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CAPILLARY CONDENSATION: A MOLECULAR 
SIMULATION STUDY 

.J.P.R.B. WALTON and N. QUIRKE 

BP Research International, Sunbur)) Research Centre, Chertseji Road, 
Si~nbur?~-on-Thaines, Middlesex TW16 7LN,  U.K. 

(Rr te iwd  Jul?, 1988) 

The capillary condcnsation of a Lcnnard-Joncs fluid confincd 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 thc chemical potcntial, 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 PjP" < i (where I" is 
the saturation prcssurc). For large H ,  thc transition is associated with metastable states and the system 
grand potential must be calculated to identify the point a t  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 i H,. the isotherms 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 phase 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 condcnsation 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 reached. 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 
pressure P (or, more conventionally, the undersaturation P i p ,  which is the ratio of 
P to the saturation pressure at  the temperature in question) [l]. Whilst these isotherms 
are sometimes reversible. so that thc 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 
I .  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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P/PO 
Figure 1 ,A schematic experimental adsurption isothcrm for i~ typical mcsoporous tolld. Note  thc h h h  

i i ' icsis loop AHCD. which I $  associated with capillary condrnsatiun Isotherms of' this lypc arc oflci? 
I c lc l - l cd  ti1 [ I ]  as type 11' 

a t  the isotherm is 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 amoiint 
adsorhed is observed around region C, where capillary evaporation of the liquid takes 
placz. A11 pores iire filled with vapour at  point D. and the remainder of the desorption 
branch closely follows the adsorption part of the curve. The adsorption ~ desorption 
hhcleresis loop ABCD is a signature of capillary condensation. By contrast. Figure 3 
shows an isotherm which does not display hysteresis; the amount adsorbed rise? 
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 i t  to infer details about the structure of the 
adsorbent. Unfortunately, the extraction of this information is usually very difficult. 
chiefly because of < I  poor understanding of the mechanisms involved in the phase 
changes which can occur inside a pore. Traditionally, a distinction has invariably been 
made between adsorption processes in rneso~pore.~ and in nzieropot-rs [ I ] .  The former 
(defined. somewhat arbitrarily, as having sizes between 20 and 100 A )  are believed t o  
cxhibit capillary condensation during adsorption, while the latter (smaller than 20 .A )  
are said to liil rekersibly as the fluid pressure is increased. a process known a s  
micropore filling. 'rhus. Figure 1 would be characteristic of a sorbent which I $  

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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I I 1 I 

P/PO 
Schematic expcrimcntal adsorption isotherm for a predominantly microporous solid. This type 

Y 

of isotherm i s  often referred to as type I [I]. 

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 

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 [3-11,221, 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 et 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 e f  al. [6--8,1 I], Heffelfinger et 
al. 191 and Panagiotopoulos [lo]. 

More extensive results have come from simplified model approaches such as density 
functional theory [ 1 1 , l  ti-221 or an equivalent mean-field theory [ 12- 151 which have 
revealed an intriguing richness of phase behaviour resulting from the interplay 
between 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 ( T )  is in excess of T,.. the so-called wetting tcni- 
pcrature. at which a transition from partial to conzplete wetting of a single wall by the 
lluid occurs 1241. For T 3 TxC, (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 
21s saturation is approached, which makes the vapour branch of the isotherm much 
steeper than when the fluid partially wets the pore walls ( T  < Tw). This i n  turn has 
iniplications [ 18.191 for thermodynamic treatments of these systems involving (for 
example) the Kelvin equation [ I  ,171 which gives the pressure at  which capillary 
condensation occur5 in terms of the pore size and the properties of the infinite dr-l 
semi-infinite fluid. l h e  appearance of wetting films above 7, decreases the effective 
pore s i x  (in a manner which depends on the form of the solid-fluid potential [17]) 
which causes the trmsition pressure to be much smaller than the Kelvin prediction. 
even for rather large pores. I f  the thermodynamic equations are self-consistently 
modified [ 171 to ;illow for the wetting films the discrepancy is reduced. For T < T,. . 

thc Kelvin equariori remains accurate down t o  smaller pore sizes [18.19]. 
I n  dcnsity functional theory. the cRect of the repulsive part of the intermolecular 

potcntial is usually modelled using a local approximation which neglects short-ranged 
correhtions. Thus. the theory docs n o t  correctly predict the oscillatory fluid structure 
induced by packing against an  impenetrable wall. an omission which may be expected 
t o  h a w  rather scrious consequences when the pore s i x  becomes srnall. The present 
authors 1221 have c.hccked the performance of the theory ayainst simulation for ii 
iiipercr-itical fluid iri ;I series o f  slits and have shown that it underestimates the overall 
density of the adsc,rbed phase, especially for slit widths H which are smaller than 
;iboLit five moleculilr diameters. Tarazona et (11. 1231 have compared results obtained 
from the theory with those given by ;I more cophisticated version [25] which uses ;I 

non-local ;iPI~t-(~Yiniatioii for the repulsive fhrces. They discovered that the inclusion 
of \horl-rongcd correlations decreases the wctting tcmpci-aturc 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 t o  
211 liquid-vapour coexistence for sufficiently small H at temperatures T < Tl.2). the 
2D critical temperature. For 7 > Ti!), (and for all T i n  the local theory) the coexis- 
tence isotherm ends in a capillary critical point ( H c .  P, ) [14-16,18,19] with no 
capillary condensation for H < H , ( 7 )  or  P < P,(T) .  More recently. Peterson tit ul. 
[ I  I ]  have compared the predictions o f  both types of density functional theory to those 
of sirnulation for fluid in the cylindrical pore. 

Our paper is arrmged as follows. In the following section we discuss our models 
Ihr the fluid and the pore and determine ($2.2) the location of our simulation with 
rcspecl to (a) T:-:' and (b) T, for the system studied here. Section 3 contains a 
description of the simulation method and the way in which the metlistable states 
cncountered in  some o f  the runs i n  the larger slits may be identified through the 
calculation or the grand potential R. We describe two expressions for R, and compare 
i rcsul t j  obtained using both o f  them in one of the simulation runs. The full set of 
simiilated rcs~ilts L I Y  prcscntcd i n  Section 4 for the adsorption isotherms ($4.1) ;inti 
density profiles ($4.2) and are summarised in Section 5. I ,  paying particular attention 
L O  the wily in which the phase behaviour o f  the fluid is altered as i t  becomes increasing- 
I! confined. I n  $5.9 the metastable states are discussed and their possible relationship 
u i t h  hytcrcsis effects i n  experimental adsorption isotherms is explored. The break- 
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down of the thermodynamic description of capillary condensation is illustrated in 
35.3. 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 Ti?' and T, is estimated, and the implications this has for the sorption behaviour 
of our systcm are outlined. 

2. I Interaction potentials 

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

dr)  = uLJ(r) - LILJ(rC)r < rC 

= 0, r > rc (1) 

where 

and, as usual, appropriate combinations of the parameters or and cK are used to 
reduce the properties of the system into a dimensionless format, e.g. H* 3 H/a,, 
p* = pa;, ,u* = p l c K  and T* = kBT/c, ,  where kB is Boltzmann's constant. The 
bulk thermodynamic properties of this fluid may be derived from the equation of state 
of the full LJ 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 p 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 ~ ( 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 thc 
inhomogeneous system 1281. 

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 (c) integrating 
this potential over the solid. We obtain 

V ( Z )  = ~ ~ ( 2 )  + v ~ ( H - z ) ,  0 < 2 < H ,  

a. otherwise. (3 )  - - 
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(4 )  

We note i n  passing that the presence of the repulsive component ofzl, (:) causes the 
t\vo-dimetisionaI limit of these slits to occur at a fijniti' value of H (see below), in 
contrast to slits using (for example) the less realistic integrated Yukawa form for I,'', (A 
[16--10.3?] whose two-dimensional limit i s  at H I- 0. 

I n  this paper. we :ise the parameter values [29.301 

:.,, I,,, ~ 95.2 K.  ci,, = 3.75A. ;;-. k , :  - -  i l . 6 K .  ci\. 7 .3.57:1. 

.111(1 

p\ = 0.1 I 4 A  I. A 3 7 q  A 

Thcw w ~ i l d  be considered to he appropriate to fluid nitrogen and solid graphite. Our 
iiniplified represenktion of the N1 molecule omi t s  its shape and charge distribution. 
Givm the rathcr hi;!h reduced temperature of this study (see $3.2). the qualitative 
1a1Li i -cs  of  the resulis presented here Lire unlikely to be scnsitivc to the tine details of 
thc intermolecular potcntials. although we expect molecular shape to influence the 
\\.a> in which the  adsorbate packs into very small slits and the thickness o f  the wetting 
lahers in larger slits will hc rather sensitive to the balance between the fluid-fluid and 
solid-llLiid forces (w: return t o  thic latter point below 

I'igiire 4 shows tho  reduced pore-fluid potential I,* (r*) for several \iaiues of H* .  The 
\i/e o f  its minima only depends on H* when H* beconies small and the two minima 
ooalttsce at if* = 7.152. which we may somewhat arbitrarily associate with the onset 
of ZD-like behaviour in these slits. We note that this potential is, for large H * ,  deeper 
(by  ii factor o f  roughly four) than that which would he appropriate for fluid argon i n  
;I slit o f  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:'C02 system has been extensively used by other theoreticians in this 
area 17.6-1 1.16.18-:10]: by contrast. we have chosen t o  Lvork with a model reminiscent 
ol' N ,  and graphite in an attempt t o  make future contact with the large body of 
expel-iinental sorption measurements [ I ]  which have been performed on graphites 
wing X T  as the adsirbate.  

5ce $6). 
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I .  

Figure 4 
(a). 3 (b), 5 (c) and 10 (d). v* - v ie f l ,  ;* = z/o, and H* = ff/ur. 

Reduced sohd-flu~d potentials v*  ( z * )  for nitrogen in graphite slits of reduced widths H* = 2.152 

2.2 Some significant temperatures 

The temperature of the present study was set at T* = 0.8, or 0.71 Th3)* (TA3’ the three 
dimensional critical temperature). This corresponds to an unreduced temperature of 
76K. which is close to the boiling point of nitrogen at 1 atm, at which adsorption 
experiments are usually performed. As argued in $1,  in making contact with previous 
theoretical work in this area, it is important to try to estimate where this is in relation 
to (a) T,!!’, the 2D critical temperature, and (b) the wetting temperature, Tw. 

Several attempts have been made to calculate T&*)* for the LJ fluid [31,32]. Al- 
though this is not known with as much certainty as Tp),  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 T, downwards (in three dimensions by about 17% for 
r i  = 2.5) and so we may be sure that our calculations are at a temperature which is 
in excess of  Th2) 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/C02 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 Tw/Tp) 
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 i t  changes the tensions of the solid-vapour, solid-liquid and liquid-vapour 
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interfaces. T,. is determined by the balance between these three quantities and i t  has 
been shown [35] that it may be altered by changing the form or  the relative range of 
L ( ( Y )  and v(;). The cutoff and shifted LJ potential has been used by Heffelfinger et ( I /  

[lo] i n  their simulations of argon in cylinders of solid CO,. They observe complete 
wetting of the cylinder walls a t  T/Tl?' = 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 T,  is defined) and so it is possible that T,v for their system is larger than this 
temperature. Howcvcr, we strongly suspect that, in comparing ArjCO, to the system 
studied in this paper. the dominating feature is the enhanced depth of our wall-fluid 
potential (see $2. I ) ,  which will act to decrease T,.  Thus, given the temperature of our 
study, we may be reasonably confident that we are in the complete wetting regime. 
even though the actual value of T ,  for our  model N, on graphite is at  present 
u n  k n o w  t i .  

i 7 tHF SIMULATIONS 

Tho adsorption proLess corresponds to a system of fixed volume in contact with .I 
reservoir of  adsorbitte at fixed temperature and chemical potential. These are the 
vari:ibles of the grand canonical ensemble, and wc h a w  used Adams' grand canonical 
Monte  Carlo method [36,37.27] to simulate adsorption in the system described in $1. 
This i s  similar to conventional (canonical) Monte Carlo. where molecular moves are 
given a Boltzniann chance (which depends on T )  of occurring but, in addition. 
molecules are created and destroyed with a probability that is a function of both p and 
T .  I n  this method. it is well known [36-391 that the fraction of  attempted creations and 
destructions that are successful falls off as the density approaches liquid-like values. 
In ordcr 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 attcmpted 
move, followed by II attempted destructions. In the work presented here. n has been 
set equal to 10. 

Each simulation run started with an equilibrium period of at least 5 x 10' corn 
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 10'. and in some cases was 
a x  much a s  1.5 x {OO". The starting configuration for each run was either ( a )  taken 
from a different riw (at a highcr chcmical potcntial) or (b)  created by placing ;I single 
molecule at a random location in the system. These two ways of starting were u w d  
when chccking for metastable states. For some values of H and p. both a high density 
[started from (a)] and a low density [startcd from (b)] state were obtained and 
separately persisted for the duration of the runs. The limits of the metastable region 
fcor ii slit of fixed H are ji,,!,,, and ji,,);,,; for p < ,u,,,,n, the run, if started from (a). would 
collapse to a low density state. while for p > p,,,,. thc density of a run which started 
from (b) would jump to a high value. Figurc 5 shows this happening for two runs a t  
(roughly) I(,,,,,, and ,un,ctx for the slit with H* = 10. No further change occurred in either 
cimulation over thc remainder of the runs. which were each of 5 x 10' compound 
steps i n  length. 

The reduced breadth of the simulation cell in the x and y directions was 10 in the 
niajority of the work described hcre; some runs, however. were done with ditferent 
v;iI~ies for this dimension to check on the siie dependence of the results. As usual. 
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Figure 5 The limits of metastability in the H* = 10 slit. fl is the mean number of molecules in the slit 
(avcraged over blocks of 5000 steps) and N, is the number of steps in the run. Circles: / I *  = -4.041 
( = p:in, see $3) corresponding to PIPo = 0.4; squares: / I *  = = -3.78'2 ( = &,,) or PiPo = 0.563. 
Here, / I *  ( 3 picR) is the reduced configurational chemical potential and Po 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* 5 7 .  An analogous (perhaps heightened) effect 
occurs in cylinders where the fluid packs in concentric annuli [6-111. 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 [lo] 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 et a1 [24] have found that packing 
effects at small H and low T ( -  0.5 TA3)) produce oscillations in the coexistence curve 
for both slits and cylinders. Because of the rather high temperature at which we are 
working (see 92.2) we would not expect packing (or lack of it) to have a significant 
effect on the coexistence curve; indeed, we shall find (44.1) 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 simula tion we calculated the den\ity profile 

p ( z )  = ( N ( : ) } / . 4 h  ( 5 )  

wherc ( N ( z ) )  is the mean number of particles in the slice of width 6 at  2 and ii is the 
cross-sectional area of the simulation cell. For  all the runs reported here. i3 was set at  
H.'I00. The overall density of fluid in the slit is 

(6) 

ntiere ( N )  is the irean number o f  particles in the system. 0 is related to r, the 
adsorption excess b! 

Here. p,, is the density of the bulk fluid at the same T and 11 and a factor of $ has been 
included because we have two surfaces in the slit. 

We also calculated the grand potential R which is the free energy appropriate to the 
grand canonical ensemble 1401. Thc determination of this is one (but not the only 
19-1 I]) way to obt;iin the points of phase coexistence in the pore. In the bulk. 
!2 = - PI/. where P is the pressure and V the volume of the system. For a systcm 
which features a planar inhomogeneity, this may bc gencralised by considering the 
work done on ii subsystem during the creation or  destruction o f  part o f  it [41]. The 
result i s  

wherc P , ( : )  is the transverse component of the pressure tensor at  z .  It is nou 
well-known that there are an  infinity of choices for the set of intermolecular forces 
which contribute to PT(z) [42]: this leads to an  arbitrariness in PT(z) .  as well as its first. 
second. etc. moments with respect to z [43,41]. Its 7eroth moment (above) is, however. 
well-defined 141 -431. Microscopically, we have. for pairwise additive intermolecular 
forccs 

1 > ,  

Here, r , ,  is the distance between tnolecules i and j and q, is the difference in their : 
coordinates. 

Such a route to R (which may be termed rnechanicul) does not exist for a system 
having cylindrical symmetry, since the 7eroth (as well as the first, etc.) moment of P ,  
is now arbitrary and it is not possible to give an  unambiguous definition of R in terms 
of [his quantity 1441. Instead, Peterson et t i /  [8,1 I ]  have used a t h r r ~ 0 ~ i . t 7 ~ m i c  route 
t o  Q which involves integration of the relations 

which gives the change in !2 between two points on  an  isotherm (at fixed N), and 
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Table 1 Comparison of thermodynamic and mechanical routes to R. 

- p'* 

i n  2.2 x 1.26 1.49 1.5 (2) 

6 0.033 I .78 7.57 5.6 (3) 

3.78 0.56 4.45 13.6 10.5 (8) 

PIP' ( N ) , A *  - n;!'A* -R,;A* 

12 1.8 x 10 ~' 0.14 0.088 0.101 (9) 

8 2.7 x lo-' 1.50 4.30 3.9 ( 3 )  

3.92 0.47 3.98 12.6 9.9 (9) 

Comparison o l the  two routes 10 0 (sec $3) dt P = 0.8 for the slil o f  reduced wldth H' = 10. Here. p'* 1s the reduccd configurational chemical 
potential (that IS .  ti' - 3P Inh. with h the de Broglte wivelengih). P l f l  the undersaturatmn and ( # ) : A *  the mean number of molecules 
m the slit per unil reduced c r o s ~ - ~ c c t i o n ~ I  area. f l ' ;A* is the reduced grand poienha1 per unit reduced area. calculatcd from the thermodynamic 
route (n,) ming I 1  I ) ,  and the mechanical route (0,) from (10). The figures in brackets arc thc rsirmaled uncertainty in the last decimal place. 

(here, U is the total internal energy) to give the variation in R between two points (at 
the same p and H )  on different isotherms. By integrating (10) up from low p - where 
the fluid is ideal, and R(N) is known explicitly - Q may be found anywhere on the 
isotherm, in the absence of a phase change (where Nchanges discontinuously with p). 
Peterson et al. thus obtain R for a high density point on a high temperature (con- 
tinuous) isotherm, and then use ( 1  1) to get R at a corresponding point at a lower 
temperature. This then yields the grand potential for the liquid branch of the low- 
temperature isotherm; R 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 R 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 PIP" = 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 R 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 R 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 R, 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 O*, the mean reduced density of fluid 
within the pore, versus the fluid undersaturation P j 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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@- 

I 

I 1 I + 
I 0.0: ' 

0.0 

P/PO 
Figure 6 Adsorption isotherm @* ( P I P ' )  at T* - 0.8 in the slit of red~iced width H* = 70. Thc sht can 
hc filled Lvlth a vapour-liki: (lower branch) or liquid-like (upper branch) phase. The solid lines pass through 
the \rtrh/c phase a t  each pressure; the dashed lines through the rnetastahle phases. The dottcd lincs show 
Ihc beginning (at pmln)  and end (pmni) of the  metastable region. The arrows mark the cocxisting vapour and  
liquid densities in the bulk fliiid (at P ~ P o ) .  0' = @a; arid r* = hBT:c,,  

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 o .  Between these two points (corresponding to the limits 
p,,,,, and p,,,, of the metastable region as described in $3) both phases are apparently 
stable in the pore. I t  has been argued elsewhere [18] that the vapour branch of the 
isotherm must terminate before Po if T > T,; we note that our result is not inconsis- 
tent with this obser\,ation since, in the first place, the uncertainty in the equation of 
state (mentioned in $2.1, above) prevents our knowing Po to an accuracy of more than 
a few percent and, i n  addition, the vapour phase is only apparently stable at P 2 P" 
for the duration of a few thousand steps of the simulation (see, e.g. figure 5 ) .  

Figure 7 shows the reduced grand potential per unit area R*/A* for the two phases 
i n  the metastable region. The error bars are estimated by calculating subaverages over 
5000 steps. The statistics are poor, but i t  can be seen that the vapour phase is stable 
(i.e. has the lower Q) at low pressures, while the liquid phase is stable at  high pressures. 
The transition i s  at PiP" = 0.92 0.05. At this undersaturation the vapour-filled 
pore and the liquid-filled pore arc 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.e. at P") at T* = 0.8 
have been marked on Figurc 6. I t  can be seen that density of the liquid-filled pore i s  
c-lose to the density of the coexisting bulk liquid, while the pore vapour density is 
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-6.. 

-a. 

* 
e 1 0 .  

\ 
C-12. 
* 

- 1 4 .  

- 1  6. 

P/PO 
I I I I 

1 0 6  

- 

- 

- 

- 

313 

, 1  

Figure 7 Reduced grand potential per unit area R*iA* 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 SO00 steps. R*;A* = Ro;;AE,. 

0 . 1 1  ' I " ' I ' I ' I ' ' ' I " 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

P/PO 
Figure 8 
simulated potnts; the dotted lines mark the limits of the metastablc region. 

Adsorption isotherm at T* = 0.8 in the H *  = 10 slit. The solid lines guide the eye through the 
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-8 .  
0. 

-9. 

- 1  0. 

2 
L l l .  

c * 
- 1  2. 

- 1  3. 

- 1 4 .  

J.P.R.B. WALTON A N D  N. QUIRKE 

P/P" 
- ,  i i i i 

6 C). 48 0.50 0.52 0.54 0.56 0. 

Figure 9 As Figure 7.  but now for thc slit with H *  = 10 

5 8  

* 

0.4 

0.3 1 
0 

1 1 1 1 0.2 
0.0 

P/PO 
Figure 10 .4s i-igurc 8, but now for the slit with H* = 7 .  The solid lines guide [he eye through thc 
bapour-like and thc liquid-like branches of the isotherm. The steeply rising portion is centred on P 
P" 2 0.2. 
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0.6 

* 
@ 0.5 

0.3 

O n 4  

0.7 I 
n 6 

6 
- 0 

0 

- 

I I I I 
0.00 0.05 0.1 0 0.1 5 0.20 0.25 0. 
i.8 I 

375 

I 

3 0  

Figure I 1  As Figure 10. but now for the H' = 5 sllt. The steep rise is centred on P 2 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 Tw 

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 !2 (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 Po 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/Po N 0.03. 

The adsorption isotherix in a very narrow slit ( H *  = 3 )  is shown in Figure 12. 
Upon decreasing the pressure to the extremely low value of 10-'Po, the amount 
adsorbcd 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 PIP" = 6 x lo-'. It 
thus sccms 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 

[ I 8,191. 
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I- 

0.2 

1006 

rcsidual adsorption is all that can be observed. We return to this point in the following 
subsxtion. where we consider the structure of the lluid within the pore. 

1.2 ~ ~ l r l i ~ ~ t i 4 r o  ot' lllC ,4rlrc1t.hctl Ph(I.SC 

Hcre. we discuss [he simulation results for the reduced density profile p*(z* )  (delinetl 
in $ 3 )  and relate them t o  changes in the form o f the  adsorption isotherm ($4.1) a s  the 
slit width i s  altered. 

Figure 13 shows a set of profiles in the slit with H* = 20. These are at a series ot' 
pressures ranging from 0.1 to 0.9 P o ,  or just below the point ofcapillary condensation 
i n  this slit (see Figure 5). 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. I n  Figure 13, we focus 
attention on the fluid i n  the neighbourhood of the walls of the slit ( i n  this case. the 
lert-hand wall at  r = 0). There are strong os~illations in p(r), due to the fluid packing 
i n  layers against the impenetrable wall. In particular. thc first layer is very dense and 
strongly locaiised (note that way that p goes to zero on either side). which suggests 
that is is possibly :dirf- / iktJ in nature. (To determine whether or not the layer is indeed 
solid. the structure of the fluid in the plane of the walls would have 1 0  be studied i n  
more detail [45].) The number of layers becomes larger as the pressure is incrcased. 
unt i l  at  P / P n  = 0.9. four (or  just possibly ~ five) layers have formed on each wall. 
We note that the ( i  + 1)th layer begins t o  furm before the ith one is complete. This 
cooperative buildup o f  layers during adsorption has been previously observed b! 
Snook and van hlegen in their simulations of a LJ model of fluid ethylene in w2ide 
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4. 

3. 

* 
Q 2* 

1 .  

O -, 
Z *  

377 

I 

Figure 13 Reduced density profiles y*(z) a t  T* = 0.8 in the H* = 20 slil. P/P' = 0.1 (circlcs), 0.3 
(squares). 0.5 (triangles), 0.7 (plusses) and 0.9 (crosses). At pressures which fall within the metastablc 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* = p i .  

(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 jus t  above that of the transition are shown in Figure 14. I t  is immediately 
apparent that although the two phases are clearly of differing densities in the region 
around 2 = H/2  (in what may be termed a bulk-like region, far from the influence of 
the pore walls), the struclure of thc fluid close to the wall is the ~urne for both phases. 
A similar result has been obtained (but not commented on) by van Megen and hook  
[4]. It 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 thc left-hand wall of the slit with 
H *  = 10 for four pressures between PjP" = 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 Po 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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structure of the adsorbed layers near the walls docs not dcpend on whether ( ) ( [ / , ? I  
hasa  vapour or  liquid value. 

Comparison of figures 14 and 16 shows that reducing H decrcaccs the size of both 
the bulk region and the number of adsorbed layers that arc insensitive t o  the phase 
there. Thus, in the larger slit ( H *  = 90) the jump from vapour to liquid is associatcd 
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 o f ( fo r  example) the 
first peak roughly doubles when the slit width is halved a t  fixcd fluid undcrsaturation. 
We recall, however, that 6, the bin size for the calculation of ~(3). is proportional t o  
// in our simulations (see $3, above) and so i t  is not possible t o  dircctly compare 
p ( : ; H )  for difTercnt values of H .  The proper cornparison is between the inlrgr.cr/.< ot' 
the profiles over the space occupied by each peak in the separate slits. which shows 
(hat the number of molecules in the first layer is rather insensitive to changes in H .  
while the number o f  molecules in the second, third etc. layers increase slightly ;is the 
slit is made smaller. This point is brought out rather more clearly when one considers 
r. the adsorption excess, as a function of H at fixed P,'P" (see Table 11). r m a y  be 
thought of as being, a measure of the thickness of the adsorbed layer on each wall (scc 
the Table caption) In large slits, is a constant. characteristic of an isolated solid- 
\.apour surface at this pressure. As H is decreased, r rises monitonically, bccause o f  
the enhancement of the attractive, long-ranged adsorption forces at the t w o  walls of 
the slit. (We note i n  passing that. although i t  has not been seen here, i t  is possible to 
observe capillary condensation by fixing P /P"and  varying H ;  this is the so-called "film 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CAPILLARY CONDENSATION: A MOLECULAR SIMULATION STUDY 379 

I 

Z *  
Figure IS Reduced density profiles i n  the slit with H *  = 10. PIP" = 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 o f  the profiles near the left hand-wall of the slit are shown. 

Z *  
Figure 16 
phascs in the H *  = 10 slit a t  P:Pn = 0.516. 

Reduced density profiles corresponding to the vapour-like (circles) and liquid-like (squares) 
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.;napping" transitiori which was found by Lane and Spurling [3].  In  this work, we have 
chnacn to d o  i t  the other way round. since this corresponds more closcly t o  a real 
adsorption experinicnt.) 

'4s H is reduced, the bulk region eventually disappears as the layered structures o n  
each wall coalesce. Profiles in the slit with H* = 7 are displayed in Figurc 17. .At most 
cix (three on each wall) layers can fit into the pore. Some degree of cooperative 
formation i s  still apparently present in the layers that are close to the wall. We can 
now see that the steep rise in 0 displayed in Figure 9 is duc t o  a rapid increase in thc 
height of the third peak in [ I ( : ) .  Once again, the structure o f  the (four) remaining 
adsorbed layers cloic to the wall is insensitive to pressure, both before and after this 
change. ThLtt is, the space in which the density increase i n  this pore is occurring is still 
o n l y  the subregion between these adsorbed layers. ;is opoposed 10 the space between 

8.0 

6.0 

* 
Q4.0 

2.0 

0.0 
C 5 

Figure 17 
Iir~anglcs) and 0 2 5  (plusses). A steep rise in the adsorption i w t h e r ~ n  occurs at P PI' 2 0 . 2 .  

Rcduced dcns l ty  profilea in thc s l i t  with H *  L 7 .  P P" 0.10 (clrcies). 0 15 (squares).  0 20 
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5 

Figure 18 
0.0313 (triangles). A stcep rise in  thc isotherm occurs at P/Po = 2 0.03. 

Reduced density profiles in the H* = 5 slit. PiPo = 0.0156 (clrcles). 0.0273 (squarts) and 

-7 

Z *  

Figure 19 
(squares) and lo-'  (triangles). 

Reduced density prufiles in the slit with H *  = 3 .  P j p  = 4 x 10 ' (circles). 4.25 x 
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rl>c pore fiflalls. Thi! trend continues upon going t o  smaller pores. Four layers art. 
present wtlen H* = 5 (Figure 18) and the increase in the adsorption isotherm now 
corresponds to a chiinge in the height of the second peak. while the size of the peaks 
i n  p(r) 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 spacc 
hetween the walls. These are present at  ~ essentially ~ all pressures, since i t  is only 
going to extreme low pressures that any reduction i n  their density can be observed. 
The reduction in peik height (shown in Figure 19) then takes place (at Pip" = 10 ' 1  
over 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 niolccules at 
the pore wall are responsible for the residual adsorption in larger slits that has been 
previously mentioned ($4.1). I t  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 srnallest o f  
prcssures. The solid-like nature of the well-defined  layer^ at  the wall may be examined 
in ;I little more detail i n  this cxtreme case where only two of them are present: we lind 
[hat their two-dimensional density is typically h5Y0 of the density of the close-packcd 
21) solid. 

The ideas developed in this subsection concerning the structure of the fluid within 
the pore may be reinforced by looking a t  "snapshot" pictures [48,49] of configurations 
from ( s a y )  the run', at H* = 20,lO and 7 (figures 30-22). We show both liquid-lihe 
and  iapour-like configurations from each o f  these siniulntions. The snapshots clearl> 
K\  ~l the well-defined layering a t  the wall. the insensitivity of this structure t o  the 
density i n  the cent"e o f  the pore. and thc w a y  in  which the layers o n  the walls rncrge 
it\  the pore is made smaller. 

t'igure 20 
I' P" . ( a )  0 90 and ' b )  0 95. (Set' colour platc VI1.1 

Snapshot images [4X.49] of configurations t r o m  thc simulations i n  the H' = 20 \ l i i  . I ,  
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(a) (b) 

Figure 21 
a t  !‘;Po = 0 516 (See colour plate VIIJ.) 

As figulc 20. but now for the H *  = 10 slit (a) is the vapour-like phase, (b) the liquid-like phase 

Figure 22 
plate IX.) 

As figure 20, but now for the slit with H* = 7. Pipu = (a) 0.1875 and (b) 0.2125. (See colour 

5.  DlSCUSSION 
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 (45.2) 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 41 (above) which is made in terms of absolute pore 
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i x 4  J.P.R.B. WALTON A N D  N. Q U l R K t  

siJes: furthermore wc would expect the absolute positions of the boundaries between 
<)~1r ranges to be sensitive to the details of the fluid-fluid and solid-fluid potentials 
c~nployed in the siniiilations (see 96, below). Lrirgr porc's have widths of the order of 
ten molecular diameiers or  more. A fluid molecule inside a large porc will find itself 
either within one o f  the layers formed by thc packing of the fluid against the pore wall, 
or in  ii bulk rcgion, further away from thc walls. As the pressure is raised, the layers 
grow cooperatively. which is made inanifcst as a s t w ( I i 3  increase in the amount o f  fluid 
iidsorbed. The density of the bulk region can be either low (in which case the pore can 
hc described as being filled with vapour) or  high (when the pore is filled with liquid). 
The liquid branch o f  the isotherm is flatter than the vapour branch. because o f  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 n .  while 

apour-tilled pores ican exist at pressures greater than this value. Thus. there is ;I 

metestable region surrounding the point of capillary condensation. which is the 
(ransition between the stable phases, and which can be seen a s  a sudden jump i n  the 
amount of adsorbed fluid. 'The structure of the adsorbed layers a t  the w a l l  d o  not 
chungc at condensation, but the transition takes place i n  the space between the inner 
adsorbed layers (as opposed to the space between the pore walls). Decreasing the 
pore-si7c shifts thc point o f  capillary condensation to lower pressures and decreases 
~ h c  s i x  of the meta.;table rcgion. 

As the pore becomes smaller. w e  enter the realm of mcdiirnz porc skes 
ti 5 H* 5 10). Now the bulk region in the centre of the pore has vanished and all 
thc structure of the confined fluid is dominated by the layering effects induced by the 
~ . a l l s .  The layers closest to thc wall still t i l l  i n  a cooperative manner with incr-casing 
press~irc. which again shows up as a steady rise in the adsorption isotherm. The IOU. 
(fensit>. branch of the isotherm i s  shorter and steeper than the vapour branch i n  
large-pore isotherm:;. N o  metastable states arc t o  be found in medium pores: instead. 
the isotherm is reversible with a very steep portion which connects the low and high 
density branches. I n  the system studied here. the rapid increase in the isotherm 
(a t  5 0.5 P o )  is due to a change in the density o f  the inner layers: the structure of the 
laycrs closer to the walls is the same o n  both branches of  the isoherm. 

Sum// pores havt sics o f  the order of three molecular diameters or less. Their 
adsorption chariictfristics are dominatcd by the properties of the strongly-localised. 
high density (possibly solid-like) layer of fluid molecules on each wall. These layers 
appear a t  extremely low pressures and, thereafter, are almost completely insensitive 
to changes in pressure. Since the pore is full a t  (practically) all pressures. the isotherm 
i \  flat. w i t h  no jumps.  risers or  any other features. 

7. -7 .I I t ,  {osiddc Srui<>,\ 

The chief difference between the isotherms for large and medium pores i n  this study 
is that the former xh ib i t  a vertical jump between well-defined vapour and liquid 
branches with ;in attendant metastable region, while the latter d o  not. Before discuss- 
ing the significance of the prcsence o f  metastable states in large pores, i t  is worthwhile 
to interpose some comments on their status. It is well-known that the finite naturc of 
tlic ( 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 t o  
(it). we recall that i n  this work, th size of the metastable region has been determined 
by tracking down the limits in 1.1 (p",,, and p,,,:,,, 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. I t  is thus plausible that the apparant metastable region would 
become smaller (i.e. pmln would increase and/or pmax 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, A )  of the cell, we have, as noted in $3 
above, made a limited study of the dependence of 0 and $2 upon A .  Those runs were 
performed at PIPo = 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 A* = 50, the liquid state 
is more stable than the vapour, while for A* = 25, 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 A .  

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, 
( H c ,  P , )  [8-16, 18-20,231. 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 z  is roughly 0.25 Po*. For 
H < H ,  (or P < Pc), 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 P,(T)/Po -+ 1 and H,(T)  --f x as T + 7''' - at least for T/Th3) - I .  
Thus, increasing Tin our system would, according to this picture, increase H,  and it 
is posslble that this could move into the regime where pores exhibit a bulk-like region 
at their centres. Indeed, Peterson and Gubbins [S] have shown a supercritical 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, i t  is possible to imagine an adsorption (increasing P) experi- 
ment following the vapour branch, past the point of capillary condensation at 
PIPo N 0.92, up to where the metastable portion of the branch ends at P N_ Po. A 
desorption (decreasing P)  experiment would then follow the liquid branch, down past 
the capillary condensation pressure until the metastable part ends at PIPo 'v 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 I .  By contrast, a continuous, 
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1x6 .I.P.R.R. WALTON AND N. Q U I R K E  

supcrcritical isotherm (Figure 1 1 ,  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. i t  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 rnesoimicropore boundary is a function of T and 
so it should in principle be possible to induce changes in the hysteretic behaviour of 
it (suitably chosen) adsorbent by measuring several sorption isotherms at  a variety of 
temperatures. 

We etnphasise that this mechanism for hysteresis, which links i t  to whether H is 
above or below H ,  is based on the single, isolated, rr*ell-defintvi pore model which we 
have used. Pore connectivity and polydispersity in pore sizcs have conventionally been 
invoked [ I ]  t o  explain hysteresis in sorption experiments on porous solids. Whilst 
thcrc can be n o  doubt that these properties will induce hysteresis [ 1,21 ,S I ]  the point 
of \iew described here and elsewhere [18-20, 8-1 I ]  erts that such effects are 
rirkc(itioricr/ 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 d o  not [ I ] .  Although the shape of the capillary will doubtless 
intluence the quantitative details of capillary condensation, our results show that it is 
,?of , ~ c t ~ ~ c . . c c i r ~ ~ .  to resort to exotic pore shapes to explain hysteresis in adsorption 
ico t herms. 

5.3 77ic l h l v i t i  irnd LuplLiw cqulition.~ 

t:v.ans and Marini Bettolo Marconi [ I  71 have shown how consideration of the grand 
potential of vapour and liquid configurations in the pore leads to the LupIricc cqziritioti 
for P. the pressure at which capillary condensation of vapour to liquid occurs: 

P - P;  = 2;, , ,  costl/H (17)  

Here. P { is the pressure of the metastable bulk liquid phase which is at  thc same T 
and p as the vapour, while y , ,  is the surface tension of the liquid-vapour interface. 0 
i s  the angle of contact between the liquid phase and the solid wall of the pore; recall 
that i t  is zero for 7' 2 TN, and positive for T < Tv;. For P - P" and, assuming the 
vapour t o  be close to ideal. (12) reduces to 

/ig T I n(P"jP) = 2y,\ cosfI:'H(p, ~ p, j (1 .3 )  

the more familiar Kelvin quation. where p ,  and p,, are the densities of the bulk liquid 
and vapour phase5 a t  coexistence (i.e., a t  Po) .  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 ;I good deal of attention, some of  which concerns its range of  
talidity [1.8.9,1 l,I6,18,19]. 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 
[ I ,+  is available. 

Figure 23 displays the simulation results for the capillary condensation pressure as 
;I function of port: size for the large pores, together with the pressures at which the 
rapid increase in density occurs in the medium pores. (Fo r  H* = 10, we have 
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Figure 23 Capillary phase diagram at  T* = 0.8. The open circles (with error bars) give the pressures a t  
which (for fixed H * )  capillary condensation takes place in the larger pores - i.e. H* > H r ,  where (H? ,  Pr) 
is the location of the capillaary critical point. The filled circles indicate the positions of the steep rise in the 
isotherms for H* < H,*, P* < P r .  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 H* = 10 and 20. 

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

PIP" = (P:* + 2 y * , , / H * ) / P *  (14) 

PIP" = exp[- 2 ~ * , ~ / r * ( p T  - p,*)H*] ( 1  5 )  

(P* E Pci/Etf, the reduced pressure) where we have set cos6 = I and used the 
following parameter values [26,53] 

py = 0.72, pg = 0.02, rfv = 0.38  

Here, the value for yyv (e y,\ azff/cff) 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 PIPo for smaller slits, in accordance with 
previous results obtained via density functional theory [ 16,18,19] and simulation 
[8-111 for T > Tw. The other curve in Figure 23 is a Kelvin-type expression 

PIP" = 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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7 x l i  J.P.R B. WALTON A N D  N .  Q U I R K E  

the two points, i t  appears that (14) or (15) begins to break down at  I€* - 16. At 
H* = 10, the thermodynamic equations predict a pressure that is roughly 80% too 
high zind. bearing in mind the approximate location of the capillary critical point (see 
$5.7. above) L+nd the shape of (16). we may estimate their maximum deviation to be 
(very approximately) 100% of the true transition pressure. 

In the above treatmcnt, we have allowed for the fact that T > Tw by putting 
0 = 0. The effect of the appearance of the wetting films (which decrease the effective 
slit width at condensation - see, e.g. figure 14) has not been explicitly included. 
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 ~ r '. H should be replaccd by H - 3r,,, where t,, is the equilibrium film 
thickness at condensation [17]. Modifing the slit width in this way has little effect on 
the prcdictions of (14) or (15). since both curves are rather flat for H *  2 10. Thus, 
if'wc take td = 4 for the H* = 20 slit (Figure 14). the Laplace and Kelvin predictions 
Ib r  f 'f" are reduced to 0.909 and 0.845, which are both slightly less than the 
sirnillared 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 rr (11 report the breakdown of ( 1  2) and 
( 13) at I / *  k 100 [ 1 X I  for complete wetting conditions. They note that the predictions 
are improved somewhat on going to the modifications of [ 171, but give the impression 
thal. for T > Tw, the Kelvin and Laplace equations perform poorly, in general. 
Similar conclusions have been reached for cylindrical pores [ I  1.19,20]. A direct 
comparison between density tunctional thcory and simulation is precluded by dif- 
ferences i n  their bulk phase properties [22,8,1 I ]  and, in the absencc of data for other 
pore sizcs, it is difhcult to say whether or not the agrecment between the thcr- 
modynamic predictions and our simulation result at H* = 20 is merely specious. 
Hnwcver. Evans ct ill  [ 181 note that, on going to a more attractive wall potential. the 
rangc of applicability of (12) is increased. Thus, the fact that the transition at 
H* = 20 occurs rather close Lo (presumably as a result of our comparatively deep 
porc-Huid potential ~ see $2. I )  may account for the agreement between thc Laplacc 
a n d  Kelvin equations and our simulation. 

I n  [his paper we have presented details of an extensive molecular simulation study of 
the phase behaviour of ii simple fluid confined to a slit-like pore formed from two 
parallel adsorbing walls. Thc tcmpcrature of our study is believed to be above both 
&.') ( so that 2D liquid-vapour coexistence is not observed as H -+ 0) and Tw (so that 
thick wetting layers develop on the wall as P -+ P") .  Our attention has been focussed 
on the way i n  which the (capillary) condensation of the bulk vapour to a adsorbed 
liquid-like phase is 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 c ,  Pc) ,  although pores which are smaller than the 
critical size continue to exhibit steeply rising portions. The differences betwcen 
subcritical and supcrcritical 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,* 2 7 and Pc/Po 2 0.25. We 
also find 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* 5 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 details 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 $5.1 can depend quite strongly on the potential parameters 
which have been chosen for the model. 
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