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CAPILLARY CONDENSATION: A MOLECULAR
SIMULATION STUDY
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(Received July, 1988)

The capillary condensation of a Lennard-Jones fluid confined to an adsorbing slit-like pore is studied using
the grand canonical Monte Carlo method of molecular simulation for several values of the slit width, H.
For each slit, we calculate the adsorbate density within the slit as a function of the chemical potential, or
pressure, P, of the fluid - that is, the adsorption isotherm. Capillary condensation is the jump in density
from a low, vapour-like value to a high, liquid-like value at some undersaturation P/P° < 1 (where # is
the saturation pressure). For large A, the transition is associated with metastable states and the system
grand potential must be calculated to identify the point at which the two states are in equilibrium. As H
is made smaller, the point of transition shifts to lower undersaturations while the metastable region shrinks
and disappears at a critical width H.. For H < H, the isothcrms are continuous and exhibit stcep (but
not infinitely steep) risers connecting branches of low and high density. The length of the low density branch
(i.e. the pressure at which the pore is completely filled) goes to - essentially — zero when the pore can
accommodate just two adsorbed layers.

Consideration of the structure of the adsorbed phasc reveals that the density jump at capillary
condensation is localised to the central part of the pore space. The density of the layers that build up at
the walls is insensitive to whether the overall density is vapour or liquid-like. The breakdown of the
predictions of the Kelvin equation for the capillary condensation pressure is illustrated with reference to
the simulation results.

KEY WORDS: Capillary condensation, grand canonical Monte Carlo, slit pores, Kelvin equation

1. INTRODUCTION

A bulk fluid at a temperature which is below that of its vapour-liquid critical point
will undergo a phase transition from vapour to liquid as its chemical potential or
pressure is raised past the saturation value at that temperature. A fluid which is
confined (to, for example, the pores of a solid) by adsorbing walls will, in general,
condense before this point is rcached. This phenomenon, called capillary condensa-
tion, is usually invoked in the explanation of experimental adsorption isotherms
which display the amount of fluid adsorbed by a porous solid as a function of fluid
pressurc P (or, more conventionally, the undersaturation P/P°, which is the ratio of
P to the saturation pressure at the temperature in question) [1]. Whilst these isotherms
are sometimes reversible, so that the same path is followed on adsorption and
desorption, they often exhibit hysteresis loops with adsorption occuring at higher
pressures than desorption.

An example of a sorption isotherm which features hysteresis is displayed in Figure
1. As the pressure of the adsorbing vapour is raised from zero, there is a gradual
increase in the amount adsorbed until at some undersaturation (around region A on
the figure) a sharp rise occurs. This is associated with the (capillary) condensation of
the vapour in the pores. All pores are filled with liquid at point B, and the remainder
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Figure 1 A schematic experimental adsorption isotherm for a typical mesoporous solid. Note the hys-
teresis loop ABCD, which is associated with capillary condensation. Isotherms of this type are ofien
referred to [1] as type TV

Amount adsorbed

of the isotherm s flat. Upon reduction of the pressure from its saturation value. the
liquid phase in the pores can persist to a lower pressure than that at which the
transition to liquid occurred on the adsorption branch; a sharp drop in the amount
adsorbed is observed around region C, where capillary evaporation of the liquid takes
place. All pores are filled with vapour at point D, and the remainder of the desorption
branch closely follows the adsorption part of the curve. The adsorption - desorption
hyvsteresis loop ABCD is a signature of capillary condensation. By contrast, Figure 2
shows an isotherm which does not display hysteresis; the amount adsorbed rises
sharply at low pressures and flattens out to a constant value.

The form of the sorption isotherm has been of practical significance for a long time
because of the possibility of using it to infer details about the structure of the
adsorbent. Unfortunately, the extraction of this information is usually very difficult,
chiefly because of a poor understanding of the mechanisms invelved in the phase
changes which can occur inside a pore. Traditionally, a distinction has invariably been
made between adsorption processes in mesopores and in micropores [1]. The former
(defined. somewhat arbitrarily. as having sizes between 20 and 200 A) are believed to
cxhibit capillary condensation during adsorption, while the latter (smaller than 20 A)
are said to fill reversibly as the fluid pressure is increased. a process known as
micropore filling. Thus, Figure | would be characteristic of a sorbent which is
primarily composed of mesopores, while Figure 2 is typical of a microporous adsor-
bent. This dichotomy between adsorption mechanisms causes inconsistencies in the
analysis of isotherms obtained from adsorbents containing both types of pore and it
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Figure 2 Schematic experimental adsorption isotherm for 4 predominantly microporous solid. This type
of isotherm is often referred to as type I [1].

appears that more information is needed about what happens to capillary condensa-
tion as the pore size becomes small. In this paper we use molecular simulation to
address this problem, studying the phase equilibria and structure of the adsorbed
phase inside a model pore with especial reference to its dependence on pore size. A
few results from the preliminary stages of this work have already appeared elsewhere
{2].

Several workers have made previous theoretical studies of pore-fluid systems.
Particular emphasis has been placed on confinement within a single, isolated idealised
pore such as a slit (two flat parallel walls of infinite area) or a cylinder (an infinitely
long cylindrical hole in a structureless solid). Such studies (of which the present paper
is one) choose to ignore the effects of surface non-uniformity, size variations and
connectivity which are present in the pores of a real adsorbent. Some of this previous
work has been done using molecular simulation [3-11,22], but most of it has involved
a simplified molecular model for the fluid {11-22]. Thus, Lane and Spurling [3], van
Megen and Snook (4], and Hawley er al. [5] have all observed capillary condensation
in their grand canonical simulations of a Lennard-Jones fluid in slits. Similar results
have been recently obtained for cylinders by Peterson et al. [6--8,11], Heffelfinger er
al. [9] and Panagiotopoulos [10].

More extensive results have come from simplified model approaches such as density
functional theory [11,16-22] or an equivalent mean-field theory [12-15] which have
revealed an intriguing richness of phase behaviour resulting from the interplay
beiween capillary and wetting effects in these systems. In particular, it has been shown
[18,19] that the shape of the adsorption isotherm is qualitatively dependent on
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whether or not the temperature (7)) is in excess of Ty. the so-called wetting tem-
perature, at which a transition from partial to complete wetting of a single wall by the
luid occurs [24]. For T = Ty, (complete wetting). the angle of contact between the
liquid inside the pore and the pore wall is zero and wetting films develop on the walls
as saturation is approached, which makes the vapour branch of the isotherm much
steeper than when the fluid partially wets the pore walls (7 < Ty). This in turn has
implications [18.19] for thermodynamic treatments of these systems involving (for
example) the Kelvin equation [1,17] which gives the pressure at which capillary
condensation occurs in terms of the pore size and the properties of the infinite orv
semi-infinite fluid. The appearance of wetting films above T, decreases the effective
pore size (in a manner which depends on the form of the solid-fluid potential [17])
which canses the trunsition pressure to be much smailer than the Kelvin prediction.
even for rather large pores. IT the thermodynamic equations are self-consistently
modified [17] to allow for the wetting films the discrepancy is reduced. For T < Ty,.
the Kelvin equation remains accurate down to smaller pore sizes [18.19].

In density functional theory, the cffect of the repulsive part of the intermolecular
potential is usually modelled using a local approximauon which neglects short-ranged
correlations. Thus. the theory does not correctly predict the oscillatory fluid structure
induced by packing against an impenetrable wall, an omission which may be expected
to have rather serious consequences when the pore size becomes small. The present
authors |22} have checked the performance of the theory against simulation for a
supercritical fluid in a series of slits and have shown that it underestimates the overall
density of the adscrbed phase, especially for slit widths H which are smaller than
about five molecular diameters. Tarazona et /. [23] have compared results obtained
from the theory with those given by a more sophisticated version [25] which uses a
non-local approximation for the repulsive forces. They discovered that the inclusion
ot short-ranged correlations decreascs the wetting temperature and shifts the capillary
coexistence curve to smaller H. Moreover, the local theory becomes unrealistic in the
limit of very small slits since it does not predict two-dimensional (2D) phase equili-
bria. The coexistence curve of the non-local theory, by contrast, shows a crossover to
2D liquid-vapour coexistence for sufficiently small H at temperatures 7 < T, the
2D critical temperature. For T > T, (and for all T in the local theory) the coexis-
tence isotherm ends in a capillary critical point (H.. P-) [14-16,18,19] with no
capillary condensation for H < H.(T)or P < P~(T). More recently, Peterson e7 al.
[11] have compared the predictions of both types of density functional theory to those
of simulation for fluid in the cylindrical pore.

Our paper is arranged as follows. In the following section we discuss our models
for the fluid and the pore and determine (§2.2) the location of our simulation with
respect to (a) T and (b) Ty, for the system studied here. Section 3 contains a
description of the simulation method and the way in which the metastable states
encountered m some of the runs in the larger slits may be identified through the
calculation of the grand potential Q. We describe two expressions for Q, and compare
results obtained using both of them in one of the simulation runs. The full sct of
simulated results are presented in Section 4 for the adsorption isotherms (§4.1) and
density profiles (§4.2) and are summarised in Section 5.1, paying particular attention
to the way in which the phase behaviour of the fluid is altered as it becomes increasing-
ly confined. In §5.2. the metastable states are discussed and their possible relationship
with hysteresis effects in experimental adsorption isotherms is explored. The break-
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down of the thermodynamic description of capillary condensation is illustrated in
§5.3. We conclude (§6) with some final remarks.

2. THE PORE-FLUID MODEL

In this section, we describe our model for the pore, our representation of the fluid
within the pore and the way in which it interacts with the solid material comprising
the walls of the pore. The position of the temperature of the simulation with respect
to 7& and Ty, is estimated, and the implications this has for the sorption behaviour
of our system are outlined.

2.1 Interaction potentials

We study the fluid whose interactions are those of the cutoff and shifted Lennard-
Jones (LJ) potential,

u(r) = uy(r) — uy(re), rsore
= 0, r>re (1)
where
uy(r) = Aeg [(og/n)"? — (o4/r)°),
re = 250y, 2)

and, as usual, appropriate combinations of the parameters o5 and g; are used to
reduce the properties of the system into a dimensionless format, e.g. H* = H/oy,
p* = poh, u* = ujes and T* = kyT/eg, where ky is Boltzmann’s constant. The
bulk thermodynamic properties of this fluid may be derived from the equation of state
of the full LT fluid [26] by calculating the usual correction terms for the effect of the
missing part of the potential. Thus, for example, we may convert the chemical
potential x of the fluid to the undersaturation, since it is usually more meaningful to
present the results (e.g. the adsorption isotherm - see §1) in terms of this variable. The
equation of state is known to be quite accurate at the temperature at which we are
working; its prediction for the saturation pressure of the full LJ fluid, for example, is
within a few percent of a more direct estimate obtained via grand canonical Monte
Carlo [27]. We emphasise that all properties calculated in the pore-fluid simulation are
for the fluid with the finite ranged potential u(r) and, in particular, that we do not
attempt to predict the properties of the fluid interacting via the non-truncated poten-
tial inside the pore, which would involve calculating the correction terms for the
inhomogeneous system [28].

The fluid is contained within a slit-like pore formed (see Figure 3) from two planes
of solid that are infinite in area and separated by a distance H. The pore-fluid potential
may be calculated [29] by (a) assuming the solid (of density p,) to consist of an infinite
set of continuous lattice planes of spacing A, (b) assuming an LJ potential to exist
between each fluid molecule and each volume element in the solid and (¢) integrating
this potential over the solid. We obtain

wz) = v (2) + vw(H—-2z), 0 <z < H,

= oo, otherwise, 3
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Figure 3 Sketch of the model for the slit-like pore used i this work. fwo planes of solid are separated
by a distance H. The planes are infinite in arca and the solid extends (on each side of the slit) for an infinite
distanee in the direction normal to the plance.

N
{

where [29]
2y = 2reonp ARIS(0,0)Y — (o ony o 3A( + 0.61A)) (4

We note in passing that the presence of the repulsive component of », (2) causes the
two-dimensional mit of these slits to occur at a finite value of H (see below), in
contrast to slits using (for example) the less realistic integrated Yukawa form for V,(z)
[16-19.23] whose two-dimensional limit 1s at H = 0.

In this paper. we use the parameter values [29.30]

gp by — 932K.ep = 375A e, ky = SLOoK.o, = 35TA.
and
p. = 0114A LA = 33SA

These could be considered to be appropriate to fluid nitrogen and solid graphite. Qur
simplified representetion of the N, molecule omits its shape and charge distribution.
Given the rather high reduced temperature of this study (sec §2.2), the qualitative
features of the results presented here are unlikely to be sensilive to the fine details of
the intermolecular potentials. although we expect molecular shape to influence the
way in which the adsorbate packs into very small slits and the thickness of the wetting
layers in larger shits will be rather sensitive to the balance between the fluid-fluid and
solid-fluid forces (we return to this latter point below - sce §6).

Figure 4 shows the reduced pore-fluid potential v* (z*) for several values of H*. The
size ol 1ts minima only depends on H* when H* becomes small and the two minima
coalesce at f7* = 2,152, which we may somewhat arbitrarily associate with the onset
of 2D-like behaviour in these slits. We note that this potential is, for large H*, deeper
(by a factor of roughly four) than that which would be appropriate for fluid argon in
a slit of solid carbon dioxide - partly because of the semi-explicit description of the
lattice planes in (4), and partly because of the comparatively high value of p, for
graphite. The Ar/CO, system has been extensively used by other theoreticians in this
area [3.6-11.16.18-20]; by contrast, we have chosen to work with a model reminiscent
of N, and graphite in an attempt to make future contact with the large body of
experimental sorption measurements [1] which have been performed on graphites
using N, as the adsorbate.
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Figure4 Reduced solid-fluid potentials v* (z*) for nitrogen in graphite slits of reduced widths H* = 2.152
(a), 3 (b), 5 (c) and 10 (d). v* = v/gy, z* = z/ozand H* = Hjoy,.

2.2 Some significant temperatures

The temperature of the present study was set at 7* = 0.8, or 0.71 TE'* (T the three
dimensional critical temperature). This corresponds to an unreduced temperature of
76K. which is close to the boiling point of nitrogen at 1atm, at which adsorption
experiments are usually performed. As argued in §1, in making contact with previous
theoretical work in this area, it is important Lo try to estimate where this is in relation
to (a) T, the 2D critical temperature, and (b) the wetting temperature, Ty,.

Several attempts have been made to calculate 7&* for the LJ fluid [31,32]. Al-
though this is not known with as much certainty as 7¢’, its value is probably less than
0.6. Reddy and O’Shea [31] have recently conflated the results of a large number of
simulations into an equation of state for the 2D fluid which has T&'* = 0.537; other
estimates via different methods are in reasonable agreement with this value [32].
Truncating the potential shifts 7. downwards (in three dimensions by about 17% for
re = 2.5) and so we may be sure that our calculations are at a temperature which is
in excess of T& for our fluid. Thus, for very narrow slits, we would not expect to
encounter two-dimensional liquid-vapour coexistence.

Almost all the calculations of the wetting temperature have been performed for the
Ar/CO, mentioned above. Much of this work has been done using both versions of
the density functional theory referred to in §1. When the full LJ potential is used to
model the fluid-fluid interactions, the local theory gives a value for the ratio Ty /T¢
of about 0.9 [33], while the more realistic non-local version predicts this to be roughly
0.6 [23,24]. The effect of truncating the fluid-fluid potential is rather unclear now,
since it changes the tensions of the solid-vapour, solid-liquid and liquid-vapour



19:59 14 January 2011

Downl oaded At:

36K I.P.R.B. WALTON AND N. QUIRKE

interfaces. Ty is determined by the balance between these three quantities and 1t has
been shown {35] that it may be altered by changing the form or the relative range of
u(r) and ©(z). The cutofl and shifted LY potential has been used by Heffelfinger er al
[10] in their simulations of argon in cylinders of solid CO,. They observe complete
wetting of the cylinder walls at T/T¢" = 0.63 for a reduced cylinder radius R* = 5.
but the wall-fluid potential for a cylinder is more attractive than for a planar wall (at
which Ty, is defined) and so it is possible that T, for their system is larger than this
temperature. However, we strongly suspect that, in comparing Ar/CQO, to the system
studied in this paper. the dominating feature is the enhanced depth of our wall-fluid
potential (see §2.1), which will act to decrease Ty . Thus, given the temperature of our
study, we may be reasonably confident that we are in the complete wetting regime.
cven though the actual value of 7, for our mode! N. on graphite is at present
unknown.

3. THE SIMULATIONS

The adsorption process corresponds to a system of fixed volume in contact with a
reservoir of adsorbite at fixed temperature and chemical potential. These are the
variables of the grand canonical ensemble, and we have used Adams™ grand canonical
Monte Carlo method [36,37,27] to simulate adsorption in the system described in §2.
This is similar to conventional (canonical) Monte Carlo. where molecular moves are
given a Boltzmann chance (which depends on T) of occurring but, in addition,
molecules are created and destroyed with a probability that is a function of both g and
7. In this method,. it is well known [36-39] that the fraction of attempted creations and
destructions that are successful falls off as the density approaches liquid-like values.
In order to try and more thoroughly explore the range of possible values for N, the
number of molecules. we have slightly modified the program so that each compound
step in the simulation consists of n attempted creations, followed by one attempted
move, followed by »n attempted destructions. In the work presented here. n has been
sct cqual to 10.

Each simulation run started with an equilibrium period of at least 5 x 10* com-
pound steps after which calculation of the running averages was starled. The total
number of compound steps in each run was at least 5 x [0%, and in some cases was
as much as 1.5 x 10° The starting configuration for each run was either (a) taken
from a different run (at a higher chemical potential) or (b) created by placing a single
molecule at a random location in the system. These two ways of starting were used
when checking for metastable states. For some values of / and u, both a high density
[started from (a)] and a low density [staricd from (b)] state were obtained and
separately persisted for the duration of the runs. The limits of the metastable region
for a slit of fixed H are p,,, and p,..: for g < ;.. the run, if started from (a). would
collapse to a low density state, while for x> u,,,. the density of a run which started
from (b) would jump to a high value. Figurc 5 shows this happening for two runs at
(roughly) g1, and g, for the slit with H* = 10. No further change occurred in either
simulation over the remainder of the runs. which were cach of 5 x 10° compound
steps in length.

The reduced breadth of the simulation cell in the x and y directions was 10 in the
majority of the work described here; some runs, however, were done with different
values for this dimension to check on the size dependence of the results. As usual.
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Figure S The limits of metastability in the H* = 10 slit. N is the mean number of molecules in the slit
(averaged over blocks of 5000 steps) and Ny is the number of steps in the run. Circles: u* = —4.041
( = . see §3) corresponding to P/P® = 0.4; squares: u* = = —3.782 ( = u,.) or P/P° = 0.563.
Here, u* ( = pfeq) is the reduced configurational chemical potential and P? the saturation pressure.

periodic boundary conditions were imposed in the x and y directions. Most of the runs
were done with a reduced slit width H* which was between 3 and 20, corresponding
to a range of between about 11 and 75 A, which straddles the division between the
mesopore and micropore regimes (see §1). In addition, some runs were done with
larger slits (H* = 40,60) to study the adsorption behaviour of essentially isolated
walls. It should be noted that all the slits studied in this paper had widths which were
a whole number of molecular diameters in size. This facilitates the formation of layers
in the adsorbed phase; in general we found (see §4.2) that a slit of reduced width H*
is filled by H* — 1 layers for H* < 7. An analogous (perhaps heightened) effect
occurs in cylinders where the fluid packs in concentric annuli [6-11]. The way in which
the structure in cylinders is affected by varying R* through non-integral values has
been investigated by Peterson and Gubbins [8] and (more extensively) by Panagioto-
poulos [10] who found that the pronounced variations in local structure within the
pore appeared to have little effect on the phase equilibria. However, using the
non-local density functional theory, Tarazona er al [24] have found that packing
effects at small & and low T (~ 0.5 T®) produce oscillations in the coexistence curve
for both slits and cylinders. Because of the rather high temperature at which we are
working (see §2.2) we would not expect packing (or lack of it) to have a significant
effect on the coexistence curve; indeed, we shall find (§4.1) that it terminates in a
critical point at a slit width which is much greater than those at which oscillations
have been observed.
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During the simulation we calculated the density profile

p(z) = (N(5)»/A46 (5)

where ¢ N(z)) is the mean number of particles in the slice of width d at z apd Ais the

cross-sectional area of the simulation cell. For all the runs reported here, 0 was set at

H/100. The overall density of fluid in the slit is
[ r#

0 = 17 jo p(z) dz

il

{NYAH (6)

where <N is the mean number of particles in the system. © is related to I', the
adsorption excess by

o)~ plds = 3 HO=p,). (7)

| —

t

Here. p,, is the density of the bulk fluid at the same 7 and u and a factor of 1 has been
included because we have two surfaces in the slit.

We also calculated the grand potential Q which is the free energy appropriate to the
grand canonical ensemble [40}. The determination of this is one (but not the only
[9-11]) way to obtain the points of phase coexistence in the pore. In the bulk.
Q = — PV. where P is the pressure and V' the volume of the system. For a systcm
which features a planar inhomogeneity, this may be gencralised by considering the
work done on a subsystem during the creation or destruction of part of it [41]. The
result is

Q = — 4 ~[)”'PT(:) d- (8)

where P,(c) is the transverse component of the pressure tensor at -. It is now
well-known that there are an infinity of choices for the set of intermolecular forces
which contribute to Pr(z) [42]; this leads to an arbitrariness in P;(z), as well as its first,
second, etc. moments with respect to z [43,41]. Its zeroth moment (above) is, however,
well-defined [41-43]. Microscopically, we have, for pairwise additive intermolecular
forces

Q = — (NYkgT + 3 XY i — z)/ry dujdr). (9)

1>

Here, r; is the distance between molecules i and j and z; is the difference in their =
coordinates.

Such a route to € (which may be termed mechanical) does not exist for a system
having cylindrical symmetry, since the zeroth (as well as the first, etc.) moment of P,
is now arbitrary and it is not possible to give an unambiguous definition of Q in terms
of this quantity [44]. Instead, Peterson er «/ {8,11] have used a thermodynamic route
to Q which involves integration of the relations

aQ
- = — (N (10)
(@“)r I N

which gives the change in  between two points on an isotherm (at fixed ), and

QT . ‘
(5(_1/—7"31‘,, = U - {Nou (11)
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Table 1 Comparison of thermodynamic and mechanical routes to Q.

_u'* P/P“ (N)/A* _Q‘T/A* _Q;W,‘A*
12 1.8 x 1077 0.14 0.088 0.101 (9)
10 2.2 x 107* 1.26 1.49 1.5 (2)
8 2.7 x 107° 1.50 4.30 39(3)
6 0.033 1.78 7.57 5.6 (3)
392 0.47 3.98 12.6 9.9 (9)
3.78 0.56 445 13.6 10.5 (8)

Comparison of the two routes 1o € (see §3) at T = 0.8 for the slit of reduced width H* = 10, Here, u"* is the reduced configurational chemical
potential (that is, y* — 37* InA. with A the de Broglic wavelength). P/P° the undersaturation and {N»/A4* the mean number of molecules
in the slit per unit reduced cross-sectional area. Q*/4* is the reduced grand potential per unit reduced area, calcnlated from the thermodynamic
route (€7) using (11), and the mechanical route (82} from (10). The figures in brackets arc the estimated uncertainty in the last decimal place.

(here, U is the total internal energy) to give the variation in Q between two points (at
the same x and H ) on different isotherms. By integrating (10) up from low u — where
the fluid is ideal, and Q(¥) is known explicitly — Q may be found anywhere on the
isotherm, in the absence of a phase change (where N changes discontinuously with ).
Peterson ef al. thus obtain Q for a high density point on a high temperature (con-
tinuous) isotherm, and then use (11) to get Q at a corresponding point at a lower
temperature. This then yields the grand potential for the liquid branch of the low-
temperature isotherm; Q for the vapour branch can be calculated using (10). Since we
have restricted ourselves to one temperature in this work, this method is not appro-
priate for the determination of the point of capillary coexistence here, but we may
nonetheless obtain the vapour branch Q from (10) and compare its values with those
obtained via the mechanical route (9). Table 1 shows that, for the H* = 10 slit, the
overall agreement between the two routes is quite good, but seems to get somewhat
worse as the end of the vapour branch (at P/P® = 0.563) is approached with the
thermodynamic estimates being rather larger than the mechanical one. It is not clear
whether this difference is significant, but the two routes appear to be at least qualita-
tively consistent with each other. For hard spheres within a slit formed from two hard
walls, Henderson and van Swol [41] obtained good agreement between the ther-
modynamic and mechanical routes to the surface tension (which, for this geometry,
is equivalent to determining Q if the pressure in the bulk phase is known), but found
the thermodynamic route to be the more accurate of the two. However, as noted
above, the use of this route to Q in the present study would require many more runs
to be performed at higher temperatures for each pore. Although the mechanical route
is probably less accurate (see, e.g. Figure 9, below) it does have the advantage of being
a more direct means of access to ©, and it is this route which has been followed in the
work presented here.

4. RESULTS
4.1 Adsorption Isotherms

In this section, some of the results for the adsorption isotherms obtained from the
simulations are presented. These are plots of @*, the mean reduced density of fluid
within the pore, versus the fluid undersaturation P/P°. Figure 6 shows the isotherm
for a slit of width H* = 20. At low pressures, only one low density (vapour like)
phase can be found in the pore. Upon increasing the pressure, the adsorption rises
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Figure 6 Adsorption isotherm @* (P/P°) at T* — 0.8 in the slit of reduced width H* = 20. The slit can
be filled with a vapour-like (lower branch) or liquid-like (upper branch) phase. The solid lines pass through
the stable phase at each pressure; the dashed lines through the metastable phases. The dotted lines show
the beginning (at g, ) and end (u,,,,) of the metastable region. The arrows mark the cocxisting vapour and
liquid densities in the bulk fluid (at 2 — P°). @* = @ayand T* = k,Tiey.

steadily until, at an undersaturation of around 0.45, a second, high density (liquid-
like) phase appears. Both phases may be found for higher pressures until the vapour
phase disappears at around P°. Between these two points (corresponding to the limits
i and g of the metastable region as described in §3) both phases are apparently
stable in the pore. It has been argued elsewhere [18] that the vapour branch of the
isotherm must terminate before P%if 7 > Ty we note that our result is not inconsis-
tent with this observation since, in the first place, the uncertainty in the equation of
stale (mentioned in §2.1, above) prevents our knowing P° to an accuracy of more than
a few percent and, in addition, the vapour phase is only apparently stabie at P ~ P°
for the duration of a few thousand steps of the simulation (see, e.g. figure 5).

I'igure 7 shows the reduced grand potential per unit area Q*/A4* for the two phases
in the metastable region. The error bars are estimated by calculating subaverages over
5000 steps. The statistics are poor, but it can be seen that the vapour phase is stable
(1.¢. has the lower Q) at low pressures, while the liquid phase is stable at high pressures.
The transition is at P/P* = 0.92 + 0.05. At this undersaturation the vapour-filled
pore and the liquid-filled pore are in thermodynamic equilibrium. This is the point of
capillary condensation.

In order to compare the phase behaviour in the pore with that in the bulk, the
coexisting liquid and vapour densities [26] in the bulk phase (i.c. at P')at T* = 0.8
have been marked on Figurc 6. It can be seen that density of the liquid-filled pore is
close to the density of the coexisting bulk liquid, while the pore vapour density is



19:59 14 January 2011

Downl oaded At:

CAPILLARY CONDENSATION: A MOLECULAR SIMULATION STUDY 373

P /P°

T T T T T T T ™

7 0.8 0.9 1.0 11

Q <
N
T

—14.L

—16.

Figure 7 Reduced grand potential per unit area Q*/4* as a function of fluid undersaturation in the
H* = 20 slit. Circles: vapour-like phase; squares: liquid-like phase. The error bars are estimated from
subaverages over blocks of 5000 steps. Q*/A* = Qo /Aen
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Figure 8 Adsorption isotherm at 7* = 0.8 in the H* = 10 slit. The solid lines guide the eye through the
simulated points; the dotted lines mark the limits of the metastable region.
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Figure 9 As Figure 7. but now for the slit with H* = 10,
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Figure 10 As Figurc 8, but now for the slit with H* = 7. The solid lines guide the eye through the
vapour-like and the liquid-like branches of the isotherm. The steeply rising portion is centred on P
P~ 02
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Figure 11 As Figure 10, but now for the #* = 5 slit. The steep rise is centred on P ~ 0.03 P°.

about two orders of magnitude greater than that of the coexisting bulk vapour, even
at pressures as low as 0.1 P°. The density enhancement due to the pore is clearly rather
considerable. The steepness of the vapour branch of the isotherm (for this slit, and the
smaller ones below) is suggestive of adsorption at a temperature in excess of Ty
[18.19].

As the slit width is decreased (H* = 10, Figure 8) the transition region moves to
lower pressurcs. The vapour phase disappears at a lower pressure than in the larger
slit, and so there is a range of pressures over which only the liquid phase is stable. The
metastable region is now much smaller, and it is not possible to determine the point
of capillary condensation because of the noise in the calculation of Q (see Figure 9).
The metastable region has disappeared altogether when the slit width is decreased still
further to H#* = 7 (Figure 10) although the isotherm still exhibits a steep rise at
around 0.21 P° which connects a low density and a high density part of the isotherm.
The position of this rise shifts to even smaller pressures upon further reduction of the
slit width (H* = 5. Figure 11) - in this pore it occurs at P/P® ~ 0.03.

The adsorption isotherm in a very narrow slit (H* = 3) is shown in Figure 12.
Upon decreasing the pressure to the extremely low value of 107° P, the amount
adsorbed drops sharply. We could find no evidence of a low density branch to the
isotherm for this size of slit. Similar behaviour was observed at very low pressures in
large pores. Thus, for example, the adsorption in the H* = 10 slit remained constant
(at the value shown as the intercept of the isotherm on the adsorption axis in Figure
8) down to extremely low pressures before dropping sharply at P/P° = 6 x 107°. It
thus scems as if there is some residual adsorption of the fluid in these larger pores
which only disappears at very low pressures, and that, for very small pores, this
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Figure 12 As Pigure 1, but now for the slit with #* = 3. The adsorption remains constant down to
P P" = 10 °. wherc it drops sharply to (presumably) 7ero

residual adsorption 1s all that can be observed. We return to this point in the following
subsection. where we consider the structure of the fluid within the pore.

4.2 Structure of the Adsorbed Phase

Here, we discuss the simulation results for the reduced density profile p*(z*) (defined
in §3) and relate them to changes in the form of the adsorption isotherm (§4.1) as the
slit width 1s altered.

Figure 13 shows a set of profiles in the slit with #* = 20. These are at a series of
pressures ranging from 0.1 to 0.9 P°, or just below the point of capillary condensation
in this slit (see Figure 6). All of the profiles plotted in this figure are from simulations
corresponding to the vapour branch of the adsorption isotherm - i.e. the ther-
modynamically stable phase over this range of pressures. In Figure 13, we focus
attention on the fluid in the neighbourhood of the walls of the slit (in this case, the
left-hand wall at - = 0). There are strong oscillations in p(z), due to the fluid packing
in layers against the impenetrable wall. In particular, the first layer is very dense and
strongly localised (note that way that p goes to zero on either side). which suggests
that is is possibly solid-like in nature. (To determine whether or not the layer is indeed
solid, the structure of the fluid in the planc of the walls would have to be studied in
more detail [45].) The number of layers becomes larger as the pressure is increased.
until at P/P® = 0.9, four (or - just possibly - five) layers have formed on each wall.
We note that the (i + 1)th layer begins to form before the ith one is complete. This
cooperative buildup of layers during adsorption has been previously observed by
Snook and van Megen in their simulations of a LJ mode! of fluid ethylene in wide
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4.

Figure 13 Reduced density profiles p*(z) at 7* = 0.8 in the H* = 20 slit. P/P° = 0.1 (circles), 0.3
{squares), 0.5 (triangles), 0.7 (plusses) and 0.9 (crosses). At pressures which fall within the metastable region
of the isotherm, the profile corresponding to the vapour phase is displayed. Only the parts of the profiles
near the left-hand wall of the slit are shown p* = poy.

(H* = 35) graphite slits [46,47]. All of the profiles have a well-defined first peak,
whose height is almost completely insensitive to presssure.

What happens to the structure of the fluid phase upon capillary condensation in this
slit? The profiles of the vapour and liquid phases at pressures that are respectively just
below and just above that of the transition are shown in Figure 14. It is immediately
apparent that although the two phases are clearly of differing densities in the region
around z = H/2 (in what may be termed a bulk-like region, far from the influence of
the pore walls), the structure of the fluid close to the wall is the same for both phases.
A similar result has been obtained (but not commented on) by van Megen and Snook
[4]. Tt appears as though capillary condensation from vapour to liquid occurs, not in
the space defined by the separation of the pore walls, but in the subregion between
the inner edges of the adsorbed layers that form on the walls prior to condensation
taking place.

Figure 15 shows the vapour density profiles near the left-hand wall of the slit with
H* = 10 for four pressures between P/P’ = 0.125 and 0.156. The metastable region
(which includes the point of capillary condensation, although it is not known which
pressure this corresponds to) extends from 0.4 to 0.563 P’ in this slit (see Figure 8).
As in the larger slit (Figure 13) the oscillations in p(z) form cooperatively (although
now only three layers have appeared at the highest pressure) and the height of the first
peak in p(z) is independent of pressure. Figure 16 shows the vapour and liquid profiles
at P/P° = 0.516, in the metastable region. Once again, it can be seen that the two
phases differ only in their density in the bulk region near the centre of the pore; the
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Figure 14 Reduced dersity profiles in the slit of Figure 13, but now for the whole slit with 2 2" = 0.9
teireles) and 0.95 (squares). The point of transition between the stable vapour and liquid phases (i.c
capitlary condensation) is at roughly PP = 0.92.

structure of the adsorbed layers near the walls docs not depend on whether p(#7,2)
hasa vapour or liquid value.

Comparison of figures 14 and 16 shows that reducing A decrcascs the size of both
the bulk region and the number of adsorbed layers that arc insensitive 10 the phase
there. Thus, in the larger slit (H* = 20) the jump from vapour to liquid is associated
with an increase in the fourth peak in p(z) while for H* = 10 this effect is seen in the
third peak. It also appears from this comparison that the height of (for example) the
first peak roughly doubles when the slit width is halved at fixed fluid undersaturation.
We recall, however, that 9, the bin size for the calculation of p(z), is proportional to
/1 in our simulations (see §3, above) and so it is not possible to dircctly compare
p(z:H) for different values of A. The proper comparison is between the /ntegrals of
the profiles over the space occupied by each peak in the separate slits, which shows
that the number of molecules in the first layer is rather insensitive to changes in H.
while the number of molecules in the second, third etc. layers increasc slightly as the
slit is made smaller. This point is brought out rather more clearly when one considers
I". the adsorption excess, as a [unction of H at fixed P/P° (see Table II). I' may be
thought of as being a measure of the thickness of the adsorbed layer on each wall (sce
the Table caption). In large slits, I' is a constant, characteristic of an isolated solid-
vapour surface at this pressure. As H is decreased, I rises monitonically, because of
the enhancement of the attractive, long-ranged adsorption forces at the two walls of
the slit. (We note in passing that, although it has not been seen here, it is possible to
observe capillary condensation by fixing P/P" and varying H. this is the so-called “*film
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Figure 15 Reduced density profiles in the slit with #* = 10. P/P" = 0.125 (circles), 0.250 (squares), 0.375
(triangles) and 0.516 (plusses). The profile at P/P® = 0.516 corresponds to the vapour-like phase in the
pore. Only the parts of the profiles near the left hand-wall of the slit are shown.
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Figure 16 Reduced density profiles corresponding to the vapour-like (circles) and liquid-like (squares}
phases in the H* = 10 slit at P/P° = 0.516.
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Table 11 Adsorption excess at PP = 0.5,

H* r*

7 2.40 (2)

10 2027

20 198 (7)

40 191 (5)

60 1.96 (5)
Reduced adsorption excess [* = Fné (s¢e §3) in pores of vartous reduced widths H* at 7% = 0.8 and P P! =~ 0.5 The figures in bru‘ckch
wre the estmmated wncertamty in Lae last decimal pluce. Assuming that the film of adsorbed phase at the wall is of uniform density py (the
reduced bulk liguid phase density i bulk coexistence). I'* may be converted 1o an equivalent reduced [lm thickness by dividing by gy = 0.72

201

snapping” transition which was found by Lane and Spurling [3]. In this work, we have
chosen to do it the other way round. since this corresponds more closely to a real
adsorption experiment.)

As H is reduced, the bulk region eventually disappears as the layered structures on
cach wall coalesce. Profiles in the slit with H* = 7 are displayed in Figure 17. At most
six (three on each wall) layers can fit into the pore. Some degree of cooperative
formation is still apparently present in the layers that are close to the wall. We can
now sce that the steep rise in @ displayed in Figure 9 is due to a rapid increasc in the
height of the third peak in p(z). Once again, the structure of the (four) remaining
adsorbed layers close to the wall is insensitive to pressure, both before and after this
change. That is, the space in which the density increase in this pore is occurring is still
only the subregion between these adsorbed layers. as opoposed 1o the space between

8.0

Figure 17 Reduced density profiles in the slit with H* — 7. P;/P" - 0.10 (circles). 0.15 (squares), .20
(triangles) and 0.25 (plusses). A steep rise in the adsorption isotherm occurs at P/P” ~ 0.2.
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Figure 18 Reduced density profiles in the H* = 5 slit. PP’ = 0.0156 (circles), 0.0273 (squares) and
0.0313 (triangles). A stcep rise in the isotherm occurs at P/P ==~ 0.03.

6. -

Figure 19 Reduced density profiles in the slit with #* = 3. PiP* = 4 x 10 ¢ (circles). 425 x 107°,
(squares) and 107> (triangles).
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the pore walls. This trend continues upon going to smaller pores. our layers are
present when H* = 5 (Figure 18) and the increase in the adsorption isotherm now
corresponds to a chinge in the height of the second peak. while the size of the peaks
in p(z) closest to the wall is independent of pressure.

Finally. a pore may be so small (H* = 3) that only two layers can fit into the space
between the walls. These are present at — essentially - all pressures, since 1t is only
going (o extreme low pressures that any reduction in their density can be observed.
The reduction in peak height (shown in Figure 19) then takes place (at P/P" ~ 10 7)
over a very narrow range of pressure and is responsible for the sudden drop in the
adsorption isotherm for this slit (Figure 12). This first layer of adsorbed molecules at
the pore wall are responsible for the residual adsorption in larger slits that has been
previously mentioned (§4.1). It appears as if, for this system, the walls of all pores
(large and small) are coated with a layer of adsorbate at all but the very smallest of
pressures. The solid-like nature of the well-defined layers at the wall may be examined
in a little more detail in this cxtreme case where only two of them are present; we find
that their two-dimensional density 1s typically 65% of the density of the close-packed
2D solid.

The ideas developed in this subsection concerning the structure of the fuid within
the pore may be reinforced by looking at ““snapshot™ pictures [48.,49) of configurations
from (say) the runs at H* = 20,10 and 7 (figures 20-22). We show both liquid-like
and vapour-like configurations from each of these simulations. The snapshots clearly
reveal the well-defined layering at the wall, the insensitivity of this structure to the
density in the centre of the pore, and the way in which the layers on the walls merge
as the pore is made smaller.

Figure 20 Snapshot images {48.49] of configurations from the simulations in the A* = 20 slit a
P P" = () 0.90 and +b) 0.95. {See colour plate VI1.)
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(a)

at PIP’ = 0.516. (See colour plate VIIL.)
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Figure 21  As figurc 20, but now for the H* = 10 slit. (a) is the vapour-like phase, (b) the liquid-like phase
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Figure 22 As figure 20, but now for the slit with H* = 7. P/P' = (a) 0.1875 and (b) 0.2125. (See colour

plate IX.)

5. DISCUSSION

5.1 Summary of Results

The simulation results that have been presented in this paper provide a rather direct
picture of the mechanisms involved in capillary condensation in our model system.
Here, we summarise this picture, before concentrating on the significance of the
metastable states in large pores (§5.2) and the range of applicability of the ther-
modynamic equations for the capillary coexistence curve (§5.3). In discussing our
results, it will be convenient to distinguish between three ranges of pore size, which
will be defined below in terms of H*. Our division is unrelated to the traditional
micro/meso/macro division of §1 (above) which is made in terms of absolute pore
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sizes: furthermore we would expect the absolute positions of the boundaries between
our ranges to be sensitive to the details of the fluid-fluid and solid-fluid potentials
employed in the simulations (see §6, below). Large pores have widths of the order of
ten molecular diameters or more. A fluid molecule inside a large pore will find itself
either within one of the layers formed by the packing of the fluid against the pore wall,
orin a bulk region, further away from the walls. As the pressure is raised. the layers
grow cooperatively. which is made manifest as a steady increase in the amount of fluid
adsorbed. The density of the bulk region can be either low (in which case the pore can
be deseribed as being filled with vapour) or high (when the pore is filled with liquid).
The liquid branch of the isotherm is flatier than the vapour branch. becausc of the
liquid's lower compressibility and the effect of layer growth on the vapour branch.
Liquid-filled large pores begin to appear at pressures greater than ~ 0.5 P°. while
vapour-filled pores can exist at pressures greater than this value. Thus, there is a
metastable region surrounding the point of capillary condensation, which is the
transition between the stable phases, and which can be seen as a sudden jump in the
amount of adsorbed fluid. The structure of the adsorbed lavers at the wall do not
change at condensation, but the transition takes place in the space between the inner
adsorbed layers (as opposed to the space between the pore walls). Decreasing the
pore-size shitts the point of capillary condensation to lower pressures and decreases
the size of the metastable region.

As the pore becomes smaller, we enter the realm ol miedium pore sizes
(3 < H* < 10). Now the bulk region in the centre of the pore has vanished and all
the structure of the confined fluid is dominated by the layering effects induced by the
walls. The layers closest to the wall still fill in a cooperative manner with increasing
pressure, which agam shows up as a steady rise in the adsorption isotherm. The low
density branch of the isotherm is shorter and steeper than the vapour branch in
large-paore isotherms. No metastable states are to be found in medium pores: instead,
the isotherm is reversible with a very steep portion which connects the low and high
density branches. In the system studied here. the rapid increase in the isotherm
(at < 0.5P")is due to a change in the density of the inner layers: the structure of the
layers closer to the walls is the same on both branches of the isotherm.

Small pores have sizes of the order of three molecular diameters or less. Thetr
adsorption characteristics are dominated by the properties of the strongly-localised.
high density (possibly solid-like) Tayer of fluid molecules on each wall. These layers
appear at extremely low pressures and, thereafter, are almost completely insensitive
to changes in pressure. Since the pore is full at (practically) all pressures, the isotherm
is flat. with no jumps, risers or any other features.

5.2 Metastable States

The chief difference between the isotherms for large and medium pores in this study
is that the former cxhibit a vertical jump between well-defined vapour and liquid
branches with an atiendant metastable region, while the latter do not. Before discuss-
ing the significance of the presence of metastable states in large pores, it is worthwhile
Lo interpose some comments on their status. It is well-known that the finite nature of
the (a) length of the run and (b) simulation cell can result in the appearance of
mctastabilities in the neighbourhood of a first-order phase transition. With regard to
(a). we recall that in this work, th size of the metastable region has been determined
by tracking down the limits in u (4., and pu,,,. . see §3 and Figure 5, above) for which.
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over the lifetime of the run, it is possible to observe crossings from the metastable state
to the stable one. It is thus plausible that the apparant metastable region would
become smaller (i.€. 4, would increase and/or y,,, would decrease) if the simulations
were run for longer. Whether or not the metastable region would, in the limit of an
infinitely long run, disappear altogether is not known.

Although we have not looked in detail at the way in which the metastable region
changes with the size (i.e. cross-sectional area, A4) of the cell, we have, as noted in 83
above, made a limited study of the dependence of ©® and Q upon A. Those runs were
performed at P/P° = 0/516 and H* = 10, which gives both liquid and vapour states,
at A* = 100, although it cannot be determined which is more stable. This remains the
case upon increasing A* to 200 or decreasing it to 75, but at 4* = 50, the liquid state
is more stable than the vapour, while for A* = 23, only the liquid state was found.
It therefore seems as if the details of the phase equilibria (and hence, the metastabili-
ties) are sensitive to system size for areas that are somewhat smaller than the one
which we have chosen to use in this work, but that there is apparantly little qualitative
change upon going to larger 4.

The disappearance of the adsorption jump and the metastable states as H is reduced
suggests that the capillary coexistence curve terminates at a capillary critical point,
(Hc, Pc) [8-16, 18-20,23]. From the results presented here (and bearing in mind the
remarks above concerning the status of our observations of metastabilities) we
estimate a lower bound on H in our system to be about 7 at this temperature, while
the corresponding estimate for the minimum value of P¥ is roughly 0.25 P°*, For
H < H; (or P < P_), capillary condensation does not occur; instead, the isotherm
is reversible with a rapid rise in density which takes place over a rather small range
of pressures. It might be thought that the appearance of the metastable states (i.e.
subcriticality) in the isotherm and the presence of the bulk region in the centre of the
pore were somehow linked together, since both are present for H* = 10 and 20, but
not for H* = 7 and 5. However, it is not clear whether this is true in general - i.e.
at other temperatures. Density functional calculations of the capillary phase diagram
(16,18] show Po(T)/P’ — 1 and H(T) —» o as T — T ~ at least for T/TS ~ 1.
Thus, increasing T in our system would, according to this picture, increase H and it
is possible that this could move into the regime where pores exhibit a bulk-like region
at their centres. Indeed, Peterson and Gubbins [8] have shown a supercrilical density
profile (albeit for Ar in a cyinder of solid CO,) that displays a bulk-like region, which
tends to confirm our suspicion that there is in fact no connection between the bulk
region and the position of the critical point.

The appearance of metastable states is of interest because of their possible connec-
tion with hysteresis effects in the sorption isotherm [18,19,21,50]. Thus, looking at
Figure 6, for example, it is possible to imagine an adsorption (increasing F) experi-
ment following the vapour branch, past the point of capillary condensation at
P/P° ~ 0.92, up to where the metastable portion of the branch ends at P ~ P°. A
desorption (decreasing P) experiment would then follow the liquid branch, down past
the capillary condensation pressure until the metastable part ends at P/P° = 0.5,
when it would switch to the vapour branch, which it would follow down to zero
pressure. Neither on the adsorption branch nor on the desorption branch would the
jump between vapour and liquid occur at the point of thermodynamic equilibrium
between the two phases. Such a sorption isotherm would thus exhibit hysteresis -
indeed, it would be qualitatively identical with the isotherm for a predominantly
mesoporous adsorbent which we have sketched in Figure 1. By contrast, a continuous,
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supercritical isotherm (Figure 11, for example) is very similar in form to the schematic
microporous isotherm of Figure 2, bearing in mind that the gas branch for small pores
can be very short (and, in the case of our system, will vanish altogether for H* = 3).
Thus. it is plausible to suggest {52,18,19] the existence of a link between the critical
capillary size H. and the boundary between mesopores and micropores, since the
former exhibit hysteresis while the latter do not. It should be noted that, according
to this picture, the position of the meso/micropore boundary is a function of 7 and
so it should in principle be possible to induce changes in the hysteretic behaviour of
a (suitably chosen) adsorbent by measuring several sorption isotherms at a variety of
temperatures.

We emphasise that this mechanism for hysteresis, which links it to whether H is
above or below H, is based on the single, isolated, well-defined pore model which we
have used. Pore connectivity and polydispersity in pore sizes have conventionally been
invoked [1] to explain hysteresis in sorption experiments on porous solids. Whilst
there can be no doubt that these properties will induce hysteresis {1,21,51] the point
of view described here and elsewhere [18-20. 8-11] asserts that such effects are
additional to the hysteresis exhibited by individual pores. In addition, the pore
geometry is often thought to be an important factor in the appearance of hysteresis.
Thus. “ink-bottle™ and conical capillaries are sometimes thought to exhibit hysteresis.
while other geometries do not [1]. Although the shape of the capillary will doubtless
influence the quantitative details of capillary condensation, our results show that it is
not necessary to resort to exotic pore shapes to explain hysteresis in adsorption
isotherms.

5.3 The Kelvin and Laplace equations

Lvans and Marini Bettolo Marconi [17] have shown how consideration of the grand
potential of vapour and liquid configurations in the pore leads to the Laplace equation
for P, the pressure at which capillary condensation of vapour to liquid occurs:

P — P = 2y, cosb/H (12)

Here, P, is the pressure of the metastable bulk liquid phase which is at the same 7
and p as the vapour, while v, is the surface tension of the liquid-vapour interface. )
is the angle of contact between the liquid phase and the solid wall of the pore; recall
that it is zero for T = T, and positive for T < Ty.. For P ~ P%and, assuming the
vapour to be close to ideal, (12) reduces to

ky T In(P°/P) = 2y, cosO/H(p, - p) (13)

the more familiar Kelvin equation, where p, and p, are the densities of the bulk hquid
and vapour phases at coexistence (i.e., at P’). As noted in §1, this equation may be
used to predict the capillary coexistence curve (i.e. P as a function of H) from a
knowledge of the contact angle and the liquid-vapour interfacial properties and it has
therefore received a good deal of attention, some of which concerns its range of
validity [1.8.9,11,16,18,19]. The Laplace equation may also bc used to predict the
coexistence curve, provided (as is the case here) an equation of state which links P and
P 1s available.

Figure 23 displays the simulation results for the capillary condensation pressure as
a function of pore size for the large pores, together with the pressures at which the
rapid increase in density occurs in the medium pores. (For H* = 10, we have
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1.0

H*

Figure 23 Capillary phase diagram at 7* = 0.8. The open circles (with error bars) give the pressures at
which (for fixed H*) capillary condensation takes place in the larger pores —i.e. H* > H¥, where (H¥, P¥)
is the location of the capillaary critical point. The filled circles indicate the posttions of the steep rise in the
isotherms for H* < H¥, P* < P¢. The dotted curve is the prediction of the Laplace equation (14), while
the dashed curve is the prediction of the Kelvin equation (15). The full curve is the empirical fit of (16) with
a = 0.941 and b = 8.71, through the two points at A#* = 10 and 20.

arbitrarily put P/P° equal to the midpoint of the pressure range of the metastable
region). Also shown in the prediction of (12) and (13):

PIP" = (Pf* + 2%, /H"/P™ (14
PP’ = exp[—2y*,/T*(p} — p¥H*] (15)

(P* = Po}/eq, the teduced pressure) where we have set cosf = 1 and used the
following parameter values [26,53]

p* = 0.72, p* = 002,75 = 0.38

Here, the value for y* (= y,, 6% /ex) has been estimated by subtracting the (substantial)
potential truncation correction from the full LJ result [53]. Figure 23 shows that, over
this range of P/P°, the Kelvin prediction is typically only ~ 1% larger than the
Laplace result. Both the Kelvin and Laplace predictions are in very good agreement
with the simulation result at the larger H*, but not at the lower; we find that the
thermodynamic equations overestimate P/P° for smaller slits, in accordance with
previous results obtained via density functional theory [16,18,19] and simulation
[8-11] for T > T . The other curve in Figure 23 is a Kelvin-type expression

P[P" = exp| — a/(H* — b)] (16)

which has been fitted to the two simulated points. If (16) is used to interpolate between
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the two points, it appears that (14) or (15) begins to break dovyn at H* ~ 16. At
H* = 10, the thermodynamic equations predict a pressure that is rogghly 80% too
high and. bearing in mind the approximate location of the capillary crltlcgll point (see
§5.2. above) and the shape of (16), we may estimate their maximum deviation to be
(very approximately) 100% of the true transition pressure. .

In the above treatment, we have allowed for the fact that T > Ty by putting
() = 0. The effect of the appearance of the wetting films (which decrease the effective
glit width at condensation — see, e.g. figure 14) has not been explicitly _includcd,
however. For large pores, thick films and P/P° ~ 1. Evans and Marini Bettolo
Marconi have argued that for fluid-wall potentials — such as the one used here - which
decay as - - '. H should be replaced by H — 31, where ¢, is the equilibrium film
thickness al condensation [17]. Modifing the slit width in this way has little effect on
the predictions of (14) or (15), since both curves are rather flat for #* 2 10. Thus,
if we tuke ¥ = 4 for the H* = 20 slit (Figure 14). the Laplace and Kelvin predictions
for P/P" are reduced to 0.909 and 0.845, which are both slightly less than the
simulated result. although still within its estimated error. The other slit (H* = 10) is
beyond the range of applicability of the modified Kelvin and Laplace Equations.

Using the density functional theory, Evans et af report the breakdown of (12) and
(13)at H* = 100 [1&] for complete wetting conditions. They note that the predictions
are improved somewhat on going to the modifications of [17], but give the impression
that, for T > Ty, the Kelvin and Laplace equations perform poorly, in general.
Similar conclusions have been reached for cylindrical pores [11,19,20]. A direct
comparison between density functional thecory and simulation is precluded by dif-
ferences in their bulk phase properties {22,8,11] and, in the absence of data for other
pore sizes, it is difficult to say whether or not the agrecment between the ther-
modynamic predictions and our simulation result at H* = 20 is merely specious.
Howecver, Evans et af [18] note that, on going 1o a more attractive wall potential, the
range of applicability of (12) is increased. Thus, the fact that the transition at
H* = 20 occurs rather close Lo P’ (presumably as a result of our comparatively deep
porc-fluid potential - see §2.1) may account for the agreement between the Laplace
and Kelvin equations and our simulation.

6. CONCLUSIONS

In this paper we have presented details of an extensive molecular simulation study of
the phase behaviour of a simple fluid confined to a slit-like pore formed from two
parallel adsorbing walls. The temperature of our study is believed to be above both
7 (so that 2D liquid-vapour coexistence is not observed as H — 0) and T (so that
thick wetting layers develop on the wall as 2 — P"). Our attention has been focussed
on the way in which the (capillary) condensation of the bulk vapour to a adsorbed
liquid-like phase 1s affected by the size of the pore. Large pores exhibit metastable
liquid and vapour states and the point at which the two states are in thermodynamic
equilibrium is identified by calculation of the system grand potential. The point of
capillary condensation shifts to lower pressures as the pore is made smaller and
disappears at a critical point (H., P), although pores which are smaller than the
critical size continue to exhibit steeply rising portions. The differences between
subcritical and supcrceritical isotherms are similar to those which exist in experimental
isotherms for mesoporous and microporous adsorbents.
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For the system studied in this paper, we estimate H¥ X 7 and P./P° > 0.25. We
alsq ﬁnq that the density jump which occurs at condensation is localised to a bulk-like
region in the centre of the pore and that the nature of the adsorbed layers at the pore
walls is independent of whether the pore is filled with vapour or liquid. A purely
thermodynamic description of the phase equilibria within the pore (such as the
Laplace or Kelvin equation for the pressure at which capillary condensation occurs)
breaks‘ down (as it must on quite general grounds) as the pore is made smaller; here,
we estimate that it is in poor agreement with our simulated results for H* < 16, or
well within the mesopore regime.

Finally in this paper, we comment on the generality of the picture of capillary
condensation which has emerged from this and other studies. Using a density fun-
ctional theory, we have made some investigations of the sensitivity of the results to
changes in the fluid-fluid and solid-fluid potential parameters [54]. Preliminary results
from that work indicate that the qualitative features of our results are not sensitive
to the gietails of the model potential, but that the absolute values of (for example) the
pore size at the critical point or at the boundary between the different ranges of H
which we identified at §5.} can depend quite strongly on the potential parameters
which have been chosen for the model.
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