JOURNAL OF CHEMICAL PHYSICS VOLUME 109, NUMBER 3 15 JULY 1998

Capillary condensation of Lennard-Jones fluid in a slitlike pore filled
with quenched disordered matrix
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We have studied a capillary condensation of a Lennard-Jones fluid in a slitlike pore filled with a
guenched disordered hard-sphere matrix using the Born—Green—B@¥) equation with the
Fisher—Methfesse(FM) approximation. The solution of the replica Ornstein—Zern{iRO2)
equation in the Percus—Yevi¢RY) approximation for a fluid in a homogeneous matrix is used as
an input. The adsorption isotherms exhibit hysteresis loops for matrix-free and highly microporous
matrix-filled slitlike pores. ©1998 American Institute of Physids$S0021-960608)51927-1

I. INTRODUCTION fluids. Kaminsky and Monsdf and Ford and Glané for-
mulated a mean field theory for phase transitions in homo-
geneous microporous matrices. Recently Kieglikal?* have

hibit a rich variety of phase transitions® The effect of con-  @PPlied the optimized cluster theory of Andersen, Chandler,

finement results in a shift of the bulk coexistence curve—thi@nd Week& to describe phase diagrams of a single-
phenomenon is known as capillary condensation. The coex¢mponent fluid in uniform disordered porous materials.
istence occurs between gaslike and liquidliishomoge- However, the problem of phase transitions in confined
neous phases inside the pore. Moreover, confined fluids mafiuénched-annealed systems has not been considered so far.
undergo prewetting and layering transitions in competiton ~ The theory of inhomogeneous QAQA) mixtures has
with capillary condensation. However, real pores are geopeen initiated recentl$f, and is in its mfancy at present. The
metrically heterogeneous. Surface roughness of pore walfdrst results from the numerical solution of inhomogeneous
and their energetic heterogeneity are the factors that can ifeplica. Ornstein—Zernike equatioiROZ), complemented
troduce specific features into the phase behavior of confinely the Born—Green—YvoriBGY) equation for the density
fluids®~° Generally modeling of geometrically heteroge- Profile have been presented in a series of papers from our
neous individual pores involves pore walls built of planarlaboratory?”**We have found that the solutions of the IROZ
segments larger than the molecular scale, such as steps @fuations agree sufficiently well with computer simulation
wedges® |t is of interest to investigate more complicated data for hard sphere adsorbed fluids. Unfortunately, the so-
porous structures that combine the effect of a geometric corfutions of the IROZ equations require intensive numerical
finement on the scale of mesoporosity and of finer porosityWwork. Therefore the study of phase behavior of IQA systems
or microporosity(of the order of molecular dimensions using the IROZ methodology seems problematic. Search for
In this work we consider a model of pores built of two alternatives is of crucial importance for thermodynamics of
parallel infinite walls, the interior of which contains a mi- confined quenched-annealed systems.
croporous medium. One experimental realization of the con- The BGY approach and density functional theory have
ditions related to our model has been presented recently ighown to be successful for inhomogeneous simple fiifds.
Refs. 13 and 14. The ideas on how to model confinedrhere exists a close relationship between the BGY equation
quenched-annealed fluids have been borrowed form thwith a coarse-grained prescription, developed by Fischer and
theory of quenched-annealed buliniform) systems®=18  Methfessel’ (refered below as the FM approximatjprand
The geometrically homogeneous pore is first filled with athe density functional methol.The BGY-FM approach has
fluid of one speciegwe call it matrix,m) and, after quench- been extended for fluid mixtures as w&IBoth, the single-
ing, provide a confined microporous medium for adsorptionand multicomponent versions of the BGY-FM theory agree
of another fluid. Dependent on the way of preparation, wereasonably well with simulations. Moreover, in the case of
can arrive at either an entirely filled microporous slit or a slitsingle-component nonuniform fluids, the FM approach leads
with molecularly rough walls. to the description of wetting transitions and is simpler to use
The experiments on the behavior of fluids in uniform than sophisticated density functional methods. At present, an
disordered material®?! indicate that such systems exhibit extension of density functional methods to the case of QA
non-negligible deviations from the phase behavior of bulknonuniform systems is conceptually difficult. On the other

It is well known that simple fluids confined to narrow
pores of idealized geometr.g., slitlike or cylindrical ex-
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hand, the application of the BGY-FM theory that relies on 1
the modeling of the contact values of the nonuniform pair ~ Pm(Zc)=— f p(r+rodr, )
distribution function seems possible. Our main objective in
this work is to generalize the BGY-FM approach for IQA In the above, the averaging is done over a sphere of diameter
systems as a possible alternative for the application of ther and the volumev, centered at the point.=[r,+r,]/2.
IROZ equations in the description of capillary condensationThe boundary condition for solving E@4) is y(z— £ )
of fluids adsorbed in confined microporous media. =expBAum, whereA u, is the configurationalwithout ki-
netic contribution part of the chemical potential for the ma-
trix species ang(2) = exd BU(2]pm(2) is the one-particle
cavity distribution function. This methodology has been
We consider an IQA fluid in a slitlike pore of the width shown to be successful for the description of the hard sphere
H.2"28The pore walls are normal to tteeaxis and the pore disordered matrix structure up to intermediate values of the
is centered az=0. The speciesn (the matrix componeht chemical potentiaBu,y, .
adsorbed in the pore, is in equilibrium with its bulk counter- ~ We now proceed to the problem of evaluation of the
part at the chemical potential,,. The structure of the ma- fluid structure. In our previous works'® we have applied
trix is characterized by the density profitg,(z) and by in-  the IROZ equations with the BGY equation to couple the
homogeneous pair correlation functiap,(1,2). Due to density profile with the pair correlation function. However, if
external factors the structure of the matrix becomesne focuses on the evaluation of the local dengityz)
guenched and a confined microporous medium is formedather than the inhomogeneous pair correlation functions, the
Now, we consider adsorption of another flufdl,in that pore.  application of a multicomponent version of the BGY-FM
The thermodynamic state of the flufgl in the bulk is deter-  theory’” may be attempted. The local density of fluid repre-
mined by the chemical potential;. After equilibration in  sents the most important property. One then computes the
the pore, the fluidf exhibits the density distributiop¢(z). adsorption isotherms by straightforward integration.

Il. THEORY

Its pair correlation function is denoted Iy (1,2). To obtain local fluid density in the IQA we propose the
For explorative purposes, we assume the following formapproximation similar to the BGY-FM equation for a two-
of the interparticle interactions: component fluid of matrix and fluid particles,

o, r<co dln z dBU;, (2
umm<r>=umf<r>=[o o pilz) | BTz
! 1 1

Uee(r)=4e{ (o /1) 2= (oge /1), (1)

whereo;=0=1 andU¢(r) has been cut at.=2.5¢0. The
interactions between matrix and pore walls is

:J dr2212pm(22)gomf[a';7’m(zl122)15f(21122)]

1
0, |z|<0.5H X 5(r12_0)+f drazip1(22)
Unl2)=) o0 otherwise 2 12
X% [ o pl(Z1,20),p¢ (21,2
whereas the fluid—pore walls interaction is Oriloipn(21,22).p1 (21, 27)]

1 J

Utw(2)= eru{(20/(0.5H—2))%=(2,/(0.BH —2))? X 5(|’12—0')—ﬁEfdrzpf(zz)Uﬁ(rlz). (6)
12 1

+(20/(0.5H+2))°—(20/(0.5H+2))%, (3
° ° s The attractive term of the fluid—fluid potentidl)? (ry,),

whereeq,=4e€; andzo=0.60. . _ _is defined according to the Weeks—Chandler—Andersen
The matrix structure can be obtained by solving the in-,escriptior?> however, without optimization of the effective

homogeneous Ornstein—Zernike equation supplemented by, sphere diameter, such that=o. Similar to Eq.(4),

the LMBW equation for the density profil€DP) and the 9 [0 Pm(21:22) P (21,2)] and g% [0 pm(z1.20),

second order Percus—Yevick approxmat%ri—.low_ever, N 5:(z,.2,)] are the contact values, evaluated for th@form

this work, similar to Ref. 33, the BGY-FM equation for the QA system at the densitigs,(z;,2,) andp; (z1,2,). In the

one-component flui! has been used for evaluatipg(2), solution of Eq.(6) we apply the exact boundary condition
aln pm(ze)  9BUmw(Z) Vi (z— ) =exp(BAu;), wherey; (z) is the cavity distribu-
+ tion function. In the case of equal size matrix and fluid par-

Jz Jz . o ~
! ! ticles, the averaged densitigg, and p; are calculated ac-

o ~ 1 cording to Eq.(5).%°
= J draZ12pm(Z2) Omed 07 Pm(21,22) ] [ 8(ri—0), From the numerical point of view, the solution of Hf)
is advantageous in comparison to the solution of the IROZ
) equations. Moreover, this approach has been proven to per-
which is simply the BGY equation in which the nonuniform form well in comparison to computer simulations for a hard
pair distribution function at contactg%m(|r1—r2|=o) sphere fluid adsorbed in matrix filled pores in a sufficiently
=h?nm(|r1—r2|=cr)+1, is approximated by that of a uni- wide range of adsorbed fluid densifyOur objective is to
form fluid at average density,(ry,r,). This density is apply the BGY-FM extension for inhomogeneous quenched-
evaluated as follows: annealed fluids to study the capillary condensation in matrix-
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TABLE |. The values for coexisting adsorptioy andI'; at temperature

08t 0'7/7 0.8 a i T* and at fluid activitya; , in a slitike poreH,= 6, filled by a hard sphere
P —_— ‘_ 0.9 matrix at acthltyam.
. B "
0.6 / ///,/” ‘ :_ am at Iy I, T
/ | 0.00 0.006 85 0.019 15 0.818 37 0.7
~ \ l | 0.00 0.012 48 0.027 00 0.73500 0.8
0.4 A 0.00 0.023 38 0.043 00 0.654 60 0.9
‘ ‘ : 0.05 0.009 37 0.020 70 0.840 50 0.7
0.2 ‘ ! 0.05 0.019 00 0.03350 0.756 70 0.8
’ ! 0.08 0.01070 0.022 40 0.853 40 0.7
J
0 } s o .
0 0.01 0.02 0.03 0.04
of occurred. These two jumps correspond to the ends of the
i , i . hysteresis loop appearing for some temperature. The average
o8 | 0.7 — 7~ 0.8 b of two activities has been attributed to the activity at the
' // A T transition point.
06 r /
f lll. RESULTS
—~
04} ’ The solution of Egs(2) and(4) requires the knowledge
of the contact values of the homogeneous pair distribution
0o | ‘ functions,g?.(r) andg¥; (r) in a wide interval of densities.
0.9 They have been evaluated from the bulk ROZ equations with
‘ S N =- the PY approximatiod! We are aware, that inaccuracies in
0 —— : ' calculating these values may influence the final results. Nev-
0 0.01 0.02 0.03 0.04 0.05 s
of ertheless, the data are expected to be qualitatively correct.
In this work we have restricted to the pore of intermedi-
—— r — ate width, H=6. Three values for the temperaturé&y
0.8 | 07 ] =kT/ess, have been studied[*=0.7, 0.8, and 0.9. We
have considered the matrix empty pdes a referengeand
two matrix-filled pores prepared at the matrix activity,,
06 ] =exd BAuml, an=0.05, ande,,,=0.08. These values corre-
C spond to highly porous matrices with porositp=[1
04 1 J —Jfdzp(2)]/H; p=0.958 for @,,=0.05, andp=0.938 for
am=0.08. The reason for considering highly porous matrices
is that for the homogeneous quenched-annealed systems
021 0.8 even dilute matrices yield substantial changes of the phase
IR diagram, see e.g. Refs. 23 and 24.
0 —— - In Fig. 1 we present the adsorption isotherms for matrix-
0 0.01 002 003 0.04 005 free pore[part (a)] and matrix-filled poregparts(b) and(c)]

for different temperatures. The adsorption isotherms normal-
FIG. 1. The dependence of the adsorption isothefmasmalized by matrix ~ 1z€d by the matrix porosity have been defined as follows:
porosity on the activity of adsorbed fluid in a slitike pore of the width, I"= fdzp; (z)/p. In the case of the matrix-free pof€&ig.
H=6. The results for matrix-free pore and matrix-filled pores at porosity, 1(a)] we observe a hysteresis loop at each temperature stud-
p=0.958, and ap=0.938 are shown if@), (b), and(c), respectively. The ;o \which characterize capillary condensation. That implies
solid, long-dashed, and short-dashed lines correspofid +00.7; 0.8 and L. . .
T*=0.9, respectively. Dotted vertical lines correspond to the fluid activity that the critical temperature for the matrix-free pore is higher
at coexistence. than 0.9. The values for coexisting gaslike and liquidlike
adsorptions together with corresponding values for activity at
transition are given in Table I.
filled pores. The application of other methods to this phe- The results for adsorption in matrix-filled pores are
nomenon, at present, seems practically impossible. shown in Fig. 1b) and Xc). We have observed that for ma-
In the numerical procedure we were looking for the so-trices with porosityp=0.958 the hysteresis loop disappears
lution of Eq.(6) at a given temperature and matrix chemicalfor T* =0.9; nevertheless it is observed, at lower tempera-
potential. The fluid activity has been incremented by smalkures,T* =0.7 and 0.8. In the case of the matrix porogity
steps starting from very small values until the jump on the=0.938 the hysteresis loop disappearsTér=0.8, it is ob-
adsorption isotherm occurred. On the other hand, a similaserved, however, for lower temperaturg$,=0.7. We con-
procedure has been performed starting from a high value aflude from the presented data that the critical temperature for
the fluid activity decreasing it by a small step until the jumpthe vapor—liquid transition is higher in the matrix-free than
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Jones fluid in a homogeneous matrix with decreasing
3l ] microporosity?

Additional insight into the behavior of a fluid in mi-
croporous confined systems is provided by the density pro-
files. We have obtained them and show the corresponding
results at coexistence for the case of matrix-filled pores in
Fig. 2. The density profilesy; (z), for the fluid activity at
coexistence for a pore with=0.938 atT* =0.7 are shown
in Fig. 2(a@). The liquidlike profile exhibits much structure in
] contrast to the vaporlike one. In Fig(l®2 we compare the
N a vaporlike density profile at coexistence for the matrix-free
0 ———— : pore and matrix-filled pore witlp=0.938, atT* =0.7. The
structure of the fluid in the pore under these conditions is
almost unchanged. The structure of adsorbed fluid at coex-

p§(2)

istence in the matrix-free and matrix-filled pore with
0.4 b p=0.958, atT* =0.8 also differs negligib\fFig. 2(c)].
To summarize, we have applied the extension of the
03} BGY-FM approach for simple inhomogeneous fluids to in-
_ homogeneous quenched-annealed simple fluids to study the
= capillary condensation. We have shown that the temperature
e 027 of transition is smaller in matrix-filledmicroporous slitlike
pores compared with matrix-free pores and exhibits trends
01} for decreasing with decreasing microporosity. Shrinking of
the coexistence envelope has not been observed with de-
creasing microporosityat low matrix densitigs in contrast
0_3 2 1 1 2 3 to the adsorption of fluids in homogeneous disordered matri-
ces. A complete phase diagram following the applied meth-
3 odology will be presented in a separate work together with
c computer simulation results.
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