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We study nitrogen adsorption on oxidic surfaces within the framework of density functional
theory. On the basis of a simple free energy functional, with which we calculate nitrogen
density profiles and adsorption isotherms, we argue that some experimental hysteresis effects
can directly be related to metastable phases: the jumps in the adsorption occur at the spinodal
of the metastable branches. For sufficiently large slits or cylinders this occurs at a “universal”
relative pressure of 0.42 in the desorption branch. The agreement of the classical Kelvin theory,
used to describe hysteresis by the effect of curved menisci, with our present approach is shown
to be approximate only.

1 Introduction

Physisorption of a gas onto a porous substrate has been studied experimentally for more than
a century now. An important quantity that is measured is the excess adsorption (per unit
area of the substrate) as a function of the relative pressure prel = p/p0 of the bulk gas in
contact with the substrate, at a fixed temperature T . Here p is the actual bulk gas pressure,
and p0 = p0(T ) is the T -dependent saturation pressure, at which the bulk gas coexists with a
bulk liquid phase of the adsorbate. The measured adsorption isotherms show a rather diverse
behavior, depending on the adsorption strength of the substrate and the interactions between
the gas particles [1]. Several classes of been identified and classified according to the IUPAC
convention [2]. A very common feature, however, is hysteresis, whereby the adsorbed amount
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upon increasing prel from a low to a high value (the adsorption or gaseous branch) is different
from that upon lowering prel from a high to a low value (the desorption or liquid-like branch). In
general both branches of the isotherm are found to show a more or less sharp transition from one
to the other at the end points of the hysteresis loop. These transitions are associated with pore
filling (or capillary condensation) and pore emtying (or capillary evaporation), respectively.
The mechanism underneath the hysteresis effect has been attributed to various origins [3].
One is the presence of a different contact angle of the (supposedly) liquid phase in the pore
in going from adsorption to desorption. Also the possibility of the formation of meta-stable
phases and pore blocking [4] has been considered. The most common explanation for the effect,
however, is the (in)stability of the liquid meniscus at the edge of the pore as described by the
classical Kelvin law that relates the pressure difference across a curved interface to the surface
tension and the (mean) curvature of the interface. A correction to this law can be added, which
accounts for the fact that a pore will have a finite amount of adsorbed molecules with a certain
layer thickness, which makes the actual (effective) pore size somewhat smaller than the physical
pore size. This approach may not be used for small pores, where the diameter becomes of the
order of several adsorbate molecules, and other theories have been proposed to deal with this
situation, such as that in Ref. [5] and density functional theory. In the description of hysteresis
using Kelvin’s law the hysteresis loops are considered to be stable states, corresponding to a
thermodynamic equilibrium of a curved liquid-gas interface. The assumption of metastable
states does, of course, not consider the branches to be in thermodynamic equilibrium, except
at one particular relative pressure.
In this paper we use density functional theory (DFT) [6] to study the adsorption of nitrogen
in a single pore, and compare our results with the (macroscopic) Kelvin equation. The focus is
on the shift of capilary condensation and evaporation with pore size, and on hysteresis. We do
not consider freezing in porous materials, and its relation to the (macroscopic) Gibbs-Thomson
equation (the crystallization analogue of the Kelvin equation). Studies of capillary freezing were
performed recently [7]. Other aspects that we ignore are the effects of a pore size distribution
and of connectivity of pores. These effects were addressed recently within a mean-field density
functional theory of a disordered lattice gas model [8], and by grand canonical Monte Carlo
simulations [9, 10]. Rather we focus on the simpler problem of adsorption of a simple fluid in
a planar or cylindrical pore of infinite extension. The DFT approach precludes the effect of a
liquid meniscus that may be formed at the ends of or inside the pore. Formation of a meniscus
within the fluid was recently treated in Refs.[11, 12], with an emphasis on the behaviour in
small pores where the system behaves almost as a one-dimensional confined phase.
DFT is a powerful theoretical framework with which the thermodynamics and structure of
fluids in external fields (due to e.g. substrate or a porous medium) can be studied, see e.g.
[13, 14, 15, 16, 17, 4, 18]. It is based on the grand-potential functional, which is minimized
by the equilibrium density distribution in a given external potential. In the case of adsorption
in a pore, be it slit-like or cylindrical, DFT predicts that the excess adsorption can jump, in
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thermodynamic equilibrium, to a higher value upon increasing the imposed chemical potential
or the external gas density. It is also possible, however, to consider local, but non-global minima
of the grand-potential functional, which one associates with metastable states. In this article
we not only consider the global, but also other local minima of the functional, and study the
stability limits of the (meta)stable branches of the adsorption and desorption isotherms. Some
aspects of experimental hysteresis effects can be identified with these limits, and indicate, hence,
that the source of the hysteresis loops is the metastability of the states of the adsorbed fluid,
at least in some cases.

2 Theoretical

Simple fluids in confining geometries have often been described within the framework of density
functional theory. This framework is based on the grand potential density functional [6]

ΩV [ρ] = F [ρ] +
∫

drρ(r)(V (r)− µ), (1)

where F [ρ] is the intrinsic free energy functional, ρ(r) the (variational) density of the fluid
at position r, V (r) the external (substrate) potential acting on the fluid, and µ the chemical
potential as imposed by e.g. a reservoir in contact with the confined geometry. The equilibrium
grand potential Ω of the fluid is given, for fixed µ, T , and V (r), by the minimum value of ΩV ,
and the minimizing ρ(r) is the equilibrium density profile [6]. Here T is the temperature; for
later reference we define β = 1/kT with k the Boltzmann constant. In order for the density
functional formalism to be of any practical use an explicit form for F [ρ] is required. This is
achieved here by first assuming particle-particle interactions to be of the Lennard-Jones form,
with well-depth εpp and “diameter” σpp, and then to decompose this potential through the
Weeks-Chandler-Anderson procedure [19] into a hard-sphere contribution (with a temperature
dependent hard-sphere diameter σ) and an attractive long-ranged contribution φa(r) for r > σ.
With this decomposition the intrinsic functional can, within a van der Waals-like mean-field
approximation, be written as

F [ρ] = FHS[ρ] +
1

2

∫
dr

∫
dr′ρ(r)ρ(r′)φa(|r− r′|), (2)

where FHS is the hard-sphere functional. Here we consider the form put forward by Tarazona
[20]

βFHS[ρ] =
∫

drρ(r)
(

ln ρ(r)Λ3 − 1 + ψ(ρ̄(r))
)
, (3)

with Λ the thermal wavelength, ψ(ρ) = (4η − 3η2)/(1 − η)2 the Carnahan-Starling expression
for the hard-sphere excess free energy per particle, at packing fraction η = (π/6)σ3ρ, and with
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the smooth or weighted density

ρ̄(r) =
∫

dr′w(|r− r′|; ρ̄(r))ρ(r′). (4)

Tarazona constructs the weight function w(r; ρ) such that the Percus-Yevick direct correlation
function is obtained from the second functional derivative of the excess (over ideal) part of
FHS[ρ]. This is achieved by expanding w(r; ρ) = w0(r) + ρw1(r) + ρ2w2(r), with suitably
chosen functions wi(r), see Ref.[20, 18]. Note that erroneous forms for wi(r) appeared in
Ref.[20] and its erratum; we used the correct ones given explicitly in the appendix of Ref.[18].
In terms of the auxilary smooth densities ρ̄i(r) =

∫
dr′wi(|r − r′|)ρ(r′), for i = 0, 1, 2, the

weighted density is easily found as the (physical) solution of the quadratic equation ρ̄(r) =
ρ̄0(r)+ ρ̄1(r)ρ̄(r)+ ρ̄2(r)ρ̄(r)2 [20]. From this the minimum condition for ΩV [ρ], δΩV /δρ(r) = 0,
can be written as

βµ = ln ρ(r)Λ3 + ψ(ρ̄(r)) +
∫

dr′ρ(r′)ψ′(ρ̄(r))
w(|r′ − r|; ρ̄(r))

1− ρ̄1(r′)− 2ρ̄2(r′)ρ̄(r′)

+
∫

dr′ρ(r′)βφa(|r′ − r|) + βV (r). (5)

This nonlinear integral equation for the equilibrium density ρ(r) can be solved iteratively on a
spatial grid.
In the present paper we are interested in external potentials in the pores of a porous medium.
This medium, which forms the walls of the pore, is assumed to be inert, homogeneous and of
bulk number density ρw. Assuming a pair potential ϕ(r) between the adsorbed fluid particles
and the particles of the medium, one can write the external potential as

V (r) = ρw

∫

medium
dr′ϕ(|r′ − r|), (6)

where the integration is over that part of the volume that is occupied by the inert medium,
i.e. one assumes a step function for the density of the medium. In our model calculations we
assume that the adsorbing surfaces, i.e. the boundaries between the pore and the medium, are
molecularly smooth and infinitely extended. We restrict attention to two cases: (i) the planar
slit of width H in between two half-spaces z < 0 and z > H of the medium, where z is the
cartesian coordinate parallel to the surface normal of the medium, and (ii) the cylindrical slit
of diameter D, with a radial coordinate R in the range 0 < R < D/2. As a result the pores
have a symmetry such that V (r) = V (z) in the planar geometry, and V (r) = V (R) in the
cylindrical geometry. We now assume that ϕ(r) is of the Lennard-Jones form, with well depth
εpw and “diameter” σpw. For the planar slit one then obtains V (z) = V1(z) + V1(H − z), where
the external potential due to the half space z < 0 follows from Eq.(6) as

V1(z) = 4πεpwρwσ3
pw

(
1

45

σ9
pw

z9
− 1

6

σ3
pw

z3

)
. (7)
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Note that depth of V1(z) is characterised completely by the parameter combinations εpwρwσ3
pw,

where we expect ρwσ3
pw to be of order unity. The external potential in the cylinder geometry is

given, for 0 ≤ R ≤ D/2, by

V (R) = ρw

∫ ∞

−∞
dz′

∫ ∞

D/2
dR′R′

∫ 2π

0
dφ′ϕ(

√
R2 + R′2 − 2RR′ cos φ′ + z′2), (8)

where the z′ integration can readily be done analytically. The remaining double integration
over R′ and φ′ was performed numerically once, for a given D, and stored.
In order to reduce the computational cost of solving Eq.(5), we now assume that the equilibrium
density profile ρ(r) is of the same symmetry as the external potential in the pore, i.e. ρ(r) =
ρ(z) in the planar slit and ρ(r) = ρ(R) in the cylindrical slit. This assumption, in which
possible symmetry-breaking phenomena such as capillary crystallisation are ignored, allows for
a simple one-dimensional spatial grid onto which Eq.(5) can be solved. In order to evaluate the
expressions of the form

∫
dr′k(|r − r′|)ρ(r′), with k(r) = wi(r) or k(r) = φa(r), one must yet

perform the integrations over the remaining coordinates, i.e. over the transversal coordinates x
and y in the planar geometry and over the coordinates z and φ in the cylinder geometry. These
integrals then take the form

∫
dz′K(|z−z′|)ρ(z′) (planar) or

∫
dR′K(R, R′)ρ(R′) (cylinder). The

resulting integrated kernels K need, however, be calculated only once, either numerically or
analytically. Once the equilibrium distributions ρ(z) or ρ(R) have been found, the dimensionless
excess adsorption (per unit area) follows as

Γ =





σ2
∫ H/2

0
dz

(
ρ(z)− ρb

)
(planar slit)

2σ2

D

∫ D/2

0
dRR

(
ρ(R)− ρb

)
(cylinder),

(9)

where H is the wall-wall distance of the planar slit, and D the diameter of the cylindrical slit.
Here ρb is the density of a bulk fluid at the chemical potential µ and temperature T .
We will present our results in terms of the pressure p = p(µ, T ) of a bulk fluid at temperature T
and chemical potential µ. This pressure equals the negative of the equilibrium grand potential
per unit volume of the homogeneous bulk fluid.

3 Results

3.1 Choice of parameters

The adsorbate of interest here is nitrogen, N2, at its standard (1 atmosphere) boiling tem-
perature T = 77K, and the adsorbing medium is an oxidic surface. Our task is now to find
explicit numerical values for the nitrogen parameters εpp and σ (and hence σpp), and for the
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nitrogen-wall parameters εpwρwσ3
pw, and σpw. A relatively simple way to get values for the ni-

trogen parameters would be to fit some properties of the bulk phase diagram to experimentally
known quantities. One could, for instance, match the theoretical bulk critical point parameters
(βεpp, ρσ3)crit = (1.03, 0.249) to the experimental critical temperature Tc = 126.3K and critical
density ρc = 6.6815nm−3 to obtain βεpp = 1.69 and σ = 3.34Å. [Note that the critical value of
βεpp that follows from the WCA procedure differs substantially from the value one would ob-
tain if the hard-core diameter were independent of the temperature.] Similar, but not identical,
numbers are obtained when other combinations of critical constants are taken, e.g. the critical
pressure pc and Tc, or pc and ρc. However, since the temperature of interest is far below Tc (the
experimental numbers give T/Tc = 0.61), we argue that fitting to the critical constants is not
optimal. We decided, as an alternative, to fit the theoretically obtained adsorption isotherm of
a single planar wall, i.e. with V (z) = V1(z), to the classical de Boer T = 77K isotherm for the
adsorption of nitrogen on oxidic surfaces [21]. This experimental isotherm is e.g. tabulated by
Adamson [1]. The fit, which is shown in Fig.1, yields βεpp = 1.72, εpwρwσ3

pw = 7.5εpp, σ = 4.52Å,
and σpw/σ = 0.8. Here the value for σ was obtained by simple scaling, i.e. by connecting the
excess adsorption in units of σ3 and the actual amount, given by de Boer, in cm3. The other
three fit parameters follow from the best fit to the shape of the adsorption isotherm. Clearly
the resulting value for σ deviates considerably from the one obtained from a fit to the critical
constants. The fit to the de Boer data compares, however, favourably with the ratio T/Tc,
which is now predicted to be 0.60 compared to the experimental value 0.61. Also the resulting
prediction for the density ρg of the saturated gas, ρgσ

3 = 0.00993, is in reasonable agreement
with the experimental value, which with the fitted value of σ = 4.52Å gives ρgσ

3 = 0.00866.
The isosteric heat of adsorption that we obtain from these model parameters is in agreement
with experiment: it increases with coverage up to about the first monolayer, then shows a sharp
drop, and it approaches, but never reaches, the value of the heat of condensation for a bulk
liquid [22]. By decreasing the wall-particle interaction strength, we also checked that the model
reproduces the various shapes of physisorption isotherms, e.g. a more gradual increase in the
amount adsorbed with pressure was thus obtained.
All in all the present theory, fitted to the de Boer isotherm, seems to account satisfactorily for
the adsorption of nitrogen on oxidic surfaces. It is less elaborate than other (similar) approaches,
where e.g. the radial distribution function of the hard-sphere fluid is required as input [13], or
where the external potential is more complicated [14, 15, 17]. Of course the fit parameters could
be adjusted to other quantities, and different numbers would be obtained. The present values
are, however, acceptable for our purposes, as they do not influence our results on hysteresis, to
be discussed further on.
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3.2 Pores

Now that we have found the parameters that reasonably reproduce experimental results for
adsorption on a flat surface, it is of interest to extend the calculations to adsorption and
desorption in slits and cylinders. These calculations were done by computing, from Eq.(5),
the density profiles for the adsorption branch with increasing relative pressures, using the
previous (lower pressure) profile as a starting point for the next profile. For the computation
of the desorption branch the starting point for the profile to be found was that of the previous
(higher) pressure profile. Fig.2 shows the resulting isotherms for cylinders of several diameters
D. The data for planar slits look similar. For D ≥ 6 we distinguish a low-Γ (“gaseous”)
and a high-Γ (“liquid-like”) branches, and jumps between them which feature hysteresis: the
jump of the desorption and adsorption curves do not coincide. Hysteresis is also a common
experimental fact in large enough pores. The grand potential of the two profiles at a given
relative pressure differ in general, and the profile with the lowest grand potential corresponds
to the stable thermodynamic state, the other one is metastable. The equilibrium jump in the
adsorption takes place at that relative pressure where the grand potential of the two branches
are equal. This is illustrated in Fig.3, where the excess adsorption and the grand potential Ω are
shown as a function of the relative pressure, for D = 24σ. Fig.3 shows that the thermodynamic
equilibrium jump, i.e. the equilibrium capillary condensation, takes place at p/p0 ' 0.60,
which is in between the two endpoints of the hysteresis loop at p/p0 ' 0.38 and 0.66. The
computed endpoints of the hysteresis loop turn out to be caused by an intrinsic (spinodal)
instability in the system, and not by the specific computational procedure we used. This
is illustrated in Figs.4 and 5, where we zoom into those parts of the adsorption isotherm of
D = 6σ where the hysteresis jumps of the adsorption (Fig.4) and desorption (Fig.5) branch take
place. The diverging slope of both curves indicates that dΓ/dµ diverges, i.e. that a (surface)
spinodal point is approached. The same effect was found for all cylindrical and planar slits that
we investigated numerically. A similar conclusion was obtained from canonical Monte Carlo
simulations in Ref.[23]. Comparing those results with experiments the authors of Ref.[23] found
that for sufficiently large pores (larger than 14σ) capillary condensation occurs at the surface
spinodal of the adsorption branch, whereas the capillary evaporation upon desorption occured
at the point of the equilibrium transition. We remark here, however, that experiments on
different systems [24, 25, 26] indicate that the jump in the desorption branch for pores larger
than about 30σ takes place at a fixed, universal relative pressure of about 0.42. This effect will
be discussed further on.
The data of Fig.2, as well as its planar slit analogue, show that the hysteresis loop decreases
with decreasing pore size in two senses. On the one hand the endpoints of the hysteresis
loop (the values of p/p0) approach each other, and on the other the jump of Γ decreases.
Closer inspection shows that the equilibrium adsorption jump, called ∆Γ from now on, has an
interesting structure for small planar slits. This is illustrated in Fig.6, where ∆Γ is shown as a
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function of the slit width H. For large slit widths the curve is smooth and does not feature any
discontinuities (or they are so small that we cannot discern them), and extrapolation of the
large-H part of the curve to the small-H regime seems to yield a well-defined critical separation
Hc where ∆Γ = 0. This value for Hc would corresponds to the capillary critical point at the
current temperature, which separates the high-H regime of a first-order capillary condensation
and the low-H regime of continuous filling of the slit. However, the numerical data for ∆Γ at
H < 4.5σ shows levels of constant ∆Γ separated by discontinuities. The same was found for
cylindrical pores. We traced these levels back to packing effects, which cause the maximum
amount adsorbed in a slit (or cylinder) to be a discontinuous function of its size, as noted
by many authors [13]. On the basis of universality of critical phenomena, we do not expect,
however, that ∆Γ exhibits a jump from a finite value to zero, but instead approaches zero
continuously with a universal exponent [27]. This behaviour should take place in a very narrow
slit width interval 4 < H/σ < 4.1, that we did not investigate in more detail since the values of
∆Γ become extremely small. For all practical purposes one can state that the hysteresis effect
disappears completely for planar slits for which H < 4σ. For cylinders it is found to disappear
if D < 4σ.
The disappearance of hysteresis for small enough pores is also found experimentally, e.g. in
MCM materials [28, 29, 30, 31]. This is a class of highly uniform mesoporous (alumino)silicates,
consisting only of cylindrical pores of fixed diameter, without any appreciable external surface
area. An example of our experimental adsorption and desorption curves of such a material is
shown in Fig.7. It shows virtually perfect overlap, i.e. no hysteresis, in agreement with the
theory.

3.3 The origin of hysteresis

We have seen that the theory predicts that adsorption-desorption hysteresis can occur in suf-
ficiently large pores (both cylindrical and planar), and that this hysteresis effect disappears,
for all practical purposes, when the diameter is less than about 4σ. Commonly these observed
hysteresis loops are attributed to the effect of curvature of the liquid meniscus as described
by the (modified) Kelvin equation, which expresses the relative pressure prel = p/p0 at which
pore condensation and pore evaporation take place in the adsorption and desorption process,
respectively. Here we compare our density functional calculations with those based on the
Kelvin equation.
The Kelvin equation relates the pressure difference accross an interface to the curvature and
surface tension of that interface. For the adsorption branch of cylinders, the Kelvin equation
is often written as [3, 32]

ln prel = − 2γ

kTρl

1

D/2− t
, (10)
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and for the desorption branch as

ln prel = − 2γ

kTρl

2

D/2− t
. (11)

The factor of two in the difference between the Kelvin equation for the adsorption and des-
orption branch is caused by the presence of a spherical hemisphere of liquid at the edge of the
cylinder in the latter case. In the Eqs.(10) and (11) γ is the bulk gas-liquid surface tension (at
the temperature under consideration), ρl is the coexisting bulk liquid density (which is assumed
to be much higher than the saturated gas density), and t is the mean thickness of the liquid
layer adsorbed onto the wall of the cylindrical pore. This layer reduces the effective radius
of the cylinder from its bare value, D/2, to D/2 − t. The mean thickness is calculated from
an (empirical) relation for the adsorption isotherm on a flat surface, which is in fact nothing
but a parametrisation of the data in Fig.1 for the prevailing relative pressure. The resulting
thickness, tflat, of the adsorbed layer on the flat surface is then converted to the value t in the
cylindrical pore by the relation

t =
D

2


1−

√
1− 4tflat

D


 . (12)

This conversion is based on the fact that the adsorbed amount in a cylinder and on a flat surface
are equal at the same relative pressure. [Note that t → tflat when D →∞, as expected.] This
conversion is usually not implemented [32], however, the error is small, as will be shown later.
Note that the Kelvin approach predicts that hysteresis will take place in the adsorption-
desorption branch regardless of the cylinder diameter, whereas it predicts no capillary con-
densation in filling a slit like pore. The Kelvin approach can be criticised on many grounds.
For instance, the adsorbed layer is not a bulk liquid, so the value of the surface tension to be
used should not be that of the bulk liquid. Also the use of a macroscopic equation to describe
a meniscus on a molecular scale may be incorrect. Moreover, the equations (10) and (11) are
based on the assumption that the film of adsorbed molecules is homogeneous, whereas intuition,
DFT, and even the classical BET theory [33] predict that successively adsorbed layers show a
decreasing density in going away from the surface. So the concept of a well-defined adsorbed
layer thickness is at best nebulous. Finally, we mention that the underlying mechanism of hys-
teresis as predicted by the Kelvin equations (10) and (11) is governed by the (lack of) stability
of the liquid meniscus at the edge of the cylindrical pore or the planar slit. Given that the
pore and the slit are assumed to be infintely extended, this implies that fluctuations inside the
cavity are assumed to be irrelevant for the state of the fluid in the cavity —as long as the edge
is stable. This seems quite unlikely.
It can, however, also be argued that application of the modified Kelvin equation gives in many
cases quite reasonable values for the measured pore diameters. This observation may in fact
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be just coincidental. From our DFT data such as those given in Fig.2 we can easily extract
those values of the relative pressure where, for a given cylinder diameter or slit width, the jump
takes place in adsorption and desorption branch. The resulting relation between the relative
pressure (at which the adsorption jump occurs) and the cylinder diameter is shown in Fig.8,
together with the results based on the Kelvin equations (10) and (11). For the latter we used
the experimental surface tension. The rather small effect of using tflat instead of t in the Kelvin
equations is shown by the dashed curves. For the case of adsorption the difference between DFT
and Kelvin is within a factor of three for large D. For narrow pores with D < 5σ ' 20Å the
discrepancy is larger. For desorption branch the agreement between DFT and Klevin appears
to be even worse. The comparison between DFT and Kelvin for the case of the planar slit is
shown in Fig.9, of course only for the desorption branch. The agreement is as poor as for the
desorption curves in cylinders shown in Fig.8, but could be improved by adjusting the the value
of σ.
An interesting aspect of our DFT data is, however, that large cylinders and slits, with say
D,H > 30σ, exhibit the jump in the desorption branch independent of the pore size, i.e. they
empty at a relative pressure p/p0 ' 0.42. This phenomenon, which has often been observed
experimentally for the desorption branch [24, 25, 26], is in gross disagreement with the Kelvin
equation (11). If one, nevertheless, analyses the pore size distribution of a porous medium
on basis of the desorption branch combined with Eq.(11) —as is often done in e.g. software
that comes with commercial equipment— one finds a peak at that value of D where the right
hand side of Eq.(11) matches ln(0.42). Of course this peak is an artifact of such an analysis,
and various explanations of its origin have been given. It has been argued, for instance, that
the capillary stress exceeds the tensile stress of the condenstate [3, 34], or that micropore
filling coincides with the locus of capillary evaporation-capillary condensation coexistence in
equilibrium [25]. Our results strongly suggest, however, that this effect is caused by the presence
of a bulk spinodal point —which is of course independent of the pore parameters. This is
illustrated in Fig.10, where we show the density profiles of the desorption branch of the planar
slit, with H = 50σ, at several pressures. At the highest pressure, p/p0 = 1, the density strongly
oscillates up to the middle of the slit. This persistent oscillation could well an artifact of the
employed density functional at our parameter choice. However, at lower relative pressures, say
p/p0 ≤ 0.6, the profile is essentially flat in the middle of the slit as one might anticipate for a
dense homogeneous fluid. This constant density in the middle of the slit is lower than that of
the bulk liquid phase at coexistence, and it decreases when the pressure is decreased further.
At a certain relative pressure (for our parameter set at prel = 0.42) the liquid bulk spinodal
point at the temperature of interest is reached. The corresponding spinodal bulk density ρspin

is given, within the present Van der Waals-Carnahan-Starling theory to which our functional
reduces for a bulk fluid, by ρspinσ

3 = 0.56. This corresponds precisely to the central density
in the slit at prel = 0.42, as shown by the blow-up in the lower-right corner of Fig.10. At
lower values of prel the homogeneous liquid in the middle of the slit is unstable with respect to
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infinitesimal density fluctuations, and collapses: the pore empties. This effect is independent
of the exact slit size (or cylinder radius) provided that the pore is large enough to develop a
constant density in its central region.
We consider the agreement between the DFT calculations and the experimental observation
of pore-emptying at prel ' 0.42 in large pores [24, 25, 26] as evidence for the fact that the
experimentally observed hysteresis is caused by the spinodal rather than by pore-edge effects
underlying the Kelvin approach. The difference with the experiments discussed in Ref.[23],
where the desorption branch empties at the equilibrium transition, could be due to the effects
of fluctuations, which may cause cavitation prior to to mean-field spinodal. This issue deserves
further investigation.

4 Summary and conclusions

We have performed density functional calculations of physisorption of nitrogen on oxidic sur-
faces. We found reasonably good agreement with some experimenal observations, despite the
fact that our functional treats the dispersion forces on the Van der Waals-like mean-field level.
The theory is able to reproduce adsorption isotherms on flat surfaces using a very limited num-
ber of parameters, and it predicts hysteresis effects in pores that are not caused by the effect of
curved menisci, but rather by the (spinodal) instability of the adsorbed phases. The occurrence
of a lower relative pressure limit in desorption experiments of about 0.42 is predicted correctly.
This feature is completely missed by the standard Kelvin approach to estimate the limits of
hysteresis. Also the estimate of the pore-size from the hysteresis loop on the basis of the Kelvin
equation can differ by factors larger than three from the DFT values, especially if the pores are
small. In addition, unlike the Kelvin approach the present theory predicts the (experimentally
observed) disappearance of the hysteresis effects for small enough pores. For these reasons the
present theory, and the present choice of parameters, could be useful to analyse adsorption
phenomena of nitrogen on oxidic surfaces.
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Fig.1 Adsorption isotherm of nitrogen on a single planar oxidic wall at T = 77K as
measured by the De Boer and calculated by the present theory (see text).

Fig.2 Adsorption and desorption isotherms of nitrogen in oxidic cylindrical pores with
diameters D indicated in units of the nitrogen hard-sphere radius σ = 4.52Å.

Fig.3 Adsorption and desorption isotherm in cylindrical pore of diameter D = 24σ (upper
graph), and the corresponding grand potential (lower graph). The vertical dashed
lines denote the end-points of the hysterisis loop, and the vertical dot-dashed line
the equilibrium transition point.

Fig.4 Blow-up of the adsorption branch of a cylindrical pore of diameter D = 6σ. The
diverging slope of the curve indicates that a surface spinodal point is approached.

Fig.5 As Fig.4, but now the desorption branch.

Fig.6 The equilibrium adsorption jump ∆Γ as a function of the width H of the planar slit.
In the regime 4 < H/σ < 4.5 packing effects cause nonmonotonic and discontinuous
behaviour.

Fig.7 Experimental adsorption and desorption isotherms (in units of cm3 STP/g) of ni-
trogen in MCM (see text), showing no hysteresis.

Fig.8 The onset of the jumps in the adsorption and desorption branch for cylinders of
various diameters (expressed in units of the nitrogen hard-core diameter σ) as a
function of the relative gas pressure. Both the present DFT results (where the jumps
coincide with the adsorption spinodal) and those of the modified Kelvin equations
(10) and (11) are given. The dashed line represents the result with t = tflat (see
text).

Fig.9 As Fig.8, but now for planar slits of various widths, and only the desorption branch.

Fig.10 Density profiles for the adsorption in a slit of width H = 50σ at various relative
pressure. All plots are on the same scale, except for the bottom right which is an
enlargement of the one above. Note the loss of structure in the central region of the
slit with decreasing pressure, which leads to the formation of a homogeneous bulk
phase that is stabilised by the presence of adsorbed layers near the walls, until its
spinodal point is reached at prel = 0.42.
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