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In this work the effects of the wall-fluid interaction on the critical point shift are studied by using a discrete
and attractive wall-fluid interaction and density functional theory. In contrast to the previous assumption, it is
found that the dependence of critical temperature shift on the wall-fluid interaction does not simply show a
monotonic manner, but increases with the strength of the interaction for weak surfaces, then decreases for
strong surfaces. The similar trend holds for the systems with different fluid-fluid interactions and different
confined spaces. Unlike the capillary critical temperature, the critical density of square-well fluids in a confined
space increases monotonically as the wall-fluid interaction becomes more attractive.
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The capillary critical temperature of a confined fluid is
found to be lower than that of the bulk by experiments,
theory, and computer simulations �1–15�. The interesting
surface-driven critical point shift is induced, on the one hand,
by the finite size effect, and on the other hand, by the intro-
duction of the wall force. The dependences of critical tem-
perature shift on the pore size were well studied �2–5,8,11�,
whereas systematic investigations of the effects of the wall-
fluid interaction, to our knowledge, are quite rare. It is partly
attributed to the fact that for a continuous wall-fluid potential
model, the finite size and wall force effects could not be
separated from each other. The dependence of the critical
temperature shift of fluids in a confined space on the wall-
fluid interaction is generally believed to be monotonic �3�,
based on the scaling theory prediction and mean field theory.
Vishnyakov et al. �11� also compared two different wall-fluid
interactions and found that the critical temperatures in nar-
row pores for the stronger adsorption field will be lower than
the weaker one. Brovchenko et al. �12� studied phase behav-
iors of water molecules in slit and cylindrical pores and
found that the critical temperature in the pores with weak
and moderate strength of wall-water interaction decrease
with the increase of the strength of wall-water interaction.

The aim of this study is to check the previous assumption
by Fisher and Nakanishi �3� and to find out the dependence
of the critical temperature shift of confined fluids on the
wall-fluid interaction. Similar to our previous work �16�, a
discrete wall-fluid potential model and density functional
theory �DFT� were used in this work. The artificial and
square well-like wall-fluid potential combines two attractive
square-well potentials, of which the deeper potential
�namely, deep well� near the surface of the cylindrical pore
approximates the potential minimum of a realistic potential
function, and the shallower describes its long tail. The main
advantage of this model is that it provides a way to com-
pletely separate the finite size effects and the influence of
wall-fluid interaction. The discrete wall-fluid potential
��tail ,�tail+�dw,�tail ,�dw� is described by four parameters, as

described in our previous work �16�, in which �dw and �tail
denote the depths of the deep well potential and the tail
potential, while �dw and �tail represent their widths, respec-
tively �see Fig. 1�a��. Here, �dw is set to 0.5, and �tail is set to
0 for simplicity. Hence, a wall-fluid potential in this work
can be given by �R−0.5,R ,0 ,�dw�, where R=�dw+�tail is the
pore radius. The discrete wall-fluid potential in fact turns out
to be a square-well �SW� potential. In this work, the fluid-
fluid interaction is also modeled by a SW potential �see Fig.
1�b��, and its interaction range and strength are defined by �
and �, respectively. DFT is used in this work to investigate
the coexistence region and critical point shift of pure SW
fluids in confined spaces. The choice of the DFT was dictated
by reasons of computational efficiency. Similar results could,
in principle, be obtained through computer simulations.
However, the computational cost is not affordable for the
study of wall-fluid interaction dependence of critical point
shift. The DFT applied here is the version proposed by Tara-
zona �17,18�. The details for the DFT calculation can be
referred to in our previous paper �16�. Appropriate reduced
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FIG. 1. A schematic diagram of the wall-fluid interaction
and the fluid-fluid interaction. �a� For the wall-fluid interaction, �dw

denotes the depths of the deep-well potential, and �dw and �tail

represent the widths of the deep-well potential and the tail potential,
respectively. �b� For the fluid-fluid interaction, � is the particle
diameter, while � and � are the interaction range and strength
parameters, respectively.
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quantities �temperature T* and density �*� can be defined by
scaling with respect to the energy parameter � and the par-
ticle diameter �, e.g., T*=kBT /� and �*=��3, where kB is the
Boltzmann constant. In the remainder of this paper, we omit
asterisks from reduced quantities for simplicity.

Before studying the critical point shift of confined SW
fluid, the bulk coexistence curves were calculated by DFT
for comparison. As an approximation, we computed the bulk
coexistence curve using DFT method for confined system,
while the radius of a cylindrical pore is set to 16� and �dw
=0. Although 16� is chosen here somewhat artificially, it is
large enough to neglect the effects of porous walls. It is
noted that when the temperature is approaching the capillary
critical temperature of the fluid in a pore, the distance be-

tween the liquidlike and gaslike branches of the phase enve-
lope increasingly decreases, which makes it more difficult to
locate the capillary condensation. For this reason, in these
runs the ranges of chemical potentials explored in DFT cal-
culations were carefully tuned until the transitions were in-
cluded and the equilibrium states were determined by the
grand potential in enough precision �16�.

We gradually decreased the parameter �dw from a hard
wall �a purely repulsive wall with �dw=0� to a much more
attractive wall for the effects of the wall-fluid interaction.
Our results for the temperature-density coexistence curves
for the SW fluids of �=1.5 in cylindrical pores with different
wall-fluid interactions are given in Fig. 2, together with the
bulk coexistence curve for comparison. Generally, when the
wall-fluid interactions become more attractive, the coexist-
ence densities for both the liquidlike and vaporlike branches
move to the higher values. It is interesting to find in Fig. 2
that for the systems with weak wall-fluid interactions, the
liquidlike branches of the coexistence curves move faster
than the gaslike branches, thus widening the phase enve-
lopes, as the strength of the attractive wall-fluid interaction
increases. In contrast, for strongly attractive wall-fluid inter-
actions, the vaporlike branches of the coexistence curves
move faster, and the phase envelopes hence become narrow
with the increase of the strength of the wall-fluid interaction.
Consequently, the confined system with the widest coexist-
ence curve is neither the case with the weakest wall-fluid
interaction, �dw=0, nor the case with the strongest wall-fluid
attractive interaction, �dw=−3, but the case of �dw=−1 in-
stead �see Fig. 2�. Consideration of the variation of the shape
and width of the critical region with the wall-fluid interaction
would lead us to check the assumption of the wall-fluid in-
teraction dependence of critical temperature shift �3�. Here,
we determined the critical point properties of the SW fluids
in confined spaces through our DFT data by following the
procedure of Vega et al. �19�, using a nonlinear regression

FIG. 2. �Color online� Phase diagram of the confined square-
well fluid with �=1.5 at different wall-fluid interactions, �dw=0,
−1,−2,−2.5,−3. Solid lines represent a nonlinear regression fitting
to the data by using Eq. �1�. The left and right branches of the
envelopes represent the densities of the gaslike phase and the liq-
uidlike phase in pores at equilibrium, respectively.

FIG. 3. The effect of wall-fluid
interaction on capillary critical
temperature of the square-well
fluids with different � values,
�=1.25, 1.5, 1.75, and 2.0, in a
pore of radius 4�.
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procedure to fit the coexistence densities to the expression

�± = �c + A�Tc − T� ± 0.5B�Tc − T��, �1�

where � is for liquid phase and � is for vapor phase. The
equation is also used to get the capillary critical point of
confined fluid in literature �11,14,15,19,20�. The critical ex-
ponent � is set to 0.5 in this work, and the amplitudes A and
B are treated as adjustable parameters in order to achieve the
best fit of the calculated data.

Figure 3 shows the effects of the wall-fluid interaction on
the capillary critical temperature, in which four SW fluids
with �=1.25, 1.5, 1.75, and 2.0 are considered. It is strik-
ingly found that the critical temperature does not increase
with the wall-fluid interaction simply in a monotonic way. In
contrast, it increases first with the strength of the interaction
for weak surfaces, then decreases for strong surfaces. For
instance, the capillary critical temperature of the fluid of �

=1.5 increases from 1.17 to 1.2 as the wall-fluid interaction
decreases from the hard wall, i.e., �dw=0 to −1, then de-
creases when the attractive interaction decreases further.
Moreover, the location of the maximum critical temperature
depends on the interaction range of the SW fluid �, as is
shown in Fig. 3. The increase of the interaction range of SW
will lead to more pronounced changes of the location of the
maxima from the hard wall. For example, the maximum of
the capillary critical temperature for SW fluid �=1.25 is lo-
cated at �dw=−0.5, while its location moves to −1 for
�=1.5, −2 for �=1.75, and −4 for �=2.0, respectively.

The critical density of a confined fluid also depends on the
wall-fluid and fluid-fluid interactions, which are shown in
Fig. 4. Unlike the capillary critical temperature, the critical
density of an SW fluid in a confined space increases mono-
tonically as the wall-fluid interaction becomes more attrac-
tive, which is consistent with the coexistence densities we
mentioned above �see Fig. 2�. Just like the behavior of bulk
Lennard-Jones and SW fluids �17�, the critical densities for
different SW fluids in the pores with zero wall-fluid interac-
tion are nearly the same within the range of uncertainty, re-
gardless of the range of the attractive interaction, �. But, the
critical densities would depend on � if the wall-fluid interac-
tion is not zero. Within the range of the wall-fluid interaction
we studied, the fluid-fluid interaction of the shorter range
would result in a higher critical density, as is shown in Fig. 4.

Now, we turn to the reason for the nonmonotonic behav-
ior of the coexistence curve, and hence the nonmonotonic
behavior of the critical temperature shift, as a function of the
wall-fluid interaction. Two density profiles, corresponding to
the states before and after the capillary condensation from
the adsorption branch, respectively, are shown in Fig. 5�a�, in
which the SW fluid of �=1.5 is confined in a cylindrical pore
of 4� with a wall-fluid interaction �dw=0. As a comparison,
the local structures for �dw=−1 and −3 are also shown in
Figs. 5�b� and 5�c�, respectively. Examination of the density
profiles of Figs. 5�a�–5�c� reveals that there are three quali-
tatively distinct adsorption behaviors as the wall-fluid inter-

FIG. 4. �Color online� The critical density changing with the
wall-fluid interaction for square-well fluids with different � values
in a pore of radius 4�.

FIG. 5. �Color online� Two density profiles
for the SW fluid of �=1.5 at temperature
T /Tcc�0.96, corresponding to the states before
and after the capillary condensation from the ad-
sorption branch, respectively, for the different
wall-fluid potential. �a� �dw=0 and the two curves
correspond to two chemical potentials of
�=−3.42 and −3.33, respectively. �b� �dw=−1
and the two curves correspond to the two chemi-
cal potentials of �=−3.475 and −3.472, respec-
tively. �c� �dw=−3 and the two curves correspond
to the two chemical potentials of �=−3.91 and
−3.83, respectively. The insets show the
corresponding adsorption isotherms.
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action varies. For the system with the weakest wall-fluid in-
teraction, i.e., the purely repulsive interaction of a hard wall,
the density profiles in Fig. 5�a� show a strong density deple-
tion near the wall, which appears as a gradual density decay
due to the presence of the wall. This agrees with the deple-
tion of the liquid water density near hydrophobic surfaces
detected by computer simulation �13�. In the case of
the moderately stronger wall-fluid interaction, for example,
�dw=−1 shown in Fig. 5�b�, the profiles show a fully
developed adsorbed layer near the wall in the liquidlike
phase because of the attractive wall-fluid interaction, while
the adsorption is weak enough so that the layer can be
largely removed in the gaslike phase. This is why the con-
fined fluids with moderate wall-fluid interactions are of the
widest binodal curves, and thus why the capillary critical
temperature presents a maximum in this range of the wall-
fluid interaction �see Fig. 3�. As the strength of the wall-fluid
interaction increases further, the adsorbed layer shows a pro-
nounced peak and the molecules in the layer are nearly fixed
in the critical region, as is the case for �dw=−3 in Fig. 5�c�,
which is equivalent to reducing the effective pore radius
from 4 to 3.5 or less, as is argued by Fisher and Nakanishi
�2,3�. This is why the capillary critical temperature decreases
as the wall-fluid interaction becomes more attractive.

We also studied the dependence of critical temperature on
pore size for the SW fluid of �=1.5. For large pore sizes
�data are not shown�, such as R=6� and 8�, the trend of
critical temperatures behaves similarly compared with that of

pore 4�, i.e., the Tcc increases with the strength of the wall-
fluid interaction for the weak surfaces, then decreases for the
strong attractive surfaces. It is also found that the decrease of
pore size enhances the critical temperature shift, being
consistent with the literature �3–5�.

In summary, in this work we investigated the influence of
the wall-fluid interaction on the critical point shift by DFT
calculations. In contrast to the previous assumption, it is
strikingly found that the dependence of the critical tempera-
ture shift on the wall-fluid interaction does not take a mono-
tonic manner, but increases with the strength of the interac-
tion for weak surfaces, then decreases for strong surfaces.
The similar trend is found for the systems with different
fluid-fluid interactions and for the systems with different
confined spaces. In addition, it is found that not only
the capillary critical temperature but also the critical density
of confined fluids depends on the strength of the wall-fluid
interaction. Unlike the capillary critical temperature, the
critical density of SW fluids in a confined space increases
monotonically, as the wall-fluid interaction becomes more
attractive.
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