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Adsorption of fluids in confined disordered media from inhomogeneous replica
Ornstein-Zernike equations
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The density distribution and pair distribution function for a fluid adsorbed in a slitlike pore filled with a
quenched hard-sphere fluid have been investigated using theinhomogeneousreplica Ornstein-Zernike equa-
tions. The one-particle and two-particle functions are related via Born-Green-Yvon equation and theinhomo-
geneousPercus-Yevick approximation is used. The effect of the matrix is to lower the amount of adsorbed
fluid in the entire pore at low chemical potentials. For high values of the fluid chemical potential, layering of
adsorbed fluid is observed. The solution of the problem is important for gel-exclusion chromatography and in
separation science.@S1063-651X~97!52007-1#

PACS number~s!: 68.45.2v, 61.20.Gy
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The problem of describing the adsorption of fluids in ra
dom porous media has received much interest recently.
portant experimental observations@1–4#, and relevant theo-
retical developments@5–15# have been concerned wit
homgeneous systems. Adsorption of fluids in confinedinho-
mogeneousdisordered media, however, is of much interest
practice for gel-exclusion chromatography and in separa
science. This problem is qualitatively more difficult to de
with than the homogeneous case. To our best knowle
there was only one attempt to consider inhomogeneous fl
adsorbed in disordered porous media@14#. The inhomoge-
neous replica Ornstein-Zernike~IROZ! equations, supple
mented by either Born-Green-Yvon~BGY!, or Lovett-Mou-
Buff-Wertheim~LMBW ! equation for density profiles~DPs!,
have been proposed to study adsorption of a fluid nea
plane boundary of a disordered matrix. The theory has
been followed by any numerical solution. In this paper o
main goal is to propose a simple model for adsorption
fluids in confined disordered porous media and to solve

Let us consider the adsorption of a fluid consisting
particlesm, in a slitlike pore of the widthH. The pore walls
are normal to thez axis and the pore is centered atz50. The
fluid m, i.e., the matrix, in the pore is in an equlibrium wit
the bulk fluid with the chemical potentialmm . The fluid is
then characterized by the DPrm(z), and by the inhomoge
neous pair correlation functionhmm(1,2). Due to externa
factors, the structure of the fluid becomes quenched at a
determined bymm , and a confined porous medium
formed.

Now, we would like to investigate adsorption of anoth
fluid, f , in the pore filled by the matrix. The fluidf , in the
bulk has the chemical potentialm f ; at equilibrium thead-
sorbedfluid f reaches the DPr f(z) and is characterized b
the inhomogeneous correlation functionhf f(1,2). The matrix
and fluid species are denoted by the subscripts 0 and 1@5#.
We assume the interactions between particles and betw
particles and pore walls in a simple form choosing both s
cies as hard spheres of unit diameter:
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Ui j ~r !5H `, r,1

0, r.1
; U~z!5H `, z,0.5uH21u

0, otherwise
,

~1!

wherei , j50,1.
The evaluation of the matrix structure is irrelevant to t

procedure below. The structure of a quenched inhomo
neous matrix is obtained from the inhomogeneous Ornst
Zernike ~OZ2! equation@14,16#

h00~1,2!2c00~1,2!5E d3r0~z3!c00~1,3!h0~3,2!, ~2!

supplemented by the LMBW equation for the DP,

] lnr1~z1!

]z1
1

]bU~z1!

]z1
5E d2c00~1,2!

]r0~z2!

]z2
, ~3!

and the second order Percus-Yevick~PY2! closure,

y00~1,2!511h00~1,2!2c00~1,2!. ~4!

In Eq. ~4!, y00(1,2) is the inhomogeneous cavity distributio
function ~CDF!. The solution of Eqs.~2!–~4! yields r0(z)
and h00(1,2) such that the one-particle CDFy0(z), y0(z)
5r0(z)exp@bU(z)#, outside the pore tends to its limitin
value, determined by the configurational chemical potent
y0(z→6`)5exp(bm0). In fact, the structure of a matrix
may be intentionally prepared experimentally given so
functionsr0(z) andh00(1,2).

The IROZ equations, representing the essence of the
cedure, are@14#

h10~1,2!2c10~1,2!5E d3r0~z3!c10~1,3!h00~3,2!

1E d3r1~z3!cc,11~1,3!h10~3,2!,
R63 © 1997 The American Physical Society
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h01~1,2!2c01~1,2!5E d3r0~z3!c00~1,3!h01~3,2!

1E d3r1~z3!c01~1,3!hc,11~3,2!,

h11~1,2!2c11~1,2!5E d3r0~z3!c10~1,3!h01~3,2!,

1E d3r1~z3!cc,11~1,3!h11~3,2!

1E d3r1~z3!cb,11~1,3!hc,11~3,2!,

hc,11~1,2!2cc,11~1,2!5E d3r1~z3!cc,11~1,3!hc,11~3,2!

The fluid-fluid pair ~h! and direct~c! correlation functions
consist of the blocking and connected part,w11(1,2)
5wb,11(1,2)1wc,11(1,2), wherew stands forh andc, as ap-
propriate. We apply the BGY equation to couple the D
with the pair distribution functions~PDFS!

] lnr1~z1!

]z1
1b

]w~z1!

]z1

52bE d2r1~z2!g11~1,2!
]U11~12!

]z2
, ~6!

where g11(1,2)511h11(1,2), and the effective one-bod
potential satisfies the relation,

]w~z1!

]z1
5

]U~z1!

]z1
1E d2r0~z2!g10~1,2!

]U10~12!

]z2
,

~7!

and whereg10(1,2)511h10(1,2).
Equations~5! must be supplemented by the closure re

tions. An analysis of Stell and co-workers@5,7,13# has
shown that the hypernetted chain~HNC! closure is consisten
with the ROZ equations for adsorption of fluids in homog
neous disordered matrices, whereas the PY closure bel
to a class of approximations used by Madden and Glandt@6#.
For the moment, we focus on rather difficult solution of Eq
~5!–~7!, but not on a detailed study of the effect of a closu
Therefore the PY2 approximation is used. It impli
cb,11(1,2)50, and reads

yi j ~1,2!511hi j ~1,2!2ci j ~1,2!, ~8!

for ( i , j )5(1,0) and~1,1!.
The influence of the choice of a closure relation on

solution of Eqs.~5!–~7! will be presented in subsequent pu
lications together with simulations; those consuming mu
time are in progress in our laboratory.

Before discussing the results, we need to comment on
procedure. First, the matrix structure is evaluated from E
~2!–~4!. Next, we must solve three equations of the O
type, Eqs.~5!–~8!, evidentlyh10(1,2)5h01(2,1). We apply
the boundary condition for the one-particle CDFy1(z),
y1(z)5r1(z)exp@bU(z)#, tends to its limiting value deter
s
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mined by the configurational part of the fluid chemical p
tential. The method of the solution implies an expansion
the two-particle functions into Fourier-Bessel series@16#.
The threefold integrations reduce then to the sums of o
dimensional integrations. The grid size in thez-direction
Dz50.05 has been fixed, and 73 terms in the Fourier-Be
expansion have been included. The BGY equation conta

FIG. 1. The density profiles of adsorbed fluid in a slitlike pore
widthH. The pore is filled with a hard-spherematrix in equilibrium
with a fluid at the chemical potentialbm051.721 ~points!. The
chemical potential of adsorbed fluid,bm1 , is bm151.721 ~long-
dashed line!, bm1522.503 ~dotted line!, andbm15123.31 ~solid
line!. The pore width isH52.3 ~a!, H53 ~b!, andH55 ~c!.
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FIG. 2. The fluid-fluid pair distribution functions~a!–~c! and fluid-matrix distribution functions~d!. The matrix and adsorbed fluid ar
considered atbm051.721 andbm15123.31, respectively. The pore width isH52.3 ~a!, H53 ~b!, andH ~c!. In ~a!–~c! the solid lines
correspond tog11(z150, z250,R) and the dashed lines are forg11@z150.5(H21), z250.5(H21),R#. The solid and dashed lines in th
insets to~a!–~c! correspond to the blocking contributions to the functions listed above, i.e., in the plane located at the pore center an
pore wall. In~d! the fluid-matrix functions are given. The lines with points are forH52.3, the lines without points are forH53. The dashed
lines are forg10(z150, z250,R), whereas the solid lines are forg10@z150.5(H21), z250.5(H21),R#.
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the d-function due to the derivative of the pair interaction
The integrals in Eqs.~6! and 7 are then onefold and conta
the ‘‘contact’’ values of the functionsgi j (z1 ,z2 ,AR21z12

2

51) for (i , j )5~1,0! and~1,1!, those have been evaluated b
interpolation.

We have calculated the DPs~Fig. 1! and the inhomoge-
neous PDFS~Fig. 2! for pore widthsH52.3, H53, and
H55. In the case of adsorption of hard spheres, the width
the poreH52.3, corresponds to the second minimum of t
solvation force between walls, as it follows Monte Car
simulations and from the solution of the inhomogeneous
equation @17#. Correspondingly, for the system of ha
spheres, the solvation force between walls has a maximu
H53. The largest value ofH, H55, corresponds to a wide
pore.

The chemical potential of the matrix, for the three por
considered has been fixed:bm051.721. The bulk matrix
density r0 corresponding to this value ofbm0 , if the
Carnahan-Starling~CS! equation is used, equals to 0.3. Th
bulk fluid chemical potentialbm1 has been chosen as
provide r150.3 ~bm151.721!, r150.5 ~bm1522.50!, and
r150.6 ~bm15123.31!, if the same equation of state is use
.
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For the sake of convenience we operate with the value
adsorbed fluid density below. We are aware that the appl
tion of the CS equation is slightly inconsistent with the a
plied theory; however, it is used only to estimate the bu
fluid densities.

The DPs that are shown in Fig. 1 manifest the followi
features. If a fluid at a low bulk density is adsorbed
matrix-filled pores of different width its density is muc
lower in the pore center than at pore walls. Moreover, fo
narrow pore this region of low adsorption is observed
high bulk fluid densities. Due to a small pore width and
the presence of matrix particles, fluid particles cannot
accommodated in the pore center. As in the case of ma
free pores, the profiles exhibit layering of an adsorbed fl
at high bulk densities in wider pores, similarly to the case
matrix-free pores.

In general, the effect of the matrix is to lower the amou
of adsorbed fluid in comparison with the adsorption
matrix-free pores@17#. Adsorbed fluid structure is, howeve
similar to the case of matrix-free pores only either for wid
pores, or low matrix densities. Our conclusions are relev
to one-component hard sphere fluid and only one, arbitra
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chosen, hard sphere matrix density. Various and poss
unusual behavior of the profiler1(z) can be expected in th
case of different matrix and fluid particles diameters due t
stronger influence of the matrix blocking contribution on t
pair correlations, in contrast to the case of equal diame
@13#. A more sophisticated shape ofr1(z) should result from
external fields of complex geometry and/or more sophi
cated interactions.

The PDFS of fluid particles,g11 and fluid-matrix PDFS
g10 for r150.6 are given in Fig. 2. The pair correlations
our model are governed by the matrix and fluid densities
by pore width. For a narrow pore the fluid particles fit clo
to the pore walls; thus, the lateral fluid-fluid and fluid-matr
correlations are much stronger when they are close to
walls than when they are in the pore center. In contras
this behavior, for wider pores, the in-plane pair correlatio
between fluid particles are slightly stronger at the cente
the pore than at pore walls, if the separation of particle
not large. The in-plane fluid-matrix PDFS are almost simi
at the center of the pore and at the pore walls for wide po
they are, however, very different for the narrowest pore
question. We conclude that in a wide pore the pair corre
tions behave similarly in a pore filled by a matrix and in
matrix-free pore. In a narrow pore the effect of confinem
and of matrix obstacles determines pair correlations.
have performed also the calculations of the blocking par
the inhomogeneous fluid-fluid distribution functions. How
ever, for the model with equal diameters of matrix and flu
v.
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species the blocking effects are weak, even for small in
particle separations. A comprehensive study of the quenc
matrix effect on the fluid distributions in a system with arb
trary diameters of particles would require to involve thein-
homogeneousHNC approximation orinhomogeneousrenor-
malized closures such as RPY and RHNC@7,13#.

To summarize, we have solved the inhomogeneous
lica OZ equations for the model of inhomogeneous
quenched matrix and inhomogeneous fluid. The simp
model and approximation have been used to probe meth
ological tools. At a given value of the matrix chemical p
tential, we observed that for narrow pores the DP and p
correlations of adsorbed fluid are determined by the effec
pore confinement augmented by the presence of quen
matrix species. For wider pores the profiles and pair corre
tions become qualitatively similar to those for adsorbed fl
in a matrix-free pore. The effect of matrix parameters and
the quenching conditions seems more interesting to inve
gate for the case of arbitrary diameters of particles.

Most importantly, we expect novel results, if more soph
ticated approximations for the IROZ equations will be us
and for the models that include attractive interactions. Int
esting phenomena can arise for specially prepared ma
structures. Undoubtfully, the options listed above may yi
unexpected, rich structural and thermodynamic behavio
partly quenched confined systems.Prospects for investiga
tions in the field that has just been opened by the solution
IROZ equations seem promising.
ys.
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