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Methods for simulating phase transitions in narrow pores are reviewed, and the advantages and
disadvantages of different techniques are discussed. Examples are given of applications to vapor-
liquid, liquid-liquid, melting and freezing, solid-solid and layering transitions. While there has been a
considerable body of simulation work on vapor-liquid, wetting and layering transitions for simple
fluids and pore geometries, much remains to be done on more complex geometries and network
effects, on heterogeneous surfaces, and on liquid-liquid, melting and solid-solid transitions in pores.

Keywords: Phase transitions; pores; capillary condensation; layering transitions; melting;
freezing; liquid-liquid equilibria.

1. INTRODUCTION

Fluids confined within narrow pores exhibit a variety of surface-driven phase
transitions, Some of these are new (i.e. arise solely due to the solid surfaces
present), e.g. layering, commensurate-incommensurate solid-solid, and wet-
ting transitions; others, e.g. melting and capillary condensation, involve
surface modification of transitions present in the bulk fluids. The scientific
interest in these transitions springs from understanding the novel effects due to
the surface forces, and how such transitions (and any associated critical points)
are affected by the state conditions and pore variables (pore size and shape,
kind of surface, etc.). In addition to the scientific interest, understanding these
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phenomena is of great practical importance. Micro- and meso-porous solids
are widely used in the chemical, oil and gas, food and pharmaceutical
industries for mixture separations, pollution control and as catalyst supports.
At present the design of such processes is largely empirical, with little scientific
basis. Improved understanding of confinement effects is also needed in connec-
tion with many applications in lubrication and adhesion, and in geophysics,
geology, and waste cleanup, since many rock and soil formations are porous;
the flow, diffusion and selective adsorption of water, aqueous solutions,
pollutants, oil and gas in soils and rocks is important in such fields as frost
heaving, tertiary oil recovery, gas field technology, and removal of pollutants
from ground water and soils.

Some examples of phase transitions in pores are illustrated in Figure 1. The
most well-known and widely studied phase transitions are capillary condensa-
tion, wetting, and layering transitions. Studies over the last decade using
density functional theory [1], molecular simulation [1], and experiments
[e.g. 2] on well-characterised porous materials have provided considerable
insight into the nature of these transitions. Other important transitions that
are less studied include melting, solid-solid transitions, solubility phenomena,
and liquid-liquid transitions.

Experimental studies of phase transitions in confined fiuids is complicated
by the difficulty of preparing well characterized porous materials. Simulations
therefore offer an important alternative method of study, since the morphol-
ogy of the porous material is precisely defined. The simulation methods used
to study phase transitions in bulk fluids {3-8] are, with little modification,
suitable for investigation of phase transitions in pores. However, long-lived
metastable states are often a more serious problem in confined systems. These
lead to hysteresis effects, the state condition at which the transition occurs
being different depending on the direction from which the transition is
approached. The determination of the true thermodynamic transition point
will often require the calculation of the free energy or chemical potential. A
further consideration in studying confined fluids is that it is desirable to know
the thermodynamic state of the coexisting bulk fluid or solid. Since the
temperature and chemical potential are the same in the bulk and adsorbed
phases, this means it is desirable to know or calculate the chemical potential in
the adsorbed phase.

In this paper we first briefly consider the most commonly used methods, and
then describe several examples taken from recent studies of phase transitions
in pores.
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FIGURE 1 Examples of phase transitions in confined systems.

2. METHODS

Phase equilibria in pores, and also the equilibrium between the porous
medium and the bulk phase, are governed by equality of temperature and
chemical potential:

T*=T* (1)

w=ut (i=12,.)
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where i is one of the components of the mixture and «,f are the two phases.
Pressure equality is not a requirement since pressure in confined systems is a
tensor.

The three most widely used methods for adsorbed systems have been Grand
Canonical Monte Carlo (GCMC), Gibbs Ensemble Monte Carlo (GEMC)
and Molecular Dynamics (M D) simulations. These each have advantages and
disadvantages, as summarized in Table 1.

In GCMC simulations the chemical potential values are specified in ad-
vance, along with the temperature, so that the values of these are automatically
known for both the coexisting phases in the pore and for the bulk phase. It is
therefore a natural method to use for confined fluids. If an equation of state is
available, it 1s possible to calculate the pressure of the bulk fluid knowing the
chemical potentials. The GCMC method has been widely used to determine
adsorption isotherms, heats of adsorption, and phase transitions in pores.
Nevertheless, it also has some significant disadvantages. The method (like the
GEMC discussed below) runs into difficulties with the molecule insertion step
at high densities. An important part of the GCMC procedure involves the
attempted insertion of a molecule into one of the phases; if the insertions are
made randomly then the number of failed attempts (because the insertion
point results in serious overlap with an existing molecule in the pore) rises
extremely rapidly as the molecules become densely packed. This difficuity,
which is more pronounced for significantly nonspherical molecules, can be
overcome by using a biased sampling method [3—-8], which attempts to insert
the molecules into ‘holes’ in the fluid, thus improving the chance of successful
insertion; the effects of such biasing on the statistical sampling is removed at a
later stage. A second disadvantage for many applications is that no informa-
tion is obtained about the interface itself.

TABLE1 Advantages and Disadvantages of Various Methods for

Adsorbed Systems

Method  Advantages Disadvantages

GCMC Natural method Get hysteresis loops
Know u, and hence P Don’t see interfaces

Fails at high density
GEMC  Get true equilibrium point Don’t know pu

Fast for mixtures Don’t see interfaces
Fails for high density
MD Sec interface, phase splitting  Dont’ know p
Get dynamic information Difficult for phases of

similar density
Need large systems
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A further difficulty with GCMC (and some other methods) is that hysteresis
is found in the calculation of adsorption isotherms where phase transitions
occur. If a series of calculations are performed at increasing pressure along an
isotherm, for example, the phase transition pressure is often at a different
pressure than that observed on reducing the pressure. This results from
metastability (local minima in the free energy), and in general neither of the
transition points observed in the simulation corresponds to the true ther-
modynamic transition point [9]. Thermodynamic integration can be used to
determine the true transition point. Since the simulation is carried out using
the grand canonical ensemble, the appropriate free energy to consider is the
grand free energy, Q@ = — kT In E, where E is the grand partition function. For
the bulk fluid Q = — PV, but for an inhomogeneous fluid (as in a pore) surface
terms must be included. For an inhomogeneous fluid containing an interface
of area A, classical thermodynamics leads to the identities [10]:

oQ
e =—N 2
<6N>T,V.A @
where A is surface area of the system, and
6(Q/T)> (6( u/ T))
=U-N 3
(aum 3T Jv.a ©

where U is the total internal energy of the system. Restricting eqn. (3) to paths
of constant y yields

(5(Q/T)

a(l/T)>V,A,u = U “

For u low enough that the fluid is an ideal gas,

_ exp(u/KT)

N'¥(u) = 2= drexp(— Vo (6)/KT) 5

Substitution of Eqn. (5) into (2) and integrating from zero molecules gives the
low density (ideal gas) form for the grand free energy:

Q(p) = — kTN () (6)
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Equations (2) and (4)—(6) can be used to find the grand free energy for any state
of interest in the pore. Thus, by carrying out a series of simulations at constant
temperature but at varying chemical potential values, Eqn. (2) can be integ-
rated from low density (where Q =Q is given by (6)) to the condition of
interest. The change in grand free energy on changing to other temperatures
can be calculated from Eqn. (4) by carrying out runs at constant chemical
potential, but with varying temperature. If, for a given-temperature, chemical
potential and volume, two states are found, the more stable one is determined
as that with the lower Q. If two such states in the pore have the same Q they will
represent different phases that are in thermodynamic equilibrium. This
method has been used [9, 10] to determine capillary condensation coexistence
curves.

The GEMC method has the advantage that it determines the true ther-
modynamic equilibrium point between two coexisting phases in the pore, since
the sampling scheme is designed to ensure chemical, as well as mechanical and
thermal equilibrium. Thus, hysteresis is not observed. It is also fast, particular-
ly for mixtures, since no interface is involved. However, it suffers from the other
two drawbacks of the GCMC method, namely difficulty in molecule insertion
at high densities, and failure to observe the nature of the interface. In addition,
the chemical potential is not known in advance as in GCMC, and if desired
must be calculated by a separate route, e.g. the test particle method. Unless this
is done, one will not know the state condition of the bulk fluid with which the
pore phase is equilibrated.

Molecular dynamics simulations can be used to observe the interfaces
between coexisting phases in the pore, and so have this advantage over the
GCMC and GEMC methods. One procedure that has proved successful [11]
involves first equilibrating the fluid in the pore at a high temperature, above
the critical point in the case of gas-liquid or liquid-liquid transitions (or above
the range in which the transition of interest occurs in other cases). The
simulation is then stopped, the velocities of all the molecules scaled back by a
constant factor (chosen to correspond to a suitably lower temperature), and
then restarted. The new molecular velocities correspond to a temperature in
the two phase region of interest. The fluid in the pore will then separate into the
two phases. In general, mechanical equilibrium is quickly reached, whereas
chemical equilibrium takes at least one order of magnitude longer, because of
the slow diffusion in the dense phases. This quench MD method has the
advantage of providing dynamic information about diffusion in the pore and
the kinetics associated with the phase separation. Moreover it provides a clear
picture of the interface itself, something that cannot be easily studied in the
laboratory. The geometry of such interfaces is otherwise unknown, and has
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been the subject of debate for several such transitions in pores. Disadvantages
of this approach are that it is more work to program than MC, usually requires
a larger system and longer runs than GEMC or GCMC, and the chemical
potential is not immediately known; the latter can be obtained by the test
particle method usually. Also, such phase splitting may be harder to observe
very close to critical points, although similar difficulties apply to the GEMC
and GCMC techniques.

3. CAPILLARY CONDENSATION AND LAYERING TRANSITIONS

Although many experimental studies of capillary condensation have been
reported, relatively few of these have been for well-characterized porous
materials with a narrow pore size distribution. An example of a study using
such a well-characterized material, sulfur hexafluoride in controlled pore
glass, is shown in Figure 2 [2]. These materials have a very narrow pore size
distribution in the mesoporous range, so that the phase transition is quite
sharp. The effect of confinement is to shift the coexistence curve to lower

320 —— T T T

bulk coex.__

318 | 4

T/K

36 - 3lnm J

3i4 | B
24nm

32 b ]

310 1 1 ) 1
0.4 0.6 0.8 1.0 1.2
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FIGURE 2 Vapour-liquid coexistence curves for sulphur hexafluoride as bulk fluid and as
adsorbed fluid in controlled pore glass of two different mean pore diameters. The abscissa shows
the density averaged across the pore diameter in the case of the pore fluids. The coexistence curves
are shited to lower temperature and higher density in the pore fluids. From Thommes and
Findenegg [2].
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temperatures and to higher mean densities. The much higher density for the
low density phase in the pore is a result of layer formation on the walls. The
downward shift in the pore critical temperature was found to be 0.92 4+ 0.24 K
for the glass with 24 nm mean pore diameter, and 0.48 + 0.23 K for the 31 nm
mean pore width.

Since about 1986 there have been numerous simulation studies of capillary
condensation in pores of simple geometry, e.g. slits and cylinders, and several
studies of layering transitions. These are too numerous to review here, but a
cross-section of examples of studies of this type can be found in the proceed-
ings of the International Conferences on the Fundamentals of Adsorption,
held every three years [1]. Most of these simulations have employed the
GCMC method, but several use either GEMC or MD. In this section we show
several examples drawn from this literature.

InFigure 3 we show results of GCMC simulations [ 10] for the adsorption of
a Lennard-Jones fluid (the potential cut and shifted at r, = 2.5¢) modeled on
methane in slit graphite pores of width H* = H/o = 5. The pore width is
defined as the distance between the nuclei of carbon atoms in the first layer of
each of the two opposing walls, and the solid-fluid interaction was modeled
using the (10, 4, 3) potential [12]. From Figure 3(a) we see a first order layering
transition (0 — 1 layers) at u¥ = — 10.0 for T* = 0.4. This becomes a continu-
ous transition for the higher temperatures, the increase in adsorption becom-
ing less steep with increasing temperature, This transition corresponds to the
formation of a single adsorbed fluid-like layer on each wall. The behavior of
the isotherm at T* = 0.5 suggests that the critical temperature for this transi-
tion is slightly below 0.5. This is in good agreement with the experimental
results of Kim et al. [ 13], which show the submonolayer critical temperature of
methane on graphite to be 68.8 K (7T* =046). There is no observable
hysteresis associated with this layering transition. At higher chemical poten-
tials around p¥ = — 6.0, for temperatures in the range T* =0.4 —0.7 the
adsorption isotherms undergo first order jumps, but are continuous for the
higher temperatures of T* = 0.8 and above. These jumps correspond to the
formation of a second, inner layer on each wall. Since a pore of H* = 5 can only
hold four layers, these transitions represent capillary condensation. Hysteresis
is associated with this transition, the hysteresis loop becoming smaller with
increasing temperature and disappearing at T* = 0.7. For the temperatures of
T* =0.4,0.5,0.6 and 0.7 the true thermodynamic phase transition (two phases
having equal grand potentials) was determined by integration of eqn. (2) using
the boundary condition of eqn. (6). For still higher chemical potentials, around
uX = —4.0, all of the adsorption isotherms approach a limiting adsorption
corresponding to completely filled pores. Freezing transitions (marked FT) are



341

PHASE TRANSITIONS IN PORES

‘Lo1] ‘v 12 Suelf wio1,] ‘uouisue) Surzaslj 10] SPUEIS 1 . "SUI[ PI[OS B SE UonISUeI] aseyd JIWBUAPOULIAY} 301} oY} pUR ‘Saul| Paysep
Se suonisuen) 19p1o-siy ‘soduew) £q uondiossp ‘sopin £q pajousp st uondiospy "o 10)owered [enualod surylaW 2Y) Ylm pPIdNPII
nmbaq =4,d 910d oy w1 £31susp Joquuinu pmy s3eaae oy st payiojd uondiospe ay L 6’0 () Pue g°0 (3) ‘L0 (P) ‘9'0 (2) ¢°0(q) ‘40 (B) :Jo san[ea
+L PUB G =, Jf 10§ ‘Tenuajod [rem pmp (€p°01) © yaim sozod ayydess yjs ui sueyiauw 10j DINDD woly swisyjost uondiospy ¢ FYNDIA

-:00‘1 --00.1 ogo.l
€- G- L—- 6- 11— €- G- L— 6— 11— €- G- L- 6— 11—
T T T 00 T I ] 00 T | | 00
— 120 — =20 20
— H¥04 - -1¥'04d ¥'04
s —19°0 — —190 90
L _ 1 80 L : : 80 80
(@)
.Heui
11— €- G- 24— 6- 11— 11—
00 00 00
20 = —120 20
vo'd |- ¥ 04 ¥ 04
90 - -190 90
| 1 1 90 ] 1 1 80 i 1 ! 80

1102 Alenuer $T LT :6T @IV Papeo |uwog



19:17 14 January 2011

Downl oaded At:

342 K. E. GUBBINS et al.

also observed at the lower temperatures shown in Figure 3. These are further
discussed in the section on freezing and melting below.

For larger pores, further layering transitions are found. Adsorption iso-
therms for H* = 10and 20 at T* = 0.5 are shown in Figure 4. For H* = 10 the
formation of three layers are observed on adsorption, followed by capillary
condensation. For H* = 20 four layers are formed prior to capillary condensa-
tion. As for the smaller pores the 0 - 1 transition is continuous, whereas the
1-»2,2-3(and 3 -4 for H* = 20) transitions appear to be first order. A large
hysteresis loop encompassing the 1 -2 and higher transitions is observed,
since the grand potentials were not computed for these transitions the true
thermodynamic transitions are unknown, and it is possible that some of these
apparent transitions are metastable.

An example of the use of quench MD to study vapor-liquid transitions in
cylindrical pores is shown in Figure 5. The intermolecular potentials are
Lennard-Jones models, cut and shifted at r, = 2.5¢, with parameters chosen to
model argon fluid in a carbon dioxide pore [9, 11]. Strictly, it is not correct to
talk of phase transitions in a cylindrical pore, since finite size rounding effects
will blur the transition. However, such effects are known to be very small for

(a) (b)
T T Pe.§“ T T " IiEF
1 ]
0.8} : : - 0.8} { :{
} ] | |
| A [ h
| : | {
0.6} i 14 osf -
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pp : ] pp : :
! |
0.4} V21 4 0.4} .
o .
FT ' {3
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0.0l¢ ' \ 1 0.0ﬁ 1 1 \
-10 -8 -6 -4 —-10 -8 -6 -4

. .
Meon HMeon

FIGURE4 Adsorption isotherms from GCMC simulations for the same system as in Figure 3,
but for T* =0.5 and (a) H* = 10, (b) H* = 20. Adsorption is denoted by circles, desorption by
triangles, and first order transitions as dashed lines. FT is freezing transition. From Jiang
et al. [10].
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FIGURES Density profiles for a Lennard-Jones fluid (modeled on argon) in a cylindrical pore
(modeled on CO,) of radius R* = R/o = 7.5 at T/ T, values 0f 0.631 (left) and 0.766 (right), obtained
by quench MD. Intensity is proportional to the density; dark areas correspond to gas phase. From
Heffelfinger et al. [11].

the pore sizes considered here. In Figure 5 the average fluid densities in various
parts of the pore are shown. Brightness is proportional to fluid density in these
pictures, so that the dark regions are the gas phase. The bright bands shown
correspond to peaks in the density profile. After quenching phase separation is
extremely rapid, leading to a liquid phase that is separated from the gas one by
a (roughly) hemispherical meniscus. This process is analogous to spinodal
decomposition in bulk fluids, as observed by Abraham et al. [14]. In Figure 5
the meniscus is seen to broaden with increasing temperature, and for the
higher temperature the adsorbed layer near the wall grows. Just above the
pore critical temperature large density fluctuations are usually observed [11].

The coexistence curve for this system for a radius of R* = 5.0 is shown in
Figure 6. In plotting Figures 5 and 6 the pore diameter is defined as the
distance between opposing walls, taken to be at the point where the fiuid-wall
potential diverges to infinity. This definition includes some dead space near the
walls, so that the pore volume so defined will be greater than the volume
accessible to the centers of fluid molecules. As a result, for small pores the
coexistence curves will be shifted towards lower densities than would other-
wise be the case. The results shown are obtained by quench MD, but are in
excellent agreement with independent calculations using GCMC. The main
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FIGURE 6 Phase diagram for argon in the cylindrical pore system of figure 5, for a radius
R* = R/o = 5.0 (dashed line and triangular points). The abscissa represents the average (reduced)
number density in the pore. The bulk coexistence curve (solid line), plotted against the bulk
density, is shown for comparison. From Heflelfinger et af. [11].

effects of confinement are a lowering of the critical temperature, and an
increase in the density of the gas phase due to strong adsorption on the pore
walls.

Most simulations have been for pores that are (via the boundary conditions)
infinitely long. If the pore is open at each end and of moderate length, end
effects can be significant. An example is shown in Figure 7, where adsorption
isotherms obtained by GCMC simulation {15] are compared for two model
double-buckytubes (cylindrical pores of graphitic carbon, with walls consist-
ing of two graphitic layers) of internal diameter 4.78 nm; one of these tubes is
infinite in length and the other is an open-ended tube of length 7.7 nm. While
molecules in the central region of the open-ended buckytube are unaware of
the tube ends, those within about 2 nm of the ends experience a reduction in
the fluid-wall interaction. For an adsorption below about 7 mmol g™ !, the
open-ended and infinite tubes adsorb in an almost identical manner. However,
the phase transition region for the two cases are markedly different. For the
open-ended tube the transition occurs at a higher pressure, as expected, a
result of the reduced fluid-wall interaction in the end regions. The infinite tube
shows a hysteresis loop that covers a much broader pressure range, with
discontinuous capillary evaporation at a reduced pressure of about 0.2. By
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FIGURE 7 Adsorption isotherms for (Lennard-Jones) argon in double-buckytubes of internal
diameter 4.78 nm at 77 K. Results are shown for a tube that is infinitely long, and for an
open-ended tube of length 7.7 nm. From Maddox and Gubbins [15].

contrast, the open-ended tube shows a much narrower hysteresis loop, which
is also more rounded, and without first order capillary evaporation on
desorption. This latter isotherm is more reminiscent of most experimentally
observed isotherms. Snapshots of typical equilibrium configurations show a
gas-liquid meniscus at the ends of the open-ended tube when it is full of
adsorbed fluid [15]. It is clear that the capillary critical temperature will be
significantly affected by pore length.

The examples cited above involve homogeneous surfaces. Pore filling
proceeds by the formation of adsorbed layers on the wall; layering transitions
occur in some cases (low temperature, strong fluid-wall interaction), followed
at some higher pressure by capillary condensation. For heterogeneous surfa-
ces having active energetic sites, the pore filling mechanism is often qualitative-
ly different. Such energetic sites can be due to chemical groups fixed to the
surface, for example oxygenated groups (hydroxyl, carboxyl, carbonyl, etc))
that can form H-bonds with suitable adsorbate molecules (e.g. water, alcohols,
amines); or they can be due to defects in the surface, pores of varying geometry,
constrictions in the pores, etc. In such cases the adsorbate molecules tend to
cluster in the energetically favorable sites, rather than adsorb in uniform
layers. Capillary condensation may or may not occur, depending on the
density of active sites and the strength of the adsorbent/adsorbate interaction.
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An example of such behavior is illustrated in Figures 811, for a system
modeled on water in an activated carbon pore [16]. The water molecules are
modeled as Lennard-Jones spheres with four, tetrahedrally arranged H-bond-
ing sites, modeled as off-center square well interactions; the well depth of these
sites was gy ,/kT=12. Two of these sites correspond to the H atoms, and the
other two to the lone pair electrons. The pore is modeled as a graphite surface,
modeled with the (10,4,3) potential [12], on which are placed square well sites
with parameters chosen to mimic sites such as COOH (Fig. 8); these sites are
placed at a distance z =0.50,,=0.17 nm above the surface (defined as the
plane through the centers of the C atoms in the first layer of the solid), where o
is the Lennard-Jones parameter for the solid C interaction. The square well
parameters for the wall sites were taken to be equal to those for the water
molecules. The adsorption behavior was studied by GCMC simulations as a
function of the pressure, surface density of active sites, and geometric arrange-
ment of sites [16]. Long runs are needed (typically 50 x 10® configurations
were used) in order to ensure ergodicity, since otherwise the strong adsor-
bate/active site interactions could lead to H-bonds that are unlikely to be
broken during the course of the simulation. For values of ey /kT= 12, GCMC
simulations are feasible, but for much stronger bonding strengths it is necess-
ary to use biased sampling methods [17-20]. In Figure 9 the adsorption
behavior of simple models of water (closed circles) and propane (squares)
in a graphitic (no active sites) carbon pore of width H = 6 nm are compared at
300 K. The model described above was used for water, and a spherical

FIGURES8 Lateral view of pore geometry for model activated carbon. Periodic boundary
conditions are used in the x (from left to right) and y (in and out of the page) directions. Open
circles represent the C atoms forming the walls of the pore, shaded circles represent the activated
(square-well) sites. From Muller and Gubbins [16].
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FIGURE 10  Adsorption isotherms for water in an activated carbon pore of H = 6 nm at 300 K
from GCMC simulations. Curves shown are for n=0 (closed circles), 0.222 (triangles), 0.444
(squares) and 1.000 (open circles) sites/ nm?. From Miiller and Gubbins [16].

Lennard-Jones model was used for propane. While propane adsorbs strongly
at low pressure, almost no water is adsorbed except at relatively high
pressures, in agreement with the experimental results [21]. The influence of
varying the density of active sites is shown in Figures 10 and 11. The isotherms
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FIGURE 11 Adsorption as a function of site density, n in sites/nm?, for a pore of H =2 nm at
300 K and a reduced pressure of P/P° = 0.0419. Open circles (right ordinate) are the number of
water molecules adsorbed, N. Closed circles (left ordinate) are the number of molecules adsorbed
pet active site. From Miiller and Gubbins [16].

shown in Figure 10 are for active sites placed randomly on the carbon surfaces,
with densities of n =0, 0.222, 0.444 and 1.0 sites/nm? For n=0 and for
n=0.222, there is little adsorption for lower pressures, followed by capillary
condensation. The condensation pressure is shifted to considerably lower
pressures by the presence of the active sites. For the higher site densities,
n=0.444 and 1.0, the pore filling pressure is further shifted to lower pressures,
and the filling mechanism changes. Capillary condensation is no longer
observed at these site densities. As pressure is increased, water molecules
adsorb on the active sites and then form clusters around these sites. Adsorp-
tion is much enhanced if the sites are placed so that the water molecule clusters
can form bridges between two or more sites [ 16]. Eventually the pore fills, but
without any sharp transition. Varying the geometry of the placement of the
sites, keeping the average site density constant, is found to have a marked effect
on the adsorption [16], since there are strong collective effects due to the
bridging phenomenon. The effect of varying the site density at fixed relative
pressure (P/P° =0.0419) and temperature (300 K) is shown in Figure 11. At
low site densities (0<n<3) the number of water molecules adsorbed is
proportional to the number of sites. At such low site densities the sites are
sparsely located and there is less chance of cooperative effects. For sufficiently
high site densities (n>7) the addition of further sites has little effect on the
adsorption of water. For such site densities both pore walls are covered by
water molecules, effectively screening any attraction from the walls or the
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remaining unoccupied sites. Site densities for many activated carbons seem to
range from 0.2 to about 2 sites/nm? [e.g. 22,23]. For comparison, the density
of carbon atoms on the surface is about 38.2 atoms/nm?.

4. LIQUID-LIQUID EQUILIBRIA

Liquid-liquid transitions in pores are important in connection with oil recov-
ery, lubrication, coating technology and pollution control. The influence of
confinement on solubilities is of interest in understanding the dispersion of
pollutantsin soils, in removing trace pollutants from water, and in lubrication.

There have been very few experimental studies of liquid-liquid transitions
for well-characterized porous materials so far. Recently, Sliwinska-Bar-
tkowiak and coworkers have measured liquid-liquid equilibrium (LLE) co-
existence curves in controlled pore glasses using nonlinear dielectric, as well as
optical methods [24, 25]. Their results for nitrobenzene(1)/n-hexane(2) mix-
tures in a glass with pores of diameter 100 nm show a shift in the T-x
coexistence curve towards the hexane-rich side, with decreased solubility of
the nitrobenzene in the hexane-rich phase, and increased solubility for the
hexane in the nitrobenzene-rich phase (Fig. 12). Thus, even for such large
pores, there is a noticeable shift in the coexistence curve, the critical composi-
tion shifting from x; =~ 0.42 in the bulk mixture to 0.38 in the controlled pore
glass. Any effect on the critical temperature is not observable at these large
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FIGURE 12 Liquid-liquid coexistence curves for mixtures of nitrobenzene (N) and n-hexane.
Dashed line and o points are data for the bulk mixture; solid line and M points are for the mixture
confined in a controlled pore glass with average pore size of 100 nm. From Sliwinska- Bartkowiak
et al. [25].
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pore diameters. Solvation force measurements by Christenson and Blom [26]
suggest they may have observed liquid-liquid phase separation in a mixture of
water and octomethylcyclotetrasiloxane (OMCTS). They apparently ob-
served liquid-liquid immiscibility for a composition corresponding to a homo-
geneous phase in the coexisting bulk liquid mixture; this implies that the
solubilitiy of OMCTS is less in the pore than in the bulk. However, their results
did not produce the coexistence curve for liquid-liquid equilibrium (LLE) in
the pores. LLE has also been studied in thin films of polymer blends [27-29],
and it has been found that, in addition to a shift in the coexistence curve to
different compositions, the LL critical temperature is shifted, the nature of the
shift depending on the component of the blend that adsorbs most strongly on
the surfaces. For such polymer blends, shifts in the coexistence curve are found
even for pores as large as 1 pm (1000 nm). So far these experimental studies of
LLE for both simple and polymeric fluids are not sufficiently advanced to
provide any systematic picture of the effects of confinement. At present no
simple physical picture exists to explain the effects of confinement on LLE or
solubility, in contrast to the situation for capillary condensation and melting.
In addition to this work on well-characterized pores, there is a body of
experimental work on LL phase separation near the critical mixing point for
more random pore structures [see ref. 30 and references therein]; much of the
interest in these studies is the possibility of random field behavior due to the
interconnected pore network.

Molecular simulation studies of liquid-liquid equilibria in pores of slit shape
have been carried out for symmetrical mixtures recently [31, 32]. The fluidisa
Lennard-Jones (LJ) binary mixture, in which the like pair interactions, u, , and
u,, are identical (¢,, =¢,,, 0,, = 0,,), while the attractive part of the unlike
pair interaction u , is considerably weaker than the geometric mean of the like
pair interactions (¢,, = &, , (¢, ,&,,)"/%, 6,, = 0,, = 0,,, where £, is much less
than unity). The weak unlike pair interaction leads to liquid-liquid immiscibil-
ity in the bulk mixture, and the symmetry of the potential produces a
liquid-liquid coexistence curve that is symmetrical about x; = 0.5, a homo-
geneous positive azeotrope at x; = 0.5 at higher pressures, and a heterogen-
eous azeotrope at low pressures. We refer to this model mixture as the
symmetrical LJ mixture. The phase behavior of this symmetric mixture is
established via molecular simulation and DFT studies for the bulk fluid
[33-36]. Components 1 and 2 were also symmetrical with respect to their
interaction with the pore walls in these studies, so that the pore fluid
coexistence curves should also be symmetrical with respect to x, = 0.5. The
models used in the two studies [31, 32] differed in detail. The unlike pair
parameter ¢, was 0.75 in the study of Kierlik and coworkers [32], and 0.65 in
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that of Gozdz et al. [31], leading to a more nonideal solution in the latter case
and a higher critical solution temperature. Kierlik and coworkers chose a (9,3)
fluid-wall interaction model with the parameters chosen to model argon as the
fluid and a carbon dioxide wall; Gozdz et al., used a (10,4,3) interaction model
for methane on carbon [12]. Kierlik et al., used Grand Canonical Monte
Carlo (GCMC) simulations and density functional theory, while Godz et al.,
used the Gibbs Ensemble Monte Carlo (GEMC) method. Since the 1 and 2
molecules are identical in these symmetrical mixtures, it is possible to use
molecule exchange in place of the molecule insertion step, thus greatly
simplifying the simulations at these high densities [31]. The results from the
two groups are similar, and typical coexistence curves are shown in Figures 13
and 14. The main conclusions from these studies are that confinement of these
symmetric mixtures leads to: (a) a decreased region of immiscibility (i.e.
selective adsorption of the dilute component), and (b) a lowering of the critical
solution temperature. The decreased immiscibility range in the pore suggests
that the effect of the weak unlike pair interaction is reduced as a result of the
reduced dimesionality associated with decreased pore size. These effects seem
to be in agreement with the limited amount of experimental data that exists so
far [24-29].

A similar study using GEMC simulations for a symmetric mixture of chain
molecules (of length 20 LJ monomer units) has been reported by Kumar et al.
[37]. As for the LT symmetric mixture described above, like pair interactions
were the same for the two species, but the monomer LJ interactions for the
unlike molecule pair interactions were weaker (£, , = 0.9). Confinement was
found to lead to a reduction in the range of immiscibility, and to a decrease in
the critical mixing temperature, as for the simple LJ fluid. The LL coexistence
curves found for this symmetric chain molecule mixture were qualitatively
similar to those shown in Figures 13 and 14.

All of the results discussed above are for a mixture that is symmetric with
respect to both the fluid-fluid and fluid-solid interactions. Recently, density
functional theory calculations have been reported [25] for a LJ mixture in
which the fluid-fluid interactions are symmetrical as above, but the fluid-wall
interactions are different for species 1 and 2. The Rosenfeld-Kierlik-Rosinberg
theory was used, and the influence of varying the fluid-wall well depth for the
two species was examined, with species 2 being more strongly attracted to the
wall than species 1. It was found that this resulted in a shift of the coexistence
curve towards the 2-rich side. The predicted shift is qualitatively similar to that
observed experimentally for the nitrobenzene/n-hexane mixtures [24,25].
More work is needed to fully understand these effects, particularly for unsym-
metrical mixtures and pores.
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FIGURE 13 Liquid-liquid equilibrium coexistence curves for a symmetrical LJ mixture in slit
pores of width H (H* = H/o) at a fixed temperature T* = 1.2 and various bulk pressures, by
GEMC. From Gézdz et al. [31].
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FIGURE 14 Liquid-liquid equilibrium coexistence curves for a symmetrical LJ mixture in slit
pores of width H (H* = H /o) at fixed pressure, from Kierlik et al. [32].
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5. MELTING/FREEZING TRANSITIONS

Freezing and melting transitions in pores are of importance in frost heaving, in
the distribution of pollutants in soils, in the formation and decomposition of
gas hydrates, in the manufacture of nanomaterials, and in other manufactur-
ing processes. Several experimental studies of melting and freezing in well-
characterized porous materials have been reported [38-46]. In general these
show that the melting point is lowered on confinement, and that hysteresis is
associated with the transition. Typical results are shown in Figure 15 (a), which
gives the lowering of the freezing temperature for oxygen in well-characterized
sol-gel glasses having a narrow pore size distribution, as determined by a
picosecond optical technique [39]. The pore radii ranged from 2.2 to 18.7 nm.
A significant lowering of the freezing temperature is found, the depression
being as large as 10 K for the smallest (2.2 nm) pores. Melting temperatures
were higher than those for freezing, indicating strong hysteresis effects. Par-
ticularly large effects on the freezing and melting temperatures for indium in
porous silica glasses have been reported [43], the melting point depression for
the smallest pores of about 6 nm diameter being about 47 K, as shown in
Figure 15 (b). For the melting of indium in 8.2 nm controlled pore glass, the
latent heat was determined to be 10.2 +- 0.4 J/g, much lower than the bulk fluid
value of 28.4 J/g. Similar resnlts have been found for other fluids. For example,
Molz et al. [44] obtained the following results for freezing and melting
temperatures for oxygen and argon in a porous silica xerogel with mean pore
diameters of about oxygen and argon in a porous silica xerogel with mean pore
diameters of about 3.6 nm, using heat capacity measurements:

Transition Pore Freezing Pore Melting Bulk
Oxygen, solid-liquid  47.5K 49.1 K 544 K
Oxygen, solid-solid 36.0 40..5 438
Argon, solid-liquid 72.3 74.8 84.0

In the case oxygen there is a y — f§ solid-solid transition in the bulk at 43.8 K,
and a corresponding transition at a lower temperature in the porous glass.
These experimental studies are for pores filled with adsorbate.

There has been little in the way of systematic simulation studies of melting
and freezing in pores so far, although studies are in progress [47, 48]. An
example of a GCMC study for slit pores with structureless walls is shown in
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FIGURE 15 (a) Experimentally determined freezing point lowering, AT = T™'% — T, for
oxygen in sol-gel glasses with near monodisperse pore size distribution; R is the average pore
radius. From Warnock et al. [397; (b) melting temperatures for indium in porous silica glasses,
with mean pore sizes from 6 to 141 nm, from differential scanning calorimetry [43].
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Figure 3 [10], where FT means freezing transition. At the lower temperatures
(T* =04, 0.5, 0.6), the monolayer formed at y* = —10.0 is at first a fluid
monolayer, but at somewhat higher pressures (chemical potentials) a freezing
transition occurs. The freezing transition occurs at higher pressures as the
temperature is increased, and is not observed for the temperatures studied
above T* =0.7. The second layer shown in the adsorption isotherms of
Figure 3 is solid-like at the lower temperatures, but at T* = 0.7 it is fluid-like at
the lower pressures, and a freezing transition is observed at somewhat higher
pressures. For temperatures higher than 0.7 the second layer is fluid-like.
Some care is needed to locate freezing and melting transitions in the
simulations, since the change in density observed in the adsorption isotherm is
small and not a reliable indicator. Other indicators that are helpful in locating
the transition are (a) snapshots of molecular configurations in a given layer of
adsorbed molecules, (b) in-plane pair correlation functions or static structure
factors, and (c) diffusion coefficients. All three of these properties were
examined in connection with the freezing transitions shown in Figure 3.
Snapshots of in-layer molecular configurations and pair correlation functions
are shown for two-dimensional monolayer liquid and solid states for T* = 0.5
and H* = Sin Figures 16 and 17, respectively. The results shown correspond
to points C (fluid, just before freezing) and D (just after freezing) in Figure 3 (b).
The configurations shown in Figure 16 show a fluid-like structure for point C,
but a regular crystal array with some defects for D. Similarly, the pair
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FIGURE 16 Snapshots of molecular positions from MD simulations of the contact layer for the
system shown in Figure 3 (b), methane in a slit carbon pore of width H* = Sat T* = 0.5, at (a) point
C (fluid-like, p: = 0.313), (b) point D (solid-like, p,* = 0.348). From Jiang et al. [10].
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FIGURE 17 In-layer pair correlation functions, g(r), for the same system as in Figure 16: (a)
point C, (b) point D of Figure 3 (b). From Jiang et al. {10].

correlation functions shown in Figure 17 show a liquid-like structure for point
C, but a solid-like one for point D. The self-diffusion coefficient at point D is
about 300 times smaller than at point C, and gives a particularly clear picture
of the freezing transition (Fig. 18).

A useful criterion for freezing is the Hansen-Verlet criterion [49], which
predicts that freezing will occur when the ratio S(k,)/S(k = o) > ~ 2.7, where
S(k) is the structure factor and k, is the k value at the first peak. Experimental
data on freezing tend to confirm this criterion. For freezing in pores the
criterion can be applied to individual molecular layers.

Both the simulation and experimental work indicates that the effect on the
melting temperature is strongly dependent on the degree of pore filling. For
submonolayer coverage, the melting point is usually lowered, whereas for a full
monolayer the melting temperature apparently goes up [48]. For filled pores
the melting temperature is usually lowered. This latter effect can be under-
stood as follows. The molecules in the first adsorbed layer find it relatively easy
to arrange themselves on the necessary crystal lattice, while fulfilling the
constraint imposed by the walls. However, successive layers must conform to
both the constraint of the walls and of the lattice of the underlying molecules;
molecules in the center of the pore will find it difficult to meet both the lattice
and wall constraints, leading to a lowering in the melting temperature. If this
model is correct, one might expect that for carefully tailored pores the freezing
might be enhanced, leading to a rise in the freezing temperature, although for
slightly different pore sizes or geometries it is lowered.

The simulation studies reported so far have, for the most part, located the
freezing and melting transitions through indicators such as the diffusion
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coefficients and in-plane correlation functions. It would be desirable to
calculate the free energies of each phase and so locate the true thermodynamic
transition point. Methods for doing this are available [e.g. 50], although it is
generally necessary to know the equilibrium crystal structure in advance. The
examples quoted in Figures 3 and 16—18 are for a structureless wall. However,
wall structure is known to have a significant effect on the liquid-solid
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FIGURE 18 Adsorption and diffusion for the system shown in Figure 3 (b), methane in a slit
carbon pore of width H* = 5, T* = 0.5:(a) volumetric adsorption isotherm; (b) adsorption per unit

area; (c) diffusion coefficient parallel to the wall; (d) effective diffusion coefficeint perpendicular to
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transition, even when the solid phase is not commensurate with the substrate.
Some simulation studies have been reported for slit pores with structured walls
{51,52], and the solid-liquid transition has been shown to be sensitive to the
registry of the two structured wall surfaces, and also to wall roughness. In
simulations with structured walls care must be taken to choose the size of the
surfaces so that the periodic boundary conditions match the symmetry of the
external field. This point is further discussed in the next section.

6. SOLID-SOLID TRANSITIONS

Few experimental or simulation studies of solid-solid transitions in pores have
been reported. However, there have been many studies of such transitions for
monolayer or submonolayer coverages on single surfaces; a review of some of
the simulation work for monolayers on basal plane graphite has been given by
Steele [53]. An example of the results of such an experimental study of
methane adsorption on a nonporous graphite surface [13] is shown in
Figure 19. In addition to the two-dimensional gas-liquid and fluid-solid
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FIGURE 19 Phase diagram for methane on graphite from Kim et al. [13].
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transitions, the system displays transitions between a commensurate solid (CS)
and a dense incommensurate solid (DS) phase, as well as between the CS and
an expanded solid (ES) phase. These transitions were found to be continuous
in the pure solid phase near the complete monolayer. As seen in the phase
diagram, there is a commensurate-incommensurate transtition (CIT) between
CS and DS phases below 50 K, and the DS phase always locks into a
commensurate region before changing into the ES phase between 50 and 88 K.

Jiang et al. [ 54] have reported a simulation study of the CIT for this system
at conditions near the complete monolayer at 40.0 K. At these high surface
densities it is difficult to carry out the successful molecule creation and
destruction steps needed for GCMC simulations, and NVTMC simulations
were therefore used. A structured wall was employed, and a solid-fluid
potential with laterally varying periodicity based on the usual Fourier expan-
sion truncated at first order [12] was used,

usf(x’yaz) = uO(Z) + ul(z)f(x’y) (7)

where u,(z) is the 10-4-3 potential,

_ z Usf 10 & 4 64;]‘
to(2) = A[s <7> _< z > N <3A(0.61A +2)° ®)

where A =2np g 02A, z is the distance between a fluid molecule and the
substrate surface, A is the separation between lattice planes, p, is the number
density of the solid, and o, and ¢, are the parameters for the solid-fluid
interaction, calculated with the Lorentz-Berthelot combining rules. The
graphite parameters are o = 0.340 nm, ¢,/k =28.0 K, A=0.335 nm. The
functions u,(z) and f{x,y) are given by

a, \° 4z a,\? 4nz
=Blc[2)KJ|{—]-D|2 )| K,|—— 9
wo=s|c(2) k()02 ()] @
X

y x y 4ny
(x.y)=— 2[cos2n<— + ———> + cosZn(— - ) +cos J (10)
/ a, \/gal a; \/§a1 \/§a1

where B =4ne,,a® /\/3al, C=0%,,/30a$(2n/\/3)’, D =2(2n/./3)?, and

a, =0.246 nm. K, and K, are modified Bessel functions of the second kind.
The above potential neglects several effects, including three-body terms,

anisotropic polarizability of the surface atoms, etc. For this reason, Jiang et al.
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also considered a modified form of the truncated Fourier expansion of eqn. (7),

Ugp(X, y,2) = ug(2) + Auy (2) f(x.y) (11

where A is a parameter that enables the corrugation of the wall potential to be
varied. _

The unit cell of the graphite lattice used by Jiang et al. [54] contains 6
hexagon sites, and is shown in Figure 20. It is chosen to meet the requirement
that the periodic boundary conditions match the symmetry of the external
field. This is straightforward when the adsorbed solid monolayer is commen-
surate with the underlying graphite lattice, but more care is needed with
incommensurate adsorbed phases, since they have a different periodicity to
that of the lattice [55-57]. In the study of Jiang et al. the estimate by Bruch
[58] of the smallest lattice constant of a 2D solid for monolayer methane on
graphite, 0.490 nm, was used, and the adsorbent surface was constructed from
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FIGURE20 Unit cell of the graphite lattice, indicated by the bold line. Solid points denote
carbon atoms. From Jiang et al. [54].



19:17 14 January 2011

Downl oaded At:

PHASE TRANSITIONS IN PORES 361

a 12 x 25 array of unit cells, giving the surface dimensions of 8.854 x 10.65 nm.
On this surface a compressed monolayer (DS phase) contained 650 molecules,
while a commensurate monolayer contained 600 molecules. The simulations
were started with N molecules randomly distributed over the surface; typical
runs were of about 100,000 steps per molecule, with runs that were several
times longer for points near phase transitions.

Results from these simulations in the region near the commensurate-
incommensurate transition are shown in Figures 21-24. In Figure 21 is shown
the average of the quantityf = — f(x,y)/2 wheref(x,y)is given by Eqn. (10). The
quantity {f)is a useful indicator of the strength of epitaxy [57]. It takes the
value 3 for a perfect epitaxial phase, and 0 for a random incommensurate
phase, and is plotted against the coverage 6, defined such that a perfect
commensurate monolayer corresponds to 6 = 1. The CIT is indicated by the
sharp decrease in { f ) at § = 1. The value of { f} is seen to be about 2.5 for
coverages below 6 = 1, to drop sharply at § = 1 to a value of about 1.5, and to
decrease further after that. GCMC simulations were used to determine the
lower coverage limit of the commensurate phase. This limit was found to be at
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FIGURE 21 The function { f) versus coverage 8 for methane on graphite at 40.0 K from
NVTMC simulations; § = 1 corresponds to a full commensurate monolayer coverage. Simula-
tions with 4 =1, 2 and 4 are denoted by empty, half-filled and solid circles, respectively; lines are
drawn as a guide to the eye. Solid and dashed vertical lines show phase boundaries from
simulation and experiment, respectively: CS =commensurate solid, V = vapor, DS = dense
incommensurate solid phase. Experimental results are from Kim et al. [13]. Taken from Jiang
et al. [54].
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FIGURE 22 In-layer pair correlation functions for monolayer methane adsorbed on graphite at
40.0 K, from NVTMC simulations, for the points C (solid line, CS) and D (dashed line, DS) of
Figure 21. From Jang et al. [54].

(b)
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FIGURE 23 Snapshots of molecular positions for monolayer methane on graphite at 40.0 K at
points (a) C (CS), and (b) D (DS) of Figure 21. Adsorption sites are shown by crosses. From Jiang
et al. [54].
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FIGURE 24 The density of dots over a graphite hexagon shown in the figure is proportional to
the density of methane molecules above the equivalent positions on the graphite surface (T= 40.0
K) for points (a) C (CS) (b) D (DS) of Figure 21. S, and S, are in the lattice symmetry coordinates.
From Jiang et al. [54].

0 = 0.95 in the simulations (at 40 K), as compared to an experimental finding
[13] of 8 =091 at 45 K. Thus, below 6 =0.95 the simulations show vapor
coexisting with a commensurate solid phase, between 6 =095and # =1.00a
single commensurate phase, and above 8 = 1.00 a dense solid phase. This is in
qualitative agreement with the experimental data [13]. Increasing A from 1 to
2 or 4 made the commensurate phase more stable at § = 1.00, as expected, but
forlarger 6 values it was found that it could change the dense incommensurate
monolayer to a more commensurate one by pushing some molecules out of the
first layer and into a second one. Thus for § = 1.05 there were 627 molecules in
the first, and 3 in the second layer for A =1, while there were 612 and 18
molecules in these layers for 4 = 4. Thus increasing 4 decreased the compres-
sion of the monolayer.

Other indicators of the CIT transition are shown in Figures 22—-24, where
properties are compared for the points C (commensurate phase, just before the
transition)and D (dense incommensurate phase, after transition) of Figure 21.
The in-layer pair correlation functions given in Figure 22 show the compres-
sion of the structure of the monolayer on going from the CS to DS phase. In
Figure 24 the density of the dots over the graphite hexagon is proportional to
the density of methane molecules above the equivalent positions on the
graphite surface, and shows vividly the different character of the CS and DS
phases.
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7. CONCLUSIONS

There have been numerous simulation studies of capillary condensation and
wetting in pores of simple geometry (slits, cylinders, etc.) with homogeneous
surfaces over the last decade, and the effect of confinement on these transitions
is now rather well understood. The GCMC and GEMC methods are the most
commonly used for equilibrium properties, although MD remains useful,
especially when the dynamical behavior or the interface between the two
equilibrium phases is of interest. Even for these transitions there is a need for
more work in several areas, including finite size effects near the critical region,
and the dynamics of phase separation in pores. Much remains to be under-
stood about the influence of surface heterogeneity and pore networking on
phase transitions. As yet there seem to be no very systematic studies of the
influence of these factors, although they are likely to play a major role in most
real materials. There is also a need for work on the effects of confinement on
other phase transitions, including liquid-liquid, solute solubilities, melting and
freezing, and solid-solid transitions. These transitions are of considerable
scientific and practical improtance, but very little is yet known about their
nature in porous media.

The great majority of the simulation work so far has inferred phase
transitions through observation of order parameters (e.g. discontinuities in
adsorption, diffusion rates, etc.). Only in a few cases have the free energies, and
hence the true thermodynamic phase transition, been calculated. Since large
hysteresis effects and metastable states are a common feature of confined
fluids, future studies should include calculations of the thermodynamic phase
transition.

The experimental situation in this field remains unsatisfactory, since most
studies have been for poorly characterized porous materials. Although there
have been some exceptions [e.g. 2, 13, 24, 257, there is a strong need for more
careful experimental work on well understood materials in which the pore
sizes and dimensions are known, so that direct comparisons with the simula-
tions can be used to validate and refine the models.
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