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Molecular simulation of the vapor-liquid phase behavior of Lennard-Jones mixtures
in porous solids
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We present vapor-liquid phase coexistence curves for binary fluid mixtures in a disordered porous solid. The
porous material is modeled as a collection of randomly dispersed hard spheres. A variant of the Monte Carlo
Gibbs ensemble method@J. K. Brennan and W. Dong, J. Chem. Phys.116, 8948~2002!# is used to simulate
Lennard-Jones fluid mixtures at several porosities: 0.9, 0.95, and 0.975. Effects based on the size and the
energetics of the mixture components are studied. Pressure-composition and pressure-density phase diagrams
at reduced temperatures of 0.75 and 1.0 are reported. Compared to the bulk fluid behavior, dramatic shifts in
the phase envelope were found for even highly porous structures. Both the Lennard-Jones size and energy
mixture parameters were found to strongly influence the resulting shape of the phase envelope.
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I. INTRODUCTION

Knowledge of the phase behavior of fluids adsorbed
porous materials is essential for optimizing current chem
processes and for the invention of nanoscale technolo
and materials. Compared to the bulk fluid, drastic shifts a
reductions of the phase envelope have been found to o
for pure fluids confined in porous solids@1–5#. Challenges
encountered when studying confined fluids in the laborat
as well as inconsistent theoretical results suggest the nee
a concerted effort that includes experimental, theoretical,
simulation approaches. The difficulty of simulating the pha
transitions of confined fluids is evidenced by the plethora
studies carried out in idealized geometries~e.g., slits and
cylinders!. Using molecular simulation to trace true coexis
ence curves of fluids in more complex porous solids has b
limited to pure fluids@2–5# and symmetric liquid-liquid mix-
tures@6#. In recent work@5#, a variant of the Gibbs ensemb
method was shown to be an efficient technique for simu
ing the phase behavior of fluids confined in random por
solids. The efficacy of the method allowed for a systema
study of a pure Lennard-Jones fluid in a variety of poro
solid models.

An important industrial application of porous materials
in the various separation and purification processes.
these technologies, an engineer most often requires kn
edge of the phase behavior of fluidmixturesin porous mate-
rials. The difficult task of measuring the composition with
the porous material has thus far thwarted attempts to s
the vapor-liquid equilibria of mixture systems in the labor
tory. Likewise, to date, there have been no successful th
retical predictions of the phase behavior of fluid mixtur
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confined in nonidealized pore geometries. Clearly there
need for molecular simulation studies of confined fluids
provide guidance in developing theories as well as to prov
insight into phenomenological trends.

Using a variant of the Gibbs ensemble method introdu
previously@5#, we have determined vapor-liquid phase d
grams for three model binary mixtures in disordered poro
solids. The porous material is modeled as a collection
randomly dispersed hard spheres, while the fluid is
Lennard-Jones mixture. Binary mixtures with compone
that differ in the Lennard-Jones energy~«! and size~s! pa-
rameters are simulated at several porosities. Significant
ductions in the pressure-composition and pressure-den
phase diagrams are found when compared to the bulk fl
mixture phase envelope.

II. SIMULATION MODELS AND METHOD

The fluids are modeled as single-site Lennard-Jones~LJ!
particles interacting through the standard~12-6! potential

Ui j ~r !54« i j F S s i j

r D 12

2S s i j

r D 6G , ~1!

whereUi j is the interaction energy between a molecule
speciesi and a molecule of speciesj separated by a distanc
r. The characteristic Lennard-Jones energy (« i j ) and size
(s i j ) parameters for the three mixtures studied in this wo
are given in Table I. Mixtures I and II are intended to isola

ent
y

,

TABLE I. Lennard-Jones potential parameters for the mixtu
simulated in this study. Lorentz-Berthelot combining rules we
implemented. s11 and«11 were set to unity.

Mixture s11 s12 s22 «11 «12 «22

I 1.0 0.75 0.5 1.0 1.0 1.0
II 1.0 1.0 1.0 1.0 0.71 0.5
III 1.0 0.875 0.75 1.0 0.71 0.5
©2003 The American Physical Society03-1
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the effects of the size and energy parameters on the p
envelope, respectively, while the parameters for mixture
were chosen to examine a combination of these effects.
Lorentz-Berthelot combining rules have been used, wher

« i j 5A« i i « j j and s i j 5
s i i 1s j j

2
~2!

and the LJ parameters of species 1,s11 and«11, have been
set to unity. The choices of the LJ parameters for these m
tures were predicated on the bulk fluid behavior, which w
determined from a Lennard-Jones equation of state@7#. The
choice of the parameters for all three mixtures resulted
bulk phase coexistence curves that did not exhibit azeotr
behavior and had reasonably large tie lines.

The porous material is modeled as a collection of r
domly dispersed, nonoverlapping hard spheres. The diam
of the hard spheres (ss) was chosen such thatss5s11. For
this study, the choice ofss as well as the nonattractive be
havior of the solid particles is intended to isolate the effec
confinement on the phase envelope. The random po
structures were generated by relaxing a face-centered c
lattice configuration in a Monte Carlo canonical ensem
simulation at the porosity~g! of interest. We define the po
rosity for this model in typical fashion asg512h, whereh
is the volume fraction of the hard spheres. Although
model is not intended to mimic any specific porous mater
the resulting pore structures are reasonable representatio
aerogels and xerogels. For the high values of porosities s
ied here (g50.9– 0.975), the model structures more clos
exhibit aerogel-like behavior.

The details of the Gibbs ensemble method as applie
simulating fluid phase behavior in porous solids are given
the original work@5# and only a brief review is given here
The standard Gibbs ensemble moves of fluid particle
placements and transfers are performed in the two simula
cells representing the coexisting phases. Each fluid sim
tion cell resides within a porous structure whose volume
significantly larger than the fluid cell volume. A schematic
a simulation cell representing one of the coexisting phase
shown in Fig. 1. Periodic boundary conditions imposed
the fluid particles correspond to the fluid simulation ce
Only the boundaries of the fluid and porous-structure c
behave independently; all other aspects of the cells are
related. Standard volume expansions and contractions
performed on the fluid simulation cells while the ha
spheres making up the porous structures remain fixed. S
the volume of the porous structure is much larger than
fluid simulation cell, fluctuations of the fluid cell volume a
always contained within the porous structure. Note that
der these conditions the porosity of the porous struct
within each fluid simulation cell will not rigorously remai
constant. This effect has been thoroughly tested for the p
Lennard-Jones fluid in similar porous models@5#. The poros-
ity in each fluid cell was shown to fluctuate about an aver
value that differed by less than 4%. No effect of a fluctuat
porosity value on achieving the true equilibrium state w
found. Lastly, the additional degree of freedom allotted
the phase rule permits either constant-volume or const
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pressure Gibbs ensembles to be simulated for mixture
tems. We opted to use the constant-pressure version o
Gibbs ensemble method throughout this work, where
pressure reported for all data is the pressure imposed in
acceptance criteria expression for a simulation cell volu
change@8#.

A minimum of 1500 fluid particles (Nf) in cubic simula-
tion cells was used throughout this study, where stand
periodic boundary conditions and the minimum image co
vention @9,10# were implemented. The simulation ce
lengths were typically 12s11– 15s11. A potential spherical
cutoff of 3.0s11 was used when calculating all interaction
without applying long-range corrections. All the calculat
quantities were reduced by the fluid potential parameters
species 1,«11 ands11.

Initial configurations of the fluid particles were generat
by randomly inserting the particles into the fluid simulatio
cells ~without overlap of fluid particle diameters with soli
particle diameters! at conditions suspected to be in the tw
phase region, followed by a number of fluid particle d
placements intended to relax the system. The simulati
were performed in cycles, where an average cycle consi
of Nf attempted displacements, a few attempted volu
changes, and a number of attempted fluid particle in
changes between the simulation cells representing the c
isting phases. The number of attempted interchanges
selected to result in an acceptance of about 3% of the num
of fluid particles of each species being interchanged in e
cell during one cycle. The maximum displacement was
justed to result in a 50% acceptance ratio of the attemp

FIG. 1. A schematic of a simulation cell representing one of
coexisting phases. Fluid particles are shown as black spheres w
solid particles making up the pore structure are represented as
spheres. The simulation cell shown as a solid line is rigid and
mains fixed, while the simulation cell shown as a dashed line
allowed to expand and contract. Periodic boundary conditions
enforced on the fluid particles for this smaller, flexible cell so th
fluid particles always reside in this cell.
3-2
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displacement moves. The maximum change in the simula
cell lengths was adjusted to result in an acceptance rati
50% of the attempted volume changes. Typically, 53106

configurations were generated for the equilibrium run a
53107 configurations were generated for the production r
Uncertainties were calculated using the method of block
erages@9# where the reported uncertainties correspond to
standard deviation of these block averages.

The simulated results of the confined fluid were compa
to bulk fluid phase diagrams predicted from a Lennard-Jo
equation of state~EOS! @7# that has been shown to giv
satisfactory predictions of the phase behavior for a wide
riety of mixtures@7,11#. The EOS curves are corrected f
the same spherical cutoff (r c53.0s11) used in the simula-
tions, again without applying long-range corrections. T
van der Waals one-fluid~vdW1f! approximation is used
when predicting the bulk fluid phase envelope for the m
tures. The vdW1f approximation considers the properties
the mixture to be those of a single, hypothetical pure flu
The mixture parameters are taken as@12#

sm
3 5(

i
(

j
xixjs i j

3 and «m5
1

sm
3 (

i
(

j
xixj« i j s i j

3 ,

~3!

wherexi is the mole fraction of componenti and the double
summation is over all the components of the mixture. T
vdW1f approximation has been demonstrated to be a g
approximation for simple mixtures as well as mixtures w
considerable asymmetry in the energy and size parame
@11#.

III. RESULTS

We present results for the three Lennard-Jones mixtu
specified in Table I at different porosities 0.9, 0.95, or 0.9
and different reduced temperaturesT* 5kT/«1150.75 or 1.0
~where k is the Boltzmann constant!. The first mixture we
consider, mixture I, is composed of fluid particles with d
ferent sizes (s11.s22) while the energy parameters a
equivalent («115«22). The specified Lennard-Jones para
eters of mixture I are intended to examine the effects of
size of the mixture components on the phase envelope.
porosity of the solid structure isg50.95. Shown in Fig. 2 is
the pressure-composition (P* -x1) phase diagram for mix-
ture I at a reduced temperature ofT* 51.0. The reduced
pressure is taken asP* 5Ps11

3 /«11 and the composition is
taken as a number fractionx15N1 /(N11N2) whereN1 and
N2 are the numbers of particles of species 1 and specie
respectively. Also shown is the bulk fluid phase diagram p
dicted from a Lennard-Jones EOS@7#. ~The lack of closure
of the bulk fluid phase envelope at the critical point is
artifact of the LJ EOS.! Compared to the bulk fluid, the
two-phase region of the confined mixture has been redu
Simulations at reduced pressures aboveP* 50.2 did not
phase separate, implying that the critical pressure (Pc) for
the confined fluid is approximately 30% lower than for t
corresponding bulk fluid. Notice too that theP* -x1 phase
diagram exhibits a shift to lowerx1 values. A physical inter-
03150
n
of

d
.
-
e

d
s

-

e

-
f
.

e
d

rs

es
5

-
e
he

2,
-

d.

pretation for this behavior is that the smaller sized specie
particles can access the more confined regions of the po
structure which species-1 particles cannot. Interestingly,
breadths of the two-phase region of the confined fluid a
the bulk fluid are quite similar. The relative species conc
trations of the fluid have changed under confinement but
phase separation mechanism has not. This is expected,
ever, since the driving force of the phase separation~the
attraction between the fluid particles! is the same, i.e.,«11
5«22. And, although the smaller sized species-2 partic
are able to occupy the more confined regions of the por
solid there is no preference for drawing more species-2 p
ticles into these spaces over species-1 particles. For mixt
II and III where «11Þ«22, we find ~compared to the bulk
fluid! that both the relative species concentrations as wel
the two-phase region are altered since attractive forces d
like species into the pore spaces.

The next fluid mixture we studied, mixture II, has pa
ticles of equal size (s115s22) while the energy paramete
values dictate that species-2 particles have a greater affi
for species-1 particles than for themselves («12.«22). The
Lennard-Jones parameters for mixture II were suitably c
sen to isolate effects based on the energetics of the mix
components. P* -x1 andP* -r* phase diagrams of mixture
II for g50.975 atT* 50.75 are given in Fig. 3. The confine
fluid density (r* 5Nf /Vfluid cell) in Fig. 3~b! has been ad-
justed by the porosity (r* 5r* /g) so that a meaningfu
comparison can be made to the bulk fluid phase diagram@2#.

FIG. 2. Pressure-composition phase diagram for mixture I
T* 5kT/«1151.0. The porosity of the solid structure isg50.95.
The reduced pressure is defined asP* 5Ps11

3 /«11. The composi-
tion is defined as a number fractionx15N1 /(N11N2) whereNi is
the number of particles of speciesi. The solid line corresponds to
the bulk fluid phase behavior determined by a Lennard-Jones E
@7#. The upper line and upper set of points correspond to the liq
phase, while the lower line and lower set of points correspond to
vapor phase. Error bars~standard deviations determined from bloc
averaging@9#! are smaller than the size of the data points.
3-3
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J. K. BRENNAN AND W. DONG PHYSICAL REVIEW E67, 031503 ~2003!
Both phase diagrams exhibit considerable reductions in
two-phase region. The apparent critical pressures of the
and confined mixtures are similar, but the liquid pha
boundary of the confined fluid has shifted significantly
lower densities. A general physical interpretation of this b
havior is that the discontinuity of the space available to
fluid mixture inside the porous material reduces the cohe
forces and the likelihood that condensation will occur@2,6#.
We have also studied the phase behavior of mixture II a
lower porosity ofg50.95. A comparison of theP* -x1 phase

FIG. 3. Pressure-composition~a! and pressure-density~b! phase
diagrams for mixture II atT* 50.75. The porosity of the solid struc
ture is g50.975. The reduced pressure is defined asP*
5Ps11

3 /«11. The confined fluid density is adjusted for comparis
to the bulk fluid byr* 5r* /g5(Nf /Vfluid cell)/g. The correspond-
ing bulk fluid phase behavior is also shown@7#. Error bars are
standard deviations determined from block averaging@9#.
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diagrams forg50.975 and 0.95 is given in Fig. 4. As seen
Fig. 4, by decreasing the porosity a significant reduction
the two-phase region occurs. Notice that forg50.95 the ap-
parent critical pressure of the confined mixture is now d
creased by about 50% compared to the bulk phase mixt
while the overall phase envelope forg50.95 is shifted to
slightly higher values ofx1 . This behavior can be attribute
mainly to the relative strengths of the mixture compone
(«11.«22); the stronger cohesive interactions betwe
species-1 particles adsorbed in the pores tend to drive
species-2 particles. The phase coexistence curves for
porosities exhibit similar reductions in the liquid-phase co
position of species 1. However, the composition of specie
in the vapor phase forg50.975 appears to have shifted
slightly lower values, while forg50.95x1 has increased.

The third mixture~mixture III! is intended to study both
size and energetic effects on the phase envelope. Mixtur
has the same energy parameters as mixture II but the siz
species 2 is reduced tos2250.75. The phase diagrams we
determined for porosities ofg50.95 and 0.9 atT* 50.75.
Again the confined fluid phase diagram exhibits considera
deviations from the bulk fluid phase diagram. The pressu
composition and pressure-density coexistence curves fog
50.95 are shown in Figs. 5~a! and 5~b!, respectively. As
expected, the overall reduction and shape of the phase e
lopes are similar to those of mixture II. Interestingly, th
critical pressure of the confined mixture appears to be hig
than the critical pressure of the corresponding bulk flu
Shifts in the confined fluid phase diagrams shown in Fi
3–5 ~i.e., the liquid phase moves to lower densities while t
vapor phase density remains nearly the same! are similar to
those exhibited for pure fluids in similar porous solid mo
els. The behavior is indicative of a repulsive material whe
the solid particles ‘‘discourage’’ occupation of pores exce
for smaller sized molecules@5#. In Fig. 6, we show the

FIG. 4. Pressure-composition phase diagram for mixture II
T* 50.75. Two different porositiesg50.975~d! andg50.95 ~n!
are shown. Further details are the same as in Fig. 3.
3-4
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MOLECULAR SIMULATION OF THE VAPOR-LIQUID . . . PHYSICAL REVIEW E67, 031503 ~2003!
pressure-composition phase diagram for mixture III at a
creased porosity ofg50.9. Note the dramatic narrowing o
the two-phase region compared to Fig. 5~a! and the further
increase of the critical pressure for the mixture.

The simulated phase coexistence curves reported in
work reasonably bound the two-phase region for these m
tures. Constant-pressure Gibbs ensemble simulations
formed at pressures a few percent outside the bounds sh
in the plots did not exhibit two-phase behavior. Notwit
standing, the phase diagrams reported here are intende
establish trends for these model systems rather than the
culation of highly accurate coexistence curves. We also n
that attempts were made to determine two-phase fluid be
ior for our porous solid model at porosities lower thang

FIG. 5. Pressure-composition~a! and pressure-density~b! phase
diagrams for mixture III atT* 50.75. The porosity of the solid
structure isg50.95. Further details are the same as in Fig. 3.
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50.9. However, phase separation did not occur for any of
mixtures. This may be partly due to the lack of a significa
number of large pores present in our porous model~recall
that ss5s11).

Finally, it should be noted that only one realization of t
porous structure was used for each phase envelope gene
in this work. Recent findings indicate a strong dependenc
the phase behavior on the particular realization of the por
structure@3–5#, which may also be partly due to finite siz
effects. In this study, system sizes were increased until
calculated quantities converged, requiring cell lengths t
~relative to comparable bulk fluid simulations! are fairly
large (12s11– 15s11). Further, simulations for different real
izations of the porous structures used in this study are un
way.

IV. CONCLUSIONS

In this work, we studied the vapor-liquid phase behav
of a few simple mixtures in randomly disordered poro
solid. The pressure-density and pressure-composition p
diagrams have been presented for three different Lenn
Jones mixtures. Despite using highly porous structures in
study, we found dramatic shifts and reductions in the ph
envelope. We found both the size and energetic charact
tics of the fluid mixture to be critical elements in understan
ing the phase behavior of fluids in confinement. Furthermo
for the binary mixtures studied here we were unable to loc
two-phase regions for porosities lower thang50.9. For po-
rous models with attractive character, one would not exp
the reduction of the overall two-phase region to be as pre
lent at these porosities. However, one would expect m
dramatic shifts in the pressure-composition phase diag
due to selective adsorption or preferred orientation of m
ture components with the porous material.

The role of this work is twofold. First, it is an initial ste

FIG. 6. Pressure-composition phase diagram for mixture III
T* 50.75 andg50.9. Further details are the same as in Fig. 2.
3-5
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in understanding the fundamental issues of these com
phenomena. However, further similar studies are essenti
categorizing behavioral trends. Furthermore, such stu
can play a critical role in the development of theoretic
models. Simulation studies supply much needed data for
development and refinement of theoretical models by pro
ing essentially exact results~within statistical uncertainty!
for the model considered.

Lastly, while fundamental studies are needed it would
interesting to simulate the phase behavior of fluid mixtures
realistic porous materials, e.g., the activated carbon mo
currently being developed@13,14#. Adsorption studies of po-
s

J

f
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03150
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lar molecules in these models have shown dramatic eff
on the adsorption isotherms due to the connectivity of
pore structure@15#. Phase equilibria studies may provide fu
ther insight into this phenomenon.
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