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Adsorption of a hard sphere fluid into a quenched matrix of permeable species
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\Ve have sllluicu a moJel 01' a hard sphcrc !luid adsorhed in :1 qllclH:l1ed matrix of di"onkn..'d sphcres. slll'h Ihat !luid -"pcries are ah le 10
rcnClralC in(o lhe interior of obstaclcs. Thc surfacc uf matrix partidcs is rcprcscntcd hy Ihe Gallssian harricr of th~ Iinile heig:ht and widlh.
Thc moJel has hcen sludicJ lIsing replica Ornstcin-Zcrnikc cquations with the Percus- Ycvid do'urc. \Ve h:;1\"cdisl'US'CJ Ihe struclllrc 01'
the syslcm :lnJ the adsorption isolherms dependent on the surface permcahility. as \\'elt as 011 lile m;Hrix tlel1siLyanJ Ihe diameter 01'mnlrix
particles.

Kl'.\'Inml.\': A<.horption: disordcrctl adsorncnts: pcrrncabilily

HClllos esllldiauo un modelo de esferas duras para un l1uído ahsorhido cn una matriz congelml;l d!.:esferas desordenadas. tal que las especies
del lluíJo son capaces de penetrar en el interior de los onst{¡clIlos. La sllpcrlicic de las partículas de matriz est:í representada por una harrcra
de lipo Gaussiana de altura y ancho linitos. El modelo ha siJo cstuuiado usando ecuacioncs dc Ornsleill-Zernike de réplicas con la cerradura
de Percus- Yevick. Se ha discutido la estruclura del sistema y las isolermas de ahsorción que depcnden de la permeabilidaJ de la supcrlicie
de la malriz, así como de la densidad. de la malriz y de los di:ímetros de las partículas de mallü.

f)C'scripwrC'.\' :

PACS: 61.25.-1"; 61.20.-p

1. lntrodllction

rhe struclural anJ thermodynamic propeflies of l1uiJs C0l1-
lined in random porous media are of intcrest in malerial sci-
cllce. dilTerent hranches 01' chemical physics. ancl in physics
<InJ chemistry of interfaces. There has heen much progre ss
in lheorelical studies of quenched-annealed syslems during
recent ycars. Compuler simulaliolls ami tlle exlension nI"
a liquid-slate integral equatiolls lo qllenched-annealed l1u-
ids ha ve heen developeJ. Experimental studies of panly
qllellched systems !lave focllseJ on adsorption in microp-
OrollS media, on Iiqllid-vapor anJ Iiqllid-liquid scparalions.
Thcorctical research in quenched-annealed continuous sys-
lel11' have heen initiated hy Madden and Glandt 11, 21:
more recenlly Givcn and Stell have constructed exacl replica
Orn'lein-Zern;ke (ROZ) integral equat;ons [3,4J. A ,el
01" approximatiol1s for these equalions abo has been pro-
ro,ed 1,1,:;1.

Majority 01"studies pcrformed so faro have heen reslricted
10 the descriplion 01' quenchcJ-annealed mo<-lels with tlIalrix
spccies modellcd as sphcres (cither impermeable or freely
nverlapring) (5-9]. In Ihis nole, hO\vcvcr. \Ve would likc (o
l'onsider a 1110del which involves permeable matrix species
II1<1tprovidc rigidly IIxcd disordercd medium for adsnrplion
of lluid particlcs. Our hasic assumplioll is thallhc surface 01"

Illatrix specics is permeahle, thcrcforc lhe tluid-matrix inler-
face can he thought as a sel 01' memhranes. \Ve do not refer
to a parlicular systelll proposing a simple model for lluid-
matrix intcraclion. In spile 01' slructural principIes similar for
many mcmhranes. one of Ihe most salicnt poinls 10 he made
ahout mClllhrancs is Ihcir rcmarkahle diversity. \Ve choose
Ihe fluid-malrix potential as a finitc widlh harrier 01" finitc
height IOCi.\Icdal a ccrtain distance from the center 01'a malrix
particle. The l1uid-lllatrix interaction. togelher with the el"fect
nf cont¡nemenl delermine "encapsulating" efllciency of par-
lially permeahlc ohjccts.

Our principal foclls inlhis nole is to invesligale Ihe depen-
dence 01"the llllid dCllsily UIl Ihe chcmical polclllial. ¡.C'. Ihe
adsorplion isolhenn. and lile structure of an adsorhed fluid
in a llliCroporOllS. rigidly lixed, medillm 01" particles \vith
permeahle emes. \Ve apply the ROZ inlegral cqllalions for
lIJe struclural propcrlies allll lheflnodynamics nf the system
in queslioll. Previollsly, Ihere have heen studies 01"partilioll-
ing 01" llllids IhlOugh individual (single). simple ami COI11-
plex. permeahle barricrs 11O-IG1. hut Ihe i.\Jsorplion ¡nto a
qlletlched Illatrix 01"permeahlc particles. ¡.l'. into a Illcdiul11
01"J11ultipk harricrs. !las no( hecn cxplorcd so far.

In the present \\'ork \Ve are considcring :l hanl sphere
!luid in a microporous cllvironlllcnt corrcsponding to ¡¡ (lisor-
dcrcd Illatrix of hanl spheres:ll dimensionlcss dCllSity P:" =
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SlJlo;~j\'. where the oiarneler al' matrix particles is oenolcd
hy 11m. Thc !luid is considcrcd al dcnsity pi = (ljoj. Illmo'-
cver, \vithout loss of gencrality, o/ is picked up as a lenght
lInil in what follows, i.c., (J/ = 1 and pi = Pj. \Ve aSSlIlllC

I

Gaussian shape of the repulsive lluid-matrix interaction. This
Gaussian finile harder is characlerized by its height Arl:"p and
by a halfwidth ;""'.Thl:' barricr is located at omj2. The !luid.
matrix. U/m(r)jkT, inlcraclion has heen choscn in the forlll

U¡m(r)---=
kT

o,

(A".,,){ ., [( 17m)']}kT exp(-o",-)-l'XI' -(1 r-2 .
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('¡¡(r) ={exp[-¡3U¡¡(,.)] - 1}{1+ "¡¡(,.) - c¡¡(r)},

('¡",(r) ={exp [-¡3U¡",(,.)]-1}

[1 + "¡,,,(,.) - C¡",(,.)], (5)

whcre n: is the parameter determining decay 01' the Gallssian
type replIlsive potential. In what follows, in urder lo describe
cllcrgetic aspects of the inlcraclion heLween fluid spccies am.!
cach of penneahlc particles. \Ve introduce the dimensionless
telllpcrature. T~ = kT jAn,p (k is Lhe Dotzmann conslant ami
T denoles lelllperalUre). A harrier of infinite height. i.e. im-
permeable, corresponds lo T. = O.

In order to describe Illalrix slruclure, we salve cOlllmon
Ornslein-Zcrnike equalion

(Ihe r-dependencics here ami oclow have heen omitled ror the
sake of hrevily and 0 denotes convolulion) complelllented by
lho Porcus- Yevick (PY) elosuro,

c"",,(") = {exp [-IJU",,,,(,.)I- 1}

[1 + "",,,,(r) - c"",,(")I, (3)

wherc Umm(r) is a han.! sphere potential hetwccn malrix
particlcs. The pair correlation function of malrix spccies.
1/1/111t (1') and lhe direct correlation function, Cmm (1'), hccollle
availahle. The ROZ cqllalions ror the f1uiJ-matrix ami Iluidw

!luid correlations are

(6)

(7)

¡3,,;, (¡J¡, 1'",) = /J¡,;, (¡,¡ = O,¡J",)

¡"'I j'dp' drc¡¡(r,¡J'),
.0

\\:here f3¡I!x(P! = O.Pm) b lhe chemical pOlential of ad-
sorl1cd fluid spccics al inlinite dilulion in a matrix. It COI"-
responds to the second viríal coeflkienl 01' Ihe lluid-matrix
inleraction

The second tcrl11 01' Eq. pq has heen calculated l1y using
('j /(r) fmm the sollllion 01' the ROZ cquations.

Let liS procced wilh Ihe description nf lhe results 011-
lained. \Ve cOllsider Ihe modcls wilh 0m = 5 and al (Tm =.1.
The parameters of Gaussian harriers are lakcn the following:
(,.¡,,' = 0.5, (\ = 0.02. \Ve discllss Hrsl lhe adsorption isolherms
for the case of a low dCllsily (highly "pomus ") matrix. i.e.
al ('~II= 0.1 amI a high densily matrix (low '.pOl'Ous") al
{J:1l = O.G wilh (7/11 = ,J (Fig. 1). \Vonh Illcnlioning Ihat thc

IJ,,;, ([I¡= (J,[I",) = -¡,,,,/dr{OXP[-/3u¡,,,(r)] -l}. (X)

whcre Ihe ideal gas cOlllribution has been approximilleJ as
l'J¡I{.¡(P/) = 11l(P!). The excess term is represenlcd as a slIm
01' Iwo cOl1tribulions

I
wherc Uj/(r) is;¡ ha ni spherc poten ti al oetwcen !luid parti-
eles and U¡", (r) has heon given hy Eq. (1). The ROZ Eq. (4),
in conjunction with Eq. (5), have heen sol ved nUlllerically hy
direct itcrations.

The structural propertics in terms of the pair cOl"relalion
funclions (the lluid-ll1atrix fUllclion is of much inleresl for
the 1l10del wilh pcrl11eability) do nol represenl lhe only issue
of this sludy. Thc equilibrium I1clwccn the bulk fluid anO ad-
sorl1ed fluid occurs al conslant chemical pOlential. Thcrcfore,
\Ve nccd to calculate the adsnrplion isotherms ('/( /3J1I).The
chemical pOlenlial of a lluid adsoroed in a matrix is prcsenled
as IG,Sj,

(2)l/mm - Cllllll = ('mCmlll 0I1THm,

II/m - Cjm = p/e// 011jll1.

1I1¡ - c// = ('me/m 0 "/m + p/e!! (8) II/f. (4)

The parameter PHI aho\'e determines matrix density in unils
of fluid particles diametcr. Thc ROZ cquations have heen
writtcn in the form consisten! \Vith l\ladden-Glandt (MG) ap~
proximation [l-l], i.e. Lhe hlocking part of Ihe dircct corre-
I¡¡lion fUllction ror fluid spccies has heen assulllcd vanishing.
Thc rcason is tha! in Ihis study \ve use Ihe PY closure which
helongs lo a group of closures neglecting hlocking tcrl11 in
the function c//(r). \Ve do nol expect thal other closurcs
would qualilatively influence Ollf rcsuIts. The PY approxi-
mation, which is succcssful for hard sphcrc modcls in hanl
~phcrc matrices. reads
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FIGURE 2. Thc fluid-matrix pair distribution function. 9Im(r).
for adsorbed fluid at dcnsity PI :;::;0.35 in a disordered matrix
(am :;::;5) considcrcd at dcnsity Pma;. = 0.6 (upper solid and
dottcd lines) and in a matrix with Pma;. :;::;0.1 (Iower solid tine).
The solid lines are for T* :;::;2 X 10-3, whcreas the dotted ¡¡ne
is for T. :;::;4 X 10-3 (part a). In part b we show 9Jm(r) at
the same conditions as in part a, however. for the rnodel with
am = 4. In part c the function. yff(r), for adsorbcd fluid at
chemical potential f31!! = -0.54 in disordered matrices at density
Pma~, = 0.1 (symbols) and at 0.6 (solid line) is shown; O"m = 5,
T;2xlQ-3.
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FIGURE l. The dependcncies of the tlUld density, PI, in a malrix of
permeable disordcrcd spheres on the fluid chemical potential {3¡./.
The malrix densily is Prnc7;n ;;:;:0.1 (upper solid ¡¡oc and symbols)
ilnd 0.6 (Iower solil..llinc and symbols). The solid lines correspond
10 T" = 2 X 10-3, whcrcas Ihe symbols are ror r- = 4 x 10-3.
AlIlhc set of resuhs is fOf the mndel wilh am = 5.

tcrm porosity is uscd in parcnthescs, bccause the cxcludcd
volumc in the system in faet is determined by thc rcpulsivc
eore 01' the lluid-matrix intcraction. In hoth cases wc con-
sidcr a set of paramcters T. = 4 X 10-3 and T* ::;::2 X 10-3.

Thc trends 01' bchavior of the adsorption isothcrms are the
following. The ad~orbcd density ¡ncreases with increasing
chcmical potent;al of Huid species. The adsorhed dens;ty de-
creases with increasing density of matrix parlicles. However,
lh;s lendency ;s much less pronounced than for impermeahle
hard sphere matr;x, due lo smaller changes of"exeluded" vul-
ume with increasing P;n in the mode! with permeable cores.
Strongcr t1uid-matrix repu!sion (f.c. lower T* or higher Arep)
lower adsorbed fluid density. Similar trends have heen also
ohserved for smaller matrix particles (am = 4).

Interesting insight into the structure of adsorhed fluid in-
side and close to the external surface of matrix species is pro-
vided hy the f1uid-lllatrix distribution function, 9/m(r). This
function has not symmetric shape, as one observes for a fluid
in contact with a single permeable barrier, see e.R. Ref 17.
The asymmetry of the distrihution function arises due 10 the
confincmcnt of fluid particles in each of permeable cavities
and multiplicily of permeable barricrs. In Figs. 2a and 2b, we
show this function at intermediate fluid density, P f = 0.35,
for lhe model wilh am = 5 and 17m = 4, respectively. The
values for Y/m(r) at the lerminating points of the Gaussian
lluid-matrix barrier are different in spite that the barrier is
sYll1lT1clric.Higher value 01' the g¡m(r) at the interior of the
harrier is ouc to the confincment efreee Strong trends for lay-
ering of adsorhed !luid in the interior of matrix species are
obscrvcd both for 17m = 5 and (1m = 4. Thc value of the ralio
ol' the diameter of malrix particles \V.r.Lthe diame ter of !luid
parlicles is of importancc, dcpcndcnt on lhal ratio one can ob-
serve augmenting densily in the center of lhe permeable core
(17m = 4) or lower density (17m = 5), in comparison to
the fluid density outside matrix species. Thc behavior of the
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FIGURE 4. a) the same as in Fig. 2a but for the model of a wide
Gaussian harricr, O' = 0.005 and w = 1. b) the sarnc as in Fig. I
hut for the moJel of a widc harriero Thc llomenclaturc of lincs and
symhol.s in parts a and h is likc in Fig. 2a and in roigo 1, rcspcclivcly.

PIGURE 3. The Iluiu-matrix coordination numbcr. llfm(r) on the
dislancc 01'a fluid particlc froln the center ol' a mntrix particle in the
mntrix. al dcnsily Pma~1 = 0.6 (upper curves) and with lhe Jensity
0.1 (IO\•...cr curves); Y. = 2 X 10-3. Thc solid and doucd ¡¡nes are
rOl" Ihe moJel with (Tm = 5 nnd with Um = 4. respectively.

.fIJm (1') insidc lhe barricr follows lhe shape 01' lhe Boltzmann
mulliplic,-. exl' [-U/".(r)/kT]. The Iluid-Iluid pai,- disl,-;-
hUlian fUl1ction is almoslllllinnucnccd hy changcs 01' matrix
dcnsity. \\'c ohserve in Fig. le lhal vcry sITIal!changes orlhe
contact vallle OCCllr in a lluid adsorhed al a givcn chcmical
pOlenlial ({J,,! '" -0.5-1) in lhe pcnncable mal,-ix wilh quile
tlillcrcnl dcnsity, fJ:n = 0,1 [lnd P;n = 0,6.

ft is ol" illtereSllO discuss trenus 01' lhe behavior 01' the co-
ordination 11111l1bern/m(r) lhat givcs lhe average nllmber 01'
fluid particles with respecI lo the permeable Illatrix species.
Thc coordination nUlllber is defined as

II/m(,.) = 1rrp/ l' dRR'Y/m(R). (9)
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Due (o lhe rcplIlsive harrier, the dependence ol" the coordina-
tion number 01' fluid parlicles w.r.L the Illatrix center exhibits
w('ak trends for slowing down in the region close lo (1m/2,
f"ig. J. Howevcr, due to a slronger confinernent in the model
wilh (1m = 4, lhe coordinalion nllmber al 1 < r < 2 is larger
than in the model with l1m = 5. Srronger repulsive barriers
would evidently inlluence stronger the coordination number
in Ihe region 01' the interface between malrix inlerior <lmJex-
terior.

Finally. we would like lo eommcnllhc elTeel oflhe widlh
of the repulsive barricr on the surface of malrix speeies. In
the previous studies 01' partitioning ol" simple fluids through
a single permeable barrie,- [10-12], il has becn shown Ihal
for a wide harriers 01' the arder ol' one or two molecular di-
ameters Ihe Iluid density exhibilS maximum, i.e. the !luid
layering occurs in the eXlerior and the interior of Ihe har-
rier. \Ve have held fixed the heighl of rhe barrier and ehanged
the dccay of lhe Gaussian barrier by changing the paramelcrs
(\ ami w. The cllecl 01' conllnemeol 00 the behavior ol" the
!luid-Illatrix distribution function, g/m(") remains well pro-
nounced (Fig. 4a), similar to the case ol' a narrower barrier
(Figs. 2a amI2h). Howcver, we have not observed trends for

augmcntillg dcnsily in the central part of the barrier, i.e. in
the region where the repulsion is lhe strongesL Thc explana-
tion 01' this bchavior is tille lo a smooth Jecay of repulsion in
the moJel 01' Gaussian barrier. Slrong variation 01' the fluid-
m~llrix rcpulsive potenliai is ncccssary to provide layering in
the interior 01' lhe barrier. Howevcr, the adsorplion isolherrns
in a model of a wide Gaussian harrier, Fig. 4h, exhibit similar
trends lo those shown in Fig. l. \Vc \Vould like to mention
lhal al given malrix dcnsily, lhe adsorption becomcs lower ir
lhe widlh nI' lhe harricr (volume 01' aelion 01' the lluid-matrix
repulsivc inleraclion) i!lereases.

To conc1ude, this work considcrs the problem of adsorp-
lion 01' a simple lluid inlo a quenched disordcred matrix 01'
penneahlc spheres. The ROZ cquations represent out lheoret-
ical 1Ools. \Ve have ohservcd lhar lhe adsorption in this Iypc ol'
matrices is less depcndent on the matrix density, than for lhe
mode! 01' impermeahle malrix spheres. Highcr value of the
rcpulsivc harrier lowers slightly lhe adsorhed density. The ef-
reel ol' confincmenl 01' pcnncahlc malrix spccics results in a
fluid laycring inside matrix species and in dilferenl values for
[}/I/I(1') on hoth external sur faces of lhe harriero
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Thc considcred model is simple. Howcvcr, it pCfmils sev-
eral intcrcsting cxtcnsions. One of thcm may he Lhought in
Ihe sophistication 01' fluid-fluid intcraction. Ir lhe altractivc
forees, likc in lhe Lcnnard-Jones potcntiai, \vould be ¡n-
cJuded, a study 01' liquid-vapor transition in fluids adsorbed
in t1isordcrcd microporous media of permeahle ohjccts can
he attcmptcd. Intuitivcly one v.'ould cxpcct lowcring of th~
critical lcmpcralurc and shrinkillg of lhe coexistence cnvc-
lope tille lo lhe cxcludcd volume effccts of matrix spccics.
Howcvcr, lhe critica1 tcmperaturc may ¡ncrcase and beco me
eloser to the bulk value, if tbe beigbt 01' tbe repulsive fluid-
matrix harricr dccrcases. On lhe otller hand, sophistication of
(he lluid-matrix intcractiol1 may pUl lhe systcm in question
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