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Simple model of capillary condensation in cylindrical pores
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A simple model based on an approximation of the dropletlike model is formulated for studying adsorption of
fluids into cylindrical pores. This model yieldsreearly universaldescription of capillary condensation tran-
sitions for noble gases confined by alkali metals. The system’s thermodynamical behavior is predicted from the
values of two dimensionless parametds: (the reduced asymptotic strength of the fluid-adsorber interaction,

a function of temperatujeandR* (the reduced radius of the pgr&he phenomenon of hysteresis inherently
related to capillary condensation is discussed. The connection to a previously proposed universality for cylin-
drical pores is also established.
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I. INTRODUCTION solid, parallel cylinder$12]. The authors of this work have
found that for a rather compact distribution of cylinders, be-
Capillary condensatiofiCC) consists of liquid condensa- sides the well known film and capillary condensation phases,
tion in porous media at pressures less than saturated vapan additional necking configuration may appear. In the latter
pressure(SVP). This phenomenon has been the subject ofphase the fluid form bridges or “necks” between neighbor-
extensive experimental and theoretical investigations sincing cylinders. Along this line of investigations, in the present
many decades(see Refs.[1-11] and references cited work we explore the possibility of applying a simple model
therein. Figure 1 in Ref.[5] represents schematically the for CC like that proposed in Ref9] to study cylindrical
two most analyzed geometries, i.e., planar slits and cylindripores, completing in this way the regular geometries de-
cal cavities. The slit pore consists of two flat parallel walls atpicted in Ref[5]. In doing so, cylindrical systems are treated
a separatioih.s, while cylindrical pores are characterized by on the basis of a schematic version of the dropletlike model
its nominal radiusR, . reported in Refs[13,14). Like the KE, our model is derived
In some cases, the behavior of CC can be understoofiom a simple set of assumptions and, therefore, sacrifices
adequately in terms of the Kelvin equatidkE), which ex-  some degree of quantitative accuracy. However, the obtained
presses the adsorption below SVP in terms of the liquidresults are very encouraging.
vapor surface tensiono{,) and the size parameter of the  Besides the topics treated in R¢f], in this paper we
confining walls(i.e.,Ls or R,). For large size parameters and shall also describe metastable phases and loops of hysteresis.
strongly attracting walls, the error in using the KE is small As numerical applications we examined the adsorption of
[3,4]; then the KE can be corrected by taking into accountinert gases into pores of alkali metals. These systems are
that there is no fluid close to the walls due to the repulsivevery interesting due to the fact that such substréfss Rb,
core of the adsorption potential. This approach does not suK, Na, and L) are much weaker attractors than surfaces of
fice if the adsorption interaction is weak and/or the size pamaterials such as Al, Au, or graphite. Besides the very rich
rameter is small. In order to overcome this shortcoming, aniterature about the adsorption of quantum liquile onto
alternative formulation has been proposed in R&f.In that  surfaces of alkali metalésee Refs[15,16 and references
paper, a simple model was devised and applied to planar slitguoted thereinone may currently observe an increasing ef-
predicting successfully the wide range of behavior that carfort for investigating the behavior of classical gases in pres-
occur. ence of this kind of substrat¢47]. The adsorption of Ne is
As a natural extension of the simple model calculations othe most studied ongl8—22. For instance, some evidence
Ref.[9], its application to curved geometries where the sur-has been found for a drying behavior of Ne near a flat surface
face energy plays an enhanced role became of interest. Suoh Cs[18,22.
a description has been very recently utilized for studying the In the present work we seek for some universal properties
phase behavior of fluids in a regular array of infinitely long, of cylindrical pores made of different alkali metals filled
with inert gases. Let us point out that the authors of Ref.
mainly compare the film thickness in the case of planar walls
*Also at the Carrera del Investigador Cidito of the Consejo  and cylinders for a given undersaturation. Universal features
Nacional de Investigaciones Ciéiitas y Tenicas, Av. Rivadavia have been predicted in Refg3,4] on the basis of results
1917, RA-1033 Buenos Aires, Argentina. obtained from calculations performed in a hydrodynamic
TAlso at the Comisin de Investigaciones Ciéfitas de la Prov. model. Later in the text, we shall discuss the connection
de Buenos Aires, Calle 526 entre 10 y 11, RA-1900 La Platapetween our findings and predictions of Rdf34].
Argentina. The paper is organized in the following way. In Sec. Il we
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outline the model. The numerical results are presented in TABLE I|. Experimental values of relevant observables for the
Sec. lIl together with the discussion of the whole pictureinert gases in the liquid phase at the triple point and the lattice
exhibited by the systems. Section IV is devoted to final reParameters of solid alkali metals.

marks.

System T, (K) uo (K) po(A7%) o, (KIA%) Reference

Il. THE MODEL He 0® -7.15 0.02184 (23]
0.274-0.003 [24,25
0.2570.001  [26]
0.272£0.002  [27]

The adsorption properties may be studied by analyzing
the grand free energy,

Q[N]=F[N]—uN, (2.1) Ne 2455 —232 0.03694 3.98  [17,28,29
Ar 83.81 —930 0.02117 9.74 [17,28,29
whereF is the Helmholtz free energy, the chemical poten- Kr 115.76 —1342 0.01785 11.22 [17,28,29
tial, andN the number of particles of the system. The valuey, 161.39 —1907 0.01411 1265 [17,28,29
of temperaturd is implicitly present in bot) andF. For a a(A)
cylindrical geometry, it is useful to describe the size of theCs 6.045 [33]

system by the number of particles per unit length.e., ny

=N/L. For this symmetry the behavior is to be predicted byK :252855 Eg
evaluating the equilibrium value of;"=N/L as a function Na 4'225 [33]
of . The value o4 may be determined by minimizing 3 '491 [33]

with respect toN. In terms of the parameters describing the
system, there is a regime that exhibits no adsorptiOn ( arhe gata for*He correspond tF =0 K.
>0), a CC region, and a regime where a film is stable.

An expression for the Helmholtz free energy per particleThis assumption of additivity of the contributions omits
for the CC phasefcc, may be obtained from the formalism many-hody effects that would reduce the overall attraction
developed in Refd.13,14). Assuming that the free energy of [29] "Although alkali metals are delocalized and highly con-
the fluid is given by the main contributions of the volume, qucting systems, we expect that this simple and rather crude
surface, and substrate terms; then, if the fluid fills @ porgypproximation be qualitatively adequate for the purpose of
forming a sharp cylinder of radiug, with density equal to  this paper. Furthermore, we assume that a filling atom inter-

the bulk equilibrium valug, one gets acts with a single substrate atom of a shell via an isotropic
Lennard-JonesLJ) pair potential with standard parameters
=F_CC= Fec _ o1 gy ando ;. The next assumption is the use of an azimuth-
fCC foc + 2 O'|U n}\ . . .
N nyL ally and longitudinally averaged potential. Under these con-
R ditions, it is possible to demonstrate that the total effect for a
+27Tpoif e dr Usub(f)] nt, (2.2)  single shell is given bysee Eq/(2) in Ref. [30]]
0
21 [T ] 10
with USHT Renet) =370 e g7, 3—2(R—) Maa(v)
shell
N= poR3L. (2.3 o\t
R ) Ms(v) |, (2.9
shell

Here f,, is the asymptotic value and it coincides with the
chemical potentiaj, at SVP. The relevant observables for
bulk liquid *He atT=0 K and for the other noble gases Ne,
Ar, Kr, and Xe at the corresponding triple points taken from
Refs.[17,23—-29 are collected in Table I.

The interaction between the filling atoms and the wall of a
pore have been recently model€t4]. In that work it is
supposed that a pore gives rise to ldg,{r) equal to the M (v)= f” de ' 2.6
sum of contributions yielded by successive concentric cylin- " 0 (1+1v°—2vcosp)™?
drical shells, with radiufg,.;, of atoms of the substrate,

wherev=r/Rg,q. In addition,®4 is the surface density of
substrate atoms in a shell and it is determined by taking into
account the crystallographic structure of the wall. Finally,
M (v) stands for the integral

Of course, each approximation performed along this proce-
dure introduces an error. However, we expect that the result-
ing potential would give a reliable description of the main
features of the systems.

wherer is the distance from the axis of the pore. This pro- For all the inert gases, the substrate potentials produced
cedure had been previously used by Stan and C20¢in by pores in different alkali metals were calculated using val-
accounting for the effect produced by multiwall carbon nano-ues ofe ; and o ; determined by adjusting the pair poten-
tubes. Moreover, this idea has been also adopted in[R&ff. tials of Patil[31]. For this purpose, we followed the proce-
for constructing gas-solid potentials due to planar surfacesure utilized by Ancilotteet al.[32] for getting the He-alkali

Usud 1) =2 USKT Repen, (2.4

051201-2



SIMPLE MODEL OF CAPILLARY CONDENSATION IN . .. PHYSICAL REVIEW E66, 051201 (2002

TABLE II. Values of the LJ parameters for the interaction be- W7 T T T T T ]
tween noble gases and alkali metals, together with the asymptotic F ‘Hercs e ]
well depth and the location of the minimum corresponding to po- ISt — = E
tentials given by Eqs2.4—(2.6). m:— {,_.a-"i‘"'ﬂ D_=8.00 K E
System ey (K2 oL, (A)? (A D.(K) D* N LSS I B B S A B e S i

2 0F YHema e e
He-Cs 1.21 6.47 6.30 8.00 8.09 e e " E
He-Na 1.73 5.40 5.22 17.97 15.07 © . — =5 D =17.97 K .
He-Li 1.92 5.22 501  29.87  24.05 digge " B e e e 3
Ne-Cs 8.65 5.23 513 3361  2.86 e AR T J 7
Ne-Na 11.94 4.37 426 7238 511 6o  HefLi ==t 3
Ne-Li 13.33 4.23 410 1208 821 ik g PRI ]
Ar-Cs 51.79 4.86 478 1681  3.20 =" D.=2987TK 7
Ar-Na 60.32 4.20 410 3309 541 G e SRR =
Ar-Li 66.00 4.08 3.96 545.3 8.60 RY-1)
Kr-Cs 87.16 4.75 4.68 267.5 3.98
Kr-Na 94.10 4.16 4.06 504.1 6.20 FIG. 1. Depth of the potential calculated with E¢2.4)—(2.6)
Kr-Li 100.10 4.06 3.94 816.8 10.25 as a function of inverse of the reduced effective radius of the pores.
Xe-Cs 117.2 4.87 4.79 382.3 4.09 Data for “He into cylindrical pores of Cs, Na, and Li are plotted.
Xe-Na 126.0 4.27 4.10 720.6 6.60 The corresponding asymptotic valuBs, are given. Solid curves
Xe-Li 135.8 4.16 4.03 1179 10.61 are the results provided by the simple expressig).

The results foD,, andr,, are included in Table Il. Since the
results of calculations for adsorption into cavities in Rb and
K do not differ qualitatively much from those for pores in
potentials from Patil’s data. Quantiy, was evaluated tak- Cs, the corresponding values are not included in this table. It
ing into account that solid alkali metals are bcc crystals withis pertinent to mention that, for a given fluid-substrate sys-
a lattice constants listed in Table 3 of Ref[33]. It was  tem,r, is larger than the corresponding parameggifor a
assumed that each shell coincides wittl80) plane of the slit geometry obtained from a 3-9 potential and listed in
crystalline structure, the first shell lies at the internal radiusTable | of Ref[9]. However, the values af,, are close ta,,

of the poreR,,, and the subsequent shells are located keepingrovided by a 4-10 potential utilized in R¢fL9] [e.g., for

an intershell distance equal #82. Following the assumption Ne/Cs one has,=5.13, z,,=4.97 (4-10 potentigl and

of Ref.[19] the sum is performed over four shells like in Eq. Zn=23.55 A (3—9 potentiall.

(3) therein. All the adopted parameters are quoted in Tables |
and II.

In all the cases, for a pore with a certain radRs the Lo
. v . . Upon taking into account Eqg2.2) and (2.3), and the
potential Ug,r) exhibits a minimum with deptHDRp ata  elation Ro=R,—rm, the grand thermodynamic potential

fluid-substrate combination, in the regirRg> o ; the depth
DRp decreases for increasing size of the p@k Fig. 1 of ) e e —— e

dParameters calculated with data taken from R&f] by applying
the procedure outlined in Ref32].

A. Capillary condensed axial phase

_a—a
Ref. [30]), while the location ofr,, remains almost un- F Ne/Cs e i
changed. Figures 1 and 2 show the typical behavidD ef M e ]
for several investigated systems as a function of the dimen: P = D =361 K
sionless inverse of the effective radiRg=R,—r, defined a0+
as 3 ! i i e
U(Ro/F) =L (Ry—Fm)/Fm] =L(R¥ —1), (2 < wf R :
( 0 rm) /[( p rm) rm] ( )1 ( 7) :In: 2,1,:_ __ﬂ..c""ﬂ--- D_=168.1 K ]
where = f— -t b |t b
600 - g
R* =R, /I . (2.9 | KnfCe P -
40k g -
In all these cased) R, attains an asymptotic value., and ;ﬂ}a--“"c D =2675 K
the data are very well reproduced by the simple expression 20 ——ttplertttettotlottt bt
IAR*-1)

201 7 1
"RR-1 18R
2.9

DR = DR* = Doc 1
P FIG. 2. Same as in Fig. 1, but for heavier noble gases into
cylindrical pores of Cs.
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Qcc Fee—uN Here, we introduced the dimensionless integral

L L
— 1 y ! ! !

X Usuf 1) = (1= o) pol Ry = ) (2.10 olvk=7 foy dy'[-Usufrmy')/D-1, (218

Furthermore, the grand thermodynamic potential per unit .
area of fluid’s lateral surface for the CC phase may be writWith

Rp—Tm
:27T0'|U(Rp—rm)+2’77p0J rdr
0

ten as
y=rlrm,, (2.19
Qcc_ Qcc _ Fecc—uN o 4 Po
A 2mRL 2m@(Ry—rpl ~ T Rp—Im and the strength parameter is the reduced asymptotic well
depth
X[ U )~ 5 (1= oo Ry
rdr N—=(u— —I'm).
0 Bl g LT H0IPol T m D*=2D..rpol o, - (2.20

(2.1
One immediately gets the reduced difference of chemical
Starting from this equation, it is possible to get the modifiedpotentials,
KE for CC. Upon defining the substrate-liquid interfacial

tensionoyg as the sum A=(uo—p)rmpol oy, - (2.21
Ry—m
Ta=01t 5 p_o f * Trdr Ugdr=o,+1y, The definitions ofD* and A are formally equal to that
p~TmJo adopted in Ref[9], where the authors usg, instead ofr ,
(212 Finally, one may write the reduced version of the grand

and setting) =0, one arrives at potential given by Eq(2.10 in the following way

1 1 1
51~ 5 (= o) po(Rp=T ) =0. (2.13 Qec=1-5D*g{R* ~1}+ SAR -1). (222

Next, by using the Gibbs-Duhef34] relation for the fluid

. . This expression allows a study of adsorption in termb &f
and neglecting any compression of the system, one gets

The main difference between this result and that of R&f.

o V—p_ is a general factor 2 due to the fact that hélec/A is
Pol1~ o) =P—Po, 219 calculated by taking into account the whole lateral surface of
which leads to the KE the condensed liquid, while in the case of planar systems the
areaA corresponds to only one wall of the slit geometry.
205~ (P—Pg)(Ry—rmy)=0. (2.15 Before going ahead, let us remind that a fundamental prop-

erty of the integrab{y} introduced by Eq(4) in Ref.[9] is

This equation expresses the pressure reduction for condensgs independence of the fluid-substrate combination. As we
tion in terms of the effective radius of the condensed fluidshall see below, this feature is also exhibited, to a very good
(Rp—rm). The purpose of this work is to generalize the KE approximation, by the integra{y} calculated according to
by taking into account both the explicit dependence on theeq. (2.18).
substrate potential and the role of film formation on the ad-
sorption behavior.

For the sake of generality, we shall follow the procedure
of Ref.[9] discussing our predictions in terms of the dimen- Under the same assumptions adopted for writing Egs.

B. Shell-film phase

sionless grand potential, (2.2 and(2.10, the grand thermodynamic potential per unit
length for a cylindrical film of thickness, i.e., for the shell-
Q*=Q/(Aay,). (2.1  film (SP phase, may be expressed as
When applying this normalization to E¢2.10, one must Qg Fge—uN
write the reduced version of the integrated adsorption poten- |~ — [~ 271l (Ro=Tm= )+ (Ry=rw)]

tial per unit areal, . It is convenient to cast this contribution

in the following form: Rp=rm
g +2mpo [ 7" AU 1) = s )
I

P m

Iy D..po
*— = —
o, T T TR m)J rdr = Usr)/D-] % pol (Ry—F )= (Ry— Ty £)2]. 2.23
1 Note that the film grows fromn=r,, towards the center. The
—_ _D* * _ m .
2 D*o{R* ~1}. .19 reduced version of this grand free energy reads
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40

O* :i: _ X —ED* {R* -1}
SF27RyLay, R*—1 2 9

30 =

—|1- R*—1—x I

19 }
%y 20 =
NN P 2.2 )

5 — X, (2.24 :

10

wherex is the dimensionless thickness, L

X=4€Ir g, (2.29 I | A|=0 |

O 10 20 30 40

which is related with the dimensionless inner radjusiea- R¥
sured from the center of the cylinder,
FIG. 3. Phase diagram present at varying degrees of undersatu-
y=(Rp—rm—O)/rp=R*—1-x. (2.26)  ration, expressed in terms of the reduced chemical potential differ-
enceA given by Eq.(2.21). For the casé =0, the line satisfies Eq.
In this case, in order to find the stable configuration at fixed3.1); all values above the curve correspond to capillary condensa-

R* (i.e., R,=const), one must determine the valuef tion, while those below are “empty.” For the other casast0,

which provides the minimun@) . there is a “triple point” below which the space is empty, to the

upper right of which there is a shell film, and to the upper left there
Il. GENERAL RESULTS—PHASE DIAGRAMS is capillary condensatioffor more details see Fig.)5
A. Thresholds for CC and SF phases at SVP
The case of SVPA=0) leads to a very simple criterion A=o(CCR* —)= lim oR -1 =3.7. (3.3

for the occurrence of CC. The expression for the transition R~ 9

i * —_ i i i . . . . .

line (Qcc=0) that separates the behavior nto two regimeSperhaps this may be a surprising behavior because CC is

capillary condensation({c.<0) or empty €2¢c>0), is typically found in small pores, while here it also occurs for

broad cavities a\=0. Indeed, as we shall see lataway
from SVP the domain of CC is restricted to narrow pores. At
SVP, however, the energy balance in favor of CC is essen-
tially maintained for increasinB* because the magnitude of

It coincides with Eq.(7) of Ref.[9] and its dependence on the integrated potential energy term also increases Rith

R* is displayed in Fig. 3. In fact, the results obtained from It is interesting to compare the asymptotic value of Eq.
calculations with potentials of the form of EqR.4—(2.6) (3.3 with results provided by this simple model for planar
corresponding to different combinations of inert gases angubstrates. The present value is slightly larger than that cor-
substrates cannot be distinguished on the scale of the figureesponding to the CC formation into the slit between two
Therefore, one can state that the curve given by Bdl)  semi-infinite parallel solids separated by a reduced distance
provides anearly universakelation for the critical values of L% =Lg/z, [see Eq(10) in Ref.[9]]

the parameter®* andD}_,. However, it should be noticed

D% _(CO)= (3.1

gf{R* -1}

;gft at SVP the transition from empt) to SF would occur D%_,(CCiL* o) = %22'9' (3.4)
X _o(SP The difference between the results i} _,(CC;R* —x)
andD}_y(CC;Ly —x) is due to geometric effects, but also
2(R*=1)+2(R*—1-x) to the fact that the values of, andz,, are different as men-
- (R*—1)g{R* —1}— (R*—1—x)g{R*—1—x} tioned above. HowengX:O(CC;_F\_’* —) is considerably
smaller than the wettingW) transition condition for planar
(32 substrates
It is clear that, for 6B<x<R* —1, D} _,(SF) is always larger 4
thanD}_,(CC). So, for increasind* at SVP, whenQ %, A-o(W)= 1128 3.9
becomes zero thef ¢ is already negative favoring the CC
phase against the SF one. A glance at Table Il indicates that for Ne and Ar adsorbed

Furthermore, the threshold condition for CC to occur atinto pores of Cs it would not be possible to get the CC phase
SVP for largeR* changes very little for increasing@*, and at T=T, because, in the present approach, the values
for very broad pores attains the asymptotic value D*[Ne/Cd=2.9 andD*[Ar/Cs]= 3.2 are smaller than 3.7.
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r———T——T 77 ]
./‘/.’ :
2 P i
R .
e
- — R*=10 1
1 -- R*=20 =
I - R*=40 ] .,
0t -
= e e T T e e E R S
i) ]
20 v 1 T
0 0.2 0.4 0.6 0.8 1

x/ R*-1)

FIG. 5. Universal “phase diagram” showing regimes of empty,
capillary condensed, and adsorbed shell film as a function of re-
duced pore radius and well depth defined in the fege Eqs(2.8)
and (2.20]. The displayed curves correspond #0=0.3. The
hatched zones are regions where b@tfy and Q. are negative.

FIG. 4. Dimensionless grand potenti@i (curved lineg as a
function of normalized reduced thicknesd(R* —1), compared
with the values ofQ¢ (horizontal line$. The evaluations were
done forD* =15.1(i.e., *“He/Na in our approaghat A=0.3 for a
few values ofR* as indicated in the figure.

B. Thresholds for CC and SF phases below SVP shell film at Sma”X/(R* - 1), while the CC phase pl’esents
different behaviors. FoR* =20 the CC phase is metastable
and forR* =40 it is unstable.

Before describing the phase diagram of the systems for
any A#0, it is useful to look at further calculations for the

1 caseA =0.3 treated above. Results obtained by vaniiig
1+ EA(R*—l)} (3.6) andR* are plotted in Fig. 5, where some features(bf

and Q¥ are explicitly given. Solid lines separate domains of

However, one must now examine the possibility that a filmstable phases determined by following the procedure out-
configuration has a lower free energy than that of the cdined when analyzing Fig. 4. The dashed straight line in the
phase. So, in the case+0, it is necessary to evaluate the SF region is the threshold given by E@.6), while dashed

minimum of Q% as a function of the variabbeand to com- ~ Curves in the CC regime denote the limit for SF solutions.
pare the result with2%.. An example of this problem is So, the hatched zones indicate parameter regions where both

displayed in Fig. 4. The difference between the grand fre(ﬁjC and SF are negative. However, only that phase with
i

energy of the SF phase and that of the CC case written wer 0% is sta}ble, the other one is m'etastable. and plays an
terms of the dimensionless inner radigss important role in the cycle of hysteresis to be discussed later

in the paper.
y 1 1 Let us now turn to the general phase diagram. The results
e ECZT 1+ ED*g{y}_ EAy)_ 3.7 for seve_ral values oA are displayed in F_ig._3, where only
R*—-1 boundaries between stable phases are indicated. Indeed, the
_ separations determined for different systems listed in Table Il
Here, the first term represents the extra surface energy of thg| into very narrow bands confirming aearly universal
film and the second represents the interaction between thgspavior. Increasin@®* favors SF or CC phases against the
solid surfaces and the atoms, which fill the gap when the S hhase Which of the condensed phases is stable depends on
to CC transition occurs; the third represents the free energg« £qr largeR* , SF is typically favored because of the cost
cost because the systeniis general below SVP. When the - ot o (the A term) becomes large relative to the benefits
internal radius of the shell film goes to zero, ig=0, the  (from the potential and the decrease of surface tepsiire
difference of grand potentials given by E@.7) vanishes. g (4 transition curve is rather insensitive R .
Th!s f_eature is clearly satlsflgd by results Shsplayed in Fig. 4. Figure 6 shows the reduced phase diagram projected onto
This figure shows the behavior Oftc and§eatA=0.3for  heR*_A plane forD* =15.1(i.e., corresponding to the case
t4hree different pore sizes in the cal3¢ = 15.1(attributed to 4e/Na already treated in other drawingShe curves indi-
He/Na in our approaghFor all the considered caviti€ds:  cate the transitions between stable phases. This plot also in-
exhibits a minimum with a negative value. The situation iscludes a few values obtained from Orsay-Paris nonlocal
determined by the result fdR¢ represented by horizontal density-functional(OP-DP calculations[14,35. These re-
lines. For the smallest radiuR* =10, the CC is the stable sults correspond tRR,=13, 20, and 30 A and lie in the
phase becaude &< Q%g, while the SF phase is metastable. neighborhood of the “triple point”in this diagram, where the
For both larger radiiR* =20 and 40, the stable phase is a solutions are very sensitive to changesfof Note that the

The general problem of behavior below SVP is more
complicated. The presence of theterm in Eq.(2.22 leads
to the following threshold value for CC:

D*(CC)=D%_o(CO)
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= | E N
e 0H | i
-1
' (/T
¥l «
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| P T & T 1 1.2 1.4 1.6 1.8 2
) 5 % 10 15 T/Tt

FIG. 7. Inverse of the ratio defined by E®.9) as a function of

. _ .4 .
FIG. 6. Reduced phase diagram @f =15.1(i.e., "He/Na in  temperature ratid/T, . Selected data of inert gases Ne, Ar, and Xe
our approach The curves indicate the prediction for the boundariesj|strate the law of corresponding states.

among possible stable phasesnpty, shell film, or capillary con-
densatioh Note the existence of a “triple point.” The full circles

stand for transitions determined from OP-DF calculations. our approacf{see Eq.(2.2)] the influence of vapor is ne-

glected, an important deviation could be present when the
vapor density becomes bigger than 10% of the liquid density.
This ratio of vapor/liquid densities is reached at ab®lr;
=1.55 for bulk Ne and Af20], therefore, for larger tempera-
tures the line in Fig. 7 is dashed.

On the basis of results derived above by using the known
asymptotic threshold reduced depth at the triple point it is

C. Temperature dependence possible to determine the value B¥ at any othefT. From

As mentioned above, for Ne/Cs and Ar/Cs the potentiaEds. (3.3 and(3.8) one may derive an implicit relation for
adopted in the present work leads to valuesDdf at T,  the CC threshold at SVP,
markedly smaller than the asymptotic threshold

X _o(CC;R* —o). This fact prevents the formation of the D*(T)=D*(T)HATIT)=3.7, (3.10
CC phase afl;, but CC might be exhibited at higher tem- ) )
peratures. Therefore, it becomes important to examine thgote thatD* (T;) corresponds t®* listed in Table II. In the
evolution of D* for increasing temperatures. For this pur- case of Ne/Cs this equality is satisfied Tfl,=1.2. Since
pose one may follow the treatment of dimensionless quantimis value lies inside the regime of Val|d|ty of our m0d9|, one
ties utilized for planar systems in Ref§,17]. Let us start by ~would get CC forT=30 K. For Ar/Cs the CC would be
calculating the ratio of reduced depths given by 8520 at ~ reached at even lowér/T,.
two different temperatures,

E—SF, SF~CC, and E—~CC transitions occur in the
OP-DF calcultations at almost the same valueAoas ob-
tained in the simple model. Moreover, this agreement is simi
lar to that found for planar systengsee Fig. 4 of Ref[9]).

D. Hysteresis

*
D7(T) _ 2D-Fulpeal 1)y _ (peq/O'v)T_ (3.9 The phenomenon of hysteresis is inherently related to
D*(Ty  2Durmlpo/an)r,  (polon)r, capillary condensation. There are numerous experimental
evidences indicating that porous materials fill and drain at
different values of the chemical potential leading to cycles of
hysteresis. For instance, the reader may look at the data in
— ) (39) Refs.[2,6,7,11]. .
(poloy)r,  (01,/pegt Let us now outline the description of this phenomenon
reported in Refs[4,11]. Such a theoretical approach follows
Selected values of the inverse of this ratio are displayed ithe main ideas of Preisa¢B8] first applied to magnetic ma-
Fig. 7. These data are located along a common line illustraterials, where there are also two-state elements. The Preisach
ing the fact that the right-hand side of £§.8) is auniversal model has been also adapted to treat other hysteretic sys-
function of T/T,. This means that the law of corresponding tems. For instance, it was recently used for studying stress-
states[36,37] is obeyed. The whole domain of this law is strain hysteresis in rocKs89]. According to this interpreta-
restricted to the temperature range between the triple poirtion a global hysteresis loop is a superposition of many
and the critical point. The valu€./T,=1.85 is provided by hysteretic elements corresponding to noninteracting pores. It
the Lennard-Jonesium modE29] and it agrees very well is assumed that a material has pores of different radii and
with experimental results for classical inert gases quoted ithat the size of these radii obeys a given statistical distribu-
Table A.3 of that reference. However, due to the fact that irtion. Each one of these pores is characterized by a pair of

Here it is convenient to define

lo)r  (/po)T
ATIT)= (Peq g )T_ t
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FIG. 9. Reduced grand free energy as a function of the filling
factor 1— 52 for the adsorption ofHe/Na in case oR* =4. Re-

FIG. 8. () Reduced grand free energies f6He/Na (D*
=15.1) for two different pore radii. Lette3indicates the beginning
of the SF phase, whilt andC are the critical points where the SF g ,t5 provided by the simple model and by OP-DF calculations are
solutions become first metastable and next unstébleddsorption shown.
isotherms and loops of hysteresis. The solid curve corresponds to

the adsorption alo_ng the configu_ration with r_ni_nimgm grand freetary hysteretic loof3,4,6,1] is that after this crossing the
energy. Propable filling and dralnln_g routes giving rise to elemen-ﬁ”ing follows the metastable SF phase up to the critical
tary hysteretic cycles are shown with arrows. point (Ac,Xc) where this sort of configuration becomes un-
stable. Then there is a vertical jump to the CC phasaat

. . : | Bl =(mo— Ma)mPol 01, , as indicated by dashed lines in Fig.
see Fig. 4 in Refl11]. A series of drawings reported in Fig. 8(b). It is clear that this choice is actually an upper limit in

5 of the latter reference illustrates how a cycle of hysteresi§erms of x. Turning to the desorption, the authors of the

is traced out by averaging elementary contributions over th%bove—mentioned references suggest that emptying occurs

pore size distribution. S : i ;
We shall now describe how the values pf, and ugz %Iomnpg tr}fosmtabl)l(l})(lélnf'l-)rzli m?gnsxthat ?tereAlsi(\l/Lertlcal
corresponding to a single cylindrical pore can determined_lu ) opol o M M 0
from results provided by the examined simple model. In Fig. T%er?algmelafary cycles of hysteresis depicted in Fi) 8
8(a) we display the grand free energy of the phases SF anl%r R*=4 and 10 indicate that for decreasing radius the

4 _ . ..
CE for "He/Na (" =15.1) for two different pore raq||,_ cycle becomes broader. This is in agreement with the trend
R*=4 and 10. In both cases the results exhibit a similargy .\ by results displayed in Fig. 6 of Rg4]. Experimen-
pattern as a function oA. When x approachesu, from ' b

) " " < tal data on global hysteresis do not show the abrupt changes
below, first of all, both{)ge and€l¢c are positive, hence, the  gypipited by the curves for elementary loops. The smearing

E phase is stable in this regime. Ne&tg becomes negative s obtained when one averages over the pore size distribution
at the critical pointSgiving rise to the transitioE— SF. For g5 shown in Fig. 8 of Ref4].

even smaller\, alsoQ¢. becomes negative and eventually  The different physical situations that occur when one goes
reaches lower values thddg,, leading to the transition SF over the elementary hysteretic loop described above are de-
—CC. This crossing occurs &, , which corresponds to a picted in Fig. 3 of Ref[6] and comprehensively discussed in
reduced film thickness,, . Finally, at some critical values the corresponding text. In order to get more insight into the
A and x¢ the solution for SF becomes unstable. This se-problem, we shall look at the evolution of the reduced grand
guence of facts can be also followed by exploring Figs. 3 andree energy when a single perfect cylindrical pore is filled.
5. Figure &b) shows the adsorption isotherms determined byThis can be conveniently done by studyifly yielded by
successive stable phases, steps in the solid lines correspotie simple model as a function of the filling fraction evalu-
to the above-mentioned transitions. It is worthy of notice thatated at constant density,

similar features have been found in the study of the adsorp-

chemical-potential values for fillingu(,) and draining ),

tion in regular arrays of cylinders as shown in Fig. 4 of (Rp—rm)z—(Rp—rm—{i)2 y? 5
Ref.[12]. > =1-— 5=1-7°
. . . - (Ry=rm) (R*—=1)
As mentioned before, in the literature it is assumed that P (3.1

the filling and draining of these single cylindrical cavities do

not always follow the path guided by stable phases. In factThe results for the adsorption He into aR* =4 pore of

the systems exhibit a sort of memory, trying to remain in theNa are shown in Fig. 9, wher§ M, andC are the critical
initial phase wher is changed giving rise to an elementary points mentioned before. According to the description out-
loop of hysteresis. The adsorption begins with the formatiorlined above, the evolution of the SF phase up to the meta-
of a stable thin shell film that grows up to the crossing ofstable pointM runs over stable states. It should be stressed
Q% with Q&c. The key assumption for building an elemen- that to get the CC phase a rather macroscopic deformation of
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the SF phase is required. Since between the pdihésdC

the energy difference is small, it is plausible to assume that
the system will undergo a macroscopic deformation ju§l at
where Q¢ exhibits the beginning of a very steep energy
barrier and the SF becomes unstable. After reaching the criti-
cal pointC the adsorption continues at constantup to »

=0 as indicated by the horizontal solid line. This physical
situation is shown in configuration Il of Fig. 3 (6], where

one may observe the coexistence of SF and CC phases. Then,
by decreasing\ along the displayed vertical line the system
will eventually reachQg(SVP).

For the sake of comparison we include in Fig. 9 the data
obtained from OP-DF calculatio44]. In this case, like in
planar geometry, the density profile of the fluid is not con-
stant and presents a density peak close to the wall of the
pore. This feature causes that more material, than according
to the simple model, could be stored before the SVP condi-
tions with u=u, are reached. Note thdd* yielded by . iy
OP-DF calculations for perfect cylindrical pores also exhibitsr dilci.d ﬁghe'\:erzg unglr:e(;sal Z%réetizogfnigg;g;Iggzizlti\éag;e;_m
an energy barrier between the SF and CC phases, which f'ft m c

. . . - ective radius and potential strengtiR{—1)/{D*. The solid
adsorption Woulld cause a domain of coexistence with a delay’ .. . niversal functions proposed in KR8], which are dis-
of the SF—CC jump.

. . . cussed in the text.
Looking at Fig. 9, one can state that the simple model

provides a schematic approach to the OP-DF results. the present Fig. 10. The evaluation has been done by using
the explicit Eqs(10) and(11) of Ref.[6].
Turning to the examined simple model, the appropriate
equivalent dimensionless variable that carries information on
Let us now make a comparison between our resultxfor the pore radius and the potential strength can be built in the
and xc and the critical values obtained in Ref&,4]. In  following way:
those papers it has been assumed that the adsorption poten-
tial Ug,{r) is given by a sum of pair interactions containing Rp—rm R*—1
only the attractive contributior- Cg/|r — R¢|® of a Lennard- Rp JD*

Jones potential. This sum over the substrate atoms located at

ﬁs is, indeed, replaced by an integration over a continuumfigure 10 shows the correspondence between the critical val-

The radial integral running oveR; is evaluated fromR,  Y€S 7c *and nv and the dimensionless quantiyRY
=R, Iy to Re—c, yielding an expression in terms of a .—1)/\/D obtalnedl]‘or sr;everhal stozpat?-suthratg com?ma-
hypergeometric function. Under such conditions the author§0Nns. One may realize that the data lie aloregrly universa

of Refs.[3,4] determined the critical values of the inner ra- CUrves, which are close to that determined in R8f. The

dius at which the vertical isotherms should appear. wePPserved differences between both series of results can be

should recall that in the present work instead of integratindn@inly attributed to the above-mentioned different assump-

over R, we sum over a few concentric shells. ions adopted for evaluating the adsorption pot4ent|al. The
Notice that, due to the assumptions made for evaluating"@’ked falling down of the data fofHe/Na and *He/Li -

the adsorption potentials, the pore radius of REB4] is calculated aR* =3 deserves a special consideration. Notice

equivalent to the present effective pore radiR§=R, that in such case®, is not very much larger thawo ;.

—r 1. Then the relation between the inner radiug defined ~ Curves plotted in Fig. 1 of Ref30] suggest that under such

in those references and the variables used in the present wogkcumstances the shape of the adsorption potential given by

®R"-1)/(d"*

E. Comparison with results of Cole and Saam

(3.13

is Eq. (2.5 becomes different from that corresponding to wide
pores. Therefore, on the basis of this feature one would ex-
acs y X pect a departure from the model of RE3]. The dashed line
R 1. o =1-— =7. (3.12  inFig. 10 corresponds to an estimation of the lowest limiting
pmfm R*—1 R*—1 value of (R* —1)/{D* which could be achieved with sys-

tems composed of adsorbed inert gases into pores of alkali

o~ metals according to Fig. 3 and data of Table II.
Cole and Saam have shown that the critical valygsand S rding to g

7w lie on a universal curve as a function of a dimensionless
variable defined as the ratio of the effective pore radius and a
quantity related to the strength of the adsorption potential. A simple model based on a proposal of Réf| is applied
Figure 2 in Ref.[3] shows the corresponding behavior. In for studying phase transitions in the case of adsorption into
order to facilitate a comparison we reproduce such curves iisolated cylindrical cavities. This model yieldsnaarly uni-

IV. FINAL REMARKS
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versal description of capillary condensation transitions for proximation to the problem, they are good enough to detect
noble gases confined in pores of alkali metals providing asome features of Ne and Ar already observed@=afT, in the
interpretation of the wide range of behavior that can occur.case of other geometries.

This quasiuniversalityis due to properties of the adsorp-  |n examining the adsorption and desorption characteristics
tion potential contributing tag{y}. Indeed, in the case of of cylindrical cavities on the basis of results obtained within
only one shell, the potential of EQ.5) is auniversalfunc-  the studied simple model, we also made a connection to the
tion of r/a ;. This feature is very little perturbed when one phenomenon of hysteresis. A global cycle of hysteresis can
defines reduced distances s, becauser ;/rmin is al-  pe interpreted by averaging contributions of single hysteretic
most constant for all the examined liquid/substrate combinae|emems[4,11]_ It is shown how the critical variables of an
tiQnS. Furt-hermore, the inclusion of a few shells located ab|ementary |00p of hysteresis can be determined within the
different distances/2 leaves the position afy, almost un-  framework of the analyzed model. The results plotted in Fig.
changed. 10 indicate that the obtained critical radii for metastable

The phase diagram for cylindrical pores displayed in Fig.phases and unstable films lie close to the previously pro-
3 is qualitatively equivalent to that previously obtained in theposed universal curvef8,4]. So, the adsorption potentials
literature for a slit geometrysee Fig. 2 in Refl9]). Further- it up by adopting different assumptions, discussed in the
more, the reliability of the examined simple model is sup-text, lead to a qualitatively similar behavior. Finally, it should
ported by results obtained from OP-DF calculations. Figure e noticed that experiments are not carried out with perfect
shows that the transitions between stable phases occur in t@glindrical channels. In practice, there are irregularities such
OP-DF theory at virtually the same value &fas found in a5 those shown in Fig. 1 of Ref40]. If the deformations
the simple model. _ _ produce modulations of about 10% in the diameter of the

According to our calculation neither Ne nor Ar would cylinders, drops would nucleate and grow at each minimum
form CC into pores of Cs afy, i.e., when the surface ten- jn the diameter, and the nature of hysteresis would be
sion oy, is maximum. However, af/T;=1.2 the CC may be changed significantly.
formed in both cases because at that temperature the surface
tension would have already decreased enough to favor CC

againstE. This feature resembles results obtained from cal- ACKNOWLEDGMENT
culations for these inert gases adsorbed onto plandd&s
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