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Monte Carlo calculations of phase diagrams for a fluid confined in a disordered porous material
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A Monte Carlo simulation study of the phase diagram of an off-lattice molecular model of a fluid in a
disordered porous material is presented. The molecular model consists of a Lennard-Jones 12-6 fluid confined
in a rigid matrix of spheres with size parameters representative of methane in a silica xerogel. The matrix
spheres are arranged in a configuration from an equilibrium hard-sphere system, although in some cases a fcc
arrangement was considered in order to study the effect of translational order in the matrix. Various strengths
of attraction between the fluid molecules and matrix particles have been considered, including the case of
complete repulsion. The fluid-phase diagram shows effects of confinement, wetting, and matrix disorder. The
results of this study provide evidence for two fluid-phase transitions. One transition is analogous to the bulk
vapor-liquid transition, while the second is related to the wetting properties of the fluid in the more confined
regions of the matrix. A key feature of our results is the inhomogeneity and disorder of the equilibrium phases
in the system[S1063-651X96)05312-3

PACS numbe(s): 05.70.Fh, 64.70.Fx, 68.45.Gd

I. INTRODUCTION lar models of fluids in porous materidls] and this approach
has recently been applied to the study of phase equilibrium
The phase behavior of fluids and fluid mixtures in disor-[7,8].
dered porous materials has been the subject of much recent The purpose of the present paper is to present a detailed
interest from both an experimental and a theoretical point ohccount of a Monte Carlo simulation stuf§] of the phase
view [1], reflecting both its significant practical importance diagram of an off-lattice molecular model of a fluid confined
and the interesting conceptual challenges it offers. The obin a disordered material. The model provides a reasonably
served behavior can be determined by a variety of effectsealistic picture of the microstructure of a disordered porous
including confinement, wetting phenomena, and how thesenaterial, in this case a silica xerogel, while remaining com-
are affected by the disordered microstructure. Experimentgdutationally tractable. It includes effects of confinement,
studies of vapor-liquid and liquid-liquid phase separationyetting, and matrix disorder on the fluid thermodynamics in
have been made in a variety of porous glasses and[8kIs realistic way. The phase behavior determined in this work
These studies have shown that the phase diagram, as well &go\s several interesting effects. The critical temperature for
the dynamics of phase separation, is dramatically altered by,o \anor-liquid transition is lower than in the bulk, as would
the presence of the gel. Even extremely dilute porous mat_ea-e expected for a confined systdit0]. The vapor-liquid
rals such as aerogels can have profound effects on fiui oexistence curve is much narrower than that in the bulk and

behawor, as lllustrated by the case’dfe in an gerogeﬂ_?.], this appears to be a consequence of both the wetting behav-
which exhibits an extremely narrow vapor-liquid coexistence.

curve. Although work in this area has progressed for morég;)r of the fluid in the matrix and the disorder in the matrix.

than a decade, a complete understanding of the experiment € Iogatlgnbof (;]”t'cal denﬁltyfrerllatlye o th.e blfjlk value "Z
phenomena has not yet been achieved. etermined by the strength of the interaction between the

Among the theoretical approaches that have been used ]‘huid molecules and the porous matrix. In addition to a vapor-

understanding these systems the most popular has been tif#id transition, analogous to capillary condensation, our re-
random field Ising moddl4] (RFIM). The random field de- sults provide evidence for a second transition that is associ-
scribes the spatially varying preference of the disordered meated with the wetting behavior of the fluid in the more dense
dium for the different fluid phases. There is no effect ofregions of the matrix. A second transition with an apparently
confinement in the model and correlations between the rargimilar origin was recently predicted using a lattice model of
dom fields that would model correlation effects of potentiala fluid in a porous material using the replica Ornstein-
importance in real systems are usually neglected. In additiorZernike equation in the mean-spherical approximafibi.

the model does not provide a description of the role of wet-A comparison with results for a translationally ordered ma-
ting. Nevertheless, the central idea of inhomogeneous antlix as well as computer graphics visualizations of the phases
disordered equilibrium phases that underlies the RFIM is gresent reveal an important contribution to the behavior from
key concept in understanding these kinds of systems. Fromthe matrix disorder.

somewhat different perspective, Liu and co-worké&ishave In Sec. Il we describe the molecular model as well as the
suggested that the phase-separation dynamics for these syg®@mputer simulation techniques used in this work. We also
tems may be determined by the geometry of the wettingliscuss briefly the thermodynamics used in our phase equi-
phases that can be modeled within a single-pore approachbrium calculations. Section Ill presents our detailed results
Another line of attack has been application of methods oincluding adsorption isotherms, phase diagrams, and some
from liquid-state statistical mechanics to off-lattice molecu-computer graphics visualizations of the equilibrium phases in

1063-651X/96/546)/65578)/$10.00 54 6557 © 1996 The American Physical Society



6558 K. S. PAGE AND P. A. MONSON 54

the system. A summary of our results and conclusions is Ue(d) + (@— D ugg(dmin),  d<dpmin
given in Sec. IV. Ugs(d) —{ au.(d), dp,=d=d, )
“9 0, d>d,.

Il. MOLECULAR MODEL AND MONTE CARLO

SIMULATIONS In this last equationr=e,4/ € {2, wheree(? is the well depth

The molecular model used in this work is based on ondn the composite sphere potential used for methane in silica
used by Kaminsky and Monsdn 2] in studies of adsorption gel, d. is the truncation in the adsorbent-adsorbate potential-
of simple molecules in silica xerogel. The adsorbent matrixenergy calculation, and,, is the value ofd for which
is modeled via a configuration of hard spheres taken from ablcs(d) is @ minimum. In this work we chosg,=7.05%.
equilibrium hard-sphere Monte Carlo simulation. In this Varying the strength of the fluid-matrix attractive forces has
model the size ratio between the matrix spheres and flui@llowed us to investigate the effects of wettability on the
molecules is 7.055:1 and the volume fractigrof the hard- phase diagram. This procedure produces a fluid-matrix po-
sphere system used to generate the matrix configuration tential in which the repulsive part varies much less with the
0.386. The interaction between the fluid molecules and th&alue of €, than does the repulsive part of the original com-
matrix particles has been modeled in two ways. In one casposite sphere potential.
the interaction was a purely repulsive hard-sphere interac- The Monte Carlo simulations used in this work were car-
tion. In other cases attractive forces between the matrix paried out in the grand canonical ensemble by the usual method
ticles and fluid molecules were described by the composit€16]. Thirty-two matrix particles were used in a cubic cell
sphere potential in which each matrix sphere is treated as &ith periodic boundaries. This leads to a simulation cell with
continuum of interaction centef$2]. The potential provides dimensions of about 2625x25 fluid particle diameters. The
a level of approximation similar to that given by the 9-3 number of fluid molecules in the system ranged from just a
potential[13] used for modeling interactions with plane sur- few at the lowest activities up to about 18t the highest
faces and reduces to the 9-3 potential in the limit where th@ctivities considered. The simulation runs typically involved
matrix to fluid particle size ratio becomes very large. If each(50x10°)—(100x10°) configurations for equilibration of the
matrix particle is modeled as a continuum of Lennard-Jonesystem from a given initial condition and an equal number
12-6 interaction centers, the potential energy between a mdor obtaining the ensemble averages. A configuration con-

trix particle and a fluid molecule is given by sisted of an attempted translation of a randomly chosen fluid
molecule followed by either an attempted addition or re-
16me.pR3 | (d8+ Zd*R2+3d2R4+ LR®) 012 moval of a fluid molecule. Cell lists were used to reduce the
cs ) — gsPs 5 3 gs . : ) .
us(d) 3 (P=RE)° computer time taken to sum the interactions in the system.
Most of our results are for a single configuration of the ma-
- trix since this was dictated by computational limitations.
gs is mi i i i -parti -
~ R (1) 'I_'h|s mlght at first seem qggstlonable since a 32-particle con
figuration may not be sufficiently representative of the statis-

. ) ) tical geometry of a hard-sphere system. However, in some
whered is the distance from the center of the fluid molecule ca5eg we carried out calculations for other matrix configura-

to the center of the matrix particlp, is the density of inter-  ions and the results were quite similar, as will be shown
action sites in the matrix particleR is the matrix particle shortly.

radius, andogs and e are the collision diameter and well | these systems the conditions for equilibrium between
depth for the 12-6 potential between the fluid molecule and &y phases at fixed temperature are the equalities of the
matrix particle interaction center. We use the valueshemical potentials and grand potential densities in the two
0gs=0.8646rg, and e,,=2.287,y, where the subscrigg  phases. To determine the grand potential densities we have
denotes the fluid-fluid interaction parameters. In addition, wg,geq thermodynamic integration methods. The grand poten-

_ 3 _
haveR=3.52757,4 andpso 3;=2.447. These are the values 5| gensity can be determined from a Monte Carlo simula-
used by Kaminsky and Monsdr2]. This potential can be o jsotherm of fluid density versus chemical potential by

regarded as an approximation to a more detailed imerm%tegration of the Gibbs adsorption isotherm, i.e.,
lecular potential developed by MacElroy and Raghajiat

that incorporates the atomic structure of the silica particles

making up the matrix. For the interactions between the fluid dé=—pdu, S
molecules a Lennard-Jones 12-6 potential truncated at 2.5
collision diameters was used. where¢p=Q/V is the grand potential density, is the chemi-

In order to vary the strength of the attractive forces whilecal potential, ang is the fluid density. For low-density states
maintaining an approximately constant porosity for the ma-up to any phase transition this integration can be performed
trix we proceeded as follows. The composite sphere potentidly starting in the Henry law limit where the fluid behaves as
for methane in silica gel was divided into attractive and re-an ideal gas in an external field. For the dense phase it is
pulsive parts in the manner used in the Weeks-Chandlemecessary to determine the grand potential density at some
Andersen perturbation theof{5]. Systems with the similar reference state and then integrate the Gibbs adsorption iso-
porosity but different attractive interaction strengths weretherm starting from that state. To determine this reference
then obtained by progressive addition of the attractive part oétate value we first determined an isotherm of the grand po-
the potential to the repulsive reference potential. The resulttential density at a temperature above the bulk critical tem-
ing potential can be expressed as perature. The grand potential at lower temperatures for dense



FIG. 1. Adsorption isotherm at the temperatk® e;4=0.75
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FIG. 2. Adsorption isotherms at the temperatki® e;4=0.75

for the 12-6 fluid in a hard-sphere matrix. The solid line is our for the 12-6 fluid in four different configurations of the hard-sphere
estimate of the vapor-liquid tie line and the dashed line marks thenatrix.
saturation chemical potential for the bulk 12-6 fluid.

These comparisons show that, although we can expect some

states could then determined by integration over temperatuigantitative differences by averaging over larger numbers of
of the grand canonical Gibbs-Helmholtz equation

pUc
=

(&(gb/T)) 3
aT |

matrix realizations, the qualitative picture should not change
significantly.

In Figs. 2 and 3 of Ref.9] we presented computer graph-
ics visualizations of configurations from the Monte Carlo
simulations for liquid and vapor states close to coexistence at

whereT is the temperaturd) . is the configurational energy
per molecule, and is the configurational activity or fugacity
(which is equal toe*c’kT, where u, is the configurational

one temperature. In both cases the spatial distribution of the
molecules was seen to be highly inhomogeneous and disor-
dered. This is the kind of picture that would be anticipated

chemical potential In the cases at lower temperatureson the basis of the random field Ising model. What is par-
where, as we shall see, there are apparently two phase tragicularly striking is that for the liquid phase there are exten-
sitions on an isotherm, we have not used this procedure fasive regions of the matrix that have very low fluid density.

the secondary transition but have simply used the step in the
adsorption isotherms to estimate the location of the transi-
tions.

Ill. RESULTS

We begin by considering the case of a completely repul-
sive hard-sphere interaction between the matrix and the fluid.
Figure 1 shows an adsorption isotherm for a temperature
well below the bulk critical temperature. This isotherm ex-
hibits hysteresis between adsorption and desorption with a
transition between fluid states of low and medium density.
We have interpreted this transition as the analog of the
vapor-liquid transition in the bulk. The value of the chemical
potential at bulk saturation is marked on the graph and we
see that the transition in the pore occurs at a higher chemical
potential than that in the bulk, as should be expected for a
system with repulsive fluid-matrix interaction40,17. A
perhaps striking feature of this isotherm is the rather low
value of the condensed phase density. We will return to this
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point shortly. First, however, we show some further results at F|G. 3. Adsorption isotherm at the temperatr® e,,=0.75

the same temperature for three other realizations of the magr a 12-6 fluid in a hard-sphere matrix. The points are averages
trix. These adsorption isotherms are shown together with thgver the results in Fig. 2, the solid line is the calculated vapor-liquid
first one in Fig. 2. We also compare the coexistence tie linequilibrium phase transition for the averaged isotherm, and the solid
obtained from an isotherm averaged over four matrix realizasquares are the saturated vapor and liquid densities calculated for
tions with that shown in Fig. 1. This is shown in Fig. 3. the isotherm in Fig. 1.
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FIG. 4. Adsorption isotherm at the temperatl® e,,=0.75 FIG. 6. Adsorption isotherms for the 12-6 fluid in a hard-sphere

for a 12-6 fluid in a fcc hard-sphere matrix. The solid line is the matrix. The isotherms from left to right correspond, respectively, to

calculated vapor-liquid equilibrium phase transition and the dashethe temperaturel;T/egg=0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95,

line marks the saturation chemical potential for the bulk 12-6 fluid.and 1.0. The solid lines are calculated tie lines for the vapor-liquid
transitions.

These are the regions where the matrix density is highest and
where the repulsive fluid-matrix interaction favors low fluid us to construct the phase diagram for the fluid. The adsorp-
density. tion isotherms are shown aspavs u plot in Fig. 6 with the
To investigate further the role of the disorder we have forcorrespondingp vs p plot in Fig. 7. TheT vs p phase coex-
one of the temperatures studied a system in which the matriistence plot is shown in Fig. 8. In this figure the bulk vapor-
spheres are arranged in a fcc structure. At the same tempeniuid coexistence curve is also shown as calculated from the
ture this system exhibits a much larger density change duringccurate equation of state of Johnson, Zollweg, and Gubbins
the vapor-liquid transition than for the disordered system, a$18], corrected for the effect of truncating the potential. The
shown in Fig. 4. Moreover, density distributions of the fluid results, as well as those in Figs. 6 and 7, indicate the pres-
for both liquid and vapor phases in this system are periodicence of two transitions between fluid phases in the system.
This can be seen in Fig. 5, where we show a configuration ofVe associate the larger coexistence region with the vapor-
this system from a state close to the saturated liquid. liquid transition. Evidently, the vapor-liquid coexistence re-
We have studied adsorption isotherms at several other
temperatures for the disordered matrix and this has allowed
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FIG. 7. Grand potential density isotherms calculated via thermo-
dynamic integration for the 12-6 fluid in a hard-sphere matrix. The
isotherms from left to right correspond, respectively, to the tem-

FIG. 5. Computer graphics visualization of a configuration of perature9<T/egg:0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, and 1.0.
the 12-6 fluid in a fcc hard-sphere matrix near the saturated liquidrhe points are our calculated values and the lines are drawn as a
state at a temperatukel/ e,,=0.75. guide to the eye.
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FIG. 8. Phase diagram for a Lennard-Jones 12-6 fluid in a hard- FIG. 9. Adsorption isotherm at the temperatki® €,4=0.7 and
sphere matrix. The solid circles are the saturated vapor and liquig=0.0 for the 12-6 fluid in a composite sphere matrix. The dotted
densities and the solid squares represent the coexistence densitiediaes mark the limits of the hysteresis behavior and the dashed line
the second transition. The solid line is the coexistence curve for thenarks the saturation chemical potential for the bulk 12-6 fluid.
bulk fluid.

not as precise as for the high-temperature vapor-liquid tran-
gion appears at lower temperatures than for the bulk, asition since they are based only on steps observed in the
would be expected for such a confined system. Also the coradsorption isotherms. As a measure of the uncertainty we
densed phase densities are lower than those in the bulk amdte that the isotherm in Fig. 1 shows a small step at high
the coexistence curve is substantially narrower. The shift irdensity and we have used this as our estimate of the coexist-
the coexistence curve and its narrowness are to a significaence points akT/€,4,=0.75 in Fig. 8. The uncertainty in the
extent associated with the repulsive interaction between thestimate at this temperature is exacerbated by its proximity
fluid and the matrix, which promotes a low fluid density in to the critical temperature of the second transition and the
the neighborhood of the matrix particles and acts to lowesensitivity of the results to the matrix configuration. On the
the density of condensed phases in the system. But, as wather hand, we did check that the second transition was
have already seen, the matrix disorder also plays a rolelearly visible for a second matrix configuration at
Some care should be taken in making comparisons of coexT/€;,=0.7.
istence densities between the bulk and confined fluids for Next we consider the case of attractive fluid-matrix inter-
systems like the present one since the volume fraction of thactions. We have studied various strengths of the fluid-
solid in matrix needs to be accounted for and the finite sizenatrix attractive interaction strength at a single temperature
of the fluid molecules prevents the void space from beingand have calculated the phase coexistence and the entire fluid
uniformally accessible. Nevertheless, in view of the magniphase diagram for one value af Figures 9-12 show ad-
tude of the effects seen here it is reasonable to divide theorption isotherms for four increasing values @fstarting
fluid density by the void fraction ¥ of the hard-sphere ma- with «=0. The isotherm fore=0 in Fig. 9, where there is
trix (the void fraction is understood to be unity for the bulk only a soft repulsive matrix-fluid interaction, is very similar
casg to make an approximate comparison with the bulk co-to that shown in Fig. 1 for the hard-sphere matrix-fluid in-
existence curve as is done in Fig. 8. teraction, as should be expected. Notice the changes in the

We turn now to the second coexistence region that occurisotherm in passing frona=0 in Fig. 9 to «=0.25 in Fig.
at low temperature on the high-density side of the vapor410, where we see that liquid phase has a much higher den-
liquid coexistence region. This transition is associated wittsity. This is because the attractive fluid-matrix interactions
the change in the fluid density in the high-density regions ofallow the high-density fluid to permeate the dense regions of
the matrix. The physics involves a competition between théhe matrix. There is slight evidence on this isotherm for the
repulsive fluid-matrix interactions, which favor a lower fluid second transition in the high-density region that was seen for
density in the confined regions of the matrix, and the attracthe hard-sphere matrix-fluid interaction at lower temperature.
tive forces between the fluid molecules, which tend to stabiAs we increase the strength of the attractive interaction still
lize a high-density phasévhere high density permeates a further to «=0.375(Fig. 11) we see that the density of the
much wider region of the matrix than seen in Fig. 2 of Ref.liquid phase is increased further and now there is new be-
[9]). The analogy with a predrying transition for a liquid in havior on the low-density branch of the isotherm with a sec-
contact with a plane surface is a tempting one, although thend phase transition from low density to moderate density in
drying transition is thought to be either second order orthe vapor phase. This transition is again associated with the
weakly first ordeff 19], making the possibility of observing a wetting behavior of the fluid in the more dense regions of the
predrying transition for a plane surface unlikely. Our esti-matrix and again involves high-density fluid permeating the
mates of the phase coexistence for the second transition aneore confined regions of the matrix. There is some resem-
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FIG. 10. Adsorption isotherm at the temperathi® e;,=0.7 FIG. 12. Adsorption isotherm at the temperatér® e,q=0.7
and @=0.25 for the 12-6 fluid in a composite sphere matrix. Theand a=0.5 for the 12-6 fluid in a composite sphere matrix. The
dotted lines mark the limits of the hysteresis behavior and thesolid line gives the calculated vapor-liquid equilibrium tie line and
dashed line marks the saturation chemical potential for the bulithe dashed line marks the saturation chemical potential for the bulk
12-6 fluid. 12-6 fluid.

blance between this transition and the prewetting transitiootential as we increase at fixed temperaturg10,17.
for a plane surface and indeed the adsorption isotherms are Figures 13 and 14 show snapshots from our Monte Carlo
quite similar to those seen for a planar fluid-solid systerrsimulations for liquid and vapor states from the isotherm in
exhibiting prewetting 20]. Fig. 12, respectively, close to coexistence. We again see that
By increasing the strength of the attractive matrix-fluidthe phases are inhomogeneous and disordered. In this case
still further to =0.5 we obtain the isotherm shown in Fig. the matrix-fluid interaction acts to create a high-density dis-
12. We see that the second transition has disappeared excégélered vapor state in contrast to the low-density disordered
for a slight shoulder in the isotherfas we shall see, the liquid state created by the repulsive matrix-fluid interaction
second transition appears at lower temperature for this sy&s shown in Fig. 2 of Re{9].
tem) and the vapor-liquid transition is narrowed and shifted Adsorption isotherms for a range of temperatures are
to high density. We note that, as expected, the vapor-liquighown in Fig. 15 fora=0.5 and Fig. 16 shows thé vsp
transition region moves to a lower value of the chemicalphase diagram we have determined. Once again we see evi-
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FIG. 11. Adsorption isotherm at the temperatl’® ,,=0.7
and «=0.375 for the 12-6 fluid in a composite sphere matrix. The
dotted lines mark the limits of the hysteresis behavior and the FIG. 13. Computer graphics visualization of a configuration of
dashed line marks the saturation chemical potential for the bulkhe fluid in the composite sphere matrix wii#+0.5 near the satu-
12-6 fluid. rated liquid state at a temperatl@/ ey,=0.7.
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FIG. 14. Computer graphics visualization of a configuration of
the fluid in the composite sphere matrix with=0.5 near the satu-

rated vapor state at a temperatéi® e,4=0.7.
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FIG. 16. Phase diagram for the 12-6 fluid in a composite sphere
matrix with «=0.5. The solid circles are the saturated vapor and
liquid densities and the solid squares represent the coexistence den-
sities at the second transition. The solid line is the coexistence curve
for the bulk 12-6 fluid.

cantly more uncertainty in our estimate of the second transi-

dence for two phase transitions. As before we associate th[?t)n than for the vapor-liquid transition

larger coexistence region with the vapor-liquid transition.
Consistent with the behavior seen in the adsorption iso-
therms, this coexistence region is now shifted to higher den-
sity than for the bulk and is quite narrow. The shift of the

IV. SUMMARY AND CONCLUSIONS

coexistence curve and its narrowness are again strongly
sociated with the attractive interaction between the fluid an
the matrix, which promotes a high fluid density in the neigh-
borhood of the matrix particles and increases the density o
the vapor phase in the system. However, comparisons

We have presented results from a Monte Carlo simulation
tudy of phase transitions in an off-lattice model of a fluid in
disordered porous material. The primary conclusions from
is work can be summarized as follows) the fluid phase
iagram is substantially modified in the porous matefial;

Whe critical temperature is lower than that in the bulk) the

hf‘vet. rr|1ad|e }Mtr:hrezglts ;or at/\;cc matrix agﬁm _revi?l a Su.?.éritical density and width of the vapor-liquid coexistence re-
stantial role for the disoraer. e again émphasize the signi Igion depends upon the relative strength of fluid-solid and
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fluid-fluid attractive interactions, but is also influenced by the
matrix disorder(iv) the coexisting phases in the system ex-
hibit a high degree of spatial inhomogeneity and disorder;
and(v) there is evidence of an additional phase transition at
lower temperature associated with wetting or drying behav-
ior of the fluid in the more confined regions of the matrix.

Our results indicate that effects of confinement, wetting,
and matrix disorder are all important in the system. A suc-
cessful theoretical treatment must incorporate all these ef-
fects. We should note that the simple mean-field theory that
has recently been presentéd predicts only the suppression
of the critical temperature and the lowering of the critical
density. The effects of wetting or drying and the second
phase transition are not predicted.

The picture of the coexisting phases in these systems as
inhomogeneous and disordered fluid states is quite different
from that associated with the traditional treatment of capil-
lary condensation. The wetting or drying effects are coupled
to the matrix disorder in a way that we do not believe can be

FIG. 15. Adsorption isotherms for 12-6 fluid in a composite @ccounted for based on a pore size distribution model.

sphere matrix witho=0.5. The isotherms from left to right corre-

Although the present study has involved a large number
of Monte Carlo simulations for a quite large systéam least

spond, respectively, to the temperatuk€$egg:0.6, 0.65, 0.7, 0.8, ¢ ] ¢ !
0.9, and 1.0. The solid lines are the calculated vapor-liquid equilibin terms of the number of fluid particlgsour study is far

rium tie lines. from exhaustive. There remain several questions for future
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work. Certainly it would be useful to investigate averagesxenon in silica ge[21] that show the presence of hysteresis

over larger numbers of matrix configurations to see how senloops in the adsorption isotherms indicative of capillary con-

sitive the phase diagram, especially with respect to the sedensation. These hysteresis loops are similar to those ob-

ond transition, would be to such averaging, even though aerved for xenon in porous glasg@€]. In the latter case the

this point we do not anticipate qualitative changes. Increashysteresis loops have been analyZ@2] using density-

ing the number of matrix particles would also be of interest.functional theory for single pores together with models of the

as well as varying the porosity and perhaps the connectivitynicrostructure that treat the system either as a distribution of

of the matrix. independent pores or as an interconnected network of pores.
Our system is not directly comparable to any of the sys-Studies of molecular models like the present one may also

tems where phase transitions of fluids in disordered materialselp clarify the hysteresis behavior in such systems.

have been studied experimentallg]. The closest experi- Finally, the molecular models used here can also be stud-

mental system to that studied here would be adsorption aed using theories based on approximate closures to the rep-

methane in a silica xerogdll2]. However, the attractive lica Ornstein-Zernike equation6,8,11]. It will be of consid-

matrix-fluid interactions we have used in our calculations areerable interest to use our results to test the theoretical

considerably weaker than for methane in silica xerogel. Irpredictions in the region of the phase transitions.

fact, calculations we have done for a system more closely

representative of methane in silica gel indicate that the at- ACKNOWLEDGMENTS
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