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Abstract. Menisci interactions can strongly affect the development of adsorption processes in mesoporous mate-
rials. Phenomena such as delayed and advanced adsorption represent outright manifestations of these interactions
then leading to deceptive determinations of the pore-size distribution. At present, a characterization study involving
simulated porous networks with qualities similar to those owned by real materials and in which the above processes
can occur is still lacking. A Monte Carlo procedure is used to evaluate the extent of delayed and advanced adsorption
in porous structures of assorted morphologies. This treatment allows a clear detection of the types of mesoporous
structures that can experience the incidence of delayed and advanced adsorption.

Keywords: delayed adsorption, advanced adsorption, Monte Carlo simulation, porous networks

Introduction

When performing a sorption characterization analysis,
the simultaneous incidence of varied phenomena usu-
ally renders an inappropriate assessment of the struc-
tural parameters of a porous material. Some of these
perturbing phenomena can be related to the variation of
the density of the adsorbed phase along the pore axes
(Neimark, 1995), as well as to the magnitude of the
potential field emanating from the pore walls towards
the adsorbed molecules. Factors of this nature make
difficult to calculate the correct conditions for a given
pore to be occupied by condensate, especially in the
nanopore size interval (Ravikovitch et al., 1997). Addi-
tionally, desorption conditions are also hard to evaluate
by reason of two further phenomena: the classical pore-
blocking effect and the more recent cavitation process.
The pore-blocking effect consists in the impediment for
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a pore to evaporate its condensate if this void has no di-
rect access to the vapor phase, thus turning evaporation
from pore entities into a percolation process. Cavita-
tion implies the possibility that a condensate-filled pore
could turn empty by means of bubble nucleation within
the condensed liquid. Cavitation studies carried out so
far have been mostly focused upon ink-bottle pores and
have suggested that sometimes the shape of the desorp-
tion isotherm is mainly dictated by this phenomenon
rather than by the pore-blocking effect (Sarkisov and
Monson, 2000).

In spite of the recognition of the above processes, up
till now two additional phenomena have been mostly
ignored: we call them “delayed” and “advanced” ad-
sorption. Advanced adsorption describes the sponta-
neous liquid-filling that suffers a tubular capillary as a
consequence of the irruption of an advancing liquid-
vapor interface proceeding from an adjacent wider
cavity; this irreversible liquid-filling occurs prior to
the accomplishment of the limiting condition for a
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vapor-liquid transition to occur inside the isolated, un-
connected tubular pore; this being the reason of the “ad-
vanced” labeling. Although advanced adsorption could
become really relevant since it may sometimes trigger
an avalanche liquid-filling of the pore network, only
few authors have referred to it (e.g., Androutsopoulos
and Salmas, 2000). In turn, delayed adsorption de-
scribes the filling of a wide pore with condensate once
the thermodynamic metastability limit of the adsorbed
film deposited on the walls of the void has been sur-
passed. This phenomenon is due to the existence of a
discontinuous liquid-vapor interface around a pore cav-
ity which prevents the movement of a unified liquid-
vapor meniscus toward the center of the pore in ques-
tion; this discontinuity is due to the presence of empty
pores surrounding the cavity under analysis. This effect
may also be rather relevant, but again only few authors
have cared about it (Mayagoitia et al., 1985).

This work treats about delayed and advanced ad-
sorption. Our goal is to propose a method to realize the
veracity and virulence of each of the above processes
in a given porous structure. We accomplish our objec-
tives by simulating N2 sorption isotherms at 77 K on
Monte Carlo-generated 3-D porous networks.

Advanced Adsorption

Imagine a sinuous tubular capillary consisting of bulges
and throats (see Fig. 1). Two main situations can arise
(Everett, 1975). The first one concerns the filling of
the central bulge with condensate after an initial con-
densation at the two surrounding necks (Fig. 1(a)); the
second one refers to the filling of a remaining adjacent
throat via a liquid-vapor meniscus advancing from the
bulge (Fig. 1(b)). This second phenomenon is called ad-
vanced adsorption (Esparza et al., 2004) and emerges

Figure 1. (a) Vapor condensation around the central cavity of a tubular pore after menisci are formed at the two delimiting throats. (b) Liquid
invasion (advanced condensation) of throat B’ after the filling of the central cavity. L = liquid, V = vapor.

if the sizes of the central cavity and its delimiting necks
fulfill certain ratios. Given this circumstance, the fol-
lowing sequence can ensue: first, vapor condensation
happens at the smaller of the two delimiting necks; next
the central cavity fills with condensate (once the vapor
pressure attains a critical value); finally the remaining
empty neck is trespassed right away by the advancing
liquid-vapor meniscus coming from the bulge. During
the development of the ascending boundary isotherm,
advanced adsorption causes the liquid filling of tubu-
lar pores at pressures smaller than those required for
condensation to occur in isolated pores of similar char-
acteristics. If interconnected voids possess compara-
ble sizes, the advancing meniscus can trespass a se-
quence of adjacent pores thus possibly spreading over
the whole network.

Delayed Adsorption

Vapor-filled necks surrounding a given cavity can cre-
ate a delayed condensation in this latter void. This situ-
ation is likely to happen in pore assemblages consisting
of a central cavity delimited by necks having sizes not
too different from that of the cavity. Imagine, for in-
stance, that a set of two cylindrical pores surround a
nearly spherical cavity (see Fig. 1(b)), if the size of this
bulge is smaller than twice the size of anyone of its
surrounding throats (and assuming that condensation
is dictated by the classical Kelvin equation) then the
cavity will only be filled with condensate if a contin-
uous meniscus is formed around this pore. This situa-
tion will just happen if at least one of the surrounding
necks is being filled with condensate (Mayagoitia et al.,
1985), i.e. the central cavity will be condensate-filled at
a pressure larger than that required if this bulge existed
isolated from other pores.
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Construction of Simulated 3-D Porous Networks and
Morphological Details

Details about the method of construction of 3-D porous
networks through Monte Carlo simulation can be found
elsewhere (Cordero et al., 2001); similarly, the algo-
rithm that is employed to replicate sorption processes
in porous networks has been reported somewhere else
(Rojas et al., 2002). The conditions required for cavi-
ties (hollow spheres) and necks (hollow cylinders open
at both ends) to be fully occupied by either condensate
or vapor are calculated by means of the Broekhoff-de
Boer equation (Broekhoff and de Boer, 1967), while
the thickness of the adsorbed film is approximated via
the Harkins-Jura equation (Harkins and Jura, 1944).
Here, we present results related to two extreme kinds
of porous substrates: Networks I and II (abbreviated as
N-I and N-II). N-I represents a case of high correlation
existing among the sizes of cavities and their delimit-
ing necks; in this system the mean connectivity C is
equal to 2 (i.e. each spherical cavity is delimited, in
average, by two cylindrical capillaries). On the other
hand, N-II involves a constant connectivity equal to 6.
The pore-size distributions of cavities and necks have
been both chosen as Gaussian. Statistical parameters
of the dual pore-size distributions are summarized in
Table 1. In both cases, most pore diameters are larger
than 50 Å so that a good accuracy (for finding out the
thermodynamic conditions at which phase transitions
occur) is expected through the use of the Broekhoff-
de Boer eqn. Under all the above circumstances, the
expectancy is to observe a strong process of advanced
adsorption occurring in N-I and a definite phenomenon
of delayed adsorption taking place in N-II.

Topological properties of N-I and N-II have been
previously described in detail (Cordero et al., 2001).
Particular characteristics of N-I and N-II are as fol-
lows. The very similar mean diameter sizes of cavities
and throats in the case of N-I is the cause of a strong
size correlation between these two kinds of void ele-

Table 1. Statistical parameters of simulated porous
networks. R̄B and R̄S are the mean radii of necks and
cavities, respectively; σB and σS are the standard devi-
ations; C is the mean connectivity; � is the overlap.

Network R̄B/Å R̄S/Å σS , σB /Å C �

N-I 55.5 57.5 8 2 0.9

N-II 52 82 8 6 0.2

ments and the network structuralizes in the form of long
tubes (cavities and throats coalesce together forming
long straight cylinders) that sometimes meet with ho-
mologous capillaries at intersecting points (manifold
connections). In turn, N-II substrate consists of spher-
ical hollows delimited by cylindrical necks; the sizes
of the necks are just the right ones to accommodate
six tubes around the cavities; the sizes of the throats
although smaller than those of cavities are however not
excessively different. Despite their topological differ-
ences, networks N-I and N-II share a common property:
pores in these two substrates group in a patchwise fash-
ion according to their sizes. In other words, distinctive
pore regions appear: large cavities are connected to big
necks, medium size cavities are linked to intermedi-
ate size throats, and finally small cavities are joined
to small necks. Briefly speaking, N-I is a multiplex
system of long tube-like pores while N-II comprises
interconnected manifold arrangements of cavities and
throats.

Adsorption Results

Delayed and advanced adsorption will be evidenced
through the comparison between actual and calculated
pore-size distributions (PSD) proceeding from bound-
ary and primary scanning N2 sorption isotherms at 77 K
simulated on the N-I and N-II networks. PSD functions
are estimated via the BJH method while employing the
Broekhoff-de Boer eqn. for predicting the conditions
at which phase transitions are going to take place in the
pores (Ojeda et al., 2003). Simplified interfacial ge-
ometries, i.e. cylindrical and hemispherical, will be as-
sumed throughout this work for predicting these phase
transitions or describing menisci displacements. The
determination of primary scanning curves will provide
further valuable information for unveiling advanced or
delayed adsorption processes.

N-I Analysis

Boundary Curves. PSD functions are determined
from the simulated ascending boundary (AB) and de-
scending boundary (DB) curves depicted in Fig. 2(a).
Several aspects are worth mentioning (see Fig. 2(c)).
First, the calculated PSD functions are quite differ-
ent from the precursory Gaussian distributions. Sec-
ond, although rather misleading if compared to actual
distributions, the PSD curves calculated from the AB
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Figure 2. Isotherms and PSD functions of N-I and N-II substrates.

and DB curves are not too different from each other
(Fig. 2(c)). This can be attributed to the topology of
N-I, i.e. an interconnected multiplex arrangement of
tube-like pores. The AB- and DB-PSD curves render
pore sizes smaller than the real ones, this behavior
hinting towards the existence of advanced adsorption
(therefore explaining the deceptive AB outcome) as
well as of pore-blocking (accounting, in turn, for the
misleading DB result). The proximity between the AB-
PSD and DB-PSD curves suggests the involvement
of hemispherical menisci during the development of
both paths, therefore pointing towards the irruption of
advanced adsorption (displacement of hemispherical
menisci) and pore-blocking effects (hemispherical in-
terfaces located at pore mouths block the access to the
vapor phase). A concluding remark is that pores of the
N-I substrate are far from constituting independent pore
domains.

Primary Descending Scanning (PDS) Curves. A
clearer insight about the irruption of advanced adsorp-
tion in N-I can be perceived by comparing the appear-
ances of the PSD functions obtained from the AB and
PDS curves (Fig. 2(a)), respectively. For instance, if
the development of the adsorption process on N-I oc-
curred freely of the latter phenomenon, then the PSD
curves corresponding to AB and PDS isotherms should
overlap over the whole interval of pore sizes consistent
with the amount of voids that remain empty up to the
point of reversal of the scanning curve. The PSD func-
tions evaluated from the AB and PDS curves are de-
picted in Fig. 3(a). Here, it can be seen that these PSD
curves diverge in an apparently strange way: the PDS
path renders pore sizes larger than those proceeding
from the AB curve. Let us now discuss the possibility
that the phenomenon of advanced adsorption can ac-
count for these particular PSD shapes. First, let us note
that the AB-PSD curve is cut at a certain pore value
that corresponds to the point of reversal of the PDS

curve (Fig. 2(a)). Now, let us remember that our N-
1 network is a multiplex system of tubular pores that
meet at some manifold distribution points (Cordero et
al., 2001). Let us now pass to the mechanistic aspects
of the sorption process. Imagine that the smallest of
the capillaries coinciding around a manifold connec-
tion is being filled with condensate (i.e. a cylindrical
film is formed first on the walls of this capillary and
later destabilized at certain relative vapor pressure).
This condensation event could then be the cause by
which hemispherical menisci start moving into the as-
sembly of remaining empty tubes; the manifold joint
will just act as a repartition point for menisci move-
ments. The overall result is that a considerable amount
of tubes are filled at pressures lower than those pre-
dicted by an independent pore behavior. Hence, the
reason by which the PDS-PSD curve is located to the
right of the AB-PSD function is a consequence of
the fact that (along the AB path) some of the pores have
been filled at lower pressures than those expected from
an independent pore system, i.e. pore sizes are being
underestimated (sometimes as much as 50%). Let us
further clarify this point by assuming that a given pore
has just suffered of advanced adsorption at some stage
during the adsorption process leading to the point of
reversal of the PDS curve; here a hemispherical menis-
cus has been formed and the pore has been completely
flooded with condensate. Now think about desorption
of condensate from this very same pore along the PDS
path: in the absence of pore blocking (this event will be
more likely as the point of reversal is located at lower
pressures) desorption will then occur at the same rela-
tive pressure as that allowed for liquid invasion (i.e. the
same hemispherical meniscus reappears once more in
this pore). Thus, there arise two extreme possibilities:
one is that a void can be filled and emptied reversibly,
the other one is that a pore can be filled as if it were
an isolated pore. These possibilities explain the partial
overlap between AB- and PDS-PSD curves.
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Figure 3. (a) PSD functions obtained from a PDS curve measured on N-I. (b)PSD curves corresponding to AB and PAS paths traced on N-II.
(c) PSD functions from AB and PAS curves after decreasing by 20 Å the sizes of all necks. (d) Identification of cavities filled by delayed
adsorption and in the absence of this process; the corresponding isotherms are also shown.

N-II Analysis

Boundary Curves. N-II depicts two rather distinctive
PSD curves associated to the AB and DB isotherms
(Fig. 2(d)). Let us first remember that this sample con-
sists of interconnected spherical cavities, each one sur-
rounded by six cylindrical necks. The sizes that were as-
signed to throats and cavities in the N-II sample suggest
the following sorption mechanisms that help explain-
ing the position and shapes of the PSD functions. Many
(but not all) throats fill independently of any other pore
element by means of a cylindrical meniscus, therefore
the AB-PSD curve is very close to the actual neck dis-
tribution. On the other hand, cavities in order to be filled
by condensate should await the formation of a contin-
uous spherical meniscus inside them, i.e. C or at least
C-1 of their peripheral bonds must contain condensate
before vapor can start condensing in the cavity in ques-
tion. Since at a given pressure along the AB isotherm
not all throats are already filled with liquid, cavities are
delayed in being occupied by condensate. This delayed
condensation can be evidenced by calculating the PSD
from the AB isotherm (spherical interface) (Fig. 3(b));
this AB-PSD result renders pore sizes somewhat larger
than the actual PSD of cavities.

Let us now perform the following procedure that
will wipe out the delayed adsorption phenomenon: each
neck diameter in the N-II substrate will be decreased by
20 Å, the cavity sizes remaining unchanged. In princi-
ple, and because of the new characteristics of the dual
PSD function, this action would eliminate the prospect
of delayed adsorption. The new PSD functions calcu-
lated from the AB (spherical menisci) and DB (cylin-
drical interfaces) are shown in Fig. 3(c). Although the
DB-PSD is not overlapping as well as before with the
actual bond distribution, the new AB-PSD outcome fits

the real one more accurately; delayed adsorption has
then been precluded. The fit of the DB-PSD curve with
the real distribution is not complete given that some
pore-blocking is now occurring.

Primary Ascending Scanning (PAS) Curves. Valu-
able inferences about the incidence of delayed adsorp-
tion and the prospect of identifying the amount of cav-
ities suffering of this phenomenon can be provided by
the analysis of PAS curves. The PSD function, assum-
ing hemispherical menisci, corresponding to the PAS
curve in Fig. 2(b) is depicted in Fig. 3(b). This curve
consists of two regions. The more extended one in-
volves large pore sizes (Fig. 3(b)) while the other one
is shifted toward lower sizes. This latter region seems
to be linked to cavities which are filled without de-
lay, while the large pore zone involves cavities filled
through delayed adsorption. To further clarify this is-
sue, the following experiment was carried out. Two
PSD functions were directly evaluated during the sim-
ulation of the PAS sorption process: the first PSD de-
picts cavities filled with delay while the second PSD
is linked to cavities filled without delay. This experi-
ment could be easily performed through our simula-
tion process by identifying those pores related to the
two kinds of cavity filling during the development of
the PAS curve. Both types of cavity distributions (de-
layed and non-delayed) were plotted as a function of
the relative pressure in Fig. 3(d), then recreating the ef-
fect seen before in Fig. 3(b): the PAS-PSD consisted of
two regions. Finally, a comparison was made between
two PSD curves: one associated to the AB isotherm vs.
another proceeding from the neck-size decreased net-
work. Fig. 3(c) shows how the shape of the PAS curve
is modified while its associated PSD lacked the two
sections shown in Fig. 3(b), then rendering accurate
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Figure 4. Experimental results found in a SBA-15 substrate: (a)
Sorption isotherm, and (b) PSD function.

PSD values of cavities. Hence, a comparison between
PSD’s obtained from AB and PAS curves constituted
an efficient tool for detecting delayed adsorption.

Relationship of Theoretical Findings
with Experiment

A qualitative comparison was made between the results
found above and some experimental data (Esparza et
al., 2004). Figure 4 presents the PSD of a SBA-15 sam-
ple along with the corresponding isotherm. It is evident
the similarity between Figs. 3(a) and 4(b). Advanced
adsorption can also explain the PSD shapes found in
Fig. 4(b). Experimental confirmation of delayed ad-
sorption is still waiting for suitable porous substrates.

Conclusions

Simulated porous networks showing delayed and ad-
vanced adsorption have been built by a Monte Carlo
method. Delayed adsorption is evidenced by compar-
ing the PSD outcomes of AB and PAS curves; on
the other hand, advanced adsorption is confirmed by
comparing PSD functions obtained from AB and PDS
isotherms. The AB shape can be highly influenced
when the sizes of adjacent pores are highly correlated.
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