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a b s t r a c t
Scanning isotherms provide important information about the pore network geometry, including its connectivity and pore size distribution, which cannot be revealed from the main adsorption and desorption
isotherms. We analyze scanning isotherms on different yet well-characterized pore structures: SBA-15
silica, KIT-6 silica, Vycor glass, and 3DOm carbons. Firstly, we suggest a partial correlation model to distinguish the importance of the pore blocking effects. Secondly, we formulate a percolation model for
a quantitative description of scanning desorption isotherms in the pore and neck network in two versions, the analytical Bethe approximation and the Monte Carlo simulation on 3D cubic lattice. Thirdly,
we introduce a computational method for calculating the pore network connectivity characterized by
the network coordination number and the pore and neck size distributions.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Capillary condensation hysteresis is one of the longest-studied
and still enigmatic phenomena in adsorption science [1–4]. It
is well documented, both experimentally and theoretically, that
during the adsorption–desorption cycle, capillary condensation
in mesopores (larger than ∼4 nm in diameter) occurs generally at a higher pressure of adsorbing gas then evaporation. As
such, adsorption and desorption isotherms form a pronounced
hysteresis loop that is repeatable in subsequent cycles. A better
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understanding of the speciﬁcs of hysteretic behavior of adsorption
and desorption isotherms is important for practical problems of
pore structure characterization. The shape of the hysteresis loop
contains information about the pore structure. The adsorption and
desorption isotherms provide primary information about porosity,
surface area, and pore size distribution, which are calculated from
the experimental data using various empirical and theoretical
methods [5,6].
Starting from the seminal work of Zsigmondy [7] published in
1913 and elaborated by Kraemer [8], McBain [9], Cohan [10,11],
Schoﬁeld [12], de Boer [13], Dubinin [14] and Everett [1] among
other prominent physicho-chemists, capillary condensation hysteresis has been studied based on the classical Kelvin-Laplace
theory of capillarity using model cylindrical and ink-bottle pores.
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Fig. 1. Characteristic types of hysteresis behavior, H1 (left) and H2 (right). A and C are the lower and upper points of closure of the hysteresis loop; B and E correspond to
the onsets of capillary condensation and evaporation, respectively.
Figure taken from Neimark [17].

The main hysteresis mechanisms were recognized: delayed condensation due to the formation of metastable adsorption ﬁlms, initiation
of capillary condensation upon condensation in neighboring smaller
pores, pore blocking resulting in the delay of evaporation from the
pores blocked by smaller ones, and cavitation in metastable condensed ﬂuid at the tensile stress limit.
The theory of capillary hysteresis in individual pores culminated
in the independent domain theory (IDT) developed by Everett and
coauthors in the 1950s and discussed in detail in his seminal review
[1]. This review can be considered as a watershed between the
classical period of capillary hysteresis theory, which was based on
the interfacial thermodynamics and simple geometrical models of
pores, and the modern period of investigations related to the applications of methods of statistical physics of random networks and
Monte Carlo simulations.
Arising from interplay of geometrical, topological, and thermodynamic factors, the characteristic features of capillary
condensation hysteresis are quite distinct for different types of
porous materials. Experimentally, these distinct features of adsorption hysteresis are prominently displayed in the behavior of
scanning isotherms, which provide additional information about
the pore network geometry, including its connectivity and pore size
distribution that cannot be revealed from the main adsorption and
desorption branches. Scanning isotherms are measured by reversing the direction of the gas pressure variation in the adsorption
or desorption process. Scanning behavior has been studied extensively starting from the truly exceptional work of van Bemmelen
published in 1897 [15] throughout the mid-20th century, furnishing an abundance of experimental data [1,16]. Theoretically, it has
been well understood since the seminal works of Everett that the
description of scanning isotherms cannot be achieved based on
the models of adsorption in individual pores [1]; it is necessary
to take into account a cooperative nature of capillary condensation
and desorption processes in three dimensional pore networks with
distributed geometrical parameters of individual pores.
Two characteristic types of hysteresis behavior are distinguished in hysteresis loops of type H1 and H2 by IUPAC
classiﬁcation [5] (Fig. 1). In materials with pore networks formed
by channels with unimodal pore size distributions, the scanning
isotherms form closed loops crossing the main hysteresis loop
of type H1. This behavior is observed in ordered structures like
MCM-41, SBA-15, and controlled porous glasses (CPG). In materials consisting of pore channels with alternating enlargements
(voids) and constrictions (necks), the scanning isotherms approach
the upper and lower points of closure of the main hysteresis loop
of type H2. This behavior is observed in disordered structures like
Vycor and silica gel. The IUPAC classiﬁcation reﬂects ideal structures, yet it is useful for revealing the main mechanisms of capillary
phenomena in pore networks.

Application of the percolation theory to capillary condensation
hysteresis in pore networks originates from the pioneering works
of Wall and Brown [18] Neimark [19–21] and Mason [22,23]. Wall
and Brown [18] performed Monte Carlo simulations to account for
the pore blocking effects during desorption. Neimark et al. [19,21]
considered the pore blocking effects during desorption, as well
as for initiated capillary condensation during adsorption, in pore
networks with an uncorrelated distribution of pore sizes using the
bond percolation model in the Bethe approximation. The Bethe network model of pores connected by necks was employed by Mason
[22,23] and Neimark [24] to describe the capillary hysteresis of Xe
on Vycor glass to improve the independent domain theory model
of Everett [1]. Neimark [24] and later Mason [25] and Parlar and
Yortsos [26] suggested very similar theories of scanning adsorption and desorption isotherms utilizing the Bethe network model
with different coordination numbers. The cavitation mechanism of
desorption was incorporated in the percolation model by Parlar and
Yortsos [27].
Wilkinson and Willemsen [28] introduced the model of invasion
percolation to describe the propagation of the interface between
wetting and non-wetting phases into the pore network in the processes of wetting. However, the invasion percolation model does
not account for the volatility of wetting liquid and is not directly
applicable to vapor adsorption. It should be noted that starting from
the initial papers [18,21] it was understood the percolation model
offers a uniﬁed description of the desorption of condensed wetting
ﬂuid and the intrusion of non-wetting ﬂuid. The percolation theory
of scanning mercury intrusion–extrusion cycles was developed by
Neimark [29,30].
Modeling of adsorption and desorption processes in threedimensional (3D) pore networks was performed in many further
works by using various computational algorithms [31–35]. One of
the most advanced is the dual pore-site network model suggested
by Mayagoitia et al. [36]. This model implies direct simulation of the
capillary condensation and desorption processes in 3D networks
with randomly distributed pore and neck sizes, which determine
the conditions of pore ﬁlling and emptying. Within the dual poresite model, Cordero et al. [37] and Rojas et al. [38] simulated
both scanning adsorption and desorption isotherms for various 3D
networks. Although the primary goal of the percolation models
was the development of improved methods for pore size analysis [31,32,39], there were no successful attempts to incorporate
into the characterization methods the information contained in the
scanning isotherms.
The main aim of this paper is to lay groundwork for developing
a practical methodology for calculating the network connectivity and pore size distributions from the scanning isotherms. This
aim is especially topical now due to the recent advances in highprecision automated measurements of scanning isotherms [40]
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Fig. 2. Nitrogen (77 K) primary (black) and scanning adsorption (red) and desorption (blue) isotherms on SBA-15 (left) and KIT-6 (right) samples. Note the closed loop
structure, associated with H1 type materials. (For interpretation of the references to color in this sentence, the reader is referred to the web version of the article.)

and the necessity to characterize the pore structure of novel
designer porous materials, the list of which has been increasing exponentially during last two decades [2,41–43]. In Section 2,
we present a series of scanning isotherms measured on selected
samples of SBA-15 silica, KIT-6 silica, and 3DOm carbon materials. The SBA-15 example and the literature data on Xe adsorption
on Vycor [1] represent case-study systems for evaluation of the
limits of applicability of the independent pore models, which are
discussed in Section 3. After analysis of the conventional deterministic and uncorrelated models, we suggest a partial correlation
model (PCM) and show that this model provides a quantitative test
for networking effects. We show that while PCM provides a reasonable quantitative description of scanning adsorption isotherms
for all systems considered the deviation between theoretical and
experimental scanning desorption isotherms points toward the
importance of accounting for the pore blocking effects in 3D
networks of Vycor, KIT-6, and 3DOm structures. The percolation
models of scanning hysteresis loops are discussed in Section 4.
Here, we ﬁrst elaborate on the earlier work of Neimark [24] and
formulate the theory of scanning isotherms using the Bethe approximation. Then, we perform direct modeling of scanning desorption
isotherms using Monte Carlo simulation on the 3D cubic lattice.
We compare the theoretical and experimental results for selected
systems. Section 5 is devoted to the formulation of the practical
methodology for calculating the network connectivity deﬁned as an
effective coordination number linked to the percolation threshold and the neck size distribution from the main and scanning
desorption isotherms. Thus, the determined neck size distribution
complements the pore size distribution calculated from the main
adsorption isotherm. This methodology is veriﬁed on Vycor and
applied to 3DOm samples. The main conclusions are summarized in
Section 6, where we justify and suggest the proposed methodology
for advanced characterization of mesoporous materials.
2. Experimental studies
2.1. SBA-15 and KIT-6 silicas
As typical examples of H1 hysteresis behavior, we have chosen
SBA-15 and KIT-6 silicas. SBA-15 is a silica material with a hexagonally ordered 2D array (p6m symmetry) of cylindrical channels
[44]. SBA-15 samples are often used for reference measurements
due to their simple pore geometry in order to validate the theoretical models [45,46]. It is commonly assumed that adsorption
and desorption processes occur in the SBA-15 channels independently providing a case-study system for the IDT model (see Fig.
S1 in Supplementary Information for DFT pore analysis of SBA-15).
The pore network in KIT-6 silica represents 3D gyroidal structure
of cubic (Ia3d) symmetry [47,48] exhibiting network effects [49].

Adsorption–desorption isotherms on both samples, Fig. 2, form a
prominent H1 hysteresis loop. Scanning isotherms cross the main
hysteresis loop as expected in the schematics of Fig. 1(left).
2.2. 3DOm carbon
Recently discovered 3D ordered mesoporous carbons (3DOm)
are obtained by hard templating of silica spherical nanoparticle colloidal crystals [50]. The pore network geometry in 3DOm carbons
is composed of spherical voids, or cages formed in place of silica
nanoparticles, which are connected by narrow windows, or necks.
Four samples produced from nanoparticles of different size, 10, 20,
30, and 40 nm, were studied. For the cage-like pore network geometry, one would expect to get an H2 hysteresis loop, as in Fig. 1(right).
However, as shown in Fig. 3, the adsorption–desorption isotherms
presented are of H1 type, and the behavior of scanning isotherms,
especially for samples with smaller pores, is similar to that on SBA15 and KIT-6. As the pore size progresses up to 40 nm, the hysteretic
behavior becomes more complex and reﬂects the existence of some
secondary pore structure. Also, it was shown that the isotherms on
the 40 nm sample are affected by a secondary pore structure displayed by a prominent inﬂexion of the main adsorption branch at
P/P0 ∼0.85 (Fig. 3 bottom right). In our earlier work [40], 3DOm carbons were analyzed by N2 and Ar gas adsorption, and it has been
suggested that the pore blocking mechanism plays an important
role in the desorption process.
2.3. Vycor glass
Vycor glass is siliceous compound, which is formed by
the thermal spinodal decomposition of a two-phase alkaliborosilicate–silica solution upon cooling. During the decomposition, the phases separate and the borosilicate is dissolved away,
leaving a highly disordered silica matrix that possesses a network of pores with alternating enlargements and constrictions [51].
Detailed simulation of the pore structure formation during spinodal decomposition was performed using molecular simulations by
Gelb and Gubbins [52]. Vycor glass has been playing an extremely
important role in the theory of adsorption as a case-study example
of disordered pore networks due to availability of high-resolution
experimental data and a consensus among the researchers about
the speciﬁcs of its pore system geometry. The experimental data on
xenon (151 K) adsorption and desorption scanning on Vycor collected by Brown in 1963 and presented in the review of Everett
[1,16], served as a benchmark for many theories of capillary condensation, starting from the IDT of Everett to percolation models of
Mason [23,25] Neimark [20,24], Parlar and Yortsos [26] and Seaton
et al. [32] to lattice DFT models of Monson, Kierlik, and Rosinberg
[53], among the others. This data re-plotted in Fig. 4 represents a
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Fig. 3. Argon (87 K) primary (black) and scanning adsorption (red) and desorption (blue) isotherms on four 3DOm carbons templated on colloidal crystals of 10, 20, 30 and
40 nm silica nanoparticles (top left to bottom right). Note the following characteristic features: the boundary hysteresis loop for all samples is of type H1; while the scanning
isotherms on the10 nm sample are qualitatively similar to those on SBA-15 and KIT-6 (Fig. 2), as the pore size increases the desorption scanning isotherms tend to bend; the
isotherms on the 40 nm sample are affected by a secondary pore structure displayed by a prominent inﬂexion of the main adsorption branch at P/P0 ∼0.85. (For interpretation
of the references to color in this sentence, the reader is referred to the web version of the article.)

Fig. 4. Xenon (151 K) adsorption (left) and desorption (right) scanning isotherms on Vycor glass. Note typical H2 type hysteresis behavior; the scanning isotherms converge
at the closure points of the hysteresis loop.
Data reprinted and units converted from Everett [1].

typical H2 hysteresis behavior in compliance with the schematic of
Fig. 1(right). The main hysteresis loop has a prominent triangular
shape. The scanning isotherms converge at the closure points of
the hysteresis loop rather that crossing the loop as in the case of
H1 hysteresis.
The hysteresis behavior shown in Fig. 4 for xenon adsorption is
typical for other adsorbates on Vycor. In Fig. 5, experimental data
for N2 (77 K) adsorption is presented that have the same features.
3. Models of independent pores
The IDT model of adsorption proposed by Everett [1,54,55] is
based on an assumption that the pore space may be subdivided
into individual regions or ‘domains’, which are non-interacting and
adsorb and desorb independently of one another. The assumption

of pore independence is explicitly or implicitly used in all conventional methods of pore structure characterization from BJH to DFT
methods, which ignore the cooperative mechanisms of capillary
condensation and desorption due to pore networking effects. At
the same time, DFT based independent pore models can correctly
determine the underlying mechanism of condensation, i.e. the
existence of metastable pore ﬂuid associated with condensation,
and when applicable, provide the most straightforward methods
for practical applications.
Following Everett [1], each pore treated as an independent
domain is characterized by two parameters, the relative pressures
of condensation + and desorption − . These pressures depend
on the pore size and shape. Standard methods of calculating pore
size distributions often assume that pores are cylindrical and the
pore diameter dp determines the pressures of condensation and
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where S is the surface area of the adsorbent and h() is the effective
thickness of the adsorbed layer that is proportional to the reference
adsorption isotherm on a non-porous surface of the same origin.
Eq. (1) is a standard approximation that does not take into account
the pore wall curvature. The ﬁlm reference isotherm is commonly
modeled with the FHH equation with speciﬁc adsorbent–adsorbate
parameters K and m:
h () =

Fig. 5. N2 (77 K) primary (black) and scanning adsorption (red) and desorption
(blue) isotherms on Vycor glass. Note the typical scanning behavior for H2 type
hysteresis similar to that of xenon shown in Fig. 4. (For interpretation of the references to color in this sentence, the reader is referred to the web version of the
article.)

desorption, + (dp ) and − (dp ). As such, there exists a one-to-one
correspondence between adsorption and desorption pressures for
a particular pore: for every relative pressure point a = + (dp ) along
the adsorption boundary curve there exists a companion point on
the desorption boundary curve, d = − (dp ). We will call a model,
which is based on this assumption, a deterministic model. The alternative approach within the independent pore models, which also
dates back to Everett [1] and was accepted in earlier works on percolation models [17,18,22–25,39], is to assume that the pressures
of condensation + and desorption − in a given pore are not correlated: the former is determined by the pore size dp as + (dp ) and the
latter is determined by the neck size dn as − (dn ). In case of multiple
necks, dn represents the size of the largest neck. This assumption is
equivalent to the assumption of the absence of correlation between
the pore and neck sizes, and is called an uncorrelated model.
Below, we propose a partial correlation model within the
independent domain theory, as a compromise between the deterministic and uncorrelated models, and suggest a method for
assessing the signiﬁcance of networking effects. However, ﬁrst, we
have to introduce a method how to convert the experimentally
measured adsorption isotherms, which represent the adsorbed
amount measured in experiments, into the fractions of ﬁlled and
unﬁlled pores, which are required for modeling the adsorption process in a network of pores.
3.1. Reference isotherms and fractions of ﬁlled and unﬁlled pores.
In the process of gas adsorption, an individual pore may exist
in two states, unﬁlled, when the pore walls are covered by adsorption ﬁlms and the pore center is occupied by vapor-like adsorbate,
and ﬁlled, when the whole pore volume is occupied by liquidlike, condensed adsorbate. The transitions between these states are
associated with the capillary condensation and capillary evaporation (desorption) transitions. Consequently, one calls the adsorbate
state in unﬁlled pores as vapor-like, the adsorbate state in ﬁlled
pores as liquid-like. In order to relate the processes of pore ﬁlling
and emptying to measured adsorption and desorption isotherms, it
is necessary to separate the adsorption in unﬁlled and ﬁlled pores.
To this end, we introduce the reference isotherms in unﬁlled and
ﬁlled pores, Vs () and Vc (). The former represents an interpolation
of the reversible adsorption isotherm to the hysteresis region and
reﬂects the build-up of the adsorption ﬁlm. The ﬁlm isotherm Vs ()
is modeled as
Vs () = S · h ()

(1)

 K 1/m

(2)

−ln 

Parameters K and m are chosen such that the effective thickness
is in Ångstroms. Below, we employ the recommended parameters
used for validation of the NLDFT models [56]: for nitrogen–silica
adsorption, K = 44.54 and m = 2.241; for argon–silica adsorption,
K = 73.17 and m = 2.665. The speciﬁc surface area, S, can be determined in several ways. In the examples considered below, S was
found by aligning the boundary adsorption isotherm with the reference isotherm, using S as a ﬁtting parameter. The BET surface area
may serve as a starting point for such ﬁtting. We found that in general, the BET and ﬁtted surface areas differed by 15% or less for all
sample materials. (See Supplementary Information for details)
The reference desorption isotherm Vc () reﬂects compressibility of condensed ﬂuid in ﬁlled pores and related effects. Vc ()
should be determined by extrapolation of the reversible part (upper
plateau) of the desorption isotherm starting from the upper closure
point C of the main hysteresis loop. In the ﬁrst approximation, it can
be modeled by a tangent to the desorption isotherm at the capillary
condensation pressure, c , as
Vc () =

 dV 
d

|C ( − c ) + V (C )

(3)

Using the reference isotherms Vs () and Vc (), the experimental
isotherm V() may be presented through the fraction of unﬁlled
pores at the relative pressure , Q(), as
V () = Vs () · Q () + (1 − Q ()) · Vc ()

(4)

From this equation, the fraction of unﬁlled pores Q() is estimated
in the region of hysteresis as
Q () =

Vc () − V ()
Vc () − Vs ()

(5)

Beyond the hysteresis region, Q () = 0,  < A ; 1,  > C
The fractions of unﬁlled pores on the main adsorption or desorption isotherms are determined from Eq. (5), as
Q+ () =

Vc () − V+ ()
,
Vc () − Vs ()

Q− () =

Vc () − V− ()
Vc () − Vs ()

(6)

The transition from the hysteresis loop formed by the experimental adsorption–desorption isotherms to the hysteresis loop
formed by the fractions of unﬁlled pores is illustrated in Fig. 6 with
the example of the SBA-15 isotherm given in Fig. 2(left). The positions of points A, B, C, and E were determined by expert choice
with accuracy of ∼2% (see Supplementary Information for details).
Eq. (4) is applicable for any isotherm. For the scanning adsorption V+ (, d ) and desorption isotherms V− (, a ) it reads:
V+ (, d ) = Vs () · Q+ (, d ) + (1 − Q+ (, d )) · Vc ()

(7)

V− (, a ) = Vs () · Q− (, a ) + (1 − Q− (, a )) · Vc ()

(8)

Here and below, we use the denotations (, a/d ) to deﬁne the scanning isotherms that originate from points a/d on main adsorption
or desorption isotherms.
The uncorrelated model implies that the fraction of unﬁlled
pores during scanning adsorption, Q+ (, d ), decreases from its
initial value Q− (d ), as
Q+ (, d ) = Q− (d ) · (1 − Q+ ())

(9)
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Fig. 6. Left – main hysteresis loop for the nitrogen adsorption–desorption cycle on SBA-15. Right – The main hysteresis loop recalculated via Eq. (6) in terms of the fractions
of unﬁlled pores along the adsorption and desorption isotherms, Q+ and Q− .

This equation states that the probability of a pore that was
unﬁlled at  = d to be ﬁlled at the current relative pressure 
is equal to the fraction of ﬁlled pores, 1 − Q+ (), on the main
adsorption isotherm at . Similarly, the fraction of unﬁlled pores
during scanning desorption, Q− (, a ), increases from its initial
value Q+ (a ) as the pressure decreases, as
Q− (, a ) = Q+ (a ) + (1 − Q+ (a )) Q− ()

(10)

This equation states that the probability of a pore that was ﬁlled
at  = a to be unﬁlled at the current relative pressure  is equal
to the fraction of unﬁlled pores, Q− () on the main desorption
isotherm at . The scanning isotherms are determined by Eq. (8)
with the fractions of unﬁlled pores calculated with Eqs. (9) and
(10). The theoretical scanning isotherms in the uncorrelated model
implies that the scanning isotherms approach the closure points
of the main hysteresis loop, as for the H2 type hysteresis in Fig. 1
(right). It was shown [20,24] that the uncorrelated model describes
with Eqs. (7)–(9) almost quantitatively the scanning adsorption
isotherms on Vycor glass, but it fails to predict the shape of scanning desorption isotherms shown in Fig. 4. This inconsistency was
interpreted by the importance of pore blocking percolation effects,
which make desorption a cooperative process in a sense that the
evaporation events in different pores occur in a correlated manner.
3.2. Partial correlation model
The uncorrelated model implies that the scanning isotherms
converge at the points of closure of the main hysteresis loop. In
order to extend the independent pore model to more general situations, when the scanning adsorption–desorption isotherms form
close loops intersecting the main hysteresis loop, we introduce a
partial correlation model (PCM). PCM is based on experimental
observation that in the absence of networking effects the shape of

the scanning isotherm resembles the shape of the main isotherm. As
such, PCM implies that the fraction of unﬁlled pores Q− (, a ) along
the scanning desorption isotherm is a linear function of the fraction of unﬁlled pores Q− () along the main desorption isotherm.
For scanning desorption starting at  = a and approaching the
boundary desorption branch at  = d ,
Q− (, a ) = Q+ (a ) + (Q− (d ) − Q+ (a ))

 Q () 
−
Q− (d )

(11)

Similarly, the fraction of unﬁlled pores Q+ (, d ) along the scanning adsorption isotherm is assumed to be a linear function of
the fraction of unﬁlled pores Q+ () along the main adsorption
isotherm. For scanning adsorption starting at  = d and approaching the boundary adsorption branch at  = a ,
Q+ (, d ) = Q− (d ) − (Q− (d ) − Q+ (a ))

 1 − Q () 
+
1 − Q+ (a )

(12)

Note that Eq. (11) is reduced to Eq. (9) of the uncorrelated model
at d → A and, respectively, Eq. (12) is reduced to Eq. (10) of the
uncorrelated model at a → C .
As shown in Fig. 7, the PCM, Eqs. (11) and (12), is in reasonable
agreement with experimental scanning isotherms, both adsorption
and desorption, on SBA-15 and KIT-6 samples with the characteristic H1 hysteresis loops. In the case of H2 hysteresis, PCM predictions
agree with the scanning adsorption data and strongly deviate from
the scanning desorption (Fig. 10). Deviations from the predictions
of the independent pore model points toward the importance of the
networking effects, which are more pronounced during desorption
due to the pore blocking effect. In this way, PCM serves as a test
of the pore blocking effects, which in particular are pronounced in
disordered pore networks like that of Vycor glass during desorption.

Fig. 7. Comparison of PCM with experiments for N2 adsorption on SBA-15 (left) and KIT-6 (right).
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Fig. 8. Comparison of the PCM with experiments for Xe adsorption on Vycor glass; scanning desorption left, scanning adsorption (right).
Experimental data taken from Everett [1].

PCM has the following interpretation in the ink-bottle pore
model. Indeed, within the assumption of independent pores, the
pressure of condensation + in a given pore is determined by the
size dp of the pore and the pressure of desorption − is determined
by the size dn of the largest neck. Let us suppose that larger pores
have a higher probability to have larger necks, particularly, that the
pores larger than dp have at least one neck larger than dn = g(dp ),
where g is a certain monotonic function. In this case, the scanning
desorption isotherm, V− (, a ), that originates at  = a = + (dp )
must merge with the main desorption isotherm at  = d = − (dn ).
Indeed, the fraction Q+ (a (dp )) of unﬁlled pores in the beginning of
scanning desorption at a = + (dp ) represents the fraction of pores
larger that dp and these pores have necks larger than dn . Along
the main desorption isotherm at  = d = − (dn ), the fraction of
unﬁlled pores Q− (d (dn )) includes the fraction of pores larger than
dp , Q+ (a (dp )), plus the fraction of pores that are smaller than dp but
have necks larger than dn . The fraction of this latter group of pores
equals Q− (d ) − Q+ (a ). These are the pores, from which the condensed adsorbate evaporates along the scanning desorption path
V− (, a ) initiated at a = + (dp ), so that the scanning and the
main desorption
isotherms should
meet at  = d = − (dn ), and


= V− ()
. Respectively, the scanV− (, a )
=d =− (dn )

=d =− (dn )

ning adsorption isotherm that originates at d = − (dn ) should
merge with the boundary adsorption isotherm at a = + (dp ),
forming a closed scanning hysteresis loop.
4. Percolation models
The networking effects are most prominently displayed during
the desorption process, which occurs in a cooperative fashion as the
condition of evaporation from a given pore depends on the neighboring pores. When the pore is not blocked and condensed ﬂuid has
an interface with the vapor phase, evaporation occurs at the equilibrium relative pressure e which is determined by the pore size. If
the pore is blocked by narrower pores, the condensed ﬂuid cannot
evaporate at  = e and becomes metastable at  < e . These pores
we call metastable at given . Evaporation may occur only when
the pore is connected to the vapor phase by a series of metastable
pores. Only when this condition is met, the vapor–liquid interface,
or meniscus, may percolate through the network and initiate evaporation of the metastable ﬂuid at a relative pressure that is smaller
than the equilibrium one. This mechanism is called in the literature
the pore-blocking or percolation mechanism.
When the size of blocking pores is so small that the condensed
ﬂuid approaches the limit of metastability and evaporates spontaneously even though the neighboring pores are still ﬁlled, one deals
with the cavitation mechanism. Cavitation, as was recently shown
[57,58], takes places in the range of relative pressures 0.50–0.42
for nitrogen adsorption at 77.4 K and it is characterized by the

abrupt step on the desorption isotherm. In the following percolation model, we do not consider the cavitation mechanism, since
it is not relevant for the systems studied in this work.
4.1. Desorption from a pore network as a percolation process
Let us consider the desorption process in a network comprised
of pores connected by narrower necks, Fig. 1 (right). In this model,
the pores represent the network sites and the necks represent the
network bonds. The following discussion is based upon the ideas
put forward in the earlier works of one of us [20,24]. We assume
that desorption is controlled by the size of necks, and the condensed
ﬂuid is “ready” to evaporate from any pore at given relative pressure
 provided that the condition of the vapor–liquid interface formation is met. This condition along the scanning desorption isotherm
V− (, a ) is met in two cases schematically illustrated in Fig. 9. The
pore must be connected by a continuous chain of metastable necks
either with the external surface of the sample, or with an initially
unﬁlled pore, in which the interface existed in the beginning of
desorption at  = a . In other words, in order to trigger desorption,
the meniscus must percolate to the pore either from the external
surface, or from an initially unﬁlled pore.
To account for this condition, we introduce a probability factor ˛(q(), Q+ (a )) which depends upon the fraction of metastable
necks q() and the fraction of unﬁlled pores in the beginning of
scanning, Q+ (a ). This factor is interpreted as the probability of
ﬁnding a path of metastable necks by which a randomly chosen
pore is connected to the vapor–liquid interface. As such, the fraction of unﬁlled pores along the scanning isotherm is the sum of the
fraction of initially unﬁlled pores and the fraction of initially ﬁlled

Fig. 9. Two pathways for evaporation: pore i is connected with the external surface
by metastable necks (left) and pore i is connected with an initially unﬁlled pore
(colored white) by metastable necks. Stable necks are crossed, ﬁlled pores are blue,
unﬁlled pores are gray. (For interpretation of the references to color in this sentence,
the reader is referred to the web version of the article.)
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Fig. 10. The fraction Q− (q, Q+ ) of unﬁlled pores (right) along the main (Q+ = 0) and scanning desorption isotherms; values of Q+ = 0.05, 0.12, 0.34, 0.55, 0.78 correspond
to the desorption isotherms of Xe on Vycor glass shown in Fig. 4(left). Coordination number z = 6. Bethe approximation (left), percolation threshold qc = 0.2. MC simulation
on the cubic lattice of 200 × 200 × 200 sites (right) percolation threshold qc ≈ 0.25. The rounding of the percolation probability at the threshold is caused by the boundary
effects.

pores multiplied by the probability of the existence of a metastable
pathway:

toward one of z neighboring sites. The percolation probability Qp (q)
vanishes below the percolation threshold

Q− (, a ) = Q+ (a ) + (1 − Q+ (a )) · ˛(q(), Q+ (a ))

qc =

(13)

For the main desorption branch (Q+ = 0), meniscus percolation
originates from the external surface only, and the probability of
desorption ˛(q, 0) reduces to the percolation probability Qp (q) in
the classical bond percolation problem [20], ˛(q, 0) = Qp (q), and
Q− () = Qp (q())

(14)

The percolation probability for a macroscopically large network is a step-wise function. Below the percolation threshold qc ,
Qp (q) = 0 at q < qc . This means that until the fraction of metastable
pores is below the percolation threshold, evaporation may occur
only from the pores located near the external surface of porous
body, since the probability that a pore in the bulk of the sample is
connected with the external surface by a chain of metastable necks
is zero. The percolation probability rapidly increases above the percolation threshold, as Qp (q) ∝ (q − qc )ˇ . For 3D networks, ˇ ≈ 0.46
[59]. As such, in the framework of the percolation theory, the onset
of desorption from a fully saturated network indicated as point E
in Figs. 1–10 corresponds to the percolation threshold,
q(E ) = qc .

(15)

The process of evaporation of condensed ﬂuid along the scanning desorption isotherm begins at  > E provided that q() > 0.
The probability factor ˛(q, Q+ ) monotonically increases with q
at given Q+ > 0. A general analytical expression for ˛(q, Q+ ) for
three-dimensional networks does not exist. It depends on the pore
connectivity, or the network coordination number z, and also on
the network topology. Below, we use two approaches to determine
˛(q, Q+ ).

1
z−1

(17)

The problem of desorption from a partially saturated pore network is a bond-site percolation problem [24] since the probability
˛ of desorption from an initially ﬁlled site depends on both the fraction q of the metastable bonds and the fraction Q+ of the initially
unﬁlled sites. The probability factor ˛(q, Q+ ) fulﬁlls the system of
algebraic equations, similar to (16),
˛(q, Q+ ) = 1 − yz ,

y = (1 − q) + q(1 − Q+ ) · yz−1

(18)

Eq. (18) considers that the probability y is equal to the sum of
probabilities of the following events: (1) the chosen neck is stable
(probability 1 − q) and (2) the chosen neck is metastable (probability q) and leads to an initially ﬁlled site (probability 1 − Q+ ) but all
z − 1 paths from this site fail to connect it with an initially unﬁlled
site (probability yz−1 ). The function ˛(q, Q+ ) for the Bethe network
with the coordination number z = 6 is presented in Fig. 12 together
with the respective fraction Q− (q, Q+ ) of unﬁlled pores along the
primary and scanning desorption isotherms determined by Eq. (13).
4.1.2. 3D lattice simulation
The bond-site percolation process can be directly simulated on
a 3D network to determine the fraction of unﬁlled pores Q− (q, Q+ )
along primary and scanning desorption curves as a function of the

4.1.1. Bethe approximation
The Bethe approximation was employed in early works on percolation models of capillary phenomena [19–23] and it was shown
to provide a qualitatively correct description of the percolation process. The Bethe approximation neglects the topological correlations
of the distribution of network elements caused by the existence
of cycles in real networks that makes possible an analytical solution. The percolation probability Qp (q) in the Bethe network with
the coordination number z is deﬁned from the following system of
algebraic equations,
Qp (q) = 1 − yz ,

y = (1 − q) + qyz−1

(16)

where y is the probability that the desired path through the
metastable necks does not exist provided that the ﬁrst step is taken

Fig. 11. Experimental and predicted scanning isotherms for Xe adsorption on Vycor
glass, using the Bethe approximation and ﬁtted the coordination number z = 6.6.
Experimental data from Everett [1].
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Fig. 12. The main adsorption and desorption isotherms and the scanning isotherm used for determining the network connectivity and neck size distribution calculations of
3DOm carbons. Vertical lines are drawn at  = E ; intersection with the scanning isotherm represents the point at which Eq. (20) is solved to determine the coordination
number. Coordination numbers determined in the Bethe approximation are listed in Table 1. Upper raw: 10 nm, 20 nm, Bottom raw: 30 nm, 40 nm.

fractions of metastable necks q and of initially unﬁlled pores Q+ . The
implemented algorithm draws heavily from the one Newman and
Ziff [60] suggested for modeling classical bond or site percolation
problems. We considered a 3D cubic lattice of L × L × L sites with the
outer bonds connected to vapor phase, mimicking the external surface of the porous body. The details of the algorithm can be found in
Supporting Information. The calculations were performed for the
lattice size L = 200. This size was chosen as a compromise between
the speed of calculations and the inaccuracy caused by the boundary effects. As shown in Supporting Information, the results with
L = 200 and L = 275 are barely distinguishable, Fig. S2. The simulation
results are shown in Fig. 10 (right). The rounding of the percolation probability (Q+ = 0) at the threshold, qc ≈ 0.25, is caused by
the boundary effects. It is worth noting that the simulation data
for the percolation threshold qc of 3D networks decreases with the
coordination number z in accord with the following approximate
relationship,
qc ≈

1.5
z

(19)

Although the percolation threshold predicted by the Bethe
approximation, Eq. (17), is smaller than that for the real 3D network with same coordination number, the qualitative behavior of
the calculated dependencies is quite similar except for the vicinity
of the percolation threshold.

5. Use of scanning isotherms for pore structure
characterization
Scanning isotherms contain additional information about the
speciﬁcs of pore structure compared with the primary adsorption
and desorption isotherms. As suggested above, PCM may be used to
distinguish the materials for which networking effects are present

and, as in the example with Vycor glass (Fig. 8, left), to call for the
application of percolation models.
5.1. Network connectivity
The network connectivity is characterized by its coordination
number z, which determines the percolation threshold qc according to the Eqs. (17) or (19), depending on the type of the network
model. The percolation concept implies that the onset of desorption along the primary desorption isotherm (point E) corresponds
to the percolation threshold, however the value of the percolation
threshold cannot be determined without additional information.
We suggest to determine the coordination number using the scanning desorption isotherm. Indeed, the network connectivity can
be estimated from the following relationship for the theoretical
fraction of unﬁlled pores at  = E along the scanning isotherm,
Q− (E , a ) = Q+ (a ) + (1 − Q+ (a )) · ˛(qc , Q+ (a ))

(20)

The fractions of unﬁlled pores Q+ (a ) and Q− (E , a ) are deﬁned
from Eqs. (9) and (10), as
Q+ (a ) =

Vc (a ) − V+ (a )
Vc (a ) − Vs (a )

and

Q− (E , a ) =

Vc (E ) − V− (E |a )
Vc (E ) − Vs (E )

(21)

Solution of the algebraic equation (20) with respect to qc for
given scanning desorption isotherm V− (|a ) is straightforward in
the Bethe approximation, when the function ˛(qc , Q+ ) is deﬁned
by Eqs. (17) and (18).
Using the Bethe model, we calculated the percolation threshold
and the coordination number for the samples of Vycor glass and
3DOm carbons from the scanning isotherms given in Figs. 3 and 4.
These data are presented in Table 1.
For Vycor glass, we used two scanning isotherms originating from a = 0.34 and 0.12 to determine the connectivity that
produced pretty comparable results. For 3DOm carbons, the scanning isotherm with the largest Q+ (a ) was used for each sample.
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Table 1
Coordination number z and percolation threshold qc determined in the Bethe model from scanning isotherms. The fraction of unﬁlled pores Q+ (a ) at the onset of scanning at
 = a is shown in the 3rd column. For Vycor glass, two scanning isotherms were used to show the difference between the results obtained with different scanning isotherms.
Sample

Vycor

Vycor

3DOm, 10 nm

3DOm, 20 nm

3DOm, 30 nm

3DOm, 40 nm

z
qc
Q+ (A )

6.6
0.18
0.34

7.2
0.16
0.12

6.6
0.18
0.24

6.6
0.18
0.27

5.2
0.24
0.68

5.2
0.24
0.09

Due to the imprecise deﬁnition of the percolation threshold (no
sharp knee is present) for these materials, the point E positions
were determined by “squaring up” the edges of the primary desorption isotherms. The obtained values of coordination numbers for all
the samples are around z = 6, which points toward the possibility
to employ a simple cubic network as a reasonable 3D model of the
pore networks in these samples.
The predictions of the scanning desorption isotherms using
the probability factors ˛(q, Q+ ) determined with the chosen value
of the coordination number z = 6.6 for Vycor glass are presented
in Fig. 11. In stark contrast to Fig. 8, the theoretical desorption
scanning isotherms agree well with the experimental data with
exception of the lowest scanning isotherm, conﬁrming the consistency of the proposed percolation model.
The main adsorption and desorption isotherms together with
the scanning isotherm that was used for calculations of connectivity
of 3ODm carbons are shown in Fig. 12. The scanning isotherm calculated with the determined coordination number z determined from
the experimental value at  = E agrees with the experimental data
points in the range: E ≤  < C .
5.2. Pore neck size distribution
Once the coordination number of the pore network is determined, one can obtain the dependence of the fraction of metastable
necks on the relative pressure, q(), as the following. The fraction
of metastable necks at  = E equals the percolation threshold,
q(E ) = qc . Above the threshold, for A <  < E , the fraction of
metastable necks q() is determined by the primary desorption
isotherm via the percolation probability function Qp (q) by solving
Eq. (16) with respect to q,
q() = Qp−1

 V () − V () 
c
−
Vc () − Vs ()

at

A <  < E

(22)

where Qp−1 is the inverse function to Qp (q), which depends on the
coordination number. Below the threshold, for E ≤  < C , the
fraction of metastable necks q() is determined from the scanning
desorption isotherm via the probability factor ˛(q, Q+ (a )) by

solving Eq. (18) with respect to q.
q() = ˛−1

 Q (,  ) − Q ( )
−
a
+
a
1 − Q+ (a )


, Q+ (a )

at

E ≤  < C
(23)

where ˛−1 is the inverse function to ˛ (q, Q+ (a )), the fraction of
unﬁlled pores Q+ (a ) and Q− (, a ) are deﬁned respectively by (6)
and from (10), as
Q− (, a ) =

Vc () − V− (, a )
Vc () − Vs ()

(24)

The fraction of the metastable necks as a function of the relative pressure, q(), determined according to the above scheme
for Vycor glass is presented in Fig. 13 for two percolation models, the Bethe approximation on the left panel, and 3D cubic lattice
simulation on the right panel. It the former case, the two parts of
the q() function determined from the main desorption isotherm
at A <  < E and from the scanning isotherm at E ≤  < C
merge at  = E , since the condition q(E ) = qc is fulﬁlled for both
Eqs. (22) and (23) due to the choice of the coordination number z
from Eq. (19). For the cubic lattice model with the predetermined
coordination number z = 6 and percolation threshold of 0.25, there
is a step at  = E , due to a mismatch of data derived from the
main and the scanning isotherms. However, this step is minor, and
it does not affect the neck size distribution derived from the q()
function signiﬁcantly, as shown below (Fig. 15). The same approach
for determining the fractions of metastable necks q() was applied
for 3DOm carbons (Fig. 14). The isotherms used for calculations are
shown in Fig. 12. The calculated PSDs are presented in Fig. 16 in the
same style used for Vycor glass in Fig. 15. In all cases, the difference
between the results obtained from the Bethe approximation and
from the 3D cubic lattice simulation is insigniﬁcant for practical
applications.
The pore neck distribution is obtained by using a certain correlation between the neck size dn and the relative pressure − (dn ),
at which ﬂuid in this pore becomes metastable. The function

Fig. 13. The fraction of the metastable necks as a function of the relative pressure, q(), for Vycor glass [1], calculated using the scanning isotherm with Q+ (a ) = 0.125.
Bethe approximation (left) and 3D cubic lattice MC simulation (right).
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Fig. 14. The fraction of the metastable necks, q(), as a function of the relative pressure for 3DOm Carbons. using the 3D cubic lattice MC simulation (left) and Bethe
approximation with ﬁtted coordination number (right). From top to bottom: 10 nm, Q+ (a ) = 0.24; 20 nm, Q+ (a ) = 0.27; 30 nm, Q+ (a ) = 0.68; 40 nm, Q+ (a ) = 0.09.

q() determines the integral number distribution function, n (dn ),
which represents the fraction of necks smaller than dn , as

the largest neck is smaller than dn , and the number distribution,
n (dn ), are related via the balance of probabilities,

n (dn ) = 1 − q(− (dn ))

m (dn ) = (n (dn ))

(25)

Let us introduce another distribution function, which has a more
direct relevance to the evaporation process. Indeed, the condition
of evaporation from an individual pore is mainly determined by
the size of the largest neck. As such, the probability, m (dn ), that

z

(26)

The second term in the RHS of Eq. (26) equals the probability that
all z necks of the pore are smaller than dn .
The neck size distributions n (dn ) and the pore distribution by
the largest neck, m (dn ) complement the pore size distribution,

Please cite this article in press as: R. Cimino, et al., Experimental and theoretical studies of scanning adsorption–desorption isotherms, Colloids
Surf. A: Physicochem. Eng. Aspects (2013), http://dx.doi.org/10.1016/j.colsurfa.2013.03.025

G Model
COLSUA-18284; No. of Pages 14
12

ARTICLE IN PRESS
R. Cimino et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects xxx (2013) xxx–xxx

Fig. 15. Integral (left) and differential (right) distributions for Vycor [1]. Pore size distribution (PSD), p (dp ), calculated from Eq. (27) (blue curves). Neck size distribution
(NSD), n (dn ), and largest neck size distribution (LNSD), m (dn ), were calculated using the Bethe model, (purple curves) and using the 3D cubic lattice simulation (red curves).
Note the striking similarity in the neck size distributions obtained with the two methods. (For interpretation of the references to color in this sentence, the reader is referred
to the web version of the article.)

p (dp ). The latter is determined from the main adsorption isotherm,
assuming that the fraction of unﬁlled pores Q+ () gives the fraction
of pores larger than dp , condensation in which does not occur at the
relative pressure  = + (dp ),
p (dp ) = 1 − Q+ (+ (dp ))

(27)

Note that thus deﬁned p (dp ) is the integral number distribution
function.
The integral and differential distribution functions for pore and
neck diameters for Vycor glass are presented in Fig. 15. In this
case, we used the Kelvin equation for Xenon at 225 K to correlate
the pore and neck size and the relative pressures of condensation
and desorption, + (dp ) and − (dn ). Although the Kelvin equation
underestimates the pore size at the nanoscale [61] this choice

is dictated by unavailability of more advanced methods for Xe
adsorption.
For calculations of PSDs in 3DOm carbons, we used the QSDFT
relationships for spherical (pore) and cylindrical (neck) pore
geometries for argon on carbon derived in Ref.[40] to correlate
the pore and neck size and the relative pressures of condensation and desorption, + (dp ) and − (dn ). The neck side distributions
were calculated using the proposed percolation models, the Bethe
approximation and the 3D cubic lattice MC simulation. The pore
size distribution was calculated from the adsorption isotherm by
the QSDFT method [40], rather than via Eq. (27). The results of thus
calculated differential pore and neck size distributions are presented in Fig. 16; the same style and denotations are used as in
Fig. 15 (right).

Fig. 16. Differential PSDs for 3DOm carbons; (top left to bottom right) 10 nm, 20 nm, 30 nm, and 40 nm carbons. Pore size distribution (PSD), p (dp ) (orange curves), calculated
by the QSDFT method from the main adsorption isotherm [40]. Neck size distribution (NSD), n (dn ), and largest neck size distribution (LNSD), m (dn ), were calculated from
the main and scanning desorption isotherms shown in Fig. 14 using the percolation method; the Bethe model (purple curves) and the 3D cubic lattice MC simulation (red
curves). Note the striking similarity in the neck size distributions obtained with the two methods for all the samples. (For interpretation of the references to color in this
sentence, the reader is referred to the web version of the article.)
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Two conclusions can be drawn from Figs. 15 and 16. First, the
neck size distributions, n (dn ), and largest neck size distributions,
m (dn ), calculated using the Bethe model and the 3D cubic lattice
simulation are very similar, almost indistinguishable for any practical application. As such, one can use the Bethe approximation for
practical calculations of the network connectivity and the neck size
distribution using experimental data on the main and scanning
desorption isotherms. Secondly, the distribution of the pores by
the largest neck size better reﬂects the structural features of pore
networks than the distribution of neck sizes, and can be recommended as a complement to the pore size distribution to be used
in establishing the structure–property relations.
6. Summary
Although the phenomenon of adsorption hysteresis has been
attracting a lot of attention among both experimental and theoretical communities for several generations of researchers, its
adequate description, despite major progress achieved in recent
years, is still lacking for complex porous systems. Indeed, the
interplay between the thermodynamic and geometrical factors
gives rise to distinct features of hysteresis in different materials.
Experimentally, these distinct features are prominently displayed
in the behavior of scanning isotherms, which provide additional
information about the pore network geometry, including its connectivity and pore size distribution, which cannot be revealed
from the main adsorption and desorption branches. Theoretically, it has been well understood since the seminal works of
Everett [1] that the description of scanning isotherms cannot be
achieved based on the models of adsorption in individual pores; it
is necessary to take into account a cooperative nature of capillary
condensation and desorption processes in three dimensional pore
networks with distributed geometrical parameters of individual
pores.
In this work, we analyze adsorption and desorption scanning
isotherms on porous materials of different yet well characterized
structure: regular hexagonal array of pore channels in SBA-15 silica,
cubically ordered three dimensional gyroid structure in KIT-6 silica,
ordered three dimensional network of spheroidal cages in 3DOm
carbons. The classical system of Xenon adsorption on disordered
pore network of Vycor porous glass [16] is served as a reference
system.
Firstly, we analyze the limitations of the models of individual pores and suggest an original partial correlation model (PCM)
to distinguish the importance of the pore blocking effects. We
show that while PCM satisfactorily describes the behavior of scanning isotherms on SBA-15 silica with independent pore channels,
the deviation between the experimental and theoretical scanning
desorption isotherms found for other samples and especially for
Vycor glass point toward the necessity to account for the pore
blocking effects. As such, PCM applied to scanning desorption
isotherms is suggested as a test for the pore blocking effects.
Secondly, we revisit and advance the percolation model of
adsorption hysteresis put forward earlier by one of us [24] for
simulating the scanning desorption process in the pore and neck
networks. Two percolation models were implemented: an analytical Bethe approximation and a Monte Carlo simulation on the 3D
cubic lattice. We show that both models reasonably describe the
behavior of scanning desorption isotherms. We formulate a method
for determining the effective pore network coordination number z
from the consistency condition of the Bethe approximation applied
to the main desorption and scanning desorption isotherms. The network coordination number characterizes the connectivity of the
pore structure. Interestingly, the coordination numbers for Vycor
glass and four different samples of 3DOm carbons were found in
the range between 5 and 7 that justiﬁes the use of the 3D cubic
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lattice with z = 6 as a structural model of pore structures in these
materials.
Thirdly, we suggest a percolation method for calculating the distributions of pore neck sizes using experimental data on the main
adsorption and desorption isotherms and one scanning desorption
isotherm. The proposed method is illustrated on the Vycor glass
and 3DOm samples.
As such, we attempted to lay groundwork for developing a
practical methodology for calculating the network connectivity
and pore size distributions from the scanning isotherms. With
the current accuracy of high-resolution adsorption measurements,
which provides an opportunity of measuring scanning isotherms
in automated regimes of commercial instruments, this desired
methodology becomes feasible. It may provide new useful information about the geometrical speciﬁcs of pore networks in novel
designer nanomaterials.
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