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Properties of Confined Square-well Fluids using the Gibbs
Ensemble Simulation Technique

LUIS ALBERTO DEL PINO*, ANA LAURA BENAVIDES† and ALEJANDRO GIL-VILLEGAS

Instituto de Fı́sica, Universidad de Guanajuato, Apdo. Postal E-143, León, México

(Received April 2002; In final form August 2002)

In this work we have used the extension of the Gibbs
ensemble simulation technique to inhomogeneous fluids
[Panagiotopoulos, A.Z. (1987) “Adsorption and capillary
condensation of fluid in cylindrical pores by Monte Carlo
simulation in the Gibbs ensemble”, Mol. Phys., 62 (3),
701 – 719], which has been applied to adsorption
phenomena of confined fluids. Fluid molecules are
described by spherical particles interacting via a
square-well potential. The fluid is confined in two
types of walls: symmetrical (two hard walls) and non-
symmetrical (one square-well wall and one hard wall).
In order to analyze the behavior of the confined fluid by
varying the potential parameters, we evaluated the bulk
and confined densities, the internal energies and the
density profiles for different supercritical temperatures.
A variety of adsorption profiles can be obtained by using
this model. The simulation data reported here com-
plements the available simulation data for this system
and can be useful in the development of inhomogeneous
fluid theories. Since the square-well parameters can be
related to real molecules this system can also be used to
understand real adsorption systems.

Keywords: Confined fluid; Gibbs ensemble Monte Carlo
simulation; Adsorption; Square-well potential; Competing inter-
actions; Adsorption isotherms

INTRODUCTION

Membrane separation technologies, chromato-
graphy, oil recovery and catalysis are examples of
phenomena that appear in confined fluids. An
understanding of these systems is important in
order to generate theoretical methods useful to the
chemical engineers. Simple and complex inhomo-
geneous fluid models have been used to study the
adsorption phenomena by theoretical and computer

simulation methods [2–18]. For the case of simple
confined fluids, different interparticle potentials
(e.g. hard-sphere, Lennard – Jones, hard-sphere
Yukawa and square-well (SW)) have been used in
different confinement geometries and wall textures.
These idealized systems are useful since their
structural and thermodynamic properties have
been extensively studied for homogeneous fluids,
and then can be incorporated in theories for
inhomogeneous fluids. The SW potential has three
parameters (diameter, energy depth and range) that
permits to model a great number of real substances,
and several analytical equations of state have been
proposed for this system using, for example,
perturbation theory [19–23]. This model has been
used previously to study the adsorption of SW
molecules in a gas–liquid phase confined between
symmetrical and non-symmetrical walls (a SW wall
and a hard wall) [2,3,5,7,15,17,18] by density
functional theory and molecular simulation. Special
attention has been devoted to the wetting and
drying transitions that appear with this simple
model potential that is non-conformal due to the
variable range parameter. These types of transitions
have been observed also in experimental work [24].
Besides, adsorption of Noble gases on graphite has
been accurately described by a theoretical approach
that considers the system as a quasi two-dimen-
sional monolayer formed by a SW system coexisting
in equilibrium with a three dimensional SW bulk
system [8].

The main purpose of this work is to study in a
systematic way the behavior of a confined SW fluid
when the parameters of the potentials that
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characterize the molecule–molecule and the mole-
cule–wall interactions, the density and temperature
are changed. This study could be useful in the
design of real adsorption systems and to develop
theories. We concentrate this study to supercritical
temperatures in order to complement the data
obtained by other authors [2,3,5,7,15,17] and also
because we are interested in the behavior of the
system when the bulk fluid is in one single phase.
We have considered two types of walls: symmetrical
(two hard walls) and non-symmetrical (a SW-type
left wall and a right hard wall). We have selected the
non-symmetrical case not only because similar walls
were considered by other authors [3,17] in their
molecular dynamics simulations, but also because
we wanted to analyze the effect of competing walls.
This situation could correspond to the limit of a
scenario of a mixture of colloidal particles in a
solution with a molecular fluid. The particles of the
solvent can be considered as a confined fluid, being
the colloidal particles the “walls” of the system.
Competing walls mean here a molecular fluid
attracted by one type of colloidal particles whereas
there is repulsion with the other colloidal particles.
Besides Parry and Evans have shown that non-
symmetrical walls are responsible of a very
interesting behavior near the critical point [25,26].
We expect that the results from the present work
could also be useful in future work devoted to a
more detailed analysis near the critical point. We
have selected the Gibbs ensemble simulation
technique for inhomogeneous fluids [1] since it is
a very efficient method that provides structural and
thermodynamic properties of bulk and confined
systems for a given temperature. This advantage
permitted a more complete analysis than using only
the Monte Carlo NVT simulation technique [14].

In the second section we present the model
potentials. The details of the simulation technique
are given in the third section. In the fourth section we
present the simulation data and the corresponding
analysis. Finally, in the fifth section we give the
conclusions of this work.

THE MOLECULE–MOLECULE AND
MOLECULE–WALL POTENTIALS

We consider a fluid formed by N spherical particles
interacting via a square-well potential

uðrÞ ¼

1 r # s

21 s , r # ls

0 r . ls

8>><
>>:

where s is the molecular diameter, e and l are the
depth and range of the potential, respectively.

This fluid is in the presence of uniform walls,
which exerts attractive forces on the particles. The
molecule–wall interaction U(z) is modeled by
a square-well potential and as a function of
the distance z from the wall:

UðzÞ ¼

1 z # s
2

21W
s
2 , z # lWs

0 z . lWs

8>><
>>:

where s, is the molecular diameter, and eW and lW

are the depth and range of the potential of the wall–
molecule potential.

DETAILS OF THE SIMULATION TECHNIQUE

The Gibbs ensemble simulation technique applied to
confined systems [1] considers two simulation boxes,
one for the bulk fluid and the other one for the
confined fluid. Two types of movements were done:

(a) independent displacements of molecules in both
boxes,

(b) interchange of molecules between boxes,
keeping the total number of molecules constant.

We considered 1728 molecules. The initial con-
figuration in each box consists of N/2 particles in an
FCC arrangement. Periodic boundary conditions
and minimum image convention were applied in the
three x–y–z directions for the bulk, and for the
confined fluid only in the in x–y directions [27,28].

The simulation was performed in cycles. Each
cycle consists of a certain number of movements of
type (a) in each box and a certain number of
interchange of particles of type (b) at random.
We considered 40,000 cycles in order to equilibrate
and averages were taken over other 40,000 cycles.
The maximum molecular displacement was adjusted
in order to guarantee an acceptance rate of 40% in the
translation movements.

The Gibbs ensemble simulation technique gua-
rantees that the chemical potential are equal in both
phases. This type of simulation does not require the
knowledge of the values of this thermodynamic
property in each phase in order to obtain the
coexistence densities. Nevertheless, in order to
assure that the system reaches the equilibrium, the
chemical potential in each phase can be calculated
using the Test Particle Insertion Method (TPI) [28,29]
that uses part of the data generated in the Gibbs
ensemble simulation. Since the TPI method is
adequate only for not too dense fluids, for those
states in which the fluid coexistence densities were
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high enough, the equilibrium criteria of observing
the equality of the chemical potentials was com-
plemented with the graphical analysis proposed by
Frenkel and Smit [28].

We established a criterion in order to decide the
optimum number of interchange of particles for
each state. We observed that for not too dense
fluids with an acceptance rate above 6% we
obtained a better agreement for the chemical
potentials in both boxes. For very dense fluids a
higher number of attempts of interchange of
particles is required.

All the simulation data were obtained by fixing the
pore length Lz ¼ 15 molecular diameters, a typical
pore separation used in previous studies [17]. The
reduced densities r* were calculated by using a similar
criterion than Vega et al. [10], i.e. using the ratio of the
average number of molecules in a phase divided by the
phase volume. In the case of the confined fluid this
volume was taken equal to the (Lz 2 s) £ box length2.
We subtracts from the pore length due to the nature of
potential that we are considering. We changed the
phase volume in the simulation in order to obtain data
for different densities.

The averages of the thermodynamic properties
were obtained dividing the simulation results in
blocks of 25 cycles. The reported uncertainty
corresponds to the average of the standard deviation
over these blocks.

In order to calibrate our simulation program, we
compared some of our results with available
molecular dynamics simulation data reported in
the literature [5,7,14,15] and we found a good
agreement.

RESULTS

In Tables I–IV we present the simulation results for a
SW fluid confined either between symmetrical walls
or non-symmetrical walls. In each table the reduced
density r*, the reduced internal energy U* ¼ U=Ne

and the reduced chemical potential m* ¼ m=e for the
confined (a) and bulk (b) fluids are presented at
different reduced temperatures T* ¼ kT=e : We have
selected three values for the reduced temperature:
1.5, 2.0 and 3.0 because these temperatures are
supercritical for the bulk systems (SW) considered in

TABLE I Simulation results for a SW fluid confined between hard walls

l T* r�a U�
a m�

a r�b U�
b m�

b

1.25 1.5 0.215(6) 2 0.80(3) 2 5.9 0.215(7) 2 0.84(3) 2 5.8
0.384(10) 2 1.47(4) 2 5.2 0.384(11) 2 1.53(4) 2 5.3
0.537(10) 2 2.12(4) 2 5.3 0.533(12) 2 2.22(5) 2 5.6
0.821(26) 2 3.59(3) 2 6.9 0.794(38) 2 3.72(5) 2 7.5

2.0 0.215(11) 2 0.71(3) 2 7.3 0.215(10) 2 0.75(3) 2 7.4
0.386(13) 2 1.35(4) 2 6.1 0.388(12) 2 1.41(4) 2 6.3
0.541(16) 2 2.01(4) 2 5.9 0.523(20) 2 2.09(4) 2 6.2
0.755(33) 2 3.11(3) 2 6.7 0.729(46) 2 3.22(4) 2 7.2

1.50 1.5 0.205(11) 2 1.75(2) 2 7.3 0.224(9) 2 1.91(7) 2 7.3
0.366(20) 2 2.86(8) 2 7.4 0.404(22) 2 3.14(8) 2 7.8
0.527(17) 2 3.89(6) 2 8.2 0.547(22) 2 4.13(7) 2 9.1
0.750(30) 2 5.28(3) 2 10.1 0.735(43) 2 5.52(4) 2 11.5

2.0 0.211(8) 2 1.55(6) 2 8.7 0.218(6) 2 1.65(5) 2 8.8
0.379(16) 2 2.68(6) 2 8.4 0.389(17) 2 2.85(5) 2 8.7
0.535(8) 2 3.73(5) 2 9.0 0.537(11) 2 3.94(6) 2 9.7
0.753(31) 2 5.18(3) 2 10.6 0.731(44) 2 5.39(5) 2 11.6

3.0 0.214(10) 2 1.40(5) 2 11.6 0.216(9) 2 1.47(4) 2 11.9
0.464(11) 2 3.08(5) 2 10.2 0.459(12) 2 3.22(6) 2 10.7
0.613(21) 2 4.12(4) 2 10.6 0.600(28) 2 4.31(5) 2 11.3
0.755(8) 2 5.07(3) 2 11.2 0.728(11) 2 5.28(5) 2 11.2

a The indexes a and b denote the confined fluid and the bulk fluid, respectively. The numbers in parentheses indicate the uncertainty in units of the last
decimal digits. For example, 0.215(6) means 0.215 ^ 0.006 and 0.613(21) means 0.613 ^ 0.021.

TABLE II Simulation results for a SW fluid confined between a SW wall and a hard-wall

T* r�a U�
a m�

a r�b U�
b m�

b

1.50 0.207(12) 2 1.77(8) 2 7.3 0.222(10) 2 1.90(7) 2 7.4
0.369(14) 2 2.88(8) 2 7.4 0.400(15) 2 3.11(8) 2 7.8
0.529(22) 2 3.89(6) 2 8.3 0.544(28) 2 4.12(7) 2 9.1
0.752(29) 2 5.31(4) 2 10.2 0.733(41) 2 5.51(5) 2 11.4

2.00 0.213(10) 2 1.57(6) 2 8.7 0.217(8) 2 1.64(5) 2 8.8
0.380(9) 2 2.70(6) 2 8.4 0.388(9) 2 2.84(6) 2 8.7
0.536(23) 2 3.75(5) 2 9.1 0.535(28) 2 3.93(6) 2 9.6
0.753(37) 2 5.21(3) 2 10.7 0.731(37) 2 5.394(4) 2 11.6

a For these states we have chosen l ¼ 1:5; lW ¼ 0:70 and 1�W ¼ 1:0. See footnote to Table I for the notation used for the uncertainty estimates.
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this work. Different estimations [18,30–34] for the
reduced critical temperatures of SW systems with
ranges l ¼ 1.25 and 1.5 are within the intervals
0.764 # T�

c # 0:788 and 1.218 # T�
c # 1:27; respect-

ively. The reported chemical potentials include the
ideal gas contribution except for the term T* ln Ld.
It is important to remark that the chemical potentials
were calculated with a method that fails at high
densities [29], so the data included in the tables at
high densities must be regarded as a crude
estimation.

SW Fluid Confined between Symmetrical Walls

In Table I the simulation data for the case of a SW
fluid of variable range l at different temperatures is
presented. By using some of this data (without error
bars, just to show the tendency of the central points),
in Fig. 1 the adsorption isotherms expressed as the
density in the bulk versus the density in the pore are
exhibited for l ¼ 1:5 for T* ¼ 1:5; 2.0 and 3. For the
three temperatures we observe a transition from a
negative adsorption ðr�a , r�bÞ to a positive adsorp-
tion ðr�a , r�bÞ at a given density. This transition
cannot be well observed from the figure for T* ¼ 3
but by looking at Table I one can see that r�a , r�b for
the lower bulk density. The transition bulk density is

lower for the system at the higher temperature, as
expected, since an increment in temperature
diminishes the cohesion of the bulk molecules.

In Fig. 2 we present the density profiles for two
values for the SW range, l ¼ 1:25 and 1:5 for very
close bulk densities at T* ¼ 1:5: We can see that for
the larger value of l the adsorption diminishes
considerably, that is, the molecules prefer to remain
in the bulk, an expected behavior, since a larger
range of the SW potential means a greater attraction
between the bulk molecules. Similar plots can be
built for other densities and at other temperatures
and the same effect of l is observed.

In Fig. 3 the density profiles for a SW fluid
ðl ¼ 1:25Þ at T* ¼ 2:0 for different density values are
shown. As the density is increased we observe an
increase in the concentration of molecules near the
walls. This result was expected, since by increasing
the bulk density, for a given fixed volume, there are
more available particles that can reach the walls. The
same effect of the bulk density on the density profiles
is observed for other temperatures and for other SW
ranges. Notice that at higher densities the appear-
ance of different layers can be observed.

Since the data presented in this work could be useful
for future theoretical developments we also include an
analysis of the behavior of the internal energy of

TABLE III Thermodynamic properties of a SW fluid confined between a left SW wall of variable depth 1�W and a right hard wall at
T* ¼ 1.5

1�W r�a U�
a m�

a r�b U�
b m�

b

0.25 0.206(10) 2 1.76(8) 2 7.2 0.223(8) 2 1.90(7) 2 7.4
0.448(22) 2 3.39(7) 2 7.7 0.477(26) 2 3.63(8) 2 8.4
0.679(16) 2 4.84(4) 2 9.5 0.674(22) 2 5.09(5) 2 10.6

0.5 0.206(11) 2 1.75(8) 2 7.4 0.223(10) 2 1.90(7) 2 7.3
0.449(19) 2 3.39(7) 2 7.7 0.476(22) 2 3.63(8) 2 8.4
0.681(19) 2 4.86(4) 2 9.5 0.671(26) 2 5.07(5) 2 10.7

1.5 0.209(11) 2 1.79(7) 2 7.3 0.220(10) 2 1.89(7) 2 7.4
0.452(16) 2 3.40(7) 2 7.7 0.473(19) 2 3.60(8) 2 8.4
0.682(16) 2 4.89(4) 2 9.6 0.669(21) 2 5.05(5) 2 10.6

2.0 0.212(10) 2 1.84(7) 2 7.4 0.218(9) 2 1.86(7) 2 7.2
0.375(10) 2 2.92(8) 2 7.2 0.394(20) 2 3.07(8) 2 7.7
0.533(30) 2 3.94(6) 2 9.0 0.540(20) 2 4.10(7) 2 9.0
0.682(20) 2 4.92(4) 2 9.6 0.669(24) 2 5.04(6) 2 10.6

The parameters of the SW fluid are l ¼ 1:5 and lW ¼ 0:745 for the SW wall. See footnote to Table I for the notation used for the uncertainty estimates.

TABLE IV Thermodynamic properties of a SW fluid confined between a left SW wall of variable range lW and a right hard wall at
T* ¼ 1:5

lv r�a U�
a m�

a r�b U�
b m�

b

0.7 0.207(12) 2 1.77(8) 2 7.3 0.222(10) 2 1.90(7) 2 7.4
0.369(14) 2 2.88(8) 2 7.4 0.400(15) 2 3.11(8) 2 7.8
0.529(22) 2 3.89(6) 2 8.3 0.544(28) 2 4.12(7) 2 9.1

1.0 0.210(10) 2 1.79(8) 2 7.3 0.220(8) 2 1.88(7) 2 7.4
0.452(19) 2 3.41(6) 2 7.8 0.472(22) 2 3.60(7) 2 8.3
0.607(8) 2 4.41(5) 2 9.0 0.608(10) 2 4.60(6) 2 9.8

1.5 0.215(12) 2 1.88(8) 2 7.3 0.215(11) 2 1.84(7) 2 7.4
0.454(18) 2 3.46(7) 2 7.9 0.470(21) 2 3.59(8) 2 8.3
0.608(21) 2 4.45(5) 2 9.0 0.607(27) 2 4.58(6) 2 9.8

2.0 0.608(6) 2 4.49(5) 2 9.0 0.606(8) 2 4.58(6) 2 9.8

The parameters of the SW fluid are l ¼ 1:5 and 1�W ¼ 1:0 for the SW wall. See footnote to Table I for the notation used for the uncertainty estimates.
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the confined fluid as a function of the density,
temperature and potentials parameters. By using the
reported data in Table I, we observe that the internal
energy of the confined fluid is sensitive to changes on
the SW range, the temperature and the density. The
internal energy of the confined fluid is always less

negative than a non-confined fluid at similar thermo-
dynamic conditions, a consequence of the global effect
of the repulsive hard walls. The effect of varying the
reduced bulk density on the reduced internal energy
U�

a for two different temperatures ðT* ¼ 1:5; 3.0) for a
SW fluid ðl ¼ 1:5Þ confined between hard walls is

FIGURE 1 Adsorption isotherms for a SW fluid ðl ¼ 1:5Þ confined between hard walls. The open circles are for T* ¼ 1:5; the open
triangles are for T* ¼ 2:0 and the solid circles are for T* ¼ 3:0: The discontinuous line corresponds to the case the r�a ¼ r�b; and is included
to distinguish between positive ðr�a . r�bÞ and negative ðr�a . r�bÞ adsorption.

FIGURE 2 Density profiles for a confined SW fluid between hard walls at T* ¼ 1:5 and for different SW ranges and at very close bulk
densities. The open circles represent the case l ¼ 1:5 at r�b ¼ 0:404 and the solid circles represent the case l ¼ 1:25 at r�b ¼ 0:384:
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exhibited in Fig. 4. As can be seen from the figure an
increase in the bulk density implies a more negative
value of U�

a for both temperatures. For a fixed density
and a fixed l, as the temperature is increased the
internal energy becomes less negative whereas for a
fixed temperature and a fixed l the energy decreases
by increasing the density. Also for fixed values of the
density and temperature the internal energy becomes
more negative when l is increased. The explanation

of effect of these parameters on the internal energy is
the same than for a non-confined SW fluid.

SW Fluid Confined between Non-symmetrical
Walls

In Table II, simulation results for a SW fluid ðl ¼ 1:5Þ
confined between non-symmetrical walls: a left SW
wall ðlW ¼ 0:7; 1�W ¼ 1W=1 ¼ 1:0) and a right hard

FIGURE 3 Density profiles for a SW fluid ðl ¼ 1:25Þ confined between hard walls at T* ¼ 2:0 for different bulk densities r�b ¼ 0:215; 0.388,
0.523 and 0.729. In the figure the series of points appear in ascendant order, i.e. the upper series corresponds to the higher density.

FIGURE 4 Reduced internal energy U�
a as a function of the reduced bulk density r�b for a SW fluid of range l ¼ 1:5 confined between hard

walls and for temperatures T* ¼ 1:5 (solid triangles) and T* ¼ 3 (solid circles).
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wall are presented for two different temperatures
and for different densities. In this case, the
adsorption isotherms can be plotted as in the case
of symmetrical walls but the information obtained is
ambiguous since ra represents the average density of
the confined fluid and this type of plot gives a global
information about the concentration of particles near
both walls and not near a specific one. For instance,
we can have a case of positive adsorption near one
wall and a negative adsorption near the other, but on
average ra , rb, i.e. we have an effective negative
adsorption. The same result can be obtained if we
have a negative adsorption near both walls.

We observe that the symmetry of the density
profiles is broken for all the cases of non-symmetrical
walls considered in this work. We also observe that
in contrast to systems confined between hard walls,
the density profiles near the SW wall have a
discontinuity at z=s ¼ lW due to the discontinuity
of the wall–molecule potential. Notice that in the
case of a SW confined between hard walls, the
discontinuity nature of the molecule–molecule
potential does not induce a discontinuous density
profile. This is in agreement with the density profile
observed in real fluids.

In Fig. 5, the density profiles for different values of
the bulk density at T* ¼ 1:5 for l ¼ 1:5 are shown.
By looking at the right wall, we can see that as the
bulk density is increased, for a given temperature,
the slope of the density profile at contact pass from a
negative to a positive value, showing that an increase

of the bulk density promotes the concentration of
particles near the wall. By looking at similar figures
for T* ¼ 2 and (not included in this work) one can
notice that the density profiles are slightly modified
and in these cases there is only a positive adsorption,
for all the bulk densities considered. It is expected
that there exists a lower temperature for which the
three densities analyzed show a negative adsorption.
In general, for a given density, the temperature
regulates the transition from one type of adsorption
to another. A similar conclusion concerning the effect
of density and temperature on the density profile is
observed for l ¼ 1:25; although the transition from
negative to positive adsorption occurs at lower
temperatures. Henderson and van Swol [2] observed
similar results for a gas–liquid confined system.

In order to see in more detail the adsorption in the
left SW wall in Fig. 6, we made a re-scaling on the
z/s axis of the Fig. 5. It can be seen that as the bulk
density is increased the concentration of the
molecules near this wall is also increased. We
obtained similar conclusions concerning the effect
of varying the density or the temperature on the
density profile for the right wall, but since the wall–
molecule potential has an attractive part the
concentration of particles is always grater than near
the hard wall at similar conditions.

The thermodynamic properties of a SW fluid
ðl ¼ 1:5Þ; confined between a left SW wall of variable
depth 1�W and range lW ¼ 0:745 and a right hard wall
at T* ¼ 1:5 for different densities are presented in

FIGURE 5 Density profiles for a SW fluid ðl ¼ 1:5Þ confined between a left SW wall (lW ¼ 0:7; 1�W ¼ 1:0) and a right hard wall at T* ¼ 1:5;
for different bulk densities r�b ¼ 0:222; 0.400, 0.544. In the figure, the series of points appear in ascendant order, i.e. the upper series
corresponds to the higher density.
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Table III. In the Fig. 7 the effect of varying
the parameter 1�W on the density profiles is shown
for r�b ¼ 0:68: As expected, since 1�W regulates the
intensity of the wall–molecule attractive forces, an
increment of lW increases the concentration of
molecules near the SW wall. The effect of 1�W is
more noticeable in the first monolayer due to the
chosen values of lW in these cases.

The thermodynamic properties of a SW fluid
(l ¼ 1:5; 1 ¼ 1:0) confined between a left SW wall
ð1�W ¼ 1:0Þ of variable range lW and a right hard wall
at T* ¼ 1:5; are presented in Table IV. The effect of
varying lW is shown in Fig. 8 for r�b ¼ 0:607: A very
similar qualitative behavior is observed for the three
considered values of lW, nevertheless, in order to
compare states at similar densities we show in this

FIGURE 7 Density profiles for a SW fluid ðl ¼ 1:5Þ confined between a left SW wall ðlW ¼ 0:745Þ and a right hard wall for different values
of the wall depth at T* ¼ 1:5 and for r�b ¼ 0:68: The open circles are for 1�W ¼ 1:5; the solid circles are for 1�W ¼ 0:5 and the open diamonds
are for 1�W ¼ 0:25:

FIGURE 6 Figure 5 near the SW wall. See Fig. 5 for details.
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figure only the density profiles for two values of lW.
Near the right hard wall the effect of lW is not
appreciable, showing that for the pore length
considered in this work, the two walls can be seen
as independent.

In order to analyze the behavior near the left SW
wall in Fig. 9 we made a closer caption of the Fig. 8
near this wall. A small difference in the density r* at

contact is observed for the two values of lW. The
maximum corresponds to the higher value of lW.
This behavior is expected since lW modulates the
attractive part of the wall– molecule potential.
By looking at other density profiles we observe that
the influence of 1�W on the density at contact is more
appreciable than that of lW for similar states. We also
notice that the influence of lW is more relevant than

FIGURE 9 Figure 8 near the SW wall. See Fig. 8 for details.

FIGURE 8 Density profiles for a SW fluid ðl ¼ 1:5Þ confined between a left SW wall (eW ¼ 1) for different values of the wall SW range of at
T* ¼ 1:5 for r�b ¼ 0:607: The open circles are for the case lW ¼ 1:0 and the solid circles are for lW ¼ 1:5:
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1�W in the vicinity of the wall. This explains the for-
mation of multilayers as lW is decreased (see Fig. 9).

For the non-symmetrical case, the behavior of the
internal energy of the confined fluid as a function of
the density, temperature and potential parameters is
reported in Table II. We observe that the internal
energy of the confined fluid is always less negative
than the bulk internal energy for all of the cases
considered in this work. The net effect of the walls on
U�

a is repulsive for all of the selected cases. The
attractive effect of the SW wall could be more
important by choosing either a lower pore length or
larger molecule–wall parameter potential.

By comparing the U�
a (for a given l, r�b and T*)

confined between symmetrical (Table I) and non-
symmetrical walls (Table II) we also notice that the
internal energy of the confined fluid is not very
sensitive to the SW wall. Again, we expect that the
effect of the SW wall could be more noticeable by
choosing either a lower pore length or larger
molecule–wall potential parameters.

The reduced internal energy U�
a as a function of

the SW wall potential depth 1�W for different bulk
densities: r�b ¼ 0:22; 0.47 and 0.67 is presented in
Fig. 10. In this case T* ¼ 1:5; l ¼ 1:5 and lW ¼ 0:745:
For a fixed density, the effect of varying 1�W on U�

a is
negligible. It seems that because the pore length is
large enough compared with lW and the walls are
independent, 1�W only has an influence near the left
wall and its effect is only noticeable on the structural
properties of the system (i.e. density profile) and
not in the internal energy, that is a global thermo-
dynamic property. From the figure it also can be
observed that the internal energy becomes more

negative as the bulk density is increased for a fixed
1�W. More noticeable effects of 1�W could be obtained
by considering either larger values of this parameter
or larger values of lW as explained in the next
paragraphs.

In Fig. 11 the reduced internal energy U�
a as a

function of the SW wall potential range lW for two
density values at T* ¼ 1:5 and for l ¼ 1:5 and 1�W ¼

1:0 is presented. In general for a fixed density the
effect of varying lW on U�

a is small and becomes
more noticeable for the lower density. Again, we
expect that this effect becomes more important for
larger values of the molecule–wall parameters and
for a lower pore length.

For a fixed lW the internal energy becomes more
negative as the bulk density is increased. A raise in
the bulk density implies more interactions between
the molecules in the bulk, resulting in a more
negative value for the bulk internal energy that has a
determining effect on the confined internal energy.
This also explains the fact that the effect of lW on U�

a

is more important for lower densities.
By looking at the Tables III and IV one can see that

the effect on U�
a is more noticeable by varying lW

than by varying 1�W by the same amount.
We have investigated the effect of the pore length

for a confined fluid either between two SW walls and
between a non-symmetrical wall (left SW wall and
right hard wall) and as can be seen from the density
profile shown in Fig. 12 for a pore length Lz ¼ 7s;
there are no differences in the behavior near the left
wall in the symmetrical and non-symmetrical cases,
i.e. the walls can be also considered as independent
for this pore length. Notice that the bulk properties

FIGURE 10 Reduced internal energy U�
a as a function of the SW wall potential depth 1�W for three different bulk densities at T* ¼ 1:5; and

for l ¼ 1:5 and lW ¼ 0:745: The simulated data series are labeled with their corresponding bulk density value.
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are similar for both types of confinements. In contrast
to our results (for one single phase), Xiao and
Rowlinson [17] found that for a hard SW system
(in gas–liquid phase) confined between non-sym-
metrical walls this effect was important by using
pore lengths of 12s, 13s and 15s.

CONCLUSIONS

We have presented Gibbs ensemble simulation data
for a SW confined fluid for different values of

the potential parameters that characterize the
molecule–molecule and molecule–wall interactions
at supercritical states, for different temperatures,
densities and for symmetrical and non-symmetrical
walls.

After a general analysis of the simulation data,
we conclude that the positive and negative adsorp-
tion can be induced by varying the potential
parameters and also the temperature and the
density. For instance, if one wants to increase the
concentration of molecules close to the walls one
needs to decrease l or increase either T* or r�b

FIGURE 12 Density profile of a SW fluid confined between SW symmetrical walls (solid circles) and non-symmetrical walls: left SW wall
and a right hard wall (open circles) for T* ¼ 1:5; l ¼ 1:5; 1�W ¼ 1:0; lW ¼ 0:7 and r�b ¼ 0:438:

FIGURE 11 Reduced internal energy U�
a as a function of the SW wall potential range lW for: two different bulk densities at T* ¼ 1:5 and

for l ¼ 1:5 and 1�W ¼ 1:0: The simulated data series are labeled with their corresponding bulk density value.
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(keeping the rest of the parameters fixed), in the
symmetrical case, but additionally, one can obtain
this effect on the SW wall, by increasing any of the
two SW wall parameters: lW, or 1�W We observed that
the internal energy of the confined fluid is sensitive
to changes on the temperature, the bulk density and
l. We also noticed that this thermodynamic property
is less sensitive than the density profiles to changes
on the molecule–wall potential parameters.

A rich variety of adsorption patterns were
obtained with these simple models that can be
useful in the development of new theories for
confined systems.

A similar simulation study near the critical region
and for different pore lengths is in progress.
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