity and
the Soret coefficient or the related properties, the thermal

Figure 14. Thermal conductivity as a function of cm for sets no. 5-8 and of the average temperature Tm for set no. 9.

Figure 15. Heat of transfer q/ (triangles) and total heat of transfer Q/ (circles) as a function of the average concentration cm for sets no. 5-8 and
of the average temperature Tm for set no. 9.
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diffusivity, or the heat of transfer were not obtained before for
n-butane in silicalite-1.

The zeolite phase is a very good conductor for heat, as shown
by Figure 14. A thermal conductivity of 1.46 ( 0.07 W/m K
means that heat is conducted almost solely through the crystal
lattice in the system. This behavior is typical for solid-state
crystals. In 2003, using molecular dynamics simulations, Mc-
Gaughey et al.40 found that the thermal conductivity of silica-
based crystals is the result of two independent temperature-
dependent mechanisms associated with the atomic structure; the
first mechanism is governed by the silicon coordination and
produces a thermal conductivity on the order of 1 W/m K, while
the second mechanism is controlled by the atomic bond length
and angles and, at 300 K, gives a thermal conductivity for
zeolite-A of 0.4 W/m K.

Given such a good thermal conductivity internal temperature
gradients probably do not arise in practical situations when the
gas is adsorbed on zeolite. In molecular dynamics simulation
experiments, where the crystal can be insulated from the
surroundings, a temperature rise of 60 K has been seen.2

The lack of sizable temperature gradients in real systems does
not mean, however, that the thermal diffusion effect can be

immediately neglected. A small concentration distribution can
of course be expected with a small temperature gradient. The
Soret coefficient with a size of 0.006 K-1 does also not signal
a large effect. The reciprocal effect of the Soret effect, which
gives the impact on the heat flux by the mass flux, is sizable,
however. This impact on the heat flux is best described via the
heat of transfer, as in eq 21. There is a contribution to the heat
flux, which is proportional to the mass flux via the heat of
transfer.

It is for this reason that knowledge of heat of transfer becomes
important. The magnitude of q/ for butane in silicalite-1 is
around 10 kJ/mol, which is larger than the partial molar
enthalpy; see Figure 6. For a typical butane flux of some mol
per m2 and s, this can give a sizable heat effect. The conclusion
is thus that it is not enough to use Fourier-type flux equations
to describe heat fluxes for adsorption or desorption processes.
This is relevant for several membrane separation technologies,
for instance, for membrane distillation44,45 and pervaporation.46,47

It is relevant because the mass flux depends on the heat transport.
With badly conducting membranes, or catalyst material, such
heat transport may, in principle, be rate limiting for the mass
transport.

Figure 16. Soret coefficient as a function of the average concentration cm for sets no. 5-8 and of the average temperature Tm for set no. 9
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5.4. A New Thermodynamic Relation for Thermodiffu-
sion. The second main aim of this investigation was to obtain
numerical support for the relation in eq 1, derived by Kjelstrup
and Bedeaux.20 From the results of Figures 15, where four
equivalent sets of data support the same idea, we conclude that
evidence has been collected for the validity of the relation in
eq 1.

This is the first time that numerical evidence has been found
for the relation in a homogeneous system. It supports evidence
collected before for one-component phase transitions30 and adds
credence to the general nature of the relation. One assumption
was made, that the partial molar energy of butane was equal to
the molar energy. This assumption is reasonable at the butane
loadings that were used (<4 muc).

The establishment of the relation in eq 1 is very encouraging
because it adds a new route for estimation of heats of transfer
(see below). A variation in the heat of transfer between two
concentrations is simply equal to minus the corresponding
variation in the partial molar enthalpy of the component between
the same concentrations.

5.5. Models. Given that the heat of transfer is a technically
important parameter for membrane separation, and that little
systematic knowledge about it is available, it may prove useful
to have a new way to estimate it.

The temperature variation in sT can, for instance, be explained
through eqs 1 and 30. The temperature variation in qb

/ is here
negligible, and the temperature variation in sT is therefore the
first mentioned divided by T2. The concentration variations in
qb
/ and sT follow the concentration variation in the partial molar

enthalpy. The last relationship offers insight into the sign
dependence of sT, an issue that has been much discussed.3,4,48

The equations mentioned indicate that changes in the partial
molar enthalpy with composition can lead to changes in the
sign of sT and the related thermal diffusion coefficient, DT.

Clearly, a model for sT should invoke the partial molar
enthalpy or energy of the component in the mixture. Kempers48

presented one such model for hydrocarbon mixtures. Rousseau
et al.3 and Luettmer-Strathmann49 considered energy-exchange
processes in liquid mixtures. Xu et al.50 studied a chemical
reaction between two components in a thermal field. When the
chemical reaction was everywhere in equilibrium, they were
able to prove that the heat of transfer for the product component
was equal to minus the enthalpy of reaction. These approaches
obtain support from the present results.

6. Conclusion

We have presented numerical evidence for a new relation
between the heat of transfer of a component and its partial molar
enthalpy in a binary solution. The relation was studied when
the partial molar enthalpy was approximated by the molar
energy, and when butane was moving relative to zeolite. The
relation predicted that the sum is independent of the concentra-
tion but increases with the temperature. The concentration
variation in the heat of transfer is therefore opposite and equal
to that of the partial molar enthalpy.

The methods were verified by repeating earlier results and
by showing that the flux-force relations were linear.

The values obtained for the heat of transfer mean that it is a
technically important quantity for separation purposes. The
results also indicate that it may be useful to focus on q/ in
addition to sT and DT in order to understand the distribution of
components in a mixture in a temperature gradient.
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